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Abstract

Pulmonary hypertension (PH) can develop from multiple etiologic mechanisms and disease
states. Of all such conditions, left-sided heart disease (LHD) is commonly understood to be
the most common etiology or mechanism. Given the widespread prevalence of left heart
disease and the prognostic implications of PH, early diagnosis is imperative. More recently,
the diagnostic cut-offs for mean pulmonary arterial pressure as well as peripheral vascular
resistance have been lowered to achieve this objective. Despite these revised standards, the
current indications for right heart catheterization are mostly aimed at identifying advanced
disease. Proven vasodilator therapies for pulmonary arterial hypertension have so far not
shown a meaningful role in the management of PH in LHD. This is largely related to the fact
that multiple mechanisms and co-morbidities can independently lead to the development
of PH in an individual patient. Understanding and identifying those phenotypes remain
important in devising future treatment strategies. Molecular pathways that eventually lead
to irreversibility of PH can provide another frontier in the pharmacologic management of
PH in LHD.
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1. Hemodynamic Definitions

1.1. Hemodynamic Basics
1.1.1. Historical Context

Reports of pulmonary hypertension (PH) as a disease date back to the 1800s, based on
anecdotal symptoms and autopsy findings [1]. In 2009, Kovacs et al. published a systematic
review of right heart catheterization (RHC) data, indicating that the normal mean arterial
pulmonary artery pressure (mPAP) for a healthy patient at rest was 14.0 + 3.3 mmHg [2].
The 2018 European Society of Cardiology/European Respiratory Society guidelines for the
diagnosis and treatment of PH thus formally decreased the PH threshold to two standard
deviations above the mPAP of this standard for a normal patient at rest, and the pulmonary
vascular resistance (PVR) threshold from 3 Wood units (WU) to 2 WU [3].
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1.1.2. Hemodynamic Definitions of Pulmonary Hypertension

Graph 2. PH is the most common subset and refers to PH that is due to left-sided
heart disease (LHD) [4]. PH due to LHD is classified by mPAP > 20 mmHg and a pul-
monary capillary wedge pressure (PCWP) above 15 mmHg [3]. The currently accepted
hemodynamic definitions of PH are made with respect to RHC findings and are described
in Table 1 below.

Table 1. Hemodynamic definitions of Type 2 Pulmonary Hypertension.

Definition Hemodynamics Clinical Groups
Pulmonary Hypertension mPAP > 20 mmHg Disease Categories/States
mPAP > 20 mmHg Pulmonary arterial hypertension
Precapillary PH PVR >2 WU PH due to lung disease
PCWP <15 mmHg CTEPH
mPAP > 20 mmHg
PVR >3 WU
Combined precapillary + PCWP > 15 mmHg Left-sided heart disease
postcapillary PH (CpcPH) PCWP/LVEDP > 15 mmHg Left heart disease + lung disease overlap
TPG > 12 mmHg
DPG > 7 mmHg
mPAP > 20 mmHg
PVR <3 WU
Isolated postcapillary PH PCWP/LVEDP > 15 mmHg Left-sided heart disease
TPG < 12 mmHg
DPG < 7 mmHg
Exercise PH mPAP/CO slope between rest and Exertional dyspnea with preserved ejection
exercise > 3 mmHg/L per min fraction and normal resting PCWP

mPAP: mean pulmonary arterial pressure; PVR: pulmonary vascular resistance; PCWP: pulmonary capillary
wedge pressure; TPG: transpulmonary gradient; DPG: diastolic pulmonary gradient; CTEPH: chronic thromboem-
bolic pulmonary hypertension; LVEDP: Left ventricular end diastolic pressure; CO: cardiac output.

It is important to consider the value of PCWP in the context of a pretest probability
of heart failure with preserved ejection fraction (HFpEF), since up to 20% of patients with
normal PCWP can be misdiagnosed as having pulmonary arterial hypertension (PAH) [5].
If the pretest probability is high based on the number of risk factors for HFpEF, provocative
testing with intravenous fluid challenge or exercise should be considered even at a recorded
PCWP of 13-15 mmHg. If a fluid challenge of 500 cc of normal saline (or 7 cc/kg) over 5 min
raises the PCWP immediately to 18 mmHg, PH-LHD is likely [6,7]. At PCWP > 15 mmHg,
left ventricular end diastolic pressure (LVEDP) should be validated [8].

Further characterization of PH has undergone modifications based on the threshold
for PVR based on several studies that relate survival to hemodynamics [9-11]. According
to the 2022 European Cardiology Society/European Respiratory Society guidelines for PH,
if the PVR is <2 Wood units, this is referred to as isolated post-capillary PH (ipc-PH) and is
believed to be related to passive transmission of elevated filling pressures in the pulmonary
circulation. Combined post-capillary pulmonary hypertension (Cpc-PH) occurs when
active remodeling of pulmonary vasculature causes the PVR to exceed 2 Wood units [3].

The diastolic pulmonary gradient (DPG) and trans-pulmonary gradient (TPG) are
measurements that can further assess pulmonary vascular hemodynamics [12]. The DPG
is the gradient between diastolic PA pressure and mean PCWP, whereas the TPG is the
gradient between mean PA pressure and left atrial (LA) pressure. Together, these have
historically been used in diagnosing PH and differentiating between pre- and post-capillary
PH. A low DPG (typically less than 7 mmHg) has been said to suggest IpcPH, and a
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high TPG (typically greater than 12 mmHg) to suggest involvement of the pulmonary
vasculature (high PVR, low pulmonary vascular compliance, and pronounced response to
exercise) and, thus, CpcPH [13]. Even at similar levels of PCWD, patients with HFpEF have
higher TPG and PVR than other patients. This reflects more severe pulmonary vascular
disease under conditions of similar pulsatile loading [14].

1.2. Pulmonary Vascular Resistance vs. Pulmonary Vascular Compliance

The hemodynamic definition of PVR takes into account only the static resistive load,
while in reality, the pulmonary arterial blood flow is pulsatile. Increased PCWP can
determine the right ventricular (RV) afterload also by decreasing the pulsatile component
or Pulmonary artery compliance (PAC) to accommodate the blood ejected by the RV during
the systole [15]. PAC is defined as the change in volume produced by a given change in
pressure. (Delta V/Delta P), commonly estimated as a ratio between RV stroke volume and
PA pulse pressure. PAC refers to how well the pulmonary arteries distend in systole and
return to baseline in diastole. In this way, it is a measure of the elasticity and distensibility
of the vessels throughout the pulmonary vasculature. Unlike the systemic circulation,
most of this is contributed by the arterial bed distal to the main pulmonary arteries (about
85%) [16].

Because PVR is calculated by subtracting PCWP from mPAP, all over cardiac output,
a lower PVR indicates elevated left atrial (LA) pressure without intrinsic pathology at
the level of the pulmonary vasculature [13]. In contrast to the systemic circulation, the
relationship between PVR and PVC is inverse and hyperbolic [17]. Also, changes in
PAC precede those of PVR. This relationship can result in two types of changed volume:
one that can fill a cylindrical vessel and make it round, reflecting higher pulsatile RV
load without any increased pressure (or PVR in this case), referred to as the unstressed
volume [18,19], and one that is accompanied by a change in pressure, referred to as the
stressed volume [20]. Early stages of this so-called “arteriolization”, which may cause
collagen deposition and luminal narrowing of the pulmonary veins, can be reversed by
mitigating the LA pressure [21].

2. Pathophysiology
2.1. Role of Systemic Co-Morbidities in PH-LHD

Unlike PAH, which primarily arises from intrinsic pulmonary vascular disease, PH-
LHD is profoundly influenced by systemic co-morbidities, including obesity, diabetes,
chronic kidney disease (CKD), and hypertension, characterized as metabolic syndrome.
These conditions promote systemic endothelial dysfunction, oxidative stress, and metabolic
dysregulation, all of which contribute to microvascular dysfunction, pulmonary arterial
stiffening, and right heart failure (RHF) [13,22]. Obesity and metabolic syndrome are being
increasingly recognized as key drivers of PH-LHD, with mechanistic studies demonstrating
adipose tissue-derived inflammation, leptin-induced vasoconstriction, and insulin resis-
tance as contributors to vascular remodeling [23]. Adipokine dysregulation and chronic
low-grade inflammation disrupt nitric oxide (NO) signaling and enhance endothelin (ET)-1
expression, leading to increased pulmonary vascular tone and fibrosis [24,25]. A direct
association has been reported between a high-fat diet in a mouse model as well as ec-
topic adipose tissue accumulation and the severity of PH-HFpEF, noting increases in right
ventricular pressure (RVSP), LVEDP, and bi-ventricular hypertrophy [26].

In addition to endothelial dysfunction, dysregulated glucose metabolism contributes
to maladaptive vascular remodeling. Hyperglycemia promotes advanced glycation end-
product (AGE) accumulation, which stimulates oxidative stress and inflammation in the
pulmonary vasculature. This results in excessive extracellular matrix (ECM) deposition and
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arterial stiffening, compounding the progression of PH-LHD [27]. In fact, in Ranchoux’s
mouse model, mice with both metS and diastolic dysfunction increased expression of IL-6,
which induced a proinflammatory state leading to high PVR that was then reversed with
metformin [26]. CKD represents another systemic amplifier of PH-HFpEEF, with elevated
levels of fibroblast growth factor-23 (FGF-23), oxidative stress, and vascular calcification
contributing to endothelial dysfunction and increased PVR [28,29].

2.2. Molecular Pathways in PH-HFpEF

At the cellular and molecular level, PH-LHD involves a complex interplay of endothe-
lial dysfunction, inflammatory changes, metabolic dysregulation, and maladaptive vascular
signaling pathways. Among these, the nitric oxide (NO)-cyclic guanosine monophosphate
(cGMP), ET-1, transforming growth factor-beta (TGF-f3), and mitogen-activated protein
kinase (MAPK) pathways play pivotal roles.

Dysregulated NO-cGMP signaling is a hallmark of PH-LHD. Chronic inflammation
triggers endothelial dysfunction, which reduces NO bioavailability, leading to decreased
activation of soluble guanylate cyclase (sGC) and cGMP production [30]. This, in turn,
impairs vasodilation and promotes vascular smooth muscle cell (VSMC) and fibroblast
proliferation, leading to excess extracellular matrix (ECM) deposition and pulmonary
arterial fibrosis [31]. Concurrently, the upregulation of ET-1 exacerbates vasoconstriction,
vascular hypertrophy, and fibrosis, closely mirroring mechanisms observed in PAH [32].

Elevated levels of interleukin (IL)-6, tumor necrosis factor (TNF)-o, C-reactive protein
(CRP), and other pro-inflammatory cytokines correlate with increased pulmonary vascular
stiffness and RH dysfunction [27]. Inflammatory signaling pathways such as nuclear factor
(NF)-kB and JAK-STAT also contribute to the activation of pulmonary VSMCs, leading
to pathological remodeling and heightened vascular tone. Additionally, monocyte and
macrophage infiltration in pulmonary arterioles induces further fibrosis and vascular
narrowing, worsening PH [33].

Emerging evidence also suggests that lipid metabolism may play a critical role in
PH-HFpEF progression. Recent studies indicate that dysregulated omega-3 fatty acid
metabolism and increased glycolytic activity in pulmonary vascular cells promote vascular
proliferation and inflammation, suggesting a potential metabolic target for future thera-
pies [27,32]. Furthermore, recent studies have implicated the fatty acid binding protein
5 (FABP5) and signal transducer and activator of transcription 3 (STAT3) pathways as
additional molecular culprits driving PH-LHD progression. FABP5 is associated with lipid
metabolism dysregulation and pulmonary vascular inflammation, while STAT3 promotes
inflammatory signaling and enhances vascular fibrosis [26,34].

2.3. Dysregulation of Cardiovascular Remodeling

Cardiovascular remodeling in PH-LHD is a culmination of mechanical stress, neu-
rohormonal activation, and molecular derangements. Central to this process is the per-
sistent activation of TGF-{ signaling, which orchestrates fibroblast proliferation and col-
lagen deposition, leading to pulmonary arterial stiffening and maladaptive RV remodel-
ing [35,36]. Simultaneously, BMP pathway suppression removes a critical brake on this
fibrotic cascade, facilitating progressive vascular and myocardial remodeling, contributing
to endothelial dysfunction and perivascular fibrosis, exacerbating pulmonary vascular
resistance and RV afterload [37,38]. Oxidative stress and reactive oxygen species (ROS)
further exacerbate vascular injury. ROS generation activates the NF-«kB pathway, pro-
motes endothelial-mesenchymal transition (EndoMT), and facilitates ECM accumulation,
compounding pulmonary vascular resistance and right heart strain [39-41]. Moreover,
mitochondrial dysfunction induced by chronic hypoxia, metabolic syndrome, and in-
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flammation impairs cardiomyocyte energetics, leading to maladaptive hypertrophy and
eventual RV failure [42]. This is further aggravated by EndoMT, a process where endothe-
lial cells acquire mesenchymal phenotypes, exacerbating extracellular matrix deposition
and vascular fibrosis, impairing PAC [43,44]. Chronic neurohormonal activation via the
renin-angiotensin-aldosterone system (RAAS) further exacerbates vascular remodeling by
promoting vasoconstriction, salt retention, and fibrosis. Angiotensin-II enhances TGF-f3 sig-
naling and oxidative stress, while aldosterone exacerbates myocardial fibrosis and vascular
stiffening [45,46].

2.4. Hemodynamic and Structural Pathogenesis of PH-LHD

Unlike IpcPH, which is predominantly a hydrostatic disorder, CpcPH exhibits features
of active pulmonary vascular disease, including vasoconstriction, medial hypertrophy,
endothelial dysfunction, adventitial fibrosis, perivascular inflammation, and increased ex-
tracellular matrix deposition [40,47]. Chronic pulmonary venous congestion and capillary
stress failure further contribute to microvascular dysfunction, exacerbating pulmonary
arterial pressures even in the absence of overt left ventricular systolic dysfunction [48-50].
Unlike in IpcPH, CpcPH shows features resembling PAH, including increased ET-1, re-
duced NO bioavailability, and impaired prostacyclin signaling [51]. These changes further
contribute to an increased TPG and PVR, reinforcing the notion that CpcPH represents an
advanced and distinct pathophysiologic phenotype of PH-LHD [52].

2.5. Right Ventricular Dysfunction and Ventricular-Arterial Uncoupling

While the LV remains the primary driver of PH in LHD, the adaptation and subsequent
decompensation of the RV are key factors influencing disease progression and prognosis.
In the early stages of PH-LHD, the RV initially compensates for increased afterload by
undergoing adaptive hypertrophy and increased contractility, characterized as right ventric-
ular (RV)-pulmonary artery (PA) coupling. As the PVR rises in CpcPH, the RV undergoes
progressive dilation, fibrosis, ischemia, and contractile dysfunction, ultimately leading to
RV-PA uncoupling and RV dysfunction [53]. With RV-PA uncoupling, RV end-diastolic
pressures (EDP) rise, and RV function deterioration ensues, characterized by a decline in
RV longitudinal strain, reduced tricuspid annular plane systolic excursion (TAPSE), and
tricuspid regurgitation, finally resulting in RA pressure elevation and systemic venous
congestion [54-56]. The hemodynamic consequences of RV dysfunction extend beyond
the pulmonary circulation, as septal bowing into the LV impairs diastolic filling, further
deteriorating LVEF, reducing cardiac output in a phenomenon known as ventricular interde-
pendence, which is a key hallmark of advanced PH-LHD [57,58]. The resultant reduction in
LV preload and stroke volume exacerbates systemic hypotension and exercise intolerance,
contributing to worsening clinical outcomes.

Although PH-LHD and PAH share common mechanistic features, RV failure in PH-
LHD occurs in the setting of elevated left-sided filling pressures, increased pulmonary
venous congestion, and diastolic dysfunction [38]. In PH-LHD, RV dysfunction is often
more insidious, making therapeutic interventions particularly challenging [59]. This unique
hemodynamic profile is distinct from PAH, where RV dysfunction primarily arises from
intrinsic pulmonary vascular disease.

3. Evaluation of PH-LHD
3.1. Right Heart Catheterization

Right heart catheterization (RHC) is the gold standard for diagnosing PH, providing
direct measurements of mPAP, PCWP, CO, and PVR [60]. However, inaccuracies in hemo-
dynamic measurement can lead to misclassification of PH and therefore should be looked
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at in the overall context of the clinical picture, non-invasive studies, as well as dynamic
PCWP response to IV fluids or exercise. Wherever LHD is dominant clinically and PH
appears to be mild, RHC is not required [40].

Attention to detail must be paid when obtaining the PCWP measurement itself. The
inaccurate placement of the PA catheter can lead to misleading numbers and, thus, create
the potential for misdiagnosis. The correct placement of the PA catheter tip is in the distal
pulmonary artery. If the PA catheter tip is placed too proximally in the main PA artery, the
PCWP will be underestimated because the balloon may not completely occlude blood flow
(under-wedging) [61]. It should be inflated in the RA and then advanced to the correct
position. Proper PA catheter placement should be strictly followed, which includes correctly
placing the transducer. It should be set to zero at the mid-thoracic line. If pre-capillary
PH is suspected, and PCWP is >15 mmHg or PCWP tracings are atypical, a PCWP oxygen
hemoglobin saturation should be obtained, and if lower than 90-95%, the PA catheter
should be repositioned [62].

The measurement of PCWP can be affected a great deal by respiratory swings af-
fecting thoracic pressure, which are minimized at the end of expiration. While ESC/ERS
recommends end-expiratory measurement of PCWP, the issue remains controversial, as the
potential misclassification of 29% of precapillary PH was reported as post-capillary PH [63].
PCWP measured at the end expiratory cycle corresponds to functional residual volume,
which represents equilibration of intra- and extra-thoracic pressures. The mean of three
measurements should be recorded at end-expiration rather than at the mid-respiratory
cycle. In morbidly obese patients, intra-thoracic fluctuations are wide, which can lead to
underestimation of PCWP [64,65].

3.2. Limitations of PCWP, MPAP, and PVR

The availability of RHC is often limited to specialized centers, leading to underutiliza-
tion and delayed diagnosis in many patients with suspected PH-LHD [13]. RHC is also
invasive and associated with procedural risks, particularly in elderly or frail patients [66].
In addition, the accurate measurement of PCWP, especially in patients with HFpEF or atrial
fibrillation, can be technically challenging and subject to inter-operator variability. Both
under-wedging and over-wedging have also been reported to falsely elevate PCWP [65,67].
It is important to consider the value of PCWP in the context of a pretest probability of
HFpEE, since up to 20% of patients with normal PCWP can be misdiagnosed as having
PAH [5].

There are limitations to consider with respect to the mPAP and the PVR as well.
The absolute value of mPAP does not matter so much as the clinical context, and sole
reliance on mPAP, especially if the number is borderline, such as 21-24 mmHg, can be mis-
leading [68,69]. MPAP as an absolute number is not sufficient by itself in determining the
severity of and outcomes from PH as long as the RV adapts to the afterload. The uncoupling
of the RV to pulmonary circulation results in increased RV filling pressures/dilation/failure,
right atrial pressure (RAP) > 15 mmHg, and low CO, all of which will eventually decrease
exercise capacity. Although the severity of PH is often determined on the basis of hemo-
dynamics, mPAP is not consistently prognostic, even though it will increase initially with
progression of PVR. It will, however, start falling as the RV failure sets in [70]. Clinical
context, such as WHO functional capacity and 6 min walk distance (MWD), should be
taken into account when reading an absolute mPAP number. MPAP may be elevated from
other, non-pulmonary causes such as left-to-right cardiac shunting or increased cardiac
output [69].

Similarly, PVR, a holy grail of diagnosis, is also not without its limitations. The 6th
World Symposium on Pulmonary Hypertension emphasized the importance of PVR in
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diagnosis by including the 3 WU and under threshold to safeguard against over-diagnosis,
but some have noted that the clinical context and trajectory of patients must be taken into
account [71]. PA compliance should be taken into consideration along with PVR because it
is sensitive to elasticity and pulsatility, and thus may better reflect elevated RV load in some
circumstances [72]. Because there is an inverse relationship between PAC and PVR, a gray
zone exists where PVR may remain normal or rise only slightly while PA compliance begins
to fall, thus affecting RV afterload. This effect on RV afterload contributes to a greater
incidence of right heart failure and a less favorable prognosis [38]. Finally, PVR can be
misinterpreted in patients with left-to-right shunting, such as in the case of congenital heart
disease or in cases of chronic thromboembolism or severe chronic obstructive pulmonary
disease (COPD) [69].

4. Echocardiography

While RHC is the gold standard for diagnosing PH, echocardiography is the first-line
screening tool for screening and early detection and is widely available. A resting TR
velocity > 2.9 is highly suggestive of PH. Recent studies have developed variables based
on sPAP to estimate RV after load scores that can help identify and differentiate increased
resistive and pulsatile RV load, and patients with high RV after load scores were found
to be more likely to have CpcPH [73]. Echocardiography can also provide insights into
predominant phenotypes [6].

Some major limitations of echocardiography are the underestimation of TR velocity
due to the truncation of continuous wave Doppler in patients with annular dilatation and
tethering from functional TR [74], the possibility that the TR jet may be absent even in
the presence of severe PH, and the fact that TR estimates may be low in patients with
COPD [75]. Additional sources of error in the measurement of sSPAP can be inaccurate
estimates of RAP [76], arrhythmias, and the use of diuretics [77].

Semi-Recumbent Bicycle Stress Echocardiography

While it is not currently recommended for screening, semi-recumbent bicycle echocar-
diography [78] can help differentiate pre- and post-capillary phenotypes. An exertional
pulmonary artery systolic pressure (PASP) increase associated with worsening of LV dias-
tolic parameters is suggestive of a post-capillary phenotype, while no increase in the latter
parameters suggests a pre-capillary phenotype [79]. Worsening rest-stress mitral E/e’ > 12
and worsening MR and or/TR + high RVSP with exercise also suggest a post-capillary
phenotype [80].

5. Pulmonary Vascular Phenotypes
5.1. Why May Phenotypes Be Needed?

Compared to other groups of PH, there has been little progress, if any, in the approach
to clinical management of PH-LHD. Conventionally, the management of underlying heart
disease has been emphasized, but the very presence of PH complicates that approach.
Along similar lines, the management of HFpEEF is equally complex due to the complex-
ity of underlying pathophysiologic models. On top of this classic indications for RHC,
like eligibility for cardiac transplant, chronic thromboembolic pulmonary hypertension
(CTEPH), etc., create a referral bias, and as a result, only the more severe spectrum of
PH-LHD is represented.

PH can develop heterogeneously by many mechanisms in the same patient, and often-
times, a patient may belong to more than one PH group across groups 1-5. Conceptually,
previously described categories of PH etiology are heterogeneous. The American Thoracic
Society (ATS) has stated that the existing classification system of PH has not led to the
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customization of treatment based on patient characteristics and responsiveness [81]. The
ATS has therefore noted that far greater than five subtypes of PH exist in the broader
patient population and, thus, methods of understanding and describing this heterogeneity
are crucial in order to individualize care. The National Heart, Lung, and Blood Institute
developed a prospective cohort for studying and phenotyping patients with PH called
PVDOMICS (Redefining Pulmonary Hypertension through Pulmonary Vascular Disease
Phenomics) [82—-84]. While lung structure and function are more impaired in Group 3 PH,
it is common to have pulmonary abnormalities in Group 2 PH, even if it is determined
to be purely isolated left-heart-disease-driven PH [85]. These include spirometric abnor-
malities and obstructive lung disease on pulmonary function testing. This is not entirely
surprising, as the PARAGON-HF trial has shown that 14% of patients with HFpEF also
carry a diagnosis of COPD, and those with COPD had higher New York Heart Association
(NYHA) classifications. Abnormal spirometry is itself independently associated with an
increased risk of HFpEF [86].

5.2. Heterogeneity Within Type 2 PH

A typical case of PH-LHD may represent more than one phenotype of PH, and these
may respond to treatment differently and even in contrast with a particular therapy. This is
true with respect to Group 2 PH, as various causes of left-sided heart disease can each lead
to PH presentations. Clinical evidence has shown that certain combinations of underlying
disease, combined with resultant PH, will lead to worse clinical presentations and outcomes.

PH-LHD broadly includes patients with HFpEF, those who are less likely to have PH
(younger patients with normal brain-natriuretic peptide), those with elevated pulmonary
pressures (often with coexisting obesity and diabetes), and those who are more likely to
have PH (patients with co-morbid ischemic heart disease and sometimes CKD) [87]. Using a
cluster analysis, after strictly excluding HFpEF (even potential HFpEF), pulmonary function
abnormalities/lung disease, including veno-occlusive disease, CKD in a homogenous PAH
cohort, and PCWP, when followed longitudinally for 10 years, showed evolution into group
2 PH physiology in those with PCWP > 12 mmHg at baseline, 25% of patients resembling a
left heart PAH phenotype [88]. In this way, certain co-morbidities or specifics of a patient’s
clinical presentation can aid in phenotyping patients within the Type 2 PH classification
and, ideally, lead to more nuanced and targeted therapies among those phenotypes.

More importantly, HFpEF can be easily misdiagnosed with WHO group 1 PAH. Recent
studies have also shown that patients with group 1 PH with risk factors for and higher
pretest probability for HFpEF, as assessed by HFpEF-ABA score, can have a marked PCWP
dynamic response to NO, exercise, and fluid challenge and a poor response to vasodilator
therapy [89,90]. Since HFpEF is more prevalent than group 1 PH, and diagnosis often
requires unmasking by provocative hemodynamic maneuvers on RHC, a high probability
of HFpEF was uncovered in this study of patients with group 1 PH [5,13,90,91].

As noted above, another study suggests a continuum between idiopathic pulmonary
arterial hypertension and Type 2 PH associated with HFpEF [92]. The presence of certain
clinical criteria, specifically three or more of the following: ischemic heart disease, diabetes,
hypertension, or obesity, suggests shared features along that continuum that include
PH related to LHD. A subpopulation has been reported between classic IPAH and PH-
LHD with a severe pre-capillary component. Some phenotypes within PH due to LHD
demonstrate more severe pulmonary vasculopathy, which is associated with a worse
prognosis. The molecular mechanisms that lead to certain phenotypic presentations are
incompletely understood, but they drive some patients with PH due to LHD to transition
from functional PH requiring only volume correction to a phenotype that is resistant to
volume correction. This type of vascular remodeling that occurs in some patients and
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not others further contributes to how best to approach various phenotypic presentations
therapeutically [14]. The CpcPH phenotype discussed earlier, with elevated PVR and
decreased PA compliance, has been found to be associated with an exonic single-nucleotide
polymorphism in certain cellular pathways—something not seen in patients with the
IpcPH phenotype [38]. Similarly, patients with HFrEF are more likely to have eccentric
hypertrophy and intrinsic pulmonary vascular remodeling with RV pathology, which can
lead to earlier RV failure through ventricular-arterial uncoupling, as opposed to patients
with HFpEF with metabolic pathology that lead to LA stiffness.

5.3. Tests to Aid Determination of Phenotypes

As phenotypes continue to be identified and better defined, some tests have emerged
to aid these classifications. An exercise RHC is one mainstay. One study referred to older
adults with suspected PH and risk factors for PH due to LHD to undergo exercise RHC [93].
In this cohort, the exercise RHC led to a significant reclassification of patients from Type 1
PAH to PH due to LHD. Overall, the hemodynamic classification by using exercise RHC
changed from 36% no PH, 44% Type 1 PH, and 20% PH due to LHD to 15% no PH, 36%
Type 1 PH, and 49% PH due to LHD. Such higher-sensitivity tests can aid proper diagnosis
and, thus, guide more appropriate treatment based on phenotypes.

Notably, a phenotype known as exercise-induced pulmonary hypertension has been
observed in patients with HFpEF. In this phenomenon, diastolic ventricular interaction
occurs during exercise—specifically in obese patients with HFpEF. This leads to restricted
left ventricular filling by the right ventricle and thus a phenotype of PH due to LAD
is unmasked by exercise. There are some important diagnostic measurements that can
significantly aid in phenotyping patients with PH due to LHD [94]. Table 2 provides a
summary of some relevant tests.

Table 2. Summary of the relevant tests in Phenotyping of type 2 Pulmonary Hypertension.

Diagnostic Test

Importance for Phenotypic Determination

Right heart catheterization (RHC)

RV and RA pressures showing
RV-PA coupling

RHC with CMR, SPECT, or 3D Echo

Can add examination of RV volume

Exercise RHC

Slope of mPAP/CO showing hemodynamic
response to exercise
Increase in PCWP > 25 mmHg with exercise

RHC with volume challenge

Hemodynamic response to volume overload

Semi-recumbent exercise bicycle

Worsening rest-stress mitral E/ e >12and
worsening MR and/or TR + high RVSP in

echocardiography response to exercise (suggest
post-capillary PH)
Cardiac MR RV strain to show RV-PA coupling

Lung ultrasound
Chest CT

Congestion score—shows
pulmonary congestion
Extravascular lung water (EVLW) assessment

Pulmonary CT angiography/VQ scan

Perfusion defects and
ventilation-perfusion mismatch

Pulmonary HRCT

Pulmonary interstitial congestion
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Table 2. Cont.

Diagnostic Test Importance for Phenotypic Determination

DLCO shows pulmonary vascular
Pulmonary function tests (PFTs) remodeling and pulmonary congestion
Decreased FVC suggests Type 3 PH

Mass spectrometry of exhaled breath can
Exhaled breath analysis show volatile compounds indicating
heart failure

Implantable PAP sensors showing PAP, PA
CardioMEMs changing in different settings over time
PA pressure response to exercise

Phenomapping with machine learning Phenotyping of PH-LHD

6. Current Evidence for Pharmacologic Treatment of PH-LHD

The role of pulmonary vasodilators approved for PAH remains controversial in the
treatment of PH-LHD. Randomized trials have shown limited efficacy and potential harm
with endothelin receptor antagonists (ERAs), phosphodiesterase-5 inhibitors (PDE5i), and
soluble guanylate cyclase (sGC) stimulators in this population.

In regard to guideline-directed medical therapy (GDMT), recent randomized con-
trolled trial (RCT) data on SGLT2 inhibitors make a strong case for use in HFpEF-PH [95-97].
Emerging RCT data have shown improvement in PASP and mPAP by improving vascular
endothelial function (decreased ET1) and inflammation (decreased CRP, IL6, and TNF-x)
with Sacubitril-Valsartan + Dapagliflozin [98]. The recommendation to use Sacubitril-
Valsartan alone in HFpEF-PH is based on limited data [99,100]. Table 3 provides a summary
of some recent trials.
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Table 3. Summary of recent trials on treatment of Type 2 Pulmonary Hypertension.

Trial/Study Author Year Intervention Design Population Key Findings Conclusion
HFpEF/HFmrEF
e o mprovementn oo Mectrendid ot e
SERENADE Shah et al. [101] 2025 Macitentan (ERA) RCT, n =142 p . y clinical status; higher rate of fluid .
disease: retention and cardiac events potential harm; ERAs should
PVR >3 WU or PH + ’ be avoided in PH-HFpEF.
RV dysfunction
Combination therapy significantly -
Sacubitril-Valsartan + Sacubitril-Valsartan PH due to left heart ~ improved LVEF, 6MWD, mPAP, PASP, Da :ﬁ?ﬁg;ﬁlsﬁgi azin-:oves
. . (ARNI) + disease (mPAP > endothelial function (1 NO, | ET-1), pag! ately imp
Dapagliflozin for Ge T et al. [98] 2023 D . . RCT, n =120 . cardiac function, vascular
apagliflozin 25 mmHg, PAWP > NT-proBNP + inflammatory markers . ..
PH-LHD . . health, and inflammation in
(SGLT2i) 15 mmHg) vs. sac/val alone. No increase
. PH-LHD.
in ADRs.
. . . . B HFrEF + PASP > No improvement in symptoms, QoL, Sildenafil was safe but
SiHF Cooperetal [102] 2022 Sildenafil (PDE5i)  RCT, n=69 40 mmHg PASP, or 6MWT vs. placebo. ineffective in PH-HFrEF.
PH-HFpEF (LVEF > Levosimendan improved
40% and NYHA class  No significant reduction in PCWP at hemodynamics an dpexercise
HELP Trial Burkhoffetal. [103] 2021  Levosimendan RCT, n =37 [-IIL, mPAP = peak exercise, but reduced PCWP tolerance in PH-HFpEF, but
(Ca sensitizer) 35 mmHg, and across all stages and . "
; . warrants further investigation
baseline improved 6MWD. due to limited participants
PCWP > 20 mmHg) participats.
P . . Empagliflozin reduces PA
: . Empagliflozin B HF (EF 44%), 1 PA diastolic pressure by 1.7 mmHg; )
EMBRACE-HF Nassif et al. [97] 2021 (SGLT2i) RCT, n=65 CardioMEMS sensor no change in QoL or NT-proBNP. pressures 12flgllz regardless
Armstrong Vericiguat HREE withrecent N tcome of | IF hospitalisarion and CV.
VICTORIA etal. [104] 2020 (sGC stimulator) RCT, n = 5050 hospclltiilizztlcl)ln or IV cardiovascular death or first death in high-risk
chicuse HF hospitalization. HFrEF patients.
. HFpEF (EF > 40%), C e . Praliciguat did not improve
CAPACITY HFpEF  Udelson etal. [105] 2020 Praliciguat RCT, n = 181 NO-deficiency No significant change inpeak VOp, o0 capacity or symptoms

(sGC stimulator)

phenotype

6MWT, or ventilatory efficiency.

in HFpEF.
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Trial/Study Author Year Intervention Design Population Key Findings Conclusion
PADN (Pulmonary PH-LHD (mPAP > PADN was superior to
. _ 25 mmHg, PCWP >  PADN improved 6MWD, NT-proBNP, Sildenafil for improving
PADN-5 Zhang etal. [106] 2019 értgirl}ézigﬁrzasizg RCT, n =128 15 mmHg, PVR >3 mPAP, and PVR vs. Sildenafil group.  functional and hemodynamic
’ WU) status in PH-LHD.
. . . . Not recommended for
> .
MELODY-1 Vachiery etal. [107] 2018 Macitentan (ERA) ~ RCT,n=63 el H with LVEF > Nobenefit; higher fluid retentionand -y 1 141y piq overload risk
30%, PVR > 3 WU adverse events. . .
evident early in treatment.
Sildenafil arm had worse clinical o .
SIOVAC Bermejo et al. [48] 2021  Sildenafil (PDES5i) RCT, n =200 PH after successful outcomes; increased clinical events Contraindicated in post-VHD
valve surgery PH-LHD.
and reduced 6MWD.
PH-HFpEF and RV Nmomry prosoure in Bosentan | Bosentan offered no benei
BADDHY Trial Koller et al. [108] 2017  Bosentan (ERAs) RCT,n=20 ptra p yp . and may be harmful. in
dysfunction group; better outcomes in placebo PH-HEpEE
group; trial. terminated early. PEE
Effects of Sildenafil
on Invasive Hoendermi PH-HFpEF (LVEF > No sienificant change in pulmonar Sildenafil did not significantly
Hemodynamics and e?eal [e1 09]S 2015  Sildenafil (PDE5i) RCT,n=>52 45% and NYHA class h:rr?ogd ngiﬁcs O?_ egxeercisiuca Oac?t y improve outcomes in
Exercise Capacity in ’ II-1V) Y pactty PH-HFpEEF patients.
HFpEF and PH
Bonderman Riociguat HErEF with mPAP > Prlrrr:c?tr Li?dl?lglngipﬁiprfﬁiigtmn) Promising hemodynamic
LEPHT 2013 8 RCT,n=201  25mmHg and LVEF . rowever Sig signal but insufficient for
etal. [110] (sGC stimulator) o improvement in CI, PVR, SVR, .
< 40% routine use.
and QoL.
Sildenafil Improves
Exercise Capacity . e .
and QoL in %ger;aezﬁls:eggll?;?tilﬁn?gsgge(:i/ﬁi?,}f Sildenafil improved exercise
Patients With Systolic Lewis et al. [111] 2007  Sildenafil (PDES5i) RCT,n=34 HFrEF + PH Z ,1mp . ’ capacity, hemodynamics, and
. QoL, and RVEF; no change in PAP ! .
Heart Failure and QoL in HFrEF with PH.
on RHC.
Secondary
PH
. Epoprostenol _ Advanced HF (LVEF 1 Cland | PCWP, but 1 mortality, no Stopped early due to harm;
FIRST Califf etal. [112] 1997 (Prostacyclin) RCT, n =471 < 25%) QoL or walk distance benefit. not effective for PH-LHD.
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7. Prognostic Significance of Hemodynamic Factors in PH-LHD

The presence of PH does carry a worse prognosis in patients with LHD as compared
to those without PH. PSAP > 48 mmHg in patients diagnosed with HFpEF has been
reported as an independent predictor of mortality [13]. Conflicting data regarding DPG
as a prognostic indicator have been observed. In patients with LHD-PH, those with DPG
7 mmHg or higher had shorter periods of survival [113] and higher rates of mortality [114].
But such differentiation in DPG has not been shown to predict mortality in patients with
idiopathic cardiomyopathy [115]. It has been theorized that this may be due to DPG’s role
in predicting pulmonary vascular remodeling in patients with CpcPH [116]. With respect
to TPG, studies have largely shown that it has a limited role in prognosis with respect to
mortality [115].

PVR > 3 WU is associated with higher mortality [115,117]. PVR has also been shown to
be a superior prognostic indicator to both DPG and TPG, as CpcPH has a worse prognosis
overall [118]. Ultimately, PH associated with HFrEF has higher mortality and rates of
cardiac hospitalization than PH associated with HFpEF, and a PVR of 3 WU or higher and
TPG of 12 mmHg or higher indicate higher mortality risk for patients with HFpEF [119].
While PA compliance is not currently used for prognosis, it is an emerging potential
predictor of mortality associated with LHD-driven PH [120]. In one study of HFpEF
patients, PA compliance less than 1.1 mL/mmHg had a higher sensitivity in mortality
prediction than PVR, DPG, and TPG [121]. There are, however, no defined thresholds
or reference values for PA compliance, and additional studies are still needed for more
granular prognostication.

Right ventricular dysfunction has also been shown to have an association with both
mortality and hospital readmission. In one study of patients with HFpEF, right ventricular
dysfunction defined through assessment of tricuspid annular plane systolic excursion of
55 mmHg or greater had higher PA systolic pressures and higher mortality and readmission
hazard [122]. Finally, studies have also examined potential molecular prognostic indicators.
One such indicator is plasma ET-1. One study of patients with HFrEF found elevated levels
of this molecule to be an independent predictor of one-year mortality [123].
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