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Abstract

these underappreciated consequences in the future.

Neonatal Respiratory Distress Syndrome (RDS), caused by surfactant deficiency, is a primary cause of neonatal
morbidity and mortality in premature infants in the United States. The pathophysiology of RDS, however, involves
more than surfactant deficiency and decreased pulmonary compliance. There is an intricate interaction of pulmonary
and cardiovascular contributors to the pathophysiology. The consequences of the treatment of RDS and its associated
morbidities may increase the risk for additional morbidities. The purpose of this review is to describe the cardiovascular
responses to RDS and its treatment in preterm infants. Topics include the significance of the cardiovascular system
in the natural history and treatment of RDS, from antenatal care through the evolution of chronic lung disease. The
discussion reviews what is known, what needs to be known, and how neonatologists may increase their awareness of
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Abbreviations: AMV: Avoidance of Mechanical Ventilation without
Intubation; BPD: Bronchopulmonary Dysplasia; CAP: Caffeine for
Apnea of Prematurity; COIN: Continuous Positive Airway Pressure or
Intubation at Birth Tial; CPAP: Continuous Positive Airway Pressure
Pressure; CURPAP: Prophylactic or Slective Curosurf with CPAP; HIF:
Hypoxia-Inducible Factor 1/2 alpha; iNO: inhaled Nitric Oxide; IVH:
Intraventricular Hemorrhage; MIST: Minimally Invasive Surfactant
Therapy without intubation; NEC: Necrotizing Enterocolitis; PDA:
Patent Ductus Arteriosus; PVL: Periventricular Leukomalacia; RDS:
Neonatal Respiratory Distress Syndrome; SUPPORT: Surfactant
Positive Pressure, and Oxygenation Randomized Trial; TC: Take
Care, surfactant administration without intubation; TIPP: Trial of
Indomethacin Prophylaxis in Preterms; VEGF: Angiogenic factor
Vascular Endothelial Growth Factor

Introduction

Neonatal Respiratory Distress Syndrome (RDS) is due to surfactant
deficiency, and remains a primary cause of neonatal morbidity and
mortality in the United States. The pathophysiology of RDS, however,
involves more than surfactant deficiency and decreased pulmonary
compliance [1,2]. There is an intricate interaction of cardiovascular
factors involved in the treatment of RDS and the associated morbidities
of prematurity. These effects are direct, indirect, and reflex-mediated.
This review will discuss the cardiovascular responses to RDS and its
treatment in preterm infants from antenatal care through the evolution
of chronic lung disease, and how use of existing technology may
improve management of these cardiovascular challenges.

Antenatal Steroid Prophylaxis

Antenatal corticosteroid administration to the high-risk mother
with threatened preterm delivery, in combination with regionalization
of high-risk obstetrical care, has decreased the incidence and severity
of major morbidities of prematurity, including RDS, Intraventricular
Hemorrhage (IVH), Necrotizing Enterocolitis (NEC), and Patent
Ductus Arteriosus (PDA) [3,4]. Nonetheless, RDS and the associated
morbidities of prematurity continue to be major problems for
premature infants [5-7]. While extensive research shows that antenatal
corticosteroid administration increases surfactant production and
secretion, it also reduces cellular division and decreases cerebral
myelination in fetal sheep [8,9]. Betamethasone, the most commonly
used antenatal corticosteroid, is cleared from the fetal circulation

within 48 hours of administration. The effect of antenatal steroids on
surfactant production appears durable, and repeated antenatal steroids
may not be necessary [10]. In fact, antenatal corticosteroids given
weekly may increase the frequency of cerebral palsy [11]. In addition,
the combination of recently administered antenatal steroids and
administration of indomethacin in the first 2-3 days of life may increase
the frequency of NEC with perforation and spontaneous intestinal
perforation [12-14]. While the etiologic mechanism of spontaneous
focal intestinal perforation is controversial and may not be vascular
[15], we include it as a potential vascular consequence of established
therapies. The combination of corticosteroid and indomethacin is
now avoided whenever possible in premature neonates, due to the
association with spontaneous intestinal perforation [16]. Thus, while
evidence-based medicine supports the use of prophylactic antenatal
steroids, there is controversy regarding repeated use and the use of
indomethacin following recent maternal antenatal corticosteroid
administration.

Surfactant Therapy

Surfactant and mechanical ventilation remains the mainstay
of severe RDS management in the NICU. However, intratracheal
administration of the liquid surfactant, beractant (4 ml/kg), in
infants with RDS may be associated with transient conducting airway
obstruction, hypoventilation, hypercarbia, and an increase in cerebral
blood flow [17]. Hypercarbia and the increase in cerebral blood
flow may be avoided using smaller volumes of a more concentrated
surfactant, poractant alfa (1.25 ml/kg), and a volume cycle ventilator
delivering consistent minute ventilation [18]. When surfactant is first
administered, the rapid improvement in pulmonary compliance may
result in a transient hyperventilation, hypocarbia and a decrease in
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cerebral blood flow [18]. Changes in cerebral blood flow may persist
for an hour.

Surfactant-induced improvement in oxygenation reduces
pulmonary vascular resistance and an increase in flow through
a PDA [19]. Again, these hemodynamic changes in ductal blood
flow may be virtually eliminated by using small surfactant volumes
while maintaining consistent minute ventilation with volume cycle
ventilation and consistent arterial oxygen saturation levels [18,20].
Non-invasive administration of aerosolized surfactant may minimize
the cardiovascular effects of surfactant administration.

New strategies may allow administration of surfactant without
intubation or mechanical ventilation. Avoidance of Mechanical
Ventilation Surfactant Administration (AMV) was developed by Kribs
et al. [21,22]. They used Magill forceps to advance a soft catheter into
the trachea of infants receiving CPAP support for moderate RDS. A
multicenter randomized control study, in 2011, found significantly
fewer infants on invasive mechanical ventilation at 3 days of life and
observed that surfactant therapy reduced the frequency of chronic
lung disease in both studies without affecting mortality [21,22]. It is
uncertain whether these results would be replicated when means
other than a gas jet-induced CPAP are used. Dargaville et al. [23,24]
described use of a stiff vascular catheter to provide Minimally Invasive
Surfactant Therapy (MIST), using a 16 gauge vascular catheter without
intubation, Magill forceps or sedation in 61 infants 25-28 weeks and
29-32 weeks gestation. When compared with historical controls, infants
25-28 weeks had less need for invasive mechanical ventilation at 72
hours (32% vs 68%), and duration of oxygen therapy was less in the
MIST group. The authors concluded that MIST is a technique worthy
of further study. Both tracheal cannulation techniques require skill in
direct larnygoscopic visualization and placement of the catheters, but
offer the potential benefits of early surfactant administration without
the consequences of intubation and mechanical positive pressure
ventilation.

A technique for minimally invasive surfactant administration in
non-intubated, spontaneously breathing premature infants, using a
shortened soft, small caliber catheter was described by Gopel [25] and
called Avoidance Of Mechanical Ventilation (AMV). Early surfactant
administration decreased the need for mechanical ventilation, but did
not lower the frequency of BPD. A similar technique of early surfactant
administration through a soft catheter was used by Kanmaz et al.
[26], called Take Care (TC, no intubation), in infants <32 weeks and
compared with InSurE (intubated 30 sec for surfactant administration,
extubate). In a randomized control trial, poractant alfa, 1.25 ml/kg,
was administered by TC (n=100) or InSurE (n=100). Infants in the
TC group had a significantly lower mechanical ventilation rate (30%
vs. 45%, p=0.02), duration of nCPAP and mechanical ventilation,
and frequency of BPD (13.6% vs 26.2%, p=0.008) than infants in
InSurE group. The study suggests that intubation and even brief
positive pressure mechanical ventilation may cause significant lung
injury. While intratracheal surfactant administration of 100 mg/
kg of poractant alfa is less than the first dose recommended by the
manufacture, nor the dose associated with a lower the mortality rate
in VLBW premature infants, the study supports the need for additional
studies in this area. Administration of surfactant to non-intubated,
spontaneously breathing infants may be associated with greater changes
in ventilation than in an intubated, mechanically ventilated infant,
with potentially greater changes in cerebral blood flow. On the other
hand, the low surfactant volume (poractant alfa, 1.25 ml/kg) may be
sufficiently small to avoid the conducting airway obstruction described
with larger surfactant volumes. These techniques for MIST, AMV, TC

and InSurE are promising, but require additional research validation
before they can be recommended. Research methods to non-invasively
monitor lung volumes and minute ventilation may become important
in the understanding of the lung volumes associated with injury and
development of BPD in infants receiving and not receiving positive
pressure mechanical ventilation.

Nebulized or aerosolized surfactants are currently being tested in
clinical trials to provide a non-invasive, atraumatic mode of surfactant
delivery requiring only modest technical expertise. Previous trials of
aerosolized surfactant preparations have been largely ineffective, but
Phase 2 studies with lucinactant (Aerosurf®) show some promise [27].
Further clinical research regarding dosing, surfactant delivery, and
comparison with conventional therapies are needed, and the effects of
these alternative techniques on pCO, and regional blood flow have yet
to be determined.

Mechanical Ventilation Strategies

Respiratory support strategies for premature infants with RDS
using surfactant and invasive and non-invasive ventilation have
changed dramatically over the past decade, reducing the frequency of
chronic lung disease and pulmonary air leak [28,29]. These changes
were prompted by reports that extensive use of continuous positive
airway pressure (CPAP) and avoidance of invasive mechanical
ventilation and surfactant administration achieved the lowest rates
of bronchopulmonary dysplasia [30-32]. Randomized control trials
have consistently demonstrated the benefit of early CPAP and rescue
surfactant over prophylactic intubation and surfactant administration
[33-38].

Current strategies in the NICU for patients requiring intubation
and positive pressure mechanical ventilation focus on minimizing
invasive positive pressure volume-induced (volutrauma) and
pressure-induced pulmonary damage (barotrauma) [39]. Volume-
cycle ventilation, using rapid rates and low tidal volumes minimizes
volutrauma, resulting in a lower incidence of air leak syndrome,
even though there may be no change in the frequency of chronic
lung disease [40]. Furthermore, oxidant and free-radical lung injury
caused by high levels of supplemental oxygen are being minimized
by using lower oxygen saturation targets for very premature infants
[41,42]. Inflammatory responses to lung epithelial damage presages
the development of Bronchopulmonary Dysplasia (BPD) [43,44]. This
inflammatory process can be managed with the use of systemic and
inhaled steroids and lowering of oxygen saturation targets. While the
primary pulmonary response to supplemental oxygen is pulmonary
vasodilation, the consequences of chronic lung disease and lung injury-
induced pulmonary hypoplasia may be pulmonary hypertension. The
BPD now induced in the extremely low birth weight infant is probably
a combination of altered vascular and dysplastic alveolar development
combined with pulmonary vasoconstriction [45-48]. This condition
may be different than the BPD originally described by Northway et al.
[49].

To minimize invasive positive pressure ventilation, neonatologists
have become more tolerant of hypercarbia and less consistent in the
use of intratracheal surfactant, even in extremely premature infants. A
lesson from the past was the discovery that hypocarbia is associated with
development of Periventricular Leukomalacia (PVL), associated with
use of high frequency ventilation inducing hypocarbia and decreased
cerebral blood flow [50-53]. Trials are underway using “permissive
hypercarbia’, with CO, levels as high as 60-80 mmHg, to reduce the
incidence of chronic lung disease [54]. However, hypercarbia increases
cerebral blood flow and causes a loss of protective cerebral blood flow
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autoregulation; the cerebral blood flow becomes pressure passive with
pCO,>45 mmHg [55]. Loss of autoregulation allows an increase in
cerebral blood flow variability that has been associated with an increase
in the frequency of severe IVH [56,57]. Thus, caution is warranted
in the use of extreme hypercarbia, especially during the first week of
life, in the management of extremely premature infants. Long-term
neurodevelopmental outcomes for infants managed with “permissive
hypercapnia’, and attendant changes in cerebral blood flow are uncertain
[58-61]. Thome et al. noted that in the group managed with permissive
hypercapnea (pCO, 55-65 mmHg), compared with normocapneic
management (35-45 mmHg), there was a significant increase in
developmental impairment or death at18-22 months corrected age [60].
The study was terminated early due to an increase in severe IVH or
death in the hypercapnea group. Hagen et al. noted an increase in the
rate of severe IVH in infants with a one-minute Apgar score <4 that
were managed with permissive hypercapnea [61]. The cardiovascular
and neurodevelopmental concerns associated with increasing levels of
permissive hypercapnea make it increasingly important to study long-
term outcomes when strategies such as Noninvasive Positive Pressure
Ventilation (NIPPV) are used to avoid endotracheal intubation.

Inhaled Nitric Oxide and Sildenafil

An alternative strategy to prevent BPD is to use inhaled Nitric
Oxide (iNO), a potent pulmonary vasodilator to reduce oxidant
damage and improve ventilation-perfusion matching in premature
infants with RDS. Several large studies have examined use of iNO for
the prevention of BPD in premature infants with promising results
[62-65]. Meta-analysis of the major iNO randomized control trials
show a slight decrease in the combined outcome of death or BPD in
the iNO groups, but the data are insufficient for recommendation of
iNO for treatment of RDS in premature infants at this time [66,67].
Another cautionary note is that iNO is a potent pulmonary vasodilator
that may be given to a group at high risk for PDA. However, there was
no significant increase in PDA in infants receiving iNO 5 ppm [63]. In
another study of patients with BPD and pulmonary hypertension, there
was near normalization of pulmonary artery pressure and pulmonary
vascular resistance with either 100% oxygen or iNO [48]. Pulmonary
vasoconstriction may be the predominant mechanism of pulmonary
hypertension in this select group of patients with BPD, rather than
a developmental change in lung architecture. Thus, the pulmonary
hypertension of BPD may be treatable. While iNO therapy remains
expensive (reimbursement is not yet approved by most insurers), it may
become an essential future therapy.

Patients with BPD have lungs with large alveoli and reduced
septation and vascularity, sometimes in association with pulmonary
hypertension. The mechanism may be oxidant stress, lung inflammation,
or respiratory tract infection. Park et al. [68] proposed a molecular
mechanism by which sildenafil decreases the oxidant stress leading to
chronic lung disease in a rat model of bronchopulmonary dysplasia.
Sildenafil blocks phosphodiesterase Type 5, increasing the intracellular
messenger of endothelial nitric oxide and reducing pulmonary
vascular resistance. Sildenafil-treated rats had improved pulmonary
vascularization. Furthermore, the oxygen sensor hypoxia-inducible
factor 1/2 alpha (HIF) and the angiogenic factor Vascular Endothelial
Growth Factor (VEGF) were highly expressed in the lungs of sildenafil-
treated rats. HIF and its downstream genes, including the VEGE, were
induced by sildenafil at both the protein and the mRNA levels. Park
suggests that HIF may be used to treat patients with bronchopulmonary
dysplasia. VEGF is down-regulated in lungs of patients with BPD. Nitric
oxide also mediates neovascularization and enforces the angiogenic
effect of VEGF in lung tissue. Inhaled nitric oxide reduces the risk of

bronchopulmonary dysplasia in premature infants with respiratory
deficiency. Neonatologists should be monitoring future studies using
iNO and/or sildenafil and their metabolites in premature infants at high
risk for developing chronic lung disease.

Patent Ductus Arteriosus (PDA)

Medical and surgical management of PDA has become one
of the more controversial therapies in neonatology. PDA has long
been associated with increased morbidity and mortality [67,69].
Surgical ligation of PDA by open thoracotomy historically limited
the enthusiasm for aggressive management of PDA. In 1976, medical
closure of PDA with the cyclo-oxygenase inhibitor, indomethacin was
reported [70,71]. Confirmation of the safety and efficacy of cyclo-
oxygenase inhibitors opened an era of aggressive management of
PDAs [72-74]. Neonatologists and pediatric cardiologists treated PDAs
with indomethacin and/or surgery, to decrease the risk of chronic
lung disease, pulmonary hemorrhage, and severe intraventricular
hemorrhage [75]. Nonetheless, studies found that indomethacin
caused transient decreases in renal function and urine output,
decreases in cerebral and intestinal blood flow, and increased frequency
of necrotizing enterocolitis [76]. Futhermore, PDA closure was
occasionally induced in patients with previously undiagnosed ductal-
dependent congenital heart disease. Also, indomethacin, when given
in the presence of concomitant steroid therapy, increased the incidence
of intestinal perforation [13-16]. Ibuprofen was introduced as a drug
that would close PDA without the undesirable vascular effects of
indomethacin on renal and intestinal blood flow [77]. However, when
ibuprofen was used prophylactically for PDA, there were rare instances
of acute onset pulmonary hypertension in extremely premature infants,
requiring treatment with iNO [78-80]. Further, ibuprofen did not
decrease the frequency of NEC. The initial enthusiasm for ibuprofen
waned, and intravenous ibuprofen is currently unavailable in the US.

The Trial of Indomethacin Prophylaxis in Preterms (TIPP)
represents the most comprehensive clinical investigation of the
effects of indomethacin and PDA on later development of the major
morbidities of prematurity. The TIPP trial [81-83] showed that
prophylactic indomethacin produced a significant reduction in PDA
and severe intraventricular hemorrhage, but no benefit in long-
term neurological outcome or the incidence of chronic lung disease.
The original data analysis showed no reduction in the frequency of
pulmonary hemorrhage in patients receiving indomethacin, in spite
of a marked reduction in PDAs. Since a previous study had shown an
association between PDA and pulmonary hemorrhage [84], the lack of
this finding in the TIPP analysis may have been due to grouping of all
bloody tracheal aspirates into the category of pulmonary hemorrhage.
Refining the analysis to serious pulmonary hemorrhages, a post-hoc
analysis of the TIPP data showed that serious pulmonary hemorrhage
was less frequent in infants receiving indomethacin prophylaxis and
that 80% of this difference was potentially accounted for the reduction
in PDA [85]. Nonetheless, there was no significant difference in
chronic lung disease or death between patients receiving indomethacin
prophylaxis or placebo. Thus, while there is an association between
PDA, pulmonary hemorrhage, and chronic lung disease [83-86], PDA
has not been shown to cause pulmonary hemorrhage and may be a
consequence of severe RDS and/or the treatment we provide.

The Caffeine for Apnea of Prematurity (CAP) trial showed that
early administration of caffeine in premature infants resulted in earlier
extubation from mechanical ventilation and fewer patients with
PDA [87]. Since caffeine does not have a direct effect on constriction
of the PDA, the effect of caffeine on PDA closure is probably due to

Controversies in the Management of Respiratory
Distress Syndrome in Premature Neonate

J Pulmon Resp Med

ISSN: 2161-105X JPRM, an open access journal



Citation: Fujii AM (2013) Cardiovascular Effects of the Treatment of Respiratory Distress Syndrome and Associated Morbidities of Prematurity. J

Pulmon Resp Med §13: 005. doi:10.4172/2161-105X.S13-005

Page 4 of 6

the salutary effect of caffeine on lung function [88]. Similarly, a more
rapidly-acting surfactant that allows earlier extubation was associated
with fewer patients treated for PDA [89]. Over the past 5 years, a more
conservative approach to PDA treatment has shown surprisingly little
impact on long-term outcome, with some editorials suggesting that
we may no longer need to treat most PDAs [90,91]. While there are
still PDAs that require intervention, many neonatologists are now
approaching PDAs more conservatively, at least in the infants >27
weeks, waiting for clinical signs of decompensation before initiating
treatment.

Postnatal Steroids

Human fetuses and newborns do not produce cortisol de novo
before 23 weeks gestation [92]. In utero, they are able to utilize maternal
precursors to synthesize cortisol, but after delivery and separation from
the placenta, low cortisol levels are seen and have been associated with
increased mortality in premature infants [93]. Adrenal insufficiency
in preterm infants is associated with an amplified inflammatory
response and increased frequency of BPD [94]. Attempts to avoid this
adrenal insufficiency by early neonatal treatment with physiologic
doses of hydrocortisone were associated with an increased frequency
of spontaneous intestinal perforation, especially when combined with
concomitant indomethacin treatment [16]. Complications arising from
the use of postnatal glucocorticoids in premature infants for prevention
of BPD and to facilitate extubation were recently reviewed [95]. Some
of the complications of systemic steroid use may be due to the response
of regional vascular beds to the vasoconstriction induced by vasoactive
hormones [96,97]. While the cause of the intestinal perforation was not
established [14, 98,99], the combination of steroids and indomethacin
is known to increase smooth muscle vasoconstriction [96] and may
contribute to late-onset transient hypertension seen in many infants with
chronic lung disease. An additional effect of high dose dexamethasone
treatment is the development of left ventricular hypertrophy [100,101].
The authors describe a transient increase in left ventricular thickness
associated with decreased end-diastolic dimension that equates to no
change in left ventricular mass. Thus, there appears to be a decreased
diastolic filling, perhaps a decrease in diastolic compliance, associated
with use of dexamethasone. Alternatively, there is an intravascular
volume depletion associated with maximal treatment of chronic lung
disease. It is reassuring that there is not a massive increase in the left
ventricular mass associated with steroid treatment of BPD.

Concluding Comments

As with all complex biological systems, the premature neonate with
RDS manifests a complex interaction with cardiovascular physiology.
Understanding of the effect of standard therapies for the treatment of
RDS is incomplete, particularly in regard to the effect of these therapies
on developing regional vascular beds and the heart. Therapies that were
considered standard of care 10 years ago are now contraindicated. While
clinical care of premature neonates has advanced dramatically over the
past two decades, there are still many questions that remain unanswered.
A change in one aspect of therapy may render other aspects of therapy
unnecessary or harmful in the new milieu. The purpose of this article
is to increase the awareness of potential cardiovascular complications
and affects that may be seen in the NICU and beyond into adulthood.
Current and future therapies may induce remodeling of a vascular bed
or the myocardium leading to consequences for patients as they mature.
As a new mechanistic physiology supplants the old cardio-respiratory
physiology used by the clinician, use of anticipatory therapies such as
iNO and sildenafil and/or their derivatives may change the scope of
practice.

Our current capacity to assess regional vascular beds in tiny
premature neonates is crude and limited to Doppler and Near Infra-
red Spectroscopy. Newer technologies, such as changes in vascular
impedance and assessment of lung volumes in non-invasively ventilated
infants, may provide new insight into regional vascular responses to
RDS and the efficacy of non-invasive ventilatory support. Application
of new technology to address some of the mechanisms of the changes
observed may lead to a new generation of improved therapies. We look
forward to utilizing these advances.
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