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Abstract

Chronic thromboembolic pulmonary hypertension (CTEPH) is a rare and potentially life-threatening
complication of acute pulmonary embolism. It is characterised by persistent fibro-thrombotic pulmonary
vascular obstructions and elevated pulmonary artery pressure leading to right heart failure. The diagnosis is
based on two steps, as follows: 1) suspicion based on symptoms, echocardiography and ventilation/perfusion
scan and 2) confirmation with right heart catheterisation, computed tomography pulmonary angiography
and, in most cases, digital subtraction angiography. The management of CTEPH requires a multimodal
approach, involving medical therapy, interventional procedures and surgical intervention. This clinical—
radiological-pathological correlation paper illustrates the diagnostic and therapeutic management of two
patients. The first had chronic thromboembolic pulmonary disease without pulmonary hypertension at rest
but with significant physical limitation and was successfully treated with pulmonary endarterectomy. The
second patient had CTEPH associated with splenectomy and was considered unsuitable for surgery because
of exclusive subsegmental lesions combined with severe pulmonary hypertension. The patient benefited
from multimodal treatment involving medical therapy followed by multiple sessions of balloon pulmonary
angioplasty. Both patients had normalised functional capacity and pulmonary haemodynamics 3-6 months
after the interventional treatment. These two examples show that chronic thromboembolic pulmonary
diseases are curable if diagnosed promptly and referred to CTEPH centres for specialist treatment.

Introduction

The definition of chronic thromboembolic pulmonary hypertension (CTEPH) has recently been updated
[1-3]. It is now defined as the association of symptoms with the presence of post-thrombotic deposits within
the pulmonary arteries (PAs) after 3 months of therapeutic anticoagulation, with pre-capillary pulmonary
hypertension (PH) defined by a mean PA pressure (mPAP) >20 mmHg and with a pulmonary vascular
resistance (PVR) >2 Wood units (WU). Recently, the concept of chronic thromboembolic pulmonary
disease (CTEPD) was introduced. It has the same definition as CTEPH but without the PH criterion.
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Methods

The contents of this paper formed the basis of the fifth session in a recent European Respiratory Society
webinar series on PH [4]. Cases representative of CTEPD with or without PH at rest and of both surgical
and interventional treatments were chosen.

Key publications related to clinical, radiological and pathological features of CTEPH were identified.

Epidemiology

The incidence of CTEPH has been a matter of debate, with an important variation between
epidemiological studies. This relatively high variation is due to the variability of populations studied, the
screening strategies performed and the utilisation of right heart catheterisation (RHC) or transthoracic
echocardiography (TTE) for diagnosis. A recent meta-analysis has shown that CTEPH develops in
approximatively 3.2% of patients who survive an acute pulmonary embolism (PE) [5]. The presence of
deposits within the PAs is more common than CTEPH after acute PE, with an incidence up to 29% [6].
However, the natural history of these residual deposits remains largely unclear, but they do not seem to
evolve in the majority of cases [7].

The main symptoms in CTEPH are progressive exercise intolerance and/or exertional dyspnoea, which can
be explained by a limitation in cardiac output (CO) and an increased dead space ventilation [8, 9]. Without
treatment, patients will develop severe functional limitations, leading to a poor quality of life and reduced
survival [10].

Pathology

The pathology of CTEPH is complex, multifactorial and not yet fully understood, encompassing both
macroscopic and microscopic components. The clots present in the pulmonary vascular bed at the time of
acute PE may not be completely dissolved by the endogenous fibrinolysis and may remain in the form of
fibrotic tissue. The mechanisms precluding a complete resolution of clots include defects in fibrinolysis
and increased coagulation [11-13]. Mechanisms such as inflammation and abnormal angiogenesis also
play a role [14, 15]. Finally, several risk factors have shed light on the particular mechanisms leading to
CTEPH, such as the presence of intravenous devices [16] or splenectomy [12], which result in abnormal
platelet activation [17]. Obstruction of the pulmonary vascular bed results in increased pulmonary pressure
and afterload for the right ventricle (RV), which may lead to right heart failure and death [8]. The
increased pressure triggers vascular shear stress in nonoccluded vessels [18]. This shear stress may lead to
endothelial dysfunction and vascular remodelling of the small blood vessels in vascular territories not
affected by fibrotic clots. Interestingly, microvasculopathy is also found in parts of the lung where the
blood flow from the PAs has been totally interrupted [19]. It has been suggested that this could be due to
collateral flow from the systemic circulation, mainly through hypertrophic bronchial arteries. This
compensates for the absence of PA flow but may also trigger microvascular remodelling, affecting both the
pre-capillary compartment and small veins [20]. Remodelling of the small pulmonary vessels increases
PVR, aggravates RV dysfunction and may explain why some patients present residual PH after surgery.
Importantly, it is also the rationale for medical therapy in CTEPH. Clinically, the haemoptysis sometimes
seen in CTEPH patients is likely associated with the hypertrophied bronchial artery collateral circulation [21].

Diagnosis and evaluation

The underdiagnosis and diagnostic delay of CTEPH are well known and cannot be ignored. The true
incidence of new CTEPH is estimated to be two to three times higher than the observed incidence in
registry data [22—24]. Progressive remodelling of the distal arteries and increase of PVR are both important
determinants of outcome but are also part of the natural course of the disease. Therefore, early CTEPH
diagnosis and referral to a CTEPH centre appear to be critical for optimal treatment. Hence a longer
diagnostic delay seems to be associated with a less favourable haemodynamic profile and shorter survival
in CTEPH patients, possibly reflecting poorer RV function and more severe concomitant secondary
vascular disease [25].

The diagnosis of CTEPH should mainly be suspected in patients with persistent complaints of dyspnoea
3 months after an acute PE effectively treated with anticoagulation. It should also be considered during the
diagnostic workup of patients without a history of acute PE, but with otherwise unexplained dyspnoea, as
25% of all CTEPH patients have no history of documented PE [26]. The first step when screening for
CTEPH is performing TTE, which may indicate the presence of PH [27]. However, subjecting all
survivors of acute PE to TTE would result in a low diagnostic yield, potential overdiagnosis and prove to
be cost-ineffective [28]. A dedicated screening algorithm, as described in the InShapell study, could
potentially exclude CTEPH promptly and accurately after an acute PE, thereby avoiding TTE in 81% of
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patients [29]. Most physicians will refer patients for TTE based on their clinical symptoms. However,
educating cardiologists to screen for PH during TTE and, if present in the absence of left-sided valvular
pathology, to then refer the patient for the next step, a ventilation/perfusion (V'/Q’) scan to identify
CTEPD, is challenging [24]. V'/Q" lung scans are highly sensitive (96-97.4%) in terms of detecting
perfusion abnormalities and have a negative predictive value of nearly 100%. Therefore, a normal V'/Q’
lung scan rules out the diagnosis of CTEPH [30]. It is currently considered the “gold standard” screening
method for CTEPH. However, the nonspecificity of this modality necessitates additional diagnostic
imaging in cases of mismatched perfusion defects to definitively confirm CTEPH. Therefore, computed
tomography pulmonary angiography (CTPA) must be performed to provide substantial information
regarding the localisation and extent of endovascular lesions [1]. CTPA can be used to assess operability
as it can provide detailed structural information, including endovascular thrombi, vascular wall thickness,
intraluminal fibrous bands or webs, stenosis, and bronchial artery collateral circulation [31]. It may also
reveal indirect signs of CTEPH, such as a mosaic perfusion pattern in the pulmonary parenchyma. This
pattern implies CTEPH and corresponds to a vascular redistribution of blood flow. Other generic signs of
PH have also been described, such as dilatation and calcification of the main PAs, RV hypertrophy, right
atrial dilatation, and pericardial effusion [31]. Additional benefits of CTPA are the assessment of possible
underlying parenchymal lung and mediastinal disease and the detection of other pulmonary vessel
disorders that may present with perfusion defects on V'/Q’ lung scanning, such as PA sarcoma, large vessel
vasculitis or fibrosing mediastinitis [32]. If findings of pre-existing CTEPD are present on the CTPA
performed to diagnose the acute PE, the screening steps should of course be skipped and the patient
directly referred to a CTEPH centre [24]. However, difficulties with this imaging modality relate to the
interpretive expertise required and the lower sensitivity for detecting CTEPH in subsegmental vessels
[33, 34]. Therefore, it is frequently combined with conventional digital subtraction angiography (DSA).
DSA has been considered the “gold standard” for imaging in the evaluation of CTEPH. It can confirm the
presence of CTEPH to the level of subsegmental vessels, exclude other possible diagnoses and accurately
localise or “map out” lesions in the determination of surgical accessibility or targets for balloon pulmonary
angioplasty (BPA) [32, 35]. Characteristic pulmonary angiographic findings suggestive of CTEPH include
webs or bands, intimal irregularities, pouch defects, abrupt vascular narrowing, decreased perfusion, and
complete obstruction of PAs [36].

The combination of CTPA and DSA is frequently used to obtain the benefits of both imaging techniques
to optimally diagnose and assess the operability of CTEPH. In order to address the disadvantages
associated with those imaging techniques, numerous new developments in CTEPH imaging have been
described in the last decade. One of them, dual-energy computed tomography (DECT), increases the
sensitivity and specificity of the diagnosis of CTEPH. DECT can also be utilised to assess pulmonary
perfusion in patients with CTEPH by calculating perfused blood volume maps from iodine distribution in
the lung parenchyma [37]. Merging anatomical and physiologic data with DECT angiography improves the
detection of distal CTEPH and provides more accurate information about the overall pulmonary vascular
reserve and parenchymal arterial perfusion [38].

RHC is mandatory to confirm the presence of PH, evaluate pulmonary haemodynamics and assess the
severity of the disease and is frequently performed at the same time as DSA [2, 3]. The severity of the
disease may also be assessed by evaluating 6-min walk distance (6MWD), RV function on TTE and
biomarkers such as N-terminal pro-brain natriuretic peptide (NT-proBNP). In addition, other specific tests
may be relevant, especially in CTEPD, such as exercise RHC, showing a sharp increase in the mPAP/CO
relationship [39], or cardiopulmonary exercise testing (CPET), demonstrating an increase in ventilatory
inefficiency and dead space ventilation [40].

Treatments

The general measures recommended for patients with CTEPH are anticoagulation treatments and common
PH management strategies, such as the use of diuretics, oxygen therapy and avoidance of pregnancy.
Direct oral anticoagulants and vitamin K antagonists are used, but vitamin K antagonists seem to be more
effective and are associated with a lower risk of recurrence of acute PE [41, 42].

Pulmonary endarterectomy (PEA) is the recommended treatment for patients with CTEPH who are deemed
suitable for surgery. During a PEA, the abnormal intima of the pulmonary vascular bed is surgically
removed, thereby retrieving the obstructive lesions [24]. In patients deemed operable, it may improve
survival [43], haemodynamics [36], RV function [44] and functional capacity [45]. In experienced centres,
post-operative mortality is now less than 3% [46]. Operability is frequently considered up to the segmental
level, although some experienced centres operate on patients with subsegmental disease with good
outcomes [47]. PEA leads to normalisation or near normalisation of haemodynamics in the vast majority
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of cases. However, some patients present some degree of residual PH or may experience a recurrence of
PH after PEA [48].

Determining surgical candidacy involves two separate processes, namely 1) an evaluation of technical
operability and 2) an assessment of the potential risks and benefits of surgery that should be performed by
a multidisciplinary CTEPH team, including at least one experienced surgeon [2, 3]. Technical operability
ultimately depends on both the anatomic location of CTEPH and the experience of the surgeon. The
patient must have sufficient surgically accessible thromboembolic material, with a proportional PVR
indicative of the absence of extensive secondary microvasculopathy [2, 3]. The only absolute
contraindication for PEA is severe lung disease (mainly severe emphysema or interstitial lung disease), as
these patients will derive little benefit from PEA because the attempted improvement in perfusion may not
improve symptoms if ventilation is severely compromised and the risk of respiratory failure after surgery is
significant [49]. With the exception of patients with terminal or end-stage cancer, no other comorbid
conditions are absolute contraindications to PEA. Age per se and obesity are not contraindications, with
studies demonstrating excellent results in children, octogenarians and obese patients [50-53]. However,
some coexisting conditions impose an increased risk on less favourable peri-operative and long-term
outcomes [54]. These risk factors do not represent an absolute contraindication to PEA and should be
weighed by the multidisciplinary CTEPH team against the potential symptomatic benefits of PEA.

Initially, symptomatic CTEPH represents the sole indication for PEA. However, even in the absence of
resting PH, patients with CTEPD may have functional limitations due to increased dead space ventilation
or an exaggerated PAP increase during exercise and may also benefit from PEA [55, 56]. Therefore, PEA
can be offered to CTEPD patients without PH to improve symptoms.

For patients considered as inoperable or who present with persistent PH after PEA, medical therapy and
interventional treatments are the remaining options. The only approved medication for CTEPH patients is
riociguat, a soluble stimulator of guanylate cyclase [57]. It increases the nitric oxide intracellular content of
pulmonary vascular smooth muscle cells, leading to vasodilatation and antiproliferative properties [58].
Riociguat may increase functional capacity, improve RV function and decrease PVR in CTEPH patients
with inoperable disease or residual PH after PEA [59-61]. Intravenous treprostinil has also been shown to
improve haemodynamic and functional capacity in inoperable patients and in those with persistent PH after
PEA [62]. No other pulmonary arterial hypertension-specific therapies have been proven to be efficient in
randomised clinical trials but some are used off label in experienced centres.

Finally, BPA may be proposed for patients with subsegmental disease [2, 3]. This interventional treatment
uses a guiding catheter and a guidewire in the pulmonary bed, crossing the vascular lesions and allowing
the deployment of a coronary dilatation balloon [63]. Low-pressure inflation of the balloon pushes fibrotic
material against the vascular wall, thereby restoring blood flow. BPA has been shown to improve
haemodynamics [64], RV function [65], functional capacity [66] and survival [67]. It can be complicated
by haemoptysis and BPA-related lung injury [68]. The rate of these complications may dramatically
decrease after a sufficient learning curve and the procedure is safe in the hands of experienced practitioners
[64, 69]. Selection of patients for BPA is still a field of active research. Most centres consider patients with
subsegmental disease as good candidates; however, segmental disease may also be treated with BPA.
Different target lesions have been described [70] and the easiest ones to treat are focal stenoses such as
webs. Diffuse irregularity of the lumen or subtotal occlusion can also be treated successfully. Total
occlusions are quite challenging to treat and are associated with high levels of failure and complications.
Some authors have proposed treating more proximal disease with BPA [71]. BPA could eventually be
proposed for patients who have been formally contraindicated for PEA. However, the benefits of BPA in
these patients should be studied further.

The various interventions available for CTEPH patients have led to the development of the concept of
multimodal treatments, involving combinations of different therapeutic approaches. The complexity of the
therapeutic approach and the high level of expertise required to adequately treat CTEPH patients
underscore the importance of conducting a multidisciplinary evaluation involving different experts (PH
physicians, radiologists, PEA surgeons and BPA specialists) [1].

Case presentation

The following two cases highlight the variety of clinical presentations of CTEPH and CTEPD and the
complexity of treatments and their association. The first case is a patient with CTEPD and proximal
disease treated with PEA, resulting in an improvement of haemodynamics during exercise and ventilatory
efficiency. The second case is a patient with a distal form of CTEPH related to splenectomy and treated
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with combination therapy (riociguat and bosentan) before BPA. In the following section, we will present
the step-by-step diagnostic workup, the evaluation of disease severity, the selection of the most appropriate
treatment and the results obtained in these two patients.

Patient 1 is a 62-year-old man working as a farmer and welder. He is a nonsmoker, consumes 5-6 units
alcohol per day and has no relevant family history. 5 months before referral to our CTEPH centre, deep
vein thrombosis was diagnosed in one of his legs. 1 month later, he was admitted to the hospital with an
acute PE with a systolic PA pressure (sPAP) of 55 mmHg on TTE, with D-dimers of 1500 pug-L~" and was
treated with dabigatran. He received antibiotics (amoxicillin and clavulanic acid) because of a subsequent
episode of pleurodynia (differential diagnosis PE infarction). A few weeks later, dyspnoea and
inflammation decreased but D-dimers increased above 4000 pg-L™!. A lung function test showed
restrictive pulmonary disease with a total lung capacity (TLC) of 63% and a diffusing capacity of lung for
carbon monoxide (Do) of 38%. Dabigatran treatment was temporarily switched to tinzaparin. 1 month
later, he complained of persistent dyspnoea, but inflammatory markers and D-dimers had clearly
decreased. Another month later, he still complained of dyspnoea at exercise New York Heart Association
(NYHA) class III with important oxygen desaturation during a 6MWD test, with a persistent decreased
Dico (57%) and an sPAP of 55 mmHg on TTE. Subsequently, he was referred to our CTEPH centre.
Central venous pressure (CVP) was increased, with bimalleolar oedema and an NT-proBNP of
528 mg-dL™"'. ECG showed no abnormalities. On TTE, the right atrium had an increased surface of
20.1 cm?, the RV/left ventricular (LV) area ratio was 0.90, tricuspid insufficiency was grade 1 with an
sPAP of 37 mmHg+CVP, the Tei index was 0.33 and the tricuspid annular plane systolic excursion
(TAPSE) was 28 mm. There was no LV dysfunction, valvular disease or pericardial fluid. Pulmonary
function tests showed relatively preserved lung volumes (forced vital capacity of 85%, forced expiratory
volume in 1 s of 72%, TLC of 87%) with a moderate decrease of Dy o of 57%. Arterial blood gas showed
a trend to respiratory alkalosis with normal oxygen saturation (pH 7.45, arterial carbon dioxide tension
(Paco,) of 35 mmHg, arterial oxygen tension (P,o,) of 79 mmHg) without supplemental oxygen.

Patient 2 is a 57-year-old woman with a history of splenectomy due to spherocytosis as a child. At the age
of 55, she presented a segmental acute PE treated with rivaroxaban over 3 months, followed by aspirin.
2 years later, at time of presentation, she experienced progressive shortness of breath and chest pain,
requiring hospitalisation for further workup. Clinically, the patient described severe dyspnoea on exertion
(NYHA functional class IIT) with signs of increased CVP and bimalleolar oedema. Blood tests were
normal except for an increased NT-proBNP (1370 mg-dL™"). Arterial blood gas at ambient air showed a
manifest hypoxaemia (P,o, 58 mmHg) with compensatory respiratory alkalosis (pH 7.47,
P,co, 31 mmHg). ECG did not show significant abnormalities. TTE showed preserved LV function
without significant valvular pathology. Right chambers were slightly dilated with a right atrial area of
16 cm? and an RV/LV area ratio at 0.90. There was a discrete tricuspid regurgitation with sPAP estimated
at 76 mmHg. RV function was relatively preserved with a TAPSE of 21 mm. There was no pericardial
effusion. Lung function tests showed normal lung volumes with slightly decreased Dy co (61%). 6MWD
was 495 m with significant desaturation. CPET demonstrated a decreased exercise capacity with a peak
oxygen uptake (V'p,) of 15.7 mL-min~"-kg™' and an abnormal ventilation response with an increased
minute ventilation (V'g)/carbon dioxide production (V'¢p,) slope and an abnormal evolution of dead space
during exercise. The exercise test was limited by cardiac function.

V'/Q’ scintigraphy

The V'/Q’ lung scanning of patient 1 showed decreased perfusion in the posterior and lateral parts of the
left upper lobe, in the lateral part of the left lower lobe and small perfusion defects in the right middle lobe
(figure 1a). Ventilation was homogenous.

The V'/Q’ lung scanning of patient 2 showed normal ventilation with a subsegmental perfusion defect and
a marked subpleural decreased perfusion. This pattern has been associated with more distal disease and
inoperability (figure 1b) [72].

CTPA

CTPA of patient 1 showed segmental occlusion in both upper lobes and lingula, a linear filling defect in the
right interlobar artery that was in keeping with an intravascular web, segmental stenoses in the right lower
lobe, and segmental webs in the left lower lobe. In addition, there was mosaic attenuation evidenced by
heterogenous lung parenchymal attenuation. A focal subpleural anterobasal consolidation in the right upper
lobe adjacent to the fissure with spiculated margins was compatible with pulmonary infarction. Ill-defined
ground glass opacities with spiculated margins in the left upper lobe as well as posterobasally in subpleural
locations in both lower lobes were likely to be pulmonary infarction/parenchymal scarring (figure 2).
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a)
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b)
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Posterior: perfusion Posterior: ventilation

FIGURE 1 a) Bilateral segmental and subsegmental perfusion defects on frontal and oblique views. Ventilation
(not shown) was homogenous. b) Ventilation (right)/perfusion (left) scintigraphy shows bilateral predominantly
subsegmental perfusion defects (arrows) with relatively normal ventilation.

CTPA of patient 2 showed no involvement of proximal PAs until the segmental level. Adequate
multiplanar reconstructions of the pulmonary angiogram with maximum-intensity projection showed
diffuse narrowing of the calibres of the PA at subsegmental levels, irregular lumen and attenuated
peripheral vasculature. All these findings could have been missed if they had not been carefully assessed
by an experienced radiologist. Indirect signs of CTEPH were also present, such as a mosaic attenuation
pattern of the lung parenchyma with areas of normal perfusion (higher density) alternating with areas of
decreased perfusion (lower density). There were generic features of PH, such as enlargement of the main
PA with dilatation of right atrium and RV, RV hypertrophy, flattening of the interventricular septum, and
reflux of contrast medium into the hepatic veins, suggesting severe RV dysfunction (figure 3).

Furthermore, DECT images of patients 1 and 2 are presented in figures 2 and 3, respectively.
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FIGURE 2 Computed tomography (CT) pulmonary angiography of patient 1. Upper panel: axial views.
a) Occluded anterior segment of right upper lobe (long arrow) with a small peripheral infarct (arrowhead). The
anterior segment of the left upper lobe is very attenuated (short arrow). b) Intravascular shelf in the right
interlobar artery (arrow) and stenosis at the origin of the right lower lobe vessel (arrowhead). c) Segmental
web in the right lower lobe (arrowhead) and occluded segmental lingula (arrow). d) Segmental web in the left
lower lobe (arrowhead). Middle panel: mediastinal windows showing a normal calibre main pulmonary artery
(MPA) and an MPA/ascending aorta (AA) ratio <1.0. The right atrium (RA) and right ventricle (RV) are not
dilated. There is no right ventricular hypertrophy. Lung windows demonstrate mosaic attenuation (left, white
arrows point to poorly perfused regions), peripheral infarct (right, black arrow) and a small right pleural
effusion (arrowhead). Lower panel: dual-energy CT pulmonary angiography demonstrates multiple segmental
perfusion defects in both lungs (arrows). There is a small peripheral pulmonary infarct in the right upper lobe
(notched arrow).

DSA and RHC

The pulmonary angiography of patient 1 (figure 4a) shows multiple stenoses in the proximal right lower
lobe segmental arteries (mostly posterobasal), on the artery towards the posterior segment of the right
upper lobe and on the bifurcation of the right upper lobe artery splitting in the segmental branches of the
apical and anterior segment. Wall-adherent material can be seen in the right upper lobe artery and the
posterior segmental artery of this right upper lobe. A stenosis is seen proximal in the left upper lobe artery,
together with some variation in the calibre of multiple proximal segmental left lower lobe arteries and
truncation of some lingular branches and of some basal branches in the left lower lobe.

The pulmonary angiography of patient 2 (figure 4b) shows diffuse narrowing of the subsegmental vessels
with all segments involved, steep calibre changes and spindly aspects of distal vessels. A diffuse peripheral
defect of perfusion is apparent in the subpleural region. There is no major involvement of proximal vessels
(main PAs, lobar arteries) and all the segmental branches are present without occlusion at this level.

RHC of patient 1 showed a right atrial pressure (RAP) of 3 mmHg, mPAP of 18 mmHg, a PA wedge
pressure (PAWP) of 5 mmHg, a cardiac index (CI) of 2.22 L-min~'-m™2, PVR of 3 WU and a mixed
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FIGURE 3 Computed tomography (CT) pulmonary angiography of patient 2. Upper panel: mediastinal windows
showing mild dilatation of the main pulmonary artery (MPA) and an MPA/ascending aorta (AA) ratio >1.0. The
right atrium (RA) and right ventricle (RV) are dilated. There is moderate right ventricular hypertrophy (arrow)
and flattening of the interventricular septum (arrowhead). Middle panel: coronal maximum intensity projection
(left) demonstrating relatively intact proximal vessels but absent distal segmental and subsegmental
vasculature. The corresponding lung window (right) shows mosaic attenuation with preserved central and poor
peripheral perfusion (arrows). Lower panel: dual-energy CT pulmonary angiography axial and coronal views
elegantly depicting the subpleural diffuse perfusion defect.

venous oxygen saturation (S,o,) of 73.2%. These results correspond to an absence of PH with discretely
elevated PVR.

RHC of patient 2 showed RAP of 7 mmHg, mPAP of 50 mmHg, PAWP of 7 mmHg, a decreased CI of

2.14 L-min_l-m_z, PVR of 12 WU and an Svo, of 69.7%. Altogether, these results correspond to severe
pre-capillary PH with moderate RV dysfunction.
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FIGURE 4 Digital subtraction angiography. a) Patient 1. Pulmonary vascular signs of chronic thromboembolic
disease. There are bilateral segmental webs and stenoses (thin white arrows in panels a and c), post-stenotic
dilatation (block arrow in b), intimal irregularity (black arrow in a), multifocal occlusions, and abrupt vessel
truncation (arrowheads in a and c). d) Patient 2. Diffuse narrowing of the subsegmental vessels with abrupt
calibre change. The distal vessels are spindly with a corresponding peripheral perfusional defect. There was no
significant disease in the proximal vessels.

Cardiac function and haemodynamics during exercise

To better explain the mechanism of dyspnoea in CTEPD and therefore assess the potential benefit of a
PEA in these particular patients, we performed CPET and cardiac magnetic resonance imaging (MRI)
during exercise in order to disclose an impaired cardiac reserve and significant pulmonary vascular
disease [63]. Patient 1 was such a CTEPD patient without PH at rest. Figure 5 shows the results of the
stress MRI. Exercise induced an increase of LV ejection fraction of 3% but a decrease of RV ejection
fraction of 3% indicating the absence of an RV contractile reserve. The ratio of LV/RV volume decreased
from 0.94 to 0.83, indicating RV overload. In addition, mPAP increased abnormally compared to CO with
a slope of the mPAP/CO curve of 5.7 mmHg-min-L ™", clearly indicating exercise-induced PH.
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Patient selection and treatment

As there were no significant operative risk factors identified in patient 1 and given the imaging findings
and the findings of significant exercise impairment on exercise RHC, CPET and stress MRI, we decided to
propose surgery. Patient 1 underwent an uncomplicated PEA according to the operative principles
described by Mapani et al. [49]. Circulatory arrest times were 20 and 13 min for the right side and 20 min
and 20 min for the left side. Figure 6 shows the resection specimens, exhibiting University of California
San Diego classification level 2 (lobar) for the right side and level 3 (segmental) for the left side. The
patient was extubated 5 h post-surgery but had however a prolonged stay of 4 days on the intensive care
unit because of an atrial fibrillation episode with haemodynamic compromise, which was successfully
treated with amiodarone. After another 8 days on the ward, the patient went home. 6 months later, RHC
revealed an mPAP of 16 mmHg, a CI of 2.35L-min""*m~2 and a PVR of 1.35 WU. The patient was
functioning at NYHA class I.

Patient 2 presented with a distal disease, without evidence of the involvement of proximal arteries on CTPA
and pulmonary angiography. The medical history of splenectomy was another argument suggesting a distal
disease. The patient also had high levels of PVR and mPAP (>40 mmHg), suggesting a risk of complications
during BPA. Therefore, the decision was made to add riociguat treatment. After a treatment period of
3 months, there was haemodynamic improvement, but this was considered insufficient and it was decided
that medical treatment should be optimised with the endothelin receptor antagonist bosentan before the first
BPA. Patient 2 underwent a total of six BPA sessions, with successful dilatations of subsegmental arteries in
the vast majority of the segments. The final RHC evaluation showed a final mPAP of 21 mmHg, a decreased
PVR at 2 WU and a CI of 3.14 L-min~"*m™2 The patient’s symptoms dramatically decreased (NYHA I).

mPAP/CO slope

704
601  — cut-off= 3 mmHg-min-L-!
’é‘o 509  _—patient=5.7 mmHg-min-L~1
£ 40
£
o 30+
£
€ 20
10+
0 T T T T T T T T T T T
05 15 25 35 45 55 65 75 85 95 105
CO (L'min-1)
Volumes
HR LVEDVi RVEDVi LVESVi RVESVi LVSVi RVSVi LVEF (%) RVEF (%) (o]
70 65 69 22 30 44 39 66.9 56.2 3.0
150 52 63 16 30 36 34 69.9 53.2 5.2
Pressures
HR SAP DAP MAP sPAP dPAP mPAP
70 158 78 108 35 13 23
98 177 90 122 59 17 32
108 206 95 134 76 22 42
150 215 100 142 84 26 48
Blood gases
HR pH Pao, Paco, S0, Hb Pyo, Svo, Lac
70 7.49 88 33 98.0 15.2 41 77.6 0.6
150 7.44 70 30 95.3 16.6 26 42.6 6.7

FIGURE 5 Magnetic resonance imaging at rest and at maximal exercise. Cl: cardiac index; CO: cardiac output;
DAP: diastolic arterial pressure; dPAP: diastolic pulmonary arterial pressure; Hb: haemoglobin; HR: heart rate;
lac: lactate; LVEDVi: left ventricle end diastolic volume index; LVEF: left ventricle ejection fraction; LVESVi: left
ventricle end systolic volume index; LVSVi: left ventricle stroke volume index; MAP: mean arterial pressure;
mPAP: mean pulmonary arterial pressure; P,co: arterial carbon dioxide tension; P,o,: arterial oxygen tension;
P.o,: mixed venous oxygen partial tension; RVEDVi: right ventricle end diastolic volume index; RVEF: right
ventricle ejection fraction; RVESVi: right ventricle end systolic volume index; RVSVi: right ventricle stroke volume
index; SAP: systolic arterial pressure; So,: arterial oxygen saturation; sPAP: systolic pulmonary arterial pressure;
Svo,: Mixed venous oxygen saturation.
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FIGURE 6 Left panel: resected material during pulmonary endarterectomy in patient 1. Right panel: lungs from another patient with chronic
thromboembolic pulmonary hypertension with peripheral, inoperable disease who underwent a lung transplantation (haematoxylin and eosin
staining; magnification: x40, insets x200). A pulmonary artery of a cross-sectional diameter of about 400 um (circled in blue) is obliterated by
organised thromboembolic material. Note the recanalisation of vessels within the obstruction (arrows). In the vicinity of this obstructed artery,
microvascular remodelling can be found in arterioles (circled in purple), as well as in post-capillary venules (circled in red), both of around 70 um
in diameter, and depicted in the magnified purple and red inset boxes above. Note the concentric character of the microvascular remodelling,
which indicates reactive changes, rather than thrombotic lesion, with smooth muscle cell hyperplasia and intimal fibrosis (venules).

Exercise capacity improved, with a 6MWD of 579m and oxygen uptake of 19 mL-min~-kg™".
V'g/V'co, also improved to 52. The angiogram showed persistence of target lesions and perfusion defects,
although a clear improvement was noted. After discussion with the patient and regarding the excellent
haemodynamic evolution, it was decided not to propose further BPA.

Points for clinical practice

= Awareness of potential CTEPH after acute PE.

- Diagnosis in two steps, as follows: 1) suspicion (symptoms, echocardiography and V'/Q" scan), followed by
2) confirmation (RHC, CTPA and DSA).

«  Treatment of choice is PEA when lesions are reachable.

» Alternatively, BPA and/or PH medication can be used, alone or in combination, or adjuvant to PEA in a
so-called multimodality treatment strategy.

Conclusions

This clinical-radiological-pathological correlation paper illustrates the diagnostic and therapeutic
management of two patients with CTEPD without PH or CTEPH. It describes the diagnostic approach as
well as the therapeutic decision process. Evaluation of operability results in two different decisions, based
on comorbidities, imaging and pulmonary haemodynamics. If selected appropriately, both PEA and BPA
can be successful in terms of restoring normal exercise capacity. These two examples confirm that CTEPH
is a curable disease when patients are referred to CTEPH centres for specialist treatment.

Provenance: Commissioned article, peer reviewed.

Previous articles in this series: No. 1: Condliffe R, Durrington C, Hameed A, et al. Clinical-radiological-pathological
correlation in pulmonary arterial hypertension. Eur Respir Rev 2023; 32: 230138. No. 2: Lichtblau M, Mayer L,
Gopalan D, et al. Clinical-radiological-pathological correlation in pulmonary hypertension with unclear and/or
multifactorial mechanisms. Eur Respir Rev 2023; 32: 230119.
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