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D
espite advances in respiratory, nutritional, and
neuroprotective strategies, improving short- and
long-term outcomes for neonates with complex

cardiorespiratory disease remains a challenge.1-4 Neonates,
especially those born prematurely, are highly vulnerable to
end-organ injury due to developmental immaturity of the
myocardiumandvascular bed, alteredhemodynamic or respi-
ratory states, and unanticipated adverse effects ofmedications
or other interventions. The consequences of abnormal lung–
heart interactionsmayplay a role in the long-termhealthof in-
dividuals born premature; specifically, early cardiovascular
disease in the neonatal period has been shown to predict
important outcomes, such as the need for prolonged invasive
ventilation and hospitalization, bronchopulmonary dysplasia
(BPD) and/orpulmonaryhypertension (PH), sustained respi-
ratory disease throughout childhood, and severe cardiovascu-
lar disease into adulthood.5-8 Improving cardiorespiratory
outcomes depends on our ability to understand the complex
heart–lung interactions and hemodynamic changes
throughout the early clinical course and develop evidence of
neonatal determinants of risk to sufficiently guide and apply
clinical strategies aimed at optimizing clinical care.9

Characterization of the varying phenotypes among neonates
with cardiopulmonary disease and recognition of temporal
changes in disease course over time have been hampered severely
by the lack of cardiopulmonary physiology education, especially
during pediatric residency, neonatal–perinatal fellowship, and
additional subspecialty training. Underappreciation of the
importance of physiology in neonatal heart and lung care com-
plicates the navigation of bedside decision-making and often
hinders the clinician’s ability to achieve “precision medicine”
and the application of the best therapy to match the underlying
physiology of the most critically ill newborns. The lack of expo-
sure to cardiopulmonary physiology is most pronounced when
it comes to identifying importantmodulating factors in neonatal
disease states, such as patent ductus arteriosus (PDA), acute/
chronic PH, systemic hypotension, and heart dysfunction. The
nonphysiologic approach to neonatal hemodynamic care has
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been primarily driven by arbitrary symptom thresholds rather
than disease states.10 This paradigm is exemplified in the care
of the neonate with hypoxic–ischemic encephalopathy (HIE).
A recent survey of infants born at term with HIE undergoing
therapeutic hypothermia highlighted the marked variance be-
tween practitioners in adjudication of hemodynamic stability;
specifically, 17 different definitions of hypotensionwere reported
across 71 academic centers in the US.10 In addition, only 40% of
centers reported use of echocardiography in patients with hypo-
tension, which is further evidence of the limited consideration of
underlying pathophysiology.
Appreciation of the full complement of heart and lung

physiology will promote recognition that contributions to
overall outcomes need to expand beyond the organ of inter-
ests. For example, in neonates with HIE, emerging evidence
of an association between right ventricular dysfunction and
the composite outcome of death or abnormal neurodevelop-
mental outcome highlights the importance of interplay
between neurologic outcomes and modifiable cardiopulmo-
nary physiology.11,12 Interestingly, in a subsequent study, res-
olution of hypotension was not associated with recovery in
heart function, further emphasizing the need for clinicians
to characterize the underlying disease state based on the phys-
iology and the phenotypes. Additional examples that may
require precision medicine exist with evidence in patients
with BPD, congenital diaphragmatic hernia, and complex
arteriovenous malformations, as right and left heart pheno-
types may appear similar clinically but require a different
approach to treatment.13-19 Currently, routine clinical prac-
tices and daily workflow in the neonatal intensive care unit
(NICU) de-emphasize problem-based physiologic thinking.
The goals of this Commentary are 2-fold: first, to remind

the neonatology community of the importance of physi-
ology, enhanced diagnostic precision, and judicious use of
treatments according to the underlying phenotype; and sec-
ond, there is an urgent need to reconsider how evidence is
both generated and interpreted in the context of the individ-
ual patient. In particular, the emphasis on the pragmatic ran-
domized trial design, which prioritizes data generalizability
but de-emphasizes the importance of “population of
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interest,” is a concern. For example, many randomized trials
study commonly used medications in disease states without
considering mechanistic relevance or pharmacologic appro-
priateness. These considerations are further exaggerated in
the setting of a meta-analysis or systematic review.

Cardiorespiratory Vulnerability of Infants
Born Premature

The approach to neonatal cardiovascular care often is based on
arbitrary measurement thresholds (eg, blood pressure, BP). In
most centers, clinicians are alerted to cardiovascular concerns
when the mean arterial pressure falls below an arbitrary
threshold, eg, less than the infant’s gestational age. Rather
than determining whether the change in BP is associated
with systemic hypoperfusion and suboptimal tissue oxygena-
tion, and without determining the underlying pathophysi-
ology, many clinicians will initiate treatment based on
arbitrary evidence. Although maintaining an optimal arterial
pressure threshold is important to support end-organ perfu-
sion pressure, this “symptom-based” approach lacks diagnostic
precision and assumes that a vasopressor-centric approach
(oftentimes the same first-line agent) is uniformly applicable.

The evolution of this approach is based on the lack of reli-
able bedside tools to enhance diagnostic precision and the
lack of immediate and longitudinal access to bedside echo-
cardiography. Of concern, scientific evidence to support a
“pressure-centric” approach, as based on maintenance of a
mean arterial pressure threshold greater than the gestational
age equivalent, is limited to expert opinion, and, importantly,
normative data to support this arbitrary threshold are
limited. It is therefore not surprising that evidence from
observational studies suggest that treatment of hypotension
is not beneficial and may be harmful.20 These data have
prompted some commentators to suggest that treatment of
BP may not be of value. An alternate explanation may be
that the approach to appraising BP, characterizing diagnosis,
and selection of cardiovascular treatment lacks precision.
Unfortunately, this limited approach to cardiovascular care
has become the standard of care not only in the NICU but
also in pediatric and cardiac intensive care units and pediatric
emergency departments. In addition, this practice actively
disinhibits consideration of underlying cardiovascular dis-
ease state and the prevailing physiologic factors. There is,
however, evidence that a subpopulation of infants born pre-
mature with hypotension and low cerebral oxygen saturation
are at greater risk of adverse neurodevelopmental outcome.21

These data suggest that more a comprehensive and physi-
ology based hemodynamic assessment may facilitate enhance
diagnostic and therapeutic precision (Table I).

Ground Zero in NICU–Interface with
Physiology, and Lessons from Trials

The past 30 years have witnessed tremendous advances in
neonatal survival, which relates, at least in part, to in im-
provements in respiratory interventions (eg, antenatal ste-
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roids with premature delivery, surfactant replacement
therapy, enhancements in mechanical ventilator design,
inhaled nitric oxide), neonatal nutrition (eg, exclusive breast
milk use), and neuroprotective strategies. On the contrary
the approach to common neonatal hemodynamic disease
states remains controversial.22 Of these, opinions related to
treatment of a PDA are the most polarized in neonatology,
ranging from “absolute nonintervention” in some centers
to “universal treatment” in others. This is highly surprising,
since the first report was made in 1956 by Mostyn Powell
that infants born premature with a PDA have progressive res-
piratory impairment23 and as less-invasive strategies for PDA
closure are available at most medical centers.24 Contempo-
rary statements from major pediatric societies and institu-
tional clinical practice guidelines are driven by the results
of randomized clinical trials and cumulative meta-analyses.25

Although this may give the appearance of “best evidence,” it
also may lead to erroneous conclusions and misinterpreta-
tion of the data.
David Sackett, a pioneer of evidence-based medicine, de-

scribes it as “the conscientious, explicit, and judicious use
of current best evidence in making decisions about the care
of the individual patient.” Therefore, in reviewing the results
from randomized trials of PDA treatment, clinicians must
determine whether the patient they are treating is comparable
with enrolled patients. Thoughtful interrogation of the meth-
odology used in trials conducted to date may suggest other-
wise. First, standardization of the underlying diagnosis is an
essential prerequisite and should be based on whether
following conditions are satisfied: (1) high likelihood of
physiologic derangement and end-organ morbidity and (2)
low likelihood of spontaneous PDA closure. Up to 40% of
clinical trials have not used echocardiography to adjudicate
hemodynamic significance.26 In most trials, echocardiogra-
phy adjudication of hemodynamic significance is limited to
a single point estimate of transductal diameter, which is
problematic, as this measurement has a high degree of inter-
observer reliability and may not uniformly be representative
of shunt volume.27 In addition, the role of the PDA may
range from harmful, as seen in a high-volume systemic-to-
pulmonary shunt, to beneficial in patients with severe heart
dysfunction or PH.28 Trials to date have failed to characterize
these varying phenotypes. Second, more than 50% of patients
in the control arm received treatment. Third, many of the tri-
als that are included in meta-analyses or systematic reviews
reflect clinical practice from a different era in neonatology.
For example, in studies before 2000, almost no infants born
less than 24 weeks of gestational age were randomized, and
many contemporary practices, such as use of probiotics,
inhaled nitric oxide, and more gentle ventilation, were not
available.29 Even more recent trials have not enrolled patients
born less than 24 weeks of gestation despite their high vulner-
ability.30 Fourth, there is increasing evidence that the sickest
and most vulnerable patients are not randomized due to
physician equipoise.31 Finally, conclusions are erroneously
drawn regarding the relationship of the problem (PDA) to
neonatal morbidity (eg, BPD) based on the lack of benefit
McNamara, Abman, and Levy



Table I. Essential governing principles of cardiopulmonary physiology and clinical relevance

Governing laws, relationships,
equations, and mechanisms Physiologic principle Relevance in neonates

Selected examples of clinical
applicability

Heart function
Stress–velocity relationship Impact of afterload on heart

function.
Immature myocardium intolerant
to increased afterload.

Definitive PDA closure.
Acute PH.
HIE.

Frank–Starling mechanism Impact of preload on heart
function.

Crucial for maintaining cardiac
output in response to changes
in venous return. No
augmentation in cardiac
output across a normal range
of filling pressures.

Definitive PDA closure.
Chronic PH with left heart
dysfunction.

Force–frequency relationship Myocyte response to
chronotropy with relationship
between heart rate and
contractility.

Myocardial dysfunction resulting
from impaired contractility,
rather than changes in loading
conditions.

Sepsis.
Definitive PDA closure.

Ventricular compliance Adaptation of myocardial
performance with increased
volume loading.

Alteration of the left ventricle
function to increased
systemic afterload.

Fetal–neonatal transition.
Cardiomyopathy.
Interventional PDA closure.

Ventriculoarterial coupling Response of ventricle function
according to changes in
afterload.

Optimization of stroke work
efficiency.

Acute PH.
Chronic PH.
HIE.

Blood flow
Hagen–Poiseuille equations Relationship between pressure

difference, vessel radius,
blood viscosity, and vessel
length that affect blood flow.

Insights into factors influencing
blood flow and vascular
resistance.

PDA.
Congenital arterial vascular
malformation.

Pressure–flow relationship Changes in pressure influence
blood flow.

Adaptation of pressure and
resistance to maintain optimal
cardiac output.

Fetal–neonatal transition.
Closure of the DA.

Bernoulli principle Relationship between the
velocity of blood flow and its
pressure.

Quantitative estimation of
pulmonary pressures.

Estimate pressure gradients
across heart valves by
assessing blood flow
velocities.

PH.
PDA.
Fetal–neonatal transition.
Congenital heart disease.

Mechanical ventilation
Laplace’s law Relationship between the

pressure, radius, and wall
tension in a spherical
structure.

Surfactant and alveolar surface
tension with mechanics of
small alveoli and prevention
of alveolar collapse.

Respiratory distress syndrome.
Surfactant replacement therapy.

Boyle’s law Relationship between pressure
and volume at constant
temperature that drives air
flow in and out of lungs.

Contraction of diaphragm during
inspiration increases thoracic
volume and decreases
intrapulmonary pressure.

Congenital diaphragmatic
hernia.

Resistance and
Poiseuille’s law

Relationship between pressure,
air flow, and resistance in the
airways.

Increased airway resistance
impact airflow.

BPD.
Tracheobronchomalacia.
Small airway disease.

Dalton’s law Total pressure of a gas mixture
equals sum of the partial
pressures of individual gases
(eg, oxygen and carbon
dioxide in the alveoli and
blood during gas exchange).

Titration of oxygen therapy and
ventilator management.

Hypoxic respiratory failure.
Retinopathy of prematurity
prevention.

Henry’s law Solubility of gases in liquids. Dissolving of air in the liquid
lining of the alveoli and
influence gas exchange with
the bloodstream.

Determination of oxygen
saturations.

Respiratory distress syndrome.
Use of CPAP.

Fick’s law of diffusion Rate of gas diffusion across a
surface.

Efficiency of oxygen and carbon
dioxide exchange in the
alveoli and capillaries.

Respiratory distress syndrome

Hooke’s law Relationship between an applied
and resulting changes in
shape (deformation).

Alterations in compliance and
elastance in respiratory
disease.

Respiratory distress syndrome.
Management of ventilation
strategies.

Pneumothorax.
“U” lung volume–
PVR relationship

Inverse relationship between
lung volume and pulmonary
vascular resistance.

Adaptation of lung volume
mechanics with changes in
PVR.

PH.
Surfactant deficiency.

CPAP, continuous positive airway pressure.
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of treatment (nonsteroidal anti-inflammatory medications)
when treatment is not effective in resolving the problem.
Of note, there is increasing skepticism about the use of
BPD as the most appropriate target end point. The definition
of BPD is based on the need for respiratory treatment (oxy-
gen, respiratory support), which may be explained by a
multitude of reasons beyond true BPD (eg, pulmonary
vascular disease, atrial level shunts, pulmonary vein disease,
pulmonary venous hypertension due to diastolic left ventric-
ular failure in the setting of systemic hypertension), many of
which may coexist and have no relationship to the primary
trial question.

The cumulative effects of a nonstandardized definition of
the problem (PDA), ineffective treatment, and diverse
phenotypic possibilities within the end point of interest
contribute to the failure of clinical trials to demonstrate
any meaningful benefit. Of these, the prioritization of the
“pragmatic trial” at the expense of diagnosis purity represents
the greatest limitation. It is unlikely that randomizing pa-
tients with a PDA of uncertain hemodynamic significance
and high likelihood of spontaneous closure to medical ther-
apy with limited efficacy will yield meaningful clinical data.
The ethics of continuing to conduct randomized trials
from both a patient outcome and fiscal perspective, without
defining the population of interest, is therefore questionable.
Consider randomizing adults with any form of chest pain to
use of a thrombolytic such as streptokinase or tissue plasmin-
ogen activator—would this pragmatic approach be accept-
able to cardiologists, medical internists, or the patient
themselves?

How does the field move beyond the current state of polar-
ized medicine? In the words of Albert Einstein, “If I were
given one hour to save the world, I would spend 59 minutes
defining the problem and one minute solving it.” Unfortu-
nately, many clinicians and institutions have drifted toward
a noninterventional (nihilistic) approach to PDA care, often
failing to recognize the limitations of published trials and the
impurity of diagnostic methods. Of greater concern is the
ambivalence to mounting evidence that such an approach
in the most immature infants is associated with increased
incidence of BPD,32-34 pulmonary vascular disease,35,36 and
PH.37 How much these perspectives relate to absolute trust
and unquestioning belief in data from a randomized trial
or a drift away from physiology-based care remains unclear.

Current State of Cardiovascular Physiology
Education in Neonatology

Early advances in neonatal cardiorespiratory care were driven
by an enhanced understanding of ambient physiology and
mechanisms of disease. As a trainee in neonatal medicine
in the 1990s in Ireland, daily rounds were dominated by in-
depth conversations related to physiologic precision, mainte-
nance of a stable biologic milieu, and understanding disease
(McNamara, personal experience). Yet, bedside neonatal
rounds in the year 2024 look very different. Whether driven
by the time constraints of having to see high volumes of pa-
4

tients, the need to review systematic “head-to-toe” checklists,
or the need for more detailed medical documentation, there
is often little time to engage in meaningful discussions related
to cardiorespiratory physiology ormechanism of disease. The
consequences of the lack of trainee exposure to bedside phys-
iology or mechanistic discussions related to disease are un-
clear; however, it is plausible that they further promote a
symptom-based, rather than disease-based, approach to
neonatal care. For the 2024 trainee checklists, single-metric
thresholds and algorithms are easy to follow but actively
discourage the importance of understanding “why” and se-
lecting treatments based on enhanced diagnostic or physio-
logic precision.
In an era in which trainee hours have fallen, faculty have

less experience, and cardiology-performed echocardiography
assessments are not usually physiology based, the approach
to neonatal hemodynamic care has become less precise.
Although neonatal hemodynamics research, conducted
by neonatologists with echocardiography expertise, has
increased, these neonatal hemodynamics programs are
confined to a minority of US centers.38 The ripple effect on
trainee education and their approach to rationalizing acute
and chronic medical situations is likely to further contribute
to impaired diagnostic consideration. Of concern, trainees in
neonatal–perinatal medicine report limited cardiovascular
physiologic interaction or structured learning.39 In one na-
tional survey, two-thirds of trainees were “not completely
satisfied” with their education in cardiovascular physiology
in programs without a hemodynamics service, whereas
trainees in programs with a hemodynamic consultation re-
ported increased exposure to cardiovascular physiology.
More than one-half of trainees reported no training on differ-
ences between the preterm and term myocardium, and
important cardiovascular physiologic laws such as the
Frank–Starling law (preload and heart function), stress–
velocity relationship (afterload and heart function), and the
force–frequency relationship (heart rate and heart function)
were rarely taught in formal structured or bedside learning
sessions or considered in making decisions about the selec-
tion of cardiovascular medications.40 These perspectives are
alarming and question the efficacy of training in neonatal–
perinatal medicine and the validity of cardiovascular care
practices in the NICU setting.

Importance of Characterizing Phenotypes

The biological contributors to neonatal cardiopulmonary
disease are complex, and knowledge of disease phenotype
can ensure precision medicine. Comprehensive clinical eval-
uations combined with physiology assessment help decipher
etiopathologies in neonatal disease,41 may identify cardiopul-
monary compromise earlier,1 and ultimately guide individu-
alized treatment tailored by the specific phenotype of the
disease. PVD, and its most severe form of PH, represent an
ideal example for which to implement physiology-based ap-
proaches for the management its presenting phenotypes.41

PVD and PH may be present at different stages after preterm
McNamara, Abman, and Levy
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birth, representing a physiologic hemodynamic spectrum ac-
counting for variance in acute, chronic, and sustained pheno-
typic signatures.2,42 Previous classification systems have
grouped neonatal PVD based on endotype of the pulmonary
vasculature,43 or placed them in categories according to clin-
ical classifications (eg, World Health Organization44,45)
Although the potential contributors to PH are commonly
identified using these classifications, there is significant over-
lap between disease and less emphasis on the spectrum of the
physiology that delineate the cardiopulmonary contributors
to PH based on the phenotypic contributions within the
acute, chronic, or sustained presentations.2

Phenotypic differentiation based on physiology holds the
potential to provide a high index of suspicion for the cardiac,
pulmonary, and pulmonary vascular contributions to disease
(Table II). Although PVD and PH are defined by the degree
of pathologic elevation of pressure in the pulmonary vascular
bed, the heterogeneity of PH phenotypes is best delineated by
considering the traditional etiologic categorization of the
pulmonary vasculature within the framework of the
phenotypical relationships between the major contributors
to pressure in the lungs: mean transpulmonary pressure
gradient, pulmonary blood flow (PBF) and pulmonary
vascular resistance (PVR). For example, chronic PH in
infants born premature is commonly associated with severe
BPD due to pulmonary vasculature remodeling and
elevated PVR. However, chronic PH also may present with
2 other important phenotypes: (1) systemic-to-pulmonary
shunt (eg, PDA, atrial or ventricular septal defects); with
high PBF leading to limited compliance, vascular
remodeling, and interstitial edema (flow-driven phenotype)
and/or (2) alterations in transpulmonary pressure gradient
that results from a left heart phenotype (eg, systemic
hypertension, left ventricular diastolic dysfunction, or
pulmonary vein stenosis). The World Health Organization
classifies the PH associated with BPD (BPD-PH) as Group
3 PH, but this does not fully consider pathologic changes
that each variable of pulmonary pressure contribute to
disease. Accordingly, since chronic PH also can result from
exposure to high PBF, left heart failure, or even genetic
Table II. Physiology–drive phenotypes of chronic PH

Phenotypes Pathophysiology
Chara

Classic Pulmonary vascular remodeling,
intermittent hypoxia ([ PVR)

Dilated R
predo
PA Do

Shunt-mediated High volume of blood in a circuit with
limited compliance, vascular
remodeling, edema ([ PBF)

Dilated R
outpu
both s
ASD/V

Left-heart mediated High LV afterload leads to [LVEDP, LA
hypertension, pulmonary venous
congestion

Dilated L
(Ytran
veloci
and/o

AI, aortic incompetence; ASD, atrial septal defect; IVRT, isovolumic relaxation time; LA, left atrium; L
mitral regurgitation; PA, pulmonary artery; PV, pulmonary vein; PVRi, pulmonary vascular resistance
defect.
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loss-of-function mutations, combining the categorization
based on clinical disease, endotype of the pulmonary
vasculature, and the hemodynamic phenotype will actually
assign BPD-PH to more than one PH group according
to the World Symposium of PH (2018).46 As such,
comprehensive physiological and hemodynamic evaluations
can help distinguish the phenotypical presentation of specific
disease etiologies and provide critical insights into the
mechanisms contributing to development and severity of
disease.

How Phenotypes May Define Treatment
Paths

Careful delineation of the phenotype is essential to enable
physiologically appropriate selection of therapy that optimizes
the cellular homeostasis of blood flow and tissue oxygenation.
Physiological evaluations that are comprehensive, quantita-
tive, and thorough are not only valuable in identifying the
physiology but may be critical in targeting treatment strategies
for the lung, heart, or pulmonary vascular dysfunction, and ul-
timately monitoring therapeutic response. Both cardiovascu-
lar and lung parenchymal disease may present with
hypoxemic respiratory failure, but the phenotype of each dis-
ease will affect the therapeutic choice. Clinical differentiation
of cardiopulmonary phenotypes of disease is, however, chal-
lenging. Chronic PH as heterogeneous disease is an example
that demands attention to the specific phenotypes for optimal
diagnosis and management. The phenotypic variance of car-
diopulmonary disease with the unique relationship between
PVR, alterations in lung compliance from increased PBF,
and heart function of each phenotype need to be considered
when formulating an approach to clinical treatment pathways.
The adaptive process for the impaired circulation is complex
but can be particularly more challenging in specific conditions
that alter transitional physiology in the early and later neonatal
periods and require specialized treatments strategies. Using
physiology, comprehensive hemodynamic evaluations (eg,
neonatal echocardiography coupled with clinical examina-
tion) have the potential to guide therapeutic intervention
cteristic echocardiographic
features

Physiological/hemodynamic
approach to treatment

V, septal flattening in systole,
minantly R/L shunts, [PVRi,
ppler notching

Optimal lung parenchyma and
recruitment, pulmonary vasodilators

Phenotyping BPD (see Table III)
V or LV, discrepant ventricular
ts with either [RVO, [LVO or
eptal flattening in diastole if
SD

Manage shunt; maintain [PVR, avoid
selective pulmonary vasodilators

Close shunts

V, LV diastolic dysfunction
smitral passive (e-wave)
ty, [IVRT, YPV velocities), MR
r AI

Manage systemic hypertension
Pulmonary vein stenosis management
Long-term follow-up

V, left ventricle; LVEDP, left ventricular end-diastolic pressure; LVO, left ventricular output; MR,
index; R-L, right to left; RV, right ventricle; RVO, right ventricular output; VSD, ventricular septal
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Table III. Pathophysiologic lung specific phenotypes of BPD

BPD phenotypes Mechanism of disease
Therapeutic approaches tailored to

phenotype

Alveolar disease Interruption of alveolarization
Airway inflammation
Structural changes

High tidal volumes
Long exhalation time/low rate
Optimization of nutrition Evaluate for
aspiration

Small airway disease Airway inflammation Bronchodilators
Inhaled corticosteroids
Systemic steroids for exacerbations

Large airway disease Tracheobronchial malacia
Structural changes in proximal or distal

airways

Dynamic bronchoscopy with PEEP
titration

Tracheopexy and/or bronchopexy if
disease is primarily in proximal
airways

Evaluate for aspiration
Pulmonary vascular disease Interruption of vasculogenesis

Flow-mediated (V/Q mismatch)
Left heart mediated

Screening echocardiogram and
determine phenotype (see Table II)

� Cardiac catheterization
Optimize ventilation/oxygenation
Evaluate for aspiration
Correct metabolic derangements
Pulmonary vasodilators

Lymphatic disease Interruption of lymphatics
Anasarca
Immune dysfunction

Maintenance of fluid balance
Diuresis
Optimization of nutrition

Interstitial lung disease Interruption of alveolarization
Airway inflammation
Interruption of vasculogenesis

Genetic evaluations

Infectious Airway inflammation Respiratory culture
Consider prophylaxis

PEEP, positive end-expiratory pressure; V/Q, ventilation–perfusion.
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based on valuable insights into the phenotypical presentation
of disease.

Phenotypic differentiation is also critical in guiding the
development of screening algorithms to detect chronic PH
in infants born preterm. The current consensus guidelines
and expert opinions vary as to the appropriate patient popu-
lation to screen, identification of additional risk factors and
comorbidities, timing of screening, screening modalities,
management, follow-up, and appropriate subspecialty
consultation.41,44,45,47,48 Although each set of guidelines
was developed by multidisciplinary panels of experts, the ma-
jor limitations are lack of clear diagnostic definitions that use
the physiology to decipher the phenotypical presentation and
guide therapeutic intervention. For example, if a neonate
screens positive for PH, it may not initially be evident if the
PH is due to the underlying lung disease (“classic BPD”),
excessive PBF from systemic-to-pulmonary shunting, or
impact from left heart disease. The etiology of the hypoxemia
in these children is multifactorial, and treatment must be
tailored to the biological phenotype contributing to the
PH. Specifically, a pulmonary vasodilator may be an appro-
priate agent for the treatment of classic BPD with elevated
PVR but would be inappropriate in the BPD-PH due to
increased PBF or left heart disease. Phenotypic delineation
will further provide insight into the ventilatory strategies to
optimize lung recruitment, consider small and large airway,
and even assess for infectious. As such, the treatment pathway
for chronic PH must rely on the physiological delineation
with the clinical, echocardiography, and biochemical clues.
6

Deciphering pulmonary vascular phenotypes and its physio-
logical impact are critical for diagnostic evaluation, selection
and implementation of therapeutic strategies, and identifica-
tion of infants born preterm at risk for late cardiopulmonary
disease.2

Interface between Targeted Neonatal
Echocardiography and Phenotype
Characterization

TnECHO refers to the use of comprehensive hemodynamics
evaluation, which incorporates physiologic data acquired
through echocardiography, to obtain accurate, reliable, and
real-time information on developmental hemodynamics in
sick newborns.49 This approach has allowed earlier recogni-
tion of cardiovascular compromise and allows for precise,
timely, and longitudinal management. The distinction from
point-of-care ultrasonography, which provides limited and
brief one-time assessments, is important.50

Current definitions of BPD are based on the amount of ox-
ygen or respiratory support provided, rather than underlying
pathophysiology.51 Clinical assessment is therefore chal-
lenging, as there may be overlap between several contributing
disease phenotypes (Table III). Among some infants, lung
parenchymal disease, characterized by fibrosis with large and
simplified alveolar development, leads to reduced lung
surface area for gas exchange and may, on its own, present
with respiratory failure and chronic dependence on
mechanical support.52,53 This may be referred to as classic
McNamara, Abman, and Levy
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BPD without PH. Among infants with severe BPD, however,
the reported incidence of contemporaneous classic BPD
with PH is between 15% and 58%.54-56 Additional
phenotypes include chronic PH secondary to excessive PBF
seen in patients with prolonged intracardiac (eg, atrial
communication) or transductal shunts and PVD secondary
to diastolic heart failure with preserved ejection fraction
seen in the setting of systemic hypertension. The optimum
approach to screening for chronic PH, regardless of primary
etiology, among patients with BPD is unknown. Its
presenting features often are subtle, and the timing of onset
is insidious and also likely variable, with findings reported as
early as 28 weeks of postmenstrual age in some patients.55

Due to the marked variance in underlying pathophysiology
and the potential negative impact of incorrect treatment
selection, early diagnostic echocardiography and close
surveillance are recommended, especially in evolving BPD.
There are important management considerations that
highlight the importance of phenotypic characterization. For
example, the non-judicious use of selective pulmonary
vasodilators (eg, inhaled nitric oxide) may aggravate
pulmonary edema in patients with diastolic left heart failure
and pulmonary venous hypertension due to left ventricular
diastolic dysfunction or pulmonary vein stenosis. Rather,
recent evidence suggests that angiotensin-converting enzyme
inhibition may represent the optimal treatment strategy for
PH of left heart origin.15

Finally, increasing evidence that adults born premature are
at increased risk of systemic hypertension, exercise-induced
heart dysfunction, ischemic heart disease, heart failure, and
PH, which negatively influence adult heart disease, further
emphasizes the importance of characterizing phenotypes in
the neonatal period.6-8,57 In the words of the ancient Greek
philosopher Phaedrus, “Things are not always what they
seem; the first appearance deceives many; the intelligence
of a few perceives what has been carefully hidden.” Increased
access to longitudinal echocardiography, through the estab-
lishment of neonatal hemodynamics programs, will enhance
the extent of surveillance and quality of phenotypic charac-
terization.

The Intersection between Physiology and
Clinical Trials in Neonatology

There are very few well-conducted randomized trials of
cardiorespiratory therapies in neonatology. Too often trials
are designed based on “what we do” rather than “whether
there is sufficient mechanistic and pharmacologic insight to
support the scientific merits of conducting the trial,” which
has major implications from both a financial sustainability
and clinical relevance perspective. One example would be
conducting trials of diuretic therapy in infants with BPD
without determining the specific target population in which
this treatment may be biologically relevant. Although di-
uretics may have a beneficial role in patients with pulmonary
edema secondary to systemic hypertension associated left
ventricular diastolic dysfunction or moderate- to high-
Reengagement with Physiology in Neonatal Heart and Lung Care
volume atrial level shunts, they may little benefit in patients
with straightforward BPD where the need for ongoing respi-
ratory support is secondary to lung inflammation, fibrosis, or
impaired alveolarization. Our intent is not to dissuade neo-
natologists away from conducting randomized trials but to
call attention to the need for incorporation of the dynamic
nature of cardiorespiratory physiology to optimize study
design. An additional objective is to shift the focus of trial
design toward disease-specific states and populations of in-
terest where pathophysiological mechanism is understood
and treatment pharmacology is characterized. Funding
agencies must carefully review whether a trial reflects appro-
priate mechanistic understanding of the disease state, suffi-
cient appreciation of pharmacologic relevance of the study
medication, and patient selection based on concrete evidence
of the disease state. The importance of phenotypes and diag-
nostic precision must be prioritized in neonatal clinical
research, and randomized clinical trials would benefit from
research teams that include physiologists and hemodynamic
and respiratory scientists to optimize methodology. One
example is the National Institutes of Health–funded Percuta-
neous intervention Versus Observational Trial of Arterial
ductus in Low-weight infants (PIVOTAL) trial, which has
embraced the importance of standardization of patient
enrollment through the incorporation of an ECHOCORE,
whereby all echocardiography studies of hemodynamic sig-
nificance of the PDA are performed according to a standard-
ized protocol and sent to the core laboratory for independent
adjudication of hemodynamic significance before randomi-
zation. Unlike all previous PDA trials, verification of the pop-
ulation of interest will help optimize the enrollment process.
This concept has broader applicability to other randomized
trial designs in neonatology.

Opportunities to Enhance Cardiorespiratory
Physiology Education

One of the potential drivers of the attrition in cardiorespira-
tory physiology education has been the reduction in exposure
of neonatal trainees and faculty to neonates with major car-
diac malformations. Similarly, training of pediatric cardiolo-
gists and pulmonologists has been limited by the lack of
exposure to bedside care and discussions provided by critical
interactions among the disciplines. In some centers, these pa-
tients are managed primarily by neonatologists, in collabora-
tion with the cardiac and pulmonary teams, but this is now
the exception.58 The need for such interdisciplinary pro-
grams for comprehensive care of infants with severe BPD
has been described,47 but the development of strategies that
enhance training and education within the fields warrants
further work. Bodies that oversee neonatal education, like
the Accreditation Council for Graduate Medical Education,
should appraise whether the current clinical exposures and
educational framework related to them ensure neonatology
trainees are sufficiently trained for independent practice.
One recommendation would be to mandate formal rotations
for neonatal trainees in cardiovascular intensive care units or
: A Priority for Training and Practice 7
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neonatal hemodynamics. Similarly, greater exposure and ro-
tations of pulmonary and cardiology trainees in NICUs
would likely enhance exposure, teaching and the develop-
ment of skill sets that will enrich important clinical strengths
for the next generation of clinicians and clinician–scientists.
The clear limitation is that some programs what do not have
these rotations on-site. Nevertheless, neonatal cardiorespira-
tory physiology education and, in particular hemodynamic
physiology, should be recognized as a blind spot in contem-
porary neonatal education.

Conclusions

Despite improvements in clinical care, a greater emphasis on
applying and teaching bedside heart and lung physiology in
the care of critically ill neonates is necessary to develop the
next generation of care providers and clinician–scientists to
improve short- and long-term outcomes. This should be
considered a priority for pediatric residency and neonatal
fellowship programs to offset the significant attrition in
physiology-based thinking in daily neonatal care. Integrating
the application of such as targeted neonatal echocardiogra-
phy, LUS and other novel technologies to better define and
apply greater precision based on physiologic-based targets
will likely improve clinical care, research and enhancing the
development of drug and medical devices in the future.
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