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Abstract Over 2.5 million patients in the USA suffer
from heart failure with preserved ejection fraction
(HFpEF), and pulmonary hypertension (PH) is present in
the majority of these patients. PH represents an adverse
prognostic factor in HFpEF and has been identified as a
potential therapeutic target to improve symptoms and
outcomes. The recognition and investigation of a subset of
patients with superimposed pulmonary vascular disease (on
top of pulmonary venous hypertension) has led to further
subclassification of PH due to left heart disease (PH-LHD)
into two categories: isolated post-capillary PH and com-
bined post- and pre-capillary PH (CpcPH). In this review,
we (1) describe the evolution of the diagnostic criteria of
PH-LHD; (2) identify the diagnostic modalities that can be
utilized for the identification of patients with CpcPH-
HFpEF; (3) review the literature on the prevalence, clinical
characteristics, and prognostic factors of CpcPH-HFpEF;
(4) discuss recent and ongoing clinical trials investigating
the effectiveness of selective pulmonary vasodilators in
PH-LHD; and (5) propose future areas for further investi-
gation of the etiology and pathophysiological mechanisms
contributing to the development of CpcPH and highlight
important considerations in the design of future trials to
promote better characterization of this clinical entity.
CpcPH-HFpEF is a distinct subset within HFpEF and one
that may respond to targeted therapeutics.
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Abbreviations
CpcPH Combined post- and pre-capillary pulmonary
hypertension

DPG Diastolic pulmonary gradient

HFpEF Heart failure with preserved ejection fraction

mPAP Mean pulmonary artery pressure

PADP Pulmonary artery diastolic pressure

PAH Pulmonary arterial hypertension

PASP Pulmonary artery systolic pressure

PCWP Pulmonary capillary wedge pressure

PH-LHD Pulmonary hypertension due to left heart
disease

PH Pulmonary hypertension

PVR Pulmonary vascular resistance

RVOT Right ventricular outflow tract

Introduction

Over 650,000 new cases of heart failure (HF) are diagnosed
each year, and the prevalence of HF is estimated to be 5.1
million in the USA [1, 2]. HF with preserved ejection
fraction (HFpEF) represents 50 % of all HF cases [3].
Patients with HFpEF have been characterized as older,
more often female, and obese with higher rates of hyper-
tension and atrial fibrillation in comparison with patients
with HF with reduced ejection fraction (HFrEF) [4]. As the
population ages and the obesity and diabetes epidemics
advance, HFpEF will become increasingly common. Paired

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10741-015-9523-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10741-015-9523-6&amp;domain=pdf

286

Heart Fail Rev (2016) 21:285-297

with the sobering fact that effective evidence-based treat-
ments for HFpEF have not yet been clearly identified,
HFpEF represents a major therapeutic challenge and public
health burden.

Pulmonary hypertension (PH) is a highly prevalent
comorbidity in patients with HFpEF, a finding that has
been demonstrated in several different patient populations
and clinical settings. Non-invasively, in the first commu-
nity-based investigation of PH in HFpEF (PH-HFpEF),
Lam et al. [5] found a PH prevalence of 83 % as evidenced
by elevated pulmonary artery systolic pressure
(PASP > 40 mmHg) on echocardiography. Invasively,
Gerges et al. [6] reported a 54.4 % prevalence of PH (de-
fined as mean pulmonary artery pressure >25 mmHg)
among patients with HFpEF undergoing initial diagnostic
right heart catheterizations at a tertiary referral center in
Vienna, Austria.

Given its prevalence, it is of particular importance that
PH is associated with worse outcomes in HF. In a substudy
of the EchoCardiography and Heart Outcome Study
(ECHOS), elevated right ventricular systolic pressure on
echocardiography was an independent predictor of both
short- and long-term mortality in HF patients with reduced
or preserved ejection fraction followed for a mean of
2.8 years [7]. Similarly, in a community-based HFpEF
population with a median PASP of 48 mmHg on
echocardiography, patients with PASP > 48 mmHg had
significantly worse survival compared to those below the
median value. Elevated PASP was found to be a strong
adverse prognostic factor on unadjusted and adjusted
analyses [5]. Increased rates of hospitalization have also
been noted in patients with PH-HFpEF [8].

With regard to management of HFpEF, clinical trials
investigating the efficacy of beta blockers [9], angiotensin-
converting-enzyme inhibitors [10], and angiotensin recep-
tor blockers [11, 12] in HFpEF were found to be negative
despite their success in HFrEF. Future treatment of HFpEF
may benefit from targeted therapy of pathophysiological
abnormalities in these patients instead of a “one-size-fits-
all approach” [13]. While PH is common in HFpEF, likely
due to passive venous congestion in the setting of elevated
left atrial pressure [14, 15], a smaller number of patients
with PH-HFpEF have evidence of pulmonary vascular
disease (i.e., combined post- and pre-capillary PH [CpcPH]
[16]), and these patients specifically may benefit from
therapies that improve pulmonary vascular function.

The purpose of this review is to discuss the types of PH
associated with HFpEF with a specific focus on CpcPH,
previously referred to as “reactive” or “out-of proportion”
PH. The diagnostic criteria for CpcPH continue to evolve
as new diagnostic modalities are investigated and vali-
dated. Targeted therapies based in part on the successful
interventions in PAH have been proposed in CpcPH, and
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several trials are ongoing. Besides providing data on the
efficacy of therapies for CpcPH, it is hoped that these
ongoing and future clinical trials, along with clinical and
epidemiological studies, will further inform the many
questions that remain unanswered in the realm of CpcPH
and HFpEF.

Classification of pulmonary hypertension
in HFpEF

The World Health Organization (WHO) Group 2 PH cat-
egory (PH due to left heart disease) is subclassified into 3
broad etiologies: left ventricular systolic dysfunction, left
ventricular diastolic dysfunction, and left heart valvular
dysfunction [17-19]. The predominant manifestation of the
pathophysiological mechanisms underlying these three
etiologies is elevated left-side filling pressure (i.e., left
atrial pressure). Sustained elevations in left atrial pressure
cause passive pulmonary venous congestion with elevation
of pulmonary pressures [20]. This accurately describes the
mechanism behind PH-HFpEF in the majority of patients.
The post-capillary PH caused by elevated left atrial pres-
sures has been defined in hemodynamic terms as a mean
pulmonary artery pressure (mPAP) >25 mmHg, a pul-
monary capillary wedge pressure (PCWP) >15 mmHg, and
a transpulmonary gradient (TPG [=mPAP — PCWP])
<12 mmHg. In post-capillary PH, pulmonary vascular
resistance (PVR [=TPG/cardiac output]) is typically <3.0
Wood units indicating the absence of pulmonary vascular
remodeling or disease [19].

In WHO Group 2 PH, it is now well recognized that a
subset of these patients appear to have evidence of intrinsic
pulmonary vascular disease with elevations in pulmonary
pressures that cannot be solely attributed to passive venous
congestion. A histological study of the effects of chronic
HF on the pulmonary vasculature (primarily in patients
with HFrEF) demonstrated that sustained elevations in left-
sided pressures resulted in pathologic changes of the pul-
monary arteries characterized by medial hypertrophy,
intimal fibrosis, and derangements of elastic fibers [21]. In
some patients with WHO Group 2 PH, transmission of
venous congestion to the pulmonary capillaries resulting in
leakage and damage creates an obstructive vasculopathy
such that higher pulmonary pressures are needed to sustain
forward flow. Initially, vascular tone may increase, with
adequate response to pulmonary vasodilators. However,
over time, remodeling occurs, thereby reducing vasodilator
responsiveness [17]. Initially, these alterations in pul-
monary pressures, thought to reflect the development of a
“pre-capillary” component of PH, were characterized
diagnostically by a TPG > 12 mmHg and/or PVR > 3.0
Wood units [17, 19]. Recently, the utility of these measures
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to distinguish between post-capillary and post-capillary
plus pre-capillary PH has been called into question.

In an invasive study of the prevalence of pulmonary
vascular disease in HFpEF (n = 293), we found that while
PH (defined as mPAP > 25 mmHg) is very common
(>75 % prevalence), only 18 % had an elevated PVR [22].
On further inspection of these patients, however, it became
clear that the high TPG component of the PVR was being
driven by an elevated PASP and high PA pulse pressure.
Thus, it appears that in elderly patients with HFpEF, a
similar type of systolic hypertension occurs in both the
systemic and pulmonary vasculatures. Based on anecdotal
clinical experience, it is also apparent that the presence of
intrinsic pulmonary vascular disease is quite uncommon in
HFpEF. Indeed, in our study we found that the diastolic
pulmonary gradient (DPG [=pulmonary artery diastolic
pressure (PADP) — PCWP]), a sign of intrinsic pulmonary
vascular disease, was only elevated (=7 mmHg) in 7.5 %
of patients with HFpEF.

In a retrospective study of patients with HFrEF, Gerges
et al. [23] investigated the clinical relevance and prognostic
significance of the DPG in patients with PH due to left heart
disease. These authors demonstrated that in patients with
mPAP > 25 mmHg, PCWP > 15 mmHg,
TPG > 12 mmHg, and DPG > 7 mmHg, DPG was associ-
ated with more advanced pulmonary vascular remodeling and
worse median survival compared to those with a
DPG < 7 mmHg. Naeije et al. [24] highlight the fact that TPG
is sensitive to pulsatile load and changes in cardiac output and
describe several clinical scenarios in which TPG would be
considered to be inappropriately elevated or inappropriately
normal. These authors conclude that TPG may not accurately
identify patients with a “pre-capillary” component and pro-
pose the use of the DPG as a better indicator of intrinsic pul-
monary vascular disease in the setting of left heart disease.
DPG is not sensitive to factors such as pulsatile load and
cardiac output, and a DPG > 5 mmHg in the context of the
clinical algorithm presented by Naeije and colleagues is
superior to TPG for the diagnosis of post-capillary PH with a
pre-capillary component [24].

Based on the sensitivity of TPG and PVR to flow and
filling pressures, and an initial promising study on DPG, an
expert consensus statement was developed to redefine PH
due to left heart disease (PH-LHD). In this consensus
statement by Vachiéry et al. [16], two types of PH-LHD
were defined: isolated post-capillary PH (IpcPH
[PCWP > 15 mmHg and DPG < 7 mmHg]) and com-
bined post-and pre-capillary PH (CpcPH
[PCWP > 15 mmHg and DPG > 7 mmHg]). Based on
these recommendations, terms such as “reactive” or “out
of proportion” PH have become obsolete. Recognizing the
paucity of evidence on DPG in this context, further
investigation of the diagnostic and prognostic value of

DPG was encouraged by the authors. As defined, CpcPH
identifies a subset of patients with intrinsic pulmonary
vascular disease, which, not unlike pulmonary arterial
hypertension (PAH), may be responsive to selective pul-
monary vasodilators.

It should be noted that the most recent 2015 European
Society of Cardiology PH guidelines state that either
DPG > 7 mmHg or PVR > 3 Wood units can be used to
diagnose CpcPH [25]. However, based on the reasons
outlined above, we believe that DPG alone should be used
for the diagnosis of CpcPH-HFpEF.

Epidemiology and clinical characteristics
of CpcPH and HFpEF

The diastolic dysfunction that characterizes HFpEF and leads to
elevated left-sided filling pressures can also result in the devel-
opment of CpcPH in a subset of HFpEF patients. In a well-
characterized prospective HFpEF cohort of 293 patients with
invasive hemodynamic data, the prevalence of CpcPH was
determined to be 7.5 % [22]. In this cohort, CpcPH was asso-
ciated with male gender, worse New York Heart Association
class, chronic obstructive pulmonary disease, elevated B-type
natriuretic peptide, abnormal pulmonary function tests (includ-
ing low diffusing capacity of carbon dioxide), multiple right
ventricular (RV) abnormalities on echocardiography, and
notching on pulse-wave Doppler of the RV outflow tract. A
study of the epidemiology and predictors of CpcPH in both
HFrEF and HFpEF demonstrated a similar prevalence of 12 %
CpcPH in each group, respectively [6]. Independent predictors
of CpcPH-HFpEF on multivariable analysis included age
(<77 years; Youden index 0.3; AUC of 0.65), valvular heart
disease, and tricuspid annular plane systolic excursion/pul-
monary artery systolic pressure (TAPSE/PASP) on echocar-
diography of <0.31 mm/mmHg (Youdenindex 0.5, AUC 0.81).

Although additional studies are needed to further char-
acterize CpcPH-HFpEF and the way in which it differs
from isolated pulmonary venous hypertension in HFpEF,
these initial studies provide insight into relevant differ-
ences among these groups. Furthermore, it should be noted
that while CpcPH appears to be relatively uncommon in
HFpEF, the overall prevalence of CpcPH-HFpEF is likely
to be much higher than WHO Group 1 PAH given the very
high prevalence of HFpEF in the general population (>2.5
million in the USA alone).

Diagnostic modalities
Table 1 lists the prevalence and diagnostic criteria of the

various forms of PH in the setting of HFpEF, with a
comparison to WHO Group 1 PH. Emphasis on
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Table 1 Prevalence and diagnostic criteria of HFpEF pulmonary hypertension subgroups compared to WHO group I PAH

Isolated HFpEF (no PH)

Estimated prevalence in the USA ~ 500,000
Diagnostic criteria
Mean PA pressure (mm Hg) <25
PCWP (mm Hg) >15

DPG (mm Hg)

HFpEF-PVH HFpEF-CpcPH WHO Group 1 PAH
~2.2 million ~225,000 ~5000
>25 >25 >25
>15 >15 <15
<7 >7 >7

PH pulmonary hypertension, PA pulmonary artery, PAH pulmonary arterial hypertension, PVH pulmonary venous hypertension, CpcPH
combined post- and pre-capillary pulmonary hypertension, PCWP pulmonary capillary wedge pressure, DPG diastolic pulmonary gradient

standardization and validation of diagnostic criteria will
help to identify a more uniform patient population with
CpcPH-HFpEF. HFpEF is a heterogeneous syndrome with
multiple pathophysiological mechanisms that can con-
tribute to its development [26]. The 2013 ACC/AHA
guidelines for the management of HF now specifically
define an ejection fraction of >50 % as the cut point for
HFpEF [1]. This definition will help to reduce the vari-
ability in ejection fraction reported among different studies
and clinical trials in patients with HFpEF. The consensus
statement on PH-LHD also provides uniform terminology
and diagnostic criteria for analysis going forward. Creating
uniformity in terminology and definitions will help to focus
efforts and results on identifying the true difference in
pathological mechanisms underlying CpcPH-HFpEF from
other forms of HFpEF and PAH. In the sections below, we
describe several diagnostic modalities that help diagnose
CpcPH-HFpEF.

Cardiac catheterization

The definition for CpcPH is based on invasive hemody-
namic parameters determined by cardiac catheterization,
which is the gold standard for the diagnosis of PH [16]. The
choice to use DPG as a diagnostic parameter has certain
limitations with regard to the potential for technical errors
in the measurement of the PCWP and PADP. Studies have
reported negative DPG values both recently [27] and his-
torically [28] which physiologically should not occur at
end-diastole and are the result of technical errors (errors
either in the pressures themselves or in the interpretation of
the waveforms). Measurement of the PADP can be sensi-
tive to motion artifact depending on the catheter type used,
and variations in the method (digitized, cycle averaged or
end-expiratory) of measurement of the PCWP also produce
errors [27, 29]. Current guidelines recommend the mea-
surement of PCWP at end-expiration to standardize mea-
surements and avoid underestimation due to changes in
intrathoracic pressure, but most digitized measurement
systems are unable to perform this task [30].
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Exercise hemodynamics can also help differentiate
CpcPH from those with isolated pulmonary venous
hypertension. In patients with HFpEF who undergo right
heart catheterization, we routinely perform supine bicycle
exercise testing. As shown in Fig. 1, during exercise a
patient with CpcPH-HFpEF will have a disproportionate
rise in PA pressure compared to PCWP (i.e., PASP, PADP,
and mPAP will all rise to a much steeper extent compared
to PCWP), whereas patients with isolated HFpEF will have
parallel rises in PA pressures and PCWP.

Echocardiography

Comprehensive echocardiography, with Doppler and tissue
Doppler imaging, is an important noninvasive tool that can
provide several diagnostic clues for CpcPH and is optimal
for screening purposes [17]. A PASP > 35 mmHg as
detected by Doppler echocardiography can indicate the
presence of PH. Increases in PASP occur with normal
aging and with obesity; thus, these factors should be taken
into account when interpreting the clinical relevance of
elevated PASP on echocardiography [31]. Although
echocardiography can be useful, there are certain limita-
tions with regard to PASP that should be noted. Determi-
nation of PASP on echocardiography is dependent upon
sufficient visualization of a TR jet. Some patients will lack
a TR jet, and thus, clinical suspicion of PH will have to
come from other sources. A study comparing the accuracy
of echocardiography versus right heart catheterization for
estimation of PASP in patients referred for suspected PH
found that despite a moderately strong correlation between
PASP on echocardiography and invasive hemodynamic
testing, echocardiography-derived PASP was inaccurate in
50.6 % of cases with discrepancies of up to 10 mmHg in
either direction [32]. Errors in echocardiographic estima-
tion of PASP can have important diagnostic and manage-
ment implications; thus, other forms of diagnostic testing
should be used to corroborate the echocardiographic esti-
mation of PASP. While right heart catheterization is con-
sidered the gold standard for diagnosis for measurement of
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Fig. 1 Exercise hemodynamics in heart failure with preserved
ejection fraction: isolated pulmonary venous hypertension versus
combined post- and pre-capillary pulmonary hypertension. Left panel
an example of invasive hemodynamics during exercise in a patient
with isolated PVH in the setting of HFpEF. Right panel an example of
invasive hemodynamic during exercise in a patient with CpcPH in the

hemodynamics, performing this test in all patients with
HFpEF may not be feasible or cost-effective. Fortunately,
the echocardiogram can provide ample additional clues
about the diagnosis of pre- versus post-capillary PH in the
patient with HFpEF.

The presence of pre-capillary pulmonary vascular dis-
ease can lead to derangements in RV function. Tricuspid
annular plane systolic excursion (TAPSE), a marker of RV
systolic function, has been shown to be an independent
predictor of outcomes in patients with HF [33]. Given that
PASP is also an important prognostic factor in HF, Guazzi
et al. [34] hypothesized that the TAPSE/PASP ratio would
be a marker for RV performance and provide enhanced
prognostic capability. In their study of patients with HFpEF
and HFrEF, these investigators demonstrated that a
TAPSE/PASP ratio <0.36 mm/mmHg was associated with
increased cardiac-related mortality in both groups. The
authors concluded that TAPSE/PASP ratio improved
prognostic resolution and may be a valuable index of the
RV length/force relationship. In a subsequent study by
Gerges et al. [6] that examined RV function in patients
with HF and PH, these investigators demonstrated that the
TAPSE/PASP ratio, validated against invasive hemody-
namics, was a predictor of CpcPH-HFpEF on univariate
and multivariate analyses. On receiver operating charac-
teristic analysis, a TAPSE/PASP ratio <0.31 mm/mmHg
was the ideal cutoff to identify CpcPH-HFpEF. Gerges
et al. also demonstrated that RV-pulmonary vascular
coupling was worse in patients with CpcPH, further high-
lighting the role of RV dysfunction as an adverse prog-
nostic indicator. Thus, the use of the TAPSE/PASP ratio
can aid in the identification of patients with CpcPH and
provide prognostic information.

CpcPH-HFpEF
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setting of HFpEF. In the patient with isolated PVH, PA pressure and
PCWP track together as cardiac output increases with exercise. In the
patient with CpcPH, PA pressure rises more steeply compared with
PCWP as cardiac output increases with exercise. The steeper slope of
PA pressure rise compared with PCWP is indicative of intrinsic
pulmonary vascular disease

Right ventricular outflow tract (RVOT) notching pat-
terns seen on pulse-wave Doppler echocardiography can
assist in further characterization of pulmonary vascular
disease and hemodynamic properties of PH. Arkles et al.
[35] examined the echocardiographic RVOT notching
patterns, invasive hemodynamics, and clinical data in 88
patients referred for PH and 32 patients with HFrEF and
PH. Notching patterns can be classified into three cate-
gories (Fig. 2): no notching (defined as a continuous flow-
velocity envelope); mid-systolic notching (defined as
notching in the initial two-thirds of the flow-velocity
envelope, with visualization of two distinct peaks); and
late-systolic notching (defined as notching within the
terminal third of the flow-velocity envelope, with visu-
alization of two distinct peaks). The notching pattern is
created by premature backward wave reflections of the
systolic pulmonary arterial wave as blood leaves the right
ventricle and enters the pulmonary vascular system [35].
Premature reflections are created when initial systolic
flow from the RV encounters vascular obstruction (in-
creased PVR, PA stiffening, or proximal obstruction); the
deceleration of forward flow caused by the reflected wave
creates a “notch.” The absence of notching was found to
be highly prevalent in patients with isolated post-capillary
PH. In contrast, mid-systolic notching was indicative of
significant right ventricular dysfunction, increased PVR,
and decreased pulmonary arterial compliance [35]. Thus,
examination of the RVOT pulse-wave Doppler may pro-
vide additional information about the presence of pul-
monary vascular disease and may assist with the diagnosis
of CpcPH-HFpEF. Arkles et al. also recommend addi-
tional studies to determine whether RVOT notching can
serve as a noninvasive predictor of response to pulmonary
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Fig. 2 Examples of right
ventricular outflow tract flow-
velocity envelope notching
profiles. Left panel normal
RVOT flow-velocity envelope
(pulse-wave Doppler tracing) in
a patient with isolated
pulmonary venous hypertension
in HFpEF; Middle panel late-
systolic notching in the RVOT
flow-velocity envelope in a
patient with mild-to-moderate
CpcPH-HFpEF; Right panel
mid-systolic notching in the
RVOT flow-velocity envelope
in a patient with severe CpcPH-
HFpEF

No notching
(continuous flow velocity
envelope)

vasodilator therapy, which may be especially useful in
patients with PH in the setting of HFpEF.

Besides RVOT notching, there are several additional
clues on echocardiography that help differentiate pul-
monary venous hypertension (e.g., HFpEF) from PAH, as
shown in Fig. 3. CpcPH-HFpEF falls on the spectrum
between isolated pulmonary venous hypertension and pure
PAH, as shown in Fig. 3. We have found both invasive
hemodynamic testing and echocardiography to be compli-
mentary tools that are essential in establishing the final
diagnosis in cases of CpcPH-HFpEF.

Treatment of CpcPH in patients with HFpEF

There are no current evidence-based guideline-recom-
mended targeted therapies for CpcPH in the setting of
HFpEF. Current management practices involve treatment
of the underlying disease and comorbidities that are asso-
ciated with CpcPH in an individual HFpEF patient. How-
ever, there are several ongoing investigations of targeted
therapies for CpcPH with the hope that these medications
will improve symptoms or outcomes in these patients.
The changes in the pulmonary vasculature attributed to
the development of CpcPH are similar to changes seen in
PAH. This has led to the hypothesis that selective pul-
monary vasodilators may improve symptoms and outcomes
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in patients with CpcPH-HFpEF. To date, several clinical
trials have been conducted to explore this hypothesis.
Therapies postulated to be effective for CpcPH in the set-
ting of HFpEF include prostacyclins, endothelial receptor
antagonists, phosphodiesterase type 5 (PDES) inhibitors,
ranolazine, and soluble guanylate cyclase (sGC) agonists.
Furthermore, several of these drugs have direct myocardial
effects and therefore have been studied in the setting of
generalized HFpEF or undifferentiated PH-HFpEF (with-
out specifically requiring the presence of CpcPH).

Initial studies of prostacyclins and endothelial receptor
antagonists in left heart disease focused on HFrEF, with
results that ranged from detrimental to no effect [36—40]. A
recent trial of riociguat, a soluble guanylate cyclase ago-
nist, in patients with PH-HFrEF did not meet the primary
outcome of a decrease in mPAP at 16 weeks [41]. How-
ever, riociguat was well tolerated and reductions in PVR
and improvements in quality of life were noted in patients
given the highest dose. SilHF, an ongoing study investi-
gating sildenafil versus placebo in PH-HFrEF, examines
the effect of PDES inhibition on the primary outcomes of
patient global assessment and 6-min walk test [42].

Table 2 summarizes ongoing and completed studies of
pulmonary vasodilators in HFpEF. In HFpEF, the nitric
oxide (NO)-sGC—cyclic guanosine monophosphate
(cGMP) pathway has been a major focus of investigation
both in isolated post-capillary PH (i.e., pulmonary venous
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Fig. 3 Echocardiographic and invasive hemodynamic differentiation
of pulmonary arterial hypertension, combined post- and pre-capillary
pulmonary hypertension, and isolated pulmonary venous hyperten-
sion. Left panel prototypical echocardiographic and invasive hemo-
dynamic findings from a patient with PAH. The RA and RV are
severely enlarged, and the LV and LA are small and underfilled. The
interatrial septum bows from right to left. On mitral inflow, E/A ratio
<1 because of underfilling of the LA and decreased compliance of the
LV due to extrinsic compression from the enlarged RV. The lateral e’
velocity and lateral E/e’ ratio are normal suggesting normal LV
relaxation and filling pressures. There is notching in the RV outflow
tract profile on pulse-wave Doppler imaging due to increased PA
stiffness. PCWP is normal, and the PADP-PCWP gradient is severely
increased. Right panel prototypical echocardiographic and invasive
hemodynamic findings from a patient with isolated PVH in the setting
of HFpEF. The LA is enlarged and the interatrial septum bows from
left to right. On mitral inflow, E/A ratio >1, lateral e’ velocity is
reduced, and lateral E/e’ ratio is increased, suggestive of grade 2
diastolic dysfunction with impaired LV relaxation and elevated LV
filling pressures. There is no notching in the RV outflow tract profile.
PCWP is elevated, and there is no gradient between the PADP and
PCWP. Note that although the RV in the right panel is not enlarged,

hypertension alone) and in CpcPH. The production of NO
is important for maintaining endothelial cell quiescence
and preventing endothelial dysfunction. Sildenafil, a PDES

mPAP = 60 mmHg, PCWP = 24 mmHg, CO =4 L/min
PADP-PCWP = 12 mmHg, PVR = 9 WU

Combined pre- and post-capillary PH

PULMONARY
VENOUS
HYPERTENSION
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PADP-PCWP = 0 mmHg, PVR = 2.5 WU
100

Pressure (mm Hg)
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Post-capillary PH

RV enlargement and dysfunction can be present in patients with
isolated PVH. Middle panel parameters helpful for differentiating
PAH from PVH on echocardiography and invasive hemodynamic
testing, and invasive hemodynamic findings in a patient with CpcPH
(elevated PCWP and PADP-PCWP gradient). It should be noted that
the most challenging patients are in this middle zone (CpcPH-
HFpEF), with echocardiographic findings that lie in the middle of the
prototypical examples of PAH and PVH shown here. In these patients,
careful evaluation of the echocardiogram and invasive hemodynamics
will be necessary for an accurate diagnosis. CpcPH combined post-
and pre-capillary pulmonary hypertension, E/A ratio of early to late
(atrial) mitral inflow velocities, E/e’ ratio of early mitral inflow
velocity to early diastolic mitral annular tissue velocity, CO cardiac
output, HFpEF heart failure with preserved ejection fraction, LA left
atrial, mPAP mean pulmonary arterial pressure, PADP pulmonary
artery diastolic pressure, PAH pulmonary arterial hypertension,
PCWP pulmonary capillary wedge pressure, PH pulmonary hyper-
tension, PVH pulmonary venous hypertension, PVR pulmonary
vascular resistance, RA right atrial, RV right ventricular, RVOT right
ventricular outflow tract. Modified with permission from McLaughlin
et al. [14] (Illustration by Sanjiv J. Shah, MD)

inhibitor that results in increased availability of cGMP, and
riociguat, an agonist of sGC (which generates increased
c¢GMP), have been the drugs investigated to modulate this
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: athway thus far (a next-generation sGC stim.ulator, veri-
ga § cpiguat is currently being studied in an ongoing Phase 2
T inical trial in HFpEF [43]).
% : ~§ Chlé(l:lzlzgililt lar; }[Ifélp] fou[nd ]t)hat PDES inhibition improved
% % .g active pulmonary vasodilation, RV .and PA h(?mod}lfna:;;
2 52 ics, LV and RV function, and qughty qf life 1phaHl;yEF
g £y study of sildenafil versus placebo in patlen.ts Wltﬁ1 elr)sus
3 ?E and PH (n = 44). The RELAX trial of sﬂdTna " vStudy
e g é Ag placebo in patients with .HFpEF wgs a larg o
E 35 : (n = 216) that did not specifically require the pres(eifld o
% ?@g PH. In RELAX, 24 weeks of sﬂ(%enaﬁl therapy did n !
=) Qé E result in the primary outcome of lmpl"OVf.id peak. OXyg;IO
% E é é E consumption on cardiopulmonary. GXEI’CIS(? test:slgl.mted
: S ?’“% 2 change in clinical status or exercise capacity w. noes
B é : é with sildenafil in RELAX. The pat.lent popula.mon.s lsed oo
23 5 g z; for these two trials and overall differences in trgflf encge :
g % ::é + N2 are likely significant contributing factors tc? the differences
g 22 f 2 g é in results. Importantly, the study by Guazzi and colleagués
"§ :: z E %D % E E included patients with significant PH and the megn DPG.m
: : § . r = % ; that study was in the 8-9 mmHg range; thus, pat'len‘ts.v‘wth
g é § E § é % g é CpcPH may be more likely to respond tf) PDE5 1nh1b1t10n_.
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E éﬁ trolled trial investigated the effect .Of a smglg-d}o;;e E?F
é T§*§ S riociguat versus placebo on change in mPAP in p
a o patients with isolated pulmonary venous .hypertenswnk
é g g % j There was no reduction in mPAP due to riociguat at anyt 1(1)
p g 2g % the investigational doses (0.5, 1, or 2 mg). However, the
53 3.33 2 mg maximal dose resulted in increased stroke Yolume
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o = E% cular resistance, and right ventricular end- 1a5f) " a_.
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: EF: %%E output and promoting systemic vasodllatlon(i ( Vie ua;
e 5EE e¢ favorable hemodynamic effects were noted an Ggoctfn it
E E i :T:’ é was well tolerated [45], but furthlgr st(lll(iées I(D)If_I sHFp]s5 ;
i 553 rs are necessary in PH-HFpEF and Cpc H-RFpEE.
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these studies specifically sought patients with CpcPH-
HFpEF.

Currently, there is only one Phase 2 clinical trial
(MELODY-1 [NCT02070991]) that is specifically focused
on CpcPH. The goal of the MELODY-1 trial, which is
currently still enrolling patients, is to evaluate the safety
and tolerability of macitentan 10 mg in patients with
CpcPH (associated with either HFpEF or HFrEF). Sec-
ondary outcomes include changes in various hemodynamic
and echocardiographic variables.

A translational study investigating the role of ranolazine
in diastolic dysfunction in isolated RV myocardium from
patients undergoing cardiac transplantation found that
ranolazine decreased RV diastolic dysfunction by ~30 %
[46]. No negative ionotropic effects were noted. Ranola-
zine has already been FDA approved for anti-anginal
indications. In a small pilot study, we found that ranolazine
improved RV function at peak exercise in patients with
WHO Group I PAH [47]. Thus, ranolazine may have a role
in improving RV function in CpcPH-HFpEF.

Prognosis

Overall prognosis of patients with HFpEF who have any
PH is poor compared to patients with HFpEF without PH.
Elevated PASP has been shown to be a strong independent
predictor of all-cause and cardiovascular mortality in
patients with HF [48]. Assessment of clinical, echocar-
diographic, and hemodynamic data from patients with PH-
HFpEF was used to create a mortality risk score, which was
validated in two independent PH-HFpEF cohorts [49]. Risk
factors associated with increased morality included dias-
tolic blood pressure <54 mmHg, PA saturation <55 %,
presence of ILD, hypotension (systolic blood pressure

<100 mmHg; diastolic blood pressure <70 mmHg), RV
hypertrophy on electrocardiography, diffusion capacity of
carbon monoxide <35 % of predicted, and serum crea-
tinine >1.4 mg/dL.

CpcPH-HFpEF is associated with higher rates of hos-
pitalizations [50] and worse survival, which may be
attributable to dysfunctional RV—pulmonary vascular cou-
pling [6]. In a recent study exploring the predictors of
mortality in CpcPH-HFpEF, Al-Naamani et al. [51]
demonstrated the superior prognostic ability of pulmonary
arterial capacitance over DPG, TPG, and PVR. PA
capacitance, defined by the ratio of stroke volume to PA
pressure, is a determinant of RV afterload; PA capaci-
tance < 1.1 ml/mmHg is associated with worse survival in
patients with HFpEF who have PH. In this study, patients
with CpcPH did not have worse survival compared to
patients with isolated pulmonary venous hypertension in
the setting of HFpEF. Whether the presence of CpcPH is

@ Springer

associated with worse survival in HFpEF has not yet been
fully established. However, regardless of its association
with outcomes, CpcPH is a marker for a unique patho-
physiology in patients with HFpEF and therefore may be a
specific target for therapeutic intervention.

Design of future epidemiology, clinical research,
and clinical trial studies in CpcPH-HFpEF

The clinical, laboratory, and echocardiographic character-
istics of the patient population represented by CpcPH-
HFpEF are still largely undefined. The true prevalence of
CpcPH in HFpEF is difficult to determine but has been
demonstrated to be ~12 % [6]. Future studies will be
needed to deepen our understanding of the pathophysio-
logical mechanisms, genetic contributions, neurohormonal
and vasoactive factors, and abnormalities in exercise and
gas exchange that are characteristic of this syndrome.

Given the relative rarity of CpcPH-HFpEF compared to
HFpEF overall, multicenter registries and observational
studies will be necessary to fully characterize the epi-
demiology, risk factors, and prognosis for CpcPH in
HFpEF. For example, derangements in RV—PA coupling
have been noted to play an important role in the prognosis
of CpcPH-HFpEF [6, 51]. Additional studies further char-
acterizing the deviations from the physiological relation-
ship that are seen in CpcPH may help to identify novel
therapies and may clarify patients who are particularly
responsive to certain therapies.

Currently, the diagnosis of CpcPH requires right heart
catheterization, which may not be feasible in a large
number of patients with HFpEF who may be reluctant to
undergo invasive hemodynamic testing. The development
of a noninvasive diagnostic risk score would greatly aid in
identifying patients who may be at increased risk or have
CpcPH-HFpEF and can be directed toward appropriate
clinical studies and trials. Determining the clinical,
echocardiographic, and exercise parameters that define
CpcPH-HFpEF could greatly increase the understanding of
this disease and identification of patients [6, 52]. An initial
noninvasive diagnostic strategy for CpcPH could greatly
decrease the demand and cost associated with cardiac
catheterizations for large-scale screening purposes in the
implementation of new clinical trials.

HFpEF is a heterogeneous syndrome, and the difficulty
identifying effective treatments is in part likely due to this
fact [13]. For CpcPH-HFpEF clinical trials, optimizing
patient selection, feasibility of recruitment, and use of
novel study techniques will likely be necessary. Efforts
should be made to carefully define selection criteria for
future CpcPH-HFpEF trials to optimize homogeneity
without sacrificing recruitment. The success of the
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CHAMPION trial with the use of CardioMEMs to monitor
pulmonary pressures presents a novel opportunity for
repetitive and frequent monitoring of changes in pul-
monary pressures over time, which may provide additional
insights into chronic pulmonary vascular changes or
response to therapy in CpcPH-HFpEF [50].

Why does CpcPH only occur in a subset of patients with
HFpEF? The cardiac and/or vascular substrate that pre-
disposes to CpcPH has not been identified. Genetic muta-
tions or alterations in the production of neurohormonal or
vasoactive factors may precipitate the development of
CpcPH. The lack of benefit from ACE inhibitors, angio-
tensin receptor blockers, and beta blockers and the rela-
tively frequent lack of B-type natriuretic peptide elevation
suggest the possibility that different molecular pathways
are being activated in HFpEF compared to HFrEF. Alter-
natively, the silencing of protective pathways could be
responsible for changes in the cardiac and vascular sub-
strate. Gene expression studies have provided invaluable
information about other diseases and may be equally
enlightening in CpcPH-HFpEF.

Exercise testing and measures of gas exchange may help
to further characterize the mechanisms underlying CpcPH
[52]. Additionally, it has been noted that sepsis and
tachycardia can induce elevations in DPG [53, 54]. An
enhanced understanding of the mechanisms leading to
elevations in DPG may provide additional insights in
CpcPH.

Conclusions

In summary, CpcPH in HFpEF represents a distinct clinical
entity that, while relatively uncommon, is more prevalent
than WHO Group I PAH and represents an important cause
of morbidity and mortality. Patients with CpcPH-HFpEF
appear to have a specific pathophysiological abnormality
(intrinsic pulmonary vascular disease) that may be able to
be targeted with specific therapies. Selective pulmonary
vasodilators may counteract the pulmonary vascular
changes associated with CpcPH and result in improved
symptoms and outcomes. However, additional studies are
needed to enhance the characterization of CpcPH in
HFpEF in order to improve the identification of these
patients, better understand their underlying pathophysiol-
ogy, and perform pivotal clinical trials to determine which
existing or novel therapies may provide benefit.
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