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ABSTRACT  Chronic thromboembolic pulmonary hypertension (CTEPH) is a rare, progressive pulmonary
vascular disease that is usually a consequence of prior acute pulmonary embolism. CTEPH usually begins with
persistent obstruction of large and/or middle-sized pulmonary arteries by organised thrombi. Failure of
thrombi to resolve may be related to abnormal fibrinolysis or underlying haematological or autoimmune
disorders. It is now known that small-vessel abnormalities also contribute to haemodynamic compromise,
functional impairment and disease progression in CTEPH. Small-vessel disease can occur in obstructed areas,
possibly triggered by unresolved thrombotic material, and downstream from occlusions, possibly because of
excessive collateral blood supply from high-pressure bronchial and systemic arteries. The molecular processes
underlying small-vessel disease are not completely understood and further research is needed in this area. The
degree of small-vessel disease has a substantial impact on the severity of CTEPH and postsurgical outcomes.
Interventional and medical treatment of CTEPH should aim to restore normal flow distribution within the
pulmonary vasculature, unload the right ventricle and prevent or treat small-vessel disease. It requires early,
reliable identification of patients with CTEPH and use of optimal treatment modalities in expert centres.

Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) is classed as group 4 in the present clinical
classification of pulmonary hypertension [1]. It is a rare, progressive pulmonary vascular disease that has a
poor outcome if left untreated [2]. For many years it has been clear that CTEPH can occur as a
complication of acute pulmonary embolism (PE) following venous thromboembolism (VTE) [3]. The
mechanism of pulmonary hypertension in CTEPH is multifactorial. Recent insights have revealed that
CTEPH involves not only persistent organised thrombi in proximal pulmonary arteries (main, lobar and
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segmental), but also small-vessel disease, which plays an important role in the development and
progression of the disease (figure 1) [4]. In this article we review recent advances in our understanding of
the pathophysiology of CTEPH.

Relationship between PE and CTEPH

CTEPH is generally considered to be a rare and late complication of one or multiple episodes of acute PE
that have not resolved despite >3 months of curative anticoagulation. A large prospective international
CTEPH registry has reported that 75% of included patients had a history of acute PE [5]. Nevertheless,
this frequency is probably overestimated, because the diagnosis of acute PE was not well documented in a
substantial number of cases and it is possible that the condition previously recorded as PE may have been
the first manifestation of CTEPH. In fact, incomplete resolution of acute PE is not rare: some studies
report that persistent lung perfusion defects are observed on scintigraphy in >50% of cases after 3 months
of anticoagulation [6]. Fortunately, most of these patients do not present with symptomatic pulmonary
hypertension.

CTEPH can develop several months or years after an acute PE (which may be silent), despite continuing
anticoagulation, and in the absence of new symptoms or any new acute event [7-10].

Data from German and French pulmonary hypertension registries suggest an annual incidence of CTEPH
of four and more than six per million adults per year, respectively [11] (G. Simonneau, Service de
Pneumologie, Hopital Bicétre, Paris Sud University, Paris, France; unpublished data); this corresponds to
~300 patients with newly diagnosed CTEPH per year in France. The incidence of CTEPH after acute PE
has not yet been clearly established. In published prospective studies with the diagnosis confirmed by right
heart catheterisation (RHC) the incidence of CTEPH after symptomatic acute PE is reported to range from
0.4% to 6.2% (online supplementary table S1) [7, 10, 12-22], giving a pooled incidence of 3.4% (95% CI
2.1-4.4%). Considering that ~30000 acute PE cases are diagnosed each year in France [23], a CTEPH
incidence of 3.4% would lead to 1000 new CTEPH cases a year; far more than is actually observed. Most
of these studies probably overestimated the incidence of CTEPH after an acute PE. One reason for this
overestimation is that many patients had pre-existing, undiagnosed CTEPH at the time of the index PE, as
we observe very frequently in our daily practice. Therefore, in reality, the incidences reported in these
studies are a mix of incident and prevalent cases. In most studies, CTEPH was diagnosed a few months
after the index PE, which is surprising because generally CTEPH develops after a “honeymoon period” of
several years without any symptoms. Only one study, by GueriN et al [19], has addressed this issue
properly. 146 patients with acute PE were treated with curative anticoagulation. During a median
follow-up of 26 months, eight of the 146 patients had suspected CTEPH because of persistent dyspnoea
and abnormal echocardiographic findings, and CTEPH was confirmed by RHC in seven patients (4.8%,
95% CI 2.3-9.6%). However, at the time of the index acute PE, only two patients had systolic pulmonary
arterial pressure (SPAP) <50 mmHg. In the remaining five patients, sSPAP ranged from 62 to 102 mmHg;
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FIGURE 1 Pathophysiology of chronic thromboembolic pulmonary hypertension (CTEPH]. PH: pulmonary
hypertension. Reproduced and modified from [4] with permission.
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this level of sPAP is not compatible with a first acute PE because the nonadapted right ventricle (RV)
cannot generate such high pressures. It is therefore likely that CTEPH was present at the time of the index
acute PE in these five patients. This suggestion was confirmed by review of their initial multidetector
computed tomography scans by a senior radiologist, as all patients with confirmed CTEPH during
follow-up had at least two signs of the condition at initial presentation. Thus, the cumulative incidence of
CTEPH after acute PE in the GUERIN et al. study was not 4.8%, but at most ~1.5% (two out of 146). This
would give an estimated rate of 450 new CTEPH cases per year in France, which is comparable with the
300 cases per year reported in the French registry. In view of the low incidence of CTEPH after acute PE,
systematic ventilation/perfusion lung scanning to detect the presence of CTEPH in the follow-up of acute
PE is not recommended.

Thrombus nonresolution in CTEPH

In most patients with PE, significant resolution of the embolus occurs, with subsequent restoration of
blood flow and normalisation of haemodynamic parameters [24]. However, in a small subset of patients, a
residual organised clot remains attached to pulmonary vessel walls. Why only a minority of patients fail to
resolve fresh thrombi and develop CTEPH after an acute PE remains a mystery. Pathological specimens in
acute PE and CTEPH are completely different: in acute PE, the fresh clots are red, easily detached from
the pulmonary artery wall and consist mainly of red cells and platelets in a fibrin mesh. In CTEPH, the
chronic clots are yellow, highly adherent to the pulmonary vascular wall, and contain collagen, elastin,
inflammatory cells, re-canalisation vessels and, more rarely, calcification [25]. Organisation and fibrosis of
this residual thrombotic material (described as “bands and webs” on pulmonary angiography) impairs
blood flow, and ultimately leads to the development of CTEPH (figure 2) [2, 24]. Various factors have
been suspected to underlie the failure of thrombus resolution; some of these factors are discussed below.

Clinical conditions predisposing to CTEPH

Several features of VTE appear to predispose individuals to poor thrombus resolution and subsequent
development of CTEPH. For example, large pulmonary emboli appear to carry a higher risk of progression
to CTEPH (2, 24], perhaps because the lytic system lacks the capacity to deal with the clot or is prevented
from reaching and dissolving a large embolus sufficiently. Other features that appear to increase the risk of
progression to CTEPH include recurrent pulmonary emboli and insufficient anticoagulation [2, 10].
However, these factors cannot explain the development of CTEPH in most patients, and other
mechanisms must be involved.

An increased risk of CTEPH has been linked with numerous other factors, such as underlying
autoimmune and haematological disorders [26] and comorbidities, as multiple comorbidities are present
more frequently in patients with CTEPH than in those with pulmonary arterial hypertension (PAH) [27].
In a study comparing 433 patients with CTEPH against 254 patients with other nonthromboembolic
forms of pulmonary hypertension, ventriculo-atrial shunts and infected pacemaker leads, splenectomy,
prior VTE (particularly recurrent VTE), non-O blood group, presence of lupus anticoagulant/
antiphospholipid antibodies, thyroid replacement therapy and a history of malignancy were all identified
as carrying an increased risk of CTEPH [27].

Cancer

Patients with cancer have an increased risk of thromboembolic events, resulting from various mechanisms
including activation of the fibrinolytic and coagulation systems, acute-phase reactions, inflammation and
cytokine production [28]. Findings from a European database involving 687 patients with CTEPH (n=433)
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and non-thromboembolic pulmonary hypertension (n=254) support an association between a history of
malignancy and CTEPH (OR 3.76, 95% CI 1.47-10.43; p=0.005) [27]. The authors suggested that the
evidence is sufficiently robust to warrant investigation for CTEPH in patients with a history of cancer who
develop pulmonary hypertension.

Inflammation and infection

There appears to be an inflammatory component to CTEPH development, with higher levels of C-reactive
protein (CRP) seen in patients compared with healthy controls, as well as a significant reduction in CRP
after pulmonary endarterectomy (PEA) [29]. However, elevated CRP is not specific to CTEPH, as levels
were also elevated in patients with PAH. More recent results confirmed that CRP, as well as interleukin
(IL)-10, monocyte chemotactic protein-1, macrophage inflammatory protein-lo. and matrix
metalloproteinase (MMP)-9 were significantly elevated in patients with CTEPH [30]. Furthermore, surgical
samples from patients who had undergone PEA contained numerous macrophages, lymphocytes and
neutrophils, with correlations between CRP and neutrophil accumulation, and between MMP-9 and
macrophage accumulation. In a prospective analysis of serum from eight patients with CTEPH, levels of
IL-6, IL-8, interferon-y-induced protein (IP)-10, monokine induced by interferon-y and macrophage
inflammatory protein-la were significantly elevated compared with age- and sex-matched healthy controls
[31]. In patients with CTEPH, but not those with idiopathic PAH, levels of IP-10 (associated with
fibroblast migration and activation) were negatively correlated with exercise capacity, cardiac output and
cardiac index, while levels of IL-6 were positively correlated with pulmonary vascular resistance (PVR),
right atrial pressure and levels of N-terminal prohormone of brain natriuretic peptide. Another
inflammatory marker investigated for a connection to CTEPH is tumour necrosis factor-a: levels are
elevated in patients with CTEPH compared with controls, and are reduced after PEA [32].

The presence of chronic infection (e.g. Staphylococcus aureus) has been identified in patients with CTEPH
[33], although its relevance is unclear [34]. One study found staphylococcal DNA in six out of seven
thromboemboli harvested during PEA from CTEPH patients with ventriculo-atrial shunts [33]. The
authors suggested that thrombus infection was a trigger for the development of CTEPH. In a mouse
model of intravenous thrombosis, staphylococcal infection delayed thrombus resolution in parallel with
upregulation of transforming growth factor-p and connective tissue growth factor [33]. In a retrospective
study of patients with CTEPH (n=433) and non-thromboembolic pulmonary hypertension (n=254), the
presence of a ventriculo-atrial shunt or infected pacemaker was a significant risk factor for CTEPH
development (OR 76.40, 95% CI 7.67-10351; p<0.001) [27].

Biological and genetic risk factors for thrombus nonresolution

It has been suspected that patients with thrombus nonresolution could have a hypercoagulability state due
to biological abnormalities. Interestingly, the classical hereditary thrombotic risk factors, e.g. protein C,
protein S and antithrombin deficiencies, and mutations of factor V and II, are no more frequent in
patients with CTEPH than in healthy control populations [35]. In this prospective study, only the
frequency of antiphospholipid antibodies and lupus anticoagulant was higher in patients with CTEPH
than in patients with idiopathic PAH. In a prospective case—control study, increased levels of clotting
factor VIII were identified in 41% of patients with CTEPH, which was significantly higher than seen in
both healthy controls and patients with non-thromboembolic PAH [36]. In the same study, levels of von
Willebrand factor, an adhesive glycoprotein that stabilises and activates factor VIII, were significantly
increased in patients with CTEPH compared with healthy controls and patients with PAH, with the
increase persisting in patients who had undergone PEA.

ADAMTS13 (a disintegrin and metalloproteinase with thrombospondin type 1 motif, member 13), also
known as von Willebrand factor-cleaving protease, regulates the size of von Willebrand factor and plays a
fundamental role in haemostasis. Severe deficiency of ADAMTS13 causes thrombotic thrombocytopenic
purpura [37]. In a case—control study, an excess of rare and low-frequency coding single-nucleotide
variants of ADAMTSI3 were found in patients with deep vein thrombosis compared with matched
controls; in addition, these patients showed relatively lower plasma levels of ADAMTSI3 activity [38].

A study using oligonucleotide microarrays to compare gene expressions in pulmonary artery endothelial
cells from patients with CTEPH with those from normal controls found >1600 genes that were
differentially upregulated or downregulated [39]. The upregulated genes included that for IL-8, which is
associated with haemodynamic instability following PEA for CTEPH [40]. Other genetic variants reported
in patients with CTEPH include polymorphisms of the angiotensin-converting enzyme gene [41] and an
insertion polymorphism of the fibrinogen-o: gene [42]. Mutation of the bone morphogenetic protein type
IT receptor (BMPR2) gene has been reported in a patient diagnosed with CTEPH [43]. However, earlier
and larger studies do not support the role of BMPR2 mutations in the pathogenesis of CTEPH [44, 45].
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Other studies have described increased tissue factor gene expression [46], an increased frequency of
mutations known to be associated with PAH [47] and differentially expressed microRNAs [48, 49].

Blood groups

CTEPH is more common in patients with blood groups A, B and AB. In one study, 77% of patients with
CTEPH had non-O blood group compared with 58% of patients with PAH (p=0.003) [36]. A European
registry suggested that non-O blood group was a significant predictor for the diagnosis of CTEPH (OR
2.09, 95% CI 1.12-3.94; p=0.019) [27]. The ABO locus is a susceptibility locus for VIE and non-O
carriers have a higher risk for VTE than O carriers [50].

Fibrinogen and fibrinolytic abnormalities in CTEPH

Patients with CTEPH appear to have a high prevalence of abnormal fibrinogen molecules in the blood
[51], such as fibrinogen Ac-Thr312Ala [52, 53]. This mutation leads to a modified fibrin structure in
clots, including increased cross-linking of a-chains [34]. Other heterozygous polymorphisms identified in
patients with CTEPH include the B-chain mutations P235L/y R375W, P235L/y Y114H and P235L, and the
o-chain mutations L69H and R554H [51]. More recently, the Bi5_4, fragment of the fibrinogen E chain
has been shown to delay thrombus resolution in vivo [2]. The common feature of each fibrin abnormality
so far detected in patients with CTEPH is that they are able to resist physiological thrombolysis, and thus
affect thrombus resolution [2, 54]. For example, a study comparing fibrinogen from patients with CTEPH
and healthy controls found that fibrin from patients was more resistant to plasmin-mediated lysis
compared with controls [55]. The authors suggest that this is a result of alterations in the structure of
fibrin and/or fibrinogen that affect accessibility to plasmin cleavage sites. In addition, there was a
persistence of fibrin structural motifs (e.g. the N-terminus of the B-chain) within the pulmonary
vasculature, which the authors speculate may be involved in progression from acute PE to CTEPH [55]. In
the study by Orman et al. [56] neither an increase in type 1 plasminogen activator inhibitor nor a blunted
response of tissue type plasminogen activator were observed, indicating that the plasma fibrinolytic system
is intact in CTEPH. A recent study investigated the potential role of thrombin-activatable fibrinolysis
inhibitor (TAFI), a plasma carboxypeptidase inhibitor produced by the liver that inhibits fibrinolysis, in
the pathology of CTEPH [57]. Plasma TAFTI levels and the release of TAFI from platelets were significantly
higher in patients with CTEPH than in patients with PAH or controls. Moreover, TAFI levels were
significantly correlated with resistance to clot lysis in a whole-blood assay and they remained unchanged
after balloon pulmonary angioplasty. These observations suggest a significant role for TAFI in the
pathophysiology of CTEPH.

Platelet function in CTEPH

The observation that platelet-activating conditions such as thyroid hormone replacement therapy and
splenectomy are risk factors for CTEPH suggests a role for platelets in its genesis [5, 27]. Studies in a
mouse model of impaired thrombus resolution suggested that the initial increase in thrombus volume after
splenectomy is due to platelet activation [58]. The same study reported an increase in platelet
microparticles in splenectomised versus non-splenectomised CTEPH patients. Compared with controls,
patients with CTEPH have a decreased platelet count, higher mean platelet volume, increased spontaneous
platelet aggregation and decreased platelet aggregation in response to agonists [59]. These observations
suggest a prothrombotic state with higher platelet turnover in patients with CTEPH. Yaorta et al. [60]
reported that platelets from patients with CTEPH or PAH were activated compared with non-pulmonary
hypertension controls when measured by surface expression on P-selectin, PAC-1 binding and the
GTP-bound GTPase RhoA, which is involved in platelet aggregation. Surgical materials extracted by PEA
from patients with CTEPH contains increased levels of platelet factor 4, which is released by platelets at
sites of injury [61]. These observations suggest a role for platelet dysfunction in the pathology of CTEPH.

Impaired angiogenesis

Studies in animal models of impaired thrombus resolution have indicated that impaired angiogenesis and
recanalisation of the thrombus could be involved in the pathophysiology of CTEPH [58, 62]. An
endothelial cell-specific deletion of kinase insert domain protein receptor (flk-1) ablates thrombus
angiogenesis and delays thrombus resolution in a mouse model of human deep vein thrombosis [62]. The
paucity of vessels in PEA specimens suggested that deficient angiogenesis is a key mechanism of occlusive
vascular remodelling after VTE [62]. These findings suggest that medical conditions associated with
CTEPH, such as splenectomy, infection or abnormal phospholipid species, may be compromising early
thrombus angiogenesis, an important step in thrombus resolution [2, 62]. Furthermore, increased levels of
angiostatic factors, such as platelet factor 4, collagen type I and IP-10 have been identified in surgical PEA
material from patients with CTEPH and are associated with decreased angiogenesis and/or proliferation
and migration, possibly resulting in inadequate recanalisation of thrombotic material [61].
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Platelet endothelial cell adhesion molecule-1 and thrombosis

Platelet endothelial cell adhesion molecule (PECAM)-1 is a glycopeptide receptor expressed on platelets,
endothelial cells and many other cell types. It is involved in leukocyte transmigration and responses to
inflammatory stimuli, key components of venous thrombus resolution [63]. In a mouse model mimicking
human deep vein thrombosis, PECAM-1 deficiency led to significantly larger thrombi and misguided
thrombus resolution [64]. Furthermore, human unresolved deep vein thrombosis specimens showed
accumulation of the cleaved form of PECAM-1, and patients with delayed thrombus resolution had
significantly increased plasma levels of soluble cleaved PECAM-1 compared with those whose thrombi
resolved [64]. White and red thrombi from patients with CTEPH show reduced PECAM-1 expression
compared with unthrombosed vessels, implicating PECAM-1 deficiency in the pathology of CTEPH [62].

Small-vessel disease in CTEPH

Histological and mechanistic aspects

The occlusion of proximal (main, lobar and segmental) pulmonary arteries by organised fibrotic clots is
the initial trigger for developing CTEPH. However, it is not the only pulmonary hypertension mechanism
in this setting. There is growing evidence that in addition to mechanical obstruction of proximal arteries,
some patients develop a more or less severe pulmonary microvasculopathy (small-vessel disease), first
described by Mostr and BrLoor [65] in lung tissue obtained by biopsy or at autopsy. Pathological studies by
Moser and Broor and other authors have disclosed a full range of pulmonary hypertensive lesions similar
to those observed in idiopathic PAH, including intimal thickening and remodelling of pulmonary
resistance vessels, eccentric intimal fibrosis, intimal fibromuscular proliferation and plexiform lesions
[2, 65, 66]. This vascular remodelling affects the wall of distal muscular pulmonary arteries (0.1—0.5 mm
in diameter), and may even reach arterioles and venules of <0.1 mm in diameter. These changes are
classically explained by redistribution of the pulmonary flow in nonoccluded pulmonary arteries exposed
to high pressure and shear stress, leading to endothelial dysfunction, a progressive increase in PVR and
ultimately to symptomatic CTEPH. However, this microvasculopathy is observed not only in lung areas
served by nonoccluded proximal pulmonary arteries, but also distally to pulmonary arteries occluded by
fibrotic material. This makes it unlikely that redistribution of the flow in the pulmonary arterial bed alone
can explain the remodelling. DorReMULLER et al. [67] detected large anastomoses between the systemic
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FIGURE 3 Microvasculopathy in chronic thromboembolic pulmonary hypertension involving pulmonary
arterioles, venules and capillaries. Schematic representation of anastomosis between systemic and
pulmonary circulation through hypertrophic bronchial arteries and vasa vasorum. PA: pulmonary artery;
PVOD: pulmonary veno-occlusive disease; PAH: pulmonary arterial hypertension. Reproduced and modified
from [67] with permission.
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circulation and pulmonary arterial circulation (via hypertrophic bronchial arteries and vasa vasorum) in
patients with CTEPH. It has been speculated that pre-existing anastomoses are opened by the pressure
gradient between bronchial arteries and postobstruction pulmonary arteries. This mechanism may help to
maintain perfusion and support ischaemic tissue downstream of a proximal obstruction, but the exposure
of the pulmonary artery circulation to the high-pressure systemic circulation may induce pulmonary
arterial vascular remodelling in some patients, especially distal to chronic thromboembolic obstruction. In
the aforementioned study, DoREMULLER et al. observed important reactive, nonthrombotic microvascular
remodelling in obstructed territories. Ink injection experiments in humans with CTEPH and an
experimental piglet model of CTEPH revealed that small-vessel disease was not confined to precapillary
arterioles, but additionally concerned postcapillary venules and small veins. In fact, anastomoses are
known to exist between the systemic circulation and both pulmonary capillaries and pulmonary veins,
probably leading to lesions that may be similar to capillary haemangiomatosis and pulmonary
veno-occlusive disease (figure 3) [67]. Work is still needed to explain fully how small-vessel disease
develops and progresses.

Small-vessel disease in CTEPH may also consist of distal thrombosis, in rare cases. The lesions can be
diffuse, probably when small pulmonary arterioles distal to more proximal complete obstructions are not
maintained open because bronchial arteries and anastomoses fail to develop. In addition to typical
findings of CTEPH, pulmonary angiography in these patients reveals a special aspect of diffuse, poor
subpleural perfusion in the capillary phase (P. Dartevelle, French National Reference Centre of Pulmonary
Hypertension, Hopital Bicétre, Le Kremlin-Bicétre, France; personal communication) (figure 4).

Molecular mechanisms of small-vessel disease

Recent evidence suggests the involvement of the nitric oxide (NO)-soluble guanylate cyclase (sGC)-cyclic
guanosine monophosphate (cGMP) pathway in the pathophysiology of CTEPH. NO produced by vascular
endothelium inhibits platelet aggregation and growth of smooth muscle cells [68, 69]. NO also activates
sGC to synthesise cGMP, a second messenger with many actions including smooth muscle relaxation.
Plasma levels of asymmetric dimethylarginine, an inhibitor of NO synthase, are increased in patients with
CTEPH versus controls [70], and reduced endogenous NO levels have been found in patients with PAH
and CTEPH [71]. The vascular remodelling in CTEPH may indicate dysfunction in antiproliferative
mechanisms, including the NO pathway. The clinical and haemodynamic improvements seen with the
sGC stimulator riociguat in patients with CTEPH ineligible for PEA or with persistent recurrent
pulmonary hypertension after surgery also suggest an important role for the NO-sGC-cGMP pathway in
the pathology of the condition [72-74].

FIGURE 4 Patient with inoperable
chronic thromboembolic pulmonary
hypertension showing a typical
aspect of subpleural hypoperfusion
at the capillary phase of pulmonary
angiography. Image kindly provided
by P. Dartevelle, French National
Reference Centre of Pulmonary
Hypertension, Hopital Bicétre, Le
Kremlin-Bicétre, France.
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Levels of endothelin (ET)-1 are elevated in patients with CTEPH and in animal models of the condition
[75-79]. Recent evidence suggests a potential role for ET-1 in smooth muscle cell proliferation within the
chronic clot in CTEPH and in small-vessel disease [80]. Levels of vascular endothelial growth factor A are
significantly decreased after PEA in patients with CTEPH [81]. Increased levels of angiopoietin-1, a
signalling molecule involved in angiogenesis and smooth muscle cell proliferation, have been identified in
the lungs of patients with CTEPH [82] and high pre-operative levels of angiopoietin-2 are correlated with
worse outcomes for PEA [83]. An initial study in a model of CTEPH in piglets [84] has suggested that
small-vessel disease is associated with changes in ET-1 and IL-6 gene expression [85].

Clinical implications of small-vessel disease

The progressive development of these microvascular changes could explain why some patients with
CTEPH deteriorate even in the absence of recurrent pulmonary emboli. The severity of this small-vessel
disease is highly variable between individual patients. The presence of extensive small-vessel disease in a
patient should be suspected when the extent of the mechanical obstruction by proximal fibrotic clots (e.g.
modest obstruction based on assessment using perfusion lung scan and/or pulmonary angiography) does
not correlate with the dramatic increase in PVR [86] (examples are shown in figure 5). These patients are
at higher risk of postoperative mortality [87, 88], as small-vessel disease is not amenable to PEA and it
contributes to persistent pulmonary hypertension after PEA, as does incomplete removal of proximal
thrombotic material after surgery [89-92]. Thus, for optimal disease management it is essential to detect
and treat CTEPH before small-vessel remodelling occurs. The adverse effect of extensive small-vessel
disease on patient prognosis after surgery was confirmed in a prospective study of 26 patients with
CTEPH [91]. Upstream resistance was assessed pre-operatively by analysis of the pulmonary occlusion
waveform on RHC. Upstream resistance correlated significantly with postoperative total pulmonary
resistance index and mean pulmonary arterial pressure (PAP), and all four postoperative deaths during the
study were in patients with pre-operative upstream resistance <60%.

Small-vessel disease arising from distal thrombosis (detected as described earlier) also tends to be severe and
associated with a poor outcome after PEA [93]. Interestingly, the presence of dilatation of the bronchial arteries
and anastomosis within the pulmonary arterial circulation, frequently seen in CTEPH and preventing this
distal thrombosis, is associated with good survival and major haemodynamic improvement after PEA [94].

As well as being not amenable to PEA, small-vessel disease in patients with CTEPH is not accessible to
balloon pulmonary angioplasty, which may explain the persistence of pulmonary hypertension after this
interventional procedure in these patients. Organised fibrotic clots narrowing distal pulmonary arteries can
be treated by balloon pulmonary angioplasty using balloons 1-10 mm in diameter.

RV dysfunction and failure in CTEPH

CTEPH is characterised by a chronic increase in RV afterload and wall stress. Initially, these burdens result
in RV hypertrophy characterised by increases in RV wall thickness and cell size through the addition of
sarcomeres [95, 96]. This process is the result of the intrinsic ability of cardiac muscle cells to sense and
respond to mechanical load [96]. At first, the increase in RV wall thickness results in decreased wall stress
and improved pumping effectiveness by unloading of the individual muscle fibres [96], and RV function
more closely resembles the left ventricle [97]. These changes are referred to as “adaptive” remodelling.
This process is not limited to patients with CTEPH, but also occurs in patients with PAP <25 mmHg and
chronic thromboembolic disease (CTED) [97]. This was demonstrated in a study using a conductance
catheter, in which differences between patients with CTED, CTEPH and controls were observed in
pressure-volume loop morphology, most notably during systolic ejection [97]. In patients with CTED,
these changes resulted from the elevated RV afterload that develops exclusive of haemodynamic definition
of pulmonary hypertension. In addition, the RV relaxed more slowly in patients with CTED and CTEPH
compared with controls. The authors attributed this characteristic to a chronic elevation in RV afterload
and lower arterial compliance. In a comparison of patients with idiopathic PAH, proximal CTEPH (pre-
and postsurgery) and distal (inoperable) CTEPH, those with CTEPH had a significantly shorter time
constant of the pulmonary circulation than those with PAH [98]. This is consistent with the suggestion
from a small study that patients with CTEPH have lower RV contractility and fractional area change than
patients with idiopathic PAH or Eisenmenger’s syndrome (although the patients with CTEPH (mean age
50.8 years) were older than the comparator groups (mean age 42.2 years and 41.2 years for idiopathic PAH
and Einsenmenger’s syndrome, respectively)) [99].

The adaptive changes described earlier can maintain RV function for a time, but the RV is not capable of
sustaining long-term pressure overload, which increases further during physical activity. Moreover,
progressive remodelling of the initially patent pulmonary arteriolar bed imposes a continuously increasing
burden on the RV, leading to its maladaptive remodelling. This is characterised by eccentric hypertrophy,
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FIGURE 5 Relationship between pulmonary vascular obstruction (PVO) and pulmonary vascular resistance in chronic thromboembolic pulmonary
hypertension (CTEPH) and acute pulmonary embolism (PE). a) Patient AL: 24-year-old female with CTEPH. Percentage of PVO estimated on
perfusion lung scan at 75%. Total occlusion of left lung and occlusion of right middle and lower lobes. Haemodynamics: mean pulmonary arterial
pressure (PAP) 32 mmHg; cardiac index 1.7 L-min™"-m?; total pulmonary vascular resistance (TPR) 18.8 mmHg-L™"-min-m?. Despite 75% PVO, the
TPR was only 18.8. b) Patient BJ: 54-year-old female with CTEPH. Percentage of PVO estimated on perfusion lung scan at 35%; multiple bilateral
segmental and subsegmental perfusion defects. Haemodynamics: mean PAP 45mmHg; cardiac index 1.4 L-min"-m? TPR
32.1 mmHg-L™"-min-m?. c] Relationship between percentage of PVO assessed by perfusion lung scan and TPR in patients with acute PE (n=31). A
strong hyperbolic correlation was found. d) For a given degree of PVO, most patients with CTEPH (n=45) have higher TPR values than patients with
acute PE (n=31), suggesting that, in addition to mechanical obstruction by organised clots, they have small-vessel disease. Patient AL is located
on the hyperbolic correlation (no microvasculopathy), whereas patient BJ has a disproportionate and very high level of TPR compared to mild PVO
(severe microvasculopathy). Reproduced and modified from [86] with permission.

RV dilatation, reduced RV contractile force, diastolic dysfunction and myocardial fibrosis [96]. RV
dilatation increases wall tension, which increases oxygen demand and decreases perfusion, leading to a
cycle of further compromised contractility and dilatation. Decreased RV stroke volume, reduced
pulmonary flow and underfilling of the left ventricle lead to systemic hypotension and worsening of RV
coronary perfusion. Progressive dysfunction ensues, ultimately resulting in RV failure, which is the main
cause of death in CTEPH [95, 96]. The time course of RV failure in response to a pressure overload varies
greatly between patients, possibly because of variations in pressure, load, phenotype and neurohumoral
overdrive [95, 96]. While the progression to RV failure is clearly much slower, the sequence of events
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resembles that occurring in acute PE in many aspects. The two most important differences are the
progressive increase in RV afterload induced by ongoing remodelling of pulmonary arterioles and the
possibility of adaptive hypertrophy of RV myocardium, both absent in acute PE. Whether increased RV
mass is an independent risk factor for the subsequent development of progressive RV failure in CTEPH is
unclear [96].

RV diastolic dysfunction, including increased stiffness, impaired filling and prolonged isovolumic
relaxation, diffuse myocardial fibrosis and sarcomeric stiffening, may occur relatively early in the disease as
patients with pulmonary hypertension can exhibit impaired RV diastolic function while RV systolic
function is relatively preserved [96, 100, 101].

In animal models of pulmonary hypertension, disturbed angiogenesis and capillary rarefaction occur in
dysfunctional RV hypertrophic tissue, and RV myocardial metabolism switches from mitochondria-based
fatty acid oxidation to glycolysis [96]. Compared with controls, patients with pulmonary hypertension exhibit
reduced RV contractility in response to exercise and a loss of pulmonary vascular distensibility [96, 102].

Animal models of pulmonary hypertension have indicated a significant increase in tissue fibrosis in
maladaptive RV hypertrophy, relative to levels seen in adaptive hypertrophy [96, 103, 104]. The fibrosis
seen in maladaptive hypertrophy is a pathological process resulting from upregulation and interaction
between growth factors (including transforming growth factor-B and connective tissue growth factor),
hormones and matrix metalloproteinases [96].

PEA improves RV function in patients with CTEPH, indicating that pathological remodelling can be
reversed [105-108]. The functional improvements take time to develop, in contrast to the haemodynamic
changes, which are immediate [105-108]. The reduction in systolic RV wall stress after PEA is a key factor
in achieving resynchronisation of left ventricle and RV peak strains [106]. Balloon pulmonary angioplasty
may also improve RV function [109-111], but it is less well established than PEA [112].

The status of the RV in patients who have undergone successful PEA or balloon pulmonary angioplasty for the
treatment of CTEPH is unclear. Should such an unloaded RV be considered as “preconditioned” and therefore
be expected to better sustain a potential increase in afterload, or, conversely, is it irreversibly damaged and
dysfunctional? Is there a “point of no return” for the RV somewhere along the sequence of events induced by
CTEPH? Clarification of those issues could affect our strategy and timing of therapeutic interventions.

Summary and conclusions

The current understanding of CTEPH has moved beyond a chronic obstruction caused by unresolved
thrombotic material and the resultant RV dysfunction to encompass a complex disease comprising
proximal chronic obstruction by fibrotic clots, small-vessel disease and remodelling throughout the
pulmonary vascular bed [4]. The processes by which residual thrombosis persists in patients with PE, and
by which such residual thrombi lead to CTEPH, are not fully understood, but inflammation and infection
are believed to play a part. The degree of small-vessel disease has a substantial impact on the severity of
CTEPH and postsurgical outcomes, and thus assessment of small-vessel disease can assist in ensuring
optimal management for patients. The molecular processes underlying small-vessel disease are not
completely understood, but insights gained to date have given clues about the potential mechanisms of
benefit of medical therapies. Further research into small-vessel disease in patients with CTEPH could help
to identify those who will benefit most from the three management strategies now available (PEA, medical
therapy and balloon pulmonary angioplasty) and lead to the discovery of new treatment modalities
preventing the progression to irreversible RV failure. Clarification of those issues could improve our
management strategies and timing of therapeutic interventions.
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