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ABSTRACT: Children with left heart disease are at risk for developing pulmonary hypertension, initial&fse\ggggary to pulmonary
venous hypertension that can progress to include elevated pulmonary vascular resistance, knowh as-eembined pre- and
postcapillary pulmonary hypertension. Elevated pulmonary vascular resistance may pose a risk to the right ventricle of a
newly transplanted heart because of increased afterload and is an important consideration for heart transplant eligibility.
However, the epidemiology, pathophysiology, optimal-diagnostic and treatment approaches, and thresholds for pulmonary
vascular resistance in pulmonary hypertension‘associated with left heart disease remain unclear because of lack of evidence,
particularly in pediatrics. The result is heterogeneity with respect to hemodynamic assessment, use of pulmonary vasodilator
therapies, and heart transplant listing. This scientific statement aims to/synthesize the available data and highlight areas of

general consensus as well as important knowledge gaps.
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is standard therapy for end-stage heart failure in chil-

dren, which in most cases is caused by congenital
heart disease or cardiomyopathy. Associated pulmonary
hypertension (PH) can be an absolute or relative contra-
indication to HTx, depending on the level of elevation of
pulmonary vascular resistance (PVR) and other clinical
factors. Elevated PVR may deter centers from consid-
ering a child for HTx alone, raising the consideration of
combined heart-lung transplantation, because of the risk
of postoperative right heart failure from increased after-
load to the right ventricle (RV) of the newly transplanted
heart. However, long-term survival is significantly better
with HTx compared with combined heart-lung transplan-
tation; in addition, increased PVR secondary to left heart
disease normalizes after transplant in most cases."

In many countries, pediatric heart transplantation (HTx)
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Whereas assessment of PVR is part of the standard
HTx evaluation in most centers, there is little consensus
regarding PVR thresholds for HTx listing, particularly
in children, largely because of lack of data. Recogni-
tion of the potential negative effect of elevated PVR on
HTx outcomes and the goal to avoid lung transplanta-
tion have led to prevention and management strategies,
including use of pulmonary vasodilator therapies. The
evolution of ventricular assist devices (VADs) and their
capacity to reduce left atrial (LA) and left ventricular
(LV) end-diastolic pressure have also broadened the
armamentarium of therapeutics used to treat PH in the
pediatric HTx candidate. These strategies may also be
used to treat persistent PH and RV dysfunction in the
early post-HTx period, if needed. Clinical questions and
management dilemmas encountered when assessing
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children with elevated PVR for HTx are highlighted in
Figure 1.

The lack of consensus regarding evaluation and man-
agement of elevated PVR in children with heart failure
before HTx results in broad practice heterogeneity.? This
scientific statement aims to review the available data on
hemodynamics, pathophysiology, and management of
PH secondary to left heart disease in children before
and after HTx, identify knowledge gaps, and highlight
areas for future research to identify and standardize best
practices for optimal patient outcomes. Management
of patients with single ventricle physiology is beyond
the scope of this scientific statement and will not be
discussed.

CLASSIFICATION AND PATHOBIOLOGY OF
PH IN PEDIATRIC LEFT HEART DISEASE

Hemodynamic Definitions of PH

In 2018, the World Symposium on Pulmonary Hyperten-
sion (WSPH) issued a revision of the definition of PH
from a mean pulmonary artery (PA) pressure (mPAP)
2256 mm Hg to >20 mm Hg? This was incorporated
into the pediatric PH recommendations published by

Pediatric PH Due to Left Heart Disease

the WSPH in 2018 and the European Pediatric Pulmo-
nary Vascular Disease Network® although it is unclear
whether a mild mPAP elevation of 21 to 24 mm Hg is
clinically relevant in children and adolescents. Pulmonary
arterial hypertension is classified as WSPH group 1 PH:
a form of precapillary PH that is characterized by high
mPAP with elevated PVR and normal PA wedge pressure
(PAWP). In PH due to left heart disease (WSPH group
2), the major driver is systolic or diastolic dysfunction of
the left ventricle, leading to LA hypertension and pulmo-
nary venous congestion or hypertension, with elevated
mPAP and PAWP (postcapillary PH). Congenital left-
sided obstructive lesions, such as mitral or aortic valve
stenosis, can also cause LA pressure elevation and post-
capillary PH. Patients with postcapillary PH can develop
elevated PVR, resulting in combined pre- and postcapil-
lary PH with features of WSPH groups 1 and 2 (Table 1).

Classification of PH Due to Left Heart Disease

The broad diagnoses contributing to PH in left heart
disease in children are presented in Figure 2, and include
abnormalities anatomically Iocated between the pul-
monary capillaries and the th ! cic.descending aorta.
Left heart failure can be furthet divided by LV ejection

Risk factors
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Figure 1. Clinical questions and management dilemmas in evaluation and treatment of children with left heart disease and
elevated pulmonary vascular resistance.

Many questions remain regarding the approach to the pediatric patient with left heart disease and elevated pulmonary vascular resistance,
including clinical risk factors, hemodynamic assessment by cardiac catheterization with acute vasoreactivity testing, and approach to medical
management and transplant eligibility. The question marks highlight areas of uncertainty and practice heterogeneity that would benefit from
further study.
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Table 1. Hemodynamic Definitions of Pulmonary
Hypertension

Definitions*t Invasive measures*t WSPH group
Pulmonary hyper- | mPAP >20 mm Hg 1-5
tension (PH)*t
Precapillary mPAP >20 mm Hg 1,8,4,and 5
PH"t or | PAWP <15 mm Hg
pulmonary arterial
hypertension PVRi >3 WU m? (adults: PVR >2 WU4%)
Isolated mPAP >20 mm Hg 2and 5
postcapillary PAWP >15 H
PH*+ mm e
PVRi <3 WU m? (adults: PVR <2 WU#)
dTPG <7 mm Hg (optional)
Combined post- | mPAP >20 mm Hg 2 and 5
:‘_‘I’ precapillary | pAwP 515 mm Hg
PVRi >3 WU m? (adults: PVR >2 WU%)
dTPG =7 mm Hg (optional)

Hemodynamic definitions according to the 2018 World Symposium on Pul-
monary Hypertension (WSPH)? and the 2022 European Society of Cardiology/
European Respiratory Society guidelines on pulmonary hypertension (PH) in
adults."” dTPG indicates diastolic transpulmonary pressure gradient; PAWP, pul-
monary artery wedge pressure; and PVRi, pulmonary vascular resistance indexed
for body surface area.

“The definitions of the PH subtypes apply only when cardiac index is either
normal or decreased, and not in hyperdynamic states with substantially increased
cardiac index (eg, high-dose prostacyclin analogue infusion, sepsis).

tThe definition of PH has changed to a lower mean pulmonary arterial pres-
sure (MPAP) cutoff value (mPAP >20 mm Hg) and now also includes the pulmo-
nary vascular resistance cutoff value of 3 WU (adults) and 3 WU-m? (children) to
distinguish precapillary from isolated postcapillary PH.

$European Society of Cardiology/European Respiratory Society guidelines
only.

Adapted with permission from Simonneau et al® and Humbert et al.'"” © Copy-
right 2023 European Respiratory Society.

fraction status (ie, heart failure with preserved ejection
fraction versus'heart failure with reduced ejection frac-
tion [HFrEF]). According to the 2018 WSPH classifica-
tion,® PH due to left heart disease (WSPH group 2 PH)
includes the following subgroups:

2.1: PH due to heart failure with preserved ejection

fraction

2.2: PH due to HFrEF

2.3 Valvular heart disease

2.4: Congenital/acquired cardiovascular conditions

leading to postcapillary PH

Children can develop PH secondary to LV myocar-
dial dysfunction or failure (systolic, diastolic, or both) or
because of underlying congenital or acquired heart dis-
eases with preserved or reduced LV ejection fraction.® In
children, heart failure with preserved ejection fraction is
most commonly associated with congenital hypoplasia of
left-sided structures (such as the Shone complex, hypo-
plastic left heart variants, or restrictive cardiomyopathies)
or congenital left inflow/outflow obstructive lesions (such
as mitral stenosis, cor triatriatum, or chronic mitral regur-
gitation).” Rheumatic heart disease affecting the mitral
valve is a common acquired cause of WSPH group 2 PH
in low- to middle-income countries, but it is less com-
mon in developed nations.f Pulmonary vein stenosis is an
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important cause of WSPH group 2 PH, but it is not dis-
cussed in this article, because patients with pulmonary
vein stenosis are not typically considered for isolated
HTx. Congenital or acquired LV outflow obstructions, such
as aortic stenosis or coarctation of the aorta, are more
likely to present with HFrEF in children. Other causes
of HFrEF include dilated and hypertrophic cardiomyopa-
thies, which can be congenital/inherited or acquired.” In
addition, patients with complex congenital heart disease
(WSPH group 5.4 PH), such as Shone complex with
shunts, can develop combined pre- and postcapillary PH
of varying severity because of the variability in underlying
hemodynamics and repair strategies.?*

Pathobiology of PH in Left Heart Disease

Chronic pulmonary venous congestion and resulting PH
can lead to constriction and remodeling of the pulmonary
vasculature, resulting in elevated PVR (Figure 2). Precap-
illary vasoconstriction may be a protective reflex to prevent
pulmonary edema when PA pressure is elevated because
of congestion, at least in the early phases of disease.” The
timing and precise mechanismsft%nderlying PA remodel-
ing remain unclear but likely inel e increased wall stress
and myogenic contraction Iead‘i";g’téss%‘ﬁfboth muscle cell
proliferation, as well as genetic and metabolic factors.''?
This remodeling is characterized histologically by medial
thickening of PAs and, less frequently, intimal fibrosis.'® In
children with pulmonary venous hypertension because of
congenital mitral stenosis, extensive medial hypertrophy
of the PAs has been reported,' with the medial thickness
correlating with degree of PH.'s Despite the severity of
vascular remodeling in mitral stenosis, the PA pressure
typically normalizes after surgical intervention, suggest-
ing reversibility of vascular changes.'*'® Given the high
risk associated with lung biopsy in children with heart fail-
ure and PH, less invasive diagnostic tests are needed to
characterize vascular remodeling before HTx and assess
reversibility, such as serum biomarkers or advanced imag-
ing modalities.

Epidemiology of PH in Pediatric Left Heart
Disease

According to the 2022 European Society of Cardiology/
European Respiratory Society guidelines, PH due to left
heart disease represents the most prevalent form of PH
in adults, accounting for 65% to 80% of cases.'” How-
ever, epidemiologic and outcome data on PH due to left
heart disease in children are sparse, because this popula-
tion is rarely included in pediatric PH registries. A recent
registry of children with acute decompensated heart fail-
ure admitted to cardiac intensive care units identified PH
in 6% of hospital encounters, which was more common
in patients with congenital heart disease than those with-
out.'® Differences in pathogenesis, age, severity, duration,
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Figure 2. Mechanisms of pulmonary hypertension due to left heart disease.

Pathogeneses underlying left-sided heart disease in children and adolescents include both congenital and acquired structural anomalies of the
left outflow and inflow tracts as well as primary causes of systolic and diastolic heart failure with both preserved and reduced ejection fraction.
Elevation of pulmonary venous pressure is a common converging point for all pathogeneses, which is typically preceded by elevation of left
atrial pressure. Elevations of pulmonary venous pressure are propagated onto the arterial side through alveolar capillaries, causing postcapillary
pulmonary hypertension (PH). In the setting of chronic postcapillary PH, precapillary pulmonary vasoconstriction and arterial remodeling can
give way to elevated pulmonary vascular resistance (PVR), causing combined pre- and postcapillary PH. Factors contributing to reversibility of

PVR remain unclear.

and management of heart disease all likely affect the
degree of severity and potential for reversibility of com-
bined pre- and postcapillary PH in children.

HEMODYNAMIC CONSIDERATIONS FOR
HTx

Cardiac Catheterization

Whereas cardiac catheterization is not recommended
for routine surveillance in children before HTx, it is rec-
ommended in the setting of concern for PH.'® Practice
variation exists regarding cardiac catheterization for
hemodynamic assessment before HTx because of lack
of data to support recommendations but may be under-
taken, at least in part, to differentiate between isolated

Circ Heart Fail. 2024;17:¢000086. DOI: 10.1161/HHFE0000000000000086

postcapillary or combined pre- and postcapillary PH
(Table 1), by PVR and other measures. The PVR is cal-
culated as the mean transpulmonary pressure gradi-
ent divided by pulmonary blood flow. In children, PVR
is indexed for body surface area (PVRI), and reported
in indexed Wood units (iIWU; mm Hg:L:min-m?, WU-m?).
Despite potential usefulness, there may be limitations to
pre-HTx invasive hemodynamic assessment in children,
in terms of approach, calculations, and procedural risk,
including the following: (1) accurate measurement of car-
diac output may be challenging in the setting of severely
reduced ventricular function or confounded by presence
of a VAD; (2) there is no consensus regarding use of cal-
culated Fick (usually with assumed oxygen consumption)
versus measured thermodilution methods for determina-
tion of cardiac output?; (3) sedation or anesthesia for the
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procedure affects both pulmonary and systemic vascular
resistance and does not reflect baseline conditions; (4)
there is a lack of standardization of protocols for monitor-
ing and pressure measurements; and (5) the procedure
carries risk, especially in critically ill children.

The diastolic transpulmonary pressure gradient
(dTPG), also called diastolic pressure gradient, is cal-
culated by subtracting the PAWP from the diastolic PA
pressure. Because dTPG is a directly measured indica-
tor of precapillary pulmonary vascular disease, it is less
sensitive to flow metrics (confounders) and largely inde-
pendent of RV stroke volume. Studies in adults suggest
dTPG is preferable for the assessment of the precapillary
component in WSPH group 2 PH.2?" One pediatric study
found high pre-HTx diastolic pressure indices (diastolic
PA pressure and dTPG) were associated with higher risk
of early graft loss after HTx, whereas PVRi was not.>

Acute Vasoreactivity Testing

Acute vasoreactivity testing (AVT) can be performed
during cardiac catheterization to assess response of the
pulmonary vascular bed to vasodilators and assess PH
reversibility. The 2016 International Society for Heart
Lung Transplantation guidelines recommend performing
AVT if PA systolic pressure is 260 mm Hg and either
transpulmonary pressure gradient is 215.mm.Hg or PVR
is >3 WU while maintaining systolic blood pressure >85
mm Hg."® There is no standardized approach to AVT in
children before HTx. Most centers use inhaled nitric oxide
(iNO) either alone or in combination with-100% oxygen, if
they assess acute vasoreactivity in patients with elevated
PVRi at baseline.? However, there is a paucity of data on
the optimal approach. Patients with combined pre- and
postcapillary PH may require a reduction in LV afterload
to achieve optimization of PVRi, so some centers use
nitroprusside or milrinone, either alone or in combination
with iNO, to assess changes in PVRi.?*?* The potential
risk of AVT is acute pulmonary edema from worsen-
ing LA and pulmonary venous hypertension, although
1 study demonstrated that iINO decreased PA pressure
and PVR in children with baseline LA pressure >15
mm Hg without a substantial increase in LA pressure.?®
Because there are no studies to guide absolute contra-
indications for AVT, clinicians should carefully weigh risks
and benefits of testing patients with severe LA hyperten-
sion, especially in the setting of hemodynamic instability
or preexisting pulmonary edema, and exercise caution if
the PAWP is greatly elevated.

Unlike for WSPH group 1 PH (pulmonary arterial
hypertension), there are no accepted definitions of posi-
tive AVT for WSPH group 2 PH. The 24th Bethesda con-
ference stated that a PVR >6 WU that “decreases by
50% with hemodynamic maneuvers” was acceptable for
orthotopic transplant, based on limited adult data at the
time.?® A recent practice survey of pediatric physicians
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revealed that half of responding centers consider a PVRIi
cutoff <6 iWU after AVT as acceptable to proceed with
HTx.? However, PVRi alone may be insufficient to interpret
hemodynamic response to AVT. For example, AVT usually
increases pulmonary blood flow (denominator) but may
also lead to a disproportionate rise in LA pressure (and
PAWP) if there is unmasked LV diastolic dysfunction.
This causes a decrease in mean transpulmonary pres-
sure gradient (numerator), and, as such, the PVRi. The
drop in the calculated PVRi may then be more reflective
of restrictive LV physiology than vasoreactivity and would
indicate a contraindication to pulmonary vasodilator use.
For this reason, PVRi must be considered in context of
complete hemodynamic data. Some centers include both
transpulmonary pressure gradient (mean, diastolic, or
both) and PVRi?"° as criteria in HTx evaluation. Clini-
cal experience suggests lack of response to AVT may
not preclude response to longer-term pulmonary vaso-
dilator therapy, and, conversely, a reactive vascular bed
may become unresponsive over time. Considerations
affecting response to longer-term pulmonary vasodila-
tor therapy may include AVT response, but also other
factors, such as the patient's age (eg, <1 year is more
reversible®), underlying diagness, duration of left heart
disease, and other comorbidities, méftﬁd?ﬁg lung disease,
previous post-tricuspid shunt, or genetic conditions.

PVR'AND HTx OUTCOMES

Since the 24th Bethesda conference in 1993 recom-
mended fixed PVR >6 WU as an exclusion criterion for
HTx, a number of pediatric studies have evaluated the
effect of elevated PVRi on post=HTx outcomes, primar-
ily retrospective cohort studies of patients from the mid-
1980s to early 2000s. Some reported a strong statistical
association between elevated pretransplant PVRi and
mortality risk,>"~293132 whereas others found no effect of
PVRIi on outcomes®2-3 (Table 2).

Reasons for the striking discrepancies remain
unclear, but likely reflect heterogeneity of patient popu-
lations, analysis methods, PVRi cutoffs used, inclusion of
AVT, post-HTx management, outcomes evaluated, and
time period. There is no clear era effect of elevated PVRi
affecting outcomes more greatly before widespread
availability of VADs and pulmonary vasodilator therapies.

Few studies have examined whether post-HTx death
resulted from right heart failure or PH and lack con-
sensus regarding whether elevated pre-HTx PVRi cor-
responded to post-HTx RV failure.?®*3" One recent study
found no association between elevated PVRi and graft
failure, instead finding the presence of multiple high-risk
clinical criteria to be predictive.* Another study corre-
lated increasing number of high-risk clinical factors with
cumulative mortality risk.3® In addition to PVRI, contribu-
tors may include primary cardiac diagnosis, mechanical
circulatory support, end organ dysfunction, comorbidities,
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Table 2. Studies Reporting Outcomes of Pediatric Patients With Elevated Pulmonary Vascular Resistance Before Heart

Transplant
PVRi cutoff AVT

Study Years N Age range | (WU-m?) included | Conclusions

Addonizio 1984-1988 | 30 5d-18y 6 No No difference in mortality rates in patients with elevated PVR unless high

et al*® (1989) PVR was combined with inotrope dependence (1-y survival 30% vs 84%
in those without either risk factor)

Bando et al?” 1982-1992 | 67 1d-18y 4 and TPG No Elevated TPG was a risk factor for early (30-d) death

(1993) >15 mm Hg

Huang et al*® 1986-2001 | 165 0-22y 6 and TPG Yes Risk of isolated RV graft failure increased by 1.2-fold for every 1 iWU in

(2004) <15 mm Hg maximal PVR

Davies et al*®® 1995-2005 | 3502 | 0-21y 6 No PVRi >6 alone was not associated with early (<30 d) or late (1 y) death

(2008)

Hoskote et al*® | 2000-2006 | 129 | 0-18y 6 and TPG Yes PVRi >6 (despite reactivity) and RCM diagnosis predicted postoperative

(2010) <15 mm Hg RV failure; PVRIi (but not RV failure) independently predicted long-term
survival

Ofori-Amanfo 1984-2005 | 263 0.1-254y | 6 Yes Elevated PVR was associated with worse 3-mo, 1-y, and overall survival;

et al®' (2011) AVT nonresponders had increased risk of right heart failure after HTx

Auerbach 1993-2006 | 189 0-23.6y 6 Yes PVRi >6 (reactive or not) was not a significant risk factor for graft loss

et al** (2012)

Buddhe et al*® | 1994-2010 | 1322 | 0-18y TPG>12 No Increased mortality rate at 1 and 3 mo in recipients with PH >1 y of age;

(2012) no effect on mortality rate in children <1y of age; no improvement with
recent availability of pulmonary vasodilator therapy

Chiu et al*” 1984-2010 | 158 0.3-178y | 6 Yes ROC analysis identified PVRi 929 iWU and AUC 0.863 as optimal cutoff for

(2012) risk of increased 30-d mortality (AUC 0863); no clear effect of vasoreactivity

Chiu et al*® 1987-2011 | 1943 | 0-18y 6,9 No PVRi was not a significant predictor of @ froc mes;.no survival difference

(2015) with propensity-matched HTx recipients'(} Vo vion

Maxwell et al®* | 2002-2012 | 3523 | 0-18y 3.37 No ROC analysis identified PVRi 337 iWU (AUC 0.69) as dichotomized vari-

(2015) able predicting early (30-d) death, but not as continuous variable

Richmond 1993-2011 | 1909 | 0.1-18y NA No In pediatric HTx recipients without congenital heart disease, elevated

et al®® (2015) PVRIi did not affect survival after HTx; pre-HTx PVRi >5 iWU in 24% of
cohort

Balakrishnan 2014-2019 | 97 1-18y 4 No PVR had no effect on early or late survival in single-center cohort

et al®® (2021)

AUC indicates area under the curve; AVT, acute vasoreactivity testing; HTx, heart transplantation; iWU, indexed Wood units; PVR, pulmonary vascular resistance; PVRI,
pulmonary vascular resistance-indexed-for-body-surface area; RCM; restrictive- cardiomyopathy; ROC; receiver operating-characteristic; RV; right ventricle; and TPG,

transpulmonary gradient.

donor matching considerations, and immunosuppres-
sion modalities. This begs the question as to whether the
earlier outcomes studied resulted directly from elevated
PVRi or if PVRi may, in part, have served as a surrogate
for duration or severity of heart failure. Another recent
study found no effect of PVRi on post-HTx outcomes,
but included only a few patients with PVRi >6 iWU.%®
However, if centers apply empiric PVRI cutoffs, the use-
fulness of retrospective studies may be limited. Patients
with elevated PVRi are often managed differently than
patients with low PVRI, with intensive pulmonary vasodi-
lator therapy and mechanical support, the details of which
are not always reported in database or registry-based
studies. Therefore, the lack of association between PVRI
and post-HTx mortality risk in a large, multicenter pedi-
atric cohort of >1900 children that included 24% with
PVRi >5 iWU primarily suggests that current manage-
ment strategies can be successful to overcome elevated
PVRIi to facilitate HTx.%®

There remains a lack of consensus regarding whether,
or to what degree, PVR elevation should be considered

Circ Heart Fail. 2024;17:¢000086. DOI: 10.1161/HHFE0000000000000086

relevant for HTx with respect to post-HTx mortality risk.3
Because the therapeutic landscape has changed consid-
erably since the 1980s with the use of VADs, additional
medical therapies for heart failure, and widespread use
of pulmonary vasodilators, studies are needed in the cur-
rent era to guide interpretation and management of ele-
vated PVRi in children before HTx and promote a more
nuanced approach that accounts for multiple risk factors.

THERAPIES TO TREAT PH: MEDICATIONS,
DEVICES, AND MECHANICAL SUPPORT

Pretransplant Management of Elevated PVR

In the pediatric HTx candidate with elevated PVR, goals
of therapy often focus on establishing or improving
transplant candidacy by lowering PVR and improving
heart failure symptoms, although there is no consensus
regarding approach to the use of combined heart failure
therapies and pulmonary vasodilators. Initial strategies
focus on optimization of hemodynamics to reduce LA
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pressure and mPAPR. Chronic inotropic therapy, such as
with intravenous milrinone, has been shown to improve
cardiac index, PAWP, and PVR in adults with heart fail-
ure.*® Many transplant centers use LV assist devices
(LVADs) for advanced heart failure support. In adult stud-
ies, LVAD use reduces PH acutely, and may lower even
a fixed PVR over time (ie, precapillary) by allowing the
pulmonary vascular bed to remodel under more favorable
hemodynamic conditions.*'*? One recent pediatric study
showed improved waitlist outcomes for children receiv-
ing mechanical support before HTx regardless of PYR*®
Whether LVAD implantation alone may be sufficient for
lowering PVR in children remains unclear.

Guidelines do not recommend routine use of pulmo-
nary vasodilators in WSPH group 2 because of lack of
evidence and risk of clinical worsening,5'™** but real-
world clinical practice is heterogenous, and PH medica-
tions are used by some centers to reduce PVR before
HTx.24% Pulmonary vasodilators target 3 main pathways:
NO (phosphodiesterase type 5 inhibitors or soluble
guanylate cyclase stimulators), endothelin (endothe-
lin receptor antagonists), and prostaglandin I, (pros-
tanoids).® Studies of pulmonary vasodilators in children
before HTx are limited to retrospective case series, but
may suggest benefit for lowering PVRi without clini-
cally relevant worsening.® In a recent pediatric cohort
of 22 children with WSPH group 2 PH, the phosphodi-
esterase type b inhibitor sildenafil was associated with
improved RV metrics, albeit with 2 discontinuations for
pulmonary edema.“® Although the goal is.often to lower
PVR, a recent study showed that the parenteral pros-
tanoid treprostinil also improved heart failure symptoms
without increases in LA pressure in a single=center
pediatric cohort*” Soluble guanylate cyclase stimula-
tors may affect both PVR and heart failure: riociguat is
used as a therapy for pulmonary arterial hypertension,*®
and vericiguat was recently shown to improve cardio-
vascular hospitalization and mortality rates in adults
with HFrEF (PH was not evaluated in this study).*® A
clinical trial of vericiguat in pediatric patients with heart
failure is underway (Efficacy, Safety, and Pharmacoki-
netics of Vericiguat in Pediatric Participants With Heart
Failure Due to Left Ventricular Systolic Dysfunction
[MK-1242-036].5°

Despite some reports of benefit, pulmonary vasodila-
tors carry the risk of worsening LA hypertension because
of increased transpulmonary blood flow, which can lead
to pulmonary edema, systemic arterial hypotension, and
potentially reduced coronary perfusion. Endothelin recep-
tor antagonists bosentan and macitentan worsened fluid
retention in adults with HFrEF®'%? Dedicated studies of
pulmonary vasodilator use in pediatric WSPH group 2
PH are needed to determine safety and efficacy of these
agents in children and guide clinical practice.

In some cases, LVAD placement is combined with pul-
monary vasodilators to optimize PVR and minimize RV
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afterload, with the goal of avoiding the need for right-
sided VAD. It may be difficult to predict preoperatively
whether right VAD will be needed (in addition to LVAD).
Although attempts have been made to validate adult
criteria for biventricular VADs in pediatrics, no specific
predictor for RV failure has yet been identified.>® Many
pediatric centers begin with LVAD combined with pul-
monary vasodilator therapy in the operating room (often
oxygen and iNO) while evaluating right ventricular perfor-
mance by echocardiogram in real time.>

After LVAD, some centers change or add pulmonary
vasodilators for longer-term use. Recent survey data
suggest clinicians are more inclined to use PH medica-
tions when an LVAD is in place.? In a cohort of 17 pedi-
atric patients with a VAD receiving prostacyclins, and
some also receiving phosphodiesterase type 5 inhibitors,
there was a significant reduction in inotrope need within
the first 24 postoperative hours with minimal adverse
effects.®® Clinical experience suggests that with therapy
(LVAD, vasodilators, or both), PVR can improve over
weeks to months while awaiting HTx, but further study is
needed to determine optimal practice regarding clinical
indications for therapies and which specific therapies are
most beneficial. €D i

Some patients are not suité‘b‘lg éarididates for VADs,
such as those with small ventricular cavities because of
restrictive cardiomyopathy or congenital heart malfor-
mations not amenable to cannula placement®® Recent
clinical trials of transcatheter implantable atrial flow reg-
ulators for heart failure with preserved ejection fraction
and HFrEF in adults have indicated improved survival.5%*®
Use of atrial flow regulators to create a restrictive left-to-
right atrial shunt in children with restrictive cardiomyopa-
thy, LA hypertension, and PH has recently been reported
in a limited number of cases, with promising effects on
symptoms and hemodynamics.>®* However, the long-term
effect of a restrictive left-to-right atrial shunt is unknown,
and these devices are not widely available for use in
the United States. In some centers, atrial flow regulator
device implantation may be considered as a bridge to
HTx in young patients with restrictive cardiomyopathy or
as destination therapy in those who are not HTx candi-
dates. Potts shunt (pulmonary to systemic arterial con-
nection) with atrial septostomy has also been proposed
as a potential therapy for PH in left heart disease.®

Regardless of therapy, PH can be dynamic in left
heart disease, and repeat cardiac catheterization may
be necessary after initiation of medical or LVAD therapy.
Whereas pediatric data are limited, 3 to 6 months is
the suggested timing for reevaluation of hemodynam-
ics after LVAD placement with elevated PVR, although
shorter timeframes may be appropriate, especially for
patients with paracorporeal support devices." The
need for and appropriate frequency of hemodynamic
reassessment by cardiac catheterization is unknown
given the risks of the procedure and the lack of data
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to support the effect on outcomes. The usefulness of
repeat AVT in patients already on pulmonary vasodilator
therapy is unclear but could be considered to ascertain
potential benefit of additional agents. For those with
paracorporeal VADs, decreased right VAD emptying or
poor LVAD filling may be indicators of increased PVR
impeding blood transit through the pulmonary vascular
bed with inadequate unloading of the LA. The recent
development of an implantable remote PA pressure
monitoring device, which has been used in patients as
young as 9 years, has allowed for repeatable noninva-
sive pressure measurements at the bedside or in the
outpatient setting.®’

Nursing and Allied Health Professionals

Nurses and allied health professionals are part of a multi-
disciplinary team to optimize successful treatment of PH
before HTx in both the inpatient and outpatient settings.
For inpatients, bedside nurses are often the first to identify
changes in patient status or VAD flows, and may be first
on hand in case of emergency.®? Rehabilitation both before
and after transplant may include nutritional assessment and
support, as well as physical, occupational, speech, and
feeding therapies to improve quality of life.?3%* Many
patients and families experience difficulties in psychologic
well-being and adjustment, especially regarding VAD ther-
apy, and benefit from support from social workers, child life
specialists, palliative care specialists, and psychologists.
For home pulmonary vasodilator therapies, advanced prac-
titioners and nurses can work with pharmacists to-provide
education on medication administration and complication
identification, navigate insurance barriers to-off-label use,
and coordinate with outpatient specialty pharmacies to
ensure no lapses in treatment.

Operative Considerations

There are important operative considerations when per-
forming HTx in pediatric patients with elevated PVR.
A short donor ischemic time is considered favorable.
The historical practice of selecting hearts with higher
donor-recipient weight ratios for recipients with elevated
PVR has been challenged as studies showed no post-
transplant survival benefit in patients with an oversized
heart and no increased risk of death with an undersized
Organ.65*66

Mechanical circulatory support is used frequently as
a bridge to HTx in children,®” balancing risks of bleeding,
thromboembolism, infection, human leukocyte antigen
immunization, and longer operative time against poten-
tial benefits in growth, psychomotor development, end
organ function, and hemodynamics. In a recent study, the
presence of elevated PVR did not diminish the beneficial
wait list outcomes for those patients bridged to HTx on
mechanical support.*®

Circ Heart Fail. 2024;17:¢000086. DOI: 10.1161/HHFE0000000000000086

Pediatric PH Due to Left Heart Disease

Appropriate preoperative PH treatment does not
guarantee a smooth postoperative course, so perioper-
ative management strategies to lower pulmonary pres-
sures and relieve stress on the sensitive donor RV are
important. These may include oxygen, iNO, milrinone,
diuresis, early extubation, and the avoidance of bleed-
ing (with transfusion as needed) to protect the RV in the
immediate postoperative period. Whereas early extuba-
tion may be desired to minimize the effects of positive
pressure ventilation on RV preload and afterload, some
patients with elevated PVR are at high risk for PH cri-
sis and acute RV failure in the immediate postoperative
period, such that empiric analgesia and sedation with
mechanical ventilatory support may be necessary for a
prolonged period after HTx.%” In some cases, it may be
prudent to leave the chest open or consider mechani-
cal support in cases of refractory right heart failure.
Creating an individualized postoperative management
plan with vasodilator therapy is site-specific, with some
variability.

Postoperative Management

In most cases, PVR drops quic‘kf}%“;aggﬁa;cHTx, often within
weeks. The optimal duration of"ptirrishary vasodilator
therapy after HTx remains poorly understood, but can be
guided by hemodynamic assessments performed at the
time of endomyocardial biopsy. If a remote PA pressure
monitoring device was implanted before transplant, its
continued use can also help guide duration and intensity
of treatment.

Pulmonary vasodilators are often continued in
patients receiving them preoperatively, but practice var-
ies between centers.? Endothelin receptor antagonists
pose specific risk for drug-drug interactions with immu-
nosuppressive agents because of cytochrome P450
enzyme effects. Bosentan has the most drug interactions
because of CYP3A4 inhibition, and its use is contraindi-
cated with certain agents, including cyclosporine, or dose
adjustments may be needed with other medications.
Macitentan and ambrisentan have fewer known drug
interactions but clinicians should be aware of potential
effects of any of the endothelin receptor antagonists on
concomitant therapies and monitor drug levels or adjust
therapies accordingly.®®

When concomitant reduction of systemic blood pres-
sure is needed and graft LV systolic function is preserved,
some centers use calcium channel blockers given the
effect of calcium channel blockade on vasoreactive pul-
monary arterial hypertension (WSPH group 1 PH).4%6°
However, the potential benefit is theoretical; no studies
have described the effect of calcium channel blockers on
PVR after HTx. Although there are no recommendations
regarding duration of therapy, most patients discontinue
PH treatment within a few months, and it is unusual to
need to reinitiate therapy once discontinued.
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CONCLUSIONS

Children with left heart disease are at risk for develop-
ing PH with elevated PVR, but knowledge gaps exist
regarding clinical and hemodynamic prognostic factors.
The risk of elevated PVR for poor HTx outcome was
recognized in the early days of pediatric HTx. However,
most studies evaluating risk of preoperative elevated
PVR were performed during a time when the therapeu-
tic options were limited, and these studies lacked con-
sensus regarding PVR cutoffs for HTx and importance
of vasoreactivity. More recent studies fail to show a sub-
stantial risk of elevated PVRi on post-HTx outcomes,
but are limited by their retrospective nature and hetero-
geneity of approach to pulmonary vasodilator use and
HTx listing. Despite insufficient evidence in the current
era, some pediatric centers still use a post-AVT PVRi
of <6 iWU for HTx eligibility. Because of the many con-
founders in PVRi assessment in children with left heart
disease, it is likely that a combination of hemodynamic
and clinical variables for eligibility assessment would
better predict risk. Practice regarding use of pulmonary
vasodilators, with and without LVAD, remains heteroge-
neous without sufficient pediatric data to guide prac-
tice. Because a donor RV may be greatly sensitive to
high afterload, close monitoring and aggressive treat-
ment of elevated PVR is often required in the early
postoperative period.

We highlight the following controversies and knowl-
edge gaps in the care of children with elevated PVR
before HTx:

* Prevalence of elevated PVR in pediatric left heart

disease

* Clinical risk factors for developing elevated PVR

and biomarkers of reversibility

* Importance and caveats of calculated PVRI in

determining HTx eligibility and potential role for
other surrogates, such as dTPG

* When cardiac catheterization is indicated or nec-

essary and when procedural risk may outweigh
benefit

« Standardization of protocols for hemodynamic

assessment by cardiac catheterization, including
criteria and methods for performing AVT

» Predictive value of AVT in determining response to

longer-term vasodilator therapy
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* Whether, and when, pulmonary vasodilator therapy
is indicated, and considerations when LVAD is in
place

* Which pulmonary vasodilators may be preferential
for combined pre- and postcapillary PH in children

* Optimal perioperative management strategies
regarding elevated PVR at time of HTx

* Duration of pulmonary vasodilator use after HTx

Prospective multicenter studies are needed to evalu-

ate management strategies and produce consensus
recommendations to guide practice, standardize care,
and ensure equitable and optimal outcomes for children
undergoing HTx.
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