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Abstract

Purpose of Review—The purpose of this review is to define pulmonary hypertension in the 

setting of left heart disease (PH-LHD), discuss its epidemiology and pathophysiology, and 

highlight the cause and effect relationship it has with disease progression in the setting of 

cardiomyopathy.

Recent Findings—Both pulmonary hypertension (PH) and heart failure are becoming 

increasingly common. As such, PH-LHD is now the most common form of PH. The 

pathophysiology of the condition relates to backward transmission of elevated left ventricular 

filling pressures into the pulmonary circulation and, ultimately, right ventricular (RV) strain/

dysfunction. It is evident that these pathophysiologic processes are both the effect and cause of left 

heart disease progression.

Summary—In this review, we describe the complex relationship between disease progression in 

left ventricular cardiomyopathy and PH-LHD. Clinicians and researchers should take note of the 

importance of PH-LHD and RV dysfunction to appropriately risk stratify patients and develop 

therapies for the condition.
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Introduction

Heart failure (HF) is a progressive clinical syndrome which is associated with significant 

morbidity and mortality, yielding a substantial economic burden [1]. An estimated 5.7 
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million Americans currently carry the diagnosis of HF with an anticipated 46% rise in 

prevalence by 2030 [2]. Furthermore, the cost of caring for these patients is enormous and 

currently estimated to be $30.7 billion/year with projections indicating that amount will rise 

to $69.7 billion/year by 2030 [2]. As per the 2013 American College of Cardiology (ACC)/

American Heart Association (AHA) Guideline for the Management of Heart Failure, HF can 

be classified as either HF with reduced ejection fraction (HFrEF) or HF with preserved 

ejection fraction (HFpEF, previously referred to as diastolic HF) [3]. Those with HFrEF 

have a left ventricular ejection fraction (LVEF) ≤ 40% while those with HFpEF have an 

LVEF ≥ 50% [3]. Both patients with HFrEF (more specifically, those with a left ventricular 

cardiomyopathy) as well as HFpEF can and do develop pulmonary hypertension (PH-LHD), 

although this review will focus on those with HFrEF and pulmonary hypertension (PH), and 

specifically the interaction between the two. Prior to addressing the interaction between 

these two disorders, however, it would be useful to further describe the entity of PH.

Pulmonary Hypertension: a Brief Overview

PH is a heterogeneous condition comprised of multiple and wide-ranging etiologies 

characterized by a mean pulmonary artery pressure (mPAP) ≥ 25 mmHg as assessed by 

resting right heart catheterization [4••]. There are several complementary methods with 

which to define PH including (1) clinical classifications (otherwise known as World Health 

Organization [WHO] groups) and (2) hemodynamic classifications (Table 1). Pulmonary 

arterial hypertension (PAH; WHO group I), specifically, is a rare, progressive disorder which 

results in a primary pulmonary vasculopathy in the absence of overt left ventricular diastolic, 

systolic, or valvular dysfunction, and culminates in right ventricular (RV) failure and death. 

While treatment for PAH has improved drastically over the last two decades, the same 

cannot be said for other forms of PH, especially PH-LHD.

Pulmonary Hypertension Due to Left Heart Disease

Hemodynamic Landscape

PH-LHD, the most common type of PH, is defined as an mPAP of ≥ 25 mmHg and a 

pulmonary artery wedge pressure (PAWP) > 15 mmHg in the setting of a normal or reduced 

cardiac output [5]. Furthermore, PH-LHD can be the result of isolated pulmonary venous 

hypertension or “passive” PAWP elevation, which has recently been classified as isolated 

post-capillary PH (Ipc-PH) if the diastolic pressure gradient (DPG; diastolic pulmonary 

artery pressure—PAWP) is < 7 mmHg and/or pulmonary vascular resistance (PVR) is ≤ 3 

Wood units (WU). PH-LHD is considered to be combined pre- and post-capillary (Cpc-PH) 

in nature when the DPG ≥ 7 mmHg and/or the PVR is > 3 WU [6••]. Cpc-PH has 

traditionally been referred to as “reactive”, “mixed”, or “out-of-proportion” PH and is often 

thought to represent excess vasoconstriction with or without vascular remodeling, all leading 

to a “disproportionate” increase in pulmonary artery pressure (PAP) [6••]. The DPG has 

been proposed as a metric to help prognosticate survival in those with Cpc-PH and was 

shown by Gerges et al. [7] to predict worse median survival when ≥ 7 mmHg, an effect that 

has not borne out universally across other studies [8–10]. Prognostic assertions aside, several 

studies in a variety of populations have shown that Cpc-PH may share more features with 
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PAH including mortality and histopathology as well as genetic and pathophysiologic 

mechanisms as compared to Ipc-PH [7, 11–14]. Furthermore, echo-Doppler parameters 

including TAPSE, right ventricular outflow tract pulse-wave Doppler notching, acceleration 

time, presence of systolic septal flattening, among other metrics of RV (relative to LV) 

structure and function, as well as cardiopulmonary exercise testing parameters can be 

informative in delineating the phenotype of PH-LHD that is present (Fig. 1) [14–16].

Epidemiology

As a result of this broad range of heterogeneous definitions, it is difficult to decipher the true 

global epidemiology of PH; however, PH-LHD appears to now be the most common form of 

the condition [5], accounting for 65–80% of cases [6••]. Furthermore, study populations 

vary, as do the methods of diagnosing PH in a given study (i.e., echo-Doppler diagnosis vs. 

right heart catheterization). As noted above, PH-LHD can manifest across the HF spectrum, 

from HFpEF to HFrEF, and across AHA/ACC disease stages [3]. In HfpEF, which accounts 

for approximately 50% of all patients with HF [17], the prevalence of PH-LHD ranges 

widely from 36 to 83% as assessed by both echocardiography and right heart catheterization 

[18–20]. In one representative study, Lam et al. demonstrated that an elevated 

echocardiographic pulmonary artery systolic pressure (PASP; > 35 mmHg) was detected in 

83% of a cohort of 224 HFpEF patients [18]. When present, PH-LHD could be potentiated 

by many co-morbidities including diabetes mellitus, obstructive sleep apnea, obesity 

(potentially mediated by decreased natriuretic peptide sensitivity), genetics, and gender, 

among others [21]. This “second-hit” type hypothesis is potentially relevant in explaining 

why PH-LHD is not present in every patient with HFpEF.

PH-LHD has also been noted to be particularly prevalent in the setting of advanced HFrEF 

as well as left-sided valvular heart disease (i.e., mitral valve disease) which can often lead to 

a Cpc-PH phenotype [11, 22]. The presence of PH-LHD in the former group can be 

particularly important and challenging in the context of consideration of mechanical 

circulatory support or orthotopic heart transplantation. Specifically regarding PH in HFrEF, 

epidemiological data are available but have been limited mainly to those with AHA stage D 

(advanced) HF [23]. In a cohort of 320 patients, Butler et al. found that 28% had a normal 

PVR (pulmonary vascular resistance) (< 1.5 Wood units), 36% had a mildly elevated PVR 

(1.5–2.49 Wood units), 17% had a moderately elevated PVR (2.5–3.49 Wood units), and 

19% had a severely elevated PVR (> 3.5 Wood units) [24]. In their cohort of patients with 

unexplained cardiomyopathy, Tampakakis et al. found that 469 of 1174 patients (40%) had a 

mean pulmonary artery pressure ≥ 25 mmHg consistent with PH-LHD [8].

Pathophysiology

In all of these settings, the pathophysiology of PH-LHD is thought to be similar: backward 

transmission of elevated left ventricular filling pressures into the pulmonary circulation 

followed by potential superimposed components (such as pulmonary vasoconstriction, 

decreased nitric oxide availability, and desensitization to natriuretic peptide-induced 

vasodilatation) contributing to the extent of PH. This leads to pulmonary vascular 

remodeling and, ultimately, right ventricular (RV) strain/dysfunction (Fig. 2) [6••]. RV strain 

results in increased wall stress/tension as well as elevated myocardial oxygen consumption, 
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all culminating in RV ischemia and failure [6••]. Of note, elevated pulmonary pressures in 

PH-LHD patients as estimated by Doppler echocardiography have been shown by Bursi et 

al. to be a strong and independent predictor of all-cause as well as CV death in dose-

response fashion [25]. Thus, the presence of PH in the setting of HF, regardless of etiology, 

predicts increased morbidity and mortality [23, 26]. The remainder of this paper will explore 

the complex cause and effect relationship between PH-LHD and disease progression in left 

ventricular cardiomyopathy.

Is Pulmonary Hypertension the Result or Cause of Disease Progression in 

Left Ventricular Cardiomyopathy?

Result

PH-LHD specifically in the setting of cardiomyopathy and HFrEF exhibits a prevalence of 

40–75% as assessed by right heart catheterization [8, 24, 27, 28]. Although a cause/effect 

relationship is difficult to establish, is the PH in this setting an associated consequence of a 

worsening cardiomyopathy, or, rather, is it causally implicated in disease progression? At 

least initially, PH-LHD is likely a result of worsening left-sided cardiomyopathy. As left-

sided filling pressures increase (measured by PAWP and left ventricular end-diastolic 

pressure) or as the severity of mitral regurgitation increases, the severity of PH increases 

linearly [29, 30]. Time is also a factor in this process—the longer the pulmonary circulation 

is exposed to high left-sided filling pressures, the more predisposed vessels will be to 

developing structural and pathophysiological changes. Of note, if the left ventricle (LV) is 

unloaded and filling pressures are decreased (by LV assist device therapy, for example), 

pulmonary artery pressures and PVR may decline or even normalize [31, 32]. If not, 

additional structural changes that may occur include thickening of the alveolar-capillary 

membrane, medial hypertrophy, intimal and adventitial fibrosis, and luminal occlusion in 

small vessels [6••, 33, 34]. Interestingly, many of these changes may actually be adaptive 

and potentially protective against pulmonary edema in the setting of chronically elevated left 

ventricular filling pressures [34]. As demonstrated by Tedford et al. in this context, 

pulmonary vascular resistance increases, pulmonary artery compliance decreases, and right 

ventricular pulsatile load increases [35]. These increases in both RV pulsatile and resistive 

load induce structural and functional changes in the RV, as described below [6••]. From this 

point on, however, it could be argued that PH-LHD, and specifically with its impact on RV 

function, begins to contribute to LV cardiomyopathy disease progression.

Cause

As the severity of left ventricular dysfunction progresses, the RV begins to uncouple from 

the pulmonary artery, leading to right ventricular dysfunction [6••]. RV dilatation in this 

setting results in increased wall stress, enhanced myocardial oxygen demand, and provoked 

ischemia as well as symptoms of effort angina [23, 36]. The overall phenotype of the 

cardiomyopathy then begins to change, first from isolated left ventricular dysfunction to 

biventricular dysfunction, and then potentially to a right ventricular failure-predominant 

phenotype [6••]. This RV failure phenotype is complicated by systemic venous congestion, 

renal dysfunction, and ascites [23].
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There is strong evidence that the development of right-sided dysfunction heralds a new stage 

of disease progression associated with a worse functional capacity as well as overall 

prognosis. Guazzi et al. demonstrated that those patients with heart failure and low tricuspid 

annular plane systolic excursion (TAPSE; indicative of decreased right ventricular function) 

paired with a high PASP, resulting in a reduced TAPSE/PASP ratio as a marker of RV-PA 

uncoupling [37], had a 5.6 times higher hazard of major cardiac events as compared to those 

patients who did not exhibit those characteristics [38]. Additionally, that high-risk group of 

patients performed poorly on CPET with the lowest peak VO2 as well as highest end-

oscillatory ventilation rate [38]. Butler et al. also demonstrated a statistically significantly 

lower peak exercise VO2 associated with increasing PVR in 320 patients with HFrEF [24], 

indicating poor functional and prognostic status. Moreover, an increased minute ventilation 

(VE)/carbon dioxide production (VCO2) relationship, a marker of ventilatory inefficiency, is 

a CPET parameter suggestive of both pulmonary vascular disease as well as significant RV 

dysfunction in the setting of LV cardiomyopathy [39, 40]. This parameter has been shown to 

be prognostically additive to peak VO2 in patients with end-stage HFrEF and can predict 

survival or time to transplant. Finally, Bosch and colleagues utilized the RV longitudinal 

strain (as a measure of right ventricular function) to PASP ratio alongside the TAPSE/PASP 

ratio to demonstrate both measures, after multivariate adjustment, were statistically 

significantly associated with a higher hazard of all-cause mortality and heart failure 

hospitalization for those with HFrEF vs. controls, independent of PASP [41].

Thus, it is important to note, that while a progression from an LV cardiomyopathy-

predominant phenotype to a biventricular or RV dysfunction-predominant phenotype is often 

in the setting of PH-LHD, there are other factors associated with this progression, including 

changes in septal dynamics (reverse Bernheim effect) [42] or ventricular interdependence 

[23]. In fact, Ghio et al. recently again showed the prognostic importance of TAPSE/PASP 

ratio across the HF spectrum (HFrEF and HFpEF), yet there were different correlates of RV 

dysfunction in HFrEF compared to HFmrEF and HFpEF [43]. Specifically, correlates of RV 

dysfunction (reduced TAPSE) in HFrEF included non-sinus rhythm, high heart rate, 

ischemic etiology, and E-wave deceleration time < 140 ms, whereas PASP > 40 mmHg was 

the strongest correlate of a reduced TAPSE in HFpEF. This suggests that RV dysfunction, 

specifically in HFrEF, may be independent of PH-LHD, though the presence of RV 

dysfunction and resultant RV-PA uncoupling still portends a worse prognosis than isolated 

LV dysfunction. Lastly, Dini et al. recently demonstrated that reversal of RV dysfunction as 

illustrated by an improved TAPSE was associated with statistically significantly improved 

survival, also pointing to an association of RV dysfunction with overall disease progression 

[44].

Conclusion

As the prevalence of both HFrEF and HFpEF rises over time, the phenomenon of PH-LHD 

will continue to become more common in clinical practice. It is clear that not only is PH-

LHD caused by worsening left-sided heart disease but that it is an integral part of the 

progression, both functionally and prognostically, of the clinical syndrome of HF. Clinicians 

should take note of the importance of PH-LHD and resultant/coexistent RV dysfunction to 
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appropriately risk stratify patients, allowing for optimal treatment approaches and outcomes 

in this population.
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Fig. 1. 
Cardiopulmonary interaction and pathobiology of pulmonary hypertension (PH) in left 

ventricular heart failure. Shown is (i) the backward transmission of elevated left ventricular 

filling pressures into the pulmonary circulation (post-capillary hemodynamic profile), (ii) 

potential superimposed components contributing to the extent of PH (leading to a pre-

capillary component), which may be associated with (iii) pulmonary vascular remodeling in 

some patients, thus leading to (iv) right ventricular strain and dysfunction over time. Right 

ventricular (RV) dilation and increase in wall stress/tension (internal RV afterload) result in 

elevated myocardial oxygen consumption, which with concomitant reduction in coronary 

perfusion gradient leads to RV ischemia and progressive RV failure [6]
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Fig. 2. 
Echocardiographic manifestations of Cpc-PH. a reveals a pulmonary valve acceleration time 

(AT) as well as a right ventricular outflow tract pulse-wave spectral Doppler notch (arrow). b 
reveals systolic interventricular septal flattening (double arrows). Finally, c illustrates a low 

tricuspid annular systolic plane excursion (double-headed arrow) which is indicative of 

decreased right ventricular function. All three of these features are consistent with the 

presence of Cpc-PH rather than Ipc-PH
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Table 1

Hemodynamic classifications of pulmonary hypertension [4]

Definition Characteristicsa Clinical groups

PH PAPm ≥ 25 mmHg All

Pre-capillary PH PAPm ≥ 25 mmHg 1. Pulmonary arterial hypertension

PAWP ≤ 15 mmHg 3. PH due to lung diseases

4. Chronic thromboembolic PH

5. PH with unclear and/or multifactorial mechanisms

Post-capillary PH PAPm ≥ 25 mmHg 2. PH due to left heart disease

Isolated post-capillary PH (Ipc-PH) PAWP > 15 mmHg 5. PH with unclear and/or multifactorial mechanisms

Combined post-capillary and pre-capillary PH 
(Cpc-PH)

DPG < 7 mmHg and/or PVR ≤ 3 WU

DPG ≥ 7 mmHg and/or PVR 3 WU

a
All values measured at rest. DPG diastolic pressure gradient (diastolic PAP—mean PAWP), PAPm mean pulmonary artery pressure, PAWP 

pulmonary artery wedge pressure, PH pulmonary hypertension, PVR pulmonary vascular resistance, WU Wood units
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