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Abstract

Pulmonary hypertension (PH) is highly prevalent in patients with left heart disease (LHD) and negatively
impacts prognosis. The most common causes of PH associated with LHD (PH-LHD) are left heart failure
and valvular heart disease. In LHD, passive backward transmission of increased left-sided filling pressures
leads to isolated post-capillary PH. Additional pulmonary vasoconstriction and remodelling lead to a
higher vascular load and combined pre- and post-capillary PH. The increased afterload leads to right
ventricular dysfunction and failure. Multimodality imaging of the heart plays a central role in the
diagnostic work-up and follow-up of patients with PH-LHD. Echocardiography provides information about
the estimated pulmonary artery pressure, morphology and function of the left and right side of the heart,
and valvular abnormalities. Cardiac magnetic resonance imaging is the gold standard for volumetric
measurements and provides myocardial tissue characterisation. Computed tomography of the thorax may
show general features of PH and/or LHD and is helpful in excluding other PH causes. Histopathology
reveals a spectrum of pre- and post-capillary vasculopathy, including intimal fibrosis, media smooth
muscle cell hyperplasia, adventitial fibrosis and capillary congestion. In this paper, we provide an overview
of clinical, imaging and histopathological findings in PH-LHD based on three clinical cases.

Introduction

Pulmonary hypertension (PH) is defined by increased pressures in the pulmonary vasculature. Among the
various PH subgroups, PH associated with left heart disease (PH-LHD) is the most common form and
probably affects 5-10% of individuals aged >65 years [1, 2]. The most important causes of PH-LHD in
current clinical practice are left heart failure (LHF) and valvular heart disease (VHD). The development of
PH in patients with LHD marks an important event since it doubles the mortality risk [2, 3].

Irrespective of the origin of LHD, a progressive decline in left ventricular (LV) (systolic and/or diastolic)
function leads to an increase in left atrial (LA) pressure (LAP). Passive backward transmission of raised
LAP to the pulmonary veins results in PH. Disturbed function and compliance of the LA add a pulsatile
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load on the pulmonary circulation [4]. In addition, pulmonary vasoconstriction and intrinsic vascular
remodelling may occur, leading to an even stronger increase in pulmonary pressures. The increased
afterload results in right ventricular (RV) dysfunction and failure [5].

PH-LHD is haemodynamically defined as an elevated mean pulmonary artery pressure (mPAP)
>20 mmHg and an increased pulmonary arterial wedge pressure (PAWP) >15 mmHg at rest [1, 6]. PAWP
reflects the health of the LA and represents what pressures the pulmonary capillary bed sees over time [7].
PH-LHD is defined in two forms [1]: isolated post-capillary PH (IpcPH) which is characterised by a low
pulmonary vascular resistance (PVR) <2 Wood units (WU). In IpcPH, the rise in LAP is followed by an
increase in pulmonary pressures and intrinsic pulmonary vascular remodelling is limited; combined pre-
and post-capillary PH (CpcPH) is characterised by a high PVR >2 WU. The transition into this stage
marks potentially irreversible damage to the lung vasculature [8]. CpcPH is associated with a greater risk
of RV failure and poorer prognosis compared to IpcPH [9].

Imaging of the heart plays a central role in the evaluation of patients with suspected PH-LHD and requires
a multimodality approach. Echocardiography is the most universal imaging tool used to assess cardiac
abnormalities. It plays a vital role in assessing the probability of PH by enabling the estimation of
pulmonary pressures and assessing RV function. Cardiac magnetic resonance imaging (MRI) is
complementary to echocardiography. It is considered the gold standard for ventricular dimension and
function evaluations and provides cardiac tissue characterisation [10, 11]. High-resolution computed
tomography (HRCT) and computed tomography pulmonary angiography (CTPA) provide information
about the lung parenchyma and perfusion of the pulmonary blood vessels, respectively, and may be used
to exclude other types of PH [1].

In this article, based on three case presentations, we describe the clinical features, diagnostic process,
imaging and pathological characteristics of patients with PH-LHD.

Methods

The three clinical cases were presented at the Amsterdam UMC Center of Expertise for Pulmonary
Hypertension in the Netherlands. Lung tissue samples (autopsy specimens) of the PH patients were stored
as part of the Amsterdam UMC PH biobank after obtaining informed consent. In cases of autopsy samples,
permission was obtained from the first legal representative.

For the literature search, publications after 2010 were mostly consulted. However, because recent literature
about histopathological findings in PH associated with LHD is limited, we consulted histopathological
publications from the 1980s.

Case 1

A 74-year-old male presented with progressive dyspnoea over 2 years (New York Heart Association
(NYHA) functional class IIT). His medical history included systemic hypertension, paroxysmal atrial
fibrillation and a bradycardia—tachycardia syndrome for which a two-chamber pacemaker had been
implanted. He was a former smoker (25 pack-years). There was no history of venous thromboembolism
and no exposure to drugs or toxins associated with PH development. He used diuretics, a vitamin K
antagonist, a betablocker and antihypertensive drugs. On physical examination, blood pressure was 110/
70 mmHg, pulse 82 bpm, peripheral oxygen saturation 90% on room air and body mass index (BMI)
27.5 kg'm™2. He showed clinical signs of RV decompensation with distended jugular veins and oedema in
the lower legs. There were no signs of connective tissue disease (CTD). Laboratory testing showed renal
insufficiency (creatinine 200 pmol-L™" (normal <113 pmol-L™")) and elevated N-terminal pro-brain
natriuretic peptide (NT-proBNP) of 845 ng-L™" (normal <300 ng-L™"). Blood count, thyroid function and
liver function tests were normal. Auto-immune serology and an HIV test were negative. Arterial blood gas
showed an arterial carbon dioxide tension (P,cp,) of 4.1 kPa (normal P,co, 5.1-5.6 kPa) and an arterial
oxygen tension (P,o,) of 8.4 kPa (normal P,o, 10.5-13.5 kPa). Electrocardiography (ECG) showed atrial
fibrillation with ventricular pacing. Transthoracic echocardiography revealed preserved LV systolic function
(LV ejection fraction (LVEF) 50%), but severely impaired LV diastolic function. There was RV dilatation
with depressed RV function. Both atria were severely enlarged. Tricuspid regurgitation was mild. Peak
tricuspid regurgitation velocity (TRV) was 3.4 m-s, corresponding to an estimated pulmonary artery (PA)
pressure of 46 mmHg, so a high estimated PH probability (figure 1a—f). The vena cava was dilated and
had a reduced collapse during respiration. There were no valvular abnormalities.

Pulmonary function test showed no obstruction and minor restriction (forced vital capacity (FVC) 3.4 L
(76% pred), forced expiratory volume in 1 s (FEV;) 2.7 L (81% pred), Tiffeneau index 78%, TLC 5.2 L
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FIGURE 1 Case 1. Pulmonary hypertension associated with heart failure with preserved ejection fraction: echocardiography and computed
tomography (CT). a) Transthoracic echocardiography shows right atrial (RA) and right ventricular (RV) dilatation. In addition, the left atrium (LA) is
dilated. Left ventricular (LV) dimensions and systolic function are preserved. b) Maximum tricuspid regurgitation velocity measured by
continuous-wave Doppler over the tricuspid valve indicates elevated pulmonary pressures. c) Pulsed-wave (PW) Doppler over the RV outflow tract
demonstrates a short acceleration time and a mid-systolic notch (arrows). d) LV diastolic function is severely impaired as illustrated by an increased
E:A ratio measured by PW Doppler over the mitral valve inflow. Tissue doppler imaging demonstrates reduced e’ velocity over the e) septal wall
and f) lateral LV wall. g) CT of the thorax shows a dilated LA. h) CT shows no signs of parenchymal lung disease.

(68% pred). Diffusing capacity for carbon monoxide (Dyco) was decreased (38% pred). However, HRCT
did not show signs of emphysema or other (fibrosing) parenchymal lung disease. There was bi-atrial
enlargement suggesting LHD (figure 1g and h). Ventilation/perfusion scintigraphy ruled out (chronic)
pulmonary embolism. Right heart catheterisation (RHC) revealed CpcPH with an increased mPAP of
50 mmHg, PAWP of 20 mmHg and a PVR of 7.7 WU. In addition, right atrial pressure (RAP) was
20 mmHg (normal RAP <7 mmHg), cardiac output (CO) was 3.9 L-min~" (thermodilution) and the mixed
venous oxygen saturation (Syo,) was 44% (normal S0, 60-75%). The diagnosis of group 2 PH associated
with heart failure with preserved ejection fraction (HFpEF) was made. Best supportive care but not
PH-specific therapy was initiated. A few months later, the patient died of progressive RV failure despite a
high dose of diuretics.

Autopsy revealed a pulmonary pre- and post-capillary vasculopathy with important venous remodelling
and arterialisation of septal veins and capillary congestion, to some point reminiscent of pulmonary
veno-occlusive disease (PVOD). Detailed histology is presented in figure 2.

PH associated with LHF

Clinics

In developed countries the prevalence of LHF is estimated to be 1-2% in the general adult population.
LHF is a clinical syndrome consisting of typical cardiac symptoms and signs that are due to structural and/or
functional cardiac abnormalities that result in reduced CO and/or increased left-sided filling pressures [12].
Signs of orthopnoea and paroxysmal nocturnal dyspnoea are generally not features of one of the other
PH types [13].

LHF is categorised in three HF phenotypes based on LVEF measurements by echocardiography. LVEF
<40% defines heart failure with reduced ejection fraction (HfrEF), LVEF 40-49% is defined as heart
failure with mildly reduced ejection fraction (HfmrEF), LVEF >50% defines HfpEF [12]. In Western
countries, coronary artery disease (CAD) and hypertension are the most common HfrEF causes [14].
HfpEF is frequently associated with obesity and the metabolic syndrome. Importantly, the heart failure
(HF) phenotypes may have overlapping underlying pathophysiological causes and there can be a complex
interplay between cardiac and noncardiac processes [15].
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FIGURE 2 Case 1. Pulmonary hypertension (PH) associated with heart failure with preserved ejection fraction:
lung histopathology. a, ¢, d) Haematoxylin and eosin staining and b) Elastica van Gieson staining; magnification
%100 (all). a) Collagen-rich remodelling with constrictive intimal fibrosis of a septal vein; the small branch
(arrowhead) beneath the larger vein (arrow) appears to be completely occluded. b) Arterialisation of a septal
vein with duplication of the elastic lamina (arrowheads): these veins resemble arteries, but lack the adjacent
bronchioles; note the beige oedema filling the alveoli in part. c) Two pulmonary arterial branches (and their
adjacent bronchioles), with substantial intimal and medial thickening and representing the morphological
correlate to the pre-capillary PH component. d) Capillary congestion with the beginning of haemangiomatosis-
like changes (area below the dotted line); note the numerous haemosiderophages (arrowheads) and the
ossified fragment (arrow), both typical in long-lasting congestion due to left heart failure.

A normal ECG and/or low levels of laboratory brain natriuretic peptide (BNP) make the diagnosis of
HfrEF unlikely. However, HfpEF patients may have a normal ECG and/or BNP levels in ~33% cases
[16, 17]. The prognosis of HfrEF patients has improved significantly since the advent of the four classes of
HF drugs (i.e. angiotensin-converting enzyme inhibitors/angiotensin receptor-neprilysin inhibitors,
mineralocorticoid receptor antagonists, betablockers and sodium-glucose co-transporter 2 inhibitors).
Nevertheless, the prognosis remains poor, with estimated 5-year mortality rates of 43-78%. Most HF
medical therapies have a limited impact on HfpEF and the risk of death is (nearly) as high as that for
HfrEF patients [18]. HfmrEF is considered a milder form of HfrEF and HF medical therapies may improve
HfmrEF [12, 19, 20].

At least 50% of HfrEF patients and ~80% of HfpEF patients develop PH. In 20-30% of patients with
LHF and post-capillary PH, CpcPH is found [2]. The development of PH in LHD increases the mortality
risk [2, 3]. Drugs approved for pulmonary arterial hypertension (PAH) are currently not recommended as
standard therapy for PH in LHD [1, 21].

Imaging

An echocardiographic probability-based approach for the assessment of PH is included in the work-up for
all PH subgroups, including PH-LHD [1]. Peak TRV is the key parameter in determining PH probability.
Other echo signs such as flattening/leftward bowing of the interventricular septum, RV and/or right atrium
(RA) dilatation, enlarged PA dimensions and a dilated vena cava suggest PH. In addition, a short RV
outflow tract acceleration time and a mid-systolic notch measured by pulsed-wave (PW) Doppler suggest
PH (figure 1c). This “notch” is frequently seen in PAH but has a lower prevalence in IpcPH and CpcPH
associated with LHD [22, 23].

In cases of an intermediate or high PH likelihood, this should prompt a careful assessment of LV function,
atrial dimensions and valve diseases. Global systolic function is measured by LVEF, a hallmark parameter
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for outcome [24]. Regional LV function or myocardial deformation is measured by speckle-tracking
derived global longitudinal strain (GLS) [25]. GLS is used for early detection of the subclinical alterations
in LV longitudinal function that occur before LVEF impairment [26, 27]. The evaluation of LV diastolic
dysfunction is based on echocardiography. Using PW Doppler measurements over the mitral valve inflow,
the E-wave velocity during early diastole and A-wave velocity during late diastole are measured. A high
E-wave indicates increased LV stiffness and an E/A ratio >2 suggests diastolic dysfunction. In addition, a
low mitral annular early wall motion velocity (e”) measured at the mitral valve annulus by tissue Doppler
imaging (TDI) indicates diastolic dysfunction. By combining the early diastolic transmitral flow velocity
(E)/late diastolic velocity (A) ratio, E/e’ ratio, LA dimensions and an estimation of PH presence, LAP and
the severity of LV diastolic dysfunction can be estimated [28].

HFpEF diagnosis is complex. A helpful tool to establish the clinical likelihood of HFpEF is the H,FPEF
score: a composite scoring system based on clinical, ECG and echocardiographic parameters (H,FPEF:
Heavy, Hypertension, atrial Fibrillation, PH, Elder age, elevated Filling pressures) [29, 30]. The Heart
Failure Association (HFA)-PEFF (pre-test assesment echocardiographic and natriuretic peptide score
functional testing in case of uncertainty final aetiology) algorithm has also been validated but was shown
to be less sensitive with lower overall accuracy than the H,FpEF score [31]. An overview of the diagnostic
evaluation of patients with HFpEF is provided in figure 3 [17].

LA dilation may indicate not only diastolic dysfunction but also serve as a marker of severity and
chronicity of LHD [32]. LA enlargement can be used to distinguish between PAH and PH associated with
LHD. In addition, adverse LA remodelling such as LA fibrosis, which can be identified by cardiac MRI
(see below), is a predictor of LHF, PH, reduced quality of life and mortality [33]. Similarly, progressive
LA dysfunction is associated with more severe HFpEF and advanced pulmonary vascular disease [34].

Patient with unexplained

exertional dyspnoea and no
clear alternative cause

v

H,FPEF score

Definition

Heavy BMI >30 kg:m-2
Two or more

Hypertension  antihypertensive

medicines
Atrial ;
fibrillation Any history
Pulmonary Pulmonary artery

systolic pressure

hypertension >35 mmHg (echo)

Elder >60 years
Filling E/e' ratio>9
pressures (echo)

v

HFA-PEFF score

n - Major criteria Minor criteria
Points Domain 5 a
(Two points max per category) (One point max per category)
2 Functional « Average E/e’ ratio 215 » Average E/e’ ratio 9-14
«Septal e’ <7 cm-st » Global longitudinal strain <16%
1 « Lateral e’ <10 cm's-1
« Tricuspid regurgitation velocity >2.8 m-s-1
3 Morphological -« Left atrial volume index >34 mL-m-2 « Left atrial volume index 29-34 mL'm-2
« Left ventricular mass index >149/122 g-m~2 « Left ventricular mass index >115/95 g-m-2
(men/women) and relative wall (men/women)
1 thickness >0.42 « Relative wall thickness >0.42
« Left ventricular wall thickness 212 mm
1 Biomarker NT-proBNP >220 pg-mL-1 NT-proBNP 125-220 pg-mL-1
(sinus) BNP >80 pg-mL-! BNP 35-80 pg-mL-1
1 Biomarker NT-proBNP >660 pg-mL-1 NT-proBNP 365-660 pg-mL-1
(atrial BNP >240 pg-mL-1 BNP 105-240 pg-mL-1
fibrillation)

Low probability score

Unlikely HFpEF
H,FPEF 0-1 or HFA-PEFF 0-1

v

High probability score

Likely HFpEF
(H,FPEF 6-9 or HFA-PEFF 5-6)

FIGURE 3 An overview of the diagnostic evaluation of patients with heart failure with preserved ejection fraction (HfpEF). Reproduced from Bortauc

et al. [17] with permission. BMI:

body mass index; BNP: brain natriuretic peptide; echo: echocardiography; E/e’: early diastolic transmitral flow

velocity/mitral annular early wall motion velocity ratio; NT-proBNP: N-terminal pro-brain natriuretic peptide; H,FPEF: heavy, hypertension, atrial
fibrillation, pulmonary hypertension, elder age, elevated filling pressures.
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This so-called “LA myopathy” of adverse LA remodelling and/or dysfunction [35] contributes to more
severe PH in HFpEF, independent of the increased LA pressures [36].

Cardiac cine MRI plays an important role in identifying the underlying aetiology in HFrEF and HFpEF in
the context of PH [37-39]. In addition, myocardial tissue characterisation can be performed through
parametric mapping and the acquisition of late gadolinium enhanced (LGE) images [11, 40, 41].
Myocardial alterations due to oedema and inflammation, hyperaemia, capillary leak, haemorrhage,
thrombosis, necrosis and fibrosis can be visualised. T1 and T2 (and T2*) mappings allow pixel-wise
quantification of the changes in the myocardium and permit both visualisation and quantification of focal
or diffuse disease processes. These changes may be related to intracellular disturbances of the
cardiomyocyte, extracellular disturbances in the myocardial interstitium or both [42]. LGE imaging is
widely used and is the gold standard for identifying regional myocardial infarction/replacement fibrosis.
LGE images show a typically subendocardial to transmural enhancement in ischaemic heart disease [43].
Infarct assessment predicts outcomes [44, 45] and guides revascularisation strategies [46, 47]. In contrast,
non-ischaemic cardiomyopathies show mid-wall or epicardial enhancement in a non-coronary distribution
[42, 48].

Cardiac MRI is not used as a PH-screening tool. Instead, MRI is the gold standard for LV and RV
volumetric quantification and is therefore used to monitor therapeutic effects during follow-up [10].

The RV plays an important role in the setting of PH-LHD. RV dysfunction may develop as a consequence
of the increased pulmonary load associated with LHF or via direct interventricular interactions [49]. RV
dysfunction predicts prognosis in patients with HFpEF and HFrEF [50-52] and in both ischaemic and
nonischaemic cardiomyopathies [53, 54]. Even though the overall prevalence of PH is estimated to be
higher in HFpEF compared to HFTEF, RV dysfunction is more pronounced in HFrEF for any given degree
of PH [55, 56].

Recent studies show that echocardiographic RV GLS may provide a better estimation of RV systolic
function than RV tricuspid annular plane systolic excursion or RV S’ (systolic wave prime) [57, 58]. In
addition, adverse RV remodelling is a prognostic marker. In patients with Ph-HFpEF and in PAH, the RV
shows diffuse fibrosis in comparison to controls [48]. Focal fibrosis is typically seen at the RV insertion
points and may extend to the interventricular septum in PH (figure 4d). In mixed groups of PH aetiologies,
there were conflicting results with respect to the prognostic value of fibrosis at the RV insertion points, but
the presence of fibrosis in the interventricular septum predicted mortality [59, 60].

Chest radiography or computed tomography (CT) may show signs of pulmonary vascular congestion and
pleural effusion that suggest PH-LHD. With (HR)CT and CTPA, other causes of PH such as parenchymal
disease, pulmonary embolism and arteriovenous malformations may be excluded. General CT signs of PH
are an enlarged PA, increased main PA/aorta diameter ratio (>1), PA calcification and tortuosity, and
tapering of smaller PAs. Additional findings are RV dilatation and hypertrophy, leftward septum bowing,
reflux of contrast into the vena cava or hepatic veins and hypertrophy of the bronchial arteries.

Histopathology

Histopathological analyses of patients with PH associated with LHD reveal pulmonary vascular
remodelling at the level of the PAs, veins and capillary bed [61-64], but no plexiform lesions.
Remodelling of the different vascular compartments, including the intima (fibrosis), media (smooth muscle
cell hyperplasia) and adventitia (fibrosis) may occur. Especially in HFrEF and HFpEF, duplication of the
elastic lamina is seen in the pulmonary veins (so-called venous arterialisation) [61, 62, 65], making it
sometimes difficult to morphologically differentiate arteries from veins.

It is suggested that remodelling of the arteries occurs secondary to remodelling of the veins, corroborating
the long-term downstream effects of high cardiac filling pressures [61]. Pulmonary veins may show
obstruction due to lose fibrosis and hyalinosis. The latter has been previously called “oedematous”
remodelling and it is thought to be reversible after effective decongestion [66].

In addition, stress of the lung capillaries and disruption of the capillary endothelium [67] may induce fluid
and protein subtraction from the capillary lumen to the alveolar interstitium, causing oedema. This
“alveolar capillary stress failure” is reversible in the acute phase but persistent pressure overload may
trigger a pro-inflammatory state leading to vascular remodelling, marking a critical stage in the
development of CpcPH [68].
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FIGURE 4 Case 2. Pulmonary hypertension (PH) related to primary mitral valve regurgitation: echocardiography,
cardiac magnetic resonance imaging (MRI) and lung histopathology. a) Transthoracic echocardiography
illustrates severe mitral regurgitation. b) Transoesophageal echocardiography illustrates a prolapse of the mitral
valve. c) Cardiac MRI shows bi-atrial and biventricular dilatation. d) Cardiac MRI with late-gadolinium
enhancement demonstrates fibrosis of the left ventricular (LV) inferolateral wall (arrow). e) Lungs from the
patient with PH due to mitral valve disease (autopsy). Haematoxylin and eosin staining (all); magnification:
e) x40 and f) and g) x400. e) Pulmonary arteries (circle on the left) and pulmonary septal veins (circle on the
right) are almost indistinguishable due to venous arterialisation; note the thickened alveolar septa in between
that are magnified in g). f) Microvessel, either arteriole or venule, of about 30 um in diameter; note the perfectly
round, single-layered muscularisation of this vessel that is under normal conditions totally devoid of smooth
muscle cells. g) Alveolar septa are thickened due to congestion and clear capillary haemangiomatosis, similar to
capillary changes in pulmonary veno-occlusive disease; note multiple layers of capillaries in a single septum and
expanded alveolus to the left and eosinophil fluid within the alveolus on the right side of the alveolar wall
(oedema). Ao: aorta; LA: left atrium; RA: right atrium; RV: right ventricle.

Case 2

A 67-year-old male patient was referred because of progressive dyspnoea over 6 months (NYHA III) related
to severe mitral regurgitation and estimated severe PH based on echocardiography. He had a medical history
of hypertension, hypercholesterolaemia and mild primary mitral regurgitation. He was treated with
antihypertensive drugs and a statin. He has no chest pain, palpitations, orthopnoea or peripheral oedema. He
was a nonsmoker, had no history of venous thromboembolisms, no signs of CTD and no toxin/drugs
exposure associated with PH development. Physical examination revealed a blood pressure 104/70 mmHg, a
pulse of 72 bpm and a peripheral oxygen saturation of 94% at room air. His jugular veins were distended.
Auscultation revealed an accentuated pulmonary component of the second heart sound and a holosystolic
murmur at the cardiac apex. Lung sounds were normal. Laboratory testing showed normal blood count,
kidney function, thyroid function and liver function tests but elevated NT-proBNP of 678 ng-L™'.
Auto-immune serology and an HIV test were negative. His ECG showed sinus rhythm with a first-degree
atrioventricular block, rightward heart axis, RA dilatation, a tall R-wave in V2 and negative T values in IIT
and AVF. These ECG abnormalities are typical for PH. Lung function tests did not show relevant
abnormalities and pulmonary embolism was ruled out by CTPA. Echocardiography showed mild LV
dilatation with mildly reduced LV systolic function; LV diastolic function was preserved. There was severe
bi-atrial dilatation. The mitral valve showed severe eccentric mitral regurgitation due to a prolapse of
posterior valve leaflet 2. There was a moderate tricuspid valve regurgitation due to annular dilatation (figure
4a and b). Maximum TRV was 3.2 m-s™ corresponding to 41 mmHg. The vena cava was dilated with a
reduced collapse during respiration. Coronary angiography ruled out CAD. RHC showed an mPAP of
32 mmHg. The mean PAWP was 21 mmHg and showed a high rise of the V-wave. CO was 3.1 L-min~" and
PVR was 3.5 WU. Cardiac MRI was acquired to better characterise RV function, mitral regurgitation severity
and myocardial fibrosis. MRI showed that RV function was severely depressed (RV ejection fraction 25%;
normal RV ejection fraction >45%). A severe mitral regurgitation fraction of 63% was found (normal: 0%).
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In addition, MRI showed myocardial fibrosis of the LV inferolateral wall and RV insertion points (figure 4c
and d). The LA was severely dilated and there was a high amount of LA fibrosis of 19% (normal: 0%).

This patient was diagnosed with CpcPH secondary to severe primary mitral regurgitation. Despite mildly
elevated pulmonary pressures, RV dysfunction was significant. The patient underwent mitral valve repair
and tricuspid valve repair. Unfortunately, he had multiple post-operative complications including severe
RV failure and was treated with vasopressors, inotropes and PH-lowering medicines. Despite optimal
medical care, the patient ultimately died.

The lungs from this patient were assessed after autopsy. The most prominent changes were within the
post-capillary vasculature with characteristic arterialisation of pulmonary septal veins to a degree, where
discrimination from PAs was difficult, with the false impression of numerous “orphan arteries” lacking
their adjacent airway and thereby topographically identified as veins. Pulmonary capillary haemangiomatosis
(PCH) foci, reminiscent of PVOD/PCH, were present. For a detailed description of this histological findings
see figure 4.

PH due to left-sided valvular heart disease

Clinics

In previous decades, rheumatic mitral valve stenosis was the most important cause for PH-LHD, but its
prevalence in Western counties is decreasing [69]. PH is currently predominantly related to primary mitral
regurgitation (estimated prevalence 20-64%) [70-74] and aortic stenosis (AOS) (estimated prevalence 20—
53%) [75-78]. Data on PH prevalence in aortic regurgitation are scare (estimated prevalence of 16-44%)
and its relationship with prognosis is controversial [79, 80]. The prevalence of PH varies over studies
according to patient selection criteria and different cut-off values for PH. In most patients with PH related
to VHD, IpcPH will develop and CpcPH may occur in ~12-20% of cases [81-83]. It is important to
notice that PH may also develop in patients with moderate—severe VHD [84].

The presence of PH is a strong and independent predictor of mortality in VHD. Even mild elevations in
pulmonary pressures translate into a rise in the risk of death [84]. Patients with moderate—severe or severe
VHD should be referred for surgical or transcatheter interventions according to the algorithms of the
guidelines [85]. In patients with primary severe mitral regurgitation, severe PH (sPAP >50 mmHg) is a
criterion for surgical intervention, regardless of the symptomatic stage [85, 86]. In addition, surgery should
be considered in patients with severe PH associated with asymptomatic severe mitral stenosis [85].

Interestingly, PH is reversible in most patients with VHD after surgical or percutaneous interventions.
Traditionally, pulmonary vasoconstriction was considered to be the most important underlying PH
mechanism [87]. However, recent data show that PH may persist in up to ~20% of patients despite
successful surgery and this was associated with poor prognosis, emphasising the importance of early
interventions [71, 86, 88]. Persistent post-operative PH was predicted by older age and higher pre-operative
pulmonary pressures [71, 74]. Currently, no benefit is demonstrated of initiating PAH-specific therapy.

Imaging

Echocardiography has a central role in the evaluation of VHD and the criteria are described in the
guidelines [85]. Importantly, the presence of PH and RV dysfunction may lead to a decrease in RV stroke
volume, potentially leading to underestimation of the severity of left-sided VHD. Echocardiographic
evaluation specifically includes evaluation of the tricuspid valve since concomitant tricuspid regurgitation
is common [89]. When surgery or invasive intervention is planned for VHD, tricuspid regurgitation
severity and RV dilatation determine whether concurrent tricuspid valve surgery should be performed [85].
In addition, estimation of pulmonary pressures during echocardiography is mandatory. In the specific
setting of PH due to VHD, invasive RHC could be debated. However, RHC may be used to confirm PH
diagnosis, measure its severity and measure PAWP [1].

Echocardiographic predictors for the presence of PH in mitral regurgitation are a higher LA size, LV
end-systolic dimensions and E/e’, and a shorter mitral deceleration time [71, 86, 90]. In AOS, PH was
predicted by more severe AOS and lower LVEF but is also related to LV diastolic dysfunction, LA
dilatation, atrial fibrillation, concomitant mitral regurgitation and comorbidities [83, 91, 92].

Cardiac MRI provides “added” value to echocardiography in VHD. Using MRI phase-contrast velocity
mapping, flows can be measured and are useful for the precise calculation of the regurgitant volume and
the velocity of blood flow within the plane of a stenotic valve [93]. In addition, myocardial tissue
characterisation provides prognostic information in VHD patients [94]. In mitral regurgitation, regional
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replacement fibrosis is commonly seen in segments adjacent to the posteromedial papillary muscle and
indicates an arrhythmic risk (figure 4d) [95]. In addition, an increased extracellular volume measured by
T1 mapping was found and possibly reflects reactive interstitial fibrosis that was reduced after surgery [96].
In patients with AOS, patchy LGE accumulates over time and is associated with more severe valve stenosis
and LV dysfunction [97]. The extent of LV myocardial fibrosis measured by MRI and validated by
endomyocardial biopsy in AOS patients correlated with PH severity [98].

Histopathology

A pre- and post-capillary pulmonary vasculopathy involving arteries and veins is initially described in PH
patients with severe mitral valve stenosis [99]. Various combinations of arteriolar medial hypertrophy,
intimal proliferation, adventitial thickening, microthrombi, medial hypertrophy and intimal fibrosis of
veins, capillary congestion with haemosiderosis, thickened alveolar—capillary membranes and dilated
lymphatics have been demonstrated [99-101].

Case 3

A 77-year-old male was referred because of suspected PH based on echocardiography. He has a medical
history of obstructive sleep apnoea syndrome (OSAS), which was well controlled with continuous positive
airway pressure, and multiple risk factors for LHD, namely obesity, hypertension and CAD. He had received
a percutaneous coronary intervention of the left ascending coronary artery. He was treated with diuretics, dual
antiplatelet therapy and antihypertensive drugs. During the last months, he experienced progressive dyspnoea
(NYHA functional class III). He was a previous smoker (40 pack-years). No use of drugs or toxin exposure.
Physical examination showed a high BMI of 37 kg-m™2, blood pressure 110/70 mmHg, pulse 82 bpm and
peripheral oxygen saturation of 89% at room air. Pulmonary auscultation revealed bilateral crackles. There
were no signs of ascites, but lower leg oedema was present. Laboratory testing showed normal blood count,
liver function tests and thyroid function. There was mild renal impairment and NT-proBNP was increased
(2302 ng-L ™). Auto-immune serology and an HIV test were negative. Arterial blood gas showed a Pqco,
5.2 kPA, P,0, 8.8 kPA and oxygen saturation of 92% on 5 L supplemental oxygen.

Echocardiography showed preserved LV systolic function, grade II (i.e. moderate) diastolic dysfunction, RV
dilatation and dysfunction with leftward septum bowing. There was bi-atrial dilatation (figure 5a and b).

FIGURE 5 Case 3. Pulmonary (arterial) hypertension (P(A)H) with cardiopulmonary comorbidities: echocardiography, computed tomography (CT)
and histopathology. a, b) Transthoracic echocardiography shows bi-atrial and right ventricular (RV) dilatation. There is flattening of the
interventricular septum. c) High-resolution CT showing minimal parenchymal emphysema, some septal lines, but no (fibrotic) interstitial lung
disease. d) Lungs from the patient classified as P(A)H with cardiopulmonary comorbidities (autopsy) d, e, g). Haematoxylin and eosin staining and
f) Elastica van Gieson staining; magnification: d) x40, e) x100, and f) and g) x200. d) Pulmonary arteries (arrows) display important medial
hyperplasia; congestion is present on every slide, with thick alveolar septa and enlarged capillaries; note the brownish haemosiderophages (top).
e) and f) Microvessels are muscularised throughout the lung, down to the smallest pre- and post-capillary level, with near-occlusive remodelling.
g) Chronic inflammatory infiltrate can be observed within the interstitium and in the vicinity of remodelled microvessels. LA: left atrium; LV: left

ventricle; RA: right atrium.
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Tricuspid regurgitation was mild and revealed an estimated TRV of 71 mmHg. Pulmonary function test was
slightly obstructive (FVC 2.8 L (75% pred), FEV; 1.9L (75% pred, Tiffeneau index 65%)) and Do was
severely reduced (32% pred).

CTPA showed general features of PH but no pulmonary embolism. The lung parenchyma on HRCT was
mildly emphysematous and showed some subtle septal lines, but there was no (fibrotic) interstitial lung
disease (figure 5c). RHC showed PH based on an elevated mPAP of 58 mmHg and a PVR of 9 WU.
Resting PAWP was in the borderline range (13 mmHg) and CO was relatively preserved (4.8 L-min™?,
thermodilution). An additional invasive LV end-diastolic pressure (LVEDP) measurement was 11 mmHg

(normal LVEDP <12 mmHg).

Based on the invasive haemodynamic measurements, the patient was classified as group 1 idopathic PAH
(IPAH) with cardiopulmonary comorbidities. He was treated with diuretics and careful initiation of
PAH-specific therapy (phosphodiesterase inhibitor and an endothelin receptor antagonist). A few months
later, he died of progressive RV failure.

Autopsy revealed pulmonary vascular disease at the pre-capillary and- post-capillary level. In addition to
typical medial thickening in muscular-type PAs a prominent microvasculopathy with severe and
near-occlusive remodelling of pre- and post-capillary vessels (arterioles and venules) down to 40-50 pm in
diameter. Congestion and PCH-like areas with important thickening of alveolar septa was present, as well
as moderate chronic inflammatory interstitial infiltrates, involving microvessels, too. For a detailed
description of the cases histology see figure 5d—g.

PAH with cardiopulmonary comorbidities?

The demographics and clinical characteristics of patients with IPAH have changed considerably over the
last 30 years [1, 102]. IPAH patients have become older, are more often male and have a higher
frequency of cardiac and pulmonary comorbidities [103—108]. Recently, it was shown in a cluster
analysis of 841 newly diagnosed patients with IPAH from the COMPERA registry that only 12.6% of
patients had a classic phenotype (young, mostly female patients without cardiopulmonary comorbidities,
never-smokers and a preserved D;co), while 35.8% of patients presented with a left heart phenotype
(primarily female patients, older age, cardiopulmonary comorbidities and preserved D;co) and 51.6%
with a so-called pulmonary phenotype (primarily male patients, older age, history of smoking,
pulmonary comorbidities and decreased Dyco) [103]. Similar phenotypes have been described by the
PVDOMICS study group [109]. These nonclassical phenotypes are referred to in the 2022 European
Respiratory ~ Society/European Society of Cardiology (ESC) PH guidelines as IPAH with
cardiopulmonary comorbidities [1]. However, a clear definition is lacking and whether patients
currently classified as “P(A)H with cardiopulmonary co-morbidities” should be recognised as a group
within group 1 PAH or should rather be placed within group 2 or 3 PH is a subject of ongoing debate
and research.

The patient in case 3 had multiple comorbidities and cardiac risk factors for LHD with grade II diastolic
dysfunction on echocardiography. Histopathology of case 3 showed pulmonary vascular remodelling at the
pre- and post-capillary level that might suggest LHD as the primary cause (group 2 PH). However, this
patient had a haemodynamic pre-capillary profile with an LVEDP measurement of 11 mmHg, illustrating
the current diagnostic and treatment challenges in this patient population. Interestingly, cardiac risk factors
such as obesity (and the related obesity hypoventilation syndrome) may directly induce pulmonary
hypertensive changes. Histopathology of lungs of obese patients (autopsy) showed signs of venous
hypertension and capillary haemangiomatosis [110, 111].

In this case, passive leg-raise manoeuvre or exercise tests were not performed. It has been demonstrated
that many patients with “occult” HFpEF may have normal resting PAWP but show a significant rise in
PAWP during stress [112]. Another explanation for a normal PAWP despite LHD, may be that the PAWP
is normalised after successful treatment of hypertension and CAD.

In addition, the patient in case 3 was a former heavy smoker (however, only had a mildly obstructive
pulmonary function test and minimal emphysema on chest CT), which might indicate that this patient
could have group 3 PH disease. Despite the fact that some experts might call this case PH secondary to
group 2 or group 3 disease, whereas others might classify this case as IPAH with
cardiopulmonary comorbidities, the outcome is poor, irrespective of the name of the disease. This group
of P(A)H patients experienced less effective responses from mono or combination therapies compared to
“classic” PAH patients without (cardiopulmonary) comorbidities [113, 114]. In addition, the first group
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of patients may experience higher rates of clinical failure [114]. Currently, there is no solid evidence
available for treatment recommendations in these patients with cardiopulmonary comorbidities fulfilling
the pre-capillary haemodynamic P(A)H criteria. According to the recent ESC guidelines, monotherapy of
endothelin receptor antagonist or phosphodiesterase type 5 inhibitor may be initiated but careful
follow-up is required [1].

Future studies are required to reveal the nature of this type of P(A)H disease and explore novel treatment
options.

Points for clinical practice

»  PHis a frequent complication of LHD.

+  The most common causes are (systolic and diastolic) LHF and VHD.

»  The development of PH in LHD doubles the mortality risk.

» Isolated post-capillary PH is haemodynamically defined as mPAP >20 mmHg, PAWP >15 mmHg and
PVR <2 WU.

»  Combined pre- and post-capillary PH is defined as mPAP >20 mmHg, PAWP >15 mmHg and PVR >2 WU.

» A multimodality imaging approach is required for an accurate diagnosis.

»  Echocardiography plays a vital role in PH evaluation though estimations of pulmonary pressures and
assessments of biventricular and atrial morphology and function and valvular abnormalities.

»  The presence of LA enlargement in patients with PH is a diagnostic clue suggesting LHD.

»  Cardiac MRI provides noninvasive tissue characterisation and has an important role in identifying the
underlying aetiology of LHD.

» Histopathological analyses reveal that vascular remodelling occurs at the level of the PAs, veins and the
capillary bed.

Summary and conclusions

PH has a high prevalence and is an in important predictor of mortality in patients with LHD. A
multimodality imaging approach is required to accurately diagnose PH in LHD and reveal the underlying
cardiac aetiology. Echocardiography is important in the assessment of cardiac morphology, ventricular
function, valvular abnormalities and estimation of haemodynamic parameters. Chest X-ray or CT may
show general features of PH and signs of LHD/pulmonary congestion. Cardiac MRI is complimentary to
echocardiography, providing additional information on tissue characterisation. Furthermore, it is the gold
standard for volumetric measurements, making it a useful tool for surveillance and therapeutic monitoring.

Histologically, PH-LHD is a good example of a vascular phenotype mix that is increasingly coming to our
attention: PAH-typical pulmonary arterial changes are found next to post-capillary and capillary
remodelling that is strongly reminiscent of PVOD. In addition, some LHD cases show more prominent
remodelling of smallest microvessels beneath 40 pm in diameter and, here, mostly smooth muscle cell
hyperplasia that can be reversible. In contrast to IPAH and hereditary PAH, plexiform lesions are never
found in PH-LHD. Interestingly, they also do not appear in lungs from patients with PVOD, which proves
that different aetiologies may display a similar pattern in morphology, perhaps due to a common
pathophysiological denominator we still have to identify.
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