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ARTICLE INFO ABSTRACT

Keywords: Heart failure with preserved ejection fraction (HFpEF) is defined as clinical features of heart failure, ide-
PH-HFpEF ally with biomarker evidence such as elevated plasma natriuretic peptide levels, in the setting of an ejec-
HFpEF tion fraction (EF) greater than 50% and imaging evidence of diastolic left ventricular dysfunction [1,2]. In

Pulmonary Hypertension the absence of cardiac imaging or invasive hemodynamics, this is a clinical syndrome that is often indis-

tinguishable from heart failure with reduced ejection fraction (HFrEF). HFpEF and HFrEF present with a
cadre of comparable signs and symptoms including jugular venous distention, pulmonary rales on auscul-
tation, breathlessness, orthopnea, exercise intolerance, exertional dyspnea, fatigue and peripheral edema.
HFpEF accounts for at least half of all diagnoses of heart failure [1,2]. Pulmonary hypertension (PH) is a
common complication of HFpEF that is linked to worse disease morbidity and mortality. In fact, mortal-
ity has been linked to increases in the intrinsic pulmonary vascular resistance in the setting of increased
left ventricular end diastolic pressure, characterized hemodynamically by rises in the transpulmonary
pressure gradient, pulmonary vascular resistance or diastolic pressure gradient. Despite being the most
common form of PH, there are no approved therapies for the treatment of PH secondary to HFpEF. This
review will summarize the hemodynamic classifications of PH in the setting of HFpEF, mechanisms of dis-
ease, the potential contribution of pulmonary vascular disease to poor outcomes in patients with HFpEF,
and new approaches to therapy.

© 2018 Elsevier Inc. All rights reserved.

Hemodynamically defining pulmonary vascular disease related
to HFpEF

The World Health Organization classifies pulmonary hyperten-
sion due to left heart disease (PH-LHD) as Group 2 pulmonary
hypertension which incorporates HFpEF, HFrEF, as well as valvu-
lar disease [3]. Overall, left heart disease is the most common
etiology of pulmonary hypertension [4]. By right heart catheter-
ization (RHC), PH-LHD is defined by a mean pulmonary artery
pressure (mPAP) > 25mmHg and a pulmonary artery wedge
pressure (PAWP) > 15 mmHg. PH-LHD is subsequently subdivided
by ejection fraction into PH-HFpEF (ejection fraction > 50%) and
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PH- HFrEF (ejection fraction is <50%), although variable ejection
fraction cut points have been used between 40-50%.

PH-HFpEF may be further classified based upon right heart
catheterization hemodynamics (Fig. 1) [5,6]. Isolated post-capillary
PH (Ipc-PH) refers to an increase in pulmonary arterial pressure
(PAP) secondary to passive congestion from an elevated pulmonary
arterial wedge pressure (PAWP), independent of arterial vascular
remodeling. The rise in PAP should be relative to the elevated
PAWP and conversely, treatment that reduces the wedge pres-
sure should proportionally reduce the mean pulmonary arterial
pressure. In Ipc-PH, the transpulmonary gradient (TPG, defined
as mPAP — PAWP) and the pulmonary vascular resistance (PVR,
defined as TPG/Cardiac Output) are both normal, <12 mmHg and
<3 WU, respectively [3]. Previously referred to as “mixed PH”,
“reactive PH”, or “out of proportion PH”, the new term combined
post- and pre-capillary (Cpc)-PH refers to the sub-phenotype of
patients who have precapillary small vessel remodeling in addition
to passive congestion. These patients have TPG>12 mmHg, PVR >3
WU and/or diastolic pulmonary gradient (DPG, defined as diastolic
PAP — PAWP) >7 mmHg and, in contrast to patients with Ipc-PH,
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Fig. 1. Subphenotypes of PH-HFpEF. Top Figure: Isolated post-capillary PH (Ipc-PH)
refers to an elevated pulmonary arterial pressure (PAP) due to passive transmission
of left sided pressures. This subphenotype can be defined by a transpulmonary gra-
dient (TPG) less than or equal to 12 mmHg, a diastolic pressure gradient (DPG) less
than 7 mmHg, or a pulmonary vascular resistance (PVR) less than or equal to 3
WU. Bottom Figure: Combined pre- and post-capillary PH (Cpc-PH) refers to an out
of proportion elevation of PAP due to passive transmission of left sided pressures in
addition to pulmonary vascular remodeling. This is defined by a TPG greater than
12, DPG greater than or equal to 7, or a PVR greater than 3.

patients with Cpc-PH have a mean pulmonary artery pressure that
remains elevated despite normalization of the PAWP [3].

Based on data from a large retrospective cohort study by Van-
derpool et al. including 10,023 patients who underwent right heart
catheterization between 2005 and 2012 at the University of Pitts-
burgh Medical Center, 48.9%, 34.2%, and 13.7% of patients with
PH-HFpEF met criteria for pre-capillary involvement defined by
TPG (>12 mmHg), PVR (>3 WU), and DPG (>7 mmHg), respectively
(Fig. 2) [7]. The prevalence of Cpc-PH in this cohort, as defined
by the above TPG, PVR, and DPG thresholds, are in line with pre-
viously published reports including a cohort from Johns Hopkins
University of 1,236 patients where 32% of patients met criteria for
Cpc-PH by TPG>12 mmHg and 10.6% by DPG >7 mmHg and a co-
hort from Medical University of Vienna including 1,094 patients
with PH-LHD including 44% of patients with TPG>12 mmHg and
16% of patients with DPG >7 mmHg [8,9].

PVR and TPG were traditionally used to differentiate Ipc-PH
and Cpc-PH. However, both the TPG and the PVR have recently
been criticized as the TPG is flow dependent and both PVR and
TPG fail to recapitulate any underlying pulmonary vascular pathol-
ogy [9,10]. Therefore, there is an expanding breadth of evidence
to support the use of the DPG as a more accurate indicator of
pulmonary vascular remodeling to properly phenotype Ipc-PH and
Cpc-PH [11]. DPG, however, also has been challenged for error in
the measures of PAWP and diastolic PA pressures that could result
from large v-waves, over- or under “wedging”, and/or catheter
whip and catheter “ringing.” Such errors may yield relatively large
differences in the DPG. Furthermore, DPG can be misread in an
automated system based on timing of exhalation [12]. Tampakakis
et al. caution against using DPG to define Cpc-PH because a
proportion of patients in their cohort with right heart catheter-
ization hemodynamics had a DPG >7 mmHg but without actual
pulmonary hypertension (mPAP <25mmHg). This indicates that
DPG is a disease marker that may lack specificity for pulmonary
vascular disease. Elevated DPG, for example, may be seen in
acute respiratory distress syndrome (ARDS), chronic obstructive
pulmonary disease (COPD), tachycardia, and in inotrope-dependent
patients, independent of underlying pulmonary vascular disease
[8,13]. Finally, studies conducted by Ghio et al. in patients with
PH-HFrEF show a substantial improvement in cardiopulmonary
hemodynamics in patients with elevations in DPG, PVR, and TPG
when exposed to pulmonary vasodilators, suggesting that all three
hemodynamic parameters may identify patients that respond to
pulmonary vasodilation [14]. Yet, despite the controversy sur-
rounding DPG, the current European Society of Cardiology and the
European Respiratory Society define Ipc-PH as a DPG < 7 mmHg
and/or PVR < 3 WU while Cpc-PH is defined by a DPG > 7 mmHg
and/or PVR > 3 WU [3]. While these definitions are debated, we
would argue that Cpc-PH should be defined more liberally by
TPG and PVR cut-off values. Using the DPG cut-off value alone to
define Cpc-PH excludes a substantial number of patients based on
the disease prevalence depicted in Fig. 2.

Applying the ESC/ERS guidelines indicated above to the Univer-
sity of Pittsburgh Medical Center cohort, 13.7% of patients with
PH-HFpEF met criteria for Cpc-PH. When these patients were re-
classified based on TPG or PVR alone, 44.7% and 34.1% of patients
with HFpEF met criteria for Cpc-PH, respectively, with significant
overlap in patients who had both TPG >12 mmHg and PVR >3 WU
[7]. Furthermore, TPG >12 mmHg and PVR > 3 WU were both in-
dependently associated with worse outcomes. Clinically, this sug-
gests that we may underestimate the prevalence and risk of pre-
capillary disease based on the current guidelines and perhaps are
underappreciating critical pathology that may lend itself to the de-
velopment of specific therapies.

How do the cardiopulmonary hemodynamics of PH-HFpEF
differ from PH-HFrEF?

Adir et al. directly compared pulmonary hemodynamics in pa-
tients with PH-HFpEF and PH-HFrEF. An ejection fraction above
and below 50% was used to discriminate between HFrEF and
HFpEF. Pulmonary hypertension with left heart disease was de-
fined as mPAP >25 mmHg by right heart catheterization and PAWP
>15mmHg. A DPG <7mmHg was used to define isolated post
capillary PH (Ipc-PH) whereas DPG > 7 mmHg defined combined
pre and post capillary PH (Cpc-PH). Patients with PH-HFpEF were
more likely to be older, female, non-smokers, with a higher BMI,
compared with patients with PH-HFrEF. They had less history of
coronary disease but significantly more diabetes, hypertension, and
atrial fibrillation. When adjusted for age, gender, and pulmonary
artery wedge pressure, there was a significant difference in DPG
and mitral regurgitation when comparing cardiopulmonary hemo-
dynamics. All other parameters were not significantly different be-
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Fig. 2. Data obtained from the University of Pittsburgh and previously published with permission by Vanderpool et al. representing the breakdown of patients with PH
secondary to left heart disease (LHD) and PH-HFpEF by transpulmonary gradient (TPG), pulmonary vascular resistance (PVR), and diastolic pulmonary gradient (DPG).

tween patients with HFpEF and HFrEF with PH. The similarity in
hemodynamic profiles between the two groups supports the ac-
cepted underlying common pathology of elevated left sided filling
pressures causing secondary remodeling of the pulmonary arter-
ies, veins and intermediate vessels, irrespective of ejection fraction
[15,16].

Are provocation maneuvers important for the diagnosis of
PH-LHD?

Prior to undergoing right heart catheterization, patients are typ-
ically aggressively diuresed and fasted pre-procedurally. Case series
have suggested that this relative state of intravascular dehydration
may actually mask PH secondary to left heart disease and result in
the misdiagnosis of pulmonary arterial hypertension (pre-capillary
PH) [17]. Robbins et al. confirmed that more than 20% of patients
initially diagnosed as pulmonary arterial hypertension (PAH) by
right heart catheterization hemodynamics are re-classified as PH-
LHD with a PAWP >15mmHg after receiving a 500 mL rapid fluid
challenge resulting in an acute rise in PAWP with post-fluid hemo-
dynamics akin to patients with an initial diagnosis of PH-LHD [18].
The effects of fluid loading are more pronounced in patients with
HFpEF compared to healthy controls and are most significant in
elderly women [17]. More recent work has suggested a more strin-
gent PAWP >18 mmHg as the threshold for the diagnosis of occult
post-capillary PH in the setting of a fluid challenge [19]. In con-
trast to the findings of Robbins et al., this more conservative PAWP

threshold reclassifies 6% of patients previously diagnosed with pre-
capillary PH and 8% of patients previously diagnosed as not having
PH with occult post-capillary PH [20]. In a prospective study con-
ducted by Anderson et al., exercise and acute volume loading as
provocation maneuvers were directly compared in healthy patients
and patients with HFpEF. Compared to acute volume loading, An-
derson et al. found exercise to be a more sensitive and specific
provocation maneuver to detect occult PH-LHD manifesting as a
greater than two-fold increase in PAWP with exercise [21]. Other
proposed definitions for PH-LHD are a PAWP > 20 or 25 mmHg
during upright and supine exercise, respectively, with a consensus
definition yet to be reached [22,23]. Recently, the use of indexed
values has been considered to define occult PH secondary to LHD.
The mPAP/CO slope of > 3mm Hg/L/min could reduce the false
positive diagnosis of PH-LHD, which occurs due to physiologic el-
evations of PAWP even in healthy patients. Work by Herve et al.,
suggests that both a mPAP >30mmHg at maximal exercise and
a total pulmonary resistance (TPR) > 3 WU at maximal exercise
have high sensitivity and specificity in identifying patients with
PH-LHD in a population of patients previously undiagnosed with
PH based on resting mean pulmonary artery pressure < 20 mmHg
[24]. Based on these findings, exercise induced PH is now defined
according to the European Respiratory Society by a resting mPAP
< 25mmHg and exercise mPAP > 30 mmHg with a TPR> 3 WU
[25]. Therefore, provocation maneuvers, both via exercise and acute
fluid challenge, can be useful to diagnose occult PH-LHD. Transpul-
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monary resistance and mean pulmonary artery pressure at max-
imal exercise possess the highest diagnostic yield to discriminate
patients with occult PH-LHD compared to controls, however nei-
ther have been incorporated into diagnostic guidelines for PH-LHD,
owing to a lack of consensus on standardized exercise or fluid chal-
lenge protocols.

Epidemiology of HFpEF and PH associated with HFpEF

Heart failure has been estimated to afflict nearly 10% of the
western population [26]. The most recent estimates, based on data
collected from NHANES 2011-2014, suggest that 6.5 million Amer-
icans > 20 years of age carry a diagnosis of heart failure with
more than 50% of those patients having HFpEF [27]. The preva-
lence of HFpEF is rising at a rate of 1% per year [2]. In the United
States, this accounts for 30.7 billion dollars in healthcare costs [28].
The burgeoning epidemic of HFpEF is largely related to the con-
comitant increased prevalence of diabetes, hypertension, hyperlipi-
demia, and obesity, all known risk factors for HFpEF [29].

When compared to patients with HFrEF, patients with HFpEF
are typically older [30]. Multiple studies have reported that pa-
tients with HFpEF are more likely to be female when compared
to patients with HFrEF. The significance of this epidemiological ob-
servation has been scrutinized as a result of the skewed sex distri-
bution of aging individuals and the failure of many of these studies
to include appropriately age-matched cohorts. Pooled cohorts from
large clinical trials were used to develop predictive models for HF-
pEF and HFrEF. Among age-matched individuals with similar risk
factors for heart failure, female sex did not increase the risk for
HFpEF [1,30]. Based on population based studies and clinical reg-
istries, the burden of cardiovascular risk factors including coronary
artery disease and hyperlipidemia are highly variable in patients
with HFpEF (20-77% and 16-77%, respectively) [26]. Other risk fac-
tors include obesity, smoking status, atrial fibrillation, and chronic
kidney disease [30,31].

Although studies have cited a wide range to describe the preva-
lence of pulmonary hypertension in patients with HFpEF, we feel
the prevalence is approximately 35% based upon our data at the
University of Pittsburgh Medical Center which is in line with that
of Tampakakis and Gerges [6-8]. When compared to aged-matched
patients with HFpEF without pulmonary vascular disease, patients
with PH-HFpEF are more often female with a worse functional
class. There is a similar occurrence of comorbid conditions such
as hypertension, diabetes, obesity, and coronary artery disease
between patients with HFpEF with and without accompanying PH
[32]. Compared to pulmonary arterial hypertension (PAH), patients
with PH-HFpEF are more likely to be older, have co-occurring
hypertension, diabetes, obesity, coronary artery disease, and renal
dysfunction. Additionally, patients with PH-HFpEF are more apt
to have biatrial enlargement and left ventricular hypertrophy.
Robbins and colleagues found that two or more features of the
metabolic syndrome were present in 94% of patients with pul-
monary vascular hypertension associated with left heart disease
(Fig. 3) [33].

Impact of pulmonary vascular remodeling on mortality

In the University of Pittsburgh Medical Center cohort of 10,023
subjects who received a right heart catheterization over a 7-year
period, 4,621 patients were diagnosed with PH-LHD, allowing
for evaluation of the impact of different definitions of PH-LHD
on outcomes. During a median 1,383 day follow up period there
were 1,406 deaths. Overall, the survival of patients with PH-HFpEF
was similar to Group 1 pulmonary arterial hypertension but with
more cardiac hospitalizations, while patients with PH-HFrEF had
the highest mortality and hospitalization rates. In the subset of
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Fig. 3. Risk factors for the development of PH-HFpEF include female gender, atrial
enlargement, coronary artery disease, right ventricular hypertrophy and features of
the metabolic syndrome including diabetes, hypertension, and obesity.

patients with PH-HFpEF, age, RA pressure, mPAP, PAWP, PA pulse
pressure, PA compliance, TPG, PVR, and DPG were significantly
associated with higher mortality. Regardless of the parameter used
to establish pre-capillary involvement of PH-LHD (PVR>3 WU,
TPG > 12 mmHg, DPG >7 mmHg), the risk of death was greater
with pre-capillary disease. PVR>3 WU had the highest risk for
mortality compared to TPG and DPG cut-off values. The mortality
rate for PH-HFpEF was 19.3% at one year and 43.5% at five years
[7]. In a survival analysis performed by Gerges et al., the median
overall survival of patients with HFpEF and the Cpc-PH subphe-
notype (DPG > 7 mmHg) was 54 months, significantly shorter than
the 102 months survival of patients with Ipc-PH subphenotype [6].

Numerous studies have now associated pulmonary vascular re-
modeling in the setting of LHD (HFpEF or HFTEF) with a higher
patient morbidity or mortality. For example, elevations in PVR and
TPG are associated with increased mortality [34-36]. DPG has also
recently been rigorously evaluated as prognostic marker with con-
flicting results. In an analysis of 1,389 patients with PH-LHD (HFrEF
and HFpEF), Gerges et al. demonstrated that patients with pre-
capillary disease defined by an elevated TPG (> 12 mmHg) who
were further stratified by DPG>7 mmHg had a worse prognosis
when compared to patients with a DPG < 7mmHg (unadjusted
analysis) and more vascular pathology including medial hyper-
trophy, intimal and adventitial fibrosis, and more occluded ves-
sels [9]. Vanderpool and colleagues similarly demonstrated that
DPG > 7 mmHg, TPG > 12mmHg, and PVR>3 WU are all signif-
icant predictors of mortality in HFpEF (adjusted analysis) [7]. In
contrast, a study performed on patients receiving orthotopic heart
transplants with an elevated TPG demonstrates no impact on 5-
year post-transplant survival with a concomitant elevation in DPG,
questioning the implication that DPG is reflective of underlying
pulmonary vascular disease [37]. Work by Assad et al. exploring
RHC data of 2,817 patients with PH-LHD (both HFrEF and HFpEF)
at Vanderbilt University demonstrated no mortality difference in
patients with Cpc-PH versus Ipc-PH, as defined by DPG (adjusted
analysis) [38]. In a retrospective cohort study which enrolled over
1,200 patients, Tampakakis et al. was unable to demonstrate any
association between DPG and mortality in patients with PH-LHD
(both HFrEF and HFpEF) but did confirm that PVR and TPG were
significant predictors of mortality in this cohort [8]. These find-
ings were recapitulated in a recent study by Tampakakis utilizing
three cohorts of patients with PH-HFpEF or PH-HFrEF from aca-
demic institutions where DPG alone again, failed to predict mortal-
ity. DPG > 7 mmHg and PVR >3 WU did, however, portend a worse
mortality [39]. Perhaps DPG fails to predict mortality because it



AR. Levine et al./Trends in Cardiovascular Medicine 29 (2019) 207-217 211

fails to recapitulate the degree of RV dysfunction that occurs in
patients with PH-HFpEF. As described by Brittain et al., the right
heart does not pump against a pressure gradient but rather against
a pressure. Also, the calculation of the DPG, unlike the systemic
vascular resistance or the pulmonary arterial capacitance, does not
incorporate any measures of right ventricular function, such as
stroke volume [40].

Pulmonary arterial capacitance (PAC, defined as the stroke vol-
ume/pulmonary pulse pressure), a parameter reflective of pulsatile
RV afterload and irreversible remodeling of the pulmonary vascu-
lature, is an increasingly utilized marker of mortality. Al-Naamani
specifically compared pulmonary arterial capacitance to TPG, DPG,
and PVR in 73 patients with PH-HFpEF and found the capacitance
to be the strongest predictor of mortality and to be a superior
predictor of mortality than TPG, DPG, or PVR [41]. Findings from
Tampakakis et al. using a combined cohort of patients with
PH-HFpEF and PH-HFrEF substantiates the value of pulmonary
arterial capacitance and arterial elastance as better predictors
of mortality when compared to PVR or TPG [39]. Furthermore,
the improvement of pulmonary arterial capacitance with acute
vasodilator treatment predicts improved survival [41]. Pulmonary
arterial capacitance, therefore, should be considered a potential
marker of pulmonary vascular remodeling in PH-HFpEF that is
highly correlated with survival.

Non-Invasive measures of PH-HFpEF

Echocardiographic measures of diastolic dysfunction have a
critical role in diagnosing HFpEF. According to the American
Society of Echocardiography guidelines for the use of echocardio-
graphy to assess diastolic dysfunction, four diagnostic parameters
have been identified: (1) annular e’ velocity; (2) average E/e’; (3)
LA volume index; (4) and peak tricuspid regurgitation velocity
[42]. Chronically elevated LV filling pressures due to diastolic
dysfunction results in an increase in the PA pressure that can be
estimated by echocardiography using continuous wave Doppler to
measure the tricuspid regurgitate peak systolic velocity. Tricuspid
regurgitant velocity > 2.5m/second is considered abnormal and
correlates to a systolic PA pressure of 30-35mmHg [42-44]. In
patients who underwent echocardiography followed by invasive
measurement of left ventricular end diastolic pressure there was
only a modest relationship between non-invasive classification of
diastolic dysfunction and invasive parameters to confirm diastolic
dysfunction, further reinforcing the need for invasive RHC to
diagnose PH-HFpEF [45].

Cardiac MRI is an alternative, non-invasive modality to diagnose
diastolic dysfunction and is the gold standard for the quantification
of cardiac chamber volumes and mass. Cardiac MRI may be better
suited to measure left atrial volume index, which is useful to help
classify the severity of the diastolic dysfunction and also to differ-
entiate PH-HFpEF from PAH [46]. Furthermore, cardiac MRI can ef-
fectively quantify myocardial fibrosis in non-infarcted myocardium
by measuring extracellular volume fraction that is associated, in
a dose dependent manner, with poor outcomes from heart failure
including hospitalizations and all-cause mortality. This remains
true independent of heart failure etiology or ejection fraction [47].

Right heart catheterization is considered the gold standard to
diagnose PH secondary to HFpEF. Several studies have failed to
find an echocardiographic profile in patients with HFpEF that is
diagnostic of PH-HFpEF. Studies by Raeisi-Giglou and colleagues
indicate that a mere 41% of patients with PH-HFpEF by RHC had
LV diastolic dysfunction on echocardiography [48]. Thus, while
echocardiography may be sufficient to diagnose diastolic dysfunc-
tion, it is often insufficient to diagnose PH in the setting of HFpEF
and an invasive RHC remains a necessary diagnostic tool.

Pathobiology of PH-HFpEF

The Fifth World Symposium on Pulmonary Hypertension in
Nice, France proposed a model to explain the pathophysiology
of PH-HFpEF that continues to evolve. According to this model,
underlying systolic or diastolic left ventricular heart disease in-
creases left ventricular end-diastolic pressure causing left atrial
enlargement, left atrial interstitial fibrosis, and reduced compliance
[49]. Left atrium changes, coupled with left ventricular diastolic
dysfunction and exercise induced mitral regurgitation, result in
a passive backward transmission of elevated left-sided filling
pressures resulting in an elevated PAWP and mPAP [50]. Acute ele-
vations in left atrial pressure contribute to ‘alveolar-capillary stress
failure’, resulting in an acute hydrostatic insult to the microvas-
culature and a disruption to the micro vessel permeability. This
allows erythrocytes, protein, and fluid to leak into the alveolar
lumen that ultimately impairs alveolar gas exchange. Alveolar-
capillary stress failure manifests, clinically, as pulmonary edema
and hemodynamically as an increase in PAWP and parallel rise
in mPAP. Chronic pulmonary edema and elevated left sided filling
pressures may result in a dynamic interplay of hormonal and
inflammatory mediators, decreased nitric oxide (NO) availability,
increased endothelin-1 expression, and a diminished natriuretic
peptide vasodilation response. Additionally, hypoxia induces
vasoconstriction and structural remodeling of the small pulmonary
arteries. Histopathological changes identified include thickening
of the alveolar-capillary membrane due to collagen deposition,
arterial hypertrophy, fibrosis and luminal occlusion yielding pre-
and post-capillary pulmonary hypertension and resulting in “out
of proportion pulmonary hypertension” or CpC-PH [49,51]. This
model suggests that remodeling of the pulmonary arteries occurs
as an aftermath of chronic pulmonary vascular congestion.

As outlined by Ter Maaten and colleagues, renal dysfunction
and HFpEF are increasingly seen as interdependent. Patients with
HFpEF typically have a higher central venous pressure due to RV
dysfunction and often co-occurring pulmonary hypertension which
results in decreased renal blood flow and renal perfusion pressure.
This activates the renin-angiotensin-aldosterone system (RAAS) and
reduces GFR. Additionally, reduced systolic filling and elevated end
diastolic pressure reduces stroke volume and, in combination with
chronotropic incompetence, reduces cardiac output that diminishes
renal blood flow. A proposed systemic reduction in bioavailable
nitric oxide (NO) in HFpEF and PH related to HFpEF further lim-
its renal blood flow and sodium excretion. Chronic kidney dis-
ease is also an independent risk factor for the development of
HFpEF. Aberrancies in phosphorous, parathyroid hormone, fibrob-
last growth factor 23 (FGF23), and Vitamin D may contribute to
ventricular hypertrophy, fibrosis, and microvascular dysfunction.
More severe kidney disease results in circulating uremia-associated
pro-inflammatory cytokines and impaired endothelial function and
proliferation, an increase in vascular endothelial ROS generation,
and vascular smooth muscle dysfunction. An alternative to this
bidirectional approach is the hypothesis that both HFpEF and CKD
may occur independently from the same underlying mechanism of
endothelial dysfunction and inflammation [31].

Pulmonary vascular remodeling in PH-HFpEF compared to PVOD

A recent study performed by Fayyaz et al. evaluated autopsy
cases of HFpEF patients from the Mayo Clinic Tissue Registry from
1987-2015. Interestingly, the investigators noted significant pul-
monary venous remodeling that appeared similar to that observed
in the much rarer condition, pulmonary veno-occlusive disease
(PVOD). Venous arterialization was more pronounced in patients
with PH-HFpEF than patients with PVOD. Increased arterial and ve-
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nous intimal and medial thickness was also observed which corre-
lated with higher TPG and DPG by right heart catheterization [16].

Is Cpc-PH simply the end stage sequela of Ipc-PH?

The risk factors for the development of Cpc-PH and Ipc-PH con-
siderably overlap and the echocardiographic changes are often in-
distinguishable between the two phenotypes. However, the average
age of patients with Cpc-PH is 10-years younger than patients with
Ipc-PH. This suggests that the chronic pulmonary vascular conges-
tion of Ipc-PH is not sufficient to cause Cpc-PH [38]. Furthermore,
RV dysfunction was once thought to be an end stage manifestation
of PH-HFpEF which occurred due to the late development of pre-
capillary remodeling. However, more recent studies have demon-
strated that there is no difference in the degree of pulmonary vas-
cular remodeling when comparing patients with heart failure with
and without RV dysfunction. Collectively, this questions the pre-
viously accepted paradigm that patients transition from an Ipc-
PH phenotype to a Cpc-PH phenotype secondary to chronic pas-
sive pulmonary venous congestion alone and suggests that Cpc-PH
may be an independent subphenotype of PH-HFpEF with a distinct
pathobiology [16]. Yet, there remains equipoise as to whether Cpc-
PH and Ipc-PH exist on a spectrum of disease or if these two are
distinct entities due to the cross-sectional nature of most studies
performed to date. Assad and colleagues have provided longitudi-
nal insight into the evolution of PH utilizing a cohort of 70 patients
initially diagnosed with borderline PH and followed over time. Of
patients with borderline PH, 61% went on to develop PH with an
average time to disease development of 35 weeks. 79% of the pa-
tients who developed PH developed post-capillary disease. The de-
velopment of pre-capillary disease in 21% of patients within the
brief follow up period suggests that chronic decompensated vol-
ume status and post capillary congestion alone are not entirely re-
sponsible for the rising PVR and TPG and lends further credence to
Cpc-PH and Ipc-PH as two distinct disease states [52].

Is Cpc-PH more similar to PAH than to Ipc-PH?

Assad et al. probed the Vanderbilt electronic medical record,
linked to a prospective DNA biorepository, for all patients under-
going right heart catheterization over a 17-year period. They found
that patients with Cpc-PH are frequently younger and female, more
akin to patients with PAH than to patients with Ipc-PH. However,
patients with Ipc-PH and Cpc-PH share the same co-morbidities
including diabetes, obesity, atrial fibrillation, hypertension, heart
failure, anemia, and coronary artery disease. Echocardiographically,
patients with Cpc-PH and Ipc-PH demonstrated similar LV remod-
eling, LA enlargement, and LV ejection fraction that was distinct
from patients with pulmonary arterial hypertension. When com-
paring right heart catheterization hemodynamics, patients with
Cpc-PH had elevated RA pressure, PVR, PA compliance that more
closely resembled patients with pulmonary arterial hypertension
than Ipc-PH [38]. Most notably, a gene ontology analysis found ex-
onic single nucleotide polymorphisms (SNP) in genes which en-
code for actin binding, extracellular matrix, basement membrane,
MHCII proteins, and other cytoskeletal structural and immune
function proteins to a similar degree in lung tissue of patients with
pulmonary arterial hypertension and Cpc-PH, but not Ipc-PH, sug-
gesting a common etiology of pulmonary vascular disease [38,53].

Caravita and colleagues sought to evaluate whether patients
with Cpc-PH have an exercise profile (specifically the ventilatory
response to exercise and the exercise oscillatory breathing) which
is closer to patients with PAH or patients with Ipc-PH. Seventy
patients were included in this study. Exercise induced hyperven-
tilation was most apparent in patients with PAH followed by Cpc-
PH. Exercise oscillatory breathing, typically found in patients with

PH secondary to left heart disease but rarely in patients with pul-
monary arterial hypertension, also discriminated between patients
with Ipc-PH and Cpc-PH. Patients with Cpc-PH had less exercise
oscillatory breathing, similar to patients with PAH. These studies
suggest that the exercise profile for patients with Cpc-PH is dis-
tinct from patients with Ipc-PH and further supports this as a dis-
tinct phenotype with underlying similarities to pulmonary arterial
hypertension [54].

Further efforts were made by Opitz et al. to characterize de-
mographics and treatment responses of patients with PH-HFpEF in
comparison to patients with PAH. Patients were abstracted from
the COMPERA registry of PH patients receiving targeted therapies.
This did include patients with PH-HFpEF on PH-specific treatment
(mPAP > 25 mmHg, PAWP > 15 mmHg, EF >45%, echocardiographic
evidence of diastolic dysfunction) or PAH (mPAP>25mmHg,
PAWP < 15 mmHg). Pulmonary arterial hypertension was further
divided into idiopathic and atypical pulmonary arterial hyperten-
sion, defined as > 3 risk factors for cardiovascular disease, includ-
ing arterial hypertension, coronary artery disease, diabetes, atrial
fibrillation, and obesity. Patients with atypical pulmonary arterial
hypertension and PH-HFpEF were older, more obese, had a longer
six-minute walk test (6MWT) and had higher natriuretic peptide
levels. By right heart catheterization, the patients in the PH-HFpEF
group were confirmed to have Cpc-PH with mean TPG 26 mmHg
and PVR of 7.0 WU. Hemodynamically, the RA pressure was sig-
nificantly higher in the patients with PH-HFpEF when compared
to both idiopathic and atypical pulmonary arterial hypertension.
Phosphodiesterase 5 inhibitors (PDE5i) were used as the first line
therapy in the majority of patients with typical and atypical id-
iopathic pulmonary arterial hypertension (77% and 81%) and PH-
HFpEF (94%). Endothelin Receptor Antagonists (ERAs) were used
as the first line therapy in patients with typical idiopathic pul-
monary arterial hypertension 31% of the time, with atypical idio-
pathic pulmonary arterial hypertension 22% of the time, and with
PH-HFpEF 7% of the time. The preference for PDE5i therapy was
continued throughout follow up in patients with PH-HFpEF, typi-
cal and atypical idiopathic pulmonary arterial hypertension. Com-
bination therapy was initiated preferentially in patients with typ-
ical idiopathic pulmonary arterial hypertension and significantly
less so in patients with atypical idiopathic pulmonary arterial hy-
pertension and PH-HFpEF. All patients with PH had improvement
of their World Health Organization (WHO) functional class, exer-
cise capacity, 6-minute walk distance, and natriuretic peptide lev-
els over a 12-month period. However, this effect was greatest in
patients with idiopathic pulmonary arterial hypertension and least
significant in patients with PH-HFpEF. There was no difference
in five-year mortality after initiating therapy between the three
groups. Based on a gradient treatment response and overlapping
mortality curves, this registry of PH treatment raises the question
whether PH-HFpEF, atypical pulmonary arterial hypertension, and
idiopathic pulmonary arterial hypertension reflect a continuum of
the same disease whereby increasing comorbidities and increasing
post-capillary disease gradually reduce the efficacy of typical pul-
monary arterial hypertension therapies [5].

Therapeutics
Molecular target #1: the NO-sGC-cGMP pathway

Nitric Oxide (NO) is an endogenously synthesized free radi-
cal which functions as an endothelium-derived relaxing factor. L-
arginine is converted, via nitric oxide synthase (NOS), to NO. En-
dothelial NOS (eNOS) is primarily located in endothelial cells and
eNOS derived NO is a potent vasodilator. The NO-sGC-cGMP path-
way has been the focus of drug development for PH-HFpEF (Fig. 4).
Endothelial produced NO activates the enzyme soluble guanylate
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Fig. 4. Schematic of the molecular pathways proposed to be aberrant in PH-
HFpEF and the drugs which have targeted these pathways. Patients with HFpEF
have abnormal nitric oxide (NO) bioavailability which results in an abnormal NO-
sGC-CGMP pathway ultimately leading to impaired vascular smooth muscle cell
(SMC) and myocardial relaxation which impairs myocardial relaxation and results
in myocardial stiffness. Aberrancies in this pathway have been the molecular tar-
get of drugs including nitrite, vericiguat, riociguat, and sildenafil. The Endothelin-1
pathway has also been implicated in HFpEF. Endothelin-1, a potent vasoconstrictor,
is increased in HFpEF. Via the interaction with the Endothelin Receptor A (ETxR)
and Endothelin Receptor B (ETgR) this results in a vascular smooth muscle cell pro-
liferation and vasoconstriction which is more profound than the co-occurring ETgR
mediated endothelial cell vasodilation. Vascular smooth muscle cell and fibroblast
ETAR and ETgR are the targets of ambrisentan, bosentan, and macitentan.

cyclase (sGC) and results in the formation of second messen-
ger cyclic guanosine monophosphate (cGMP). cGMP increases the
activity of protein kinase G (PKG) [55]. In smooth muscle, PKG
stimulates the opening of calcium-activated potassium channels,
leading to cell hyperpolarization and relaxation. cGMP mediated-
smooth muscle relaxation vasodilates the systemic and pulmonary
circulation. The formed cGMP is rapidly degraded by the enzyme
phosphodiesterase-5 to modulate NO dependent vasodilation. It
has been proposed that in patients with HFpEF, cardiomyocyte
and vascular NO bioavailability are reduced [56]. Aberrancies in
the NO-sGC-cGMP pathway have been observed in myocardial ho-
mogenate of patients with HFpEF and may contribute to myocar-
dial dysfunction, impaired myocardial relaxation, and myocardia
stiffness [56].

A number of drugs enhance the NO-sGC-cGMP signaling path-
way and are being evaluated as candidate therapies for PH-HFpEF
(Fig. 4). For example, Nitrite, particularly in the setting of hypoxia

and acidemia, can be metabolized to nitric oxide (NO) in blood
by reactions with hemoglobin and xanthine oxidoreductase, thus
improving the NO deficiency that characterizes PH-HFpEF [56-58].
Nitrite is being evaluated in a number of clinical trials in pa-
tients with both HFpEF and PH-HFpEF [59,60]. PDE5i, while FDA
approved for patients with pulmonary arterial hypertension, have
been evaluated with variable success and direct sGC stimulator and
activator drugs are currently being evaluated as a therapy in PH-
HFpEF [61].

Pre-clinical evaluation of drugs targeting the NO-sGC-cGMP pathway

Takimoto and colleagues exposed C57Bl/6 mice to trans-
verse aorta constriction (TAC) surgery or sham surgery for 1-9
weeks. Animals were then administered the PDE5 inhibitor
sildenafil or vehicle concurrently. TAC resulted in heart and
cellular hypertrophy by 3 weeks which resulted in chamber
dilation, myocardial fibrosis, and myocyte hypertrophy. Cardiac
remodeling was inhibited in sildenafil treated transverse aor-
tic constriction exposed animals. Sildenafil was also effective
at reversing established hypertrophy and restoring function in
animals exposed to transverse aortic constriction [62]. Matyas
et al. administered the PDE5 inhibitor vardenafil for 7-weeks
to Zucker diabetic fatty rats—an animal model of HFpEF. Var-
denafil improved stiffening of the LV, LV dysfunction, and
myocardial fibrotic remodeling. Lai et al. developed a two-hit
model of PH-HFpEF where ZSF1 obese rats were administered
a single dose of the VEGF receptor antagonist, Sugen. Animals
developed an elevated pulmonary artery systolic pressure and
left ventricular end diastolic pressure with a normal ejection
fraction, modeling PH-HFpEF. These animals were treated with
oral nitrite or oral metformin which improved cardiopulmonary
hemodynamics and insulin sensitivity. Lai et al. proposed that
activation of skeletal muscle SIRT3-AMPK as well as direct vascular
NO formation mediates the therapeutic effects observed. Nitrite
and metformin restored the levels of the mitochondrial protein
deacetylase SIRT3 in skeletal muscle and, in doing so, treated
components of the metabolic syndrome as well as PH-HFpEF. This
suggests skeletal muscle SIRT3 may contribute to the pathology of
pulmonary hypertension secondary to HFpEF and may represent a
novel therapeutic target [63].

Clinical trials targeting Nitrite-NO-sGC-cGMP pathway

While several small, single center trials have reported positive
results treating PH-HFpEF with PDE5i, a large multicenter study
was negative, making it unlikely that PDE5i will ever be an ap-
proved therapy for PH-HFpEF. Guazzi et al. conducted a double-
blind, randomized, placebo-controlled, 1-year study at a single
center examining the effects of the PDE5 inhibitor sildenafil on
PH-HFpEF. The 44 patients enrolled in this study had an aver-
age mPAP of 36 mmHg, mean PAWP of 21.9 mmHg, mean TPG of
14.5 mmHg, and PVR of 3.27 suggesting a preponderance of pa-
tients with the Cpc-PH phenotype secondary to HFpEF, although
DPG was not reported. The study was designed to examine two
primary endpoints, a reduction in pulmonary hemodynamics and
RV performance. Treatment with sildenafil resulted in a significant
reduction in pulmonary systolic, diastolic, and mean pressures at
6 months, and remained significant at 12 months of sildenafil ad-
ministration. Additionally, sildenafil significantly lowered RA pres-
sure at 6 and 12 months and improved RV function, as measured
by tricuspid annular plane systolic excursion (TAPSE), and dimen-
sion [64]. A potential limitation of this study was that most pa-
tients were male, in normal sinus rhythm, lacked some of the co-
morbidities seen in patient with PH-HFpEF (ie diabetes), and ex-
hibited more profound RV systolic dysfunction and RV failure.
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Despite these positive results, additional studies investigating
the effects of PDE5i in HFpEF and associated pulmonary hyper-
tension have demonstrated less promise. Hoendermis et al. found
no change in mPAP after 12 weeks of sildenafil administration in
52 patients. In contrast to the work done by Guazzi, this cohort
included a mixed Ipc-PH and Cpc-PH phenotype with only 53%
of patients with TPG > 12 mmHg, 35% with PVR>3 WU, and 12%
with DPG >7 mmHg. To assess whether the benefits of sildenafil
were exclusive to patients with Cpc-PH, Hoendermis performed
a subgroup analysis evaluating sildenafil in patients with PVR > 3
WU. While the numbers were too small to be conclusive, silde-
nafil administration resulted in no hemodynamic improvements in
the subgroup of patients with Cpc-PH. Work conducted by Red-
field and colleagues as part of the RELAX trial sought to estab-
lish whether chronic sildenafil administration changed peak oxy-
gen consumption at 24 weeks in patients with HFpEF. Inclusion
criteria included prior heart failure hospitalization, or heart fail-
ure therapy, or IV diuretic therapy, or loop diuretic therapy for
heart failure with left atrial enlargement, or elevated LV end di-
astolic pressure but did not include markers of PH secondary to
HFpEF. Long term sildenafil treatment failed to improve 6MWT,
clinical status, or quality of life in this multicenter trial of 216
patients. Furthermore, LV mass or LV diastolic volume index and
PA systolic pressure were unchanged with treatment as assessed
by cardiac MRI and echocardiogram, respectively. Renal function,
NT-proBNP, endothelin-1 and uric acid levels all increased in the
treatment group compared to control. Similarly, there were more
adverse vascular events and more patients in the treatment arm
who withdrew from the study, died, or were too ill for cardiopul-
monary testing [65]. The SIOVAC trial was a multicentric placebo
control trial of sildenafil in patients with PH-LHD secondary to
valvular heart disease. Enrolled patients had persistent PH with
mPAP > 30 mmHg but had undergone surgical correction of valvu-
lar heart disease>1 year prior to enrollment in the study. Pa-
tients were randomized to receive 40 mg sildenafil three times a
day for 6-months. Patients in the sildenafil group more frequent
demonstrated a decline in the clinical composite score compared
to the placebo group. The sildenafil arm also had an increase in
major clinical events and hospitalizations due to heart failure at
six months post randomization. The study included both patient
with Cpc-PH (57%) and Ipc-PH. This study reinforces the risk as-
sociated with the use of sildenafil in patients with PH-LHD and
supports the current clinical recommendations against the use of
PDE-5i in patients with PH-LHD [66]. While the efficacy of PDE5i
in PH-HFpEF, including specific hemodynamic phenotypes, remains
unanswered by these studies it seems unlikely that such studies
will be undertaken given the negative results seen to date.

Borlaug and colleagues conducted a double-blind, randomized,
placebo-controlled trial to study the acute cardiopulmonary hemo-
dynamic effects of inorganic nitrite infusion. All patients enrolled
had HFpEF, as defined by ejection fraction on echocardiogram and
right heart catheterization. By PVR, patients enrolled in this trial
primarily manifested the Ipc-PH phenotype with average baseline
PVR of 2.3 mmHg. Nitrite infusion reduced RA pressure, PAWP, and
PA pressure at rest and with exercise. The reduction in the exer-
cise mPAP was strictly dependent on the reduction of the PAWP
which was more than 2-fold greater with exercise than at rest.
Nitrite administration increased VO2 and cardiac output at peak
exercise, secondary to an increase in stroke volume and left ven-
tricular stroke work [60]. A follow up study conducted by Borlaug
demonstrated the hemodynamic benefits of inhaled sodium ni-
trite for PH-HFpEF. Participants were randomized to either placebo
or inhaled nitrite and underwent baseline RHC with exercise be-
fore and after treatment. Of note, at baseline the patients who re-
ceived placebo had a higher average PVR 3.1 £+ 1.7 compared to the
patients who received inhaled nitrite 2.0+ 1.2. The primary out-

come of the study was PAWP. Patients with PH-HFpEF demon-
strated a significant increase in PAWP with exercise (20+6 to
34+ 7 mmHg). Patients treated with inhaled nitrite had significant
improvement in post-inhaled nitrite exercise PAWP (2545 ver-
sus 31+ 6 mmHg) [67]. However, in the multicenter INDIE-HFpEF
study, Borlaug and colleagues were unable to demonstrate any im-
provement in the primary endpoint of peak oxygen consumption
during cardiopulmonary exercise or the secondary endpoints in-
cluding activity level, quality of life score, or NT-proBNP in pa-
tients treated with three times a day inhaled sodium nitrite for
4 weeks [68]. Simon et al. further evaluated the safety and efficacy
of two doses of inhaled nitrite (45 and 90mg) in patients with
PH-HFpEF at rest, defined by a PAWP > 15 and TPG > 12 with an
LVEF > 40% and WHO functional class > I, when compared to pa-
tients with Group 1 and Group 3 PH. In this study, a single dose
of inhaled nitrite was effective at reducing RA pressure, PAWP, RV
systolic and diastolic pressure, and PA systolic, diastolic, and mean
PA pressure, with substantial improvement in PA compliance. Most
hemodynamic parameters were impacted in a dose dependent
manner. The effects of inhaled nitrite were most pronounced on
PAWP in patients with PH-HFpEF (reduction from 18 to 10 mmHg)
when compared to patients with Group 1 or Group 3 PH. In-
haled nitrite produced a more pronounced reduction in RA pres-
sure and PAWP than inhaled nitric oxide (iNO) [59]. These studies,
collectively, suggest the potential of inorganic nitrite supplementa-
tion as a viable therapy for PH related to HFpEF specifically with
promising data related to cardiopulmonary hemodynamics, al-
though improvements in clinical endpoints have not been demon-
strated to date. Furthermore, improved cardiopulmonary hemody-
namics after acute organic nitrite supplementation supports the
hypothesis that a reduction in NO bioavailability is, mechanisti-
cally, the underpinning of PH-HFpEF development.

The DILATE trial assessed the acute hemodynamic effects of a
single dose of the riociguat, a sGC stimulator, in PH-HFpEF. Patients
in the placebo group, 0.5 mg, and 2 mg Riociguat group had base-
line TPG > 12 mmHg with an average TPG of 11.7 mmHg in the 1 mg
Riociguat group. The primary outcome of change in mPAP from
baseline at 6 hours after drug administration was not achieved.
Similarly, there was no significant change in TPG or PVR. How-
ever, there was a significant increase in stroke volume and car-
diac index. SVR, mean arterial pressure, and systolic blood pres-
sure were all significantly reduced in the treatment arm [69]. An-
other sGC stimulator, vericiguat, has completed a phase II trial in
HFpEF, the SOCRATES-PRESERVED trial. Participants received one
of four possible doses of vericiguat or placebo for 12 weeks. The
primary outcomes were the change from baseline in N-terminal
pro-B-type natriuretic peptide (NT-proBNP) or the left atrial vol-
ume. At 12 weeks, there was no significant change in the primary
endpoints when comparing the placebo to the three pooled high-
est doses of vericiguat. A secondary analysis demonstrating an im-
provement in NT-proBNP at the highest dose of vericiguat (10 mg)
coupled with improvements in patient-reported outcomes at the
two highest doses of vericiguat and echocardiographic mitral e’ ve-
locity has led to the pivotal VICTORIA trial in HFrEF [70].

Collectively, the clinical trials that have focused on the Nitrite-
NO-sGC-cGMP pathway have included patients with both Ipc-PH
and Cpc-PH. Initial trials with sildenafil were promising but the
results have not been reproducible in subsequent trials focusing
on either Ipc-PH or Cpc-PH. The most promising hemodynamic re-
sponse to drug therapy to date was seen in work performed by
Borlaug with intravenous and subsequently inhaled sodium nitrite.
The hemodynamic improvement seen in these trials seems related
to an improvement in PAWP, leading to improvements in PA com-
pliance suggesting that nitrite may benefit these patients by re-
lieving the post-capillary disease and reducing the pulsatile load
on the RV.
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Molecular target #2: Endothelin receptors

Endothelin-1 (ET-1) is a potent endogenous vasoconstrictor
secreted by endothelial cells. In PAH, ET-1 is upregulated. Via En-
dothelin Receptor A and B (ET4R and ETgR), expressed on vascular
smooth muscle cells, ET-1 induces smooth muscle proliferation
and functions as a potent vasoconstrictor. Bosentan and maci-
tentan are endothelin receptor antagonists that target both ETAR
and ETgR whereas ambrisentan selectively targets ETpR (Fig. 4)
[71,72]. Higher levels of ET-1 have been reported in patients with
HFpEF when compared to controls (2.61+0.81 versus 1.74+0.52
pg/mL; P<0.001) which demonstrate a positive correlation with
pulmonary artery systolic pressure [71]. Recent work by Meoli
and colleagues specifically measured transpulmonary ratio of
biomarkers including cAMP, cGMP, and ET-1 in patients with pul-
monary arterial hypertension, without pulmonary hypertension,
and patients with PH-LHD. PH-LHD was further subdivided into
the Cpc-PH (PVR >3 and TPG > 12 mmHg) and Ipc-PH phenotype.
The transpulmonary ratio of cAMPK and cGMPK is unchanged in
all patient populations and subpopulations. The transpulmonary
ratio of ET-1 was elevated only in the subset of patients with Cpc-
PH and this was driven by an elevated pulmonary artery wedge
ET-1 rather than a reduced PA ET-1 level. Pulmonary artery wedge
ET-1 was correlated with elevated PAWP only in patients without
pulmonary hypertension and the use of acute fluid challenge to
increase PAWP failed to increase wedge ET-1. This suggests that
neither PAWP elevation alone nor acute changes in PAWP are suffi-
cient to drive the elevated wedge ET-1. In Cpc-PH only, pulmonary
artery wedge ET-1 is strongly correlated with an elevated PVR
(r=0.83). Transpulmonary ET-1 is not correlated with PVR. Cumu-
latively, this suggests that pulmonary artery wedge ET-1 and direct
pulmonary vascular exposure to ET-1 may be involved in the de-
velopment of Cpc-PH. Patients in the Cpc-PH and Ipc-PH group had
comparable PAWP questioning the dogma that the pathobiology
of Cpc-PH develops as a sequela of chronically elevated LV filling
pressures. An identical PAWP between the Cpc-PH and Ipc-PH
groups also refutes that pulmonary artery wedge ET-1 elevation is
a secondary manifestation of elevated wedge pressure. These data
hint to patient specific factors which increase pulmonary artery
ET-1 production or reduce ET-1 clearance chronically coupled with
pulmonary vascular hyperactivity to ET-1 [73].

Pre-clinical trials targeting Endothelin receptors

C57BL/6] male mice were administered chronic aldosterone for
4-weeks duration to induce HFpEF. Four groups were studied in-
cluding (1) normal chow, (2) HFpEF with normal chow, (3) sham
with chow containing macitentan, (4) HFpEF with chow containing
macitentan. Total wall thickness, relative wall thickness, and pos-
terior wall thickness were significantly decreased with macitentan
administration, independent of body weight, blood pressure, and
heart rate. Fulton index was unchanged between sham and maci-
tentan treated animals. Macitentan treatment reduced cardiomy-
ocyte size and decreased brain natriuretic peptide mRNA expres-
sion. Pre-treatment with macitentan reduced aldosterone-induced
cardiomyocyte hypertrophy. Mechanistically, this may be related
to increased mef2a expression that is observed in adult rat ven-
tricular myocytes which are aldosterone-stimulated. Macitentan
pre-treatment eliminates this increased mef2a expression. In this
mouse model, macitentan abrogated cardiac collagen deposition by
normalizing levels of transforming growth factor-beta and collagen
type-1 mRNA in the LV. Collectively, these pre-clinical data suggest
that endothelin receptors may be an effective therapeutic target for
PH associated with HFpEF [71].

Clinical trials targeting endothelin receptors

MELODY-1 was a small pilot study evaluating macitentan in
patients with LHD and was the first randomized control trial to
evaluate the use of an ERA in patients with Cpc-PH. A total of
63 patients were randomized to drug or placebo for 12 weeks.
The primary outcomes were fluid retention or worsening of New
York Heart Association (NYHA) functional class. Fluid retention and
worsening functional class occurred more frequently in the maci-
tentan treated arm. There was no change in hemodynamic parame-
ters including PVR, mPAP, or PAWP at 12 weeks [74]. The BADDHY-
Trial evaluated the efficacy of 12 weeks of the ERA bosentan in
patients with PH-HFpEF with the Cpc-PH phenotype as defined
by an elevated TPG and PVR in both the treatment and placebo
arm. 6MWT, echocardiogram, and laboratory data were collected
at the start of the drug, at drug completion, and after an ad-
ditional 12 weeks of monitoring without drug (week 24). There
was no improvement of 6GMWT or echocardiographic evaluation of
pulmonary hypertension with drug and, in fact, patients treated
with bosentan had worse clinical outcomes than those who re-
ceived placebo [75]. Despite data implicating elevated pulmonary
artery wedge ET-1 in the development of Cpc-PH, neither the
MELODY-1 or the BADDHY trial demonstrate any success in uti-
lizing ERAs as a therapeutic drug class for patients with PH-HFpEF
[73]. The inconsistency between ET-1 elevations as a possible cause
of Cpc-PH and the clinical failure of drugs that target the endothe-
lin receptors requires further investigation and ongoing clinical
trials.

Clinical consensus

According to the 2009 ACCF/AHA and 2015 ESC/ERS Guidelines,
there remains no clinical consensus on the treatment of PH-HFpEF
[3,76]. Given the failure of these therapies to reliably achieve pri-
mary clinical outcomes and the often adverse effects experienced
by patients initiated on pulmonary vasodilators, it is currently not
recommended to initiate pulmonary vasodilators in patients diag-
nosed with PH-HFpEF.

Future trials

Clinical trials are currently ongoing examining treprostinil
(United Therapeutics), a prostacyclin analogue which is FDA ap-
proved for use in PAH, for use in PH-HFpEF. SOUTHPAW is a
double-blind placebo-controlled multicenter study to evaluate drug
safety and efficacy with the primary outcome of 6MWT and
secondary outcomes including changes in NT-proBNP, change in
functional class, and time to clinical worsening (clinicaltrials.gov
NCT03037580). SERENADE, a phase 2 clinical trial of macitentan
(Actelion) is also ongoing in HFpEF exploring NT-proBNP as the
primary outcome (clinicaltrials.gov NCT03153111). An oral formula-
tion of nitrite is also being studied in PH-HFpEF (clinicaltrials.gov
NCT03015402) and studies of therapies targeting metabolism in
PH-HFpEF (clinicaltrials.gov NCT03629340), as well as the calcium
sensitizer levosimendan (clinicaltrials.gov NCT03541603) are being
planned.

Conclusions

The morbidity, mortality, and healthcare costs secondary to PH
related to HFpEF continue to climb at an alarming rate. Our under-
standing of the pathophysiology and therapy of this disease lags
behind other, less common types of pulmonary hypertension. To
date, there have been numerous failed clinical trials attempting to
repurpose drugs currently used for the treatment of PAH for use in
PH-HFpEF, potentially related to different endo-phenotypes within
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the HFpEF population. Additional preclinical and clinical trials are
needed to better understand this disease process and identify ad-
ditional therapeutic options for patients with PH-HFpEF.
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