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Abstract: Pulmonary hypertension (PH) due to left heart disease is the most common etiology for PH. PH
in patients with heart failure with reduced fraction (HFrEF) is associated with reduced functional capacity
and increased mortality. PH-HFrEF can be isolated post-capillary or combined pre- and post-capillary
PH. Chronic elevation of left-sided filling pressures may lead to reverse remodeling of the pulmonary
vasculature with development of precapillary component of PH. Untreated PH in patients with HFrEF
results in predominant right heart failure (RHF) with irreversible end-organ dysfunction. Management of
PH-HFrEF includes diuretics, vasodilators like angiotensin-converting enzyme inhibitors or angiotensin-
receptor blockers or angiotensin-receptor blocker-neprilysin inhibitors, hydralazine and nitrates. There
is no role for pulmonary vasodilator use in patients with PH-HFrEF due to increased mortality in clinical
trials. In patients with end-stage HFrEF and fixed PH unresponsive to vasodilator challenge, implantation
of continuous-flow left ventricular assist device (cfLVAD) results in marked improvement in pulmonary
artery pressures within 6 months due to left ventricular (LV) mechanical unloading. The role of pulmonary
vasodilators in management of precapillary component of PH after cfLVAD is not well-defined. The purpose

of this review is to discuss the pharmacologic management of PH after ¢fLVAD implantation.
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Introduction

Pulmonary hypertension (PH) due to left heart disease
(PH-LHD), predominantly myocardial or valvular heart
disease, is the most prevalent etiologic classifier for PH.
PH in heart failure with reduced ejection fraction (HFrEF)
is associated with reduced functional capacity, increased
frequency of hospitalizations and increased mortality (1).
Right heart failure (RHF) is a predominant clinical feature
of HFrEF with secondary PH, and the presence of right

ventricular dysfunction (RVD) portends a poor prognosis
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(2,3). Irreversible end-organ dysfunction develops with
progression of RVD that can preclude advanced therapies
including the transition to long-term mechanical circulatory
support with a left ventricular assist device (LVAD).
Significant progress has been made in understanding
the pathophysiology, progression and consequences of PH-
HFrEF. The treatment strategies for PH due to HFrEF
include medical therapy targeting adequate diuresis and
volume management, systemic afterload reduction with
oral nitrates, angiotensin-converting enzyme inhibitors
or angiotensin- receptor blockers or angiotensin receptor
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blocker-neprilysin inhibitors, hydralazine and surgical
or percutaneous mitral valve interventions for functional
mitral regurgitation (MR) (4-6). The treatment of
PH-HFrEF with pulmonary vasodilators has yielded
disappointing results with heart failure(HF) exacerbation
and increased mortality using endothelin-receptor agonists
and prostacyclins (7). A signal towards improved functional
capacity and hemodynamics with phosphodiesterase 5
inhibitors (PDESi) in PH-HFrEF has been shown in small
single-center trials (8-12). Due to lack of strong clinical
data from multicenter randomized trials, PDES5i cannot be
recommended for management of PH-HFrEF.

Durable continuous-flow left ventricular assist devices
(cfLVAD) have changed the landscape for management
of patients with end-stage systolic heart failure (ESHF).
The improved survival rates with ¢cFLVAD has led to
the approval of these devices as a bridge to transplant
or destination therapy. In patients with ESHF who are
not candidates for heart transplantation due to lack of
reversibility of PH despite vasodilator challenge, cfLVAD
is known to reverse PH within 6 months of implantation
(13-19). The International Society for Heart Lung
Transplantation guideline update for heart transplant listing
suggests adding PDESi in patients with persistent PH after
LVAD (20).

cfLVAD unloads the left ventricle with a decrease in
LV end-diastolic pressure and volume, left atrial pressure,
and functional MR. The mechanical unloading of the LV
reduces the pulsatile load to the pulmonary circulation with
reduction in pulmonary artery (PA) pressures and PVR.
However, the optimal unloading of LV to achieve near
normalization of left-sided filling pressures and reversal
of PH while preventing loss of the interventricular septal
contribution to right ventricular (RV) function can be
challenging. In addition, patients may have persistent PH
despite adequate mechanical unloading due to coexistent
pulmonary disease and untreated obstructive sleep apnea.
Hence, a multifaceted and individualized approach for
management of PH after cfVLAD will prevent early and late
RHEF. In this review, we discuss the current knowledge gap
in the use of pulmonary vasodilators for the management of
PH after ¢fLVAD and rationale for their use.

Hemodynamic definition of PH-LHD

In 1958, Paul Wood proposed a hemodynamic classification
of PH and described the development of PH due to left
ventricular failure and valvular heart disease such as mitral
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stenosis as “passive” due to an increase in pulmonary venous
pressures (21). The most recent 6" World Symposium
on PH proposed hemodynamic definitions for PH due to
left-sided heart disease. Isolated post-capillary pulmonary
hypertension (IpcPH) was defined as mean pulmonary
artery pressure (mPAP) >20 mmHg, pulmonary capillary
wedge pressure (PAWP) >15 mmHg and PVR <3 wood
units (WU). Combined pre and post-capillary PH (CpcPH)
was defined as mPAP >20 mmHg, PAWP >15 mmHg and
PVR >3 WU (22).

PH-HFrEF: epidemiology and prognosis

The true estimates of PH in HFrEF are variable depending
on the severity of heart failure, variable definitions used
to define PH, presence of comorbidities, study era, and
noninvasive versus invasive methods of estimation of PA
pressures. Most studies did not differentiate IpcPH and
CpcPH.

The prevalence of PH in ambulatory patients with
HEFrEF by invasive hemodynamic monitoring is 40-70%
(3,23,24). CpcPH in ambulatory and hospitalized patients
with systolic heart failure is seen in approximately 40-50%
respectively (23,25). MR, diastolic dysfunction, and RVD
were significantly worse in CpcPH compared to IpcPH
(23,26). Older age, diabetes mellitus, and atrial fibrillation
were predictors of PH in an ambulatory cohort of HFrEF
patients referred for invasive hemodynamic monitoring.

The presence of PH and worsening of PA pressures
increase the risk of decompensated heart failure and cardiac
death by two-fold (24). Miller ez al. further prognosticated
PH in ambulatory systolic heart failure patients depending
upon the presence of precapillary component as defined by
PVR more than 3 WU. Mortality was higher in patients
with precapillary component compared to patients with
IpcPH and no PH. PVR >3.5 WU and pulmonary artery
compliance (PAC) <2 mL/mmHg identified patients with
highest mortality (23). Systolic heart failure patients with
vasodilator response to nitroprusside defined by a decrease
in PVR <2.5 WU without decrease in systolic blood pressure
had a 3-month mortality of 3.8% compared to 40% without
vasodilator response (27). The development of RHF due
to increased afterload imparted by pulmonary circulation
portends poor prognosis in patients with HFrEF (3).

Pathophysiology of PH in HFrEF

The pathophysiology of PH due to HFrEF involves a
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series of changes in pulmonary circulation driven by
chronic left atrial hypertension. In the initial stages of
systolic heart failure, elevated left-sided filling pressures
in response to exercise or volume overload may cause a
transient and passive backward transmission of pressures
to the pulmonary circuit with an increase in PA pressures
and without significant increase in PVR (28). The left
atrium serves a protective role, preventing excessive
transmission of elevated ventricular filling pressures and
volume to the pulmonary circulation. With the progression
of left ventricular systolic dysfunction (LVSD), left atrial
remodeling occurs with increased left atrial size and
stiffness, decreased contractility, and persistent left atrial
hypertension. Atrial arrhythmias that develop as a result
of elevated left atrial pressure and left atrial remodeling
exacerbate PH (7).

Acute rise in pulmonary venous pressure due to LVSD
can stress the pulmonary capillary circulation, breaching
the alveolar-capillary unit with resultant cardiogenic
pulmonary edema which may be reversible (29). The
alveolar-capillary stress fracture coined by West er 4/. due
to acute rise in pulmonary venous pressures can invoke
the release of growth factors, neurohormones, cytokines
that promote vascular remodeling in the long-term (30).
Also, chronically elevated left atrial pressures result in
pulmonary capillary and arteriolar remodeling with intimal
fibrosis, medial hypertrophy, and vascular smooth muscle
proliferation. With progression in pulmonary vascular
remodeling, endothelial dysfunction and pulmonary
vasoconstriction occurs with an increase in PVR and a
decrease in PAC (7). Hypoxia due to impaired gas exchange
from alveolar-capillary remodeling can result in pulmonary
vasoconstriction and an increase in PVR.

Pulmonary vascular endothelial dysfunction ensues
as a result of pulmonary vascular injury and remodeling
from chronically elevated left-sided filling pressures.
The pulmonary vascular endothelium plays a crucial role
in maintaining pulmonary vascular tone by releasing
vasodilator and vasoconstrictor mediators. Nitric oxide
(NO) pathway, endothelin system, prostacyclin (PGI,), and
endothelium-derived hyperpolarizing factor are important
pathways and mediators that regulate pulmonary vascular
tone. Studies in patients with systolic heart failure have
shown decreased NO bioavailability as a cause for PH
(31,32). Decreased substrate availability for NO production
(L-arginine) and/or dysregulated arginine metabolism
with an accumulation of methylated arginine metabolites
that inhibit endothelial nitric oxide synthase (eNOS) may
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be responsible for decreased NO production in congestive
heart failure (33). Endothelin-1, a potent vasoconstrictor
of the systemic and pulmonary circulation, is elevated in
patients with chronic systolic failure (34,35). Elevated plasma
endothelin 1 (ET-1) levels correlated with the severity
of systolic heart failure and portend poor survival (35).
Plasma ET-1 concentrations in the pulmonary circulation
positively correlated with PVR in patients with systolic
heart failure signifying the role of vasoconstrictor peptide
in the pathogenesis of PH in systolic heart failure (36).
Tumor necrosis factor-alpha, elevated in chronic systolic
heart failure, has been shown to increase plasma ET-1
concentrations (37,38). Also, the downregulation of
endothelin B receptors (promotes clearance of ET-1) and
upregulation of endothelin A receptors tip the balance
towards pulmonary vasoconstriction (39). ET-1 increases
the production of growth factors and thereby promotes
adverse pulmonary vascular remodeling by increasing
smooth muscle proliferation and collagen deposition (40).
The natriuretic peptide (NP) system in chronic systolic
heart failure plays an important role in opposing the
maladaptive compensatory mechanisms of the sympathetic
nervous system and Renin-Angiotensin systems activated
in chronic systolic heart failure. NP has vasodilatory,
natriuretic, and antiproliferative actions. Despite the increase
in NP levels in chronic systolic heart failure, the response
is blunted due to decreased levels of active brain natriuretic
peptide (BNP) fragments from increased clearance and
enzymatic degradation, increased levels of ET-1, decreased
NP receptors (NPR) and desensitization (41). Animal models
have shown the vasodilatory effects of NP in the pulmonary
circulation and the lack of NPR-A in the pathogenesis
of PH. Natriuretic peptides also exhibit smooth muscle
antiproliferative properties, thereby preventing adverse
pulmonary vascular remodeling. The antiproliferative
effects of NPR-C signaling to prevent adverse pulmonary
vascular remodeling has also been demonstrated in animal
studies (42). Furthermore, NO-soluble guanylate cyclase
and NP-particulate guanylate cyclase signaling act in
concert to maintain vascular tone.

Right ventricle failure in HFrEF

The RV is a thin-walled, crescent-shaped chamber that is
embryologically different compared to the left ventricle
(LV) and can adapt to volume overload better than pressure
load. The energy expenditure of RV to maintain cardiac
output is one-fifth of the LV because pulmonary vasculature
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is a highly compliant and low-pressure circuit (43).
RV contractility is maintained through contraction of the
free wall, LV, and interventricular septum. LV contraction
contributes to 20-40% of the RV contractility, and
the interventricular septum plays an important role in
maintaining RV cardiac output, especially when RV free
wall may be diseased (44,45). RV systolic function in
HFrEF may be significantly impaired with decreased LV
contractility and further impairs LV preload.

The RV is often the ignored ventricle in prognostication
of ischemic and nonischemic dilated cardiomyopathies.
RVD in dilated or ischemic cardiomyopathies may occur
due to increased afterload to the RV or primary myopathic
process affecting the RV or combination of both. In
nonischemic dilated cardiomyopathies, the primary
myopathic process can affect both ventricles. Genetic
and acquired cardiomyopathies like arrhythmogenic
cardiomyopathy (AC) and sarcoidosis, respectively may have
isolated RV or Biventricular involvement with predominant
RVD (46). With the progression of chronic systolic heart
failure, RVD may predominate with resultant irreversible
liver and renal dysfunction (47). Assessment of RV systolic
and diastolic function and RV afterload is fraught with
limitations of echocardiographic assessment due to RV
anatomy, interobserver variability, snapshot assessment
of hemodynamics by right heart catheterization, lack of
widespread use of cardiac magnetic resonance imaging and
uniform definition of RHE.

RV function as assessed by right ventricular ejection
fraction (RVEF) at rest and exercise is an independent
predictor of survival, functional capacity, and need for
inotropes or mechanical circulatory support (48-50). In a
cohort of 423 patients with HFrEF and no coronary artery
disease, Pueschner ez a/. identified RVD as defined by RVEF
<35% as an independent predictor of cardiac mortality. The
study identified left ventricular ejection fraction (LVEF)
and transpulmonary gradient (presence of CpcPH) as
independent predictors of RVD (51).

The development and severity of RVD with PH-
HEFrEF vary in each patient depending on the degree of
involvement of RV by primary process, neurohormonal
activation, and severity of PH and remodeling of the
pulmonary vasculature. The afterload sensitivity of RV
makes it susceptible to adverse remodeling with chronically
elevated PA pressures. Chronically elevated RV afterload
results in RV chamber dilation, functional tricuspid
regurgitation, impaired LV filling due to interventricular
dependence, and pericardial constraint (52). Impairment
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of RV diastolic function due to maladaptive remodeling of
RV has been reported in patients with HFrEF and could be
a result of increased RV afterload and primary myopathic
process affecting RV (53).

Right ventricle-pulmonary artery interaction in
HFrEF

The development and progression of pulmonary vascular
disease and development of RVF in left-sided heart disease
require an understanding of the components of RV afterload
i.e., pulmonary artery compliance (PAC), resistance, and
characteristic impedance. PAC, a measure of elasticity and
vessel size, is distributed throughout the entire pulmonary
arterial tree with proximal arteries contributing only 20%
of the total arterial compliance (54). The resistance in
the pulmonary circulation is predominantly in the distal
pulmonary vascular bed (55). The hemodynamic definitions
for classification of PH and prognostication incorporate
only the resistive load (PVR) which may not truly represent
the total RV afterload.

PAC and PVR are inversely related with hyperbolic
relationship i.e., in initial stages, a small increase in PVR
result in a large decrease in compliance. As systolic heart
failure progresses,, increase in resistance results in small
changes in compliance due to maximal arterial stiffness (56).
This resistance-compliance curve (R-C) in the absence of
left-sided heart disease is constant (55). In HFrEF, there
is an increase in impedance to the pulmonary circulation
indicative of a pulsatile load with a shift in R-C curve to the
left i.e., larger decrease in compliance for a given resistance
and can be altered with changes in PCWP and vasodilator
therapy (55,57). The increase in PCWP results in high
amplitude reflected waves arriving early before RV ejection
is complete, thereby decreasing PAC and increasing the
RV pulsatile load (58). In patients with ESHE, low PAC
<2.5 mL/mmHg (pulsatile load) was predictive of RVD and
mortality compared to PVR (59). Effective arterial elastance
(Ea) >1.03 mmHg/mL, a hemodynamic measure of total RV
afterload (pulsatile and resistive components) was predictive
of severe RVD and mortality in patients with HFrEF and
normal PVR. Diastolic pulmonary gradient (DPG) and
combination of elevated DPG >7 mmHg and PVR >3 WU
did not predict mortality (60).

It is important to highlight that the response of the RV
to the pulsatile afterload determines risk of RVF and short-
term survival in patients undergoing c¢fLVAD implantation.
Results of a single-center retrospective study investigating
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the pulsatile load to RV in patients undergoing cfVLAD
implantation showed that patients with a combination of
low PAC indexed to body surface area (PACi) and elevated
CVP: PCWP ratio predicted the highest risk of early RHF
(64%) and 6-month mortality (61). This study underscores
the importance of incorporation of RV pulsatile load
assessment coupled with parameters of RV systolic function
for RHF risk prediction and mitigating RV failure.

Fate of Pulmonary hypertension after cfLVAD

cFLVAD implantation is used as a bridge to heart
transplantation in patients with ESHF and PH refractory
to medical therapy. Single-center studies have shown
marked improvement and normalization of PA pressures
after ¢fLVAD implantation, thereby attaining the goal
of transplant eligibility (15,16,18,62). RV afterload
reduction with normalization of PA pressures due to LV
mechanical unloading may improve RV-PA coupling and
prevent late RVD. There is significant heterogeneity
among studies that report a decrease in PA pressures
and PVR after LVAD in regards to device used (pulsatile
versus continuous flow), severity of PH, differentiation
between CpcPH and IpcPH, lack of pulmonary
vasodilator data and the etiology for persistent PH.
The time course for improvement in PA pressures and
PVR after ¢fLVAD implantation ranges from one week
to maximal benefit seen at 6months (15,16,18,63-66).
Persistence of PH after ¢fLVAD could be due to ineffective
unloading, persistent MR, or the presence of comorbid
conditions like obstructive sleep apnea or chronic
obstructive pulmonary disease. Mechanical unloading
to decrease moderate-severe MR may be challenging in
patients with severe RVD and can contribute to persistent
PH (67). Studies have shown similar post-transplant
survival in patients with elevated PVR bridged with LVAD
compared to patients with normal PVR (68,69). However,
one single-center retrospective study by Tsukashita ez 4/
showed that patients with elevated PVR >5 WU before
cfLVAD implantation had higher in-hospital mortality and
primary graft failure after HT despite normalization of
transpulmonary gradient (TPG) and PVR after ¢fLVAD.
Pulmonary vasodilator use in the elevated PVR group
in this study was only 40% (65). An explanation for this
finding that is not explored and may be challenging to prove
is that the histological changes in the pulmonary vascular
bed may not be reversible despite normalization of PVR. As
a result, PH may be unmasked with the perioperative insults
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to pulmonary vasculature from mechanical ventilation,
hypoxia and hypercarbia, systemic inflammatory response
with release of cytokines, and pulmonary vasoconstrictors
like endothelin-1 during cardiopulmonary bypass,
anesthesia, protamine administration and fluid shifts (70).
There is evidence that DPG >5 mmHg at baseline ¢fLVAD
speed and difference in DPG gradient >3 mmHg between
set speed and highest speed during a ramp protocol may
be indicative of persistent pre-capillary PH with associated
increased HF hospitalizations and decreased one-year
survival (71,72).

RHF post cfLVAD implantation

The management of PH after ¢fLVAD implantation is
paramount, as sustained elevated filling pressures can
precipitate RHFE. RHF can occur in up to 10-30% of patients
after cFLVAD implantation. The incidence varies due to
heterogeneity in definitions used to define RHF (73-75).
The Interagency Registry for Mechanical Circulatory
Support INTERMACS) definition of RVF after ¢fLVAD
implantation is based on clinical symptoms, physical
examination, end-organ function, hemodynamics assessment
and RVF severity based on the use of mechanical support
or duration of inotrope use. Prolonged use of inotropes
(>14 days) and use of right ventricular assist device were
identified as the highest risk cohort for increased mortality
at 2 years (76). RHF post ¢fLVAD implantation is associated
with decreased survival, increased length of stay, and
increased risk of gastrointestinal bleeding (77,78). Early
RHF occurs immediately post implantation and is attributed
to (I) increase in RV preload due to increase in cardiac
output contributed by the left ventricular assist device and
volume resuscitation during surgery (II) Interventricular
septal shift to the left due to LV unloading with loss of
septal contribution to RV systolic function (III) increased
afterload due to pre-capillary component PH, hypoxia or
hypercarbia or suboptimal unloading (79) (Figure 1). The
etiology of late RHF is less defined, as it is thought to be in
part due to myriad of etiologies. Occurring weeks to months
after ¢fLVAD implantation in 10% of patients, late RHF
is associated with decreased survival, quality of life, multi-
organ dysfunction and decreased post-heart transplant
survival (80-82). Late RHF may be due to inefficient left
ventricular unloading in the setting of moderate-severe
RVD and persistent precapillary pulmonary hypertension
all of which increase right ventricular overload (83). Thus, a
strategy to maintain a low right ventricular afterload in the
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immediate post-operative period and long-term is key to
improve clinical outcomes.

Hemodynamic assessment after cfLVAD

There is discordance between clinical assessment of volume
status and invasive hemodynamic assessment after cfLVAD
implantation. Invasive hemodynamic studies by Imamura
et al. have shown that only 50% of patients have optimal
right and left-sided filling pressures defined as CVP
<12 mmHg and PCWP <18 mmHg, respectively after a
median duration of 236 days post ¢fLVAD implantation.
After hemodynamic optimization, only 61 % achieved
the optimal right and left-sided filling pressures and fick
cardiac index (CI) 2.2 L/min/m’ (84). Results of a single-
center retrospective study by Shah ez 4/. showed that 29%
of patients had elevated right and left-sided filling pressures
and low CI at 3months after ¢fLVAD implantation (85).
The hemodynamic optimization with ramp protocol
performed by Imamura et 4. and Shah et al. showed that
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CVP remained elevated despite a decrease in PCWP and
an increase in CI suggestive of persistent RV dysfunction
(84,85). Also, a low PA pulsatility index at baseline speed
was a predictor of failure to achieve optimal hemodynamics.
In other words, underlying RV systolic dysfunction may
limit the pump speed adjustments to optimize left-sided
filling pressures (84). However, lack of inclusion of PA
pressures, PVR, and TPG in these studies do not allow us
to conclude if elevated CVP was due to impaired intrinsic
RV contractility or increased RV afterload or both.
American Association for Thoracic Surgery/The
International Society of Heart and Lung transplantation
guidelines recommend pump speed adjustments in the
immediate post-operative period and during chronic
support to allow maximal unloading using transthoracic
echocardiogram and is consensus-based. The
recommendations are to adjust pump speed to prevent
excessive interventricular septal shift to the left, decrease
MR and allow intermittent aortic valve opening (86).
No formal guidelines regarding hemodynamic goals and
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optimization of pulmonary vascular disease exist. There
is variability among centers to evaluate optimal cFLVAD
support periodically using echocardiography and invasive
hemodynamic monitoring.

Principles of cfLVAD management

Management of patients implanted with c¢fLVAD should be
individualized and tailored with a combination of optimal
mechanical unloading and medical therapies. The goals of
cFLVAD optimization include (I) decrease left-sided filling
pressures with resultant reduction in pulmonary venous
pressures and right ventricular afterload (II) optimize
cFLVAD pump speed to prevent excessive interventricular
septal shift and worsen RHF (III) sinus rhythm restoration
in patients with atrial fibrillation (IV) management of
ventricular arrhythmias (V) optimize medical management
to decrease preload with diuretics, precapillary component
of PH with pulmonary vasodilators and systemic blood
pressure with antihypertensive agents (VI) management
of comorbidities like obstructive sleep apnea and chronic
obstructive pulmonary disease to decrease the precapillary
component of PH. Hemodynamic optimization in the
perioperative and postoperative period is crucial to
prevent prolonged mechanical ventilation and RHF.
Periodic optimization of cfLVAD patients should include
echocardiographic and invasive hemodynamic assessment.

Pulmonary vasodilator therapy after cfLVAD
implantation

Management of PH in patients with ¢cfLVAD can be
divided into two phases to prevent early and late RHF
due to uncorrected PH and increase the chance for
transplant eligibility: perioperative period (preoperative,
intraoperative, postoperative) and chronic support
(>30 days) after implant.

Preoperative period

Unloading the LV using percutaneous mechanical support
(pMCS) and systemic vasodilators decreases pulsatile
load to RV by decreasing left-sided filling pressures. The
use of pulmonary vasodilators like nitric oxide or PDESi
preoperatively to decrease resistive load is not currently
supported by robust data. Pulmonary vasodilator use before
cfLVAD implantation in a retrospective single-center
study including 16 patients and a case report prevented
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RHF (87,88). INTERMACS analysis of PDE-5i use prior
to ¢fLVAD implantation resulted in a 31% higher risk of
RHF requiring prolonged inotropic support more than
14 days (89). Several limitations of this report preclude
us from drawing conclusions (I) Lack of data in regards
to the proportion of patients with CpcPH and IpcPH
and (II) Lack of data regarding preimplant use of pMCS
for unloading to protect excessive preload to LV due to
pulmonary vasodilator use.

In the immediate postoperative setting, preservation of
RV function is achieved primarily through optimizing RV
preload, RV contractility, and RV afterload (79). Pulmonary
vasodilators are used during the immediate postoperative
period to decrease RV afterload. Inhaled nitric oxide (iNO),
a selective pulmonary vasodilator is commonly used in the
intraoperative and postoperative period to reduce PVR.
iNO, delivered through the mechanical ventilation circuit
or supplemental high flow oxygen, increases the production
of cyclic guanosine monophosphate (¢<GMP) by binding to
enzyme guanylate cyclase in vascular smooth muscle and
causes pulmonary vascular smooth muscle vasodilation.
iNO also improves ventilation-perfusion matching,
thereby decreasing hypoxic pulmonary vasoconstriction
and PVR (90). Single-center non-randomized clinical
studies using iNO after ¢fLVAD implantation have shown
improvement in PVR, PA pressures, CVP, CI, and c¢fLVAD
flows (91,92). Two randomized clinical trials using iNO
during the perioperative period yielded conflicting results.
In a multicenter randomized trial designed by Patapov
et al., iINO initiated at 40 parts per million (ppm) before
weaning cardiopulmonary bypass (CPB) and continued
for 48 hours did not significantly decrease the incidence of
RHE, duration of mechanical ventilation, length of stay and
survival. However, several limitations of the study including
crossover of patients to open-label iNO, variability in
patient susceptibility to RHE, intraoperative factors and
finally, individual center management in the post-operative
setting precludes us from drawing conclusions regarding
iNO use in the perioperative period (93). Another, small
single-center study that randomized patients with high
PVR after weaning CPB to iNO or placebo showed
improvement in cLVAD flows and decrease in PA pressures
in the iNO group (94). With limited evidence and
challenges designing a randomized trial due to described
limitations above, iNO use can be recommended for
patients at high risk for postoperative RVE, hemodynamic
criteria for CpcPH or elevated PVR after weaning CPB.
Timing of iNO administration empirically after induction
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of anesthesia versus after weaning CPB varies widely across
centers and has not been studied. Effects of iNO may be
potentiated with addition of PDES5 inhibition by preventing
breakdown of cGMP. Due to increased cost and risk of
methemoglobinemia, iNO weaning may be bridged with
the use of oral pulmonary vasodilators like PDESi (95) or
alternative use of inhaled prostacyclins should be considered.
Inhaled epoprostenol, a prostacyclin analog was reported
to lower mean PA pressures after ¢cfLVAD implantation
but resulted in increased post-operative bleeding likely due
to impaired platelet aggregation (96). Inhaled iloprost, a
prostacyclin analog with a half-life of 20-30 minutes and
intermittent dosing has been studied in combination with
iNO in cfLVAD patients in the postoperative period and has
a synergistic effect in improving PVR and cfLVAD flows.
Inhaled iloprost use may allow for weaning of iNO without
rebound increase in PA pressures (97).

Milrinone, a phosphodiesterase type 3 inhibitor has
positive inotropic and pulmonary vasodilatory properties
by increasing cAMP and ¢cGMP in cardiac myocytes
and vascular smooth muscle, respectively (98,99). The
combination of positive inotropic and pulmonary
vasodilator effects makes intravenous (IV) milrinone a
desirable inotrope for postoperative RHF (100). However,
the systemic vasodilatory effects of IV milrinone can be
deleterious for RV function by potentiating RV ischemia.
Hence, milrinone in combination with a vasopressor with
less pulmonary vasoconstrictive effect (vasopressin) may help
mitigate the hypotensive side effect (101). Inhaled milrinone
for 24 hours after ¢fLVAD implant decreased PA pressures
without systemic vasodilatory side effects but there was a
30% incidence of ventricular arrhythmias (102). Inhaled
milrinone is not widely used and more data regarding safety
and efficacy needs to be available before routine use.

The data to support long-term use of pulmonary
vasodilator therapy post ¢fLVAD implant is not robust,
with most data evaluating the use of PDESi in this patient
population. The current International Society of Heart and
Lung Transplant guidelines recommend only the selective
use of PDES5i for the management of RVD in the setting of
PH and the evidence regarding efficacy is not strong and
based on consensus opinion (Class IIb; level of evidence
C) (103). Several questions regarding the use of endothelin
receptor antagonists (ERA), soluble guanylate cyclase
stimulators and prostacyclin analogs, hemodynamic criteria,
and duration of use in ¢fLVAD patients remain unanswered.

PDES5i prevents the degradation of cGMP by inhibiting
PDES5 and increases nitric oxide mediated pulmonary
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vasodilation (104). In addition to the pulmonary vasodilatory
effects, there is animal data to suggest the positive inotropic
effect of sildenafil (PDESi) by indirectly increasing cAMP
due to inhibition of cGMP sensitive PDE3 (105). Sildenafil
is the most commonly used PDESi in clinical practice and
trials of ¢fLVAD patients. Tedford e al. conducted the
largest clinical study of PDESi in ¢fLVAD patients. The
study, performed as an open-label clinical trial, identified 58
of 138 patients with a persistent PVR >3 WU 1 to 2 weeks
after ¢fLVAD implantation despite a decrease in left-sided
filling pressures (PCWP <15 mmHg). Of these 58 patients,
26 patients were started on sildenafil at a dose of 25 mg 3
times daily with a target dose of 75 mg 3 times daily that
was achieved within one week of initiation. There was a
significant reduction in the mPAP from 36.5 to 24.3 mmHg
and PVR from 5.87 to 2.96 WU after two to four weeks of
sildenafil as compared to the subgroup that was not initiated
on pulmonary vasodilator therapy. The improvement in
PVR was maintained at 15 weeks after the initiation of
sildenafil. In addition to improvement in PA pressures, the
patients in the sildenafil group demonstrated a significant
improvement in RV contractility as measured by their RV
contractility index (106). A single-center retrospective
study analyzed the data of advanced heart failure patients
who underwent ¢fLVAD implantation with pre-existing
preoperative PH and RVD as defined by unfavorable RV
geometry, reduced tricuspid annular plane systolic excursion
(TAPSE) <15 mm, and tissue Doppler S wave velocities
less than 10 centimeters/second at the tricuspid annulus.
The patients were divided into 2 groups based on sildenafil
administration. Sildenafil administered with a mean
daily dose of 56.2 mg significantly reduced PVR, TPG
(2.6 WU wvs. 3.05 WU; 11.7 vs. 14.8 mmHg respectively)
and increased CI (2.8 versus 2.05 L/min/m’) compared to
the group not receiving sildenafil. The incidence of RHF
was significantly higher in the group not receiving sildenafil
establishing the potential for PDESi use in post ¢fLVAD
patients (87). A retrospective single-center study evaluated
318 ¢fLVAD patients and found no difference in 30-day
readmission, inotrope or epoprostenol duration, survival,
duration of mechanical ventilation, length of stay, and
improvement in RVD in patients taking sildenafil. Lack
of hemodynamic and echocardiographic data to assess the
degree of PH, presence of precapillary component and RV
function pre and postoperatively is a major limitation of this
study (107). Besides improvement in PA pressures and RV
function with sildenafil, a potential benefit of reduction in
ischemic stroke and pump thrombosis has been reported in
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a single-center study of patients supported on Heartmate
IT (108). The benefit may be due to PDES inhibition of
platelet aggregation. There was no evidence of increased
gastrointestinal bleeding in ¢cFLVAD patients on sildenafil
in a single-center study despite the inhibition of platelet
aggregation (109).

Though the majority of data has primarily focused on
the use of PEDSi to manage post ¢cfLVAD PH, there has
been growing interest in the investigation of ERA for the
management of PH post cFLVAD implantation. A single-
center retrospective study by LaRue et 4/. evaluated the
use of bosentan for management of secondary PH and
demonstrated a decrease in echocardiographic estimated
PVR from 3.93£1.53 WU in the preoperative setting to
2.58£1.05 WU 3 to 6 months post cFLVAD. There was no
placebo group and incidence of RHF was 18 %. Bosentan
was initiated a median 37 days after ¢fLVAD implantation.
Liver function abnormalities were seen in 6% of patients
and normalized after drug discontinuation (110). The safety
profile of ERA in cfLVAD patients needs to be investigated
further. The SOPRANO (Study of Macitentan in Patients
with Pulmonary Hypertension Post-Left Ventricular
Assist Device Implantation) trial, the first multi-center
randomized placebo-controlled trial to evaluate safety and
efficacy of pulmonary vasodilator (macitentan) in patients
with precapillary PH post ¢fLVAD, completed enrollment
and pending results (ClinicalTrials.gov Identifier:
NCT02554903).

Future directions

With the improvement in ¢fLVAD device technology,
shifting focus to stratifying individual patient risk for
complications after cFLVAD implantation may help
improve outcomes. There is a huge need for multi-center
randomized clinical trials of pulmonary vasodilator use
in predefined subset of patients with PH post ¢fLVAD
implantation along with serum biomarkers to assess
the degree of improvement of pulmonary vascular
hemodynamics, pulmonary vascular remodeling and clinical
outcomes. Indeed the results of the randomized clinical trial
of macitentan targeting a reduction in PVR after ¢fLVAD
will provide the first evidence to date that this strategy of
applying pulmonary vasodilatory therapy that is used for
WHO Group I PH can have an impact in patients with
an elevated PVR post ¢fLVAD. The use of pulmonary
vasodilators prior to ¢fLVAD implantation needs to be
clearly defined and studied before drawing conclusions
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about the negative impact.

Conclusions

Persistent PH after ¢fLVAD implantation can lead to RHE.
Ineffective mechanical unloading in the setting of moderate-
severe RVD, persistent MR despite maximal unloading
and precapillary component of PH are contributing factors
to persistent PH after ¢fLVAD implantation. Pulmonary
vasodilator use in c¢fLVAD population lacks robust data.
SOPRANO, a multicenter center randomized clinical trial
will provide input regarding benefits and indications for use
in the ¢fLVAD population.
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