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While patent ductus arteriosus, pulmonary hypertension, and systemic hypotension are key medical issues amongst neonates,
there are other common biological conditions which present with distinct physiological diagnostic and therapeutic challenges. This
review focuses on such hemodynamic considerations in cardiomyopathy accompanying infants of diabetic mothers, twin-to-twin
transfusion syndrome, and left heart pathology in infants with severe chronic lung disease. It details the pathophysiological
mechanisms, diagnostic approaches, and therapeutic strategies essential for optimizing cardiovascular stability in this fragile
cohort. A regimented, protocol-driven approach may lead to an increased risk of unintended treatment side effects in patients
where diagnostic precision is low. This review provides a rational basis of the management of hemodynamic instability, at the same
time laying out knowledge gaps and considerations for future research.
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INTRODUCTION
Neonatal hemodynamic care has traditionally focused on patent
ductus arteriosus (PDA), systemic hypotension, and pulmonary
hypertension, each of which can significantly impact their clinical
outcomes. Oftentimes, a singular approach to maintaining strict
blood pressure targets using non-specific vasopressors is adopted
with little consideration of the underlying cardiovascular pheno-
type. An imprecise approach may lead to an increased risk of
unintended treatment side effects in patients where diagnostic
precision is low. A comprehensive understanding of the unique
developmental and physiologic considerations of neonates, the
variance in underlying disease phenotypes for similar clinical
presentations is essential towards providing optimal neonatal care.
In addition, the transition from fetal to neonatal circulation is
complex and often precarious in preterm infants due to their
immature cardiovascular systems. Several recent review articles
highlight the importance of physiology in routine clinical practice
and the need for consideration of diverse hemodynamic pheno-
types [1, 2]. The delicate balance of maintaining adequate organ
perfusion while avoiding excessive fluid overload or pressure-
induced injury necessitates a nuanced understanding of neonatal
hemodynamics.
There are, however, several additional biological conditions that

have distinct developmental and physiological challenges that
require specialized hemodynamic management. This article explores
the special hemodynamic considerations in infants, highlighting the
pathophysiological mechanisms, diagnostic approaches, and ther-
apeutic strategies essential for optimizing cardiovascular stability and
supporting overall health in this fragile cohort. Of these, cardiomyo-
pathy in infants of diabetic mothers (IDM) is the most common, with

an incidence rate ranging from 13% to 44% presents a significant
clinical challenge [3]. The severity of this condition, which correlates
with maternal glycaemic control during pregnancy and the
consequential hyperinsulinemic environment, can result in diverse
cardiac phenotypes; specifically, the hemodynamic burden, which
can lead to hypertrophic cardiomyopathy (HCM) and associated
complications such as low cardiac output and pulmonary hyperten-
sion [4]. The variability in the clinical presentation of HCM among
these infants underscores the need for individualized hemodynamic
assessment to guide therapeutic strategies effectively. This review
aims to synthesize current knowledge on the cardiac implications of
IDM, drawing parallels with related syndromes like twin-to-twin
transfusion (TTTS) and bronchopulmonary dysplasia (BPD), to
underscore the need for comprehensive neonatal cardiac assessment
and tailored management strategies. Recognizing and addressing
these hemodynamic factors through targeted echocardiography
assessments and interventions, such as afterload reduction, are
essential in mitigating the adverse impact on the cardiorespiratory
system. Accurate hemodynamic assessment and management are
therefore critical in addressing the complex cardiovascular challenges
faced by infants with conditions such as cardiomyopathy in IDM,
TTTS, and BPD. The recent guidelines for targeted neonatal
echocardiography (TNE) highlight the unique aspects of these
conditions, the limitations of routine clinical surveillance, and provide
recommendations for mandatory TNE screening [5].

CARDIOMYOPATHY IN INFANTS OF DIABETIC MOTHERS (IDM)
Infants are exposed to hyperglycemia during pregnancy, and the
resulting fetal hyperglycemia and upregulation of insulin
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production by the fetal pancreas are responsible for excessive
fetal growth. This results in several different cardiac phenotypes
including congenital heart disease, cardiac muscle hypertrophy,
and cardiac and respiratory maladaptation after birth. Figure 1
illustrates the cascade of events that lead to neonatal complica-
tions through the effect of a sustained hyperinsulinemic environ-
ment in utero.

Case 1
A male infant was born at term gestation, and pregnancy was
complicated by maternal uncontrolled type 2 diabetes mellitus
(on insulin therapy), obesity, anemia, and fetal macrosomia. He
was delivered by cesarean due to a non-reassuring fetal status.
Screening TNE was requested by the clinical team due to
antenatal risk factors, raised serum lactate, cardiomegaly on CXR,
and respiratory failure requiring continuous positive airway
pressure ventilation. This noted significant asymmetric left
ventricular (LV) hypertrophy (septal predominance) (LV posterior
wall in diastole z-score 4.6, interventricular septum dimeter in
diastole z-score 2.7) with mildly decreased LV function (ejection
fraction 54% by Simpsons biplane, global strain-10.4) and
evidence of dynamic LV outflow tract obstruction (peak gradient
of 95 mmHg across the LV outflow tract), systemic level pulmonary
pressures based on bidirectional flow through the PDA (68% and
69% left to right by time and by velocity time integral
respectively), and a moderate sized atrial communication with
bidirectional flow. He was subsequently intubated to support LV
function, and started on vasopressin at 1 mU/kg/min to promote
LV filling (targeting 50th percentile blood pressure for age), and
sedated. Echocardiographic parameters subsequently improved
with these interventions and the LV outflow tract gradient
dropped to the low 50’s, however, on postnatal day 4 he
developed spells of desaturation (Fig. 2). Repeat assessment
showed worsened LV outflow tract obstruction and he was
additionally started on Esmolol infusion titrated to maintain heart

rates <120 beats/min. His gradient again responded favorably,
down to the 30s, and he was weaned off of vasopressin. Over the
course of the next several weeks, he was successfully extubated,
and Esmolol was transitioned to propranolol, which was weaned
off prior to discharge. Echocardiogram prior to discharge had no
significant LV outflow tract obstruction but continued septal
hypertrophy, which resolved during follow-up. Table 1 sum-
marizes the clinical features.

Discussion. Fetal myocardial hypertrophy has been reported in
up to 30% of antenatal scans of pregnancies complicated by
maternal diabetes [6]. Histologically, hyperplastic cardiomyocytes
with a normal configuration (rather than disarray of muscle fibers,
intramyocardial fibrosis, or interstitial collagen depositions such as
those seen in other intrinsic diseases of the heart) are noted.
Putatively, this might explain why the typically asymmetrical
septal hypertrophy is reversible and less prone to intractable
arrhythmias. Severe basal septal thickness may lead to apposition
of the anterior leaflet of the mitral valve to the interventricular
septum during systole and obstruct the LV outflow tract. In some
cases, it may also affect the right and left posterior walls
symmetrically [7]. These changes can manifest as impaired
ventricular relaxation and diastolic filling, which ultimately lead
to poor cardiac output. It is plausible that some patients may
develop a post-capillary phenotype, which may lead to impaired
oxygenation and pulmonary venous hypertension. Fetal hyper-
insulinism can also cause early elevated pulmonary pressure and
pulmonary vascular resistance, thus exacerbating the infant’s
hypoxemic state [8]. Figure 3 depicts the dynamic effects of fetal
hyperinsulinism on systemic hemodynamics and oxygenation.
Recent consensus recommendations advocate that all IDMs with
clinical signs of low cardiac output or pulmonary hyperten-
sion (PH) (such as cyanosis or tachypnoea and cardiomegaly on
chest X-ray) should have a comprehensive echocardiography
assessment [5]. This will allow for the evaluation of any dynamic

Fig. 1 Fetal-neonatal cascade of effects in maternal diabetes (Adapted from Kallem 2020).
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obstruction to the LV outflow tract, presence and severity of
diastolic and systolic dysfunction, and impact on pulmonary
circulation, thereby facilitating the need for physiology-driven
interventions. Since the cohort is at a higher risk of congenital
heart disease, any suspicion should trigger a request for
evaluation by a pediatric cardiologist. Key measurements,
principles of assessment, and probe position/view required have
been summarized recently [5].
The clinical management of infants with HCM and a low cardiac

output state remains quite variable. A recent review highlighted
the heterogeneity in therapeutic interventions [9]. A retrospective
study (from 2004 to 2019) of hospitalized IDM patients in their first
two postnatal weeks noted that IDM related HCM was associated
with greater in-hospital mortality (4.9 vs. 1.3%, p < 0.001), longer
duration of stay, need for (and longer duration of) mechanical
ventilation, and adjusted total cost of care. Multivariable logistic
regression to assess the association between HCM and mortality
noted that other medical conditions independently associated
with mortality were PH and prematurity. Inotropes and vasopres-
sors were prescribed in nearly half of infants with HCM, inhaled
nitric oxide in 40%, diuretics in 35%, and β-blockers such as
Esmolol and propranolol in 17% of patients. Although supportive
care with careful management of hypovolaemia and potential PH
remains the priority, β-blockers are used for managing cardiac

stiffness and decreased diastolic filling. Guiding physiologic
principles for acute hemodynamic care include the avoidance of
agents that increase heart rate [catecholamines (dopamine/
dobutamine/epinephrine), hypovolemia, elevated temperature],
and managing systemic hypotension in the transition period with
vasopressors that will not increase pulmonary vascular resistance
or heart rate [10]. In some centers, intravenous vasopressin is the
standard of care vasopressor in the transitional period due to its
favorable properties on the pulmonary vascular bed. In addition,
the impact of increased left ventricular afterload shifts the
pressure volume loop favorably toward increased end-systolic
volume; hence, higher stroke volume [10]. Clinicians should also
be cautious when rewarming IDM infants undergoing therapeutic
hypothermia for hypoxic-ischemic encephalopathy due to the
consequential increase in heart rate. Intravenous Esmolol infusions
(50–100mcg/kg/min) followed by oral propranolol (3–4mg/kg/
day) have been used to improve cardiac function and LV outflow
tract obstruction [11]. Of note, Esmolol should only be used in
patients with a stable blood pressure (BP) and without active PH
due to the negative effects on the pulmonary vascular bed.
Esmolol is also ultra-short acting and allows for rapid titration and
disappearance of β-blockade effect following discontinuation in
the event of deleterious cardiac haemodynamic effects. It is
important to consider the implications of β-blockade. Adverse

Fig. 2 Initial and subsequent imaging showing resolution of cardiac hypertrophy. A Initial chest X-ray showing cardiomegaly.
B 2-dimensional echocardiogram showing asymmetrical septal hypertrophy. C Selected echocardiography clips with LVOT gradient pre and
post therapeutic interventions. (LA: left atrium; Ao: Aorta; LV: left ventricle; LVOTO: LV outflow tract obstruction).
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cardiac effects include precipitation or worsening of decompen-
sated heart failure (especially in the presence of pre-existing
myocardial dysfunction) and bradyarrhythmia (due to its negative
chronotropic effects). Another consideration is the adverse effects
of β-blocker withdrawal, which is seen with the increased
sympathetic effect of short-acting drugs such as propranolol. This
may necessitate the need for a weaning period before cessation.
Other considerations for the general management of IDM

include management of resistant hypoglycemic (potentially
compounded by using a β-blocker), polycythaemia-associated
hyperviscosity [12], and potential cardiac instability related to
electrolyte imbalances (particularly hypocalcaemia and hypomag-
nesemia). Follow-up echocardiogram at 3–6 months post-
discharge should be performed to show resolution of the
hypertrophied intraventricular septum and free walls if affected.
Any ongoing HCM, or where there is evidence of additional
anatomic heart defects, should be investigated to exclude any
genetic/familial cause, such as inborn errors of metabolism,
malformation syndromes, neuromuscular disease, or sarcomeric/
other cardiac genetic abnormalities [13]. Longer-term effects of
exposure to in utero hyperglycemia and hyperinsulinism are
unclear. Predisposition to atherosclerosis, the development of
vascular disease, and a four-fold increased risk of metabolic
syndrome in childhood have all been described in IDM [14, 15]. It
is also unclear whether the IDM-associated hypertrophy leads to
decreased myocardial endowment and the potential for impaired

ventricle development. A more detailed follow-up may be
required for these infants.

TWIN-TO-TWIN TRANSFUSION SYNDROME RECIPIENT TWINS
Differential placental transfusion as seen in TTTS may also result in
cardiac hypertrophy and a cardiomyopathy-type picture in
recipient twins. TTTS is a fetal diagnosis with graded severity
based on the significance of vascular anastomoses in the shared
placenta between monochorionic diamniotic twin pairs. It is
relatively rare but carries significant morbidity. Around 3% of live
births are twins, of which 30% have monochorionic (MC)
placentas, and 10–15% of these will develop TTTS [16–18]. Pre-
and postnatal morbidity and mortality are increased, compounded
by the high rates of premature birth (on average at 28–30 weeks’
gestation), with survival rates for both twins ranging only around
only 50–65% and rates of long-term neurologic impairment in
survivors at 10–20% [16, 19].

Case 2
This case of a TTTS recipient illustrates clearly the cardiovascular
risk, but also successful close monitoring and intervention. A male
monochorionic-diamniotic twin infant was born at 28w by
cesarean section for progressing preterm labor in the setting of
newly diagnosed TTTS stage IV. The baby was intubated
at delivery, given surfactant, and received mechanical ventilation.

Fig. 3 Dynamic effects of fetal hyperinsulinism on infant circulation and oxygenation.
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He received a screening targeted neonatal echocardiogram (TNE)
on postnatal day 1. At the time of assessment, he was on low
ventilator settings and 0.21 FiO2, had a normal arterial lactate and
pH, and normal BP for age. TNE evaluation revealed biventricular
cardiac systolic dysfunction [LV markers included Simpsons
biplane ejection fraction (LV EF) 40%]; RV markers [tricuspid
annular planar systolic excursion (TAPSE) 2.6 mm, fractional area
change (FAC) 16%, RV tissue Doppler imaging (TDI) s’ 2 cm/s] and
hypertrophy (Fig. 4). In addition, there was evidence of
biventricular decreased cardiac output (LV output 60 ml/kg/min,
RV output 38 ml/kg/min). There was a small atrial communication
and a small PDA, both with left-to-right shunting. An intravenous
infusion of dobutamine at 5 mcg/kg/min was started. On TNE
reassessment 4 h later, his LV function had normalized (LVEF 65%)
but there was persistent mildly reduction in RV function (TAPSE
4.2 mm, FAC 40%, RV TDI s’ 3.5 cm/s), and improving but still low
cardiac output (LV output 121ml/kg/min and RV output 40ml/kg/
min). Low-dose epinephrine at 0.03 mcg/kg/min was added for
further inotropic support, which led to normalization of ventricular
function and outputs. He was successfully weaned off all therapies
by postnatal day 5 and had no deleterious consequences.

Discussion. Placental vascular anastomoses (venous, arterial, and
arterial-venous) occur in all MC pregnancies with shared blood
flow between twins, but TTTS pathology develops when a net
imbalance in blood flow occurs through significant arterial-venous
connections. Diagnosis and prognostication are based on
Quintero staging [20]. There are now additional staging systems
that follow the expected cardiovascular progression of disease,
but these aren’t yet in widespread use [21–23]. Fetal laser
photocoagulation of placental anastomoses is now considered
the gold standard approach to management in Quintero stage II+
if diagnosed prior to 26 weeks [18–24].
The unbalanced net flow between TTTS twins creates strikingly

altered cardiac loading conditions and explains much of the
morbidity facing the recipient twin. Donor twins typically
compensate for their decreased cardiac preload and are less
likely to present with clinically apparent disease at birth. The
recipient twins are less able to tolerate their increased cardiac
volume loading, and the developing heart can progressively
develop a hypertrophic cardiomyopathy-type phenotype. There is
growing evidence that in addition to volume loading, vasoactive
mediators (renin, angiotensin) which are passed to the recipient

Fig. 4 TTTS recipient twin case, selected echocardiography clips. A RVO- right ventricular output. B LVO- left ventricular output. C TAPSE-
tricuspid annular plan systolic excursion. D ventricular hypertrophy. RV right ventricle, LV left ventricle.
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twin from the donor (a compensatory response of the donor’s
relative hypovolemic state) also contribute to the worsened
recipient loading conditions from the addition of increased
afterload and the effects of systemic hypertension [25, 26].
The progression of cardiovascular disease in recipient twins

seems to follow a somewhat predictable course (Fig. 5), although
onset is variable and rapid worsening can occur [27, 28].
Accommodation of increased volume reliably causes changes in
cardiac architecture, and early recipient twin disease can cause
right-sided ventricular dilatation and more “globular” shaped
hearts with increased cardiothoracic ratios [28, 29]. Next, subtle
changes in diastolic function in both ventricles can occur,
evidenced by worsened RV strain, prolonged isovolumetric
relaxation time (IVRT), and increased ventricular filling pressures
[28, 30, 31]. Systolic dysfunction follows, with a likely oversized
contribution from the RV, with altered myocardial performance
indices, shortening fractions, and new regurgitant jets [28, 32, 33].
If volume loading continues unchecked, then these cardiac
consequences will progress, hypertrophy develops and worsens,
and forward cardiac output falls, leading to diminished RV outflow
and functional outflow tract obstruction in some cases, and in
others progressive cardiac failure, hydrops fetalis, and death
[21, 23].
While there are many fetal TTTS cardiovascular studies, detailed

postnatal echocardiography assessments of recipient twins are
few [34, 35]. However, even outside of the pathologic in utero
environment, neonates affected by TTTS are at increased risk of
morbidity and mortality compared to unaffected MC twins
[16, 35]. This is likely multifactorial, but cardiovascular disease
must certainly contribute. For instance, there is an increased
incidence of congenital heart disease in surviving recipient twins
even after ablative therapy was successfully performed in utero.
The predominant congenital heart disease phenotype, RV outflow
and functional outflow tract obstruction spectrum, fits their
antenatal physiology [29, 34]. There are also data that show
altered postnatal arterial wall stiffness in TTTS recipients and
donors, particularly for those who did not receive laser ablative

therapy, which further suggests fetal loading conditions influence
long-term cardiovascular development and structure [36].
What little we know of cardiac function in neonates’ post-TTTS

suggests that dysfunction, when present, normalizes with time;
however, the course and predictors are unclear. One early study
that examined recipient TTTS fetuses’ pre- and post-amnioreduc-
tion, where all fetuses had some degree of persistent cardiac
dysfunction and hypertrophy post-intervention, found nearly half
of the neonates displayed cardiac dysfunction at birth that
normalized in most over several months [37]. Now, most patients
are treated by fetal laser ablation, not amnioreduction, and after
post successful procedure, many recipient TTTS fetuses normalize
cardiac functional metrics [27, 33]. This would suggest that the
subsequent cardiac normal function will be normal as well.
However, one of the few recent studies that examined the post-
natal transition period in TTTS showed persistent cardiac
hypertrophy and significantly reduced markers of right-sided
cardiac function in the second postnatal week in recipients who
underwent successful laser photocoagulation in utero, compared
to donors and compared to age-matched singletons [38]. The
donor cohort demonstrated systemic artery (aortic) stiffness but
preserved cardiac function. Putatively, vascular programming in
monozygotic twins with intertwin transfusion may be altered but
not abolished by intrauterine therapy to resemble that seen in
dichorionic twins.
The stressors of transition to postnatal life, particularly abruptly

increased afterload with the loss of the placenta and the risk of
persistent pulmonary pressure elevation in immature lungs, could
be poorly tolerated by an already dilated, hypertrophied, or
dysfunctional TTTS recipient heart. Which hearts are at the highest
risk, and which prenatal echocardiographic indicators may best
risk-stratify patients, is unknown. Recent consensus guidelines for
TNE recommend that infants with TTTS, regardless of antenatal
treatment with laser photocoagulation, should undergo standard
TNE assessments to identify pulmonary or systemic hemody-
namics, characterize loading conditions, and assess myocardial
performance [5]. A judicious approach to care may include careful

Fig. 5 Cardiovascular consequences in twin-to-twin transfusion syndrome recipient twins. TTTS twin-to-twin transfusion syndrome, MC
monochorionic, RVOTO right ventricular outflow tract obstruction.
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consideration of early postnatal echocardiography in TTTS
recipients, and careful consideration of the need for supportive
interventions to augment function and/or reduce afterload in the
correct scenario. Further study is critically needed in this
population to examine, over multiple time points, the natural
history of the recipient TTTS neonate and what interventions may
best suit their unique physiology.

LEFT HEART PATHOLOGY ASSOCIATED WITH BPD
Preterm infants are at a higher risk of developing severe BPD.
Approximately 15,000 infants are affected in the United States
annually, the incidence being consistently high in the NICHD Neonatal
Research Network and the Australian and New Zealand Neonatal
Network over the last two decades [39, 40]. The current definitions are
limited by the fact that disease severity assumes a singular lung
phenotype and is exclusively classified based on respiratory support
rather than underlying etiological contributors. Published guidelines
for assessment and management of BPD are exclusively based on
screening for chronic pulmonary arterial hypertension and assume a
single underlying phenotype [41, 42]. Little consideration has been
paid to the contribution of systemic hemodynamics [systemic artery
(aortic) dynamics and/or abnormal LV function] towards pulmonary
vascular disease. Experimental, pathophysiological, and clinical data
have indicated the role of systemic hemodynamics (systemic afterload
and LV dysfunction) in neonatal-pediatric lung disease [43, 44].
Transudation of fluid across the pulmonary capillary beds will affect
pulmonary compliance, influencing respiratory support requirements
[43–45]. Recognition of this BPD phenotype, originating in the aorta

and/or the LV, in unison or sequentially, may refocus treatment
strategies in a subset of infants with severe lung disease.

Case: 3
Table 1 describes a preterm infant who was mechanically
ventilated from birth. Paracetamol was administered in the first
week for a PDA, which resulted in successful closure. At 36 weeks
post-menstrual age, he was still mechanically ventilated with FiO2

0.6. Figure 6 summarizes echocardiography findings at 36 weeks,
which noted LV dilatation, trans-mitral E/A ratio (>1), prolonged
IVRT of 56 ms, and reduced pulmonary venous flow. No evidence
of PH was noted (no tricuspid regurgitation or RV dilatation; time
to peak velocity/right ventricular ejection time 0.3). On m-mode,
the intima-media thickness in the abdominal aorta proximal to the
celiac trunk was 990 µm (vs expected 674 ± 22 µm) with reduced
pulsatility. His systemic systolic BP at 36 weeks gestation was
>95th (87 mm Hg) and subsequently >99th centile for gestation
from available charts (93 mm Hg) [46]. Captopril [angiotensin
converting enzyme inhibitor (ACEi)] was administered initially at
0.1 mg/kg/dose every 8 h, gradually increasing to 0.5 mg/kg/dose
over the next 5 weeks. Figure 7 depicts an increase in velocity time
integrals for biventricular output and pulmonary venous flows in
comparative echocardiograms before and after five weeks of
captopril, which was accompanied by clinical improvements.

DISCUSSION
Infants with severe BPD have a higher incidence of systemic
hypertension, which is associated with longer duration of need for

Fig. 6 Pre-captopril echocardiographic information. A Left ventricular dilatation on 2D apical 4 chamber view. B Reversed trans-mitral E/A
pulse Doppler. C Iso-volumic relaxation time. D Dampened pulmonary venous Doppler.
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respiratory support as well as greater risk of home oxygen [43,
46, 47]. Of concern, the approach to monitoring systemic
hypertension is inconsistent and oftentimes infrequent. In a
recent study, BP comparisons were made using gestation-specific
95th and 99th centiles [46]. In addition, elevated BP is often
assumed to be artifactual when high, prompting repeat measure-
ments until a normal value is achieved. In a recent study of
preterm infants with severe BPD, aorta intima-media thickness and
stiffness/impedance were measured by high-frequency vascular
ultrasound, compared with preterm infants of equivalent gesta-
tional age but with no BPD and term infants [44]. Infants in the
BPD cohort had increased thickness, impedance, and wall stiffness
with reduced arterial compliance and beat-to-beat pulsatility.
Lower distensibility and aortic compliance have been noted
previously in low birthweight infants [48]. The additive effects of
systemic hypertension and arterial stiffness in BPD infants may
generate back-pressure changes in the left heart and pulmonary
venous circulation. The consequential effects of increased left-
atrial end-diastolic pressure (reflected in decreased pulmonary
venous flow) on the immature lung initiate an edemagenic
sequence (termed post-capillary pathophysiology). In terms of LV
disease, a prospective echocardiographic study compared myo-
cardial function in extremely preterm infants with severe BPD with
preterm infants with no BPD [45]. Both diastolic and systolic
function were adversely affected; however, trans-mitral E/A ratio,
E-wave deceleration time, and IVRT time were impacted to a
greater extent than LV output and fractional shortening. LV
diastolic dysfunction is an important component of cPH patho-
physiology in the Panama Classification of Pediatric Pulmonary
Hypertensive Vascular Disease [49]. In addition, the European
Society of Cardiology also separately categorizes patients with cPH
with LV systolic/diastolic dysfunction [50]. These data parallel adult
studies where cPH was seen in >60% of patients with LV systolic
dysfunction and >80% of those with LV diastolic dysfunction
[51, 52]. It is noteworthy that indices of LV diastolic function are
rarely performed on routine screening echocardiography assess-
ments in many centers [53].
In clinical situations where pulmonary vascular resistance

mediated PH is not the cause (functional: systemic arterial
stiffness/LV dysfunction, flow based: moderate-high volume PDA

or atrial level shunt, or anatomical: pulmonary vein stenosis/mitral
valve disease), non-judicious use of conventional pulmonary
vasodilators [such as nitric oxide (iNO)/sildenafil] may be
counter-productive. For instance, adult patients with PH second-
ary to mitral valve disease are excluded from clinical trials
evaluating pulmonary vasodilator therapies [54]. In post-capillary
cPH disease, knowledge of the underlying pathophysiology can
guide therapeutic decision-making.
The renin-angiotensin-aldosterone system plays a role in arterial

remodeling of the vasculature and the consequent arterial
stiffness [55]. ACE-2 is a counter-regulatory enzyme of ACE [56];
specifically, during chronic hypoxemia (typical in severe BPD), ACE
is upregulated while ACE-2 is downregulated, tipping the balance
towards the pro-inflammatory (pro-fibrotic) effects, thereby
promoting vascular remodeling [57, 58]. ACE inhibitors reset the
balance between vasoconstrictors/ proliferators and vasodilators/
anti-proliferators of the vascular wall, inhibit arterial remodeling
and replacement of elastin fibers by collagen fibers [59–63], and
improve endothelial function [64]. In adults, the mainstay of
therapy for patients with cPH and accompanying LV dysfunction is
not pulmonary vasodilator therapy; rather, systemic afterload
reduction is employed to lower left atrial and pulmonary venous
pressure. Clinical studies in infants with severe BPD support the
therapeutic role of ACE inhibition [55, 65, 66]. In a study using
cardiac catheterization in 13 preterm infants with severe BPD and
cPH, administration of iNO demonstrated a net increase in wedge
pressure in seven infants (58%), possibly related to co-existing
impaired LV diastolic dysfunction [66]. Subsequently, in two
premature infants with cPH and LV diastolic dysfunction, where
respiratory support requirements and cardiac indices did not
improve with diuretics and iNO, captopril resulted in significant
clinical improvements and normalization of cardiac indices [65].
More recently, a similar therapeutic approach in a series of infants
with severe BPD unresponsive to sildenafil and diuretic therapy
resulted in significantly improved respiratory status and cardiac
function and increased aortic pulsatility [55, 67, 68]. The
prevalence of such infants amongst the broader BPD cohort is
unclear, but greater surveillance using echocardiography and/or
catheterization will inform true incidence. In our own experience
over the last six years, the incidence is close to 10%, while a recent

Fig. 7 Evolution of cardiac indices with captopril. A and B Pre- and post-captopril left ventricular output velocity time integral. C and D Pre-
and post-captopril right ventricular output velocity time integral. E and F Pre- and post-captopril pulmonary vein velocity time integral.
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echocardiographic study over four years indicated this to be ~20%
[69]. An earlier study using catheterization noted this physiology
in 7/13 (58%) infants.

CONCLUSIONS
Accurate hemodynamic assessment and management are critical
in addressing the complex cardiovascular challenges faced by
infants with conditions such as cardiomyopathy in IDM, TTTS, and
BPD. These conditions exemplify the diverse and intricate
hemodynamic alterations that can occur during the perinatal
period, necessitating precise and tailored interventions. Overall,
these clinical scenarios highlight the necessity for hemodynamic
precision in neonatal care. By employing advanced diagnostic
tools and adopting a physiology-driven approach, healthcare
providers can enhance the management of these vulnerable
populations, ultimately improving short- and long-term outcomes.
In conclusion, achieving hemodynamic precision in neonatal

care is critical for effective management and improved outcomes
in infants with complex cardiovascular conditions. Continued
research and innovation in hemodynamic monitoring and
therapeutic approaches are essential to bridge existing knowledge
gaps and refine care strategies for these vulnerable populations.
Supplementary Table 1 summarizes knowledge gaps and research
priorities. Hemodynamic precision is paramount in guiding the
care of neonates with complex cardiovascular conditions such as
cardiomyopathy in IDM, TTTS, and BPD. Each of these conditions
present unique hemodynamic challenges that require meticulous
assessment and tailored interventions to optimize clinical out-
comes. For IDM, precise measurement of cardiac function and
structure is crucial in managing hypertrophic cardiomyopathy and
preventing complications such as low cardiac output and PH. The
variability in clinical presentation necessitates individualized
hemodynamic evaluations to guide appropriate therapeutic
interventions. In TTTS, the imbalanced blood flow between twins
significantly alters cardiac loading conditions, particularly affecting
the recipient twin. Serial TNE assessment is essential to under-
standing these changes and determining suitable interventions to
alleviate cardiac strain and mitigate progression to heart failure or
other complications. In the context of BPD, the interplay between
systemic hypertension, arterial stiffness, and LV dysfunction
requires precise hemodynamic monitoring to address the under-
lying cardiovascular contributions to pulmonary vascular disease.
Interventions focused on afterload reduction may significantly
improve cardiac and respiratory outcomes, underscoring the need
for detailed systemic and pulmonary hemodynamic assessment.
Despite advancements in hemodynamic evaluation and man-

agement, several knowledge gaps remain. There is a need for
standardized protocols to assess and interpret complex hemody-
namic parameters in neonates accurately. Additionally, further
research is required to understand the long-term cardiovascular
consequences of these neonatal conditions and the impact of
early hemodynamic interventions on future health outcomes.
Identifying biomarkers and developing predictive models for
adverse hemodynamic events could also enhance early detection
and intervention strategies.
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