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REVIEW ARTICLE OPEN

Hemodynamic consequences of respiratory interventions in
preterm infants
Arvind Sehgal 1,2✉, J. Lauren Ruoss 3, Amy H. Stanford4, Satyan Lakshminrusimha 5 and Patrick J. McNamara 4

© The Author(s) 2022, corrected publication 2022

Advances in perinatal management have led to improvements in survival rates for premature infants. It is known that the
transitional period soon after birth, and the subsequent weeks, remain periods of rapid circulatory changes. Preterm infants,
especially those born at the limits of viability, are susceptible to hemodynamic effects of routine respiratory care practices. In
particular, the immature myocardium and cardiovascular system is developmentally vulnerable. Standard of care (but essential)
respiratory interventions, administered as part of neonatal care, may negatively impact heart function and/or pulmonary or
systemic hemodynamics. The available evidence regarding the hemodynamic impact of these respiratory practices is not well
elucidated. Enhanced diagnostic precision and therapeutic judiciousness are warranted. In this narrative, we outline (1) the
vulnerability of preterm infants to hemodynamic disturbances (2) the hemodynamic effects of common respiratory practices;
including positive pressure ventilation and surfactant therapy, and (3) identify tools to assess cardiopulmonary interactions and
guide management.

Journal of Perinatology (2022) 42:1153–1160; https://doi.org/10.1038/s41372-022-01422-5

INTRODUCTION
Improvements in perinatal care have led to increasing survival
amongst premature infants, especially those born at the limits of
prematurity [1]. The transitional period after birth remains a period
with rapidly evolving circulatory changes which may have down-
stream end-organ consequences. Autonomic dysregulation and
neuro-behavioural immaturity increase the vulnerability of the
most immature patients to respiratory care interventions. Yet, in
considering the biologic nature of cardiorespiratory instability, a
potential relationship between respiratory interventions and their
hemodynamic effects is often overlooked. The non-specific nature
of routine clinical symptoms such as hypoxemia, respiratory
distress, metabolic or respiratory acidosis, and the limited
diagnostic potential of chest radiographs, make it difficult for
clinicians to differentiate primary lung vs cardiovascular disease.
The consequences may include therapeutic imprecision and/or
non-judicious interventions. The hemodynamic impact of com-
mon though essential respiratory practices such as mode of
mechanical ventilation and surfactant replacement therapy (SRT)
requires thoughtful consideration. Characterizing the accompany-
ing hemodynamic consequences of these standard of care,
evidence-based interventions, in contemporary neonatal practice
is important to optimize the risk: benefit profile. Mode of
ventilation and SRT have a broad range of pleiotropic effects that
impact cardiopulmonary interactions according to the ambient
pathophysiologic situation. Utilization of non-invasive modalities
like targeted neonatal echo (TnEcho) may aid in further
identification of knowledge gaps and guide management. In this
narrative, we appraise the hemodynamic impact of common

respiratory care practices and the role of non-invasive modalities
in providing enhanced pathophysiologic precision and guiding
refinement of care.

PHYSIOLOGIC VULNERABILITY OF EXTREMELY PRETERM
INFANTS
Transitional hemodynamics
The fetal circulation is characterized by “physiologic pulmonary
hypertension” with high pulmonary vascular resistance (PVR), low
pulmonary blood flow (PBF), dependence on placental circulation,
and minimal lung involvement [2]. Oxygenated blood from the
umbilical venous system traverses the foramen ovale and perfuses
the coronary and cerebral circulation [3]. Venous return from the
superior vena cava traverses the ductus arteriosus and perfuses
the lower half of the body, including the placenta [4]. The
postnatal transition involves major changes in cardiac loading
conditions and shunt flow patterns, placing the newly born at
increased risk of impaired ventricular function and circulatory
impairment. These effects are likely to be exaggerated at the limits
of viability. Importantly, the rapid decline in PVR and diminution in
right to left ductal flow are key elements which establish the lungs
as the primary site of gas exchange in term infants [5].

Overall Physiologic Vulnerability of the Preterm Infant
In extremely preterm infants, the postnatal transition is influenced
by respiratory and cardiovascular immaturity, leading to poor
aeration of the lung and suboptimal increase in PBF [6]. The
alveolar-arterial gradient is high, and pulmonary vasodilation in
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response to alveolar oxygen may be impaired, especially at the
lower gestational age [7, 8]. The net effect is persistent hypoxemia,
elevated PVR and increased need for respiratory support in some
preterm infants. In comparison to adults, neonates have smaller
intrathoracic pressure variation due to highly compliant thoracic
cavity and low tidal volume needed for ventilation [9]. The
composition of the immature myocardium includes increased
myocardial collagen composition and disorganized sarcolemmal
architecture. The consequences include impaired compliance and
intolerance to afterload. Figure 1 depicts physiological considera-
tions unique to transition in preterm infants. Recognition of the
complexity of the adaptive physiologic changes after birth and the
interplay with the developmental vulnerability of immature
cardiovascular system are essential considerations when optimiz-
ing neonatal hemodynamic care. Figure 2 depicts the anatomic
and physiologic pulmonary differences in extremely preterm
infants.

Vulnerability of the immature right ventricle (RV) and left
ventricle (LV)
The premature neonatal myocardium is poorly responsive to
loading conditions (preload and afterload) primarily secondary to

alterations calcium sensitivity, sarcomere arrangement and
immaturity, metabolism, and collagen deposition. Lung aeration
(spontaneous or assisted) triggers significant cardiovascular
changes in the immediate transitional period; specifically,
decrease in PVR leads to a decrease in afterload aiding RV
adaptation. In contrast, systemic vascular resistance (SVR) and LV
afterload increase upon removal of the low resistant placental
circulation. Contractility is impacted by cardiac loading conditions
(preload and afterload), as demonstrated on the Frank Starling
Curve. The ability of the immature myocardium to increase
contractility in response to increase preload (Frank Starling Law) is
diminished (flattened curve) in comparison to the mature heart. In
addition, the contractile potential of the immature ventricle (RV >
LV) to increased afterload (stress-velocity relationship) is also
limited.
The morphology of the ventricles also impacts their adaptation

to alterations in loading conditions. The RV is the dominant, and
metabolically more active, ventricle during fetal life. After birth,
the crescentic and thin walled RV is more sensitive to alterations
in afterload than the ellipsoid and thick-walled LV. Myocardial
performance is also impacted by ventriculo-ventricular interac-
tions (alterations in ventricular shape in response to pressure
loading) and ventricular interdependence (shared contractile
fibers).

Modulator role of the patent ductus arteriosus
The PDA is a dynamic shunt that can persist after the transitional
period, allowing for alterations in pulmonary and systemic blood
flow [10]. Preterm infants are especially vulnerable to rapid
changes in systemic (SBF) and pulmonary (PBF) blood flow which
increases the likelihood of downstream cerebral injury, intestinal
injury, and pulmonary haemorrhage [11, 12]. Transductal flow
patterns are governed by Poiesuille’s Law according to the
equation ðFlow ¼ π systemic�pulmonary pressureð Þ PDA radiusð Þ4

8 viscosityð Þ PDA lengthð Þ Þ. Common
respiratory interventions (e.g. inhaled nitric oxide, SRT), which
modulate the transductal pressure gradient, may impact the
pattern and magnitude of PDA flow, with both immediate
cardiorespiratory effects and potentially contributing to PDA
attributable morbidity.

GLOBAL IMPACT OF VENTILATION ON HEMODYNAMICS
Mechanical ventilation is an essential component of preterm
respiratory care, especially in extremely premature infants.
Spontaneous breathing establishes a positive gradient between
extrathoracic venous pressure and right atrial pressure that
supports systemic venous return. The effects of both non-
invasive and invasive forms of mechanical ventilation on
intrathoracic and abdominal pressure are likely to be magnified
in the most immature infants with potentially negative effects on
pulmonary/systemic venous return, heart function, affecting
cardiac function and output. The magnitude of the effects of
mechanical ventilation on preterm cardiovascular function are
likely to vary according to the underlying pathophysiologic
disease state. In addition, the hemodynamic effects of both over-
or under-ventilation may be equally damaging with a U-shaped
effect on PVR. For example, exposure to high tidal volumes (over-
recruitment) during delivery room resuscitation or failure to wean
distending pressure settings in response to rapidly improving lung
compliance, may lead to elevated PVR and/or compromise
pulmonary and systemic blood flow. In contrast, provision of
suboptimal respiratory support (under-recruitment) by non-
invasive means may lead to hemodynamic instability, through
increasing the risk of pulmonary vascular disease and increased RV
loading. While achieving the ideal distending pressure is necessary
for optimal alveolar recruitment, the impact of altered mean
airway pressure (MAP) on intrathoracic pressure, venous return,
PBF, and LV preload and afterload is variable. Figure 3 summarizes

Fig. 1 Differences in extremely preterm infants influencing
cardiopulmonary transition at birth during mask ventilation.
Mask leaks, intermittent glottic closure, fluid filled and surfactant
deficient canalicular lung reduce alveolar PAO2 for a given FiO2.
Vasodilator response of pulmonary arterial smooth muscle cells
(PASMC) from preterm to PO2 is impaired resulting in persistently
elevated pulmonary vascular resistance leading to right-to-left (R-L)
shunts at patent ductus arteriosus (PDA) and patent foramen ovale
(PFO). Persistent hypoxemia and trigeminal cardiac reflex due to
mask pressure on the face can lead to bradycardia and respiratory
depression. Copyright Satyan Lakshminrusimha.
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the interplay between intrathoracic to extra thoracic arterial
gradient, alveolar pressure, cardiac function and systemic arterial
flow in spontaneous vs assisted ventilation.

Impact of ventilation on pulmonary vascular resistance
Native PVR is in part driven by the adequacy of oxygenation and
ventilation, combined with distension of the alveoli and compres-
sion of the alveolar and extra-alveolar vessels. An optimal positive
end expiratory pressure (PEEP) may allow for lung recruitment and
improvement in oxygenation, decrease in PVR, without hemody-
namic compromise [13]. Obtaining a physiologic balance (“sweet
spot”) of optimal intrathoracic pressure and decreased transmural
gradient with mechanical ventilation is key to improving
cardiopulmonary interactions in the premature ventilated infant.
Increasing MAP can improve cardiac output by distending
collapsed alveoli, improving ventilation/perfusion mismatch,
decreasing PVR, and increasing PBF [14]. On the other hand,
increasing MAP can also cause over-distension of the alveoli
leading to increased PVR, decreased PBF, and decrease LV preload
[15, 16]. The effects of lung recruitment on PVR are twofold. First,
over-distension of alveoli can lead to an increase in PVR secondary
to extrinsic compression of alveolar vessels. Second, collapsed
alveoli can have the same effect by way of compression of extra-
alveolar vessels [17] (Fig. 3). Both settings can lead to clinically
important ventilation/ perfusion mismatch.

Impact of ventilation on cardiac function
The specific effects of mechanical ventilation on global heart
function are also noteworthy. While the RV and LV are both
impacted by ventilation induced alterations in intrathoracic
pressure, the adaptive response of RV vs LV to altered loading
conditions varies.

Right ventricle. In preterm infants needing positive pressure
ventilation (PPV), RV function is impacted by transmural pressure,
ventricular compliance, venous return, and PVR [18] (Fig. 2).
Increased intrathoracic pressure with PPV leads to decrease in
venous return (RV preload) secondary to increase in right atrial
pressure and decreased extra-thoracic vein to right atrial pressure
gradient. As highlighted earlier, the downward movement of the
diaphragm with spontaneous ventilation increases intra-
abdominal (and right atrial pulmonary transmural) pressure,
decreases right atrial pressure, and increases the extra-thoracic
vein to right atrial pressure gradient, thereby promoting increased
venous return [19]. On the other hand, mechanical ventilation
increased right atrial pressure leading to a diminution of the extra-
thoracic vein to right atrial pressure gradient, thereby promoting
decreased venous return. RV afterload is primarily affected by PVR
which is increased in the setting of metabolic acidosis, elevated
partial pressure of carbon dioxide, hypoxemia, and alveolar over-
distension or collapse with alterations in MAP [14].

Left ventricle. LV performance is impacted by the adequacy of RV
function, SVR, and PBF. Through ventriculo-ventricular interaction,
the pressure loaded RV may lead to paradoxical septal bowing
which limits LV filling and alters the ellipsoid shape, thereby
negatively impacting contractility and cardiac output [20]. LV
preload is primarily impacted by PBF which can be increased by
targeting the distending pressure at the functional residual
capacity, minimizing PVR and pulmonary venous congestion
[21]. Spontaneous inspiration decreases pleural pressure leading
to an increase in LV pressure needed to overcome the aortic
pressure. While PPV decreases afterload on the LV by increasing
the pleural pressure leading to a lower LV transmural gradient
needed to overcome the aortic pressure (LV pressure= pleural

Fig. 2 Anatomic and physiologic pulmonary differences in extremely preterm infants. The canalicular stage lung with surfactant deficiency,
reduced elastin and fewer pores of Kohn and canals of Lambert increases tendency to collapse. Hypoxemia and brain pathology such as
intraventricular hemorrhage (IVH) lead to respiratory depression. A relatively large, floppy epiglottis and laryngotracheobronchomalacia
contribute to airway obstruction. Soft, compliant chest wall, stiff lungs, horizontal rib alignment and a flat diaphragm with fewer type I muscle
fibers prevent achieving and sustaining functional residual capacity (FRC). Respiratory depression, failure to sustain FRC and presence of right-
to-left atrial and ductal shunts contribute to hypoxemia. Copyright Satyan Lakshminrusimha.
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pressure+ pericardial pressure+ LV transmural pressure). [22]. Lung
recruitment methods, including an inspiratory hold, can further
lower the pleural pressure leading to increase in LV afterload and
development of pulmonary congestion [23]. While the knowledge
of the effects of various ventilatory manoeuvres on LV pressures is
important for the clinician, inherent LV diastolic dysfunction can
independently lead to an increase in pulmonary congestion by
way of back-pressure, also described as post-capillary physiology
or pulmonary venous hypertension [24–26]. This can be observed
in premature infants with developmental immaturity, cardiomyo-
pathy due to metabolic causes or medications (for e.g. steroids), as
well as part of post-ligation cardiac syndrome [27–30]. Figure 3
summarizes these complex interactions and the effects of preload
and afterload on cardiac function.

Patent ductus arteriosus. As previously discussed, the transductal
gradient is modified by alterations in PVR and SVR, viscosity, and
ductal size. Alterations in PEEP, oxygenation, ventilation, and
changes in transmural pressure can impact the ductal gradient in
addition to cardiac loading conditions. Studies have investigated
the modulator effects of PEEP and ventilation strategies on ductal
flow patterns, however with conflicting results [31, 32].

Impact of various modes of ventilation on hemodynamics
Continuous positive airway pressure (CPAP). Non-invasive respira-
tory support is associated with decreased barotrauma and
volutrauma, avoiding the need for mechanical ventilation, and
therefore has become the primary means of respiratory support
for many preterm infants [33, 34]. In many centres, this approach
has been universally applied without the determination of
biological appropriateness, particularly at the limits of viability.
One prospective trial evaluating preterm infants with resolving
respiratory distress syndrome, noted that CPAP can impede
systemic and pulmonary venous return. Of concern, these effects

were clinically undetectable as systemic arterial pressure
remained unchanged. Serial echocardiography was performed
while the infants were on CPAP (5 cm H2O), and subsequently, 1 h
after being off CPAP. A reduction in superior vena caval flow and
RV output were noted, which was accompanied by a simulta-
neous increase in the inferior vena cava diameter [35]. Hsu et al.
also demonstrated a decrease in cardiac output with increased
PEEP [36]. Other investigators have noted no negative hemody-
namic effects of CPAP up to 7 cm H2O or after sequential
increases (4, 6, 8 cm H2O) in CPAP levels [37, 38]. These seemingly
contradictory results may be due to differences in gestational
age, varying compliance of the preterm lung and therefore
differential effects on PVR, or unrecognized subclinical cardio-
vascular disease such as shunts and diastolic dysfunction [39].
Whereas a comparative evaluation of non-invasive positive
pressure ventilation (NIPPV) vs CPAP in preterm infants revealed
no difference in hemodynamics, NIPPV has been reported to
negatively impact hemodynamics in adults [39]. The authors
proposed that the results may relate to either the use of a lower
PEEP in preterm neonates or the fact that the preterm lung may
not be compliant enough to allow for overdistension and the
hemodynamic effects seen at an equivocal pressure [39]. More
research is therefore needed to characterize the variable
hemodynamic effects of non-invasive modalities in infants with
resolving hyaline membrane disease. In the interim, clinicians
should be cognizant of the fact that adverse changes in blood
pressure or other indices of cardiovascular wellbeing seen after
adjustments in mechanical ventilation may be directly related to
distending pressures.

Volume targeted vs pressure limited ventilation. The cardiovascular
effects of modes of conventional mechanical ventilation have
been the subject of clinical trials; however, the impact of these
respiratory strategies on hemodynamics is poorly delineated. A

Fig. 3 Cardiopulmonary interactions during spontaneous breathing and positive pressure ventilation (PPV). A Spontaneous inspiration is
associated with negative alveolar and intrathoracic pressure enhancing systemic venous return, increasing right ventricular (RV) preload and
pulmonary blood flow (Qp). B During PPV, inflation increases alveolar, intrathoracic, right and left atrial (RA and LA) pressure impeding
systemic venous return and reducing RV preload. Increasing alveolar pressure influences Qp. Low alveolar pressure increases extraalveolar
pulmonary vascular resistance (PVR) while reducing alveolar PVR (inset in figure B). High alveolar pressure reduces extraalveolar PVR and
increases alveolar PVR. The net total PVR is lowest at functional residual capacity (FRC). High intrathoracic pressure enhances systemic blood
flow by increasing the intrathoracic to extrathoracic gradient. Copyright Satyan Lakshminrusimha (with permission).
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recent Cochrane review of volume targeted vs pressure limited
ventilation demonstrated that the former is associated with a
decreased risk for death, chronic lung disease, cerebral injury, and
air leak [40]. These observations may relate to the fact that volume
targeted ventilation is associated with a stable inspiratory pressure
which may lead to a stable alveolar pressure and decreased
variability in PVR (RV afterload) and PBF (LV preload). In a small
study, pressure supported ventilation was associated with
decreased work of breathing and increased cardiac output in
comparison to pressure control [41]. The authors propose that
decreased work of breathing is associated with increased
transmural pressure and increased venous return. While invasive
intermittent PPV has been associated with decreased cerebral
blood flow, volume targeted ventilation was associated with
decreased variation in cerebral tissues oxygen saturation [42, 43]
While a favourable impact of volume targeted ventilation on
hemodynamics and short-term outcomes is biologically plausible,
evidence remains preliminary and needs to be validated in large
trials.

High frequency ventilation vs conventional mechanical ventilation.
While the favourable effects of first-intention HFV on alveolar gas
exchange and lung protection, using stable alveolar distending
pressures and lower tidal volume, are well established [16], the
hemodynamic effects are less well understood and results of
trials contradictory [14, 16, 44–46]. Data from a baboon model
evaluating HFV vs conventional mechanical ventilation showed
improved oxygenation without a negative impact on hemody-
namics [44]. In contrast, worsening hemodynamics after HFV
initiation has been reported in a piglet model [44, 47].
Observational studies have also reported decreased renal tissue
oxygenation with lower/unchanged cerebral tissue oxygenation
with HFV [35, 45]. In preterm infants, the transition from
conventional mechanical ventilation to HFV was achieved
without altering cardiac output. However, the absence of
improvement in LV output in the presence of a significant
ductal shunt suggest a narrow range of optimal pressures under
this ventilatory mode [48]. In a recent observational study of 100
preterm infants at a postnatal age of 2.6 ± 2 days, HFV had no
negative effect on cerebral, systemic, or cardiac hemodynamics
when applied at optimum MAP. In this study, MAP was optimized
for each patient according to baseline observations using an
open lung approach, with the aim of decreasing oxygen
requirements <40% as soon as possible [16]. Other investigators,
however, have noted a lower LV output with high MAP on HFO
and postulated it to be secondary to decreased LV preload and
LV filling [49]. The initial increase in LV output in the previous
studies is likely secondary to lung recruitment and improved
oxygenation with consequential augmentation in PBF. RV after-
load may be a more significant determinant of PBF than RV
preload, since decreasing MAP increased venous return, but the
RV cardiac output did not rapidly return back to baseline [14].
While HFV can improve lung recruitment and oxygenation, given
the uncertain hemodynamic effects, caution should be used with
increasing the MAP based on oxygenation alone, especially in
the setting of RV dysfunction and highly compliant lungs [13].
Overall, MAP appears to be the primary determinant of
alterations in hemodynamics rather than mode of ventilation.
These effects are also likely to be influenced by the underlying
disease state and severity of lung injury. For example, in patients
with a hemodynamically significant PDA, use of higher MAP may
lead to attenuation of the magnitude of the shunt and
favourable respiratory effects. There is however, a paucity of
disease-specific observational data, especially in the setting of
first-intention HFV for infants at the limits of viability. In addition,
the hemodynamic effects of high-frequency jet ventilation have
not been characterized.

HEMODYNAMIC EFFECTS OF SURFACTANT REPLACEMENT
THERAPY
SRT is an essential treatment for premature infants with
developmental lung immaturity. The impact of SRT on transitional
hemodynamics and end-organ related effects, however, repre-
sents a knowledge gap. Rapid changes in PVR, with systemic to
pulmonary circulatory shifts, in the setting of myocardial
immaturity and the inherent autonomic dysregulation affecting
regulation of vascular smooth muscle tone, may be critical factors
influencing end-organ blood flow.

Impact of surfactant on pulmonary vascular resistance
There is evidence from both animal experimental models and
preterm infants that SRT is followed by early falls in PVR, due to
enhanced lung compliance. Kaapa et al. demonstrated a marked
decrease in PAP within 15 min of SRT [50], which has been
confirmed in preterm infants in more recent data [51–54]. The
rapid decline in PVR can impact cardiac loading conditions and
further the consequence of varying ventilatory strategies.

Impact of surfactant on cardiac function
Right ventricle. As PVR is the primary driver of RV afterload,
surfactant related effects are important. Due to the preserved
effects of ventriculo-arterial coupling, SRT may also affect RV
systolic function; specifically, an increase in tissue Doppler peak
systolic velocity and tricuspid annular plane systolic excursion
[52, 54]. This improvement in RV contractility and output may be
explained by a reduction in RV afterload and improvement in lung
compliance after SRT.

Left ventricle. The influence of SRT on LV output remains poorly
defined with echocardiography assessments of LV output showing
conflicting results. Evidence from a lamb experimental model
revealed an increase in LV output after SRT, possibly due to
increased pulmonary venous flow and left heart preload
augmentation [55–57]. Studies in infants, however, either note
no change at 2 h or a decrease in LV output following delivery
room SRT [51, 52]. Both studies postulated this to increased left-to-
right trans-atrial flow. More literature is needed to better elucidate
the impact of SRT on ventricular loading conditions and their
consequence to heart function.

Patent ductus arteriosus. The SRT impact on PVR can promote a
major circulatory shift, favouring the pulmonary circulation (at the
expense of systemic circulation) through the PDA [50, 58, 59]. It is
biologically plausible that rapid alterations in pre-ductal cardiac
output may contribute to the pathogenesis of preterm brain
injury, through cerebral ischemia-reperfusion [60]. Using serial
echocardiography, Sehgal et al. demonstrated changes in trans-
ductal diameter, flow direction and shunt magnitude, after SRT in
newly born preterm infants [52]. Kumar et al. also demonstrated
that infants treated with SRT were more likely to have a
hemodynamically significant PDA (p < 0.01), larger trans-ductal
diameter (p= 0.01), and increased rate of therapeutic interven-
tions to close the PDA (p < 0.01) than those not treated with SRT
[61]. The combination of a large PDA with a marked systemic to
pulmonary pressure gradient resulting from SRT, can putatively
lead to effects on systemic hemodynamics. This could potentially
result in a substantial fall in both systemic blood flow and end
organ perfusion [55, 56, 61]. The variable effects of SRT on PDA
physiology and systemic-pulmonary hemodynamics may be due
to inherent differences in species, study methodology and/or
timing of intervention. The hemodynamic impact of SRT may also
be influenced by the modulator effects in increased atrial pressure
(increased pulmonary venous return) in patients with a restrictive
atrial septal defects; specifically, elevated left atrial and pulmonary
venous pressure may increase the risk of pulmonary hemorrhage.
Nonetheless, the effect on systemic output and end-organ
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perfusion needs further study in infants administered this very
common neonatal intervention.

Clinical impact of surfactant on hemodynamics
Blood pressure. Longitudinal evaluation of the effects of SRT on
blood pressure (BP) from animal experimental models has
demonstrated either a decrease or no change in systolic BP [62].
Information from studies on human infants is also variable, with
some studies showing an increase in systolic BP or a significant
fluctuation in mean BP [63]. The development of a widened pulse
pressure may reflect the changes in ductal calibre/flow dynamics
after SRT, rather than an impact on LV output [52]. Most studies
are limited by the fact that they have almost exclusively focused
on post-ductal (indwelling umbilical arterial line) but without pre-
ductal (brain perfusing) BP patterns. The potential discordance in
pre- vs post-ductal BP may be clinically relevant in patients with
high-volume PDA shunts where there is marked differences in pre-
vs post-ductal perfusion.

Pulmonary haemorrhage. In a meta-analysis of clinical trials, SRT
was shown to be associated with pulmonary haemorrhage,
although the exact underlying aetiology remained unclear [64].
It is biologically plausible that the occurrence of pulmonary
haemorrhage in infants after SRT is mediated via an increase in
PBF. This may be mediated by a drop in PVR/PAP which promotes
an increase in left to right ductal shunting due to altered
transductal pressure gradient. In addition, the augmentation in
PBF leads to an increase in pulmonary venous flow, pulmonary
venous pressure and left atrial hypertension. The latter are
accentuated in premature infants with impaired LV compliance
and diastolic heart failure with preserved ejection fraction and
potentially exaggerated in patients with a restrictive atrial septal
defects. These maladaptive changes may have a deleterious effect
on the fragile pulmonary vasculature, contributing to pulmonary
haemorrhage; specifically, the limited capacitance of the imma-
ture pulmonary capillary bed may also predispose to increased risk
of pulmonary haemorrhage [65, 66]. Importantly, a hemodynami-
cally significant PDA is also known to be associated with
pulmonary haemorrhage [11, 67].

TOOLS TO ASSESS CARDIOPULMONARY INTERACTIONS IN
PRETERM NEONATES
The variance in underlying pathophysiologic disease in the setting
of a clinical phenotype and the multiplicity of cardiovascular
effects of assisted respiratory support provides biological justifica-
tion for longitudinal echocardiography evaluation. While most
clinicians rely on biochemical and clinical parameters such as
changes in serum lactate, heart rate or arterial BP, these may occur
late, providing little diagnostic insight. In addition, a symptom-
based approach to neonatal care is imprecise and is limited by the
fact that similar symptoms may be seen in disease states that
require a differential approach to treatment. For example,
oxygenation failure may be seen in both pulmonary hypertension
and a hemodynamically significant PDA. An approach to inter-
vention, (based exclusively on clinical symptoms) with either
inhaled nitric oxide (treatment for pulmonary hypertension) or
non-steroidal anti-inflammatory medications (treatment for PDA)
may have negative effects.
Targeted Neonatal Echocardiography (TnEcho) is a useful tool to

monitor rapid circulatory changes in order to determine ‘need’ for
therapeutic interventions, the effect of these interventions,
thereby a more pathophysiologically precise approach to treat-
ment. Recent studies have demonstrated the impact of TnEcho on
changing clinical management [68, 69], improving outcomes
status post PDA ligation [27] and decreased medication exposure
for PDA closure [70]. Published guidelines for TnEcho evaluation
and advanced hemodynamic care highlight the importance of

extensive training, quality assurance and the merits of an expert
consultative model [71]. Basic and advanced echocardiography
measurements may provide greater insight into a rapidly evolving
circulatory milieu in premature and term infants, at the time of
transition to extra-uterine life, as well as during ventilation. The
availability of portable, laptop size equipment has made this non-
invasive imaging modality especially appealing as it provides easily
reproducible and timely information on various aspects of cardiac
function. In addition, the poor reliability of subjective assessment of
heart function has recently been highlighted, further supporting the
merits of the expert consultative model [72]. Enhanced methods of
heart function assessment (Tricuspid and Mitral Annular Plane
Systolic Excursions, Tissue Doppler velocities, deformation imaging
measuring strain and strain rate) enable enhanced diagnostic
precision and determination of the adaptive response of the
immature myocardium in respiratory disease [73–75]. Systematic
assessment of PDA and atrial level shunts in a homogenous
population in terms of gestational age and postnatal age, will
provide important physiological data. A multiparameter approach
will enable a more comprehensive appraisal of shunt volume and
overcome any measurement-related reliability issues of individual
measurements. It is important for clinicians to recognize that the
respiratory symptoms (e.g. hypoxemia, respiratory acidosis) and
radiologic features of PDA vs presumed surfactant deficiency may
be indistinguishable. Therefore, clinicians should have a low
threshold to consider TnEcho evaluation to differentiate shunt
physiology from surfactant deficiency in infants with worsening
respiratory status.
In addition, adjunctive tools such as lung ultrasound and near-

infrared spectroscopy (NIRS) are non-invasive, easily accessible, and
reproducible tools to assess hemodynamic effects of common non-
cardiovascular interventions in preterm infants. The latter non-
invasively measures StO2 in the capillary bed and is a marker of
tissue perfusion. Cerebral tissue saturation has been used in
anaesthesia to guide respiratory management but it remains to be
seen whether it could decrease neurologic sequelae [76]. Lung
ultrasound on the other hand has been used to characterize
anaesthesia induced postoperative atelectasis in children;
similar physiological information in neonates is lacking. Combining
TnEcho assessment of cardiac function and systemic/pulmonary
hemodynamics with lung ultrasound evaluation for pulmonary
congestion, may increase the ability to distinguish cardiogenic from
non-cardiogenic pulmonary edema and guide management [77].

CONCLUSION
Premature infants have unique lung physiology which makes
management of hemodynamic disturbances with routine inter-
ventions challenging. Considering the biologic nature of hemo-
dynamic disturbances, a potential relationship to ‘non-
cardiovascular’ interventions needs better appreciation. Despite
the importance of understanding cardiopulmonary interactions,
there continues to be a lack of evidence to guide ventilatory
strategies and tailor them according to unanticipated hemody-
namic effects. One of the challenges with both mechanical
ventilation and the use of surfactant in preterm neonates is the
inability to determine the therapeutic inflexion point, where these
interventions change from a state of enhanced cardiopulmonary
interaction (benefit) to causing hemodynamic compromise (harm).
Recognition of the hemodynamic impact of routine care practices
is an important, yet variably recognized, modulator of organ
health and neonatal outcomes. Precision medicine with the
utilization of non-invasive modalities to evaluate cardiopulmonary
interactions is needed to guide care in this high-risk population.
Finally, with increasing evidence of cardiac maldevelopment
during the fetal-neonatal course, it is incumbent of researchers
to design prospective studies which enable characterization of
modulators of these effects [78].
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