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Preface to ”Stabilization and Resuscitation of
Newborns”

The majority of newborns do not need medical interventions to manage the neonatal transition

after birth. However, every year millions of newborns worldwide require respiratory support

immediately after birth, and another considerable number of newborns additionally require extensive

resuscitation including chest compressions and drug administration. Despite a significant increase in

knowledge and development of enhanced therapy strategies over the past few years, morbidity and

mortality caused by failures in neonatal transition remain an important health issue. The purpose

of this book is to support or introduce novel concepts and add information in the area of the

“Stabilization and Resuscitation of Newborns”, aiming to improve neonatal care and, as the major

objective, to enhance neuro-developmental outcomes.

I believe that this book helps to contribute to consolidating the current body of information

with the hopes of enhancing and stimulating further studies on all spectra of “Stabilization and

Resuscitation of Newborns”.

Bernhard Schwaberger

Editor
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Editorial

Stabilization and Resuscitation of Newborns
Bernhard Schwaberger

Division of Neonatology, Department of Pediatrics and Adolescent Medicine, Medical University of Graz,
8036 Graz, Austria; bernhard.schwaberger@medunigraz.at; Tel.: +43-316-385-30018

The majority of newborns do not need medical interventions to manage the neonatal
transition after birth. However, every year millions of newborns worldwide require res-
piratory support immediately after birth, and another considerable number of newborns
additionally require extensive resuscitation including chest compressions and drug ad-
ministration. Despite a significant increase in knowledge and development of enhanced
therapy strategies over the past few years, morbidity and mortality caused by failures in
neonatal transition remain an important health issue. The purpose of this Special Issue is
to support or introduce novel concepts and add information in the area of the “Stabiliza-
tion and Resuscitation of Newborns”, aiming to improve neonatal care and, as the major
objective, to enhance neuro-developmental outcomes.

1. Respiratory Support

Most emergency situations in the newborn are respiratory conditions, often during the
neonatal transition after birth. Neonatologists are confronted with the challenging task of
achieving optimal care for term and preterm newborns which often requires quick and de-
cisive action. The review by Aichhorn et al. [1] describes the neonatologist-performed lung
ultrasound (NPLUS) as a point-of-care examination and its use for the stabilization and
resuscitation of newborns. NPLUS immediately provides knowledge about the respiratory
condition of the patient and helps to rule out pneumothorax, and visualize ventilation or
atelectases, effusions, or consolidations in less than one minute. More experienced sonogra-
phers may use NPLUS for assessment of tracheal tube placement, diagnosis of congenital
malformations, diaphragmatic movement, and pneumomediastinum as well as assessment
of laryngeal anatomy. Thereby, NPLUS further reduces exposure to ionizing radiation.

Neonatal tracheal intubation is a life-saving procedure, but adverse events are not
uncommon. A small randomized controlled trial by Bruckner et al. [2] evaluated the concept
of providing continuous gas flow through the tracheal tube during neonatal intubation to
prevent severe desaturation or bradycardia. This novel approach seems to be favorable
compared to the standard procedure without increasing the risk for major unexpected
adverse events.

Meconium aspiration syndrome remains a major contributor to neonatal morbidity
and mortality. The study by Fan et al. [3] suggested that thick meconium in newborns
might be associated with poorer outcomes compared with thin meconium based on chart
reviews. Additionally, they presented cell survival assays following the incubation of vari-
ous meconium concentrations with monolayers of certain cell lines, which were consistent
with the results obtained from the chart reviews.

Lesneski et al. [4] compared time to reversal of ductal shunting in persistent pulmonary
hypertension of the newborn (PPHN) between standard and high oxygen saturation (SpO2)
targets during resuscitation and in the post-resuscitation period. In this term lamb model
of meconium aspiration syndrome and PPHN, targeting SpO2 at a higher range (95–99%)
during resuscitation and in the immediate post-resuscitation period led to a quicker transi-
tion to left-to-right shunting across the ductus arteriosus but did not result in a sustained
increase in pulmonary blood flow.

Inhaled nitric oxide (iNO) is a common therapy for newborns suffering from PPHN
in the neonatal intensive care unit, but the potential effects of its use during stabilization
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and resuscitation immediately after birth have not been investigated in detail. In their
animal study, Lakshminrusimha et al. [5] studied the effects of iNO on oxygenation and
pulmonary vascular resistance in preterm lambs with and without PPHN during resuscita-
tion and stabilization at birth. They concluded that iNO at birth is effective for improving
oxygenation and reducing pulmonary vascular resistance in both preterm lambs with and
without PPHN without increasing inspired oxygen.

In newborns treated with therapeutic hypothermia following perinatal asphyxia,
several risk factors are associated with adverse outcomes. In their retrospective study
including 71 asphyxiated cooled newborns, Giannakis et al. [6] analyzed the association be-
tween ventilation status (mechanical ventilation versus spontaneously breathing newborns)
and adverse short-term outcomes. The need for mechanical ventilation was significantly
higher in newborns with more severe asphyxia. In ventilated newborns, higher levels of
encephalopathy, lower partial pressure of carbon dioxide, and increased oxygen supple-
mentation were associated with adverse short-term outcomes.

2. Cardio-Circulatory Support

Cardio-circulatory support after birth may include interventions such as chest com-
pressions, the establishment of vascular access and emergent drug administration (e.g.,
epinephrine, volume expanders), and–in very rare cases–may also include defibrillation.

While the current neonatal resuscitation guidelines recommend a 3:1 compression to
ventilation ratio, it was recently demonstrated that providing continuous chest compres-
sions superimposed with high distending pressure or sustained inflation may reduce the
time to return of spontaneous circulation and mortality in both asphyxiated piglets and
newborn infants. A review by Kim et al. [7] summarizes the currently available evidence of
continuous chest compressions superimposed with sustained inflation.

Drug administration during neonatal resuscitation requires immediate vascular access
to the newborn. Recent guidelines recommend the umbilical venous catheter (UVC) as
the optimal vascular access during neonatal resuscitation. However, the UVC securement
may be challenging and time-consuming. Therefore, our study group [8] introduced a new
concept of UVC securement by using a peripheral catheter and a disposable umbilical clamp.
This experimental study on umbilical cord remnants was designed to test the feasibility
of this concept. It may be a rewarding option for umbilical venous catheterization and
securement, but the experimental data need to be confirmed in clinical trials before being
introduced into clinical practice.

In case of persistent bradycardia despite effective ventilation and chest compressions,
the administration of epinephrine via a UVC is recommended and should be followed
by a certain amount of flush volume. The flush may be essential to push epinephrine
to the right atrium in the absence of intrinsic cardiac activity during chest compression.
Sankaran et al. [9] evaluated the effect of 1 mL versus 2.5 mL flush volumes of normal
saline after epinephrine administration via a UVC in a near-term ovine model of perinatal
asphyxia-induced cardiac arrest. Three out of seven (43%) and 12/15 (80%) lambs achieved
the return of spontaneous circulation after the first dose of epinephrine with 1 mL versus
2.5 mL flush, respectively (p = 0.08). From this pilot study, higher flush volume after the
first dose of epinephrine may be beneficial during neonatal resuscitation.

An adequate blood volume is important for neonatal resuscitation and stabilization.
In their retrospective single-center study, Aboalqez et al. [10] quantified the cumulative
iatrogenic blood loss in very low birth weight infants by blood sampling and the necessity
of packed red cell transfusions from birth until discharge from the hospital. They concluded
that iatrogenic blood loss should be limited to a minimum in the interest of patient blood
management.

The case presentation by Mileder et al. [11] is the first reported case of a newborn
with perinatal asphyxia, who required postnatal resuscitation and defibrillation due to
ventricular fibrillation following epinephrine administration. Based on this case, the
authors suggest that health care providers managing neonatal resuscitation should be
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aware of the possible need for defibrillation, even though it may be very rare. Therefore,
they suggest providing a defibrillator with appropriately sized pediatric defibrillation pads
in every delivery room, allowing for weight-adapted, gradual titration of the energy level.

3. Cardio-Respiratory Monitoring

Cardio-respiratory monitoring may assist health care providers to identify the new-
born in need of medical interventions after birth and may be used for evaluating and
observing the newborn’s condition at the neonatal intensive care unit. For these purposes,
pulse oximetry is routinely used during neonatal care. The review by Pritišanac et al. [12]
compared non-invasive arterial oxygen saturation monitoring by pulse oximetry (SpO2) to
oxygen saturation measurements from arterial blood samples (SaO2) in preterm and term
newborns in terms of fetal hemoglobin (HbF) measurements. They found a considerable
SpO2-SaO2 bias and concluded that the influence of HbF on SpO2 readings may result in
an overestimation of SpO2 for the lower saturation ranges.

Advanced monitoring of the cardio-circulatory system and/or the brain provides
further information during the neonatal transition after birth. Baik-Schneditz et al. [13]
combined non-invasive cardiac output (CO) monitoring by electrical velocimetry and
cerebral near-infrared spectroscopy in term newborns after cesarean section, in order
to analyze the potential influence of CO on cerebral oxygenation during the neonatal
transition. In term infants with uncomplicated neonatal transition after cesarean section,
they found no correlation of CO and cerebral oxygenation.

Healy et al. [14] described in their in silico study that anthropometric measures as
weight and length of the newborn affect non-invasive CO measurements. Therefore,
inaccurate estimates or measurements of anthropometric values can lead to clinically
relevant differences in CO measurements, which are more pronounced in preterm infants
compared to term infants. This should be considered in the design of future clinical trials
and in the interpretation of previous studies including non-invasive CO measurements in
the newborn.

4. COVID-19

The recent coronavirus disease 2019 (COVID-19) pandemic affected all segments
of health care including obstetrics and neonatology. Pawar et al. [15] published a case
series of 20 newborns with features of a hyperinflammatory syndrome associated with
prenatal maternal SARS-CoV-2 infection potentially caused by transplacental transfer of
anti-SARS-CoV-2 antibodies. Ninety percent had cardiac involvement with prolonged QTc
(corrected QT interval), 2:1 atrioventricular block, cardiogenic shock, or coronary dilatation.
Other findings included respiratory failure, fever, feeding intolerance and melena. All
infants had elevated inflammatory biomarkers and received immunomodulatory therapy
(e.g., steroids and intravenous immunoglobulins). Two infants (10%) died. This condition
was named “Neonatal Multisystem Inflammatory Syndrome” (MIS-N) in conformity with
the post-infectious immune-mediated condition in children, “Multisystem inflammatory
syndrome in children” (MIS-C), usually seen 3–5 weeks after COVID-19.

I believe that this Special Issue of Children helps to contribute to consolidating the
current body of information with the hopes of enhancing and stimulating further studies
on all spectra of “Stabilization and Resuscitation of Newborns”.
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Abstract: Lung ultrasound makes use of artifacts generated by the ratio of air and fluid in the
lung. Recently, an enormous increase of research regarding lung ultrasound emerged, especially
in intensive care units. The use of lung ultrasound on the neonatal intensive care unit enables the
clinician to gain knowledge about the respiratory condition of the patients, make quick decisions, and
reduces exposure to ionizing radiation. In this narrative review, the possibilities of lung ultrasound
for the stabilization and resuscitation of the neonate using the ABCDE algorithm will be discussed.

Keywords: lung ultrasound; neonatal resuscitation; transition process; respiratory distress syndrome

1. Introduction

On a daily basis, neonatologists are confronted with the challenging task of achieving
the optimal care for term and preterm neonates. In particular, the stressful situation of
resuscitation of infants often requires quick and decisive action with potentially crucial
decisions regarding the current condition, but also the long-term outcome of the patient,
based on limited information. The majority of these emergency situations in neonatology
are respiratory conditions, often during the process of neonatal transition [1,2].

In the last decade, the use of lung ultrasound (LUS) has gained momentum in various
specialties, not only to reduce exposure to radiation but because of the broad spectrum of
diagnostic possibilities of this formerly underappreciated technique, especially in neonatal
intensive care units (NICU) [3].

Many aspects of the management of critically ill neonates are controversial. As a
consequence, a large number of protocols for the postnatal stabilization of infants have
been proposed, to the extent that almost every institution has developed its own guideline
and standard of practice for this purpose. In adult patients, ultrasound has become
an integral part of emergency medicine [4] and pre-hospital care [5] over the past two
decades with the corresponding standardization of protocols. However, only with recent
publication of the International Evidence-Based Guidelines on Point of Care Ultrasound
by the European Society of Paediatric and Neonatal Intensive Care, ultrasound found
its way into paediatric and neonatal intensive care units in a standardized form [6]. The
Paediatric Life Support (PLS) guidelines by the European resuscitation council mention
ultrasound for situations like confirmation of proper tracheal tube position, management
of circulatory failure or diagnosis of tension pneumothorax, pneumonia and pericardial
tamponade. However, the European Resuscitation Council Guidelines 2021 for Newborn
resuscitation and support of transition of infants at birth (NLS Guidelines) do not consider
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ultrasound, mainly due to a lack of evidence for term and preterm infants [7]. Several
methods for opening and securing the airway mentioned in the NLS Guidelines can be
assessed using ultrasound.

In our units, we started using a standardized LUS protocol, starting first in Vienna
in 2016 [8], since LUS has been proven to be an effective, reliable, cheap—and frankly—a
reasonably easy way to gain knowledge about the respiratory condition of a patient [3,9,10].

In this narrative review we want to share our insights, experiences and evidence-based
information about the benefits of LUS in the management of the critically ill neonate. We
will provide a guide through the stabilization process using the ABCDE algorithm. The
PLS guidelines use A, B, C, D and E as mnemonic to assess the critically ill child and
neonate, where A stands for airway, B for breathing, C for circulation, D for disability and
E for other emergencies or environment [7].

Lung ultrasound makes use of artifacts generated by the ratio of air and fluid in the
lung. For a long time, maybe even because of this particular feature, LUS has not been
in the focus of research. One of the first reports of using LUS was published in 1951 by
Stuhlfauth et al., who reported typical reflections in cases of pneumothorax. Since then,
several studies were published with limited impact [11–13]. After gaining momentum
in adult critical care medicine in the early 21st century, “International evidence-based
recommendations for point of care lung ultrasound“ were published in 2012 [6]. The paper
provided the reader with evidence-based recommendations regarding the application
of LUS in case of pneumothorax, interstitial syndrome, lung consolidation and pleural
effusion. In the following years and especially recently, triggered by the SARS-CoV-2
pandemic, an enormous increase of research regarding LUS has emerged.

In this review, we focus on point of care LUS examinations performed by neonatolo-
gists in the intensive care setting, therefore we chose the term neonatologist-performed-LUS
(NPLUS) in analogy to the common term of neonatologist-performed echocardiography (NPE).

The detailed description of the signs used in LUS for the neonate as well as certain
applications of NPLUS have been sufficiently described elsewhere and are beyond the
scope of this review [3,8,9,14,15]. However, for better understanding we briefly want to
address the most important signs:

The first step in lung ultrasound is looking for lung sliding, which represents the
movement of parietal and visceral pleura. In a healthy lung, a thin, regular pleural line
is seen, with horizontal, hyperechogenic reverberation artefacts underneath, known as
A-Lines. In case of a shift from a healthy lung to a less aerated lung, usually B-Lines emerge.
Those can be identified as a well-defined comet-tail artefact, which erases A-Lines and
moves with lung sliding. Newborns present initially with B-Lines, with a declining number
of B-Lines in case of a normal transition during the first hours of life. In case of a very
poorly or not aerated lung area, consolidations may be observed. In this case, hypoechoic
areas, or even hepatization of the lung occurs. A lung ultrasound examination of a healthy
neonate is seen in Supplementary file Video S1.

Furthermore, determination of a LUS-score has been proven to help the clinician make
decisions based on the lung ultrasound findings. First described by Brat et al. in neonates,
the score was later modified in several ways, but the principle remains the same: For each
scanned area, artefacts or even patterns are classified or graded, usually from 0-3. The
score of each area is added together, resulting in a score that basically inversely reflects
lung aeration [3,16].

Our goal is to provide recommendations about the use of NPLUS especially for the
critically ill neonate using the ABCDE algorithm.

2. A—Airway

Establishing and maintaining an open airway is essential to achieve postnatal tran-
sition and spontaneous breathing, or for further resuscitative actions to be effective [17].
Several methods, including head tilt, jaw thrust, suctioning of secretions, supraglottic de-
vices and tracheal intubation are used to ensure open airways [18]. To assess the treatment
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response to each method, vital sign monitoring, clinical examination and point of care
ultrasound can be used.

Intuitively, point of care ultrasound may be considered to be slower than clinical
examination, but studies in adults have shown the contrary. In a prospective randomized
study in 106 adult patients undergoing trauma resuscitation, ultrasound was faster in
identifying esophageal intubation and confirmation of tracheal intubation compared to
five-point auscultation and capnography [19].

In our experience, bilateral ventilation can be assessed within 15 s by verifying
lung sliding. However, studies are lacking to provide evidence for a recommendation
regarding the use of ultrasound to assess an open airway or tube placement during
neonatal resuscitation.

2.1. Continuous Positive Airway Pressure

In spontaneously breathing preterm infants, it is recommended to consider continuous
positive airway pressure (CPAP) as the initial method of ventilatory support after delivery—
using either mask or nasal prongs [17]. NPLUS can be used for the diagnosis of conditions
treated with CPAP, such as transient tachypnea of the newborn or respiratory distress
syndrome [20].

2.2. Assisted Ventilation

In adult patients, several studies have shown that scanning for lung sliding using
ultrasound is superior to clinical assessment in detecting effective ventilation [21,22].
For this purpose, the major sign in ultrasound is bilateral lung sliding [23]. Effective
ventilation—regardless of the device—always results in visible lung sliding in the venti-
lated lungs. Furthermore, it allows the person performing manual ventilation to have
visual feedback.

In experienced hands, confirmation of ventilation by ultrasound is faster compared
to auscultation [19]. In neonates, lung sliding presents identical as in paediatric or adult
patients, and due to the presence of B-Lines, recognition of lung sliding may be even easier
in this patient cohort. However, evidence regarding the feasibility of assessment of effective
ventilation using NPLUS is missing for neonates.

In adults, ultrasound assessment of the anterior neck soft tissues by measuring the
minimum distance from the hyoid bone to skin surface showed promising results in
predicting difficult mask ventilation and difficult laryngoscopy [24]. This correlation still
needs to be examined in neonates, and findings may help identifying patients, in whom a
difficult mask ventilation must be anticipated.

2.3. Assessment of Laryngeal Anatomy

Ultrasound allows for direct visualization of the laryngeal anatomy, vocal cords and
arytenoid cartilages, and due to the dynamic character of an ultrasound exam, it can be
used for assessment of glottic opening and vocal cord movement.

Ultrasound can play an important role in the diagnosis of vocal cord palsy and
laryngomalacia without exposing the child to the risks of an invasive endoscopy [25,26].

In a recently published article, Oulego-Erroz et al. used ultrasound to diagnose
laryngomalacia in an infant with stridor who required respiratory support. The authors
successfully captured the collapse of arytenoids and narrowing of the glottic opening when
the infant was agitated. The finding was confirmed by endoscopy [27].

2.4. Laryngeal Mask

A laryngeal mask can be used in infants above 34 weeks gestation when problems
with establishing effective ventilation with a facemask occur, intubation is not possible,
or as an alternative to tracheal intubation [17]. Correct positioning of a laryngeal mask
is usually assessed by capnography, appropriate chest excursion, and the absence of an
audible leak [28]. In 2015, Kim et al. demonstrated that it is possible to correctly identify
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rotated laryngeal masks in paediatric patients by assessing the symmetry of arytenoid
elevations in transversal view using ultrasound. Using the same method, Song et al. were
able to confirm laryngeal mask placement by ultrasound to be quick, non-invasive and
reliable in adults [29]. Although no study assessed ultrasound for the detection of the
correct position of laryngeal masks in neonates, the signs are the same as in paediatric
patients. Evidence for a recommendation regarding the laryngeal mask placement during
resuscitation in neonates is lacking.

2.5. Tracheal Intubation

In adult patients, ultrasound was shown to be useful in airway management including
the identification of vocal cord palsy, predicting the optimal size of endotracheal, double
lumen tubes including tracheostomy-tubes, evaluating the position of breathing tubes
in trachea, main-stem bronchus, or esophagus, in pre-anesthetic airway evaluation and
percutaneous cricothyroidotomy [30,31]. Some of these applications have already been
studied in paediatric patients and neonates, but data is limited, especially in neonates.

Chest X-ray is considered gold standard for determination of endotracheal tube
location and is recommended by the NLS Guidelines [17]. However, it contributes to
cumulative radiation exposure, is often time-consuming and requires manipulation of the
patient [32]. Verification of endotracheal tube position was shown to be possible using
ultrasound in neonates back in 1986 by Slovis and Poland, who were able to directly
visualize the tip of the tube in 16 infants. They reported that a distance of less than 1 cm
between the tip of the tube and the aortic arch to be too low in the chest. This method was
later shown to have 94% (95% CI: 85–98%) concordance with a tube positioned below the
third thoracic vertebra in chest-X-ray in 56 cases in 29 neonates with birthweights between
370–3750 g [33]. The most common technique to assess correct endotracheal tube placement
in neonates is measuring the distance between the tip of the tube and the superior aspect
of the right pulmonary artery, because the carina cannot be reliably identified, and the
superior aspect of the right pulmonary artery is approximately at the level of the bottom of
the carina on midsagittal view (see Supplementary file Video S2) [32,34,35]. It is important
to note that the tip-to-carina distance in chest-X-ray does not account for the angulation of
the trachea to horizontal plane of 20◦ in supine position [34]. This assessment takes between
5 and 19 min and has significant agreement with chest-X-ray in neonates with bodyweights
between 560–4935 g (95% CI: 0.92–0.98, n = 40), between 485–3345 g (r2 = 0.68, n = 30), and
with mean bodyweight of 2037 g (r2 = 0.61, 95% CI: 0.26–0.79, n = 40) [32,34–36]. Overall,
ultrasound interpretation of the endotracheal tube position in neonates correlates with the
radiography position in 73–100% of cases with over 90% concordance with chest-X-ray in
the four largest studies performed [37].

While direct visualization of the tip of the tube is accurate, in critical situations time is
essential and assessment of bilateral lung sliding may be sufficient for assessment of the
placement of the endotracheal tube, as shown by Fajardo-Escolar et al. in a preterm neonate
with esophageal atresia. Even during resuscitation of a neonate, esophageal intubation
can be detected using transversal view of the trachea and neck [37–39]. In our experience,
assessment for bilateral lung sliding can be performed within one minute.

2.6. Ultrasound Guided Tracheal Intubation

In 2012 Fiadjoe et al. used real-time ultrasound of the vocal cords while performing a
jaw thrust and inserting a hockey-stick-shaped styletted tube in the midline of the patients
pharynx under direct vision until it was visible in ultrasound to successfully intubate a
14-month old child and called this technique ultrasound guided tracheal intubation [40].
This technique was later reported by Moustafa et al. to be 99%, 132/133 (72%, 96/133 on
the first attempt) effective needing 57 s in adult patients [41]. This high efficacy was later
confirmed by Ma et al., who found a 93.3% (28/30) success rate [42].

All studies used a hypoechoic shadowing and widening of the vocal cords in transver-
sal view as proof of endotracheal intubation [41–43].
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Although this technique was only studied in case reports in neonates, it is a promising
alternative in patients with difficult airways, especially when resources are limited.

2.7. Airway Obstruction

Airway obstruction can be caused by inappropriate positioning with decreased airway
tone and/or laryngeal adduction, or due to mucus, vernix, meconium, or blood clots [17].
By using NPLUS, not only effective ventilation by bilateral lung sliding can be recognized,
but this method also provides the clinician with additional information regarding the cause
for deterioration and produces an objective and reproducible image.

2.8. DOPES

The PLS Guidelines state that sudden rapid deterioration of a child with ventilatory
support (via mask or tracheal tube) is a time-critical event that demands immediate action
and recommends “DOPES” as a mnemonic for displacement of the device, obstruction of
the airway, pneumothorax, equipment failure or stomach for abdominal compartment [7].
In assessing for “DOPES”, ultrasound can be used for the first four letters simultaneously by
searching for bilateral lung sliding. If present, the lung is bilaterally ventilated, excluding
displacement of the device or obstruction of the airway and pneumothorax and most cases
of equipment failure.

3. B—Breathing

The focus of LUS concerns the B-part in the ABCDE algorithm. Based on different
clinical situations, we try to describe the possibilities of NPLUS in this category.

3.1. NPLUS in the Delivery Room

The choice of appropriate measures for the management of the initial stabilization
process of preterm and term neonates is an important aspect in neonatology. Changes in
aeration and subsequent hemodynamic changes happen quickly and must be evaluated
consistently. Ventilation strategy, and evaluation of adequate lung aeration are key aspects
in which ultrasound can be useful.

One of the most crucial steps in interpreting NPLUS is the appearance of the pleural
line and lung sliding, as mentioned above. Recognition of lung sliding can be used to
determine ventilation, rule out pneumothorax or identify the lung point as indicated in the
Bedside Lung Ultrasound in Emergency (BLUE) Protocol or Sonographic Assessment of
liFe-threatening Emergencies (SAFE) Algorithm [3,9].

Several studies analyzed the usefulness and reliability of NPLUS in the delivery room.
Blank et al. used NPLUS to depict and analyze the initiation of breathing in term and late
preterm infants. The authors captured one of the first four breaths in 35 infants and even
the first breath in 28 infants. Using a modified, semiquantitative score with several different
types of patterns, including “type 0” which occurs prior to establishment of the pleural
line. The authors concluded that after the first four breaths, all infants had a visible pleural
line, and that fluid clearance happens quickly with establishment of inspiratory efforts.
NPLUS can be used to confirm initial penetration of air into the lungs and may support the
decision to use different ventilation strategies. A white lung in the delivery room has been
predictive for further need of respiratory support and surfactant therapy in this study [44].
In a more recent study, Blank et al. analyzed LUS videos of term and late preterm infants
during the first day to describe the transition process, confirming that fluid clearance can
be seen during the first few minutes of life with complete clearance after 4 h of life [45].
In another study, NPLUS was performed in the delivery room in 52 very—or extremely
preterm infants. Findings included an excellent specificity for surfactant application, and
even after 5–10 min, NPLUS outperformed the widely used FiO2threshold for prediction
of surfactant therapy [46]. Raimondi et al. described fluid clearance in neonates >33 weeks
using 3 types of patterns (white lung, prevalence of B-Lines, prevalence of A-Lines) and
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presented the shift from white lung to prevalence of A-Lines. White lung pattern performed
as a predictor for NICU admission with a sensitivity of 77.1% and specificity of 100% [47].

In our experience, it is challenging to use NPLUS to visualize the first few breaths
routinely due to practical reasons (positioning of the ultrasound machine, timing of ex-
amination, lack of new information due to clinical features). However, we use NPLUS for
diagnostic purposes when signs of respiratory insufficiency, and/or tachypnoea occur, or
in situations without sufficient ventilation.

3.2. Infants with Respiratory Distress: Respiratory Distress Syndrome vs. Transient Tachypnea of
the Newborn

Respiratory distress is one of the most common reasons for admission to the NICU,
therefore it is of great interest to differentiate between respiratory distress syndrome (RDS)
with need for surfactant and transient tachypnea of the newborn (TTN) with delayed fluid
clearance [48,49]. Several studies address the role of NPLUS in this situation. One of the
first observations in this matter was described by Copetti and is called the “double lung
point” which is seen in TTN [50]. This sign describes the boundary between coalescent
B-Lines or white lung and aerated lung with A-Lines. However, more recent studies
have shown that specificity and sensitivity of this sign was lower than described first.
When respiratory distress occurs due to TTN, NPLUS would typically show a white lung
with a great variability in different lung fields, disappearance of A-Lines, double lung
point, irregular pleural line and pleural effusion in 20% of cases, while the occurrence of
consolidations would point to RDS, MAS or pneumonia [51–53]. Ultrasound is as accurate
as chest-X-ray in detecting TTN [54].

However, when RDS is present, sonographic findings differ from TTN: In RDS, typical
findings are bilateral white lungs without spared areas or a boundary to a better aerated
lung, consolidations, and a thickened, irregular pleural line [3]. One has to keep in mind
that TTN and RDS are not always exclusively present and there might be mixed forms,
which need a continuous clinical evaluation. See Supplementary file Video S3 for an infant
with RDS, and Supplementary file Video S4 for an infant presenting with TTN.

3.3. Extremely Preterm Infant After Delivery—LUS and the Need for Surfactant and Ventilation

There is excellent evidence for the use of NPLUS to recognize the need for ventilation
and surfactant replacement in preterm infants as described below.

In 2008, Copetti et al. studied NPLUS in infants and emphasized its value in detect-
ing RDS, proposing that LUS may be helpful for guiding surfactant administration [10].
Two years later, the authors demonstrated that surfactant therapy in very preterm infants
with a white lung in NPLUS did not improve interstitial fluid clearance [55]. Raimondi et al.
studied 54 newborns (mean gestational age 32 weeks) who were admitted to the NICU
with nasal CPAP and showed that a sonographic white lung predicted intubation within
24 h with a sensitivity of 88.9% and sensitivity of 100% [56].

De Martino et al. included 133 extremely preterm infants in a prospective trial and
were able to show that NPLUS can be used to predict the need for surfactant. The authors
demonstrated that it is possible to guide surfactant therapy using a LUS Score with a
sensitivity of 82% and specificity of 92%, and they also provided data for the prediction of
a second dose of surfactant [57]. In summary, the authors concluded that NPLUS guided
surfactant administration is a reasonable alternative to FiO2criteria. This hypothesis was
confirmed in the ULTRASURF study by Rodriguez-Fanjul et al., in which 56 infants were
randomized in two groups, receiving ultrasound-guided or FiO2-guided surfactant treat-
ment, respectively. They concluded that the ultrasound-guided group received surfactant
earlier and thus was exposed to less supplemental oxygen than the FiO2-guided group [58].

The European consensus guidelines on the management of respiratory distress syn-
drome, updated in 2019, recommend surfactant therapy in infants requiring 6 cmH20 nasal
CPAP and an FiO2 above 0.3 [59]. There is evidence that the use of the proposed LUS score
has an excellent positive predictive value for the need of surfactant treatment and may
lead to earlier administration of surfactant in children who need this treatment. Although

10



Children 2021, 8, 628

NPLUS is a comparatively easy ultrasound examination, it still is an observer-dependent
method, opposed to the FiO2criteria, and one has to be aware of the possibility of differences
in management due to inexperienced observers and/or incorrect exam results.

3.4. Meconium Aspiration

In infants who require intensive care due to meconium aspiration, NPLUS findings
are characterized by atelectases, irregular pleural line, and spared areas, since meconium is
distributed unevenly in the lungs and unaffected areas are ventilated properly or are even
overdistended. The typical LUS pattern in MAS combines a broad range of signs as seen
on Supplementary file Video S5 [3,15].

3.5. Pneumothorax

Detection and exclusion of pneumothorax are one of the most practical diagnostic fea-
tures of NPLUS with extensive data regarding sensitivity and specificity [14,60,61]. NPLUS
is as accurate as chest-X-ray in the detection of pneumothorax in neonates [62]. Exclusion
of pneumothorax is achieved by observation of lung sliding and/or the occurrence of
B-Lines. Detection of PTX is possible by absence of lung sliding, detection of the lung point,
which can be seen as the boundary between the seashore-sign and stratosphere-sign (also
called barcode-sign) in M-mode, as well as mirrored ribs, as seen in Supplementary file
Video S6 and Image S1 [63]. In summary, detection of PTX using NPLUS showed excellent
specificity and sensitivity.

A further value of NPLUS in pneumothorax commonly used within our units is the
possibility of quick and repeated follow-up examinations. Once the lung point is found,
the skin can be marked at that exact point and can be re-assessed later with information
regarding changes of the size of the pneumothorax (the more lateral the point can be found
in supine position, the greater is the dimension of the pneumothorax).

3.6. NPLUS in Infants with Bronchopulmonary Dysplasia

While respiratory distress is the most common reason for admission to the NICU, bron-
chopulmonary dysplasia (BPD) is the most common chronic disease following prematurity
with increasing BPD rates in high-income countries [64].

Infants with BPD can deteriorate quickly due to structural abnormalities, reduced lung
volume, high airway resistance and comorbidities of prematurity, resulting in emergency
situations where respiratory status has to be evaluated quickly [65]. Increased ventilatory
support may lead to pneumothorax, overdistension, bullae and other complications of
invasive and non-invasive ventilation.

NPLUS can be helpful in the assessment of infants with BPD with acute respiratory
deterioration. BPD is associated with a higher incidence of RSV infection rates, higher
mortality and longer hospital stay [66]. In this context, NPLUS is a reliable tool for diagnosis
and follow-up in acute bronchiolitis cases [67]. Findings are primarily consolidations in
the posterior chest and pleural effusion, and there is a good correlation between oxygen
support and NPLUS findings [68].

On the other hand, regarding the chronic aspect of the disease, there is solid data
about the value of NPLUS for the prediction of BPD. Some recent prospective trials an-
alyzed NPLUS scores of infants, who later developed BPD and found good predictive
accuracy [69,70]. See Supplementary file Video S7 for an infant with BPD.

3.7. Pneumonia

NPLUS shows high diagnostic accuracy for the diagnosis of pneumonia in term and
preterm neonates and in the paediatric population [71,72]. Typical signs are consolidations,
which are usually larger than in bronchiolitis or RDS, air bronchograms, and pleural
effusion [73,74].
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3.8. Diaphragm Movement

Respiratory distress can be caused by abnormal diaphragmatic motion due to di-
aphragmatic paralysis. M-Mode can be used to assess diaphragmatic movement, achieved
by scanning in the subxiphoid plane [75]. A prospective study of 400 healthy children de-
scribed reference values for diaphragmatic excursion, with values of 6.4 and 6.6 mm excur-
sion for the right and left hemidiaphragm, respectively [76]. Paradox or no movement can
lead to the diagnosis of diaphragmatic paralysis in infants with signs of respiratory distress.

3.9. Congenital Malformations

Congenital pulmonary airway malformation and congenital diaphragmatic hernia
(CDH) are rare malformations and frequently diagnosed antenatally. NPLUS can be used
to confirm antenatally diagnosed, or to detect previously unknown cystic lung lesions.
Presence of parenchymatous organs or bowel movement inside the thorax leads to the
diagnosis of CDH (see Supplementary file Video S8) [77,78].

4. C—Circulation

Management of a critically ill infant with circulatory failure, in accordance with the
ABCDE approach, should always include proper management of airway, oxygenation
and ventilation. After steps A and B, pulse rate, pulse volume, peripheral and end-organ
perfusion (capillary refill time, urinary output, level of consciousness), blood pressure and
preload need to be evaluated, mainly by clinical examination and echocardiography [79]. In
the management of circulatory deterioration, one has to consider etiology, pathophysiology
and comorbidities. The transition from a compensated state to decompensation may occur
rapidly and be unpredictable [7].

As mentioned above, the current paediatric CPR guidelines recommend performing
point-of-care ultrasound by competent providers to identify reversible causes of cardiac
arrest (tension pneumothorax, tamponade, hypovolemia). However, its application should
not increase hands-off time or impact quality of CPR. Therefore, it is crucial for the team to
plan and anticipate the best possible time for sonographic imaging [7,80].

Current evidence supports use of ultrasound for various diagnostic and procedural
applications, including diagnosis and monitoring of common pulmonary diseases, hemo-
dynamic instability, patent ductus arteriosus and persistent pulmonary hypertension of
the newborn [81].

NPLUS in Neonates with Congenital Heart Disease and after Cardiac Surgery

Pulmonary overflow is one of the most common complications in patients with con-
genital heart disease with an incidence of approximately 48–60% [82]. NPLUS may be
helpful in newborns with congenital heart disease to assess pulmonary overflow during the
first days of life. Neonates with congenital heart disease who tend to develop pulmonary
overflow had a higher LUS score at 72 h of life with a good correlation with echocardio-
graphy findings and with a better sensitivity and negative predictive value than chest
X-ray [83].

Cardiorespiratory complications are common after cardiac surgery. Cardiopulmonary
bypass during cardiac surgery generates a systemic capillary leak syndrome with pul-
monary edema. NPLUS is a useful tool in monitoring these patients. The use of LUS
reduces the exposure to ionizing radiation [8,84].

Diaphragmatic paralysis after cardiac surgery is a major differential diagnosis to
consider in case of respiratory insufficiency in NICU patients. Assessment of the diaphragm
with NPLUS is described above.

Furthermore, after cardiac surgery, a common reason for clinical deterioration may
be pleural effusion or pneumothorax while a chest drainage is still in place. In this
situation, NPLUS is helpful for diagnosis and treatment, and therapeutic interventions can
be evaluated immediately.
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5. Future Perspectives and Limitations

As mentioned earlier, the application of bedside LUS in the intensive care setting has
gained enormous momentum during the last decade, additionally triggered by the SARS-
CoV-2 pandemic. Despite the popularity of bedside ultrasound, more evidence, especially
regarding the usefulness NPLUS and associated benefits for term and preterm infants is
required, in order to generate recommendations and/or guidelines for the application of
NPLUS in neonates. A glance into the literature about paediatric and adult intensive care
medicine helps us understand possible applications and future directions when it comes
to the further implementation of “visual medicine” in the emergency or intensive care
setting. As discussed in the airway-section of this review, there is only limited data on
sonography-based assessment of the airway, such as before and after intubation. Lung
sliding is a basic, both visual and objective way of confirming effective ventilation, and
more studies are needed to assess the benefits or disadvantages of this method in neonatal
emergency situations.

Proper training in ultrasound is a key challenge when it comes to implementation of
this method. In the hands of an experienced clinician, a NPLUS exam takes only about
two minutes in order to gain important information like lung sliding or pleural effusion.
The greatest limitation of ultrasound is the interobserver variability, as it is an observer de-
pendent examination, and especially in the emergency setting, misinterpretation of NPLUS
can lead to delayed or even wrong decisions (e.g., placement of a drainage, administration
of surfactant, intubation). On the other hand, NPLUS is a comparatively simple diag-
nostic technique with a steep learning curve and consists mainly of pattern-recognition.
Therefore, we consider a theoretical course of 30–60 min and 25 NPLUS examinations
under supervision as sufficient for a clinician to count as experienced in NPLUS, based on
suggestions by Rouby et al. and Benchouli et al. [85,86].

The development and availability of handheld and/or wireless ultrasound probes
gives the neonatologist the opportunity to be more flexible and even quicker when a
question about the respiratory status of an infant occurs and sonographic assessment is
desired [87]. As mentioned above, the regular use of NPLUS has the potential to reduce
the infant’s exposure to radiation significantly [88].

Since we started performing NPLUS as a routine diagnostic tool in our units, we
naturally used it increasingly also in emergency settings. It helped us recognize or rule out
pneumothorax, visualize ventilation or atelectases, effusions, or consolidations in less than
one minute. More experienced sonographers use NPLUS for assessment of tracheal tube
placement, more sophisticated questions such as diagnosis of congenital malformations,
diaphragmatic movement, and pneumomediastinum as well as assessment of laryngeal
anatomy. Furthermore, due to its dynamic properties, NPLUS is an excellent tool for
frequent follow-up exams, and visualization of respiratory conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/children8080628/s1. Video S1: Lung ultrasound in anterior view of a healthy neonate. Video
S2: Midsagittal view of a neonate at 26 4/7 weeks gestation with an endotracheal tube (ETT) in
correct position as confirmed by chest-X-ray. Below the non-ossified sternum, the thymus and the
aorta, the hyperechogenic rough line connecting the tip of the endotracheal tube (ETT) with the carina
located below the right pulmonary artery (RPA) is the trachea. In practice, the endotracheal tube
(ETT) can be identified by the black shadow below or by slightly moving the tube while performing
the ultrasound scan. Video S3: Preterm infant with RDS: evenly distributed, confluent B-Lines and
thickened pleural line Video S4: Preterm infant with TTN: Unevenly distributed B-Lines, especially
in inferior regions, sudden appearance of A-Lines in superior regions, therefore presence of double
lung point. Video S5: Video of an infant with MAS. Unevenly distributed areas with irregular pleural
line, consolidations, B-Lines, and pleural effusion Video S6: Lung point in M-Mode of a neonate with
pneumothorax. The lung point is a highly specific sign for pneumothorax and is found at the margin
of pneumothorax and expanded lung. Video S7: Extremely preterm infant at 2 weeks after birth with
early signs of bronchopulmonary dysplasia. Typical findings are a thickened pleural line, confluent
B-Lines and consolidations in the lower, posterior regions Video S8: Preterm infant with prenatally
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diagnosed CDH. In a postnatally performed NPLUS exam, bowel movements can be seen to confirm
the diagnosis Image S1: Neonate with pneumothorax in B-Mode. Stratosphere sign and mirrored
ribs are typical signs of pneumothorax in neonates.
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Abstract: Severe desaturation or bradycardia often occur during neonatal endotracheal intubation.
Using continuous gas flow through the endotracheal tube might reduce the incidence of these events.
We hypothesized that continuous gas flow through the endotracheal tube during nasotracheal
intubation compared to standard nasotracheal intubation will reduce the number of intubation
attempts in newborn infants. In a randomized controlled pilot study, neonates were either intubated
with continuous gas flow through the endotracheal tube during intubation (intervention group) or
no gas flow during intubation (control group). Recruitment was stopped early due to financial and
organizational issues. A total of 16 infants and 39 intubation attempts were analyzed. The median
(interquartile range) number of intubation attempts and number of abandoned intubations due
to desaturation and/or bradycardia were 1 (1–2) and 4 (2–5), (p = 0.056) and n = 3 versus n = 20,
(p = 0.060) in the intervention group and control group, respectively. Continuous gas flow through
the endotracheal tube during intubation seems to be favorable and there are no major unexpected
adverse consequences of attempting this methodology.

Keywords: intubation; endotracheal tube; ventilation; acute respiratory failure; desaturation; neona-
tal intensive care unit; neonates

1. Introduction

The current intubation standard procedure includes sedation of the newborn infant,
potentially leading to airway instability and diminishing breathing efforts. This causes a
discontinuation of air/oxygen flow to the lungs before correct endotracheal tube (ETT)
placement and might result in oxygen desaturation and/or bradycardia. During endotra-
cheal intubation severe desaturation occurs in up to 51% of infants [1]. Furthermore, more
than two intubation attempts are associated with an increased incidence of severe complica-
tions [2,3]. Providing continuous gas flow via the ETT itself during the intubation attempt
might improve newborn infants’ stability and thereby increase successful intubation rates.
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We hypothesized that newborn infants requiring intubation who receive continuous
gas flow during intubation (intervention group) will require less intubation attempts
compared to the standard approach without gas flow (control group).

2. Materials and Methods

This randomized controlled pilot trial was carried out at the Division of Neonatology,
Medical University of Graz, Austria, between October 2016 and October 2020 and registered
at clinicaltrials.gov (identifier: NCT04089540). The Regional Committee on Biomedical
Research Ethics of the Medical University of Graz approved the study protocol (EC number:
25–282ex12/13).

2.1. Study Poplulation

Term and preterm neonates admitted to neonatal intensive care units requiring in-
tubation due to respiratory failure were eligible. Written parental informed consent was
obtained prior to inclusion. Neonates with severe congenital malformations of the upper
airway and hemodynamically significant congenital cardiovascular malformations were
excluded.

2.2. Randomization and Blinding

Neonates were randomly assigned 1:1 to an intervention or control group by a
computer-generated randomization software (www.randomizer.at), using a block ran-
domization with a block size of 6. Blinding was not possible, considering the type of
intervention.

2.3. Sample Size

A sample size of 40 infants was arbitrarily designated and authorized by the local
ethics committee. Sample size calculations were not performed since no data from previous
studies were available.

2.4. Interventions

The nasopharyngeal route for intubation was used according to the standard proce-
dure. Infants routinely received 1 mg/kg Propofol (Fresenius Kabi, Bad Homburg vor der
Höhe, Germany) intravenously for sedation shortly before intubation. Propofol applica-
tion could be repeated if needed. In the intervention group, the Neopuff Infant T-Piece
Resuscitator (Perivent, Fisher& Paykel Healthcare; New Zealand) was connected to the
ETT with the default settings of positive-end expiratory pressure of 5 cmH2O and gas flow
of 6 L/min ≤ 1000 g, 7 L/min between 1000 and 2000 g, or 8 L/min > 2000 g birth weight.
The fraction of inspired oxygen was adjusted for each patient during non-invasive mask
ventilation prior to intubation, aiming for a target peripheral arterial oxygen saturation
(SpO2) of >89%. Continuous gas flow was provided through the ETT by an assisting staff
member from insertion of the ETT into the nose until the ETT passed through the vocal
cords. Once the ETT was placed in the trachea, continuous gas flow was discontinued and
the ventilator was connected to start positive pressure ventilation (PPV). In the control
group, no continuous gas flow was provided during intubation. Auscultation and/or
exhaled carbon dioxide detection was used to assess correct ETT position. The duration of
each intubation attempt was defined as the time from the removal of the face mask until
the confirmation of correct ETT placement and was measured by a study team member
using a stopwatch.

2.5. Intubation Attempt Abortion Criteria

Intubation attempts were stopped if SpO2 was <80% and/or the heart rate was <100
beats/min for >5 s. In the intervention group, the ETT was kept inserted in the nostril
while the other nostril and the mouth were held closed, and PPV was provided via the
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ETT. In the control group the ETT was removed and non-invasive mask ventilation was
performed until the neonate was stabilized.

2.6. Data Collection and Statistical Analysis

Demographics of study patients, intubation characteristics and the parameters of
hospital stay were recorded. The primary outcome was the number of intubation attempts.
The data are presented as mean (SD) for normally distributed continuous variables and
median (IQR) when the distribution was skewed. We used intention-to-treat analysis and
compared data using the Student’s t-test for parametric and Mann-Whitney U test for non-
parametric comparisons of continuous variables, and the Fisher’s exact test for categorical
variables. Statistical analyses were performed with IBM-SPSS-Statistics 24 Software (PSS
Inc., Chicago, IL, USA.).

3. Results

Patient enrollment and allocation are demonstrated in the flow chart (Figure 1). Sixteen
neonates were included; recruitment was stopped early due to financial and organizational
issues (loss of equipoise within the recruiting team). Hence, we are reporting the data as a
posteriori pilot study. Demographics, intubation parameters, and characteristics of hospital
stay are presented in Table 1. Respiratory diagnoses of the included infants were respiratory
distress syndrome (n = 13), meconium aspiration syndrome (n = 1) and pneumothorax
(n = 2).
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Table 1. Demographics and intubation characteristics. Data are expressed in n (%), median (IQR) or
mean (SD) according to normal distribution. FiO2= Fraction of inspired oxygen.

Study Group
(n = 7)

Control
Group (n = 9) p-value

Demographics
Gestational age (weeks) 30 (26–31) 32 (30–35) 0.222

Term infants (≥37 weeks gestation) 0 (0) 2 (22) 0.475

Female sex 2 (29) 5 (56) 0.608
Apgar 5 min 9 (8–9) 8 (8–9) 0.834
Postnatal age at intubation (hours) 15 (17) 36 (56) 0.873
Weight at intubation (grams) 1487 (819) 1857 (927) 0.461
Heart rate before intubation (beats/min) 151 (13) 145 (9) 0.292
Mean arterial blood pressure (mmHg)
before intubation 44 (9) 42 (8) 0.694

Intubation
Number of intubation attempts 1 (1–2) 4 (2–5) 0.056
Success on first intubation attempt 4 (57) 2 (22) 0.303
Duration until successful intubation
(seconds) 204 (138–300) 858 (330–924) 0.114

Aborted intubations due to desaturation
and/or bradycardia (n) 3 20 0.060

FiO2 during intubation 0.50
(0.40–0.75)

0.55
(0.40–0.70) 0.873

Gas flow (liters/minute) 6 (6–8) 8 (6–8) 0.289
Intravenous Propofol dosage (mg/kg) 1 (1–2) 2 (2–3) 0.072
Parameters of hospital stay
Duration of invasive ventilation (days) 6 (2–7) 1 (0–3) 0.459
Duration of non-invasive ventilation (days) 14 (10–61) 6 (5–40) 0.153
Mortality (%) 0 0 1.000
Hospital stay (days) 46 (39–106) 30 (18–58) 0.187

3.1. Intubation Attempts

A total of 39 intubation attempts (intervention group n = 10, control group n = 29)
were performed. The median (IQR) number of intubation attempts was 1 (1–2) and 4 (2–5)
in the intervention and control group, respectively (p = 0.056) (Figure 2). The number of
abandoned intubation attempts due to desaturation and/or bradycardia was n=3 in the
intervention group vs. n =20 in the control group (p = 0.060).
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3.2. Secondary Outcomes

The first-pass success rate was 57% vs. 22% (p = 0.303) and the Propofol dose median
(IQR) 1 (1–2) vs. 2 (2–3) mg/kg (p = 0.072) in the intervention compared to the control group,
respectively. Duration until successful intubation was 204 (138–300) and 858 (330–924) sec
in the intervention and control group, respectively (p = 0.113) (Table 1, Figure 2). There
were no adverse effects in either groups.

4. Discussion

To the best of our knowledge, this is the first randomized controlled trial comparing
continuous gas flow through the ETT during intubation with the standard procedure
aiming to reduce intubation attempts in newborn infants. This study demonstrated that the
concept of continuous gas flow through the ETT during intubation, and the initial results,
seem to be favorable and that there are no major unexpected adverse consequences of
attempting this methodology. Further on, continuous gas flow through the ETT might result
in a reduction of the total number of intubation attempts, fewer abandoned intubation
attempts, higher first-pass success rates and less Propofol administration. From a clinical
perspective, the study team preferred the intervention intubation method and loss of
equipoise was the consequence.

In pediatric patients, continuous oxygen flow through a nasal cannula results in longer
periods of normoxemia compared to no oxygen flow during intubations in the operating
room [4]. While we did not measure the time to desaturation, we suspect a shorter time
until successful intubation and fewer abandoned intubation attempts due to desaturation
and/or bradycardia in the intervention group, indicating improved cardiorespiratory sta-
bility during intubation. In our center infants routinely receive Propofol intravenously
for sedation before intubation. Our standard operating procedure is based on a random-
ized controlled trial demonstrating no differences in heart rate when using the Propofol
compared to the morphine, atropine, and suxam-ethonium regimen [5]. The SHINE trial
is currently comparing the addition of a high-flow nasal cannula with standard care dur-
ing neonatal intubation with a similar primary outcome (i.e., incidence of successful first
attempt intubation without physiological instability) [6].

Successful neonatal intubation with the first attempt occurs in 64% of experienced
professionals, but only in 20–26% of novice providers [2]. Thus, using continuous gas flow
via the ETT might be an alternative technique especially for novice health care providers
by which to reduce the risk for desaturation and/or bradycardia during intubation. As
opportunities for endotracheal intubations of neonates are limited during pediatric training,
the presented modified technique may lead to not only more stable infants, but also
improved learning opportunities.

There are certain limitations to our study, which should be considered. The sample
size was small and the study was stopped due to a change in the local intubation policy
favoring less-invasive-surfactant-administration, which resulted in a lower intubation rate.
We only report the p-values but do not mention significance, as this was a pilot trial with a
small sample size and no power calculation. Hence, the results should be interpreted with
caution. Furthermore, we only studied nasopharyngeal intubations, which represent the
standard procedure at our unit. Using the same approach during oral intubation might
yield different results. A strength of this study was the inclusion of small preterm infants,
which are more prone to desaturation and/or bradycardia.

5. Conclusions

The concept of providing continuous gas flow through the ETT during nasopharyn-
geal intubation seems to be favorable without increased risk for major unexpected adverse
events. This method might result in fewer intubation attempts and a higher rate of success-
ful intubation on the first attempt and might reduce the number of abandoned intubations
due to desaturation and/or bradycardia. Studies with greater sample sizes are urgently
needed.
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Abstract: Whether meconium-stained amniotic fluid (MSAF) serves as an indicator of fetal distress
is under debate; however, the presence of MSAF concerns both obstetricians and pediatricians
because meconium aspiration is a major contributor to neonatal morbidity and mortality, even
with appropriate treatment. The present study suggested that thick meconium in infants might be
associated with poor outcomes compared with thin meconium based on chart reviews. In addition,
cell survival assays following the incubation of various meconium concentrations with monolayers
of human epithelial and embryonic lung fibroblast cell lines were consistent with the results obtained
from chart reviews. Exposure to meconium resulted in the significant release of nitrite from A549
and HEL299 cells. Medicinal agents, including dexamethasone, L-Nω-nitro-arginine methylester
(L-NAME), and NS-398 significantly reduced the meconium-induced release of nitrite. These results
support the hypothesis that thick meconium is a risk factor for neonates who require resuscitation,
and inflammation appears to serve as the primary mechanism for meconium-associated lung injury.
A better understanding of the relationship between nitrite and inflammation could result in the
development of promising treatments for meconium aspiration syndrome (MAS).

Keywords: meconium-stained amniotic fluid (MSAF); meconium aspiration syndrome (MAS);
cyclooxygenase-2 (COX-2); nitric oxide (NO); nitric oxide synthase (NOS)

1. Introduction

Meconium is a black-green, odorless, rather sticky, and viscous material that can be
found in the bowel of the developing fetus starting from 70–85 days of gestation [1–3].
Meconium contains bile acids and salts, mucus, pancreatic juices, cellular components
exfoliated from the gastrointestinal tract, swallowed amniotic fluid, vernix caseosa, lanugo
hairs, mucus glycoproteins, lipids, proteases, and blood that accumulates in the fetal
colon throughout gestation [4,5]. When the meconium becomes excreted into the amniotic
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cavity, meconium-stained amniotic fluid (MSAF) can be detected [6–10]. MSAF can serve
as an indicator of fetal bowel maturation [11] and can also represent a secondary fetal
distress sign due to hypoxia [12–14]. Animal studies have revealed that hypoxia evokes
a vagal response, stimulating colonic activity and relaxing the anal sphincter, promoting
the release of meconium into the uterine cavity [15]. Animal studies also showed that
fetal swallowing was suppressed by hypoxia, leading to a decrease in the normal ability to
clear meconium from the amniotic fluid [16]. Therefore, hypoxia may result in excessive
meconium excretion, disturb clearance, and prolong MSAF, which is associated with
intrauterine fetal death, low APGAR scores [17], intrapartum fetal death [18], neurologic
impairments [19,20], and meconium aspiration syndrome (MAS) [21].

Approximately 1% to 12% of neonates with MSAF will develop MAS [22–24], which is
associated with various serious complications, such as persistent pulmonary hypertension
(PPHN), long-term respiratory issues [7,25,26], neurodevelopmental problems [17,19,20,27–29],
and mortality [6]. MAS is a multifaceted disease, characterized by airway obstruction, sur-
factant dysfunction, and pulmonary inflammation [30]. Aspirated meconium that obstructs
the airway impacts the infant’s oxygenation capacity [20,21], leading to the development
of pneumothorax [22], pulmonary hypertension [23], and chemical pneumonitis [24], all
of which can contribute to the occurrence of severe acute hypoxia, impaired neural de-
velopment, and death [25,26]. However, routine intubation with suction is no longer
recommended for the removal of meconium because these interventions have not been
demonstrated to significantly reduce the incidence of MAS or MAS-related mortality [31,32],
suggesting that other mechanisms may be responsible beyond airway obstruction.

Aspirated meconium can directly damage type II pneumocytes [24,33], and the en-
zymes found in meconium can cleave surfactants [33], leading to a significant decrease
in surfactant levels. Moreover, aspirated meconium can alter surfactant fluidity [34] and
ultrastructure [24], resulting in surfactant dysfunction. Although the administration of ex-
ogenous surfactant improved lung functions in an animal model of MAS [35], this approach
is supported by limited data, and clinical trials of exogenous surfactant administration did
not show significant reductions in MAS-associated mortality or other morbidities [36,37].
An important feature of newborn lungs exposed to meconium is the presence of an inflam-
matory response [38], in which inflammatory cells and cytokines, such as tumor necrosis
factor (TNF)-α, interleukin (IL)-1β, IL-6, and IL-8, are activated by meconium to initiate
pulmonary inflammation [30], and increased inflammatory indices are detected in cases of
severe MAS [39]. Pathological examinations in MAS cases have revealed typical inflamma-
tory pneumonitis, characterized by epithelial disruption, proteinaceous exudation with
alveolar collapse, and cellular necrosis [40]. Together, these findings, combined with the
clinical features of MAS [9,24,41–43], suggest that meconium causes profound functional
alterations within the lungs, associated with an intense inflammatory reaction [33].

Nitric oxide (NO) is a ubiquitous gas that is involved in diverse physiological pro-
cesses, including vasodilation, bronchodilation, neurotransmission, tumor surveillance,
antimicrobial defense, and the regulation of inflammatory-immune processes [44–46]. Al-
though inhaled NO can successfully treat MAS associated PPHN [47], NO inhalation was
only associated with transient decreases in airway resistance and pulmonary pressure in
animal models of MAS, suggesting that the underlying mechanisms associated with MAS
extends beyond abnormal vascular constriction and may involve the lung parenchyma [48].
Moreover, NO can potentiate lung injury by promoting oxidative or nitrosative stress [49],
inactivating surfactants, and stimulating inflammation [50]. NO is generated from L-
arginine by three different NO synthases (NOS): neuronal NOS (nNOS; NOS-1), inducible
NOS (iNOS; NOS-2), and endothelial NOS (eNOS; NOS-3) [51]. The role played by NO in
meconium-induced lung injury remains unclear.

A pilot randomized control trial demonstrated a lack of significant differences in
the outcomes of mild, moderate, and severe MAS when comparing cases treated with or
without endotracheal suction [52], suggesting that meconium consistency has no effect on
MAS prognosis; however, based on our own clinical experience, we suspected hypothesized
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that a potential connection exists between meconium consistency and MSAF prognosis.
To investigate this hypothesis, we first examined the clinical data of neonates born with
meconium from a local teaching hospital. Furthermore, we developed an in vitro model
using human alveolar epithelial and bronchial cells to determine the effects of different
meconium concentrations on lung cells.

2. Materials and Methods
2.1. Human Study
Data Sources

The medical records associated with live births delivered at Tungs’ Taichung Metro-
Harbor Hospital between 1 January 2013 and 31 December 2017 were reviewed, including
the paper and electronic records of all infants admitted to the nursery, the sick neonate care
unit, and the neonatal intensive care unit (NICU). Diagnoses were determined by qualified
pediatricians according to the International Classification of Diseases, Clinical Modification,
9th Revision (ICD-9CM). Meconium consistency was categorized as either thick (dark
green in color and with a pea soup consistency) or thin (lightly-stained yellow or greenish
color) [53]. All enrolled subjects were de-identified and encrypted by the manager of the
medical record at Tungs’ Taichung MetroHarbor Hospital to protect patient privacy, and
these data cannot be used either to trace individual patients or be linked to other census
data, such as the cancer registry or the household registry. Due to the anonymized nature
of the dataset, the need for informed consent was waived. This study was approved by
the institutional review board at Tungs’ Taichung MetroHarbor Hospital, Taiwan, ROC
(IRB approval No.: 107048). All protocols used in the human study were performed in
accordance with the ethical standards established by the 1964 Declaration of Helsinki and
its later amendments or comparable ethical standards [54].

2.2. Cell Study
2.2.1. Preparation of Meconium

As the birth canal is not a sterile environment [55–59], we collected meconium from
ten full-term, healthy neonates delivered via cesarean section to minimize potential con-
tamination during delivery. Meconium was prepared according to a previously published
method [60]. In brief, we obtained first-pass meconium samples within 30 min of passage,
which were transferred from the diaper into a sterile container. These samples were pooled
together and processed in a blender to achieve a uniform consistency. After being homoge-
nized with 0.9% NaCl to a 20% (w/v) final concentration, the meconium was centrifuged at
5000 RPM for 20 min at 4 ◦C, the supernatant was filtered through an 8-µm filter (Millipore
Co., Bedford, MA, USA), aliquoted into 2-mL sterile plastic bottles, and stored at –80 ◦C
until use. For meconium collection, a parent’s or guardian’s permission and informed
consent were required. This study was approved by the institutional review board at Tungs’
Taichung MetroHarbor Hospital, Taiwan, ROC (IRB approval No.: 105047). All protocols
used during the meconium collection process were performed in accordance with relevant
guidelines and regulations [61].

2.2.2. Culture of Lung Cells

Alveolar epithelial cells from the human lung carcinoma cell line A 549 and lung cells
from the human embryonic bronchial fibroblast cell line HEL 299 were purchased from
the American Type Culture Collection (Manassas, VA, USA). All cells tested negative for
Mycoplasma contamination before any experiments were conducted in this study. These
cells were grown in monolayers at 37 ◦C in 5% CO2 and 100% humidity using tissue
culture dishes. A549 cells were maintained on RPMI1640 (Gibco BRL, Grand Island, NY,
USA). HEL299 cells were maintained on Modified Eagle’s Medium (MEM; Gibco BRL,
Grand Island, NY, USA). Both media were supplemented with penicillin (1 × 105 U/L),
streptomycin (100 mg/L), amphotericin B (0.25 mg/L), 2 mM L-glutamine (Invitrogen,
Carlsbad, CA, USA), and 10% (v/v) fetal bovine serum (FBS, Hyclone Laboratories, Logan,
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UT, USA). The same batch of FBS was used for all experiments. The culture medium was
renewed every 2–3 days.

2.2.3. Meconium Stimulation

A549 and HEL 299 cells were plated into 96-well culture plates at a concentration of
1 × 105 cells/mL and incubated at 37 ◦C in 5% CO2 for 24 h. After washing, A549 and
HEL299 cells were incubated for an additional 24 h with serum-free RPMI1640 and MEM,
respectively. A preliminary study showed that the percentages of cell death were similar
when cells were exposed to meconium concentrations ≥20% at different time points (data
not shown). Therefore, 20% meconium was used as a stock solution and was diluted with
RPMI1640 or MEM to obtain various concentrations (0.1%, 1%, and 5%). Monolayers of
cells were then incubated in a meconium-containing medium for various periods of time (1,
6, 12, 18, and 24 h). Control cells were incubated in a meconium-free medium in a similar
manner. At each time point, the supernatant was collected and used to determine cell
viability and nitrite production. The cells were washed twice with phosphate-buffered
saline (PBS) and collected for RNA extraction.

2.2.4. Cell Viability

Cell viability was analyzed by measuring the activity of mitochondrial malate dehy-
drogenase (mMDH) using the WST-1 assay [62]. A549 and HEL299 cells were plated in
96-well plates, treated with or without meconium stimulation, and incubated with 10 µLof
WST-1 reagent (BioVision, Milpitas, CA, USA) for 3 h at 37 ◦C. The amount of formazan
generated, which was proportional to the number of viable cells, was calculated using
a Multiskan™ FC Microplate Photometer (Molecular Devices) based on the absorbance
signal at 440 nm. The absorbance was corrected using a background reading.

2.2.5. Nitrite Determination

Nitrite production was measured by a Griess assay, as previously described [63].
Briefly, the concentration of nitrite in A549 and HEL299 cells treated with or without
meconium stimulation in the absence or presence of 2 mM L-NAME; 10−4, 10−6, 10−8,
or 10−10M dexamethasone; or 25, 50, or 100 µM NS-398 in each well were measured by
adding 100 µL Griess reagent (0.1% N-(1-Naphthyl) ethylenediamine in dH2O and 1%
sulfanilamide in 5% (v/v) phosphoric acid, mixed 1:1 immediately before use) to 100 µL
of culture supernatant, followed by incubation at room temperature for 10 min. The
absorbance at 540 nm was measured using a Multiskan™ FC Microplate Photometer
(Molecular Devices). Nitrite concentrations in the culture supernatant were calculated
based on a standard curve using known concentrations of sodium nitrite. The absorbance
values were corrected using a background reading.

2.2.6. RNA Extraction and Real-Time Quantitative PCR

Total RNA was extracted from cultured A549 and HEL299 cells, isolated, and purified
using TRIzol® RNA Isolation Reagents (Invitrogen, Liverpool, NY, USA). For the synthesis
of the first-strand cDNA, 2 µg of total RNA was collected for a single-round reverse
transcription reaction, performed using a High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA, USA). cDNAs were exponentially doubled under
conditions of 95 ◦C for 30 s, 40 cycles at 95 ◦C for 1s, and 60 ◦C for 60 s, using the TaqMan
probes PCR master mix (Applied Biosystems) and a Step-One™ Real-Time PCR System
(Applied Biosystems). The simultaneous amplification of β2-microglobulin (B2M) was
used as an internal control against which to normalize the various mRNA levels in the
samples and to quantify changes in gene expression levels using the 2−∆∆Ct formula. The
specific primers used in this study are shown in Table 1. All reactions were performed in
at least triplicate and normalized to B2M gene expression levels. The data were analyzed
using Bio-Rad CFX Manager 3.1 software (Bio-Rad) and are presented as fold changes in
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the normalized mRNA amounts of the meconium treatment group relative to those of the
control group.

Table 1. Oligonucleotides primers for real-time RT-PCR analysis.

Gene Name Sequence Product (bp) RefSeq No.

COX-2 Probe 56FAM 5′-ACATCCAGA-ZEN-
TCACATTTGATTGACAGTCCA-3IABkFQ-3’ 30 NM_000963

5′- GCCATAGTCAGCATTGTAAGTTG -3′

5′- GCACTACATACTTACCCACTTCA -3′

NOS-1 Probe 56FAM 5′-TCCTTAGCC-ZEN-
GTCAAAACCTCCAGAG-3IABkFQ-32032 25 NM_000963

5′- AGACGCACGAAGATAGTTGAC-3′

5′- CCGAAGCTCCAGAACTCAC-3′

NOS-2 Probe 56FAM 5′- TATTCAGCT -ZEN-
GTGCCTTCAACCCCA -3IABkFQ-3′ 24 NM_000625

5′- GCAGCTCAGCCTGTACT-3′

5′- CACCATCCTCTTTGCGACA-3′

NOS-3 Probe 56FAM 5′- TATTCAGCT -ZEN-
GTGCCTTCAACCCCA -3IABk FQ-3′ 23 NM_001160110

5′-ACGATGGTGACTTTGGCTA-3′

5′-TGGAGGATGTGGCTGTCT-3′

B2M Probe 56FAM 5′- CCTGCCGTG -ZEN-
TGAACCATGTGACT -3IABkFQ -3′ 23 99832111

5′- ACCTCCATGATGCTGCTTAC -3′

5′- GGACTGGTCTTTCTATCTCTTGT -3′

COX-2: cyclooxygenase-2; NOS-1: nitric oxide synthase-1; NOS-2: nitric oxide synthase-2; NOS-3: nitric oxide
synthase-3; B2M: β2-microglobulin; RT-PCR: reverse transcriptase-polymerase chain reaction.

2.2.7. Library Preparation and Sequencing

The purified RNA was used to prepare a sequencing library using the TruSeq Stranded
mRNA Library Prep Kit (Illumina, San Diego, CA, USA), following the manufacturer’s
recommendations. Briefly, mRNA was purified from total RNA (1 µg) by oligo (dT)-
coupled magnetic beads and fragmented into small pieces under an elevated temperature.
The first-strand cDNA was synthesized using reverse transcriptase and random primers.
After the generation of double-strand cDNA and the adenylation of the 3′ ends of DNA
fragments, the adaptors were ligated and purified using the AMPure XP system (Beckman
Coulter, Beverly, Brea, CA, USA). The quality of the libraries was assessed using the Agilent
Bioanalyzer 2100 system and a real-time PCR system. The qualified libraries were then
sequenced on an Illumina NovaSeq 6000 platform with 150 bp paired-end reads, generated
by Genomics, BioSci & Tech Co., New Taipei City, Taiwan.

2.2.8. Bioinformatics

Low-quality bases and sequences from adapters were removed from the raw data
using the program Trimmomatic (version 0.39). The filtered reads were aligned to the
reference genomes using Bowtie 2 (version 2.3.4.1). A user-friendly software, RSEM
(version 1.2.28), was applied for the quantification of transcript abundance. Differentially
expressed genes (DEGs) were identified by EBSeq (version 1.16.0) [64].

2.2.9. Statistical Analysis

Summary statistics are expressed as the frequency and percentage for categorical data
and as the mean and standard deviation (SD) for continuous variables. Group differences in
the distribution of delivery mode, preeclampsia, diabetes, antepartum hemorrhage, PROM,
polyhydramnios, oligohydramnios, sex of the infant, hypoglycemia, NICU admission,
CRAP use, intubation, ventilator use, and death were analyzed by the Fisher’s exact test.
Continuous variables, such as APGAR scores and maternal and gestational age, were
compared between the thin and thick meconium groups using the Student’s t-test. The
survival percentages and the effects in cells exposed to various concentrations of meconium
(0.5%, 1%, and 5%) and various treatment durations (1, 6, 12, 18, and 24 h) were evaluated
using a one-way analysis of variance (ANOVA). The mRNA expression levels in cells with
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and without meconium treatment were analyzed by the paired Student′s t-test. The nitrite
levels in cells exposed to various meconium concentrations (0.5%, 1%, and 5%) for various
treatment durations (1, 6, 12, 18, and 24 h), combined with various medicinal agents, were
evaluated by one-way analysis of variance (ANOVA). A p-value < 0.05 was considered
significant for all analyses (* p < 0.05 and ** p < 0.005). Statistical analyses were conducted
using the statistical package SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).

3. Results
3.1. Thick Meconium Is a Risk Factor for Neonates Receiving Resuscitation

A total of 8316 neonates were delivered at a local teaching hospital during this five-year
study, including 3078 (37.01%) neonates delivered by cesarean section and 5238 (62.99%)
neonates delivered vaginally. The charts for 1099 (13.22%) neonates recorded MSAF, or
meconium-stained skin, nail, or umbilicus, including 454 (41.31%) neonates delivered by
cesarean section and 645 (58.69%) neonates delivered vaginally. Among these, 95 (1.14%)
neonates were deemed to have suffered from MAS and were admitted to the sick neonate
care unit, and 12 neonates were admitted to the NICU. The male:female ratios were 598:501
in the MSAF group and approximately 1:1 (48: 49) in the MAS group.

To investigate the effects of exposure to different meconium consistencies among
infants diagnosed with MAS, we divided the infants diagnosed with MAS into thin and
thick meconium groups, based on the data obtained from the chart review, resulting in
72 cases classified into the thin meconium group and 23 cases classified into the thick
meconium group. No significant differences were identified among maternal factors such
as maternal age; delivery mode; or medical conditions, such as preeclampsia, diabetes,
antepartum hemorrhage, PROM, polyhydramnios, and oligohydramnios. Several neonatal
factors, including gestational age, birth, weight, sex of the infant, and the prevalence of
hypoglycemia did not differ significantly between the two groups. However, the APGAR
scores at 1 min and 5 min, the numbers of neonates who required NICU admission, CPAP
use, intubation, or ventilator use, and the number of neonates who died showed significant
differences between the two groups, suggesting that the presence of thick meconium may
be significantly associated with receiving advanced life support (Table 2).

Table 2. Comparisons of variables between neonates delivered in the presence of thin or thick meconium.

Thin Meconium
N = 72

Thick Meconium
N = 23 p-Value

Maternal factors
Maternal age, years 30.38 ± 4.39 31.13 ± 5.41 0.46

Delivery mode, (CS/NSD) 17/55 8/15 0.29
Preeclampsia, N (%) 5 (6.94%) 2 (8.70%) 0.68

Diabetes, N (%) 6 (8.33%) 2 (8.70%) 1.00
Antepartum hemorrhage, N (%) 2 (2.78%) 1 (4.35%) 0.57

PROM, N (%) 8 (11.11%) 3 (13.04%) 0.72
Polyhydramnios, N (%) 4 (5.56%) 2 (8.70%) 0.35
Oligohydramnios, N (%) 3 (4.17%) 1 (4.35%) 1.00

Neonatal factors
Gestational age, weeks 39.39 ± 3.01 39.13 ± 2.82 0.51

Birth weight, g 3039.24 ± 497.19 2836.35 ± 490.40 0.09
Sex (female/male) 36/36 12/11 1.00

APGAR1 min 7.80 ± 1.31 6.19 ± 2.64 0.01 *
APGAR5 min 9.01 ± 0.83 7.86 ± 2.22 0.02 *

Hypoglycemia, N (%) 3 (4.17%) 2 (8.70%) 1.00
NICU admission, N (%) 0 12 (52.17%) <0.001 **

CPAP, N (%) 0 6 (26.09%) <0.001 **
Intubation, N (%) 0 7 (30.43%) <0.001 **
Ventilator, N (%) 0 6 (26.09%) <0.001 **

Death, N (%) 0 2 (8.70%) 0.06
CS: cesarean section; NSD: normal spontaneous delivery; PROM: premature rupture of membranes; NICU:
neonatal intensive care unit; CPAP: continuous positive airway pressure. *: p < 0.05; **: p < 0.005.
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3.2. Thick Meconium with Longer Exposure Times Induces Lung Cell Death

The results of the cell viability assay demonstrated that A549 (Figure 1A) and HEL299
cells (Figure 1B) showed different responses following exposure to variable meconium
concentrations and meconium exposure durations. Furthermore, we found that higher
meconium concentrations or longer exposure times resulted in increased cell death, suggest-
ing that the concentration and exposure time had a significant effect on lung cell viability.
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3.3. Meconium Induces NOS and COX Gene Expression

A significant amount of cell death was observed when A549 (Figure 1A) or HEL299
cells (Figure 1B) were exposed to meconium at concentrations higher than 0.1% with an ex-
posure time equal to or longer than 6 h. To investigate the effects of meconium exposure on
lung cell gene expression, a pilot RNA-seq study was performed using RNA samples from
A549 and HEL299 cells following a 6 h exposure to 1% meconium. Meconium may activate
inflammatory cells and induce cytokines to initiate pulmonary inflammation [24], and NOS
and COX, which are the primary inflammatory mediators and are expressed in the airway
epithelium, releasing NO and COX products during acute inflammatory responses [65].
The results of the RNA-seq showed greater fold changes in nitrite production-related genes,
including NOS-1, and NOS-2, especially NOS-2, in the HEL299 cells than in A549 cells. The
COX-2 expression levels in both A549 and HEL299 cells were very high (Table 3). These
genes were selected for further study, and their expression was validated by real-time
RT-PCR. NOS-1, NOS-2, NOS-3, and COX-2 expression was detectable in both A549 and
HEL299 cells. Significant differences in NOS-1 mRNA expression levels were observed
between the HEL299 cells with meconium stimulation versus those without (Figure 2A).
However, no significant differences in NOS-1 mRNA expression levels were observed in
A549 cells with or without meconium stimulation (Figure 2A). NOS-2 (Figure 2B) and
COX-2 (Figure 2D) mRNA levels increased significantly following meconium stimulation
in both in A549 cells and HEL299 cells. No significant differences were observed for
NOS-3 mRNA levels in A549 and HEL299 cells with and without meconium stimulation
(Figure 2C).
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Table 3. Human lung cell lines were treated with vehicle (1% NaCl) or 1% human meconium for 6 h,
and gene expression levels were measured using RNA-seq analysis. Gene expression was analyzed
using bioinformatics software to compare expression between meconium-treated and vehicle-treated
A549 and HEL299 cells.

Cell Lines A549 HEL299

Name/Gene ID/MIM Gene Description Fold Increase Map

NOS1/4842/163731 nitric oxide synthase 1(NOS-1) 0.9845475 1.6171549 12q24.22
NOS2/4843/163730 nitric oxide synthase 2 (NOS-2) 0.4949685 3.2921734 17q11.2
NOS3/4846/163729 nitric oxide synthase 3 (NOS-3) 1.1372183 1.1059593 7q36.1
PTGS2/5743/600262 cyclooxygenase-2 (COX-2) 22.952443 19.439566 1q31.1
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Figure 2. Meconium induces NOS and COX gene expression. A549 and HEL299 cells were incubated
with or without 1% meconium for 6 h. The mRNA expression levels of B2M were used as an internal
control. Mean relative expression levels for the genes (A) NOS-1, (B) NOS-2, (C) NOS-3, and (D) COX-
2, before and after 1% meconium stimulation for 6 h in A549 and HEL299 cells (nExp = 4). The data
represent the mean ± standard deviations. NOS: Nitric oxide synthases. COX: Cyclooxygenase.
**: p < 0.005 versus cells without meconium stimulation.

3.4. Meconium Enhances Nitrite Production

Nitrite levels from A549 (Figure 3A) and HEL299 cells (Figure 3B) exposed to meco-
nium at concentrations higher than 0.1% increased significantly compared with those in
the control cells. Using 1% meconium, nitrite production significantly increased in the
supernatant collected from A549 and HEL299 cells after 1, 6, 12, 18, and 24 h exposure
compared with nitrite levels in the control cells. The results also showed that the nitrite
production by HEL299 cells was significantly greater than that observed for A549 cells after
6 h of exposure to 1% meconium (nitrite levels in HEL299 after 6 h vs. nitrite levels in A549
after 6 h: 411.18 ± 36.41 vs. 238.13 ± 22.29, p = 0.017).
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cells were exposed for 1, 6, 12, 18, or 24 h to 0.1%, 1%, or 5% human meconium. (nExp = 4). The data represent the
mean ± standard deviation. Nitrite levels were significantly higher in the supernatants of cells exposed to meconium
compared with the values in control cells. *: p < 0.05; **: p < 0.005; ***: p < 0.0005.

3.5. Dexamethasone and COX-2 Inhibitor Treatment Significantly Reduced the Nitrite Production
Induced by Meconium Stimulation

The effects of various medicinal agents on nitrite production were examined. The
addition of 2 mM arginine increased nitrite production in HEL299 cells to a greater degree
than in A549 cells following meconium exposure. The nitrite levels observed in HEL299
and A549 cells treated with 2 mML-NAME; 10−10, 10−8, 10−6, or 10−4M dexamethasone;
or 25, 50, or 100 µM NS-398. L-NAME, dexamethasone, and NS-398 treatment were all
able to significantly reduce nitrite production in A549 (Figure 4A) and HEL299 cells treated
with 1% meconium for 6 h (Figure 4B).
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Figure 4. L-NAME, dexamethasone and NS-398 significantly reduced nitrite production following 1% meconium exposure
for 6 h in (A) A549 and (B) HEL299 cells (nExp = 4). Nitrite levels were significantly higher in the supernatant of untreated
cells exposed to meconium compared with those in control cells. The data represent the mean ± standard deviation. Mec:
1% meconium exposure for 6 h. Arg: 2mM L-arginine; L-NAME: 2mM L-Nω-nitro-arginine methylester; Dec 1: 10−10 M
dexamethasone; Dec 2: 10−8 M dexamethasone; Dec 3: 10−6 M dexamethasone; Dec 4: 10−4 M dexamethasone; NS-398-1:
25 µM NS-398; NS-398-2: 50 µM NS-398; NS-398-3: 100 µM NS-398. *: p < 0.05; **:p < 0.005; ***: p < 0.0005.

4. Discussion

The presence of MSAF raises serious concerns, and meconium aspiration remains
a major contributor to neonatal morbidity and mortality, despite appropriate treatment
strategies [7,66]. In this study, the incidence of MSAF was 13.22%, which is within the
reported range from 5–20% [6–10]. MAS is diagnosed in neonates born through MSAF who
present with symptoms that cannot be otherwise explained [67]. In this study, the incidence
rate of MAS was 1.14% among all neonates, which was within the reported range from
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0.2–1.3% in China [68,69]. In the USA, the incidence rates for MAS range from 0.1 to 0.4%
of births [29,70]. In France, the incidence of MAS was reported to be 0.2% [22]. In this study,
8.64% of neonates with MSAF exhibited airway symptoms, and 6.31% of MAS diagnosed
neonates required ventilator support, in addition to an MAS diagnosed mortality rate of
2.1%. The literature has reported that between 4.2 and 62% of infants born through MSAF
subsequently suffer from respiratory distress [22,71], and between 33 and 49.7% of MAS
diagnosed neonates require ventilator support, with a 5–12% mortality rate [52,72,73]. The
discrepancy between our results and those reported by others may be due to differences in
ethnicity, socio-demographic variables, health institutions, or the provided level of medical
care reported across different countries, case numbers, and study time points.

Although numerous studies have reported no significant differences in adverse neona-
tal outcomes associated with meconium consistency [52,74–76], our clinical experience [77],
and the results of this retrospective analysis suggest that thick meconium may serve as
a clinical risk for adverse neonatal outcomes, including low APGAR scores at 1 min and
5 min, neonatal death, or the need for NICU admission, resuscitation, CPAP use, or venti-
lator use. Our findings agree with the results of several papers [4,21,22,78–80]. Maternal
factors, including maternal age, delivery mode, and the presence of medical conditions
such as preeclampsia, diabetes, antepartum hemorrhage, PROM, polyhydramnios and
oligohydramnios, and neonatal factors including gestational age, birth weight, sex of the
infant, and the prevalence of hypoglycemia have all been reported to be associated with
the presence of MSAF [14,21,22,25,78,81–85]. Because thin meconium is reported to be as-
sociated with chronic hypoxic stress, whereas thick meconium is reported to be associated
with acute hypoxic stress or inflammation [13,79], we hypothesize that fetal asphyxia that
occurs before or during delivery in both groups may represent a confounding factor that
might neutralize the power of statistical analyses in both groups, leading to the lack of
significant differences in maternal factors between the two groups.

Clinically, our results and those reported by others [14,21,22,25,78,81–85], showed that
the presence of thick meconium was associated with higher rates of respiratory compromise,
intubation at birth, and receiving ventilator support compared with thin MSAF. As a result,
infants with thick MSAF have higher exposures to acute hypoxic events, leading to a higher
risk of developing respiratory insufficiency. However, an interesting study proposed
that the extent of lung destruction observed in MAS was not related to the aspiration of
meconium but rather to the length and degree of asphyxia [86]. Infants who experience long
and severe asphyxia usually demonstrate airway symptoms soon after delivery; however,
some cases of MAS in this study and another study [87] developed in apparently healthy,
meconium-stained neonates. Although we are not able to determine the occurrence of
potential fetal asphyxia before or during labor among infants with MSAF, we hypothesize
that inflammation in the airway may occur when an MSAF infant develops MAS, especially
in the thick meconium group. The processes underlying inflammation in the airway at the
cellular level are less well understood.

Our study showed that the cellular viabilities of both alveolar epithelial and bronchial
cells were significantly reduced by stimulation with human meconium, and the sever-
ity of the response correlated with both exposure time and the meconium concentration,
suggesting that meconium exerts a direct toxicity effect in alveolar and bronchial cells.
Although bile salts and proteolytic enzymes, which are considered toxic components found
in meconium, are capable of injuring the alveolar and bronchial structures [4,5], the conse-
quent inflammation triggered by the meconium in the lungs may explain “postsurfactant
slump” [88].

In this study, the results of the Figures 1, 3 and 4 demonstrated that A549 cells and
HEL299 cells presented with different responses to the same meconium stimuli, suggesting
that alveolar and bronchial cells might respond differently to meconium exposure, which
was also compatible with the results of our RNA-seq and RT-PCR results. Although several
papers have used A549 cells treated with meconium to simulate MAS in vitro [6,42,60,89],
and A549 cells retain some characteristics of normal alveolar type II cells, A549 cells are
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in fact an adult human lung carcinoma cell line [90]. Additionally, bronchial tissue has
been reported to be involved in the pathogenesis of MAS [50,91]; therefore, in this study,
HEL299 cells, which are derived from fetal bronchial tissue, were used in combination with
A549 cells to explore the effects of exposure to various concentrations of meconium.

RT-PCR showed that the mRNA expression of NOS-1 was slightly elevated in A549
cells following 1% meconium exposure for 6 h, but this effect was not significant. Although
NOS-3 is viewed as an important regulator of nitrite production in the perinatal lung
vasculature [92], A549 and HEL299 cells do not contain any vascular components, so the
changes in the mRNA expression levels of NOS-3 were not significant following meconium
stimulation. The levels of NOS-2 mRNA significantly increased following meconium
stimulation in both A549 cells and HEL299 cells. We hypothesize that NOS-2 serves as the
primary nitrite production mechanism in A549 cells in response to meconium stimulation,
which is supported by the literature [93,94]. Moreover, in this study, the mRNA levels of
NOS-1 and NOS-2 were significantly higher in HEL299 cells than in A549 cells in response
to meconium stimulation, suggesting that fetal HEL299 cells could generate more nitrite
than A549 cells even under identical meconium exposure conditions.

Nitrite production significantly increased in the supernatant derived from both A549
and HEL299 cells after 1, 6, 12, 18, and 24 h of 1% meconium exposure compared with nitrite
production by control cells. Consistently, the amount of nitrite produced by HEL299 cells
treated with 1% meconium for 6 h was significantly greater than that observed for A549
cells (Figure 3). Therefore, the association between elevated nitrite levels and reduced lung
cell viability following meconium stimulation suggests that NO may play an important
role in the pathogenesis of meconium-associated lung injury. The involvement of NO in
meconium-associated lung injury has previously been studied [41,95–99]. Although the
idea that elevated levels of NO might contribute to tissue damage is not new, our results
showed HEL299 cells generated higher nitrite levels than A549 cells (Figure 3); therefore,
previous experiments using A549 cells may not accurately represent the extent of lung
injuries caused by meconium exposure.

Various studies of animals and cell lines examining the effects of meconium ex-
posure have indicated the involvement of inflammatory mediators, such as NO and
COX [41,95–98]. NO is required for vasodilation in PPHN and may cause other patho-
logical changes in the body associated with the activation of inflammatory cells and
cytokines, especially during lung injury [100,101]. In addition to NO, COX, also known
as prostaglandin synthase, is a potent inflammatory mediator. Two mammalian COX
enzyme isoforms have been identified, COX1 and COX2, which are considered consti-
tutive and inducible, respectively [102]. The anti-inflammatory effects of non-steroidal
anti-inflammatory drugs primarily act through their abilities to inhibit prostaglandin pro-
duction, particularly through the inhibition of COX-2 activity [103]. COX is similar to
NOS, including the expression of both constitutive forms, which are mostly involved in
housekeeping tasks [104], and inducible forms, which shape the cellular response to stress
and various bioactive agents [105]. For example, both NOS and COX in the airway epithe-
lium become activated during acute inflammatory responses [65]. A number of studies
have also suggested a role for COX in the cytotoxic effects of MAS [97,106]. Our RNA-seq
and RT-PCR data showed that COX-2 mRNA levels in both A549 and HEL299 cells were
highly expressed in response to meconium stimulation, and NS-398, a COX-2 specific
inhibitor, has been shown to inhibit inflammation-related COX-2 activity [107]. Our results
showed that the anti-inflammatory effect of NS-398 mitigated meconium-induced COX-2
over-expression, which, in turn, reduced the meconium-induced nitrite production in both
A549 and HEL299 cells, suggesting that NS-398 may have an inhibitory effect against the
cytotoxic effects of MAS. Furthermore, these data suggest that inflammation may represent
a primary mechanism underlying lung injury induced by meconium aspiration.

L-NAME is a competitive inhibitor of NOS [108] and was able to prevent the release of
NO from A549 and HEL299 cells in response to meconium stimulation. Although L-NAME
has been shown to significantly decrease the levels of both nitrite and nitrate in cellular
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supernatants [96,109], L-NAME is also associated with teratogenic fetal limb defects and
cannot be used for the treatment of MAS. As lung cells may produce NO from L-arginine
due to NOS activity, L-arginine in this study was used as a positive control. Although
corticosteroids are among the most effective anti-inflammatory agents used to treat many
inflammatory diseases [110], the use of steroids is not recommended by the Cochrane
database for the treatment of MAS [111], and a meta-analysis showed that steroid use did
not decrease mortality or associated morbidities [112]. However, our experience and those
reported by others have indicated that the outcomes of infants with MAS can be signifi-
cantly improved by the administration of both systemic and inhaled steroids [113–115].
Intratracheally instilled steroid, either alone or with a surfactant, has resulted in a good
response in an animal MAS model [116,117], and the use of steroids significantly attenuated
pulmonary hemodynamic deterioration and structural lung damage caused by meconium
aspiration in a piglet MAS model [50]. Moreover, NO and COX-2 production were inhib-
ited by steroid treatment [118,119]. In this study, the nitrite levels induced by meconium
exposure in both cell types could be significantly reduced by dexamethasone treatment, at a
concentration as low as 10−10 M, suggesting that the use of dexamethasone may potentially
protect against MAS-induced inflammation.

Because inhaled NO(INO) has a potent vasodilating effect, INO was approved by
the FDA in 2000 as an effective regimen for the treatment of infants with MAS-associated
PPHN [47,92]. Additionally, INO displays anti-inflammatory effects, including reducing
cytokine synthesis, inactivating nuclear factor -κB (NF-κB), decreasing the expression of
adhesion molecules, and preventing neutrophil adhesion and migration to the alveolar
space [120]. In this study, NO, nitrite, nitrate, and NO-derived metabolites were gen-
erated when lung cells were stimulated with meconium. Although the generation of
NO may be beneficial to lung cells, in plasma or other physiological fluids or buffers,
NO becomes almost completely oxidized into nitrite, which remains stable for several
hours [121]. Therefore, in many cases, the NO status in the blood does not accurately reflect
the corresponding NO status of tissues of interest due to the use of different analysis tools
and different samples [122]. Our results suggested that the mechanism underlying the
meconium stimulation of lung cells involves inflammation, and meconium stimulation
causes a significant decrease in lung cell proliferation (Figure 1). We suspect that the NO
generated in this study may only represent a small portion of the generated nitrite found
in lung cells stimulated by meconium. Therefore, the effects of INO on lung cells likely
differ from the effects reflected by the nitrite data in this study.

The current study had a number of limitations. First, this study was performed as
a retrospective study, and errors may be reflected in the medical records. Second, the
sample size was small, and the duration of follow-up was only five years. Significant
reductions in morbidity and mortality may have increased with a longer period of follow-
up. Third, this was performed as a single-center study. Multi-center, international studies
may provide a more convincing result. Fourth, infants who underwent rescue procedures
may have had significantly lower APGAR scores than infants who did not. Therefore,
we suggest that the relationship between the thick MSAF group and significantly low
APGAR scores may require further investigation using a prospective study that includes
more infants with thick MSAF to clarify this issue. Fifth, fetal alveolar cells may represent
a better study material for MAS than fetal bronchial cells and adult alveolar lung cells.
Sixth, inconsistencies in the mRNA expression levels for NOS2 in A549 cells between the
RNA-seq results (Table 3) and the real-time RT-PCR results (Figure 2B) may be due to an
up-regulation in the cellular NOS2 mRNA levels in response to stimulation, associated with
an increase in the number of passages after thawing [123]. Seventh, the lack of an animal
study was a limitation of our study, which may have provided a more comprehensive
understanding of the effects of meconium on lung injury. Finally, this study was not
randomized. These limitations may have introduced some bias during the analysis of the
effects of meconium on neonatal lungs.
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5. Conclusions

The clinical features of MAS are characterized by profound functional alterations
within the lung, associated with an intense inflammatory reaction, and thick meconium
causes a more severe fetal inflammatory response than thin meconium. Our clinical data
showed that undesired morbidities, such as intensive birth resuscitation, ICU admission,
intubation, ventilation, and death, which were observed for the thick meconium group,
did not appear in the thin meconium group. Our in vitro studies showed that the thick
meconium with longer exposure times markedly induced lung cell death and exposure to
meconium resulted in the significant release of nitrite from lung cells. Taken together, these
study results further confirm the inflammatory effects of meconium on lung cells while
also suggesting future avenues of research regarding potential agents for counteracting
these effects in infants.
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Abstract: Neonatal resuscitation (NRP) guidelines suggest targeting 85–95% preductal SpO2 by
10 min after birth. Optimal oxygen saturation (SpO2) targets during resuscitation and in the post-
resuscitation management of neonatal meconium aspiration syndrome (MAS) with persistent pul-
monary hypertension (PPHN) remains uncertain. Our objective was to compare the time to reversal of
ductal flow from fetal pattern (right-to-left), to left-to-right, and to evaluate pulmonary (QPA), carotid
(QCA)and ductal (QDA) blood flows between standard (85–94%) and high (95–99%) SpO2 targets
during and after resuscitation. Twelve lambs asphyxiated by endotracheal meconium instillation and
cord occlusion to induce MAS and PPHN were resuscitated per NRP guidelines and were random-
ized to either standard (85–94%) or high (95–99%) SpO2 targets. Out of twelve lambs with MAS and
PPHN, six each were randomized to standard and high SpO2 targets. Median [interquartile range]
time to change in direction of blood flow across the ductus arteriosus from right-to-left, to left-to-right
was significantly shorter with high SpO2 target (7.4 (4.4–10.8) min) compared to standard SpO2 target
(31.5 (21–66.2) min, p = 0.03). QPA was significantly higher during the first 10 min after birth with
higher SpO2 target. At 60 min after birth, the QPA, QCA and QDA were not different between the
groups. To conclude, targeting SpO2 of 95–99% during and after resuscitation may hasten reversal
of ductal flow in lambs with MAS and PPHN and transiently increase QPA but no differences were
observed at 60 min. Clinical studies comparing low and high SpO2 targets assessing hemodynamics
and neurodevelopmental outcomes are warranted.

Keywords: meconium aspiration; oxygen saturation targets; neonatal resuscitation; persistent
pulmonary hypertension of the newborn; asphyxia; ductus arteriosus; pulmonary blood flow;
post-resuscitation

1. Introduction

Successful transition of the fetus to extrauterine life involves a rapid increase in
pulmonary blood flow (QPA) during the first few breaths after birth, allowing the lungs
to establish as the site of gas exchange. A failure of this transition can lead to persistent
pulmonary hypertension of the newborn (PPHN), characterized by sustained elevation of
pulmonary vascular resistance (PVR), right-to-left shunting of blood across the foramen
ovale and ductus arteriosus, and reduced QPA [1]. These newborns experience severe
respiratory distress and labile hypoxemia soon after birth.

Oxygen (O2) mediates decrease in PVR after birth and has been used to correct the
hypoxemia in PPHN, along with strategies to improve lung inflation with respiratory
support [2,3]. Current neonatal resuscitation guidelines recommend initiating ventilation
with 21% O2 with subsequent O2 titration to target goal preductal pulse oximetry O2
saturation (SpO2) ranges corresponding to the minute of life, to achieve 85–95% SpO2 by
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10 min after birth. This strategy has been associated with optimal hemodynamics and
gas exchange during resuscitation [4]. Rawat et al. reported that targeting 95–99% SpO2
in the post-resuscitation period lowered PVR and improved cerebral O2 delivery, while
targeting 85–89% SpO2 increased PVR, and decreased QPA and cerebral O2 delivery in a
term ovine model of meconium aspiration syndrome (MAS) with PPHN [5]. However,
flow across the ductus arteriosus (QDA) was not evaluated in this study and ductal flow
is a major contributor to QPA [6]. The optimal preductal SpO2 target range during resus-
citation and post-resuscitation period that hastens reversal of shunting across the patent
ductus arteriosus (PDA) from the fetal pattern to the postnatal pattern of left-to-right
remains unknown.

We hypothesized that the time to reversal of shunting across the PDA is shorter with
high SpO2 target of 95–99% compared to standard SpO2 target of 85–94%. Our objective was
to compare the time to reversal of shunt across the PDA from the fetal (right-to-left) to the
postnatal (left-to-right) pattern between standard (85–94%) and high (95–99%) SpO2 target
ranges during resuscitation and the post-resuscitation period in a term ovine asphyxiated
model of MAS and PPHN. We also evaluated the changes in QPA, QDA and carotid blood
flow (QCA), and gas exchange at 10 min and 60 min after birth between low and high SpO2
targets as secondary outcomes.

2. Materials and Methods

The protocol was approved by the Institutional Animal Care and Use Committee
(IACUC, protocol #20267) at the University of California Davis, CA, USA. This protocol
involves a perinatal model of MAS and PPHN in term newborn lambs that has been
extensively described previously [5,7]. All experiments were performed in accordance with
animal ethical guidelines (ARRIVE) [8]. Time-dated near-term (139–141 days) gestation
pregnant ewes from Van Laningham Farm (Arbuckle, CA, USA) underwent cesarean
section following overnight fasting, after endotracheal intubation under general anesthesia
with IV diazepam and ketamine, and inhaled 2% isoflurane, as previously described [9].

2.1. Fetal Instrumentation

The fetal lamb was partially exteriorized and intubated with a 4.5-mm cuffed endo-
tracheal tube (ETT), the lung fluid was passively drained by gravity, and the ETT was
occluded to prevent entry of air. The lamb was instrumented under maternal anesthesia
after subcutaneous bupivacaine infiltration. Catheters were inserted into the right carotid
artery and right jugular vein for preductal arterial blood draws, invasive blood pressure
and heart rate monitoring, and IV access respectively. A flow probe (Transonics, Ithaca, NY,
USA) was placed around the left carotid artery to measure blood flow. A left thoracotomy
was performed, and flow probes were placed around the left pulmonary artery and ductus
arteriosus to measure blood flows. Subsequently, the thoracotomy and neck incisions
were closed in layers. The baseline hemodynamics were recorded and arterial blood gases
were obtained.

2.2. Meconium Instillation, Asphyxia and Resuscitation

Fetal lambs were asphyxiated following instrumentation by umbilical cord occlusion
(by manual compression) for 5 min or until heart rate decreased below 40 beats per
minute. Meconium (5 mL/kg of 20% meconium suspended in ewe amniotic fluid) was
simultaneously instilled into their endotracheal tube as previously described [7,10]. During
asphyxiation, the lambs gasped and spontaneously aspirated the meconium into their
lungs. The cord compression was released for 2 min to allow hemodynamic recovery,
followed by another 5-min cord occlusion.

Lambs were randomized to standard SpO2 target (85–94%) or high SpO2 target
(95–99%) using opaque envelopes prior to the beginning of the study (incision for cesarean
section). The lambs were then delivered and ventilated with peak inflation pressures (PIP)
of 30–35 cm H2O, PEEP of 5 cm H2O, rate of 40 breaths per minute and inspired O2 of 21%
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that was then titrated based on preductal SpO2 per Neonatal Resuscitation Program (NRP)
guidelines during resuscitation to achieve a goal of 85–94% (standard target arm) [11] or
titrated to achieve a goal of 95–99% SpO2 after delivery (high target arm). The titration
of oxygen was proportional to the difference between observed SpO2 and target SpO2
and was performed every minute. The endotracheal tube was connected to a ventilator
and PaCO2 was targeted in the 40–60 mm Hg range to allow permissive hypercapnia.
The resuscitators were not blinded to the intervention. Hemodynamics were continuously
monitored, and arterial blood gases were obtained at baseline, 10-min and subsequently
at 15-min intervals. Lambs were monitored for up to 60 min and were finally euthanized
using IV pentobarbital (Fatal-Plus, Vortech Pharmaceuticals, Dearborn, MI, USA).

2.3. Primary and Secondary Outcomes

Primary outcome measures were time to reversal of ductal shunt (from right-to-left to
left-to-right) from the time of delivery.

Secondary outcome measures were changes in QPA, QDA and QCA, and gas exchange
at 10 min and 60 min after birth between standard and high SpO2 targets. Cerebral oxy-
gen delivery (mL/kg/min) was calculated by multiplying carotid artery oxygen content
(CaO2 = (1.34 × Hemoglobin in g/dL × SaO2%/100%) + (partial pressure of O2 in mm
Hg × 0.0031)) and left carotid artery blood flow (mL/kg/min).

2.4. Data Collection and Analysis

Hemodynamic variables were continuously monitored and recorded using BIOPAC
systems data acquisition software (Goleta, CA, USA). Blood gases were analyzed using a
blood gas analyzer (Radiometer ABL90 FLEX, Denmark). By convention, the right-to-left
direction of QDA was labeled as negative and left-to-right direction of QDA was labeled as
positive. Categorical data were analyzed using chi-squared test with Fisher’s exact test as
appropriate, parametric continuous data were analyzed using unpaired t-test, and changes
in QDA and QPA over time were compared using repeated measures ANOVA. The median
time to reversal of shunting (non-parametric) was compared between standard and high
SpO2 targets using Wilcoxon rank sum test. Statistical significance was defined as p < 0.05.

3. Results

Out of twelve near-term lambs that were asphyxiated, six were randomized to stan-
dard SpO2 target and the remaining six were randomized to high SpO2 target. Hemody-
namic and arterial blood gas characteristics at fetal baseline prior to asphyxia were similar
between the study groups (Table 1).

3.1. Time to Reversal of Shunt across the PDA

Median (interquartile range) time to transition from right-to-left to exclusive left-
to-right shunting across the ductus arteriosus was significantly shorter with high SpO2
target (7.4 (4.4–10.8) min) compared to standard SpO2 target (31.5 (12–66.2) min, p = 0.03,
Figure 1). The mean QDA (left-to-right) flow was increased with the high SpO2 targets
from 0.5 to 10 min by ANOVA repeated measures. The QDA significantly increased from
fetal baseline to 5-min after birth in both standard and high SpO2 targets (p < 0.05) and
decreased significantly by 60 min in high SpO2 target (p < 0.05).
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Table 1. Comparison of fetal baseline hemodynamic and arterial blood gas parameters and end-asphyxia hemodynamic
parameters in a near-term ovine model of meconium aspiration syndrome (MAS) and persistent pulmonary hypertension
(PPHN) randomized to standard (85–94%) and high (95–99%) preductal SpO2 target groups.

Parameter Standard SpO2 Target (85–94%, n = 6) High SpO2 Target (95–99%, n = 6)

Weight (kg) 3.4 ± 0.8 3.3 ± 0.4
Gestational Age (days) 139.7 ± 0.7 139.3 ± 0.8

Parameters at Fetal Baseline
Hemoglobin, g/dL 13.88 ± 2.47 11.93 ± 1.52

pH 7.18 ± 0.08 7.19 ± 0.06
PaCO2 (mm Hg) 74.73 ± 12.58 64.95 ± 5.17
PaO2 (mm Hg) 22.08 ± 6.22 28.38 ± 4.51

Cerebral Oxygen Delivery (mL/kg/min) 4.26 ± 2.17 2.40 ± 0.64
Lactate (mmol/L) 2.20 ± 0.53 2.37 ± 0.96
Heart Rate (bpm) 155.17 ± 21.95 164.23 ± 21.50

Mean Arterial Blood Pressure (mm Hg) 55.52 ± 4.42 61.11 ± 3.8
Mean Ductal Blood Flow (mL/kg/min) −125.89 ± 64.77 −84.33 ± 36.09

Mean Pulmonary Artery Blood Flow
(mL/kg/min) 25.21 ± 8.25 49.39 ± 23.59

Duration of Asphyxia (min) 13.43 ± 0.63 15.32 ± 1.82

Parameters at End of Asphyxia
Mean Carotid Artery Blood Flow

(mL/kg/min) 24.0 (5.5) 21.2 (4.4)

Mean Ductal Blood Flow (mL/kg/min) −18.3 (6.9) −15 (7.7)
Mean Pulmonary Artery Blood Flow

(mL/kg/min) 18.3 (2.7) 29.4 (13.2)

Data presented as mean ± standard deviation. Data were not different by unpaired t test. PaCO2 = arterial carbon dioxide pressure;
PaO2 = arterial oxygen pressure; SpO2 = oxygen saturation.
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Figure 1. Mean ductus arteriosus blood flow (QDA) and direction of flow over timepoints from asphyxia, 0.5 min and up
to 60 min after delivery between the two oxygen target groups. Delivery of lamb is indicated by the dashed, vertical line.
Positive flow indicates left-to-right shunting from aorta to the pulmonary artery. Negative flow indicates right-to-left shunting

46



Children 2021, 8, 594

from pulmonary artery to the aorta. Median (interquartile range) time for exclusive left-to-right ductal shunting post-delivery was
significantly shorter in the high SpO2 target group (median 7.4 vs. 31.5 min, by Wilcoxon rank sum test). * p < 0.05, left-to-right
ductal flow was significantly higher with high SpO2 target compared to standard SpO2 target (p = 0.002, ANOVA repeated measures).
However, by 60 min after delivery, the QDA was not different between the two SpO2 targets. The QDA significantly increased in both
high and standard SpO2 targets from fetal baseline to 5-min after birth, and significantly decreased by 60 min after birth in the high
SpO2 target.

3.2. Comparison of Hemodynamics and Arterial Blood Gas Parameters at 5 and 10 min after Birth

During the first 10 min after delivery, the QDA (left-to-right, Figure 1, p = 0.002) and
QPA (Figure 2, p = 0.048) were significantly higher with high SpO2 target compared to
standard SpO2 target by ANOVA repeated measures. The QPA significantly decreased from
5-min to 60-min after birth with high SpO2 target. The hemodynamic parameters at 5 min
and at 10 min time points after delivery are depicted in Tables 2 and 3 respectively and
were not different. The arterial blood gas parameters were not different at 10-min after
delivery (Table 3). Although the PaO2 and SpO2 were higher in the high SpO2 target group,
these differences did not reach statistical significance.

Table 2. Comparison of hemodynamics at 5 min after birth in a perinatal lamb model of MAS and PPHN.

Parameter Standard SpO2 Target (85–94%, n = 6) High SpO2 Target (95–99%, n = 6)

Heart Rate (bpm) 182.12 ± 12.14 170.78 ± 13.08
Mean Arterial Blood Pressure (mm Hg) 52.91 ± 18.79 65.38 ± 8.81
Mean Carotid Flow (QCA, mL/kg/min) 34.10 ± 14.84 20.22 ± 8.47

Data presented as mean and standard deviation. Positive flow indicates left-to-right ductus arteriosus blood flow. There was no significant
difference between the two SpO2 targets at 5-min timepoint by unpaired t-test.
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Figure 2. Mean pulmonary blood flow (QPA) during the immediate post-natal period in a lamb model of meconium
aspiration syndrome (MAS) and persistent pulmonary hypertension (PPHN). Delivery of lamb is indicated by the dashed,
vertical line. The QPA was significantly higher from 0.5 min to 10 min after delivery with high SpO2 target compared to
standard SpO2 target (p = 0.048). However, by 60 min after delivery, the QPA was not different between the two SpO2 targets.
* p < 0.05.
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Table 3. Comparison of hemodynamics and oxygenation at 10 min after birth in a perinatal lamb model of MAS and PPHN.

Parameter Standard SpO2 Target (85–94%, n = 6) High SpO2 Target (95–99%, n = 6)

Hemoglobin, g/dL 13.18 ± 1.95 11.9 ± 1.40
pH 7.05 ± 0.24 7.11 ± 0.19

PaCO2 (mm Hg) 79.48 ± 48.89 64.5 ± 42.89
PaO2 (mm Hg) 53.42 ± 22.97 60.13 ± 2.55

SaO2 (%) 89.7 ± 4.32 93.9 ± 3.96
SpO2 (%) 77.75 ± 30.61 91.33 ± 6.51

CaO2 (mL O2/dL) 15.98 ± 2.14 15.14 ± 1.62
Cerebral Oxygen Delivery (mL/kg/min) 4.78 ± 2.23 3.69 ± 0.47

Lactate (mmol/L) 6.02 ± 1.97 5.90 ± 1.75
Heart Rate (bpm) 176.0 ± 13.22 162.55 ± 31.18

Mean Arterial Blood Pressure (mmHg) 59.34 ± 9.497 65.67 ± 8.98
Mean Carotid Flow (QCA, mL/kg/min) 29.17 ± 12.31 20.44 ± 7.32

Inspired O2 (%) at 10 min 40.75 ± 39.5 30.67 ± 16.74

Data presented as mean and standard deviation. No significant differences in parameters between the standard and high SpO2 target
groups at 10-min time point by unpaired t-test.

3.3. Comparison of Hemodynamics and Arterial Blood Gas Parameters at 60 min after Birth

There was no significant difference in mean QCA, QDA, or QPA blood flows at 60 min
after birth (Table 4). One lamb randomized in the standard SpO2 group maintained a
bidirectional QDA shunt throughout the study period. There were no significant differences
in inspired O2 concentration, arterial O2 content, cerebral O2 delivery or PaO2 between the
standard and high SpO2 target groups at 60 min after birth. However, the pH was higher
(p = 0.046) and PaCO2 was lower (p = 0.042) with high SpO2 target at the 60 min timepoint.

An illustration summarizing the hemodynamics and gas exchange at 60 min after
birth is presented as Figure 3A,B.

Table 4. Comparison of hemodynamics and oxygenation comparisons at 60 min after birth in a perinatal lamb model of
MAS and PPHN.

Parameter Standard SpO2 Target (85–94%, n = 6) High SpO2 Target (95–99%, n = 6)

Hemoglobin, g/dL 12.32 ± 3.17 11.85 ± 1.08
pH 7.12 ± 0.11 7.25 ± 0.09 }

PaCO2 (mmHg) 61.23 ± 15.42 44.08 ± 7.07 }

PaO2 (mmHg) 48.14 ± 21.76 65.08 ± 18.77
SaO2 (%) 86.66 ± 12.29 94.68 ± 3.55
SpO2 (%) 88.4 ± 7.3 95.33 ± 2.50

CaO2 (mlO2/dL) 14.96 ± 4.22 15.23 ± 1.44
Cerebral Oxygen Delivery (ml/kg/min) 2.54 ± 0.68 2.12 ± 0.9

Lactate (mmol/L) 4.25 ± 1.94 4.07 ± 1.75
Heart Rate (bpm) 167.76 ± 32.46 154.56 ± 9.94

Mean Arterial Blood Pressure (mmHg) 53.41 ± 14.30 71.51 ± 8.14 }

Mean Carotid Flow (QCA-mL/kg/min) 16.01 ± 4.96 14.28 ± 7.21
Inspired O2 (%) at 60 min 41.5 ± 13.25 64.66 ± 31.51

PaCO2 = arterial carbon dioxide pressure; PaO2 = arterial oxygen pressure; SaO2 = arterial oxygen saturation from blood gas;
SpO2 = preductal pulse oximeter oxygen saturation; CaO2 = arterial oxygen content. } Significantly different from the 85–94% tar-
get group; p < 0.05, unpaired student t-test, unequal variances.
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aspiration and pulmonary hypertension. Median time to reversal of shunting was 7.4 (4.4–10.8) min
after birth. The inspired oxygen concentration, preductal SpO2 and arterial oxygen saturation
(SaO2), left-to-right ductal shunting (QDA), left pulmonary artery blood flow (QPA), left carotid
artery blood flow (QCA), cerebral O2 delivery (C-DO2) and arterial partial pressure of carbon dioxide
(PaCO2) are shown. Shorter time to reversal of QDA shunt to left-to-right, transiently increased
QDA and QPA from 0.5–10 min after birth, and lower PaCO2 at 60 min were observed with high
SpO2 target. * p < 0.05 compared to standard SpO2 target group in (B). (B) Graphical summary of
the results demonstrating the hemodynamics and gas exchange at 60 min after birth with standard
(85–94%) oxygen saturation (SpO2) targets in an ovine model of meconium aspiration and pulmonary
hypertension. Median time to reversal of shunting was 31.5 (12–66.2) min after birth. The inspired
oxygen concentration, preductal SpO2 and arterial oxygen saturation (SaO2), left-to-right ductal
shunting (QDA), left pulmonary artery blood flow (QPA), left carotid artery blood flow (QCA), cerebral
O2 delivery (C-DO2) and arterial partial pressure of carbon dioxide (PaCO2) are shown. Longer time
to reversal of QDA shunt to left-to-right and higher PaCO2 at 60 min were observed with standard
SpO2 target. * p < 0.05 compared to high SpO2 target group shown in (A).

4. Discussion

Neonatal PPHN is commonly associated with parenchymal lung disease such as
MAS [1]. Mortality rates of 4–33% have been reported for neonatal PPHN [12]. Right-
to-left shunting via the PDA and PFO resulting in labile hypoxemia is characteristic of
PPHN. Supplemental O2 can decrease PVR thus improving QPA, hastening reversal of
extrapulmonary shunting to left-to-right. We demonstrate quicker reversal of ductal
shunting to left-to-right with higher (95–99%) compared to the lower (85–94%) SpO2 target
during resuscitation and in the post-resuscitation period.

The American Academy of Pediatrics (AAP) NRP Textbook of Neonatal Resuscitation
recommends initiating resuscitation with 21% O2, titrating inspired O2 to achieve the target
SpO2 range for every minute, and finally 85–95% by 10 min after birth. Maintaining SpO2
within the range recommended by NRP by actively titrating the inspired O2 led to effective
oxygenation and QPA in an ovine model of MAS [4]. However, there is wide variation
among neonatologists in their preference of SpO2 targets immediately after the initial
resuscitation period [13,14]. In a recent animal study by Rawat et al., higher SpO2 target of
95–99% resulted in lower PVR, higher QPA, higher cerebral O2 delivery with lower lactate
levels, but was associated with higher inspired O2 and higher lung 3-nitrotyrosine, a marker
of oxidative stress compared to lower ranges of target SpO2 [5]. However, the authors did
not evaluate direction of ductal flow and QDA in that study.

During neonatal resuscitation, O2 needs to be titrated judiciously to avoid hypo
or hyperoxia. Kapadia et al. reported that post-resuscitation hyperoxia with perinatal
acidemia is associated with higher incidence of moderate to severe hypoxic ischemic
encephalopathy [15]. Thus, it is prudent to decrease supplemental O2 in a timely manner
to avoid hyperoxemia. We show that the benefits of targeting higher SpO2 are transient
and QPA is identical between the two study groups by 60 min after birth. We also observed
lower PaCO2 in the high SpO2 target group at 60 min after birth. We speculate that the
higher SpO2 target may have caused a transient surge in QPA (Figure 2) that might have
contributed to better gas exchange and lower PaCO2 (Figure 3A,B). Additionally, the initial
increase in left-to-right QDA and increase in QPA were not persistent at 60 min after birth
(Figures 1 and 2). We speculate that reduction in QPA could be secondary to transient
effect of increased inspired O2 on PVR or ductal constriction limiting QDA leading to lower
QPA. As the ductal flow remained steady between 5 min and 60 min after birth (Figure 1),
we suspect that the PDA remained patent at 60 min in these lambs. We speculate that
higher SpO2 target is associated with earlier ductal narrowing and less cardiac dysfunction
with quicker cardiovascular recovery from the asphyxial insult resulting in better mean
arterial pressures (MAPs). Whereas in the standard SpO2 target group, there may be
slower ductal constriction and cardiovascular recovery from the asphyxial insult resulting
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in lower MAPs. Higher volume of shunt from the aorta-to-pulmonary artery is likely to
expose ductal tissue to higher PaO2 and hasten narrowing of the ductus. Furthermore,
the diastolic BP were higher with high SpO2 target at 60 min after delivery when compared
to standard SpO2 target (65 ± 13 vs. 45 ± 6, p = 0.02), possibly due to ductal constriction,
thus contributing to higher MAPs.

Our study has several limitations. The severity of asphyxia was mild to moderate.
Despite this, we did demonstrate significant degree of hypoxemia, low QPA and right-
to-left shunting across the PDA following delivery in all the lambs (Tables 1 and 2 and
Figure 1). We did not measure the pulmonary artery and left atrial pressures, and hence
could not evaluate the PVR. In addition, we did not evaluate the shunting across the PFO.
We had a small sample size and larger number of lambs might have led to different results.
The markers of oxidative stress have not been evaluated. We did not recover the lambs and
assess for long term outcomes. Although we targeted to achieve preductal SpO2 within a
narrow set range, the achieved SpO2 was 88 ± 7% and 95 ± 3% in the standard and high
SpO2 target groups, respectively. This difficulty in achieving a set SpO2 target range has
previously been demonstrated in randomized trials in preterm infants [16,17].

To our knowledge, this is the first comparison of time to reversal of ductal shunting
in PPHN between standard and high SpO2 targets during resuscitation and in the post-
resuscitation period. The novel aspect of this study is the measurement of QDA along with
the direction of flow in a large mammalian model of MAS and PPHN closely mimicking
human cardiopulmonary physiology. The lambs underwent meconium aspiration by
spontaneous aspiration with negative pressure in the perinatal period during transition
rather forceful instillation of meconium in the postnatal (1–3 days, often the case in piglet
models) period [18]. Although an ovine model of PPHN can be induced by prenatal ductal
ligation, we are unable to assess QDA in that model. Finally, the randomized study design
is a major strength of this study.

5. Conclusions

In this term lamb model of MAS and PPHN, targeting SpO2 at a higher range (95–99%)
during resuscitation and in the immediate post-resuscitation period, led to a quicker
transition to left-to-right shunting across the PDA but did not result in sustained increase in
pulmonary blood flow. These findings support the current NRP recommendations to target
preductal SpO2 between 85–95% by 10 min. Clinical trials evaluating hemodynamics and
long-term neurocognitive outcomes in term neonates comparing current recommended
range to higher SpO2 targets are warranted in patients at risk of PPHN such as MAS with
asphyxia and congenital diaphragmatic hernia.
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Abstract: Resuscitation with 21% O2 may not achieve target oxygenation in preterm infants and
in neonates with persistent pulmonary hypertension of the newborn (PPHN). Inhaled nitric oxide
(iNO) at birth can reduce pulmonary vascular resistance (PVR) and improve PaO2. We studied the
effect of iNO on oxygenation and changes in PVR in preterm lambs with and without PPHN during
resuscitation and stabilization at birth. Preterm lambs with and without PPHN (induced by antenatal
ductal ligation) were delivered at 134 d gestation (term is 147–150 d). Lambs without PPHN were
ventilated with 21% O2, titrated O2 to maintain target oxygenation or 21% O2 + iNO (20 ppm) at
birth for 30 min. Preterm lambs with PPHN were ventilated with 50% O2, titrated O2 or 50% O2 +
iNO. Resuscitation with 21% O2 in preterm lambs and 50%O2 in PPHN lambs did not achieve target
oxygenation. Inhaled NO significantly decreased PVR in all lambs and increased PaO2 in preterm
lambs ventilated with 21% O2 similar to that achieved by titrated O2 (41 ± 9% at 30 min). Inhaled
NO increased PaO2 to 45 ± 13, 45 ± 20 and 76 ± 11 mmHg with 50% O2, titrated O2 up to 100% and
50% O2 + iNO, respectively, in PPHN lambs. We concluded that iNO at birth reduces PVR and FiO2

required to achieve target PaO2.

Keywords: inhaled nitric oxide; resuscitation; prematurity; persistent pulmonary hypertension of
newborn; pulmonary vascular resistance; hypoxic pulmonary vasoconstriction

1. Introduction

During fetal life, pulmonary vascular resistance (PVR) is high and PaO2 levels are low
compared to the postnatal period [1]. Oxygen is a potent and specific pulmonary vasodila-
tor and plays an important role in decreasing PVR at birth [1]. After birth, PVR gradually
decreases and oxygenation slowly improves over the first minutes of life. Current neonatal
resuscitation guidelines recommend the use of 21% oxygen in the delivery room resuscita-
tion of term infants [2]. However, controversy exists as to the optimal resuscitation gas in
preterm infants [3]. Recent studies suggest that extremely preterm infants who were first
resuscitated with 21% oxygen and titrated up to achieve target SpO2 had higher mortality
from respiratory failure compared to infants whose resuscitation was initiated with 100%
oxygen and titrated down [4]. However, high initial inspired oxygen concentration (>65%)
is not recommended during resuscitation of preterm infants due to the risk of oxidative
stress [5,6]. Promoting pulmonary vasodilation without excessive supplemental oxygen
can potentially facilitate the establishment of gas exchange in the lung without exposing
the infant to oxygen toxicity.
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Persistent pulmonary hypertension of the newborn (PPHN) [7] is a disorder charac-
terized by elevated pulmonary vascular resistance (PVR), extra-pulmonary right-to-left
shunting and hypoxemia. Inhaled nitric oxide (iNO) is a selective pulmonary vasodilator
approved by the Food and Drug Administration in term infants with PPHN and acts by
increasing cGMP in pulmonary arterial smooth muscle cells (PASMC). We hypothesized
that ventilation with iNO at birth would reduce PVR and increase arterial partial pressure
of oxygen both in preterm newborn lambs and in PPHN lambs, similar to that achieved
by high FiO2 (Figure 1). Our overall aim was to evaluate if iNO supplementation resulted
in a reduced need for inspired oxygen as being secondary to a decrease in PVR in animal
models with and without PPHN.
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Figure 1. Hypothesis. Newly born, preterm infants have immature lungs filled with liquid. Ad-
ministration of low concentrations of inspired oxygen alone may not be adequate to achieve target
oxygen saturation (SpO2). Transient supplementation with inhaled nitric oxide (iNO) during de-
livery room resuscitation and stabilization can promote pulmonary vasodilation and enhance gas
exchange leading to a lower need for inspired oxygen and higher preductal SpO2. Copyright Satyan
Lakshminrusimha.

2. Materials and Methods

This study was approved by the University at Buffalo Institutional Animal Care and
Use Committee. Time-dated pregnant ewes were procured from New Pasteur farms, Attica,
NY. Lambs were delivered by caesarean section at 134 d gestation (term gestation in lambs
is 147–150 days). We used the ovine in utero ductal ligation model to induce PPHN.
Time-dated pregnant ewes were anesthetized as previously described [8] and fetal ductus
arteriosus was ligated at 128 d gestational age [9]. The fetus was then placed back in the
uterus for 8 days. On the day of delivery, preterm lambs (with and without PPHN) were
partially exteriorized by cesarean section and catheters were placed in the jugular vein and
carotid artery to obtain PaO2 measurements at different levels of oxygen exposure with
and without iNO. The dose of iNO was 20 ppm. We conducted the study in 2 phases:
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I. Oxygenation studies: Preterm lambs with and without PPHN were intubated at birth
and randomized to be ventilated with 21, 50 or 100% oxygen with or without iNO for
30 min. Preductal arterial gases were drawn every 5 min and recorded.

II. Pulmonary hemodynamic studies: In a subsequent set of experiments, we studied
the effect of iNO on oxygenation and pulmonary vascular resistance. These lambs
were exteriorized as described previously [8,9]. In addition to the placement of right
carotid and jugular lines, we performed a thoracotomy and placed pulmonary arterial
and left atrial catheters to measure pressures and a pulmonary arterial flow probe to
measure blood flow. The flow probe was placed around the left pulmonary artery in
lambs without PPHN to avoid the influence of blood flow through the patent ductus
arteriosus (PDA). In lambs with PPHN, the flow probe was placed around the main
pulmonary artery as the ductus arteriosus was ligated in utero to induce PPHN.

a. Based on results from phase I oxygenation studies, preterm lambs without
PPHN were exposed to 21% oxygen, titrated oxygen to maintain PaO2 between
45 and 80 mmHg and titrated oxygen with iNO at 20 ppm.

b. In lambs with PPHN, 21% oxygen was avoided as PaO2 levels were low with
this FiO2 in phase I oxygenation studies. PPHN lambs were exposed to 50%
oxygen, titrated oxygen to maintain PaO2 between 45 and 80 mmHg and
titrated oxygen with iNO at 20 ppm for 30 min.

c. Lambs were effectively anesthetized during the period of instrumentation
through the isoflurane inhalant administered to the ewe. The lambs were
then delivered and ventilated at the following initial settings: 30 cm H2O
peak inspiratory pressure, 5 cm H2O positive end expiratory pressure, and
40 respirations per minute. Sedation was maintained by administration of an
initial propofol bolus (2 mg/kg) followed by a constant rate infusion given
to effect. Additional doses of fentanyl at 1–5 mcg/kg were administered
as needed for signs of discomfort. Maintenance IV fluid with dextrose and
electrolytes was also provided. Arterial blood pressure, heart rate, and pulse
oximetry were monitored and recorded. Ventilator settings were adjusted to
maintain a PaCO2 between 35 and 50 mmHg.

d. Pulmonary vascular resistance was calculated as follows:

PVR = (mean PA pressure − LA pressure)/pulmonary blood flow in (mL·min−1·kg−1)

In lambs without PPHN, the left pulmonary arterial flow was used to calculate the “left”
PVR. In lambs with PPHN, the main pulmonary arterial flow was used for this calculation.

3. Results

I. Oxygenation studies: Thirty-six preterm lambs without PPHN and 30 lambs with
PPHN were included in this phase of the study (6 lambs in each group). There
was a significant difference in birth weight between preterm lambs without PPHN
(3059 ± 105 g) and lambs with PPHN (2576 ± 210 g). The birth weights, gender
distribution, and multiplicity were similar between the iNO and no-iNO groups (data
not shown). Fetal blood gases were similar between preterm lambs with and without
PPHN (PaO2 − 18.4 ± 7.2 and 17.5 ± 6.1 mmHg respectively) and between lambs
ventilated with and without iNO (Figure 2).

a. Preterm lambs without PPHN ventilated with 21% oxygen gradually increased
their PaO2 over the first 30 min. Ventilation with iNO significantly increased
PaO2 at 5 (39 ± 3 vs. 56 ± 11 mmHg) and 10 min (43 ± 3 vs. 63 ± 12 mmHg).
There was no difference in PaO2 with and without iNO by 30 min (Figure 2Ai).
Ventilation with 50 and 100% oxygen significantly increased PaO2 compared to
21% oxygen reaching supraphysiological levels by 5 min. However, addition
of iNO did not increase PaO2 when preterm lambs were ventilated with 50
and 100% oxygen (Figure 2A).
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b. Preterm lambs with PPHN had low PaO2 values compared to lambs without
PPHN (Figure 2). Ventilation with 21% oxygen resulted in low PaO2 values
(30 ± 6 mmHg at 30 min). Increasing inspired oxygen from 21 to 50% signifi-
cantly increased PaO2 in lambs with PPHN (45 ± 13 mmHg at 30 min with
50% oxygen). However, further increase in inspired oxygen from 50 to 100%
did not further increase PaO2 (44.5 ± 20 mmHg at 30 min with 100% oxygen).
Inhaled nitric oxide significantly increased PaO2 with 21, 50 and 100% oxygen
in lambs with PPHN. Three PPHN lambs were hydropic (one each in 21%
oxygen, 21% oxygen + iNO, and 50% oxygen groups) with massive pleural
effusions and ascites and were excluded, reducing the number of lambs in
these groups to five.

II. Hemodynamic studies: Fifteen preterm lambs without PPHN and 15 lambs with
PPHN underwent thoracotomy and placement of pressure and flow probes to mea-
sure PVR.

a. Preterm lambs without PPHN were divided into three groups. The first group
was ventilated with 21% O2 (n = 5). A steady decline in PVR was measured
with ventilation. The second group received titrated inspired oxygen adjusted
every 5 min to maintain a PaO2 between 45 and 80 mmHg (n = 5). This required
increase in inspired oxygen to 41 ± 9% by 30 min. The decline in PVR in this
group was similar to the 21% oxygen group. The third group received iNO at
20 ppm and inspired oxygen was titrated to maintain PaO2 between 45 and
80 mmHg (n = 5). This group needed 21% oxygen throughout the 30 min period.
The PaO2 and PVR with 21% oxygen + iNO was significantly lower than the
previous two groups (Figure 3A,B). The preductal SpO2 value at 5 min was
66 ± 8, 63 ± 9 and 89 ± 11% in 21% O2, titrated O2 and 21% O2 + iNO groups
respectively. The corresponding values at 30 min were 86 ± 11, 87 ± 10 and
85 ± 13%.

b. Preterm lambs with PPHN were also divided into 3 groups. The first was venti-
lated with 50% oxygen (n = 5). There was a modest decrease in PVR and increase
in PaO2 but some PPHN lambs remained hypoxemic with PaO2 < 45 mmHg
(Figure 4). The second group received titrated inspired oxygen starting at 50%
and adjusted to maintain PaO2 between 45 and 80 mmHg (n = 5). By 10 min,
all lambs in this group were on 100% O2. The reduction in PVR and increase in
PaO2 in this group was similar to the 50% oxygen group in spite of the signifi-
cantly higher inspired oxygen. The third group was initially ventilated with 50%
oxygen with iNO 20 ppm (n = 5). The PVR in this group was significantly lower
and PaO2 significantly higher than the other two. By 30 min, inspired oxygen
could be weaned to 44 ± 2% (Figure 4). The preductal SpO2 value at 5 min was
33 ± 14, 61 ± 11 and 71 ± 13% in 50% O2, titrated O2 and 50% O2 + iNO groups
respectively. The corresponding values at 30 min were 78 ± 13, 80 ± 14 and
92 ± 8%.
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line on the secondary y-axis (gray triangles). * p < 0.05 compared to 21% oxygen group; # p < 0.05 compared to titrated
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4. Discussion

In the current study, we demonstrated that supplementation with iNO during resusci-
tation at birth in preterm lambs with and without PPHN reduced PVR and inspired oxygen
concentration necessary to achieve target PaO2 levels. These findings have implications for
delivery room resuscitation of preterm infants [10–12] and infants with PPHN [13].

The main goal of neonatal resuscitation is to achieve adequate ventilation of the lung
and establishment of lung as the organ of gas exchange [5]. While 21% oxygen is effective
for resuscitating term infants, the optimal oxygen concentration for resuscitation of preterm
infants continues to be controversial [14], resulting in variations in clinical practice guide-
lines [15]. A comparison of low oxygen (initial oxygen concentration 21–30%) and high
oxygen (60–100%) strategies has not demonstrated improvement in long-term outcomes in
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preterm infants. [3] Low-oxygen strategies are associated with reduced oxidative stress [16]
and improved pulmonary outcomes in some studies [17]. However, not achieving a satura-
tion of 80% by 5 min of postnatal age (whether due to inadequate oxygen supplementation
or pulmonary or pulmonary vascular disease) is associated with adverse outcomes [12].
One approach to improving systemic oxygenation and promoting pulmonary vasodilation
during transition at birth, while establishing the lung as the organ of gas exchange without
excessive supplemental oxygen, is to use a selective pulmonary vasodilator such as iNO
in the delivery room. In a recently published pilot double-blind randomized controlled
trial on the use of inhaled nitric oxide in the delivery room resuscitation of extremely low
birthweight preterm infants by Sekar et al., those who received 20 ppm iNO as an adjuvant
in the resuscitation gas had a lower cumulative FiO2 exposure and a lower rate of exposure
to FiO2 > 0.6 [18].

Inhaled NO improved PaO2, and reduced the need for supplemental oxygen from
41 ± 9 to 21% in preterm lambs. PVR significantly decreased with the use of 21% oxygen
with iNO. Studies in extremely preterm infants have suggested increased mortality in
infants resuscitated in 21% [4,19] Although the physiological basis of the increased mortality
is not fully understood, one plausible explanation is that infants who were resuscitated
in 21% oxygen were exposed to hypoxia and inadequate pulmonary vasodilation in the
immediate newborn period. Our study demonstrated improved oxygenation by 5 min and
improved pulmonary vasodilation with the use of iNO at birth in preterm lambs.

During fetal life, adequate oxygen delivery is achieved by an umbilical venous pO2 of
32–35 mmHg [20], and fetal PVR is high with physiologic pulmonary hypertension [21].
However, in the immediate postnatal period, similar PaO2 values resulted in hypoxic
pulmonary vasoconstriction [22]. Achieving a preductal PaO2 of 45 mmHg (equivalent to
80% SpO2) by 5 min [12] is an important goal and can be achieved with lower supplemental
oxygen if iNO is started at birth in preterm infants (Figure 1). This PaO2 of 45 mmHg is
also the change point below which hypoxic pulmonary vasoconstriction was observed in
newborn calves [22] and lambs [8,23]. Interestingly, the improvement in PaO2 in preterm
lambs with iNO was observed only in the 21% oxygen group, not in the 50 and 100% groups.
We speculate that the increase in alveolar oxygen (PAO2) and supraphysiological arterial
oxygenation (PaO2) achieved with 50 and 100% inspired oxygen in preterm lambs induced
pulmonary vasodilation and the addition of iNO did not result in further pulmonary
vasodilation. The administration of 21% oxygen with iNO results in low PVR with the
benefit of avoiding hypoxia without increasing the risk of hyperoxia.

In the lambs with PPHN, resuscitation with supplemental oxygen alone (including
100% oxygen) did not achieve optimal PaO2 levels by 5 and 10 min of postnatal age. Inhaled
NO improves oxygenation at all levels of inspired oxygen (21, 50 and 100%). The use of iNO
in the delivery room in infants with suspected PPHN may not be practical. In most cases,
with the exception of congenital diaphragmatic hernia (CDH), PPHN is not diagnosed in
the delivery room. In infants with CDH, iNO has not been effective in reducing the need
for ECMO [24], and initial resuscitation with 50% oxygen is feasible and not associated
with adverse events [13].

Preterm neonates have deficient antioxidant systems and are susceptible to oxygen
toxicity [25]. Increased oxygen tension in the blood and tissues increases the risk of
oxygen toxicity [26] by the formation of reactive oxygen species exceeding the antioxidant
capability of the neonate [27]. The optimal inspired oxygen concentration should deliver
an adequate amount of oxygen to the tissues at the lowest possible oxygen tension.

The use of high concentrations of oxygen or iNO at birth can have both short-term
and long-term negative consequences. High concentration of oxygen during the resusci-
tation of an asphyxiated neonate can increase superoxide anions, [28] peroxynitrite and
isoprostanes [9,29]. A combination of iNO and oxygen may have other unknown side
effects (including potential epigenetic changes) [30,31]. The use of iNO in preterm infants
with hypoxemic respiratory failure and pulmonary hypertension is controversial. [32–35]
When used with high concentrations of oxygen, iNO can increase nitrosative stress. [9]
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Using iNO adds a significant risk of generating toxic nitrosative derivatives such as nitro-
tyrosine, nitro-albumin and highly toxic perioynitrite. Nitric oxide scavenges superoxide
anions by competing with superoxide dismutase. Superoxide anions are generated during
the fetal-to-neonatal transition, especially when supplemental oxygen is provided [28].
Sequestration of superoxide by NO may lead to an apparent reduction in oxidative stress
markers. [9] Simultaneous evaluation of nitrosative stress markers should be performed to
avoid drawing erroneous conclusions. Inhaled NO use in the NICU has been associated
with increased childhood malignancies [31,36]. Vento and Sanchez-Illana in a comment
to the Sekar et al. trial recommend a long-term neurodevelopmental follow-up among
preterm neonates exposed to iNO at birth [37].

There are several limitations to the current study. All preterm lambs were intubated
during resuscitation. The effectiveness of iNO when administered through non-invasive
ventilation in the delivery room is not known. However, in the pilot trial by Sekar et al.,
iNO was effective in reducing FiO2 during resuscitation in the delivery room [18]. We
monitored pulse oximetry but mainly relied on frequent preductal PaO2 measurements
for titrating inspired oxygen due to the variable relationship between SpO2 and PaO2 [38].
Such titration is not feasible in a clinical situation. Given the high concentration of fetal
hemoglobin at birth, reliance on PaO2 may result higher risk of hyperoxemia compared
to titration using SpO2. Preterm lambs were at 134 days gestation which corresponded
approximately to late preterm infants at approximately 34 weeks gestation in late saccular
stage. Lambs at 80 to 120 days of gestation corresponded to 17–27 weeks of human gestation
and were in the canalicular stage of lung development [39]. This maturity at 134 days
was older than the gestation of infants in the Sekar et al. trial (25–31 weeks) [18]. The
ductal ligation model of PPHN did not have parenchymal lung disease. The results of
this study may not be applicable to PPHN secondary to parenchymal diseases such as
respiratory distress syndrome, meconium aspiration syndrome and pneumonia. Inhaled
NO improved oxygenation in neonatal models of atelectasis [40], but its effectiveness
in preventing hypoxic pulmonary vasoconstriction in such models is not known. It is
possible that lower doses of iNO (<20 ppm) or other inhaled pulmonary vasodilators
such as prostacyclin analogs may show similar results [41]. Presence of respiratory or
metabolic acidosis may modify the lamb’s response to hypoxia. We did not study the effect
of pH and asphyxiation at birth on oxygenation and response to iNO [22,42]. There are
substantial differences between animal models and controlled translational studies and
human neonates in a hectic clinical setting. Recent studies have shown stark differences in
the outcomes of translational and clinical studies, such as sustained inflation in preterm
infants at birth [43]. Lastly, we did not measure oxidative or nitrosative stress.

5. Conclusions

We concluded that iNO is effective for improving oxygenation in both preterm lambs
and lambs with PPHN without increasing inspired oxygen. Inhaled NO reduced PVR in
the immediate newborn period in preterm neonatal lambs with normal lungs and with
PPHN. A randomized controlled masked pilot study evaluating the use of iNO in preterm
infants showed a reduced FiO2 requirement with iNO use. Larger randomized studies
with long-term follow-up and studies evaluating oxidative and nitrosative stress following
short uses of iNO are warranted. The limited available information on the use of iNO in the
delivery room precludes its use in neonatal resuscitation except in well-controlled trials.
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Abstract: Neonates treated with therapeutic hypothermia (TH) following perinatal asphyxia (PA)
suffer a considerable rate of disability and mortality. Several risk factors associated with adverse
outcomes have been identified. Mechanical ventilation might increase the risk for hyperoxia and
hypocapnia in cooled newborns. We carried out a retrospective study in 71 asphyxiated cooled
newborns. We analyzed the association of ventilation status and adverse short-term outcomes and
investigated the effect of the former on pCO2 and oxygen delivery before, during and after TH.
Death, abnormal findings on magnetic resonance imaging, and pathological amplitude-integrated
electroencephalography traces were used to define short-term outcomes. The need for mechanical
ventilation was significantly higher in the newborns with adverse outcomes (38% vs. 5.6%, p = 0.001).
Compared to spontaneously breathing neonates, intubated newborns suffered from significantly
more severe asphyxia, had significantly lower levels of mean minimum pCO2 over the first 6 and
72 h of life (HOL) (p = 0.03 and p = 0.01, respectively) and increased supply of inspired oxygen,
which was, in turn, significantly higher in the newborns with adverse outcomes (p < 0.01). Intubated
newborns with adverse short-term outcomes had lower levels of pCO2 over the first 36 HOL. In
conclusion, need for mechanical ventilation was significantly higher in newborns with more severe
asphyxia. In ventilated newborns, level of encephalopathy, lower pCO2 levels, and increased oxygen
supplementation were significantly higher in the adverse short-term outcomes group. Ventilatory
parameters need to be carefully monitored in cooled asphyxiated newborns.

Keywords: perinatal asphyxia; hypoxic–ischemic encephalopathy; therapeutic hypothermia; outcome;
hypocapnia; hyperoxia; mechanical ventilation

1. Introduction

Despite all advances in perinatal care, perinatal asphyxia (PA) remains a serious
condition that can lead to hypoxic–ischemic encephalopathy (HIE) in preterm and term
neonates. HIE is associated with early neurodevelopmental impairment (e.g., seizures,
childhood epilepsy, cerebral palsy) and high mortality rates [1]. To date, therapeutic
hypothermia (TH) remains the only established treatment improving neurodevelopmental
outcomes in near-term and term infants with moderate to severe HIE, although around
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30% of the cooled infants, included in recent randomized controlled trials, died or suffered
from long-term neurodevelopmental impairment [2].

In acute phase of brain injury due to PA, brain homeostasis is impaired due to abrupt
reduction of cerebral blood flow (CBF), which reduces the sufficient delivery of oxygen
and high-energy metabolites to neurons, leading to cell depolarization and cytotoxic
edema (primary cell death) [3]. The acute insult is followed by a reperfusion phase with
normalization of CBF and recovery of cell swelling and cerebral oxidative metabolism [4].
A latent phase with slightly reduced CBF [5,6] lasting over about six hours may then be
followed by a secondary deterioration (6–16 h) with secondary cell death, seizures, and
failure of oxidative metabolism [7–9].

The reduction of cerebral metabolic rate due to brain impairment following HIE leads
to a reduction of CBF and consecutively to a reduction of the endogenous carbon dioxide
(CO2)-production in the brain predisposing to hypocapnia [10]. Additionally, TH similarly
reduces the cerebral metabolic rate and might as well predispose the asphyxiated newborn
to hypocapnia [11]. The body’s physiological response to severe acidosis is an increase of
ventilatory rate, also predisposing to hypocapnia. However, it is not known yet whether
this “physiological hypocapnia” is beneficial or should be avoided in cooled asphyxiated
newborns. Furthermore, frequently observed symptoms in asphyxiated newborns, such
as delayed initiation of spontaneous breathing, respiratory depression, pulmonary hyper-
tension, and seizures often necessitate mechanical ventilation (in >60% of asphyxiated
term newborns), increasing the risk of high oxygen supplementation and hyperventilation
with subsequent hypocapnia [12–16]. This high incidence of hypocapnia among asphyx-
iated neonates has been associated with adverse neurodevelopmental outcomes both in
non-cooled [17,18] and cooled near-term and term asphyxiated newborns with HIE [18,19].
However, it is unclear whether all cooled asphyxiated newborns do require mechanical
ventilation in all instances.

Lower levels of carbon dioxide have the potential to exacerbate the brain injury caused
by PA by further reducing CBF due to cerebral vasoconstriction and by decreasing the
oxygen supply due to the leftward shift of the oxygen–hemoglobin dissociation curve [20].
While the decreased CBF can be tolerated by healthy term infants, it could harm the
previously injured brain, causing cell death due to the diminished oxygen delivery [21].
In pre-clinical animal models of HIE, hypocapnia results also in DNA fragmentation and
membrane lipid peroxidation in mitochondria of cerebral cortical neurons and may result
in apoptotic cell death [22].

Furthermore, a brief exposure to hyperoxia depletes the glial progenitor pool and
impairs functional recovery of the brain after hypoxia–ischemia by increasing the oxidative
stress and the cerebral inflammatory response [23]. Resuscitation with room air has been
shown to reduce mortality in preterm and term newborns compared to resuscitation using
100% oxygen, highlighting the importance of oxygen toxicity [24].

The aim of this current study was to describe the rate of mechanical ventilation in
cooled asphyxiated newborns with HIE in association with short-term outcomes. Further-
more, we aimed to correlate the rates of partial pressure of carbon dioxide (pCO2), it’s dif-
ferential pressures (∆pCO2) and the increased O2-supply in ventilated cooled asphyxiated
newborns in comparison to non-ventilated cooled asphyxiated newborns. Additionally,
we evaluated the association of low and high pCO2 and fraction of inspired oxygen (FiO2)
levels and adverse short-term outcomes during the first days of life in the ventilated cooled
asphyxiated newborns. Moreover, we compared the short-term outcomes between the
intubated cooled asphyxiated newborns with pCO2 levels under 30 mmHg or FiO2 > 60%
and the rest of the cohort.

2. Materials and Methods
2.1. Data Collection

We performed a retrospective data analysis. Data of cooled asphyxiated newborns
from two level I (highest level of care) neonatal intensive care units (NICUs) were collected.
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Ethical approval was obtained from the local hospital ethic committees (19-8556-BO, 18-
8191-BO, 2018-270-ProspDEuA, 2018-270-1). The infants were born between 2009 and 2018
and met the institutions’ inclusion criteria for therapeutic hypothermia:

A. Gestational age ≥ 36+0 weeks, ≤6 h of life (HOL) AND
B. Cord/arterial pH ≤ 7.0 OR base excess ≤ −16 in the first sixty minutes of life OR

APGAR-Score ≤ 5 AND/OR continued need for resuscitation at 10 min of life (criteria
of perinatal asphyxia) AND

C. Evidence of moderate-to-severe encephalopathy [25] OR
D. Abnormalities on amplitude-integrated electroencephalography (aEEG) for at least

20 min or clinical and/or aEEG-defined seizures [26]

Seventy-one (n = 71) term newborns were assigned to whole-body hypothermia (core
temperature of 33–34 ◦C) for 72 h starting within the first 6 HOL followed by a rewarming
phase at a rate of 0.5 ◦C per hour. The treatment protocols of the two NICUs were similar.
Twenty-three (n = 23) newborns were born at (n = 14) or transferred to (n = 9) the first
NICU (University Hospital Duesseldorf, Germany) and forty-eight (n = 48) newborns
were born at (n = 29) or transferred to (n = 19) the second NICU (University Hospital
Essen, Germany). Demographic details and clinical data were collected for each newborn
according to medical notes including birth weight, gender, gestational age, birth place
(inborn/outborn), APGAR scores at 5 and 10 min, first pH, bases excess and lactate before
initiation of TH, need for resuscitation at birth, Sarnat HIE grade, initial temperature before
starting TH, aEEG time to normal trace, onset of clinical or subclinical seizures, signs of
meconium aspiration, minimum blood glucose levels in the first 6 and 72 HOL, need for
mechanical ventilation, cumulative morphine dose needed until discharge from hospital,
survival, need for inotropic support before and during TH, duration of O2-supplementation,
and highest FiO2 levels within the first 6 and 72 HOL.

Additionally, we collected data regarding respiratory monitoring before and after the
initiation of TH until the end of rewarming. This included arterial, capillary, and venous
blood gases, which were corrected for temperature during TH, lowest pCO2 (minimum
pCO2), highest pCO2 (maximum pCO2) and ∆pCO2 during the first 6 and 72 HOL as well
as minimum and maximum pCO2 levels every 6 h after initiation of TH until 6 h after
rewarming. The mode of ventilation (intubated vs. not intubated), duration of mechanical
ventilation, as well as average and maximal oxygen supplementation (measured as mean
and maximum FiO2 levels hourly) were also collected and analyzed. The indications
for intubation and extubation were individually assessed from the neonatologists on
duty and according to the International Liaison Committee on Resuscitation (ILCOR)
recommendations for newborn resuscitation.

2.2. Outcome Definition

Adverse outcomes were defined as death or adverse magnetic resonance imaging
(MRI) outcome. The original MRI-images (T1 and T2 weighted images) were evaluated
by three independent individuals blinded to the clinical information. The basal gan-
glia/watershed score (BG/W score) developed by Barkovich defines MRI outcomes de-
pending on severity and location of brain injury (1 = no injury, 2 = mild injury, 3 = moderate
injury, 4 = severe injury) and discriminates accurately between asphyxiated newborns with
good and poor neuromotor and cognitive outcomes at 3 and 12 months [27]. A recent study
shows that this still holds true in the cooling-era with strong correlation of the BG/W score
with long-term neurodevelopmental outcomes at 20–24 months of age [28]. For our study,
the MRI outcomes were defined as good when the BG/W score was <2 and as adverse
when the BG/W score was >2. MRI was available for 60/71 of the newborns in the cohort;
6 out of 9 newborns who died didn’t have one before death. For the other 5 newborns
without MRI scans, we used aEEG as an outcome predictor, which has been shown to be
a good prognostic outcome parameter and correlates well with MRI outcomes in cooled
asphyxiated newborns [29–31].
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In both NICUs single-use needle electrodes (positions equal to C3-P3, C4-P4 of a
standard EEG) were applied to record biparietal aEEG signal. Continuous recording was es-
tablished after postnatal clinical stabilization and before initiation of TH until the end of the
rewarming phase (Brainz or Olympic Brainz Monitor, Natus, San Carlos, CA, USA). Three
independent individuals blinded to the clinical information evaluated the aEEG traces
retrospectively. The aEEG background pattern was classified as previously described [32],
with continuous normal voltage (CNV) and discontinuous normal voltage (DNV) as nor-
mal patterns and burst suppression (BS), low voltage (LV), and flat trace as pathological
patterns. Normal aEEG was defined as a time of under 48 h taken to reach a normal aEEG
trace after the initiation of TH [32], and aEEG was scored as pathological when seizures
were detected.

2.3. Data Analysis

SPSS 26 (SPSS, Chicago, IL, USA) was used for statistical analysis. Mann–Whitney was
used to compare non-parametric data between two groups (intubated versus non-intubated
and good versus adverse short-term outcomes in the intubated group). Descriptive data
are presented as median and interquartile range (IQR) for continuous variables and as
frequency distributions for categorical variables. Categorical variables were compared
using a Chi-square test. In the intubated cooled newborns, multivariate analysis using
stepwise binary logistic regression was performed with good or adverse outcomes as the
dependent variable. Independent variables were APGAR scores at 5 and 10 min, first pH,
severity of encephalopathy, seizures (yes/no), aEEG time to normal trace, lowest pCO2
(minimum pCO2), highest pCO2 (maximum pCO2) and ∆pCO2 during the first 6 and
72 HOL, and highest FiO2 levels within the first 6 and 72 HOL.

To avoid calculating the high levels of pCO2 in the cord gas and/or the first blood
gases and the high oxygen supplementation during resuscitation, we used the trapezium
rule to calculate the area under the curve (AUC) for pCO2 and FiO2 for the first HOL until
the end of the rewarming phase [33]. p ≤ 0.05 was considered significant. Parts of the
results from this cohort have already been published [31].

3. Results

Seventy-one (n = 71) cooled asphyxiated newborns ≥36 + 0 weeks of gestation were
included in our study; thirty-four (47.9%) were males and thirty-seven (52.1%) were females.
Fifty-three (74.6%) had a good and eighteen (25.4%) had an adverse short-term outcome
(defined as death (n = 9) or an adverse MRI outcome or pathological aEEG when MRI was
not available) despite TH. As previously shown, there is a strong correlation between aEEG
and MRI outcome in our cohort [31].

Fifty-three (74.6%) of the newborns were intubated and mechanically ventilated
based on the neonatologist’s discretion on duty. All of these newborns were intubated
before initiation of TH within the first HOL and the mean (±SD) duration of mechanical
ventilation was 91.8 (±86) h. The spontaneously breathing newborns (n = 18, 25.6%) were
all respiratory-supported with continuous positive airway pressure (CPAP) or high-flow
nasal cannula (HFNC). The need for mechanical ventilation was significantly correlated
with adverse short-term outcomes (38% vs. 5.6%, p = 0.001).

Comparing the intubated and non-intubated cooled asphyxiated newborns, we found
no significant differences between the two groups regarding birth weight, gestational age,
first lactate level, time to initiation of therapeutic hypothermia, and time to target tempera-
ture. In our study neither lowest blood glucose levels within the first 72 HOL nor duration
of morphine application impacted short-term outcomes (Table 1). However, we found
that the APGAR scores at 5 and 10 min, as well as the cord or arterial pH and base excess
values after birth were significantly lower in the intubated newborns who were treated
with TH (p < 0.05). This is also reflected by the increased need for resuscitation in this group
in comparison to the spontaneously breathing newborns (62.3% vs. 11.1%, p < 0.01). The
first temperature measured after birth was significantly lower in newborns who needed
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mechanical ventilation (p = 0.01) and the severity of the Sarnat HIE grade was higher in
the intubated group in comparison to the spontaneously breathing newborns (p < 0.01).
We also found that the mechanically ventilated asphyxiated newborns had significantly
lower levels of blood glucose in the first 6 HOL but these did not exceed the limits for
hypoglycemia (<45 mg/dL). As expected, the need for ventilation required also signifi-
cantly higher cumulative doses of morphine, and resulted in longer and higher oxygen
supplementation (p < 0.05, Table 1). In addition, median (IQR) AUC mean and maximum
FiO2 values were higher in mechanically ventilated newborns (0.21 (0.21–0.24) vs. 0.21
(0.21–0.21)%, and 0.23 (0.21–0.29) vs. 0.21 (0.21–0.215)%, p = 0.06 and p < 0.01, respectively).

Table 1. Descriptive data of the analyzed cohort according to ventilation status (mechanically
ventilated or not) before the start of therapeutic hypothermia (TH). Data are presented as median
and interquartile range (IQR).

Clinical Characteristics Intubated
(n = 53)

Non-Intubated
(n = 18) p-Value

Birth weight (g), median (IQR) 3265
(2845–3840)

3070
(2722.5–3545) 0.09

Male gender, n (%) 30 (56.6%) 4 (22.2%) <0.01

Gestational age in weeks, median (IQR) 39+6

(37+5–40+4)
38+6

(37+1–39+6)
0.12

APGAR score
5 min, median (min, max) 4 (0–10) 5 (2–9) 0.03

10 min, median (min, max) 6 (0–10) 7 (4–10) <0.01
First pH, median (IQR) 6.81 (6.68–6.93) 6.93 (6.85–6.98) <0.01

First base excess (mmol/L), median (IQR) 22.15 (16.6–27) 18 (14.2–22) <0.01
First lactate level (mmol/L), median (IQR) 12.7 (8.7–17) 10.95 (8.52–13.08) 0.11

HIE grade before cooling
(n = mild, n = moderate, n = severe) 7, 22, 21 11, 5, 0 <0.01

Inborn, n (%) 29 (54.7%) 14 (77.8%) 0.03
Resuscitation at birth, n (%) 33 (62.3%) 2 (11.1%) <0.01
Short-term adverse outcome 17 (32.1%) 1 (5.6%) <0.01

Death, n (%) 9 (17.0%) 0 (0%) <0.01

Initial temperature (°C) before start of TH, median (IQR) 35.5 (34.2–36.9) 36.1 (35.8–36.4) 0.01
Time (minutes) until start ofTH, median (IQR) 37.5 (10–73.7) 30 (10–105) 0.50

Time (minutes) to target temperature, median (IQR) 120 (60–170) 120 (60–127.5) 0.37
EEG time (minutes) to normal trace, median (IQR) 13 (1–57) 1 (1–4.5) <0.01

Lowest blood glucose levels (mg/dL)
first 6 HOL, median (IQR) 81 (60–127) 68 (62.75–77.5) 0.04
first 72 HOL, median (IQR) 63 (48–77.5) 60 (48.5–68.5) 0.08

Morphine
duration (hours), median (IQR) 72 (65–92) 72 (64–76) 0.09

cumulative dose (µg/kg/d), median (IQR) 0.6 (0.3–1.15) 0.25 (0.18–0.42) <0.01
Inotropic support, n (%) 33 (62.3%) 4 (22.2%) <0.01

Oxygen supplementation
duration (minutes), median (IQR) 24 (8–102) 25 (0–3.25) <0.01

highest FiO2(%) × 100
first 6 HOL, median (IQR) 80 (40–100) 21 (21–58) 0.01
first 72 HOL, median (IQR) 80 (48–100) 21 (21–58) <0.01

Area under the curve (AUC) FiO2(%) × 100 over 78 h
maximum FiO2, median (IQR) 23.6 (21.3–29.6) 21 (21–21.5) <0.01

mean FiO2, median (IQR) 21.6 (21–24) 21 (21–21) 0.06
AUC pCO2 over 78 h

maximum pCO2, median (IQR) 42.6 (38.8–45.5) 45.7 (41.4–50.6) 0.03
minimum pCO2, median (IQR) 46.7 (44.1–53.5) 47.5 (41.7–54.9) 0.29

∆pCO2 in mmHg
first 6 HOL, median (IQR) 44.0 (15–74.3) 37.4 (27.7–58.75) 0.14
first 72 HOL, median (IQR) 55.1 (30.3–79.4) 43.7 (31.8–57.8) 0.03

We further analyzed the intubated group (n = 53) separately. We found that among
cooled newborns who needed mechanical ventilation, the short-term outcomes were good
in 36 (67.9%) vs. 17 (32.1%) with adverse outcomes. In intubated cooled newborns, the
baseline characteristics (gender, gestational age, birth weight, birth place, first base excess
and lactate levels, need for resuscitation at birth, meconium aspiration, initial temperature
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measured, as well as time to start TH and time to target temperature, lowest blood glucose
levels at 6 and 72 HOL, cumulative dose of morphine, need for inotropes, duration of
inspired oxygen and AUC mean and maximum FiO2 values) were not significantly differ-
ent between the groups with normal vs. adverse outcomes (Table 2). Intubated newborns
with good short-term outcomes had significantly higher APGAR scores at the 5th and 10th
minute and higher cord or arterial pH values (p < 0.05). The severity of hypoxic–ischemic
encephalopathy was significantly lower in the intubated newborns with good short-term
outcomes (p < 0.001). Seizures and longer time (minutes) to normal trace of the amplitude-
integrated EEG (73 (2–300) vs. 12 (1–23)) were significantly different in newborns with
adverse short-term outcomes (p < 0.05). Intubated newborns with adverse outcomes re-
ceived higher maximum FiO2 during the first 6 (p = 0.01) and 72 (p = 0.05) HOL.

Table 2. Descriptive data of the intubated cooled asphyxiated neonates according to short-term
outcome. Data are presented as median and IQR.

Clinical Characteristics Good Short-Term
Outcomes (n = 36)

Adverse Short-Term
Outcomes * (n = 17) p-Value

Birth weight (g), median (IQR) 3212.5 (2827.5–3855) 3300 (2775–3827.5) 0.40
Male gender, n (%) 22 (61.1%) 8 (47.1%) 0.18

Gestational age (weeks), median (IQR) 38+6 (37 + 1–40 + 4) 40+2 (38 + 5–40 + 6) 0.07
APGAR score

5 min, median (min, max) 5 (0–10) 2 (0–6) <0.01
10 min, median (min, max 7 (1–10) 4 (0–7) <0.01

First pH, median (IQR) 6.85 (6.78–6.95) 6.8 (6.6–6.92) 0.03
First base excess (mmol/L), median (IQR) 21.8 (16.6–25.1) 23 (16.35–29.6) 0.27
First lactate level (mmol/L), median (IQR) 12.2 (7.65–17) 13.5 (11.2–19) 0.11

HIE grade before cooling
(n = mild, n = moderate, n = severe) 7, 18, 9 0, 4, 12 <0.01

Inborn, n (%) 18 (50.0%) 11 (64.7%) 0.16
Resuscitation at birth, n (%) 20 (55.6%) 13 (76.5%) 0.08

Meconium aspiration, n (%) 8 (22.2%) 8 (47.1%) 0.15
Seizures, n (%) 15 (41.7%) 14 (82.4) <0.01

Initial temperature (°C) before Start TH, median (IQR) 35.65 (34.1–37) 35.15 (34.3–36.5) 0.46
Time (minutes) until Start TH, median (IQR) 45 (10–77.5) 20 (10–71.3) 0.14

Time (minutes) to target temperature, median (IQR) 105 (52.5–150) 135 (60–183.5) 0.24
EEG time (minutes) to normal trace, median (IQR) 12 (1–23) 73 (2–300) <0.01

Minimum blood glucose levels (mg/dL)
first 6 HOL median (IQR) 77 (50–113) 86 (72–155) 0.25

first 72 HOL, median (IQR) 60 (45–79) 66 (50.3–74.8) 0.18
Morphine

duration (hours), median (IQR) 79.5 (72–96) 67 (35–72) <0.01
Cumulative dose (µg/kg/d), median (IQR) 0.61 (0.34–1.47) 0.42 (0.25–0.8) 0.43

Inotropic support, n (%) 22 (61.1%) 11 (64.7%) 0.39

Oxygen supplementation
duration (minutes), median (IQR) 31.5 (3.75–106.5) 24 (11–88) 0.26

highest FiO2(%) × 100
first 6 HOL, median (IQR) 60 (30–100) 80 (30–100) 0.01
first 72 HOL, median (IQR) 95 (68–100) 90 (67–100) 0.05

Area under the curve (AUC) FiO2(%) × 100 over 78 h
maximum FiO2, median (IQR) 22.6 (21.2–28.3) 26.2 (23.6–37.2) 0.46

mean FiO2, median (IQR) 21.8 (21–23.9) 24.3 (21.6–32.8) 0.37
AUC pCO2 (mmHg) over 78 h
maximum pCO2, median (IQR) 46.1 (43.6–50) 50 (45.5–55.9) 0.049
minimum pCO2, median (IQR) 42.6 (39.6–45.5) 42.4 (37.1–46.0) 0.20

∆pCO2 in mmHg
first 6 HOL, median (IQR) 25.9 (14.4–63.9) 70.2 (40.9–101.3) <0.01

first 72 HOL, median (IQR) 41.0 (29.2–76.8) 66.3 (55.1–98.7) 0.01
* Adverse short-term outcomes defined as death (n = 9) or severe brain damage using magnetic resonance imaging
(MRI, n = 7) or pathological amplitude-integrated EEG (aEEG) traces (n = 1) when MRI-data not available.

Evaluating significant differences of pCO2 levels and short-term outcomes among all
neonates included in the study, we found that the mean (±SD) minimum pCO2 levels were
lower within the first 6 and 72 HOL among newborns with adverse short-term outcomes
(34.6 ± 12.6 vs. 31 ± 11.4 mmHg and 30.6 ± 9.3 vs. 26.4 ± 8.5 mmHg, p = 0.15 and p = 0.05,
respectively) (Figure 1a). Interestingly, mean (±SD) maximum pCO2 within the first 6 and
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72 HOL (92.7 ± 36 vs. 69.7 ± 27.9 mmHg and 97.1 ± 30.1 vs. 78.1 ± 22.8 mmHg) was
significantly higher (p = 0.02 and p = 0.03, respectively) in the adverse short-term outcome
group (Figure 1a). In addition, higher median ∆pCO2 (IQR), over the first 6 and 72 HOL
was significantly associated with adverse short-term outcomes (31 (13.9–60.1) vs. 66.3
(39.9–98.7) mmHg and 41.0 (29.8–70.8) vs. 62.8 (44–97.6) mmHg), p < 0.01, respectively).
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Figure 1. Box and whiskers plot representations. Minimum and maximum pCO2 over the first 6 and 72 h of life (HOL):
(a) in association with adverse outcomes among all included cooled asphyxiated neonates, (b) in association with ventilation
status, and (c) in association with adverse outcomes in the group of intubated newborns. * p < 0.05.

Mean (±SD) minimum pCO2 was significantly lower in intubated newborns during
the first 6 and 72 HOL vs. spontaneously breathing neonates (32.3 ± 13.4 vs. 37.4 ± 8.3 mmHg
and 28.1 ± 9.4 vs. 33.4 ± 7.9 mmHg, p = 0.03 and p = 0.01, respectively, Figure 1b). This
also holds true when analyzing mean minimum pCO2 every 6 h especially for the first
24 HOL (Figure 2a). Thirty (n = 30) intubated newborns had a pCO2 level under 30 mmHg
at least once over the first 72 h with the lowest level being 8.4 mmHg in comparison to the
non-ventilated newborns, where only five (n = 5) had a pCO2 under 30 mmHg with the
lowest level being 19.4 mmHg. Intubated newborns with pCO2 <30 mmHg were more
likely to have adverse short-term outcomes compared to the rest of cohort (p = 0.037), while
all the spontaneously breathing newborns with pCO2 <30 mmHg had good short-term
outcomes. Additionally, median AUC minimum pCO2 was significantly lower (p = 0.03) in
mechanically ventilated newborns vs. spontaneously breathing newborns (42.6 (38.8–45.5)
vs. 45.7 (41.4–50.6) mmHg).
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Figure 2. Significant differences between lowest and highest partial pressure of carbon dioxide (minimum and maximum
pCO2) correlated with outcome and ventilation status. Temporal course of minimum (a) and maximum pCO2 (b) over
the first 78 h after initiation of TH, examined every 6 h, in association with ventilation status and course of minimum
(c) and maximum pCO2 (d) over the first 78 h after initiation of therapeutic hypothermia (TH) compared to outcomes in the
subgroup of intubated newborns. Values are represented as mean ± standard deviation (SD), * p < 0.05.

The maximum pCO2 and AUC maximum pCO2 during the 72 h of TH were not
significantly different within the two groups, except for the first 6 h of the rewarming
phase, where the mean (±SD) maximum pCO2 levels were higher in the mechanically
ventilated newborns (50.8 ± 9.4 vs. 41.7 ± 4.7 mmHg, p < 0.01, Figure 2b). Twenty-
seven (n = 27) intubated cooled asphyxiated newborns had maximum pCO2 levels over
70 mmHg with the maximum pCO2 level being 140 mmHg during the first 72 HOL
while only fourteen (n = 14) of the non-ventilated newborns had maximum pCO2 levels
above 70 mmHg, with the highest level being 110 mmHg. Mechanical ventilation was
significantly related to higher ∆pCO2 levels over the first 72 HOL (55.1 (30.3–79.4) vs. 43.7
(31.8–57.8), p = 0.03, Table 1). During the whole period of TH (including the 6 h of the
rewarming phase) newborns who were intubated received significantly higher oxygen
supplementation (measured as mean and maximum FiO2, p < 0.05) as seen in Figure 3a,b.
Higher FiO2 within the first 6 and 72 HOL was also significantly different in the newborns
with adverse short-term outcomes (p < 0.05, Figure 3e).

Comparing the short-term outcomes among ventilated newborns we found no signif-
icant association between mean (±SD) minimum pCO2 levels in the first 6 and 72 HOL
and adverse outcomes (33.1 ± 14.3 vs. 30.5 ± 11.6 and 29.1 ± 9.8 vs. 25.6 ± 8.1 mmHg,
p = 0.25 and p = 0.10 respectively, Figure 1c). However, lower levels were observed over the
first 36 HOL and adverse outcomes were significantly higher in the newborns with lower
mean (±SD) minimum pCO2 levels during the hours 6–12 (32.4 ± 9.8 vs. 40.2 ± 7.2 mmHg,
p < 0.01) and 24–30 (36.2 ± 9.4 vs. 44.7 ± 17.2 mmHg) after initiating TH (Figure 2c). In
this subgroup, we also found a significant difference of higher mean (±SD) maximum
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pCO2 levels during the first 6 (93.6 ± 37.1 vs. 66.8 ± 31.4 mmHg, p < 0.01) and 72 HOL
(98.3 ± 30.8 vs. 78.1 ± 25.9 mmHg, p < 0.01) and adverse short-term outcomes (Figure 1c).
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Figure 3. Significant differences of average and highest FiO2 (mean and maximum FiO2) with outcome and ventilation
status. Maximum FiO2 over the first 6 and 72 HOL was directly associated with adverse outcomes in the whole study group
(e), p < 0.05. Mechanically ventilated neonates had significantly higher needs of inspired oxygen, mean (a) and maximum
(b) FiO2, during the whole period of TH, p < 0.05. Mean (c) and maximum (d) FiO2 were in total not significantly associated
with adverse outcomes in the group of intubated newborns after the initiation of TH. Values are represented as mean (±SD),
* p < 0.05.

The result was strengthened from significantly higher median (IQR) AUC maximum
pCO2 levels among intubated newborns with adverse short-term outcomes [50 (45.5–55.9)
vs. 46.1 (43.6–50) mmHg, p < 0.05]. Higher mean (±SD) maximum pCO2 levels were
significantly different in newborns with adverse outcomes only within the first 6 h after
initiation of TH (70.2 ± 31.9 mmHg vs. 52.1 ± 23.1 mmHg, p < 0.05, Figure 2d). Comparing
∆pCO2 levels over the first 6 and 72 HOL we found significantly larger differences in the
group of the mechanical ventilated asphyxiated newborns with unfavorable short-term
outcomes (Table 2).

Oxygen supplementation among intubated newborns was not significantly different
except for higher FiO2 levels in the first 6 HOL (p = 0.01, Table 2) and in the first 6 h after
initiation of TH (p = 0.04, Figure 3c,d) in newborns with adverse short-term outcome.
However, we found that for mechanically ventilated newborns with FiO2 above 0.60 in the
first 6 (n = 30) and 72 (n = 33) HOL adverse short-term outcomes were significantly more
likely when compared to neonates with lower oxygen supply (p < 0.05).

Regression analysis did not show any significant differences between the good or
adverse outcome groups in the ventilated cooled newborns.
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4. Discussion

The current study was performed to compare ventilated and non-ventilated cooled as-
phyxiated newborns in two large NICUs in Germany. We found that there was a significant
difference between cooled asphyxiated infants who needed mechanical ventilation after
birth and adverse short-term outcomes, in comparison with infants who were not intubated.
The need for mechanical ventilation was significantly higher in newborns with more severe
asphyxia. In ventilated newborns, level of encephalopathy, lower pCO2 levels within the
first 24 h after birth and increased oxygen supplementation during the cooling period
were significantly higher in the adverse short-term outcome group. In addition, higher
maximum pCO2 levels and consequently higher ∆pCO2 levels were found in ventilated
newborns with adverse short-term outcome.

Nadeem et al. showed in a small retrospective cohort study of cooled asphyxiated
newborns that there was no association between pCO2 values and adverse outcome,
although only 6 out of 52 infants maintained normocapnia in the first 72 h of life. As in
our study severe hypocapnia (pCO2 < 20 mmHg) was documented only in ventilated
infants [16]. We previously analyzed data from a cooling cohort in the UK, and also did
not find an association between hypocapnia (defined as pCO2 < 30 mmHg) and adverse
outcomes in a retrospective study of 61 cooled asphyxiated newborns [34]. In the current
study, comparing pCO2 levels during the cooling period, we found that intubated newborns
had significantly lower values of mean minimum pCO2 during the first 6 and 72 h after
birth in comparison to spontaneously breathing infants (Figure 1b). The mean minimum
pCO2 values were significantly lower in the intubated group, particularly in the first
12 HOL and at the end of the first day after initiation of TH (Figure 2a). Intubated newborns
with adverse short-term outcomes had lower levels of mean minimum pCO2 over the first
36 HOL and especially during the hours 6–12 and 24–30 after initiation of TH. Additionally,
intubated newborns with pCO2 levels under 30 mmHg had in general significantly more
likely adverse short-term outcomes when compared to the rest of the cohort.

As mentioned in the introduction, the acute insult of PA with reduced CBF is followed
by a reperfusion phase with restoration of cerebral circulation and (partial) recovery of
the neuronal damage [3,4]. The latent phase is characterized by decreased metabolic rate
and reduced CBF with increased tissue oxygenation [6], while the secondary deterioration
correlates with an increase in CBF and metabolic demands due to the onset of seizures [5].
These frequent changes in the cerebral circulation highlight the importance of maintaining
normocapnia, since CBF of the newborn is very sensitive to variations in pCO2 levels with a
close to exponential relationship. A reduction in pCO2 of 1 kPa causes a reaction of 25–30%
in CBF [35] and reduced CBF leads to cerebral cell death due to reduced cerebral oxygen
supply [21]. In our study higher ∆pCO2 was associated with adverse short-term outcomes
and was more frequently noticed among newborns who were mechanically ventilated.

To date, there are several reports showing an association of lower levels of pCO2
and adverse outcomes, mainly observed within the first HOL [15–19]. Klinger et al. first
described the association between unfavorable outcomes and severe hypocapnia and/or
severe hyperoxemia in the first 20 to 120 min after birth in non-cooled asphyxiated
newborns [17]. Pappas et al. reported also that minimum pCO2 and cumulative pCO2
<35 mmHg over the first 12 h of life were significantly associated with unfavorable neurode-
velopmental outcomes and higher risk of death, although in the subgroup of the infants
treated with TH no significant association was documented [18]. The more recent study of
Laporte et al., who evaluated pCO2 levels over a longer period (0–96 h of life), reported a
significant association of brain injury in MRI in term cooled asphyxiated newborns with
lower minimum pCO2 during the first 4 days of life and lower minimum pCO2 averaged
over days 1–4 of life. As also shown in our current study, there was also a significant
association of brain impairment with intubation and mechanical ventilation [15].

Our study and the study of Laporte et al. highlight the potential association of mechan-
ical ventilation with adverse outcomes and lower pCO2 levels, suggesting close monitoring
of ventilatory parameters and pCO2 changes during TH. The tendency to lower pCO2
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levels is also enhanced by the impaired metabolism of the injured brain following perinatal
asphyxia and also by the reduction of the metabolic rate with reduced carbon dioxide
production in the brain due to TH [10]. Additionally, TH seems to be beneficial for lung
mechanics, leading to increased tidal volume and minute ventilation [36,37], parameters
that could lead to unintentional mechanical hyperventilation and consecutive hypocapnia.
Hyperventilation is furthermore exacerbated by a strong respiratory drive to compensate
for metabolic acidosis after asphyxia [38]. Although the spontaneously breathing newborns
seem to compensate for lower pCO2 levels as an effect of the high respiratory drive, we
believe that mechanically supported hypocapnia has a risk of leading to adverse out-
come. Thus, it is essential to monitor ventilatory settings carefully and maintain normal
levels of pCO2 during TH.

In our study, we found a significant difference of maximum pCO2 levels during the
first 6 and 72 HOL and adverse short-term outcomes among all newborns included in
our study and in the subgroup of intubated infants. This could be partially explained by
the increase of metabolic demands associated with the greater seizure burden during the
secondary deterioration 3–16 days after PA [5]. Until now there have been controversial
reports about the effects of hypercapnia on the hypoxic–ischemic brain. Vannucci et al.
were the first to report in two experimental studies that mild hypercapnia in immature
rats with cerebral hypoxia–ischemia could protect from brain damage [39,40]. However,
in the following years they showed that extreme hypercapnia could have an aggravating
effect on hypoxic–ischemic brain damage [41]. In the already mentioned studies, which
examined the levels of pCO2 in cooled asphyxiated newborns, only three studies compared
the maximum levels of pCO2 in association with adverse outcomes without statistically
significant results. Our study is the first to describe this correlation.

The deleterious effects of oxygen in asphyxiated term and preterm infants are also
well-established. We and others have previously shown that an FiO2 above 0.40 within
the first 6 HOL and severe hyperoxia (paO2 > 200 mmHg) during the first 20–120 min of
life were associated with adverse outcomes in cooled asphyxiated newborns [17,34]. In
the current study we show that during the whole period of cooling treatment, newborns,
who had higher and longer needs of O2 supplementation, had significant worse short-
term outcomes (Table 1 and Figure 3e). There were also significantly higher maximum
levels of FiO2 in the newborns that needed mechanical ventilation (Figure 3a). In the
subgroup of intubated newborns, the ones with higher maximum FiO2 over the first 6 and
72 HOL (Table 2) and especially during the first 6 h after initiation of TH (Figure 3c,d) had
significantly more likely adverse short-term outcomes.

The observation mentioned above can probably be explained by the fact that the acute
hypoxic–ischemic event, as well as the reperfusion/reoxygenation phase, are characterized
by increased oxidative stress initiated through production of free radicals, leading to
delayed cell death and neuronal loss [42–44]. Especially during reperfusion, the production
of reactive oxygen species is proportional to oxygen concentration [43]. An additional
exposure to hyperoxia, for example due to excessive oxygen delivery in the delivery room as
seen in our cohort, might impair the functional recovery of the already compromised brain
and lead to increased brain tissue damage due to induction of a cerebral proinflammatory
response [23,45]. This is supported by Munkeby et al. who showed an increased brain
damage in hypoxemic piglets after resuscitation with 100% oxygen in comparison with
ambient air due to increased expression of matrix metalloproteinase (MMP) and production
of extracellular glycerol [46]. Saugstad et al. showed later in a metanalysis a significant
31% reduction of neonatal mortality among term newborns resuscitated with room air
rather than 100% O2. Interestingly, there was also a trend of reduction of the grade of HIE
severity in newborns who received only room air during resuscitation [47]. In addition to
these results, Dalen et al. highlighted that resuscitation with 100% oxygen counteracts the
neuroprotective effect of TH in neonatal rats [48]. Although most of the studies compared
delivery of 100% oxygen versus room air and not milder differences, as observed in
our study, the findings assume that supply of oxygen, especially during the vulnerable
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phase of reperfusion/reoxygenation, should be used restrictively and should be carefully
monitored during resuscitation and the first hours and days of life after PA. Since increased
O2 supplementation is more likely to occur during mechanical ventilation, the routine
application of the latter is once again critically questioned.

There are several limitations of this study. Blood-gas samples were a combination of
arterial, capillary, and venous samples, since not every infant had an arterial line. This could
probably underestimate the true degree of hypocapnia. Since our study was retrospective,
we could not collect all desired data, such as partial pressure of oxygen and arterial
oxygen saturation, mode of ventilation, ventilation frequencies and pressures, and definite
cause or indications for intubation and extubation. These limitations could probably guide
further prospective studies regarding respiratory support during therapeutic hypothermia.
Additionally, blood gases were collected as clinically indicated and not at predefined
times, so fluctuations of pCO2 between the samples could have been missed. The need for
continuous pCO2 monitoring, as, for example, with transcutaneous CO2 or end-tidal CO2
monitoring, to better detect such fluctuations was highlighted by recent studies [15,49].
Technical difficulties and lack of systemic evaluation of these non-invasive techniques in
cooled asphyxiated newborns remain unfortunately unsolved until now. Another limitation
of this study is that we assessed the association of pCO2 and FiO2 levels with short-term
outcomes and not with a standardized long-term outcome, such as the Bailey-Scales of
infant development. The Barkovich MRI scoring is, however, an adequate scoring system,
beside many others, which correlates well also with long-term outcomes until around
2 years of age [28]. Nevertheless, standardized long-term outcome assessments should
be mandatory in all cooled asphyxiated newborns, as short-term assessments can never
replace long-term neurodevelopmental outcome. Finally, our findings of low pCO2 levels
in intubated newborns with adverse short-term outcomes might also have been supported
by the increased severity of acidosis and encephalopathy in this group. Whether the
physiological tendency of hyperventilation following severe acidosis does impair brain
injury in cooled asphyxiated newborns, or should be tolerated is not known. However, we
believe that if newborns are ventilated, ventilatory settings should be carefully adjusted and
hyperventilation should be avoided. Our study had a small sample size, which limits the
statistical power to analyze subgroups. Unfortunately, the German Neonatal Hypothermia
Registry does not register data regarding ventilatory status and blood-gas parameters in
cooled asphyxiated newborns. Furthermore, we found in our online survey on routine
clinical practices of cooled asphyxiated newborns in Germany, that there is also wide
heterogeneity in treatment practices in German NICUs [50]. Therefore, we aimed to analyze
data of two large university NICUs (both highest level of care) in Germany with similar
treatment protocols of perinatal asphyxia and hypoxic–ischemic encephalopathy.

5. Conclusions

Lower pCO2 levels and increased oxygen supply, which are well-known to be associ-
ated with adverse outcomes, were documented more frequently in intubated newborns
in comparison to newborns without need of mechanical ventilation. Interestingly, me-
chanically ventilated newborns with lower pCO2 values had worse short-term outcomes
compared to spontaneously breathing newborns with lower pCO2 values. Furthermore,
higher ∆pCO2 levels, which were observed more frequently in intubated newborns, were
significantly higher in newborns with adverse short-term outcomes. Comparing outcomes
among intubated newborns, there were no significant associations of pCO2 and FiO2 val-
ues with adverse short-term outcomes. However, we have shown that the combination of
mechanical ventilation and pCO2 < 30 mmHg or FiO2 > 0.60 are significantly higher in
newborns with adverse short-term outcomes, which may be also due to higher levels of
encephalopathy in this group.

Mechanical ventilation in cooled asphyxiated newborns needs close monitoring to
avoid hyperventilation and high ∆pCO2 levels. Additionally, oxygen supplementation
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should be restricted as much as possible to prevent additional oxidative stress in this
sensitive group of newborns.
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Abstract: Approximately 0.1% for term and 10–15% of preterm infants receive chest compression (CC)
in the delivery room, with high incidence of mortality and neurologic impairment. The poor prognosis
associated with receiving CC in the delivery room has raised concerns as to whether specifically-
tailored cardiopulmonary resuscitation methods are needed. The current neonatal resuscitation
guidelines recommend a 3:1 compression:ventilation ratio; however, the most effective approach
to deliver chest compression is unknown. We recently demonstrated that providing continuous
chest compression superimposed with a high distending pressure or sustained inflation significantly
reduced time to return of spontaneous circulation and mortality while improving respiratory and
cardiovascular parameters in asphyxiated piglet and newborn infants. This review summarizes the
current available evidence of continuous chest compression superimposed with a sustained inflation.

Keywords: newborn; neonatal resuscitation; chest compressions; sustained inflation

1. Introduction

Approximately 0.1% of term infants and 10–15% of preterm infants receive chest
compressions (CC) in the delivery room (DR) [1–5]. Infants who receive CC have a high
incidence of mortality and neurodevelopmental impairment [1–5]. Furthermore, newborns
who received prolonged CC and epinephrine without signs of life at 10 min after birth
have 83% mortality, with 93% of survivors suffering moderate-to-severe neurological
disability [6,7]. The poor prognosis associated with receiving CC in the DR has raised
concerns as to whether specifically-tailored cardiopulmonary resuscitation (CPR) methods
could improve outcomes.

In newborn infants, bradycardia or cardiac arrest is mainly caused by hypoxia rather
than a primary cardiac disease [8,9]. Therefore, the neonatal resuscitation guidelines put
an emphasis on ventilation and adequate oxygen delivery. Current neonatal resuscitation
guidelines recommend initiating CC if an infant’s heart rate remains < 60 beats/min,
despite adequate ventilation for at least 30 s [8,9]. CC should be delivered at a rate of
90/min in sequences of three CC followed by a pause to deliver 1 inflation at a rate of
30/min, which corresponds to a 3:1 compression:ventilation (C:V) ratio [8,9]. The 3:1 C:V
ratio is recommended, as respiratory failure is the primary cause of bradycardia or asystole
in newborn infants [8,9]. A 3:1 C:V ratio has a higher rate of inflations compared to the
pediatric or adult C:V ratios, which will result in a higher oxygen delivery, hence improved
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ventilation [8,9]. While the current neonatal resuscitation guidelines recommend a 3:1 C:V
ratio, the most effective C:V ratio in newborn infants remains controversial.

Several studies have compared various C:V ratios or continuous chest compression
with asynchronized ventilation [10–14], however none of the studies reported any improved
outcomes compared to the 3:1 C:V ratio. More recently, our group used a higher airway
pressure or sustained inflation during continuous chest compression (CC + SI), which
significantly improved time to return of spontaneous circulation (ROSC) and survival [15].
While the current available data is mostly limited to animal data, some human data are
available. The aim of the review is to provide an in-depth analysis of CC + SI during
neonatal CPR.

2. 3:1 Compression-to-Ventilation Ratio: Rationale and Evidence

Current resuscitation guidelines in newborns recommend a 3:1 C:V ratio [8,9], however
this approach may not be optimizing coronary and cerebral perfusion while providing
adequate ventilation to improve outcomes. Animal studies on cardiac arrest demonstrated
that combining CC with ventilations, compared with ventilations or CC alone, improves
ROSC and neurological outcome at 24 h in asphyxiated newborn piglets [16–18].

Solevåg et al. compared 9:3 C:V and 15:2 C:V to 3:1 C:V in asphyxiated newborn piglets
with cardiac arrest and reported no significant differences in the time to ROSC [10,11].
These studies suggest that just using a higher C:V ratio does not improve outcome in
asphyxiated newborn piglets. Alternatively, continuous CC with asynchronous ventilations
(CCaV), where 90 CC are given continuously with 30 non-synchronized inflations, would
potentially improve hemodynamics during CC as there are no interruptions. Indeed, a
manikin study reported a significantly higher minute ventilation with CCaV compared
to 3:1 C:V ratio (221 vs. 191 mL/kg/min, respectively) [19]. During CPR in asphyxiated
newborn piglets, CCaV or 3:1 C:V had similar minute ventilation (387 vs. 275 mL/kg)
and similar time to ROSC (114 and 143 s for CCaV and 3:1 C:V, respectively) and survival
(3/8 and 6/8, respectively) between the two groups [12,13]. Furthermore, no differences in
diastolic blood pressure or mean arterial blood pressure between CCaV and 3:1 C:V were
observed [12,13]. These studies suggest that CCaV has no advantage compared to 3:1 C:V.

3. Chest Compression with Sustained Inflations (CC + SI)

Schmölzer et al. compared continuous CC superimposed with a high distending
pressure (or sustained inflation = CC + SI) with 3:1 CV during CPR of asphyxiated newborn
piglets and reported (i) significantly reduced time to ROSC (median (Interquartile range
(IQR)) 38 (23–44) vs. 143 (84–303) s, respectively, (p = 0.0008), mortality (7/8 (87.5%) vs.
3/8 (37.5%), respectively, p = 0.038), epinephrine administration (0/8 vs. 7/8, respectively,
p < 0.0001), and improved systemic and regional hemodynamic recovery; (ii) less infants
received 100% oxygen (3/8 vs. 8/8, respectively, (p = 0.0042); (iii) minute ventilation (mean
(SD) 936 (201) vs. 623 (116) mL/kg/min, respectively, p = 0.0080), and therefore alveolar
oxygen delivery, was significantly increased with CC + SI; iv) compression of the chest
during SI forced gas out of the chest and during passive chest recoil allowed air to be
drawn back into the lungs [15].

During CC + SI, CCs are delivered continuously and superimposed by a constant high
airway pressure or sustained inflation (SI). During CC + SI, a constant high airway pressure
or SI is given for a set time (e.g., 30 s) with a set peak inflation pressure (e.g., 25 cm H2O)
while CCs are continuously delivered [20–24]. During compression and release phase, the
distending pressure is fluctuating by ~1 cm H2O. After the set time (i.e., 30 s), the SI is
paused for 1 s while CCs are continued. The SI is then resumed for the same time frame
(i.e., 30 s). Both CC and SI combined as CC + SI are continued until ROSC. While in all
studies a 1 s pause between each SI was used, the optimal duration for the pause between
each SI (e.g., 0.5, 1, 2 s) has never been examined.
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Mechanism of CC + SI

Antegrade blood flow during CPR can be achieved by either direct cardiac com-
pression between the sternum and vertebral column or increased intrathoracic pressure
produced by CC [25]. Indeed, maneuvers that increase the intrathoracic pressure result in
increased carotid blood flow during CPR, further augmenting antegrade blood flow [26,27].
Chandra et al. combined ventilation at high airway pressure while simultaneously per-
forming CC in an animal model and demonstrated increased carotid flow, without com-
promising oxygenation [26,27]. Furthermore, providing continuous CC and lung inflation
simultaneously substantially improved brain perfusion by enhancing cerebral perfusion
pressure in a piglet model [28,29]. In addition, animal studies have demonstrated that
an SI also increases intrathoracic pressure without impeding blood flow [30]. These data
suggest that CC + SI might provide two maneuvers, which increase intrathoracic pressure
and thereby improve blood flow.

4. Chest Compression Rate

The newborn infant normal respiratory rate and resting heart rate are 40–60 breaths/min
and 120–160/min, respectively. In comparison, the current neonatal resuscitation guide-
lines recommend CC with 90 compressions and 30 inflations per minute [8,9], which is
lower than the normal physiological parameters.

Schmölzer et al. compared CC + SI with a CC rate of 120/min with 3:1 C:V with a CC
rate of 90/min in a newborn asphyxiated piglets experiment, and reported shorter time
to ROSC (38 (23–44) vs. 143 (84–303) s; (p = 0.0008)) and survival to 4 h with 7/8 vs. 3/8,
respectively [15]. Similarly, Vali et al. reported that CC + SI with CC rate of 120/min was as
effective as CC with 90/min with a 3:1 C:V ratio in achieving ROSC [31]. Li et al. compared
CC rates of 90/min and 120/min during CC + SI and reported a reduced time to ROSC (34
(28–156) vs. 99 (31–255) s p = 0.29), respectively [32]. Those studies suggest the 90/min CC
rates in the CC + SI might be sufficient to deliver an adequate tidal volume and minute
ventilation without impairing gas exchange. However, a mathematical model suggests that
the most effective CC rate depends on body size and body weight, and CC rates of 180/min
for term infants and even higher for preterm infants might improve survival [33]. The
mathematical model calculated that the optimal systemic perfusion pressure occurs at CC
rates of 180 and 250/min for infants weighing 3 and 1 kg, respectively [33]. In infants and
newborns, there are fundamental physical and mathematical reasons including (i) effects of
the mass of venous blood columns entering the chest pump, (ii) length, and (iii) area scale
with body size [33]. However, these higher CC rates might be impossible during manual
CPR as healthcare professionals will get fatigued more quickly, which conversely affects
CC quality [34–36]. Using an automated CC machine might be the solution to achieving
these high CC rates. While automated CC machines are routinely used in adults, no such
device is currently available for newborn infants.

5. Peak Inflation Pressures

The optimal peak inflation pressure during CC + SI for adequate tidal volume delivery
is unknown. While the current neonatal resuscitation guidelines recommend an initial
distending pressure of 20–25 cm H2O during positive pressure ventilation [8,9], the optimal
peak inflation pressure remains unknown. During mask ventilation, a certain threshold
peak inflation pressure is needed to move the liquid air interface downwards towards
the alveoli [37,38]. Similarly, during CC + SI, a threshold sustained pressure is needed
to deliver an adequate tidal volume. Solevåg et al. used manikins and cadaver piglets
to establish the distending pressure required to achieve sufficient tidal volume delivery
during CC + SI [39]. A distending pressure of 25 cm H2O was required to achieve a tidal
volume delivery of > 5 mL/kg [39]. Tidal volume increased with increasing distending
pressure in all models, with an overall positive correlation (r = 0.49, p < 0.001) [39]. Shim
et al. compared a peak inflation pressure of 10, 20, and 30 cm H2O during CC + SI in
asphyxiated newborn piglets and reported no difference in median (IQR) time to ROSC,
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with 75 (63–193), 94 (78–210), and 85 (70–90) s, respectively (p = 0.56) [22]. In addition,
tidal volume was positively correlated with increasing pressure with a mean (SD) 7.3 (3.3),
10.3 (3.1), and 14.0 (3.3) mL/kg;(p = 0.0018) with 10, 20, and 30 cm H2O, respectively [22].
The higher tidal volume with a peak inflation pressure of 30 cm H2O also showed increased
concentrations of proinflammatory cytokines interleukin-1β and tumor necrosis factor-α
in the frontoparietal cerebral cortex (both p < 0.05 vs. sham-operated controls). These
data suggest that pressures of 20–25 cm H2O might be sufficient to deliver an adequate
tidal volume during CC + SI, and that higher pressures could lead to increases in lung
inflammation markers.

6. Passive Ventilation

Tsui et al. applied a downward force of 0.16 kg per kg patient weight on the chest of in-
fants undergoing surgery during general anesthesia and was able to deliver a tidal volume
of 2.4 mL/kg or ~33% of an infant’s physiological tidal volume [40]. This study suggests
that chest recoil produces a distending pressure-dependent tidal volume, which achieves
passive ventilation during CCs. In asphyxiated term piglets, the delivered tidal volume
was 10–15 mL/kg with a constant distending pressure of 25–30 cm H2O, and in preterm
infants < 32 weeks’ gestation, the tidal volume ranged between 0.6 to 4.4 mL/kg with a
constant distending pressure of 24 cm H2O [15,41]. These data demonstrate that passive
ventilation is achieved when providing a constant high distending pressure during CC.

7. Tidal Volume

Providing adequate ventilation is a cornerstone of neonatal CPR. The main purpose
of lung inflations during CCs is to provide an adequate tidal volume to facilitate oxygen
delivery and gas exchange. However, during CPR with 3:1 C:V, Li et al. reported a cu-
mulative loss of expiratory tidal volume of 4.5 mL/kg with each 3:1 C:V cycle [42], which
could cause lung derecruitment and thereby interfere with oxygenation and ROSC. In
comparison, during CC + SI, a constant lung recruitment and thereby gain in functional
residual capacity was observed with a tidal volume gain of 2.4 mL/kg per CC + SI cy-
cle [42]. This is supported by data from a human pilot trial comparing CC + SI with 3:1
C:V in the DR using a distending pressure of 24 cm H2O (local hospital policy during
neonatal resuscitation) in preterm infants < 32 weeks of gestation [41,43]. During CC + SI,
a significantly higher tidal volume and minute ventilation was delivered, suggesting that
CC + SI might improve ventilation and oxygenation during neonatal CPR. During CC + SI,
adequate tidal volume delivery might lead to better alveolar oxygen delivery and lung
aeration, hence faster ROSC compared to 3:1 C:V group.

8. Duration of Sustained Inflations

SI as initial respiratory support in the DR has been postulated to achieve a more
unified lung aeration [44]. However, recent systematic reviews reported similar rates of
bronchopulmonary dysplasia when SI was compared with intermittent positive pressure
ventilation for initial respiratory support in the DR [45,46]. These reviews also reported
that in a subgroup of <28 weeks’ gestation, SI was associated with potential increased
risk of death before discharge (risk ratio 2.42 (95% confidence interval = 1.15–5.09)) and
increased risk of death within the first 2 days (risk ratio 1.38 (95% confidence interval =
1.00–1.91)), when compared to intermittent positive pressure ventilation [45,46]. However,
the mechanism of how an initial SI could potentially increase risk of death is unknown.

Furthermore, the European resuscitation guidelines recommend five SIs of 3 s in
asphyxiated term infants [47], though no human studies have examined this approach in
newborn infants. However, a recent study in asphyxiated lambs reported that a 30 s SI will
achieve lung aeration and hemodynamic stability, while five SIs of 3 s does not [48]. In the
original study, we used a 30 s SI during CC + SI, which significantly reduces time to ROSC
compared to 3:1 C:V ratio [15]. However, the optimal duration of SI to improve ROSC and
reduce mortality during CC + SI remains unknown. Mustofa et al. compared CC + SI with

84



Children 2021, 8, 97

either 20 s or 60 s in asphyxiated piglets and reported similar time to ROSC and survival,
with no difference in tidal volume delivery [21]. In addition, there were no differences
in markers of lung inflammation (IL-1ß, IL-6, IL-8, and TNF-α) and brain inflammation
(IL-1ß, IL-6, and IL-8) between the groups [21]. This suggests that the duration of SI during
CC + SI might be not the dependent factor, however further studies are needed to identify
the optimal duration of SI during CC + SI.

9. Oxygen Concentration with CC + SI

The current neonatal resuscitation guidelines recommend 100% oxygen once CCs
are initiated [8,9]. However, this is based on expert opinions and not supported by any
clinical data. Several animal studies compared 21% or 100% oxygen during CC using the
3:1 C:V ratio in asphyxiated newborn piglets and reported no difference in time to ROSC or
mortality. In addition, the cumulative alveolar oxygen exposure during resuscitation was
significantly lower in the CC + SI group compared to the 3:1 C:V group, with mean (SD)
27,755 (4706) and 47,729 (6692) mmHg seconds, respectively (p < 0.001). Similar, a meta-
analysis of these animal studies reported no difference in time to ROSC (mean difference of
−3.8 (−29.7–22) s, I2 = 0%, p = 0.77) or mortality (risk ratio 1.04 (0.35, 3.08), I2 = 0%, p = 0.94)
between 21% or 100% oxygen during CC with the 3:1 C:V ratio [49]. Recently, Hidalgo
et al. compared 21% and 100% oxygen during CC + SI in term newborn asphyxiated
piglets and reported similar time to ROSC (median (IQR) 80 (70–190) vs. 90 (70–324) s,
respectively, p = 0.56), short-term survival (7/8 (88%) vs. 5/8 (63%), respectively, p = 0.569),
and hemodynamic recovery [50]. In addition, there was no significant difference in injury
markers in the left ventricle tissue or the frontoparietal cortex tissue. These data suggest
that 21% oxygen during CPR might be efficient, however human data are needed.

10. Type of Cardiac Arrest

In 2015, the neonatal resuscitation guidelines added the use of an electrocardiograph
to assess heart rate at birth [51,52]. This led to several reports of pulseless electrical activity
during CPR in the DR [53,54]. In addition, rates of up to 50% of asphyxiated piglets
displayed pulseless electrical activity during asphyxia-induced cardiac arrest [55–57].
Solevåg et al. reported that cardiac arrest due to pulseless electrical activity will result in
lower rates of ROSC and lower 4 h survival, compared to asystole, in asphyxiated newborn
piglets [56]. This suggests that the initial electrocardiograph algorithm might serve as an
outcome predictor during neonatal CPR.

11. Inflammatory Markers

There are concerns that SI could adversely affect lung or brain injury. Lista et al.
reported a pneumothorax rate of 6% compared to 1% with intermittent positive pressure
in preterm infants with 25–28 weeks of gestation [58]. However, the mechanisms for an
increased rate of pneumothorax during SI is unknown. Interestingly, none of the animal
studies examining CC + SI reported pneumothoraxes during autopsy. There is also the
concern that SI delivers an excessive large tidal volume, which could cause a pulmonary
proinflammatory response and initiate systemic inflammatory cascade [59]. However,
when SIs were given as initial respiratory support, no increase in lung injury marker has
been reported [60,61]. Similar, during CPR with either CC + SI or 3:1 C:V, no difference in
lung injury markers were observed.

The mechanism of brain injury is thought to be impaired venous return or secondary
brain injury due to excessive tidal volume delivery. Sobotka et al. reported that a single
30 s SI followed by ventilation caused a blood–brain barrier disruption and cerebral vascu-
lar leakage, which may exacerbate brain injury in asphyxiated near-term lambs [62]. This
injury might have occurred as a direct insult of the initial SI or due to the excessive tidal
volume delivered during subsequent ventilation. Recently, Shim et al. reported that a peak
inflation pressure of 30 cm H2O delivered a significant higher tidal volume compared to
peak inflation pressure of 20 cm H2O, which was associated with significant increased
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cerebral tissue pro-inflammatory cytokines [22]. While CC + SI did not increase lung injury
markers, markers of brain inflammation were increased, and therefore a peak inflation
pressure of ≥ 25 cm H2O should not be exceeded.

12. Clinical Studies

The animal data suggest that CC + SI might be an effective CC technique for new-
born infants. A pilot trial compared CC + SI (n = 5) with 3:1 C:V (n = 4) in preterm
infants < 32 weeks’ gestation with a mean (SD) gestational age of 24.6 (1.3) and 25.6 (2.3)
weeks [41]. There was a significantly shorter time to ROSC with CC + SI, compared to 3:1
C:V, with 31(9) vs. 138 (72) s, respectively (p = 0.011) [41]. In addition, CC + SI provided
a higher minute ventilation and ventilation rate, while short-term outcomes, including
intraventricular hemorrhages, air leak, retinopathy of prematurity, and chronic lung dis-
ease, were similar between groups [41]. Although mortality was higher in the CC + SI
group with 2/5 vs. 0/4 in the 3:1 C:V group, this did not reach statistical significance, as
the sample size was too small, and it was a very vulnerable patient population.

Currently, the Sustained Inflation and Chest Compression Versus 3:1 Chest Compres-
sion to Ventilation Ratio During Cardiopulmonary Resuscitation of Asphyxiated Newborns:
A Randomized Controlled Trial (SURV1VE-trial) is recruiting term and preterm infants
born > 28+0 weeks’ gestational age requiring chest compression in the delivery room [63,64].
In this cluster trial, hospitals are randomized to either CC + SI or 3:1 C:V ratio for one
year each [63,64]. The SURV1VE-trial has been approved by a human clinical research
ethical committee at all participating sites, and a Data Safety Monitoring Committee is
assessing the results of the trial at regular intervals to assure safety. The SURV1VE-trial
hypothesis is that in newborn infants, CC + SI, compared to 3:1 C:V, during CPR will
reduce the time needed to ROSC, and aims to recruit 218 participants (109 control group
and 109 intervention group). The SURV1VE-trial aims to be completed by 2024.

13. Limitations

There are several limitations which prevent routine use of CC + SI in the DR. Most
animal studies described in this review used piglets that have already undergone the fetal-
to-neonatal transition. All experimental animals were sedated/anesthetized and intubated
with a tightly sealed endotracheal tube to prevent any endotracheal tube leak, which may
not occur in the delivery room as mask ventilation is frequently used [65].

Furthermore, sustained lung inflations have been postulated as a ventilation strategy
immediately after birth [44]. Indeed, in intubated and sedated animals, SI improved
lung aeration compared to intermittent positive pressure ventilation. However, several
smaller randomized trials and meta-analyses were unable to identify any advantage or
disadvantage for either SI or intermittent positive pressure ventilation [66]. Recently,
the SAIL trial compared SI with intermittent positive pressure ventilation in < 28 weeks’
gestation infants and reported an increased mortality within the first 48 h with SI [67]. Most
recently, a meta-analysis from ILCOR raised concerns about the potential harm of SI for
premature infants < 28 weeks’ gestation [46]. These data raise some concerns about the use
of SI during the initial respiratory support.

14. Conclusions

CC + SI reduces time to ROSC, improves mortality, and improves respiratory and
hemodynamic parameters compared to 3:1 C:V ratio during neonatal CPR. CC + SI al-
lows for passive lung ventilation and adequate tidal volume. Peak inflation pressures of
20–25 cm H2O might be sufficient to deliver an adequate tidal volume during CC + SI,
and higher pressures could lead to increases in lung inflammation markers. Furthermore,
21% oxygen had similar time to ROSC or mortality compared to 100% oxygen. However,
more clinical data are needed before this can be routinely used in the delivery room during
neonatal chest compression.
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Abbreviations

CC chest compression
DR delivery room
CPR cardiopulmonary resuscitation
C:V compression:ventilation
SI sustained inflation
CC + SI sustained inflation during chest compression
ROSC return of spontaneous circulation
CCaV continuous CC with asynchronous ventilations
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Abstract: Recent guidelines recommend the umbilical venous catheter (UVC) as the optimal vascular
access method during neonatal resuscitation. In emergencies the UVC securement may be challenging
and time-consuming. This experimental study was designed to test the feasibility of new concepts
for the UVC securement. Umbilical cord remnants were catheterized with peripheral catheters and
secured with disposable umbilical clamps. Three different securement techniques were investigated.
Secure 1: the disposable umbilical clamp was closed at the level of the inserted catheter. Secure 2: the
clamp was closed at the junction of the catheter and plastic wings. Secure 3: the setting of Secure 2 was
combined with an umbilical tape. The main outcomes were the feasibility of fluid administration and
the maximum force to release the securement. This study shows that inserting peripheral catheters
into the umbilical vein and securing them with disposable umbilical clamps is feasible. Rates of lumen
obstruction and the effectiveness of the securement were superior with Secure 2 and 3 compared to
Secure 1. This new approach may be a rewarding option for umbilical venous catheterization and
securement particularly in low-resource settings and for staff with limited experience in neonatal
emergencies. However, although promising, these results need to be confirmed in clinical trials
before being introduced into clinical practice.

Keywords: (secure method for) umbilical venous catheter (UVC); UVC securement technique;
neonatal resuscitation; neonatal emergency; disposable umbilical clamp; vascular access; newborn

1. Introduction

The umbilical venous catheter (UVC) is considered “the most quickly accessible
direct intravenous route” into the newborn [1,2]. Thus, recent guidelines recommend
the UVC as the optimal vascular access method for drug administration during neonatal
resuscitations [3–5]. Despite its frequent use, there is still a lack of knowledge on the
best technique for this catheterization and UVC securement in emergency situations. The
proper position of a centrally positioned UVC should be confirmed sonographically or
radiographically, although this might be challenging during an actual resuscitation [6–8]. In
the case of UVC malpositioning, there is the risk of adverse events including infusing drugs
directly into the liver veins, potentially resulting in hepatic injuries [9–12], and furthermore,
cardiac complications such as arrhythmias or cardiac tamponades [13,14]. Therefore, in
neonatal emergencies it is recommended to insert the UVC only two to five cm below the
skin (and even less for premature infants) until the blood can be aspirated gently via a
syringe [1,2,15]. For the UVC securement, in the 7th edition of the Textbook of Neonatal
Resuscitation a combination of suturing and taping of the UVC, or, alternatively, the use of a
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clear adhesive dressing is recommended. Nevertheless, both techniques require some time
and may not be easily realized during emergencies [1]. However, due to a considerable
risk of the accidental dislocation of the UVC during resuscitation, there is the need for an
effective securement method.

In July 2018, a physician-staffed Emergency Medical Service (EMS) was faced with an
unplanned out-of-hospital delivery of an extremely low-birth-weight infant of 27 weeks’
gestation weighing approximately 900 g in the urban area of Graz, Austria [16]. During
the neonatal resuscitation, epinephrine and a fluid administration was required, and an
umbilical venous catheterization using a 22-gauge peripheral catheter was successfully
performed. For the securement of the UVC, the EMS staff spontaneously used a disposable
umbilical clamp. Epinephrine and a fluid bolus administration was feasible, and the
securement was deemed very effective.

To investigate this concept of umbilical venous catheterization using a standard
peripheral catheter and securement with a disposable umbilical clamp, we decided to
perform this experimental feasibility study. The feasibility of the fluid administration and
the force needed to release the securement was measured to detect relevant obstructions of
the catheter lumen caused by the securement technique and to evaluate the effectiveness
of the securement. The aim was to find a feasible and effective technique for neonatal
emergencies, which could be performed even in low-resource settings (e.g., the out-of-
hospital setting) using standard equipment.

2. Materials and Methods

This experimental feasibility study was conducted at the Division of Neonatology,
Department of Paediatrics and Adolescent Medicine, Medical University of Graz, from
July to August 2019. Human umbilical cords, which were already separated from the
newborn infants, were used for this study. We included umbilical cord remnants from both
premature and full-term infants, without a predefined number of umbilical cord remnants
from premature and full-term infants.

Immediately after their separation from the newborn infant, the umbilical cord rem-
nants were perpendicularly cut with a scalpel. The cut surface was cleaned using saline
solution to identify the umbilical vein. Any visible clots at the meatus of the vein were
gently removed. The umbilical vein was then catheterized with a standard peripheral
catheter (B. Braun, Melsungen, Germany), using an 18-gauge catheter for full-term infants
and a 20-gauge catheter for premature infants with <37 + 0 weeks’ gestation. Whenever
the catheterization with an 18-gauge catheter was not feasible, another attempt was made
using a 20-gauge catheter. The catheter was inserted into the umbilical vein as far as
possible until the plastic wings of the catheter adjoined the cut surface of the umbilical
cord.

For the securement of the inserted catheter a disposable umbilical clamp (pfm medical,
Cologne, Germany) was used. Three different securement techniques were investigated
and compared: Secure 1, Secure 2 and Secure 3. We randomly assigned the umbilical cord
remnants to one of the securement techniques and aimed for 20 successful catheterizations
with each technique. For the random assignment we did not stratify for premature and
full-term infants.

Secure 1: The disposable umbilical clamp was closed at the level of the inserted
transparent catheter (Figures 1A and 2A).

Secure 2: The disposable umbilical clamp was closed at the junction of the transparent
catheter and the colored plastic wings (Figure 1A,B and Figure 2B).

Secure 3: The disposable umbilical clamp was used identically to that in Secure 2,
but additionally an “umbilical tape” (Medi-Loop Sterile Surgical Vessel Loops, Medline
Industries, Warrington, United Kingdom) was placed around the umbilical cord at the
level of the transparent catheter (Figure 1A,B and Figure 2C).
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Figure 1. (A): Graphic illustration of the three different securement techniques (Secure 1–3): a human
umbilical cord remnant was catheterized with a peripheral catheter. For Secure 1, a disposable
umbilical clamp was closed in the area of the green box (1) at the level of the inserted transparent
part of the catheter. For Secure 2 and Secure 3, a disposable umbilical clamp was closed in the area of
the blue box (2) at the junction of the transparent catheter and the plastic wings. For Secure 3, an
umbilical tape was additionally placed around the umbilical cord in the area of the red box at the
level of the transparent catheter (3). (B): The green arrow indicates the junction of the transparent
catheter and the colored plastic wings of a 20-gauge peripheral catheter. The disposable umbilical
clamp was closed at the level of this junction in Secure 2 and Secure 3.

Figure 2. (A): Secure 1: a 20-gauge peripheral catheter inserted into the umbilical vein secured by
a disposable umbilical clamp closed at the level of the transparent catheter. The yellow arrows
indicate the distance between the colored plastic wings and the disposable umbilical clamp, which is
longer in Secure 1 compared to Secure 2 and Secure 3. (B): Secure 2: an 18-gauge peripheral catheter
inserted into the umbilical vein secured by a disposable umbilical clamp closed at the junction of
the transparent catheter and the colored plastic wings. (C): Secure 3: a 20-gauge peripheral catheter
inserted into the umbilical vein secured by a disposable umbilical clamp closed at the junction of
the transparent catheter and the colored plastic wings, and by an additional umbilical tape placed
around the umbilical cord at the level of the transparent catheter.
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The main outcomes of this study were (i) the feasibility of the fluid administration
and (ii) the effectiveness of the three UVC securement techniques.

To test the feasibility of the fluid administration, a predefined bolus of 10 mL 0.9%
saline solution per kg of the body weight of the corresponding newborn infant was contin-
uously administered by hand via the inserted catheter using disposable syringes (Chirana
T. Injecta, Stará Turá, Slovakia). We aimed at infusing the entire fluid bolus within one
minute. The free end of the umbilical cord remnant was positioned in a measuring cup,
and the infused fluid was thereby collected (Figure 3A). The other end of the umbilical
cord remnant with the inserted catheter and the connected syringe was held outside of the
measuring cup beneath the level of its opening to prevent retrogradely leaking fluid to
drip into the measuring cup. To record the fluid level in the measuring cup, the umbilical
cord remnant was removed after the one-minute administration and held in position to
allow the fluid to drip off into the cup for another 30 s (Figure 3B). The ratio of the within-
one-minute actually administered fluid volume to the predefined volume was calculated
afterward to evaluate the feasibility of the fluid administration. There were two factors
that might have affected the feasibility of the fluid administration: obstruction and leakage.
Failing to purge any fluid from the syringes was defined as a complete obstruction of the
catheter lumen due to the securement technique. A fluid amount (that was not equal to
the entire predefined volume) that remained in the syringes after the one-minute fluid
administration indicated a partial obstruction. Leakage was defined by the fluid amount
from the predefined bolus that was not collected in the measuring cup and that did not
remain in the syringes after the one-minute fluid administration.

Figure 3. (A): The predefined fluid bolus of 0.9% saline solution was administered over one minute
via the inserted and secured catheter. The free end of the umbilical cord remnant was positioned into
a measuring cup, and the infused fluid was thereby collected. (B): To record the fluid level in the
measuring cup, the umbilical cord remnant was removed and held in position to allow the fluid to
drip off into the cup for another 30 s.

To measure the effectiveness of the three UVC securement techniques, an electronic
spring scale (Dr. Meter, United Kingdom) was connected to a prepared disposable syringe
and to the catheter via a Luer lock connection. By slowly pulling the disposable umbilical
clamp, the force to release the securement was measured (Figure 4). To determine the
maximum force value on the spring scale’s display, the display was filmed with a digital
camera and the maximum force value was identified retrospectively in a slow-motion
video analysis.

94



Children 2021, 8, 1093

Figure 4. An electronic spring scale was connected to a prepared disposable syringe and to the
catheter via a Luer lock connection. By slowly pulling the disposable umbilical clamp, the force to
release the securement was measured.

Data collected included: the actually infused fluid volume; complete obstruction of
the catheter lumen; remaining fluid amounts in the syringes after the one-minute fluid
administration; leakage; maximum force required to release the securement; size of the pe-
ripheral catheter (20 or 18 gauge); and demographic data, including the gestational age and
birth weight of the corresponding newborn infant. The parameters are presented as mean
± standard deviation (SD), median and interquartile range (IQR) or count (proportion), as
appropriate. For the gestational age and birth weight the range is provided additionally to
highlight the broad spectrum of newborn infants whose umbilical cord remnants were used.
Data analysis was conducted with SPSS 26.0.0.1 (IBM, Armonk, NY, USA). Comparisons
between the securement techniques were made using the chi-square test, Student’s t-test
or Mann–Whitney U-test, as appropriate. A p-value < 0.05 was considered statistically
significant.

3. Results

A total of 65 umbilical cord remnants were prepared for umbilical venous catheteriza-
tion. Five had to be excluded: in four of them the UVC could not be inserted far enough
into the umbilical vein and thus a securement was not feasible. Another one was excluded
due to the extravasation of the infused fluid bolus into the Wharton jelly. Thus, data on
20 umbilical cord remnants per securement technique were finally analyzed.

Umbilical cord remnants from 40 (67%) full-term infants and 20 (33%) premature
infants with <37 + 0 weeks’ gestation were included. The mean (SD) birth weight of
the corresponding newborn infants was 2.86 (0.85) kg (range 0.35–4.42), and the median
gestational age was 36.9 (IQR 33.9–39.9) weeks (range 26.1–40.6).

3.1. Size of Catheter

In only 58% (23 of 40 cases) of the umbilical cord remnants from full-term infants it
was feasible to insert an 18-gauge catheter into the umbilical vein. There was no significant
difference in the ratio of the actually administered fluid to the predefined volume depend-
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ing on the size of the peripheral catheter: 100% (IQR 83–100) with the 18-gauge catheter
and 93% (IQR 71–100) with the 20-gauge catheter (p = 0.64).

3.2. Feasibility of Fluid Administration

A complete obstruction of the UVC lumen was observed six times (30%) with Secure
1, never (0%) with Secure 2 and once (5%) with Secure 3 (Secure 1 vs. 2, p < 0.01; Secure 1
vs. 3, p = 0.04; Secure 2 vs. 3, p = 0.31). A partial obstruction was observed twice (10%) with
Secure 1, never (0%) with Secure 2 and twice (10%) with Secure 3 (Secure 1 vs. 2, p = 0.15;
Secure 1 vs. 3, p = 1.00; Secure 2 vs. 3, p = 0.15).

The ratio of the within-one-minute actually administered fluid volume to the pre-
defined volume was 97% (IQR 0–100%) with Secure 1, compared to 90% (IQR 69–100%)
with Secure 2 and 95% (IQR 89–100%) with Secure 3. There were no significant differences
between these three securement techniques (Secure 1 vs. 2, p = 0.27; Secure 1 vs. 3, p = 0.21;
Secure 2 vs. 3, p = 0.71).

The leakage was calculated to be 0 (IQR 0–0) mL with Secure 1, compared to 1.5 (IQR
0–3.0) mL with Secure 2 and 3.0 (IQR 0–7.5) mL with Secure 3 (Secure 1 vs. 2, p = 0.05;
Secure 1 vs. 3, p < 0.01; Secure 2 vs. 3, p = 0.27).

3.3. Effectiveness of the Securement

The maximal force required to release the securement was 4.6 N (IQR 3.9–6.0) with
Secure 1, 50.1 N (IQR 38.9–70.6) with Secure 2 and 65.9 N (IQR 56.5–68.9) with Secure 3
(Secure 1 vs.2, p < 0.01; Secure 1 vs.3, p < 0.01; Secure 2 vs. 3, p = 0.22).

4. Discussion

This experimental feasibility study was designed to test a new method for gaining
vascular access in neonatal emergencies by inserting a standard peripheral catheter into the
umbilical vein and securing it with a disposable umbilical clamp. The study demonstrates
that using a disposable umbilical clamp for a UVC securement is feasible and effective. In
our experience, this approach is simple and can be performed quickly. Thus, it may be a
rewarding option, particularly for staff with limited experience in neonatal resuscitation.

In this study three different UVC securement techniques using disposable umbilical
clamps were compared. The feasibility of the fluid administration was not different between
the three techniques. However, the fluid administration was impeded by both obstructions
and leakages, and concerning these factors, we observed relevant differences between the
three securement techniques.

A catheter obstruction may be caused by closing the disposable umbilical clamp
and thereby compressing the catheter lumen. A complete lumen obstruction can be
distinguished from a partial lumen obstruction as defined in the methods section. The
rate of complete catheter obstruction was significantly higher with Secure 1 compared
to Secure 2 and Secure 3, which is clinically most relevant, since in cases of a complete
catheter obstruction neither epinephrine nor fluids could be administered successfully
during neonatal resuscitation. For Secure 1, the disposable umbilical clamp was closed
at the level of the inserted transparent catheter. The transparent part of the catheter is
obviously more flexible and, thus, compressible compared to the junction of the transparent
catheter and the colored plastic wings, which is the position of the closed umbilical clamp
in Secure 2 and Secure 3. Furthermore, we observed cases of partial obstruction not only
with Secure 1 but also with Secure 3, which may impede the quick application of a fluid
bolus. However, despite a partial obstruction, administering epinephrine, including a fluid
flush of 1–2 mL, is still feasible within seconds, and a fluid bolus administration may also
be possible even though slower infusion rates must be accepted. Based on these findings,
the use of both Secure 2 and Secure 3 seem to be reasonable for UVC securements.

The leakage was significantly lower with Secure 1 compared to Secure 2 and Secure
3, which explains why the overall feasibility of the fluid administration was not different
between the three techniques, despite higher obstruction rates with Secure 1. Leakages
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mainly occurred during the first seconds of the one-minute fluid administration with
high purging pressures at the beginning. As soon as the umbilical vein was free from
obstructions over its entire length and the purging pressure could be reduced, there was no
retrogradely leaking fluid in most cases. Therefore, we speculate that the measured leakage
was artificially high with Secure 2 and Secure 3 and probably caused by the experimental
set-up of the study. Furthermore, the leakage was per definition zero in cases of complete
obstruction, and due to the high complete obstruction rate the median leakage was probably
underestimated with Secure 1. Hence, in our opinion the observed median leakage may
not provide sufficient information to assess the effectiveness of the bleeding control. To
answer this question, clinical studies are certainly needed.

The effectiveness of the UVC securement (measured by the maximal force required to
release the securement) was significantly higher with Secure 2 and Secure 3 compared to
Secure 1. In our experience, the maximal forces needed were rather high, especially with
Secure 2 and Secure 3, compared to other previously described securement techniques [17].
However, there are no data available that would allow a direct numerical comparison
with our data. Indeed, the effectiveness of the securement technique may be particularly
relevant during neonatal transport and in low-resource settings, in which the patients
frequently need to be transferred and/or repositioned. Therefore, Secure 2 or Secure 3
should be considered for UVC securement especially in such circumstances.

Different techniques for UVC securement have been described before, which use tapes,
other adhesive materials or sutures [17]. However, immediately after birth the newborn’s
skin may be wet and covered with vernix, and tapes and adhesive materials may not
adhere properly. Using suture needles in such situations is accompanied by a related risk of
needlestick injuries, and may be difficult to perform in particular if chest compressions are
required or during out-of-hospital situations. In addition, traditional techniques for UVC
securement are technically challenging and relatively time-consuming during neonatal
emergencies. A simulation-based study has shown that UVC placements and securements
during neonatal resuscitations take approximately six minutes, and thus may severely
delay the intravenous administration of epinephrine [18]. However, it is recommended
that one person should hold the successfully inserted UVC in place, while another person
administers the first dose of epinephrine and/or a fluid bolus during resuscitation [1]. The
securement of the UVC for continued vascular access should be performed only after the
first emergency drugs have been successfully administered [1]. Based on our experience,
the newly introduced securement techniques can be performed quickly and with ease,
although we did not measure time intervals, since our study was not a simulation-based
study but an experimental feasibility study. Nonetheless, this new approach may be a
rewarding option for UVC securement particularly during neonatal resuscitations.

Recent guidelines [3–5] recommend the UVC for drug administration during neonatal
resuscitations, which is rarely performed (required in only 0.12% of all deliveries), requires
significant skill and may be further impeded by space constraints for the resuscitation
team [19]. Alternatively, vascular access may be achieved via a peripheral vein [20] or
intraosseously [21,22]. Outside of the delivery room setting, the intraosseous access is
being used more frequently by health care providers with limited experience and training
in neonatal resuscitation, but with experience with intraosseous needle placement (i.e.,
EMS staff) [3]. With the herein presented new approach to umbilical venous catheterization
and securement, which can be performed easily and quickly with standard equipment,
the UVC might gain significance also in the abovementioned settings. Non-neonatologist
health care providers might benefit from the introduction of the new technique and the
potentially increased utilization of the UVC in the future, since adverse effect rates at-
tributable to emergency umbilical venous catheterization might be lower compared to the
intraosseous access. Further, a UVC can be achieved even in extremely low-birth-weight
infants, while most of the available devices for intraosseous access have a higher minimum
weight limit [21]. Indeed, personnel should be trained in umbilical venous catheterization
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periodically, even with the simple new approach for securement, ideally with real umbilical
cords due to the higher physical and functional fidelity [23,24].

Limitations and Disadvantages

The main limitation of this study is its experimental character, which implies that
some clinical research questions (e.g., the effectiveness of bleeding control) cannot be
resolved. Although the feasibility of the new securement techniques was demonstrated
experimentally, clinical studies are required to confirm our results, before this approach
can be introduced safely into clinical practice. Furthermore, future research should include
red blood cell transfusions, since in our study 0.9% saline solution was administered
through the UVC, and different viscosities may have an impact on the feasibility of the
new approach.

One disadvantage of the newly introduced securement techniques is the risk of
catheter obstructions caused by the disposable umbilical clamp. Once the disposable
umbilical clamp is closed, it may irreversibly compress the lumen of the peripheral plastic
catheter. Using a metal cannula (e.g., a bulb-headed probe) instead of the flexible peripheral
catheter could help preventing such lumen obstructions. Alternatively, reusable plastic
clamps that spring open again when released could be used. However, we aimed to test the
concept of using peripheral catheters in combination with disposable umbilical clamps for
UVC securement, since these devices are generally available even in low-resource settings
and belong to the standard equipment (e.g., in ambulance vehicles).

Considering a recent animal study, in which a higher flush volume after the first dose
of epinephrine was shown to be beneficial during neonatal resuscitation [25], there is likely
need for an even higher volume of saline flush following epinephrine with the new UVC
techniques compared to the centrally placed UVC, because of the additional length of the
umbilical vein to be flushed.

Another disadvantage is that the integrity of the umbilical arteries will likely be
compromised following the placement of the umbilical clamp, and the umbilical arterial
access and placement of a long-term umbilical venous catheter would need to be performed
distal to the clamp placement. Therefore, there should be enough umbilical cord remaining
between the clamp and the umbilicus to ensure that future access to the umbilical vessels
will be possible.

5. Conclusions

Inserting a standard peripheral catheter (18 or 20 gauge) into the umbilical vein and
securing it by using a disposable umbilical clamp was feasible with all three investigated
securement techniques (Secure 1–3). Rates of complete catheter lumen obstruction and the
effectiveness of securement was superior with Secure 2 and 3 compared to Secure 1. Still,
these results need to be confirmed in clinical trials before being introduced into clinical
routines. During neonatal resuscitations, the new approach may be a rewarding option
for umbilical venous catheterizations and UVC securements, particularly in low-resource
settings and for staff with limited experience in neonatal emergencies.
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Abstract: The 7th edition of the Textbook of Neonatal Resuscitation recommends administration of
epinephrine via an umbilical venous catheter (UVC) inserted 2–4 cm below the skin, followed by a
0.5-mL to 1-mL flush for severe bradycardia despite effective ventilation and chest compressions (CC).
This volume of flush may not be adequate to push epinephrine to the right atrium in the absence of
intrinsic cardiac activity during CC. The objective of our study was to evaluate the effect of 1-mL and
2.5-mL flush volumes after UVC epinephrine administration on the incidence and time to achieve
return of spontaneous circulation (ROSC) in a near-term ovine model of perinatal asphyxia induced
cardiac arrest. After 5 min of asystole, lambs were resuscitated per Neonatal Resuscitation Program
(NRP) guidelines. During resuscitation, lambs received epinephrine through a UVC followed by
1-mL or 2.5-mL normal saline flush. Hemodynamics and plasma epinephrine concentrations were
monitored. Three out of seven (43%) and 12/15 (80%) lambs achieved ROSC after the first dose
of epinephrine with 1-mL and 2.5-mL flush respectively (p = 0.08). Median time to ROSC and
cumulative epinephrine dose required were not different. Plasma epinephrine concentrations at 1
min after epinephrine administration were not different. From our pilot study, higher flush volume
after first dose of epinephrine may be of benefit during neonatal resuscitation. More translational
and clinical trials are needed.

Keywords: epinephrine; flush volume; neonatal resuscitation; chest compressions; asphyxia; cardiac
arrest; epinephrine concentrations

1. Introduction

The International Liaison Committee on Resuscitation (ILCOR) advocates use of
epinephrine in neonates with severe bradycardia (heart rate < 60 beats per minute [bpm])
despite effective positive pressure ventilation (PPV) and chest compressions (CC) if return
of spontaneous circulation (ROSC) is not achieved [1,2]. Intravenous (IV) route is the pre-
ferred route for epinephrine administration due to greater efficacy and plasma epinephrine

101



Children 2021, 8, 464

concentrations when compared to the endotracheal route [3–5]. In the delivery room, an
umbilical venous catheter (UVC) can be inserted to 2–4 cm below the skin to allow quick
administration of epinephrine. The 7th edition of the Textbook of Neonatal Resuscitation
recommends 0.5-mL to 1-mL flush following IV epinephrine (0.01 to 0.03 mg/kg dose)
via a low-lying UVC [6]. Although this flush volume may be sufficient in the setting
of spontaneous cardiac activity (i.e., bradycardia), the recommended flush volume may
only clear a 5 Fr UVC (internal volume = 0.55 mL) that is placed for term neonates and
may not be sufficient to drive epinephrine to the heart and the circulating blood in the
setting of cardiac arrest and CC [7]. Earlier ROSC following effective and quick delivery of
an epinephrine dose by a route with maximum bioavailability may potentially improve
survival and outcomes [8,9].

Recently, use of a 3-mL flush following IV or intraosseous (IO) epinephrine has
been proposed by the American Academy of Pediatrics/American Heart Association
(AAP/AHA) Neonatal Resuscitation Program (NRP) guidelines [10]. This recommendation
is based on expert opinion and not based on robust scientific evidence. Our objective was
to evaluate and compare the effect of different flush volumes of 1-mL and 2.5-mL following
a 0.03 mg/kg epinephrine dose through a low UVC on the incidence of ROSC, and the
incidence of ROSC after the first dose of epinephrine. We also evaluated the secondary
outcomes of time to achieve successful ROSC and plasma epinephrine concentrations.

2. Materials and Methods

The current study protocol was approved by the Institutional Animal Care and Use
Committee (IACUC) at the State University of New York, Buffalo, NY, USA (protocol
PED10085N) and University of California Davis, Davis, CA, USA (protocol 20734). The
experiments were performed in compliance with animal ethical guidelines (the ARRIVE
guidelines) [11]. Time-dated healthy pregnant ewes from May Family Enterprises (Buffalo
Mills, PA, USA) and Van Laningham Farms (Arbuckle, CA, USA) were fasted overnight and
underwent cesarean section after endotracheal intubation under general anesthesia with
IV diazepam and ketamine, and inhaled 2% isoflurane, as previously described [12,13].

2.1. Fetal Instrumentation

The fetal lamb was partially exteriorized for instrumentation while still attached to
placental circulation. The lamb’s airway was intubated and the endotracheal tube was
occluded. Carotid arterial and jugular venous catheters were inserted on the right sided
blood vessels for preductal arterial blood draws, invasive blood pressure and heart rate
monitoring, and IV access respectively. A flow probe (Transonics, Ithaca, New York, NY,
USA) was placed around the left carotid artery to continuously measure blood flow.

2.2. Asphyxial Arrest and Resuscitation

The umbilical cord was compressed and occluded to induce asphyxia and cardiac
arrest. Electrocardiogram leads (3- lead EKG) were applied. The lambs were resuscitated
after 5 min of cardiac arrest (flat line on carotid arterial tracing and pulseless electrical
activity of <20 bpm on EKG) per NRP guidelines. PPV was initiated with peak inflation
pressures of 30–35 cm H2O, positive end expiratory pressure (PEEP) of 5 cm H2O and
rate of 40 breaths per minute using 21% oxygen [14]. If the lambs did not achieve ROSC
with effective PPV, then CC were initiated at 3:1 compression-to-ventilation ratio and
supplemental oxygen was simultaneously increased to 100%. The lambs that did not have
ROSC with PPV and CC alone and required IV epinephrine were included in the study.
IV epinephrine (0.03 mg/kg/dose) was administered every 3 min via a low-lying UVC
placed to a depth of 2–4 cm from the skin until ROSC was achieved. The epinephrine dose
was followed by a flush volume of either 1-mL or 2.5-mL normal saline. The resuscitators
were not blinded to the flush volumes. ROSC was defined as sustained spontaneous
heart rate of >100 bpm along with a systolic blood pressure > 40 mm Hg. If ROSC was
not achieved, cardiopulmonary resuscitation was continued for a total of 20 min with IV
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epinephrine repeated every 3 min for a maximum of 4 doses. Lambs were euthanized
using IV pentobarbital (Fatal-Plus, Vortech Pharmaceuticals, Dearborn, MI, USA).

Arterial blood samples were obtained at the start of PPV and at 1 min after epinephrine
and flush administration (since we anticipate peak plasma epinephrine concentrations at
this time point). Plasma samples were frozen at −80 ◦C until analysis for epinephrine
concentrations by ELISA (Eagle Biosciences, New York, NY, USA).

2.3. Primary and Secondary Outcomes

Primary outcome measures were incidence of ROSC and incidence of ROSC with the
first dose of epinephrine.

Secondary outcome measures included time to achieve ROSC from time of epinephrine
and flush, and plasma epinephrine concentration at 1 min after epinephrine and flush
administration.

2.4. Data Collection and Statistical Analysis

Hemodynamic variables were continuously monitored during asphyxia, resuscitation
and after ROSC, and recorded using BIOPAC systems (Goleta, CA, USA) software version-
4.3.1. Categorical data were analyzed by chi-squared test with Fisher’s exact test as required,
non-parametric continuous variables by Mann–Whitney U test, and parametric continuous
variables by unpaired t-test. Data were analyzed using Statview 5.0.1 (SAS Institute Inc.,
New York, NY, USA). Probability of <5% was used for statistical significance. Some of the
data included in this manuscript were previously published [9,12].

Power calculation: Power was calculated for the parameter: incidence of ROSC with
the first dose of epinephrine. We planned a study of 15 experimental subjects and 7 control
subjects. Prior data indicate that the ROSC rate among controls is 0.40. If the true ROSC
rate for experimental subjects is 0.80, we can reject the null hypothesis that the ROSC rates
for experimental and control subjects are equal with probability (power) 0.47. The type I
error probability associated with this test of this null hypothesis is 0.05.

3. Results

Twenty-two near-term lambs were asphyxiated until cardiac arrest by umbilical cord
occlusion. Birth characteristics such as gestational age, birth weight, sex, and time to
cardiac arrest from the time of umbilical cord occlusion were not different between the two
study groups (Table 1).

Table 1. Comparison of characteristics between lambs that received 1-mL and 2.5-mL flush volumes after 0.03 mg/kg low
UVC epinephrine.

Flush Volume 1-mL Flush
n = 7

2.5-mL Flush
n = 15 p-Value

Gestational age (days) 142 (2) 140 (1) 0.97
Weight (kg) 4.45 (1.3) 3.6 (0.8) 0.07

Sex distribution n (%) 4 females (57%) 6 females (40%) 0.45
Time to cardiac arrest (min) 14.7 (3.6) 15.6 (4.6) 0.89

ROSC incidence with the 1st dose of epinephrine n (%) 3 (42.8%) 12 (80%) 0.08
ROSC incidence n (%) 5 (71.4%) 13 (86.6%) 0.38

Median time to ROSC from time of epinephrine and flush (s) 95 (60–120) 72 (56–111) 0.71
Cumulative dose of epinephrine (mg/kg) median (interquartile range) 0.06 (0.03–0.075) 0.03 (0.03–0.03) 0.26

Mean blood pressure at 10 min after ROSC (mmHg) 64 (25) 65 (15) 0.26
0.96

Heart rate at 10 min after ROSC (beats per minute) 195 (14) 194 (13) 0.88
Left Carotid artery blood flow at 10 min after ROSC (ml/kg/min) 26 (6) 31 (13) 0.47

Data presented as mean (standard deviation) or median (interquartile range) as specified. Parameters were not different between the
groups. Categorical data were analyzed by chi-squared test with Fisher’s exact test as required, non-parametric continuous variables
by Mann–Whitney U test, and parametric continuous variables by unpaired t-test. UVC: umbilical venous catheter. ROSC: return of
spontaneous circulation.
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3.1. Incidence of ROSC and Time to Achieve ROSC

Three out of seven (43%) and twelve out of fifteen (80%) lambs had ROSC after the first
dose of epinephrine with 1-mL and 2.5-mL flush respectively (p = 0.08, Table 1). The time
to achieve ROSC from the time of epinephrine administration was not different (p = 0.71,
Table 1).

3.2. Cumulative Dose of Epinephrine and Epinephrine Concentrations in Plasma

The cumulative epinephrine dose required to achieve ROSC was not different with
use of 1-mL and 2.5-mL flush volumes following the epinephrine dose (Table 1). Plasma
epinephrine concentrations at 1 min after epinephrine and flush administration were also
not different (Table 2).

Table 2. Comparison of peak plasma epinephrine pharmacokinetics at 1 min following 1st dose of low UVC epinephrine at
0.03 mg/kg.

Parameter 1-mL Flush 2.5-mL Flush p-Value

Plasma epinephrine concentration at 1 min after epinephrine dose
among all the lambs studied (ng/mL). 494 (171) 519 (140) 0.92

Plasma epinephrine concentration at 1 min after epinephrine and
flush among lambs that achieved ROSC with 1st dose (ng/mL) 572 (50) 545 (165) 0.94

Data are presented as mean (standard error of mean). Data not different by unpaired t-test.

3.3. Post-ROSC Hemodynamics

Heart rates, arterial blood pressures, and carotid blood flows at 10 min after ROSC
were similar between the lambs that received 1-mL and 2.5-mL flush volumes after
epinephrine via low UVC (Table 1).

4. Discussion

Perinatal asphyxia requiring extensive resuscitation including CC and epinephrine
administration is associated with poor neurodevelopmental outcomes in neonates. Clinical
measures to increase the incidence and hasten ROSC may potentially improve outcomes.
The current study reports that larger flush volume of 2.5-mL normal saline following
epinephrine at a dose of 0.03 mg/kg is associated with 80% incidence of ROSC, following
the first dose of IV epinephrine, compared to 42% with the use of 1-mL flush.

The 7th edition AAP–NRP Textbook of Neonatal Resuscitation recommended 0.5-mL
to 1-mL of saline flush following epinephrine administration through a low umbilical
venous route [6]. Due to lack of valves in the ductus venosus and high resistance in the
ductus venosus during CC, epinephrine may be deposited in the umbilical vein and not
reach the heart with 0.5 mL to 1 mL flush. Furthermore, epinephrine may increase the
portal venous resistance, thus barricading the epinephrine within the portal venous system
(Figure 1) [7]. A larger flush volume following low UVC epinephrine may maintain the
patency of the ductus venosus and propel epinephrine into the right atrium. Contrast
studies and angiography using a low UVC (inserted ~6 cm in a term newborn) in 1961
showed opacification of the left atrium and ventricle with contrast within seconds of
injection [15]. We speculate that with adequate flush, epinephrine is propelled across
the patent foramen ovale (PFO) to the left heart and systemic circulation (Figure 1). The
AAP- NRP in the 8th edition of the Textbook of Neonatal Resuscitation have changed the
recommendation and increased the flush volume to 3-mL following epinephrine [9,10].
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We have previously compared the effect of flush volumes of 1-mL and ~10-mL after
low UVC epinephrine in a term ovine model of perinatal cardiac arrest [12]. Larger flush
volume of ~10-mL resulted in quicker ROSC when compared to 1-mL flush after the
first epinephrine dose. However, use of flush volumes as high as ~10 mL may not be
preferred by neonatal providers in the delivery room due to two reasons. Firstly, perinatal
asphyxia can lead to myocardial dysfunction (systolic and diastolic) [16,17]. Excess volume
administration during resuscitation may pose a strain on the already compromised heart,
further increasing myocardial workload and oxygen demand [18,19]. Secondly, after
prolonged asphyxia, hypercapnia and rapid increase in cerebral blood flow follows [20]. In
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this setting, further increases in cerebral blood flow due to excessive volume use during
resuscitation may potentially worsen reperfusion injury. In extremely preterm infants, high
flush volumes administered rapidly can lead to fluctuations in cerebral blood flow with a
potential for severe intraventricular hemorrhage. In our previous experiment, we limited
the larger flush volume to the first epinephrine dose. In contrast, in the current study, we
used a 2.5-mL flush volume following subsequent doses of epinephrine as well.

Use of 1-mL flush had a trend towards lower incidence of ROSC following the first
dose of epinephrine. Achieving early ROSC with the minimum required epinephrine doses
may improve outcomes and avoid post-ROSC adverse effects of epinephrine including
tachycardia, hypertension, and increased myocardial oxygen demand [21]. The current
study did not demonstrate a difference in hemodynamic parameters of heart rate, arterial
blood pressure, or carotid arterial blood flow at 10 min after ROSC when 1-mL and 2.5-mL
flush volumes were used after the epinephrine dose. In addition to increasing efficacy of IV
epinephrine, a larger flush volume may potentially decrease adverse effects by lowering the
cumulative epinephrine dose required prior to achieving ROSC and warrants adequately
powered clinical trials.

There are several limitations to this study. The included lambs were not randomized
and the resuscitators were not blinded to the intervention. Furthermore, our study was
underpowered to demonstrate a difference between the groups, and we may have seen a
statistically significant difference if we had a larger sample size. We evaluated the effect of
flush volume following low UVC epinephrine administration in a term large mammalian
model of perinatal asphyxial arrest but did not evaluate preterm or bradycardia models.
We have not evaluated the effect of flush volume following IO epinephrine. Species
differences may result in different effects of flush volume in human neonates. Long-term
cardiovascular and neurological outcomes were not evaluated. Real time physiological
monitoring and epinephrine pharmacokinetics with plasma epinephrine concentrations
are the strengths of this study. Furthermore, this is the first report evaluating the effects of
using a 2.5-mL flush volume following a low UVC epinephrine in neonatal asphyxial arrest.

Data from our previously published study evaluating 3 mL/kg flush volume (ap-
proximately 10-mL in term lambs) resulted in ROSC in 8/9 lambs with the first dose of
epinephrine at 0.03 mg/kg (88%). In one lamb that did not achieve ROSC with the first
dose, a subsequent dose of epinephrine 0.03 mg/kg with 1-mL flush led to ROSC. A graphic
summary combining results from the current paper and our previous publication [12] of
3 doses of flush (1-mL, 2.5-mL, and 10-mL) is shown in Figure 2.
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Abstract: An adequate blood volume is important for neonatal adaptation. The study objective
was to quantify the cumulative iatrogenic blood loss in very low birth weight (VLBW) infants by
blood sampling and the necessity of packed red cell transfusions from birth to discharge from the
hospital. In total, 132 consecutive VLBW infants were treated in 2019 and 2020 with a median birth
weight of 1180 g (range 370–1495 g) and a median length of stay of 54 days (range 0–154 days) were
included. During the initial four weeks of life, the median absolute amount of blood sampling was
16.5 mL (IQR 12.3–21.1 mL), sampling volume was different with 14.0 mL (IQR 12.1–16.2 mL) for
non-transfused infants and 21.6 mL (IQR 17.5–29.4 mL) for transfused infants. During the entire
length of stay, 31.8% of the patients had at least one transfusion. In a generalized logistic regression
model, the cumulative amount of blood sampling (p < 0.01) and lower hematocrit at birth (p = 0.02)
were independent predictors for the necessity of blood transfusion. Therefore, optimized patient
blood management in VLBW neonates should include sparse blood sampling to avoid iatrogenic
blood loss.

Keywords: VLBW neonate; blood sampling; blood transfusion; iatrogenic blood loss

1. Introduction

An adequate circulatory volume is essential in perinatal transition and during the
neonatal period [1]. During a regular physiological vaginal delivery, a placental blood
transfusion to the newborn occurs in the period after the birth of the child, before the
umbilical cord is clamped.

At delivery of a mature neonate, 70 mL/kg blood, referring to the infant’s body weight,
are in the infant, and 35 mL/kg in the placenta [2]. With delayed cord clamping, placental
blood is shifted to the newly born infant resulting in a blood volume of approximately
93 mL/kg body weight after three minutes [2]. This perinatal auto-transfusion of placental
blood into the neonate appears to be a biologically useful mechanism to help perinatal
adaptation [1–5], particularly for premature infants with their physiologically low absolute
amount of blood volume.

Neonatal blood volume can be preserved by sparse blood sampling for diagnostic
purposes. Iatrogenic neonatal blood loss in association with blood sampling [6–13] has
been an issue for decades. Several studies have actually quantified the iatrogenic blood
loss in VLBW neonates [6–11]. The amount of blood taken from ELBW and VLBW infants
during the first 28 days of life has been reported as 31 mL/kg body weight in 1981 [6],
50.3 mL/kg body weight [7] in 1988, and 24.2 mL/kg body weight in 2019 [8]. In a recent
study published in 2020, the average cumulative 28 d blood loss in ELBW neonates with
an umbilical artery catheter (UAC) in place was 69 mL (108 mL/kg) while the average
cumulative blood loss without UAC in place was 32 mL (43 mL/kg) [9]. Different studies
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quantifying iatrogenic neonatal blood loss have in common, that smaller neonates (ELBW
and VLBW) have a relatively higher amount of blood sampling in mL/kg body weight
than larger neonates [6–11]. Still, iatrogenic blood loss by blood sampling is one of the main
factors for anemia in VLBW infants, leading to the necessity of packed red cell transfusions.
Even in recent publications, approximately 50% of VLBW neonates with a normal hema-
tocrit at birth require at least one transfusion during their hospital stay [14]. This study
aimed to quantify cumulative iatrogenic blood losses in VLBW neonates and correlate
them to demographic and clinical outcome parameters and to blood transfusions. With this
study, we want to raise awareness for good neonatal patient blood management [15] by pre-
serving blood volume, starting at initial stabilization or resuscitation and then throughout
the entire length of hospital stay of this patient population.

2. Materials and Methods

This observational study was conducted as a retrospective single-center study at a
tertiary referral center (University Hamburg-Eppendorf Medical Center, Hamburg, Ger-
many). We included VLBW and ELBW infants born in the University Medical Center
Hamburg-Eppendorf during 2019 and 2020 into the analysis. Transfusion triggers for
packed red cells were restrictive [16–18], based on the national guidelines, generally fol-
lowing the restrictive arm of the ETTNO trial [18]. Neonatal outcome parameters were
defined as follows: Bronchopulmonary dysplasia (BPD) as additional oxygen demand at a
corrected age of 36 weeks, intraventricular hemorrhage (IVH) in cases with IVH grade 3 or
4, necrotizing enterocolitis (NEC) as Bell stage 2 and 3, retinopathy of prematurity (ROP)
was defined by the necessity of intraocular vascular endothelial growth inhibitor (VEGF-
inhibitor) administration or laser treatment. Blood sampling, transfusion, and clinical and
outcome data were extracted from the electronic patient data management system (PDMS
ICM, Dräger, Lübeck, Germany). For individual types of laboratory tests (e.g., full blood
count, clinical chemistry, drug level monitoring, clotting studies, blood gas analysis, blood
samples for crossmatching packed red cells, neonatal metabolic screening, genetic testing)
the amount of blood typically required in the setting of the neonatal intensive care unit
(NICU) and blood losses in association with vascular access were defined as follows: blood
gas analysis 100 µL, newborn screening 250 µL, full blood count 750 µL, infection screen
including IL6 and CRP 750 µL, extended blood tests including liver and renal function
tests 1000 µL, blood culture 500 µL, drug levels 750 µL, clotting studies 1300 µL, blood
losses with the establishment of venous or arterial access 750 µL. The cumulative volume
of all blood samples and losses for each patient during the entire hospital stay was then
calculated based on the laboratory results in the PDMS. In total, 164 patients were eligible.
Patients transferred to other hospitals or in-house wards not equipped with the electronic
PDMS before discharge at home were excluded. Subsequently, 132 VLBW neonates were
included in the analysis.

For statistical analysis with appropriate tests (Chi-Square test statistics and Fisher‘s
exact test, pairwise Pearson correlation, t-test, generalized logistic regression model) R
(Version 4.0.3, R Core Team, 2020) and SPSS (version 20, IBM Inc., Chicago, IL, USA)
were used. Data collection and anonymized data handling were in concordance with the
local Review Board (Ethik-Kommission Ärztekammer Hamburg, Germany, WF-075/21,
29 March 2021).
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3. Results
3.1. Patients

Data from 132 VLBW infants were included. Table 1 shows the demographic and
outcome parameters of the studied sample cohort.

Table 1. Demographic and clinical characteristics of the study population sample.

Study Population (n = 132)

Birth weight [g, median, IQR, range] 1180 (IQR 903–1360, range 370–1495)
Gestational age

[weeks, median, IQR, range] 29 + 5 (IQR 27 + 5 to 31 + 2; range 23 + 5 to 36 + 5)

LOS [days, median, IQR, range] 54 (IQR 35–74; range 0–154)
Multiple gestation [n; %] 66 (50%)

Female sex [n; %] 63 (47.7%)
Delivery mode C-section 121 (91.7%)
Sepsis/Infection [n; %] 39 (29.5%)

IVH [n; %] 6 (4.5%)
BPD [n; %] 6 (4.5%)
ROP [n; %] 6 (4.5%)
NEC [n; %] 4 (3.0%)

PDA treated medically 28 (21.2%)
PDA treated operatively [n; %] 4 (3.0%)

Fatal outcome [n; %] 6 (4.5%)
Legend: IQR interquartile range; LOS length of stay; IVH intraventricular hemorrhage (grade 3 and 4); BPD
bronchopulmonary dysplasia; ROP retinopathy of prematurity; PDA persistent arterial duct; NEC necrotizing
enterocolitis.

3.2. Blood Transfusion

The rate of patients receiving at least one packed red cell transfusion during their
hospital stay was 31.8%. The cumulative blood transfusion volume during the entire
hospital stay was 33.5 mL on average (IQR 20–53.75 mL) in patients who received at least
one transfusion. Patients with and without a blood transfusion were demographically
different (Table 2) with a higher birth weight and gestational age and a shorter duration of
stay in non-transfused patients.

Table 2. Demographic differences between transfused and non-transfused patients.

Demographic Factor Transfused Patients (n = 42) Non-Transfused Patients (n = 90) p (t-Test)

Birth weight [g, median, IQR] 755 (643–943) 1275 (1074–1415) <0.001
Gestational age [weeks, median, IQR] 26 + 2 (25 + 3 − 29 + 5) 30 + 2 (28 + 5 − 31 + 5) <0.001

LOS [days, median, IQR] 93 (70–103) 44 (33–59) <0.001

Legend: IQR interquartile range; LOS length of stay.

3.3. Blood Sampling

The absolute amount of blood sampling is shown in Table 3. The median absolute
amount of blood sampling [mL] during the initial four weeks of life was 16.5 mL (IQR
12.3–21.1 mL). Median sampling volume and median gestational age were different with
14.00 mL (IQR 12.05–16.20 mL)/gestational age 30 + 2 weeks (IQR 28 + 5 − 31 + 5 weeks)
for non-transfused infants and 21.60 mL (IQR 17.51–29.40 mL)/26 + 2 weeks (IQR 25 + 3 −
29 + 5 weeks) for transfused infants.
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Table 3. Absolute cumulative blood sampling volume [n = 132 VLBW infants].

Postnatal Age
[Completed Weeks]

Non-Transfused Patients
[mL; Median (IQR)]

Transfused Patients
[mL; Median (IQR)]

0 6.18 (4.73–7.35) 8.20 (6.60–9.95)
1 8.65 (7.23–10.53) 11.50 (9.35–14.75)
2 10.33 (8.43–12.69) 14.98 (11.86–18.95)
3 12.45 (10.39–14.01) 17.15 (13.90–26.50)
4 14.00 (12.05–16.20) 21.60 (17.51–29.40)
5 15.50 (13.49–17.71) 22.10 (17.88–32.89)
6 17.68 (15.93–20.64) 23.20 (19.10–35.95)
7 19.45 (17.30–21.25) 25.50 (21.03–35.86)
8 20.90 (18.74–24.84) 30.83 (23.25–41.79)
9 26.45 (21.45–29.45) 34.63 (25.40–44.35)
10 31.45 (29.10–33.25 37.28 (25.11–47.11)
11 33.60 (32.08–35.13) 39.45 (29.50–49.00)
12 36.80 (35.25–37.60) 41.45 (31.38–53.75)
13 36.23 (35.01–37.44) 44.70 (34.70–55.10)
14 49.75 (43.99–60.01)
15 59.90 (45.70–70.05)
16 65.60 (62.65–87.35)
17 89.90 (77.13–123.05)
18 90.10 (78.80–124.13)
19 92.15 (80.75–126.50)
20 126.60 (109.43–143.78)

Legend: IQR interquartile range.

The amount of blood sampling during the total length of stay in relation to birth
weight [mL/kg birth weight, median (IQR)] was 16.42 mL (IQR 9.86–32.65 mL) for the
whole group; 12.78 mL (IQR 8.15–17.35 mL) for non-transfused infants and 39.42 mL (IQR
29.33–73.95 mL) for transfused infants (Figure 1).

The mean initial hematocrit in non-transfused neonates with 52.6% was significantly
higher compared to 47.0% in neonates requiring transfusion during hospital stay (p < 0.001),
whereas the hematocrit at discharge was not statistically different between the two groups
(31.3% vs. 30.4%, p = 0.34) (Figure 1).

The time course of cumulative iatrogenic losses by blood sampling is presented in
Table 4 and Figure 2A,B. The cumulative blood sampling volume was significantly different
between patients requiring a transfusion and non-transfused patients. The time course of
hematocrit is shown in Figure 2C.

There was a significant correlation between cumulative blood sampling volume and
cumulative blood transfusion volume (Figure 3).

An analysis of the relative contribution of iatrogenic blood losses in the study sample
of neonates treated in our unit is given in Figure 4.
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cumulative blood sampling volume in VLBW infants during their hospital stay [ml/kg body weight 

at birth] between non-transfused and transfused VLBW neonates. Boxplots show median, IQR, 95% 

confidence intervals and outliers, y-axis logarithmic scale. Non-transfused neonates (n = 90) had 

significantly less median blood sampling volume 12.78 mL (IQR 8.15–17.35 mL) compared to neo-

nates with one or more red blood cell transfusions during their hospital stay (n = 42) with a median 
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Figure 1. (Left) Comparison of hematocrit on admission between non-transfused and transfused VLBW infants. Boxplots
show median, IQR, 95% confidence intervals, and outliers. The mean initial hematocrit in non-transfused neonates with
52.6% was significantly higher compared to 47.0% in neonates requiring at least one transfusion during hospital stay (p <
0.001). (Right) Comparison of cumulative blood sampling volume in VLBW infants during their hospital stay [mL/kg body
weight at birth] between non-transfused and transfused VLBW neonates. Boxplots show median, IQR, 95% confidence
intervals and outliers, y-axis logarithmic scale. Non-transfused neonates (n = 90) had significantly less median blood
sampling volume 12.78 mL (IQR 8.15–17.35 mL) compared to neonates with one or more red blood cell transfusions during
their hospital stay (n = 42) with a median cumulative sampling volume of 39.42 mL (IQR 29.33–73.95 mL).

Table 4. Chi-Square Test statistics for demographic and outcome factors associated with transfusions,
factors ordered in ascending likelihood ratio for the necessity of red blood cell transfusion.

Factor Likelihood Ratio
(Fisher’s Exact Test) p

Sex 0.127 0.852 (n.s.)
Multiple gestation 0.127 0.852 (n.s.)

Delivery mode 0.140 0.740 (n.s.)
IVH 3.216 0.081 (n.s.)
BPD 7.165 0.012 *

Mortality 7.165 0.012 *
ROP 7.165 0.012 *

PDA treated operatively 9.432 0.009 *
NEC 9.432 0.009 *

PDA treated medically 12.892 0.000 *
Sepsis/Infection 30.087 0.000 *
Gestational age 92.743 0.001 *
Length of stay 131.353 0.000 *
Birth weight 136.013 0.000 *

Legend: n.s. no significance; * p < 0.05. LOS length of stay; IVH intraventricular hemorrhage (grade 3 and 4); BPD
bronchopulmonary dysplasia; ROP retinopathy of prematurity; PDA persistent arterial duct; NEC necrotizing
enterocolitis.
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Figure 2. (A,B,C) Time course of cumulative blood sampling volume and hematocrit during entire 
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Figure 2. (A–C) Time course of cumulative blood sampling volume and hematocrit during entire hospital stay (n = 132
VLBW neonates included). Left: Non-transfused neonates (n = 90). Right: Neonates with one or more red cell transfusions
(n = 42). (A) Absolute cumulative blood sampling volume [mL] over time. Each line represents an individual patient. (B)
Median and percentiles (percentiles 5, 25, 50 75, 95) are given for a minimum of 3 patients per week, therefore plot truncated
at 20 weeks. (C) Time course of hematocrit. Each grey line represents an individual patient. The dark red lines show
smoothed average hematocrit, the dark red transparent ribbon the 95% CI of mean over time.
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more red cell transfusions (n = 42). Two-sided Spearman’s rank correlation coefficient rho and 95% CI is given.
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Figure 4. Relative amount [%] of iatrogenic blood loss during the hospital stay (n = 132 VLBW
included neonates into the analysis). The bars represent the cumulative relative amount of blood
loss associated with different laboratory investigations: Infection (sample including IL6), standard
blood test (sample with C-reactive protein), full blood count, extended blood analysis (liver and renal
function tests), blood gas analysis, losses during vascular access, icterus (bilirubin and liver function
test), coagulation (clotting studies), newborn screening (neonatal newborn screening), blood culture,
drug level.

3.4. Risk Factors for Necessity of Transfusion

Demographic parameters associated with the necessity for erythrocyte transfusion
were birth weight, gestational age, and length of stay, whereas sex, delivery mode, and
multiple gestations were not associated with an increased risk of a transfusion require-
ment. Outcome parameters significantly associated with the necessity for erythrocyte
transfusion were sepsis/infection, PDA, NEC, ROP, fatal outcome. In contrast, IVH was
not significantly associated with transfusions (Table 4).

A generalized logistic model, including time on invasive ventilation, the total amount
of blood sampling, first hematocrit, and gestational age was calculated in order to identify
independent risk factors for red blood cell transfusion during the hospital stay. The
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model identified the total amount of blood sampling and first hematocrit as independent
predictors for a blood transfusion (Figure 5).
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Figure 5. Predictors of transfusion deduced from a generalized logistic model. Cumulative blood sampling volume and
hematocrit on admission were significant independent predictors of red blood cell transfusion during the hospital stay in
the 132 VLBW included neonates into the analysis.

4. Discussion

This single-center retrospective study analyzed the amount of iatrogenic blood sam-
pling and subsequent blood loss and requirements for packed red cell transfusions in VLBW
infants during their entire hospital stay. The sample cohort comprised a non-selected cross-
sectional and consecutive longitudinal group of VLBW neonates.

The median absolute amount of blood sampling during the initial four weeks of life
was 16.5 mL (IQR 12.3–21.1 mL). The cumulative blood sampling volume was comparable
to a recent publication on neonatal blood sampling in VLBW infants with a median blood
loss of 19.6 mL during the first 28 days [8] and lower than in historical data [6,7]. Our unit
strives to keep usage of umbilical vascular catheters restrictive and as short as possible.
This may also contribute to a relatively low iatrogenic blood loss [9].

Demographic factors such as lower birth weight, lower gestational age, and longer
length of stay were significantly associated with the necessity for erythrocyte transfusion,
as well as several adverse neonatal outcome parameters (sepsis/infection, PDA, NEC, ROP,
death). Thus, smaller VLBW patients with higher morbidity had a higher risk of receiving
a transfusion.

In addition, a generalized logistic model identified both the cumulative amount of
blood sampling (in mL/kg body weight) and the initial hematocrit as significant indepen-
dent predictors of transfusion in the VLBW infants of our sample cohort.

The study finding of a higher hematocrit at birth in the group of non-transfused
neonates supports the recommendations regarding delayed cord clamping at birth [3,4].
In a meta-analysis, delayed cord clamping increased the hematocrit at birth by 2.73%,
resulting in a 10% reduction of red cell transfusions [4]. In our study, the initial hematocrit
of non-transfused children was 11.9% higher than in transfused children (52.6% vs. 47.0%).
Neonatal data showed an inverse correlation between hemoglobin at birth and the necessity
for red blood cell transfusions during the hospital stay in VLBW neonates [14].

The study finding of a positive correlation between the amount of cumulative blood
sampling and cumulative blood transfusion requirement implies, that all measures to
spare blood, which is a valuable and limited resource for the patient, should be imple-
mented [6–15,19]. Depending on local neonatal and laboratory practice the relative amount
of iatrogenic blood losses may be distributed differently compared to our study sample
(Figure 4) [10]. Neonatal patient blood management may include the use of umbilical cord
or placental blood for admission laboratory values [13]. In addition, storage of maternal
blood for ordering and crossmatching of blood products may minimize the amount of
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blood required for laboratory analyses. Setting point of care devices to minimal blood
volumes, use of non-invasive monitoring methods, avoidance of “routine” blood sampling,
strict indication, and supervision of blood tests by experienced personnel may help to
avoid iatrogenic blood losses [9,12]. Cumulative documentation of blood draw volumes,
possibly based on an automated calculation derived from a PDMS system, might also help
raise neonatal team awareness in avoiding iatrogenic blood loss.

Perinatal medicine is well aware of the issue of placental transfusion at birth and
the possible benefits of delayed cord clamping—providing additional blood volume to
neonates [1–5,20,21] as part of initial neonatal management. The intention of this study
is to emphasize the importance of the opposite side of the balance, i.e., avoidance of
iatrogenic blood loss, especially in VLBW preterm infants as a part of good neonatal blood
management [6–15,19].

Strengths and limitations: This analysis includes the entire hospital stay of a–compared
to previously published data [6–9]—larger sample cohort of VLBW neonates over a longer
time course. Blood sampling volumes were retrospectively deduced from the PDMS based
on the locally minimally required amount of blood for standard laboratory investigations.
This implies a complete cumulative capture of all blood samples, but potentially under-
estimating blood sampling volumes in case of overfilled blood tubes. The unit policy
adheres to restrictive transfusion triggers [16–18], but each transfusion was indicated at
the physician’s discretion in charge, implying a potential bias in the transfusion trigger.
Statistical statements in association with neonatal morbidity are only possible to a limited
extent, as the absolute number of patients with complications was low. Nevertheless,
we identified the initial hematocrit and the total blood sampling volume as independent
predictors for red blood cell transfusion in our patient sample.

5. Conclusions

In a patient sample of 132 VLBW neonates, cumulative iatrogenic blood losses during
the entire hospital stay and the initial hematocrit were significant independent predictors
for the necessity of packed red cell transfusions. Therefore, iatrogenic blood loss should be
limited to a minimum in the interest of good patient blood management.
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Abstract: An asphyxiated term neonate required postnatal resuscitation. After six minutes of cardio-
pulmonary resuscitation (CPR) and two doses of epinephrine, spontaneous circulation returned, but
was shortly followed by ventricular fibrillation. CPR and administration of magnesium, calcium
gluconate, and sodium bicarbonate did not improve the neonate’s condition. A counter shock of five
Joule was delivered and the cardiac rhythm immediately converted to sinus rhythm. The neonate
was transferred to the neonatal intensive care unit and received post-resuscitation care. Due to
prolonged QTc and subsequently suspected long-QT syndrome propranolol treatment was initiated.
The neonate was discharged home on day 14 without neurological sequelae.

Keywords: neonate; resuscitation; ventricular fibrillation; defibrillation

1. Introduction

Postnatal cardiac arrest is most commonly a consequence of failure in transition from
placental to pulmonary gas exchange and hence secondary to a disturbance in establishing
sufficient aeration of the lungs. Cardiac arrest is defined as the cessation of blood circulation
resulting from absent or ineffective cardiac mechanical activity, which in neonates is
primarily due to asystole, severe bradycardia (<60 beats per minute (bpm)) or pulseless
electrical activity [1]. In the case of postnatal cardiac arrest despite effective ventilation,
resuscitation guidelines recommend cardio-pulmonary resuscitation (CPR) with a ratio of
three chest compressions to one ventilation [2]. Although intravenous epinephrine is rarely
required during resuscitation in the delivery room [3], resuscitation guidelines recommend
its use “if the heart rate has not increased to 60/min or greater after optimizing ventilation
and chest compressions . . . ” [2].

While defibrillation is one of the most effective interventions in the case of sudden
cardiac arrest due to ventricular fibrillation (VF) or pulseless ventricular tachycardia in the
adolescent and adult population, defibrillation is not mentioned in the neonatal resuscita-
tion guidelines [2], and to our knowledge is yet to be reported in postnatal resuscitation.

2. Case Presentation

A male neonate was delivered at term (406/7 weeks of gestation, birth weight 3400 g)
by emergency caesarean section due to persistent bradycardia after premature rupture of
membranes with clear amniotic fluid. He initially presented with reduced muscle tone,
cyanosis, and a heart rate between 60 and 100 bpm. The neonate did not respond to
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drying and tactile stimulation, and had only insufficient breathing efforts. Electrocar-
diogram (ECG) and pulse oximetry monitoring were initiated and continuous positive
airway pressure via face mask was applied, rapidly followed by non-invasive positive
pressure ventilation (PPV) due to persistent bradycardia. Non-invasive PPV did not result
in visible thoracic excursions and the peak inspiratory pressure was slowly increased
from 25 cm H2O to 40 cm H2O during the second minute of life, but not leading to the
expected improvement in the neonate’s condition. The attending neonatologist intubated
the neonate, but no chest wall movement could be observed under invasive PPV und the
neonate remained bradycardic around 40 bpm. CPR was commenced, but after doubting
correct tube placement and failure to detect exhaled carbon dioxide (CO2) with a colori-
metric CO2 detector the endotracheal tube was removed and CPR was continued under
non-invasive PPV. The concentration of inspired oxygen was set to 1.0 and non-invasive
PPV was delivered with a peak inspiratory pressure of 40 cm H2O, which now resulted
in adequate thoracic excursions. In minute 9 after birth, intraosseous vascular access
had been established and 30 µg epinephrine (~9 µg/kg) and 5 mL isotonic fluid were
administered due to persistent bradycardia. However, incorrect needle placement was
suspected leading to a second intraosseous puncture on the contralateral tibia. This time
correct needle placement could be confirmed and a second dose of epinephrine (100 µg,
~29 µg/kg), followed by 5 mL of isotonic fluid, were successfully administered. This led to
a rapid increase in heart rate to above 100 bpm and chest compressions were stopped after
a total of six minutes of CPR. The airway was cleared of viscous secretions, the neonate
was rapidly re-intubated under vision and the correct tube position was verified clinically
and by detection of CO2 exhalation.

At 12 minutes after birth, approximately two minutes after the second dose of
epinephrine and 90 s after return of spontaneous circulation, the ECG suddenly converted
to VF with a heart rate of 280–340 bpm. During this episode the neonate deteriorated
rapidly with clinical signs of shock, leading to a restart of CPR and the administration of
5 mL magnesium gluconate, 5 mL calcium gluconate 10%, and 5 mL sodium bicarbonate
via the intraosseous access. After two minutes of CPR a defibrillator was available and
self-adhesive pediatric defibrillation pads were placed in anterior-posterior position. A non-
synchronized counter shock of five Joule was delivered causing an immediate conversion
to sinus rhythm at a rate of 150–160 bpm with sufficient cardiac output. The neonate was
transferred to the neonatal intensive care unit where standardized therapeutic hypothermia
(72 h) was initiated because of hypoxic ischemic encephalopathy after perinatal asphyxia
(Apgar 2/1/0). Postnatal resuscitation is summarized in Figure 1.
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Before and during whole body cooling, we observed a prolonged QT interval corrected
for heart rate (QTc) using Bazett’s formula of 0.6 s without any further ECG abnormalities.
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In response to the prolonged QTc, we initiated beta-blocker therapy with propranolol
(2 mg/kg/day), and over the following days QTc decreased to stable values of 0.41 s.
Complete echocardiographic evaluation was performed and did not show any structural
abnormalities or congenital heart disease. Electrolytes were checked regularly during and
after therapeutic hypothermia, and were all within normal ranges.

In the following, neither clinical signs nor laboratory findings made suggestion of any
infection related issue. The neonate was extubated on day seven and in the comprehensive
work-up including neurological examination, cranial sonography, electroencephalography,
and magnetic resonance imaging no abnormalities were detected. After a further week of
uneventful cardiac monitoring, the neonate was discharged home on day 14 of life with
cardio-respiratory home monitoring and under continued propranolol treatment.

Genetic analysis revealed a mutation in the SCN5A gene (c.3911C>T, p.Thr1304Met).
Extended genetic analyses found the identical gene mutation in the neonate’s brother
and mother, both of whom were asymptomatic with normal QTc. There were no cases of
sudden cardiac death reported in the extended family.

At the age of 18 months, neurodevelopmental testing was unremarkable and showed
normal development. At the latest cardiology follow-up at the age of 3.5 years, the boy
was asymptomatic with normal QTc without anti-arrhythmic medication.

3. Discussion

Several aspects of this unusual case are worth discussing and have the potential to
improve both knowledge and management of hemodynamically compromised neonates
during postnatal resuscitation.

To our knowledge, this is the first reported case of a neonate who required defibril-
lation after birth. During infancy, VF is generally a rare event, with an incidence of only
0.52 per 100,000 person-years during the first year of life [4]. During the neonatal period
VF may be caused either by long-QT syndrome (LQTS) [5] or an anomalous left coronary
artery descending from the pulmonary artery [6], first of which is a known cause of sudden
infant death syndrome [7].

In our case the neonate developed VF shortly after the administration of epinephrine.
This appears to have triggered VF on the basis of preexisting QTc prolongation, which is
known to increase susceptibility to arrhythmogenic factors. Epinephrine shortens the effec-
tive refractory time of the atria, atrioventricular (AV) node and ventricular myocardium,
improves conduction via the AV node, and, therefore, may induce sustained ventricular
arrhythmia [8]. The electrophysiological effects of epinephrine mainly result from stimula-
tion of beta-receptors and while it also stimulates alpha-receptors, this seems not to affect
the AV node. However, alpha-receptor stimulation increases the effective refractory time
of the atria and ventricles, partially offsetting the shortening of refractory time mediated
by beta-receptor stimulation [8]. Epinephrine administration itself has been associated
with prolongation of QTc and induction of Torsades de Pointes [9]. Byrum et al. [10] also
described VF in a neonate with Wolff-Parkinson-White syndrome associated with the use
of digitalis, which exhibits positive bathmotropic properties similar to epinephrine. In
addition, ischemia and reperfusion during postnatal cardiac arrest may have contributed
to cardiac arrhythmia [11]. High inspiratory oxygen supplementation may have resulted
in hyperoxemia, which then may have increased the susceptibility for VF [12]. Finally,
therapeutic hypothermia may have induced or further aggravated QTc prolongation [13],
as Vega et al. [14] showed (reversible) prolonged QTc in neonates undergoing therapeutic
hypothermia due to hypoxic ischemic encephalopathy.

Due to initially prolonged QTc, empirical propranolol treatment was established. In
addition, we found a mutation in the SCN5A gene, which is present in 5–10% of patients
with LQTS [15]. The SCN5A gene encodes the α-subunit of the cardiac sodium channel
Nav1.5, which initiates and transmits action potentials within the myocardium, and gain-
of-function mutations in SCN5A may cause LQTS [16]. In untreated patients with LQTS,
cardiac arrest or sudden cardiac death is the sentinel event in 13% of cases [17]. However,
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in our patient the SCN5A mutation discovered is not associated with LQTS. The fact
that our patient’s QTc normalized over time and that two family members carrying the
same mutation were asymptomatic without QTc prolongation led us to exclude LQTS
as an underlying condition, allowing us to discontinue beta-blocker treatment during
follow-up. Furthermore, we had calculated QTc using Bazett’s formula, which is known to
overestimate QTc at high heart rates [18]. Applying different formulas for QT correction
(e.g., Fridericia, Framingham, Hodges) may yield more accurate QTc in newborns especially
with heart rates above 100 bpm [18].

Case reports on defibrillation in neonates include an incidence of fire ignited by a
defibrillation attempt in a 10-day-old neonate with VF following heart surgery [19] and the
need for electrical cardioversion during the first day of life in one preterm and one term
neonate with narrow complex tachycardia [20]. Sauer et al. [5] described defibrillation in a
19-day-old neonate due to VF, which was associated with susceptibility to LQTS type 6.
Hirakubo et al. [21] reported on a term neonate suffering from tuberous sclerosis with
multiple cardiac tumors and (supra-)ventricular tachycardia, who developed VF requiring
electrical cardioversion on day 12 after birth. However, postnatal resuscitation requiring
defibrillation due to VF has not been reported yet. It has to be noted that the energy dose
used in our patient (five Joule, i.e., ~1.5 Joule per kg) was lower than the recommended
initial dose of two to four Joule per kg for infants or children suffering from VF [22].
Despite reports about the potential inadequacy of initial shock doses of two Joule per kg
for termination of VF or pulseless ventricular tachycardia in infants and children [23],
defibrillation was successful on the first attempt in our patient. We speculate that due to the
short plasma half-life ofepinephrine electrophysiological effects on the myocardium may
have already been wearing off and that in this vulnerable state of arrhythmia a relatively
low energy dose was sufficient. Nevertheless, we still regard the recommended energy
dose of two to four Joule per kg for defibrillation of VF advisable [22].

From a clinical viewpoint, the severely compromised neonate was resuscitated ac-
cording to published guidelines [1]. Immediate application of ECG leads allowed for
rapid and continuous assessment of heart rate as well as early recognition of VF. This
underlines the recommendation to use ECG monitoring during neonatal resuscitation [1,2].
Non-invasive PPV was initially not effective despite an increased peak inspiratory pressure,
which at least in apneic preterm neonates is a common finding due to temporary airway
obstruction [24]. The lack of exhaled CO2 following the first intubation attempt we consider
most likely due to a displaced endotracheal tube causing esophageal intubation, but must
alternatively also consider the following reasons: (a) persistently high pulmonary vascular
resistance due to initially insufficient lung aeration, (b) low cardiac output due to ineffective
chest compressions, or (c) undetected tube occlusion. The approaching team suspected
esophageal intubation and removed the endotracheal tube immediately. Colorimetric CO2
detectors are useful to indicate correct endotracheal tube placement after lung aeration
and consecutive increase in lung perfusion. They have also been used to identify patent
airways during non-invasive PPV [25], whereas continuous measurement of end-tidal
CO2 may be used to guide and optimize chest compressions during CPR [26]. Current
resuscitation guidelines recommend “umbilical venous catheterization as the primary
method of vascular access during newborn infant resuscitation in the delivery room”, but
define intraosseous vascular access as “reasonable alternative” [2]. At our institution the
choice of emergency vascular access (umbilical venous catheter or intraosseous access)
during neonatal resuscitation is at the treating neonatologist’s individual discretion; in the
described case intraosseous access was chosen primarily and could be established on the
second attempt, providing us with an effective route for administration of emergency drugs.
In a previous study we found that although infrequently required, intraosseous access
was successfully used during resuscitation of preterm and term neonates with a moderate
overall success rate of 75% [27]. No study so far has directly compared drug administration
between the umbilical venous and the intraosseous route; however, Schwindt et al. [28]
compared umbilical venous catheterization versus intraosseous access in the simulated
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environment and found significantly reduced time to successfully establish intraosseous
access. Scrivens et al. [29] included 41 neonates in their systematic literature review of
intraosseous access, and concluded that it “should be available on neonatal units and
considered for early use in neonates where other access routes have failed”.

When considering the crisis resource management, one very fortunate aspect of this
unusual resuscitation scenario was the time of day, which happened to be on a weekday at
the time of handover. This meant that several neonatologists and one pediatric intensive
care specialist were readily available and rapidly involved. These personnel resources
allowed for prompt and efficient delivery of resuscitative measures, and likely contributed
to the overall excellent outcome of the patient.

4. Conclusions

We describe the rare clinical presentation of a neonate with perinatal asphyxia, who
required postnatal resuscitation and defibrillation due to VF following epinephrine ad-
ministration. Based on this case we suggest that medical professionals managing neonatal
resuscitation be aware of the possible need for defibrillation, even though it may be very
rare. Institutional simulation-based training of neonatal resuscitation should therefore
include scenarios involving cardiac arrest due to shockable heart rhythms (i.e., VF and
pulseless ventricular tachycardia) to prepare neonatal resuscitation teams to manage such
infrequent events adequately. In neonates with evident QTc prolongation epinephrine
should be used with caution due to its arrhythmogenic properties, especially the higher
recommended dosage of 30 µg/kg [2]. Finally, we consider it appropriate to have a defibril-
lator, allowing for weight-adapted, gradual titration of the energy level, and appropriately
sized pediatric defibrillation pads available in every delivery room.
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Abstract: Continuous monitoring of arterial oxygen saturation by pulse oximetry (SpO2) is the main
method to guide respiratory and oxygen support in neonates during postnatal stabilization and after
admission to neonatal intensive care unit. The accuracy of these devices is therefore crucial. The
presence of fetal hemoglobin (HbF) in neonatal blood might affect SpO2 readings. We performed
a systematic qualitative review to investigate the impact of HbF on SpO2 accuracy in neonates.
PubMed/Medline, Embase, Cumulative Index to Nursing & Allied Health database (CINAHL) and
Cochrane library databases were searched from inception to January 2021 for human studies in the
English language, which compared arterial oxygen saturations (SaO2) from neonatal blood with
SpO2 readings and included HbF measurements in their reports. Ten observational studies were
included. Eight studies reported SpO2-SaO2 bias that ranged from −3.6%, standard deviation (SD)
2.3%, to +4.2% (SD 2.4). However, it remains unclear to what extent this depends on HbF. Five studies
showed that an increase in HbF changes the relation of partial oxygen pressure (paO2) to SpO2,
which is physiologically explained by the leftward shift in oxygen dissociation curve. It is important
to be aware of this shift when treating a neonate, especially for the lower SpO2 limits in preterm
neonates to avoid undetected hypoxia.

Keywords: neonate; fetal hemoglobin; oxygen saturation monitoring; pulse oximetry

1. Introduction

Continuous arterial oxygen saturation measured by pulse oximetry (SpO2) is the
primary monitoring to guide respiratory and oxygen support in neonates during postnatal
stabilization and after admission to a neonatal intensive care unit (NICU) [1,2]. The recent
resuscitation guidelines recommend specific pre-ductal SpO2 targets during postnatal
transition based on the 25th percentile of SpO2 values in healthy term neonates that
required no medical interventions at birth (2 min 65%, 5 min 85%, 10 min 90%) [1,3].

Before the 1980s, transcutaneous oxygen tension measurement (tc-pO2) was a common
monitoring method in the NICU. Because of the practical aspects (regular calibration and
repositioning of the electrodes, skin irritations, underestimation of partial oxygen pressure
(paO2) in older neonatal patients) pulse oximetry was introduced into neonatal care as a
better and more convenient monitoring method [4–7].

Pulse oximetry measures SpO2 by illuminating the tissue and detecting changes in
the absorption of oxygenated and deoxygenated blood hemoglobin at two wavelengths:
660 nm (red) and 940 nm (infrared). In order to establish the pulse oximeter’s measure
of SpO2, the ratio of absorbance at these wavelengths is calculated and calibrated against
direct measurements of arterial oxygen saturation from blood samples (SaO2). For this pur-
pose, blood samples are taken from healthy adult volunteers under room air (normoxemia)
and in artificially acquired hypoxic environments to achieve hypoxemia [8,9].
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The difference (bias) between SpO2 and SaO2 reported in adults is 3–4%, with a
tendency for overestimation of SpO2 in critically ill mechanically ventilated patients [10–12].
However, studies conducted in mechanically ventilated neonates and children reported an
even greater bias, particularly at lower SpO2 values. For instance, in the largest conducted
study in children, the median bias of SpO2 versus SaO2 was as high as 6% for a SpO2
range of 81% to 85% [13]. Moreover, within the saturation target range for preterm infants
(89–95%), pulse oximetry exceeded the 4% error quality margin in the latest published
study, which included 1908 neonates. SpO2 values were overestimated by an average of
2.9% with a standard deviation (SD) of 5.8% in this study [14].

The oxygen carrying capacity of blood depends primarily on the hemoglobin molecule.
Fetal hemoglobin (HbF) is the main oxygen carrier during pregnancy. From the 20th week
of gestation, HbF is gradually replaced by adult hemoglobin (HbA) and declines to its
adult levels by approximately six months after birth [15,16]. HbF exhibits a significantly
higher affinity for oxygen, which enables oxygen extraction from the blood of the mother
to the fetus via the placenta at lower partial oxygen pressures and leads to the shift of the
oxyhemoglobin dissociation curve (ODC) to the left (shown in Figure 1) [17,18].
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Figure 1. Oxyhemoglobin dissociation curve of fetal and adult hemoglobin shows the relationship between pO2 and
SO2. For the saturation of 50%, the corresponding pO2 values (p50) are indicated (×). The factors that change the
hemoglobin affinity for oxygen are indicated. HbF (red), fetal hemoglobin; pCO2, partial pressure of carbon dioxide;
2,3-DPG, diphosphoglycerate.

The prenatal HbF expression and conversion to HbA is regulated by a set of evo-
lutionarily conserved genes and is not affected by the birth event itself. HbF values at
birth are therefore particularly high in very low birth-weight neonates (HbF > 90%) [19].
However, in term neonates, these values can vary considerably among individuals, as
reported in the largest conducted study in more than 150,000 newborns (mean HbF 82%,
range 5–100%) [20]. Higher HbF values were observed in newborns exposed to risk factors
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for maternal or fetal hypoxia and for sudden infant death syndrome (SIDS) [21]. Fur-
thermore, higher HbF values were reported to reduce the incidence of retinopathy of
prematurity (ROP) in at-risk preterms, suggesting that HbF could be a protective factor for
oxygen-related tissue injury in preterm neonates [22].

HbF content in the blood is often expressed as a percentage of total hemoglobin or
fraction of fetal hemoglobin (FHbF) and can be measured by several methods. These include
the alkali denaturation method, electrophoresis, spectroscopy, and high-performance
liquid chromatography, which is the most accurate method and the gold standard. The
differentiation between fetal and adult hemoglobin in a sample is based on the existence of
gamma-chain peaks, which are characteristic of HbF. The level of HbF can be determined
by measuring the total chromatogram gamma-globin chain areas expressed as a percentage
of total Hb [23].

However, because of its wide availability, visible absorption spectroscopy performed
by a hemoximeter or a blood-gas analyzer is the most commonly used method in clin-
ical studies [24,25]. The optical system of a hemoximeter is designed to measure the
concentration of total hemoglobin, oxygen saturation, and fractions of oxyhemoglobin,
carboxyhemoglobin, deoxyhemoglobin, methemoglobin, and HbF. HbF does not have
the same visible absorption spectrum as HbA due to a slight variation in molecular struc-
ture [26]. If not taken into account, the presence of HbF in a sample will interfere with the
results of oxygen saturation and the carboxyhemoglobin. Newer models of the hemoxime-
ter (since 1992) use a linear relationship to adjust the SaO2 and oxyhemoglobin readings by
the measured level of HbF [27].

Since the calibration curves of pulse oximeters use SaO2 measurements from the blood
samples of healthy adults (with almost no HbF), the accuracy of SpO2 values in the presence
of HbF is questionable. The aim of this review was, therefore, to summarize the studies
which examined the effect of HbF on pulse oximetry monitoring in human neonates.

2. Materials and Methods

Articles were identified using the stepwise approach specified in the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses (PRISMA) statement [28].

2.1. Search Strategy

A systematic search of Pubmed/Medline, Embase, Cumulative Index to Nursing &
Allied Health (CINAHL) and Cochrane library was performed from the date of inception
of the databases to January 2021 to identify articles that concerned HbF and oxygen
saturation monitoring by pulse oximetry in term and preterm neonates. Only human
studies written in the English language were selected. Search terms included: newborn,
neonate, preterm, term, infant, HbF, hemoglobin F, fetal hemoglobin, after birth, postnatal,
oxygenation, arterial oxygen saturation, pulse oximetry, SaO2 and SpO2 (Supplementary
Figure S1, Tables S1 and S2). Studies on fetal hemoglobin addressing sickle cell anemia
and thalassemia were excluded. Additional published reports were identified through a
manual search of references in retrieved articles and in review articles. The search was last
updated on 24 January 2021.

2.2. Study Selection

Identified articles were independently evaluated by two authors (E.P., G.P.) by review-
ing the titles and abstracts. If an uncertainty remained regarding the eligibility for inclusion,
the full text was reviewed. The two reviewers independently selected relevant abstracts,
critically appraised the full texts of the selected articles, and assessed the methodological
quality of the studies. Data were analyzed qualitatively. Extracted data included the
characterization of study type, patient characteristics, methods, and results.
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3. Results

Our initial search identified 2024 articles. After the removal of duplicates, 1822 articles
were screened for inclusion. Exclusion criteria included absence of reliable HbF measure-
ments or non-invasive oxygenation monitoring in term or preterm neonates (shown in
Figure 2). Ten observational studies fulfilled the inclusion criteria [4–7,29–34]. No ran-
domized controlled trial was identified. All studies performed measurements of HbF
and non-invasive oxygen saturation monitoring by pulse oximetry at the upper and/or
lower extremity in neonates in the first days and weeks after birth and determined blood
oxygenation parameters. The study populations included preterm and term neonates
with a range of gestational ages from 24 to 42 weeks of gestation. Studies are presented
in Tables 1 and 2 according to the HbF measurement method.
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Five studies conducted before 1992 used alkali denaturation or electrophoresis (Table 1),
whereas five studies initiated after 1992 used a hemoximeter for the HbF measurement.
(Table 2) All studies compared the non-invasive SpO2 readings to invasively measured
blood oxygenation parameters, most commonly SaO2, and included HbF in the analyses.

One out of the five studies conducted before 1992 found a 2.8–3.6% underestimation
in SpO2 readings in relation to higher HbF levels [4], two found no bias in SpO2 readings
in relation to HbF [7,32], and two reported inconclusive results [5,33]. Out of the five
studies conducted after 1992, one reported no SpO2-SaO2 bias in relation to HbF [6], three
studies reported an overestimation of SpO2 with higher HbF but did not provide statistical
evidence to support this statement [29–31], and one study reported a decrease in SaO2-
SpO2 bias following transfusion of adult blood to the neonates and consequential HbF
decline. It remains unclear whether this decrease can be attributed to HbF alone [34].

4. Discussion

To our knowledge, this is the first systematic review on the influence of HbF on SpO2
monitoring in human neonates. Based on the results of the majority of the included studies,
a SpO2-SaO2 difference (bias) can be detected when the SpO2 (%) readings are compared
to the direct measurements of SaO2 (%) or HbO2 (%) in neonatal blood. Reported mean
SpO2-SaO2 bias ranged from −3.6% (SD 2.3) to +4.2% (SD 2.4) (Table S2). Although there
have been indications that the bias could be influenced by HbF, none of the included studies
provided an adequate statistical analysis to prove this statement.

We included ten studies in our analysis and divided them in two groups according to
the technical characteristics and HbF measurement methods (Tables 1 and 2).

The five studies listed in Table 1 were conducted before the automatic correction of
SaO2 for the presence of HbF by the hemoximeter (before 1992) [4,5,7,32,33]. Therefore,
the corrections were performed retrospectively using a formula suggested by Cornelli-
son et al. [35]. SpO2-SaO2 bias, which could be attributed to HbF, was detected in two
studies [4,5]. The first study found a SpO2 underestimation of 2.8% to 3.6% for higher HbF
values (FHbF > 50%) [4]. The second study reported a SpO2 overestimation for the lower
HbF values (FHbF < 50%, SpO2-SaO2 bias +4.2% (SD 2.4)) and a decrease in SpO2-SaO2
bias for the higher HbF (for FHbF > 50%, SpO2-SaO2 bias +0.9% (SD 1.8)) [5]. Two of the
five studies reported no significant effect of HbF on SpO2 accuracy [7,32]. Nevertheless,
these two studies included patients with wide variations in HbF levels (FHbF 4–95%) and
reported only the mean difference between SpO2 and SaO2 for all patients. The fifth study
of the period before 1992 observed the effects of multiple factors (HbF, pH, pCO2, 2,3-DPG)
on ODC in neonates and found that all of the parameters influenced ODC and therefore
affected the corresponding SpO2 [33] (Figure 1). As the SpO2-SaO2 bias was not tested for
HbF alone, the reported results are difficult to interpret.

Five studies conducted after 1992 used a hemoximeter for HbF measurements and
adopted the automatic correction for SaO2 that accounts for the presence of HbF [6,29–31,34].
Out of these, one study found pulse oximeter saturations to be unaffected by HbF. It is
important to mention that the 22 preterm neonates included in this study received multiple
transfusions of adult blood which led to a rapid postnatal decline in HbF levels in the
study population (FHbF 0–16% after 2 weeks). Moreover, the study reported an average
SpO2-SaO2 bias from all of the acquired measurements irrespective of the HbF level at the
time of the blood sampling [6].

The three larger studies by Shiao et al. reported primarily an HbF effect on SaO2
and HbO2 measurements from neonatal blood samples [29–31]. Although the authors
mentioned the SpO2-SaO2 and SpO2-HbO2 bias, there was no statistical evidence that
these could be attributed to HbF alone.

In their first study on 210 neonatal blood samples, the authors compared different
measurement modes of the hemoximeter: the HbA-mode (adult mode) and the HbF-mode
(fetal mode). They found that the blood saturation values were 4% to 7% higher using the
HbA-mode as compared to the HbF mode (which assumed FHbF of 80%). The analyses
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with the HbA-mode overestimated both arterial and venous saturation from neonatal blood
samples. Regarding the SpO2-SaO2 comparisons, a SpO2-SaO2 bias of −0.59% (2SD 5.93)
for the HbF mode vs. −5.69% (2SD 5.96) for the HbA mode was reported. However, the
bias was tested only for the arterial saturation range of 97.5% (SD 3.16) and there was no
statistical analysis of HbF contribution to the SpO2-SaO2 bias. Based on these results, it is
difficult to assess pulse oximeters’ accuracy for the different saturation ranges as well as
the HbF contribution to the biases [29].

In their largest study, Shiao and Ou reported that the bias between SpO2 and HbO2
in arterial blood samples was as high as 2.5% (SD 3.1) for the arterial saturation range of
96.9% (SD 3.18). However, any influence of HbF is only reported on blood-derived oxygen
saturation parameters and was not tested for SpO2-SaO2 bias. Nevertheless, the authors
presented several ODC based on the paO2 and SaO2 of their samples and showed that the
ODC in neonates was not only left-shifted but also steeper when compared to adults. For
paO2 values between 50 and 75 mmHg (normoxemia), SpO2 ranged from 95% to 97% in
neonates as compared to 85% to 94% in adults [31].

This narrow SpO2 range is based on the physiological characteristics of HbF. The
study conducted on blood samples of extremely low birth weight neonates with very high
HbF levels showed that a paO2 of 41 mmHg should be adequate to saturate 90% of HbF
at a physiological pH. Therefore, the paO2 range of 45 to 60 mmHg could be defined as
safe and preferable for this group of patients [36]. However, at paO2 of 50 mmHg, HbF is
already 95% saturated. Consequently, further increase in paO2 leads to a minimal increase
in saturation. (Figure 1) These observations further stress the importance of accurate SpO2
measurements and correct SpO2 targets to avoid undetected hypoxic or hyperoxic episodes.

Finally, the last included study, which investigated the effect of transfusion of adult
blood and the consequential HbF decline on oxygenation parameters in neonates, found
that there was a significant increase in paO2 after the transfusion (51 ± 8 mmHg vs
57 ± 7 mmHg, p < 0.001) with almost no changes in SpO2 (94 ± 2% vs 93 ± 1%, p = 0.4).
This was achieved by an increase in FiO2 (>12%) applied to the infants to keep the SpO2
within the set goal [34]. However, it is not clear from this study whether the results reflect
only the decrease in HbF or whether the changes in other parameters, such as pH or
methemoglobin after the transfusion, might have influenced the described changes as well.

Based on the ten included studies, a SpO2-SaO2 bias can be detected by direct com-
parison of SpO2 readings to SaO2 in neonatal blood after the correction for HbF, but it is
unclear to what extent this can be attributed to the HbF alone. An increase in HbF changes
the relation of SpO2 to paO2, which is physiologically explained by the leftward shift in
the ODC. It is important to be aware of this shift when treating a neonate, especially for
the lower SpO2 limits in preterm neonates. Because of the fetal ODC form (Figure 1), a
potential undetected hypoxia is particularly pronounced in the lower saturation ranges,
i.e. for SpO2 < 90% where the curve is steep and becomes less detectable at its flat part
(SpO2 > 95%). From this point of view, it can be assumed that there is only a low risk
of undetected hyperoxemia when using an upper alarm limit of 95%. This was already
shown in a study on three different pulse oximeters (Agilent Viridia, Masimo SET, Nellcor
Oxismart), which detected hyperoxemia with 93–95% sensitivity for the upper alarm limit
of 95% [37].

The question of optimal oxygen-saturation targeting for preterm neonates in order
to avoid hypoxic and/or hyperoxic organ damage has been a subject of numerous, large,
randomized controlled clinical trials [38–44]. Lower SpO2 target ranges (85–89%) have led
to a decreased risk of retinopathy of prematurity but an increased risk of mortality [45]. If
we took the ODC characteristics of HbF into account, the lower target ranges may have
resulted in lower SaO2 values, as one would expect, and could have potentially resulted in
more significant undetected hypoxemia in preterm infants. This may also have contributed
to the reported increased rate of mortality and necrotizing enterocolitis in these patients.
In addition, red blood cell transfusions, which are often required in preterm infants, lead
to an increase in HbA relative to HbF, thus resulting in an ODC shift to the right. If the

134



Children 2021, 8, 361

SpO2 target ranges are set higher, the ODC shift to the right after a transfusion may lead to
hyperoxemia and increase the incidence of retinopathy of prematurity.

Finally, there are additional limitations of the included studies. The changes in the
ODC positions (and consequently of SaO2) based on the differences in pH, temperature,
and pCO2 (Figure 1) were not investigated in most of the studies. The studies also did
not report the influence of oxygen supplementation on the SpO2-SaO2 bias. The largest
study in neonates, which compared more than twenty-seven thousand SpO2 readings to
SaO2 and paO2, however, reported a three-fold higher likelihood of SpO2 overestimation
in infants treated with supplemental oxygen [14]. An additional explanation for the SpO2
differences in neonates and adults is that the sensors used in the calibration process of pulse
oximeters have a different optical-path length in an adult compared to an infant, which
may affect the accuracy of pulse oximeters in neonates [9,46]. As different measurement
methods for HbF were used within the studies, this fact is a further limitation for the
interpretation of the HbF levels and for the comparison of the studies. HPLC as a gold
standard was only used in one study and when compared to the HbF measurements by a
hemoximeter, a bias of 23% (SD 9) was detected [30].

5. Conclusions

In studies that compared non-invasive SpO2 monitoring by pulse oximetry to oxygen
saturation measurements from blood samples in preterm and term infants and included
HbF measurements in their reports, the majority found a SpO2-SaO2 bias, but it remains
unclear whether this can be explained by the high fractions of HbF in neonatal blood
alone. As hemoximeters today usually correct for the presence of HbF, SaO2 values of
those devices likely reflect the paO2 of neonatal blood correctly. Based on the physiological
characteristics of fetal ODC, there might be an influence of HbF on SpO2 readings, resulting
mostly in an overestimation of SpO2 for the lower saturation ranges. Further prospective
studies on a larger sample size are needed to support this statement.
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Abstract: The immediate transition from foetus to neonate includes substantial changes, especially
concerning the cardiovascular system. Furthermore, the brain is one of the most vulnerable organs
to hypoxia during this period. According to current guidelines for postnatal stabilization, the
recommended parameters for monitoring are heart rate (HR) and arterial oxygen saturation (SpO2).
Recently, there is a growing interest in advanced monitoring of the cardio-circulatory system and
the brain to get further objective information about the neonate’s condition during the immediate
postnatal transition after birth. The aim of the present study was to combine cardiac output (CO)
and brain oxygenation monitoring in term neonates after caesarean section in order to analyse the
potential influence of CO on cerebral oxygenation during neonatal transition. This was a monocentric,
prospective, observational study. For non-invasive cardiac output measurements, the electrical
velocimetry (EV) method (Aesculon Monitor, Osypka Medical, CA, USA) was used. The pulse
oximeter probe for SpO2 and HR measurements was placed on the right hand or wrist. The cerebral
tissue oxygen index (cTOI) was measured using a NIRO-200NX monitor with the near-infrared
spectroscopy (NIRS) transducer on the right frontoparietal head. Monitoring started at minute 1
and was continued until minute 15 after birth. At minutes 5, 10, and 15 after birth, mean CO was
calculated from six 10 s periods (with beat-to-beat analysis). During the study period, 99 term
neonates were enrolled. Data from neonates with uncomplicated transitions were analysed. CO
showed a tendency to decrease until minute 10. During the complete observational period, there
was no significant correlation between CO and cTOI. The present study was the first to investigate
a possible correlation between CO and cerebral oxygenation in term infants during the immediate
neonatal transition. In term infants with uncomplicated neonatal transition after caesarean section,
CO did not correlate with cerebral oxygenation.

Keywords: cardiac output; cerebral oxygenation; term neonates; neonatal transition

1. Introduction

To standardize the assessment of the condition of newborns during the immediate
transition period after birth, Virginia Apgar developed a scoring system [1] that is nowa-
days widely used all over the world. However, there is significant inter- and intra-observer
variability when the Apgar score is used [2,3]. In order to improve postnatal assessment,
the latest guidelines recommend, besides clinical evaluation, monitoring of heart rate (HR)
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and arterial oxygen saturation (SpO2) with pulse oximetry and optionally with electro-
cardiography (ECG) in the delivery room [4]. However, these monitoring methods do
not provide comprehensive information about potentially compromised cardio-circulatory
status resulting in compromised oxygen delivery to various organs. One of the most vital
organs certainly is the brain [5]. Oxygen delivery to the brain depends on the oxygen
content of the blood (haemoglobin concentration and oxygen saturation) and cerebral
perfusion. Cerebral perfusion depends on cardiac output (CO) and vascular resistance,
whereby the evaluation of these cardio-circulatory parameters in the first minutes after
birth remains challenging. Concerning cardio-circulation, centiles of HR during the first
minutes after birth have already been published [6]. Our study group recently published
reference ranges for blood pressure in the first minutes after birth [7]. Furthermore, we
proved the feasibility of non-invasive CO measurements in term neonates during neonatal
transition in the delivery room using the electrical velocimetry (EV) method [8]. The aim
of the present study was to investigate whether there is a significant correlation between
non-invasively monitored CO and cerebral oxygenation in term neonates during the neona-
tal transition period. We hypothesized that higher CO might be correlated with higher
cerebral oxygenation.

2. Materials and Methods

This was a monocentric, prospective, observational study conducted from Septem-
ber 2013 to March 2017 at the Division of Neonatology, Department of Paediatrics and
Adolescent Medicine, Medical University of Graz. The study was approved by the Re-
gional Committee on Biomedical Research Ethics (EC number: 25-342 ex 12/13). Informed
parental consent was obtained antenatally before neonates were included in the study.

Neonates born by caesarean section were included. After the neonates were fully
delivered, a stopwatch was started. After cord clamping, which was routinely performed
within 30 s, neonates were brought to the resuscitation table and placed under an overhead
heater in the supine position. Measurements were performed during the first 15 min after
birth. For non-invasive CO measurements, the Aesculon monitor (Osypka Medical, La
Jolla, CA, USA) was used. Before starting the measurement, the skin was cleaned from
vernix and the four surface electrodes were placed on the left forehead, left side of the neck,
left hemithorax, and left thigh.

CO was calculated as an average out of six 10 s periods (with beat-to-beat analysis).
The data from these 10 s periods were only accepted if the signal quality index (SQI)
was ≥80%. The pulse oximeter probe for SpO2 and HR measurements (IntelliVue MP 30
Monitor, Philips, Amsterdam, The Netherlands) was placed on the right hand or wrist.
The cerebral tissue oxygenation index (cTOI) was measured using a NIRO-200NX monitor
(Hamamatsu Photonics, Hamamatsu, Japan). The near-infrared spectroscopy (NIRS) sensor
was positioned on the right frontoparietal head and secured with a cohesive conforming
bandage (Peha-haft, Harmann, Heidenheim, Germany).

Resuscitation was performed according to latest guideline recommendations [4,9]. We
only analysed data from neonates who had uncomplicated neonatal transition periods
(without any need for respiratory and/or medical support). All variables were stored
using the multichannel system alpha-trace digital MM (BEST Medical Systems, Vienna,
Austria) for subsequent analyses. Values of SpO2 and HR were stored every second, and
the sampling rate of cTOI was 2 Hz.

Baseline characteristics are presented as mean ± standard deviation (SD) for nor-
mally distributed continuous variables and medians with interquartile range (IQR) when
the distribution was skewed. Categorical variables are given with numbers and percent-
ages. Changes in CO (mL/kg/min), cTOI (%), SpO2 (%) and HR (beats per minute) were
analysed using a linear mixed-effects model with a fixed effect for time and a first-order
autoregressive covariance structure. Estimated mean scores with 95% confidence inter-
vals (CI) are given for the analysed variables for 5, 10, and 15 min. To analyse possible
associations between CO and cerebral oxygenation, correlation analyses (Spearman’s rank

140



Children 2021, 8, 439

correlation coefficient) were performed separately at minutes 5, 10, and 15 after birth. A
p-value < 0.05 was considered statistically significant. Statistical analyses were performed
using IBM SPSS Statistics 26.0.0 (IBM Corporation, Armonk, NY, USA).

3. Results

During the study period, 99 term neonates were enrolled. The demographic and
clinical characteristics of the study population are presented in Table 1.

Table 1. Demographic and clinical characteristics of the study population.

Study Population (n = 99)

Gestational age (weeks)—median (IQR) 38.8 (38.3–39.3)
Birth weight (g)—mean (SD) 3296 ± 492

Body length (cm)—median (IQR) 51 (49–52)
Head circumference (cm)—median (IQR) 35 (34–36)

Female sex—n (%) 54 (54.5)
Apgar score at 5 min—median (IQR) 10 (10–10)
Apgar score at 10 min—median (IQR) 10 (10–10)
Umbilical artery pH—median (IQR) 7.29 (7.27–7.31)
Maternal spinal anaesthesia—n (%) 99 (100%)

3.1. Course of CO, cTOI, SpO2, and HR at Minutes 5, 10, and 15 after Birth

The courses of vital parameters at the time points 5, 10, and 15 min after birth are
presented in Table 2. CO decreased from minute 5 to 10 and significantly increased
afterwards. cTOI and SpO2 showed a statistically significant increase from minute 5 to 10
after birth. Additionally, SpO2 rose significantly from minute 10 to minute 15, but after
considering the number of values, this increase is not relevant for clinical praxis. HR did
not change from minute 5 to 10 or 15.

Table 2. Courses of vital parameters at 5, 10, and 15 min after birth.

Minute 5 after Birth Minute 10 after Birth Minute 15 after Birth p-Value
Minute 5 to 10/Minute 10 to 15

cTOI (%) mean (95% CI) 63.8 (61.9–65.8) 73.2 (71.3–75.0) 73.1 (71.2–75.0) <0.001/0.935

SpO2 (%) mean (95% CI) 81.2 (79.6–82.8) 93.4 (91.9–95.0) 95.2 (93.6–96.8) <0.001/0.024

HR (beats per minute)
Mean (95% CI) 152 (148–156) 151 (147–155) 153 (149–157) 0.618/0.308

CO (mL/kg/min)
Mean (95% CI) 199.8 (188.3–211.4) 187.5 (177.3–197.7) 198.0 (187.7–208.3) 0.019/0.019

3.2. Correlation between CO and cTOI at minutes 5,10 and 15 after birth

There was no correlation between CO and cTOI during the first 15 min after birth
(Table 3/Figures 1 and 2).

Table 3. Correlation analyses between CO and cTOI.

cTOI

Cardiac output

Minute 5 after birth

ρ 0.170

p-value 0.351

Minute 10 after birth

ρ 0.074

p-value 0.629

Minute 15 after birth

ρ 0.265

p-value 0.071

141



Children 2021, 8, 439

Children 2021, 8, x FOR PEER REVIEW 4 of 8 
 

 

Minute 15 after birth 

ρ 0.265 

p-value 0.071 

 

Figure 1. Neonate with four surface electrodes on the left forehead, left side of the neck, left he-

mithorax, and left thigh for non-invasive CO measurement. 
Figure 1. Neonate with four surface electrodes on the left forehead, left side of the neck, left
hemithorax, and left thigh for non-invasive CO measurement.

Children 2021, 8, x FOR PEER REVIEW 5 of 8 
 

 

 

Figure 2. Correlation analyses between CO and cTOI at minute 5, 10, and 15 after birth. 

4. Discussion 

To our knowledge, this is the first study presenting correlation analyses between CO 

and cerebral oxygenation in term infants during the immediate neonatal transition. As the 

brain is a vulnerable organ, it is important to better understand oxygen delivery to the 

brain during this time. We hypothesized that higher CO would result in higher cerebral 

oxygenation, as oxygen delivery is dependent on CO and oxygen content. However, in 

our study population of 99 term infants delivered by caesarean section, we could not ob-

serve any significant correlation between CO and cerebral oxygenation. 

Figure 2. Cont.

142



Children 2021, 8, 439

Children 2021, 8, x FOR PEER REVIEW 5 of 8 
 

 

 

Figure 2. Correlation analyses between CO and cTOI at minute 5, 10, and 15 after birth. 

4. Discussion 

To our knowledge, this is the first study presenting correlation analyses between CO 

and cerebral oxygenation in term infants during the immediate neonatal transition. As the 

brain is a vulnerable organ, it is important to better understand oxygen delivery to the 

brain during this time. We hypothesized that higher CO would result in higher cerebral 

oxygenation, as oxygen delivery is dependent on CO and oxygen content. However, in 

our study population of 99 term infants delivered by caesarean section, we could not ob-

serve any significant correlation between CO and cerebral oxygenation. 

Figure 2. Correlation analyses between CO and cTOI at minute 5, 10, and 15 after birth.

4. Discussion

To our knowledge, this is the first study presenting correlation analyses between CO
and cerebral oxygenation in term infants during the immediate neonatal transition. As
the brain is a vulnerable organ, it is important to better understand oxygen delivery to the
brain during this time. We hypothesized that higher CO would result in higher cerebral
oxygenation, as oxygen delivery is dependent on CO and oxygen content. However, in our
study population of 99 term infants delivered by caesarean section, we could not observe
any significant correlation between CO and cerebral oxygenation.

Most published haemodynamic changes during the immediate neonatal transition
described an increase in heart rate and a decrease in pulmonary vascular resistance after
cord clamping and lung aeration [10–15]. Some research groups have published data
showing changes in cardiac output in recent studies, mostly using echocardiography [13,14].
In the present study, we observed a significant decrease in cardiac output from minute
5 (199 mL/kg/min) until minute 10 (187 mL/kg/min). Afterwards, CO rose again until
minute 15 (198 mL/kg/min) after birth. In a study using echocardiography, Van Vonderen
et al. [15] described an increase in cardiac output from minute 2 (151 mL/kg/min) to minute
5 (203 mL/kg/min), and afterwards a stable tendency until minute 10 (201 mL/kg/min).
A further study described an increasing tendency of cardiac output in the first 20 min after
birth, which did not reach significance. CO was 168 mL/kg/min at p1, 186 mL/kg/min at
p2, and 189 mL/kg/ min at p3 [10]. These findings are comparable with the results in the
present study.

Compared with echocardiography, EV provides the opportunity to monitor CO con-
tinuously and objectively. Additionally, the feasibility of this method has already been
proven in the delivery room in term infants after caesarean section [8], and in vaginally
born neonates receiving delayed cord clamping [9].

Noori et al. [10] compared EV measurements with echocardiography in 20 healthy
neonates during the first two days after birth. They performed left ventricular output
measurements with EV and echocardiography. There was no significant difference between
these two methods, confirming that EV measurements have comparable accuracy and
precision to echocardiography for CO measurements when the EV SQI was ≥80% [10].

Several studies have described lower cerebral oxygenation values in preterm neonates
immediately after birth, resulting in cerebral injury in the following days [11,12]. As a recent
study described a possible association between lower left ventricular output measured by
echocardiography and the development of intraventricular haemorrhage during the first
day of life in extremely preterm infants [13], the authors raised the question of whether CO
immediately after birth has an impact on cerebral oxygenation. As a first step, we wanted
to investigate whether there is an impact of CO on cerebral oxygenation in term infants
during neonatal transition. However, in contrast to our hypothesis, we did not find such a
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correlation in healthy term neonates. Nonetheless, this finding is in accordance with a recent
observation in term neonates that mean arterial blood pressure had no significant impact
on cerebral oxygenation [16]. In contrast, there was a significant association between blood
pressure and cerebral oxygenation in preterm neonates during neonatal transition [16].
These contradictory results may be a sign of intact vascular autoregulation in term neonates
and potentially impaired autoregulation in preterm neonates. In the present study of term
infants during uncomplicated transition without any need for respiratory and/or medical
support, our results further emphasize the intact cerebral autoregulation in neonates born
at term. With this knowledge, the next step should be CO monitoring in compromised term
and preterm neonates to better understand the underlying (patho)physiological processes
in those infants.

We recognize several limitations in this study. First, we only included neonates born
by caesarean section. Due to technical reasons, not all of the measurements were able to
be performed in the delivery room next to the mother. Since all neonates after caesarean
section were brought to the resuscitation table and observed by a neonatologist for 10
to 15 min, we only performed measurements on those neonates. We did not include
vaginally born neonates to avoid delaying immediate bonding with the mother. Therefore,
we do not have any information about cardiac output measurements in vaginally born
neonates. Recent studies showed that the mode of delivery might influence haemodynamic
parameters and cerebral oxygenation during neonatal transition [6,17,18]. We may have
observed some differences in vaginally born neonates. Additionally, in these neonates, cord
clamping time was within 30 s, as this was the routine procedure during the observational
period. Delayed cord clamping might have resulted in better oxygenation in these neonates.
Second, our study population contains exclusively term neonates. In our study population,
we observed stable values concerning cardiac output during the immediate neonatal
transition. The next interesting question would be whether there are observable differences
in very low birth weight preterm neonates needing extended respiratory and/or medical
support. Third, since we only accepted and analysed cardiac output measurements, if the
signal quality index was >80%, to guarantee the reproducibility with the other already
approved methods, we had to exclude 76% of NICOM measurements. In many cases, the
activity and movements of the neonates influenced the NICOM measurements. Further
studies are needed before introducing this method into routine clinical practice.

5. Conclusions

The present work is the first study to investigate a possible correlation between CO and
cerebral oxygenation in term infants during immediate neonatal transition. In term infants
with uncomplicated neonatal transition after caesarean section, there was no significant
correlation between CO and cerebral oxygenation at 5, 10, or 15 min after birth.
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Abstract: Non-invasive cardiac output methods such as Electrical Cardiometry (EC) are relatively
novel assessment tools for neonates and they enable continuous monitoring of stroke volume (SV).
An in-silico comparison of differences in EC-derived SV in relation to preset length and weight
was performed. EC (ICON, Osypka Medical) was simulated using the “demo” mode for various
combinations of length and weight representative of term and preterm infants. One-centimetre
length error resulted in a SV-change of 1.8–3.6% (preterm) or 1.6–2.0% (term) throughout the tested
weight ranges. One-hundred gram error in weight measurement resulted in a SV-change of 5.0–7.1%
(preterm) or 1.5–1.8% (term) throughout the tested length ranges. Algorithms to calculate EC-derived
SV incorporate anthropomorphic measurements. Therefore, inaccuracy in physical measurement
can impact absolute EC measurements. This should be considered in the interpretation of previous
findings and the design of future clinical studies of EC-derived cardiac parameters in neonates,
particularly in the preterm cohorts where a proportional change was noted to be greatest.

Keywords: infant; premature; term; bio-impedance; non-invasive cardiac output monitoring

1. Introduction

Neonatal non-invasive evaluation of cardiac output (CO) is typically performed with
echocardiography. Electrical cardiometry (EC) enables a continuous assessment of CO in
newborns. Parameters, including stroke volume (SV) and, multiplied by heart rate (HR),
cardiac output (CO), are recorded as absolute values or indexed for body weight. While EC
is now increasingly used in clinical research in neonates [1], including the delivery room
and neonatal intensive care unit [1–5], further research and development of the technology
is required before it can be appropriately utilized in clinical practice to potentially guide
management.

In EC, the distance between electrodes influences the recorded parameters and, as
such, an initial calibration using weight and length is required. Therefore, inaccurate
anthropomorphic measurements might affect EC-derived parameters. Measurement is
particularly challenging in the delivery room, and in previous studies, predetermined
standardized measurements were employed [2–5]. Inaccuracy may become significant
where absolute values are used to delineate ‘normative ranges’. Thus, our aim was to
evaluate the effect size of differences in length and weight on EC-derived SV estimates for
preterm and term infants in a simulation study.

2. Materials and Methods

The ICON monitor (Osypka Medical, Berlin, Germany) was used in “demonstration
mode”, which provides an identical set of electrical impedance changes for each repetition
representative for an adult patient. As sex does not have an effect on the measurements
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calculated by the ICON monitor (unpublished data and confirmed by the manufacturer),
all measurements were performed as for a male on day 1 postnatally. Weight can be set to
increments of 25 g (<1 kg) or 50 g (>1 kg) and length can be input in increments of 0.1 cm
on the monitor. We used a representative range of weights and lengths (term: weight
3.0–4.2 kg, length 48–56 cm/preterm: weight 0.5–1.5 kg, length 28–40 cm). SV for each
combination of weight and length was documented after a 2-min cycling period. A linear
regression model was fitted to the data to find an analytical expression for the dependency
of SV on weight and length. Models were developed separately for the term and preterm
data using an ordinary least squares fit (Python 3.9 with statsmodel 0.12). The dependent
variable was SV. Potential independent variables were weight [kg], length [cm], and the
weight-by-length interaction. Models with all combinations of the independent variables
were compared using the Akaike information criterion.

3. Results

Figure S1 (Online Supplementary) illustrates the dependence of SV on weight and
length. For a term infant with a length of 51 cm, every 100-g difference from the median
weight of 3.5 kg led to a change in SV of 1.7%. For preterm infants, this effect was found to
be more influential on the resultant SV measurement; e.g., for a 34-cm infant, each 100-g
increase or decrease from 1 kg led to a relative change in measured SV of 6.1%. In contrast
every 1-cm change in length resulted in a 1.8% relative change in SV for median weight
term infants and 2.7% for median weight preterm infants.

The SV regression models for the preterm and term data both included length and
weight-by-length as independent variables (see Table 1). Relative SVs, normalized to the
median of the variable, are presented in Table S1 (term) and Table S2 (preterm) (Online
Supplementary).

Table 1. Coefficients of linear regression model of stroke volume.

Preterm Model
Coefficient (95% CI)

Term Model Coefficient
(95% CI)

intercept [mL] 0.1503 (0.079 to 0.221) 0.4801 (0.423 to 0.537)
length [cm] 0.0141 (0.012 to 0.016) 0.0298 (0.029 to 0.031)
weight × length [kg × cm] 0.0285 (0.028 to 0.029) 0.0160 (0.016 to 0.016)

4. Discussion

We quantified the effect of weight and length on EC-derived SV estimates. Differ-
ences in anthropometric measures, and thereby, differences in intrathoracic intravascular
volumes, lead to differences in SV measurements. The effects were more pronounced in
preterm infants compared to term infants. Therefore, inaccurate estimates or measurements
of these anthropometric values can lead to clinically relevant changes in SV.

While, in adults, such a small proportional error makes a clinically irrelevant dif-
ference, in infants, errors in anthropomorphic measurement could lead to significant
discrepancies in SV. Furthermore, as CO equals SV times HR, the effect of the naturally
higher newborn HR on CO estimation leads to amplification of the initial weight or length
error. For example, from our simulation data, overestimation of a preterm infant’s weight
by 250 g and their length by 2 cm would subsequently result in a 0.33-mL error in SV.
Based on a HR of 160 bpm in a 1-kg neonate, this would result in an error of almost
53 mL/s/kg/min in CO. In term infants, however, the relative error in SV is lower, and
the amplification of the error is less pronounced due to slightly lower HR. Therefore, for
a 200-g weight and a 2-cm length overestimation, the calculated error in CO would be
12.4 mL/s/kg/min for a 3.4-kg neonate.

Even the error in a single measurement (i.e., weight or length) can still lead to
relevant change. For example, a 2-cm measurement inaccuracy would lead to almost
15 mL/s/kg/min in CO error for a 1-kg baby. The effect of length as a component in
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the algorithm calculation is important and raises important clinical concerns, as accurate
measurement in neonates is not always straightforward [6]. Due to the expected inaccuracy
in length, it is common in neonatology to index output by weight and not by body surface
area. However, as EC parameters depend on the distance between outer and inner elec-
trodes, calibration with length is necessary to adjust for differences in distance caused by
body length. The ability to input weight only to the closest 25 g should also be considered
as a factor when evaluating cardiac indices in extremely preterm infants, where seemingly
small weight differences may also lead to clinically relevant distinctions in CO. This is
particularly the case for the smallest preterm infants, in whom 25 g can represent up to 5%
of a weight difference.

Accounting for this, researchers should be aware of the potential for algorithmic
reproduction of weight and length estimation errors resulting in “abnormal” EC-derived
parameters. Noori et al. mentioned calibration within the EC algorithm in 2012 [7].
However, few studies since then have reported how calibration for weight or length
was addressed. This is pertinent in the delivery room. Previous studies used pre-set
or standardized weight and length for term infants in the delivery setting [2–5]. In one
study, EC measurements were performed during intact cord management, therefore relying
solely on estimates [2]. As this will result in miscalibration, EC-derived parameters should
only be used to provide trends, until weight and length are verified. Of note, only flow
related measurements are affected (i.e., SV or CO), whereas other EC parameters are not
(e.g., thoracic fluid content). While we would not currently recommend the use of EC for
the determination of absolute CO values to guide clinical management decisions yet, it may
be possible to improve accuracy in the delivery room research setting. Use of resuscitaires
with in-built weighing scales could rapidly provide more accurate estimates of weight,
or, where these are not available, the equipment could be pre-set based on the average
weight for the gestational age or by using the estimated fetal weight derived from antenatal
ultrasound scans. Length could be quickly estimated by employing a fixed ruler attached
to the resuscitaire, without significant interference to clinical management of the baby.

When used in the research setting, it is feasible that correct measurements could be
used in conjunction with raw data during analysis to produce more accurate estimates.
However, without in-depth knowledge of the algorithm, this could have unreliable results.
To enable the accurate investigation of cardiac parameters in the early transitional period
and improve technological development, manufacturers could integrate an option for
post-hoc correction of data based on reliable anthropomorphic measurements.

5. Limitations

This study is an in-silico study and does not reflect the complexity and variability
of delivery room situations or other real-life scenarios. However, this enables high com-
parability as the parameters obtained by EC always use the same data sets of electrical
impedance changes and HR; therefore, only the pre-set parameters affected changes in SV
values. As the simulation is based on adult data, the absolute values of CO should not
be interpreted and only the changes incurred by the alteration of weight and length are
meaningful. The algorithm itself, including the method of calibration is kept confidential by
the manufacturer. Inclusion of the weight–length interaction term in the linear-regression
modelling indicates a nonlinear relation between weight, length, and SV. Plots of raw data
in Figure S1, however, do suggest that the dominant relation is linear. Therefore, this
in-silico study provides information to users on the effect size and, by this, the relevance of
accurate weight and length measurement for EC.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/children8100936/s1, Figure S1: 3D-Visualisation of raw data, Table S1: Relative stroke volume
estimates for term infants, Table S2: Relative stroke volume estimates for preterm infants.
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Abstract: Multisystem inflammatory syndrome in children (MIS-C) is a post-infectious immune-
mediated condition, seen 3–5 weeks after COVID-19. Maternal SARS-CoV-2 may potentially cause a
similar hyperinflammatory syndrome in neonates due to transplacental transfer of antibodies. We
reviewed the perinatal history, clinical features, and outcomes of 20 neonates with features consistent
with MIS-C related to maternal SARS-CoV-2 in Kolhapur, India, from 1 September 2020 to 30 April
2021. Anti-SARS-CoV-2 IgG and IgM antibodies were tested in all neonates. Fifteen singletons
and five twins born to eighteen mothers with a history of COVID-19 disease or exposure during
pregnancy presented with features consistent with MIS-C during the first 5 days after birth. Nineteen
were positive for anti-SARS-CoV-2 IgG and all were negative for IgM antibodies. All mothers
were asymptomatic and therefore not tested by RTPCR-SARS-CoV-2 at delivery. Eighteen neonates
(90%) had cardiac involvement with prolonged QTc, 2:1 AV block, cardiogenic shock, or coronary
dilatation. Other findings included respiratory failure (40%), fever (10%), feeding intolerance (30%),
melena (10%), and renal failure (5%). All infants had elevated inflammatory biomarkers and received
steroids and IVIG. Two infants died. We speculate that maternal SARS-CoV-2 and transplacental
antibodies cause multisystem inflammatory syndrome in neonates (MIS-N). Immunomodulation
may be beneficial in some cases, but further studies are needed.

Keywords: neonate; multisystem inflammatory syndrome in children (MIS-C); anti SARS-CoV-2
antibodies; COVID-19

1. Introduction

COVID-19, caused by SARS-CoV-2, is a global public health crisis with a large recent
surge in India. As of 24 June 2021, 179 million individuals were infected worldwide,
with India contributing to half of all new daily cases in April–May 2021 [1]. Initial studies
showed that children were spared of severe COVID-19 [2–4]. However, recently case reports
of children experiencing a potentially life threatening pediatric inflammatory multisystem
syndrome (PIMS)—also called multisystem inflammatory syndrome in children (MIS-C)—
have been described [5–7].
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MIS-C is a new disease in children, the exact mechanism of which is still unclear. It
is thought to be due to immune dysregulation following exposure to SARS CoV-2 [8]. It
usually presents as fever and multiorgan involvement, with blood investigations showing
increased inflammatory markers weeks after exposure to SARS-CoV-2 [5,6,8]. MIS-C
has clinical and serological similarities with Kawasaki disease and the severe COVID-
19 cytokine storm seen in adults [9]. However, its pathophysiology and immunological
response is different, and may be mediated by autoantibodies [10]. More than 80% of
children with MIS-C have specific IgM and IgG antibodies against SARS-CoV-2, but only
about one-third are positive for SARS-CoV-2 by RTPCR [5,11,12].

Unlike MIS-C, where SARS-CoV-2 infection and multisystem inflammation occur
in the same subject, a few case reports suggest neonatal multisystem inflammation [13]
occurs secondary to maternal SARS-CoV-2 infection [14–17]. A few weeks after the first
wave of COVID-19 in Kolhapur, India, we found an increase in the number of neonates
with structurally normal hearts who presented with conduction abnormalities and were
born to mothers with a past history of COVID-19. Specifically, these neonates presented
with prolonged QTc with 2:1 Atrioventricular (AV) block or thrombosis similar to older
children with MIS-C within the first week after birth [18]. We present a case series of
20 neonates with multisystem involvement, hyperinflammatory syndrome and positive
anti SARS-CoV-2 IgG antibodies, temporally related to maternal antenatal SARs-CoV-2
exposure. To our knowledge, this is the largest series of MIS-C presenting in the early
neonatal period.

2. Materials and Methods

Access to chart reviews and publication was approved by the Institutional Ethics
Committee (IEC) of the Dr D Y Patil Medical College Hospital and Research Institute,
at Dr D Y Patil University, Kolhapur, India. Informed consent was obtained from par-
ents/guardians for using clinical data and photographs. Neonates who met the criteria in
Table 1 (with four exceptions, as explained below) and that were admitted to seven NICUs
in Kolhapur between 1 September 2020 and 30 April 2021 were included. These criteria
were modified from CDC criteria for MIS-C and interim guidance from AAP to accom-
modate lack of fever in neonates and source of primary infection (mother, instead of the
child) [19,20]. Neonates with signs consistent with MIS-C, maternal history of COVID-19,
and positive for anti-SARS CoV-2 antibodies were included. However, infants with these
symptoms and culture positive sepsis, or proven infective pathology in other organ systems
(e.g., meningitis, urinary tract infection, etc.) were excluded. Infants with low Apgar scores
(≤3 at 5 min) and evidence of birth asphyxia were excluded. Preterm infants with findings
attributable to early gestation (such as respiratory distress presenting immediately after
birth and transient hypotension) were excluded. IgG and IgM against SARS CoV-2 were
detected using VIDAS® SARS-COV-2 kits (BioMerieux SA, Marcy-I’Etioile, France), with
MINIVIDAS using ELFA: enzyme linked fluorescent assay. Data are presented as median
(range) or number (%).

We differentiated neonates presenting with multisystem inflammatory syndrome in
the first week after birth secondary to possible maternal COVID-19 infection (labeled in
this article as MIS-N), from neonates who had early onset neonatal COVID-19 or late-onset
neonatal COVID-19 and subsequently present with multisystem inflammation during
2–4 weeks after birth (labeled in this article as MIS-C) (Figure 1). In patients with MIS-C,
multisystem inflammation was secondary to prior COVID-19 in the same subject. However,
in MIS-N, multisystem inflammation in the neonate was secondary to COVID-19 in the
mother with passive transmission of antibodies.
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Figure 1. Various presentations of SARS-CoV-2 infection and its sequences in the neonatal period.
Red colored subjects with a ‘+’ sign indicate COVID-19 positive patients. Pregnant mother A has
COVID-19 and her baby is negative at birth but contracts late-onset COVID-19 due to transmission
from the mother. Pregnant mother B has no COVID-19 but her neonate develops late-onset neonatal
infection due to exposure to a family member 2–4 weeks after birth. Pregnant mother C is COVID-19
positive during the perinatal period and transmits the virus to her offspring during birth leading
to early-onset infection in the neonate. This baby can potentially develop MIS-C 2–4 weeks later (a
rare occurrence) [16]. Pregnant mother D has COVID-19 during pregnancy but the neonate remains
healthy. Pregnant mother E has COVID-19 disease or exposure to SARS-COV-2 during pregnancy
and the baby develops multisystem inflammation secondary to passive transfer of antibodies leading
to MIS-N (multisystem inflammatory syndrome in neonates) [14].

Table 1. Proposed inclusion criteria for neonatal multisystem inflammatory syndrome (MIS-N) secondary to maternal SARS
CoV-2 exposure or infection.

(1) A neonate aged <28 days at the time of presentation
(2) Laboratory or epidemiologic evidence of SARS-CoV-2 infection in the mother

• Positive SARS-CoV-2 testing by RT-PCR, serology (IgG or IgM), or antigen during pregnancy
• Symptoms consistent with SARS CoV-2 infection during pregnancy
• COVID-19 exposure with confirmed SARS CoV-2 infection during pregnancy
• Serological evidence (positive IgG specific to SARS CoV-2 but not IgM) in the neonate

(3) Clinical criteria:

• Severe illness necessitating hospitalization AND
• Two or more organ systems affected [i.e., cardiac, renal, respiratory, hematologic, gastrointestinal, dermatologic, neurological,

temperature instability (fever or hypothermia)] OR
• Cardiac AV conduction abnormalities OR coronary dilation or aneurysms (without involvement of a second organ system)

(4) Laboratory evidence of inflammation

• One or more of the following: an elevated CRP, ESR, fibrinogen, procalcitonin, D-dimer, ferritin, LDH, or IL-6; elevated neutrophils or
reduced lymphocytes; low albumin

(5) No alternative diagnosis (such as birth asphyxia–cord pH ≤ 7.0 and Apgar score ≤ 3 at 5 min; viral or bacterial sepsis–confirmed blood
culture; maternal lupus resulting in neonatal AV conduction abnormalities; presence of these findings indicating an alternate diagnosis
excludes MIS-N).

3. Results

Clinical characteristics of 20 neonates are shown in Table 2. Individual patient char-
acteristics are shown in Table 3. Three infants (# 17, 18 and 19 in Table 3) had IgG anti
SARS-CoV-2 levels below the cut-off but were included because of maternal history and
typical presentation (AV block or dilated coronaries). Case # 20 only had a cardiac thrombus
without other organ involvement but was included due to maternal history, high IgG levels,
elevated inflammatory markers, and lack of other explanation for the thrombus.
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Table 2. Characteristics of patients with suspected MIS-N.

Characteristic Median (Range) or Number (%) Comments

Characteristic Median (Range) or Number (%) Comments

Maternal age 26.5 years (20–34 years)

Maternal symptoms (n = 18):

Asymptomatic
Symptomatic

Trimester when positive or had
exposure

11 (61.2%)
7 (38.8)

First–1 (5.5%),
Second–2 (11.1%),
Third–15 (83.3%)

Mode of delivery–Cesarean 7 (38.8%)

Gestational age at birth (n = 20) 34 weeks (27–38 weeks)
Term (≥37 weeks)–3 (15%)

Late preterm (34–36 weeks)–13 (65%)
<33 weeks–4 (20%)

Birth weight (kg) 2.15 (1–4)

Sex Male (10), Female (10)

Multiplicity Singleton–15
Twins–5

Neonate–age at presentation Day 2 (day 1 to day 5) Day 1 (<24 h of birth)–7 (35%)

Organ system involvement
• Cardiac

• Hematologic/thrombosis
• Respiratory
• Gastrointestinal
• Neurological
• Cutaneous
• Renal

• Fever/temperature instability

18 (90%)
2 (10%)-thrombosis; 2 (10%)-GI bleed
11 (55%)-requiring ventilator/CPAP

6 (30%)
2 (10%)
1 (5%)
1 (5%)

2 (10%)

Investigations:

• CRP
• Procalcitonin
• D-dimer
• LDH

• NT-Pro BNP

24 (9–62)
2.05 (1.3–51)

5932 (2820–12,000)
1315 (793–6424)

24,300 (7361-> 30,000)

Normal values
0-6 mg/L

<0.5 ng/mL
<2700 ng/mL
290-775 U/L

<11,987 pg/mL for 0-2 days,
<5918 pg/mL for 3-11 days

• Blood culture No growth in all infants No growth

Cardiac findings
• Arrhythmia

• Dilated coronaries
• Intracardiac thrombus

• Shock/ cardiac dysfunction

11 (44%)
2 (12%)
2 (8%)

5 (20%)

One thrombus in LPA, one in RA

Infant’s serology
• IgM SARS CoV-2
• IgG SARS CoV-2

0.0 (0–0) COI
3.49 (0.07–74.39) COI

Cut-off-Index (COI) ≥ 1 is positive, for both
IgG and IgM

Therapy

• Steroids
• IVIG
• LMWH
• Inotropes

20 (100%)
20 (100%)
14 (70%)
12 (60%)

IV Methylprednisolone 2 mg/kg/day
1–2 g/kg

1.5 mg/kg/dose, twice a day
IV Milrinone, Adrenaline, Dobutamine,

Dopamine

Outcome

• Mortality 2 (10%) One due to necrotizing enterocolitis
One due to Multiorgan dysfunction

3.1. Maternal Features

Of the 18 mothers (three with twin pregnancy), seven (38.8%) were symptomatic for
COVID-19 during pregnancy, three (16.6%) were asymptomatic but RT-PCR positive for
COVID-19, and eleven (61.1%) were asymptomatic but had history of close contact with
COVID-19 cases (usually a confirmed case in the family). Fifteen mothers (83.3%) were
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symptomatic or had contact during the last trimester of pregnancy, (five (27.7%) within the
last 4 weeks before delivery), two (11.1%) during second trimester and one (5.5%) in the first
trimester of pregnancy. None of them had symptomatic COVID-19 or febrile illness during
admission for delivery, and none were tested for COVID -19 RT-PCR during the admission
for delivery. Five mothers (27.7%) had an antenatal ultrasound scan showing fetoplacental
compromise (reduced flow in uterine artery or umbilical artery and/or diastolic notch,
diastolic flow reversal, fetal ascites, pericardial and pleural effusion). Mothers whose
infants presented with cardiac conduction abnormalities were tested for lupus antibodies
and were negative.

3.2. Resuscitation at Birth and Post-Resuscitation Period

Two neonates did not cry immediately after birth and two had significant respiratory
distress in the delivery room. These four (20%) neonates required positive pressure ventila-
tion (PPV) and subsequently required conventional mechanical ventilation on the day of
birth. Sixteen (80%) neonates did not require any PPV in the delivery room. However, three
of these infants required respiratory support (invasive mechanical ventilation or CPAP) on
the day of birth in the NICU.

3.3. Clinical Presentation

The most common presentation involved the cardiovascular system (Table 3). Eleven
had rhythm disorders, of which nine presented with prolonged QTc interval with 2:1 AV
block (Figure 2A,D,G,J,M). With immunomodulatory therapy with methylprednisolone and
intravenous immunoglobulin (IVIG), 2:1 AV block disappeared first (Figure 2B,E,H,K,N),
followed by normalization of QTc (C, F, I, L, O), in all of the nine neonates. One neonate
had an episode of supraventricular tachycardia (SVT), requiring a short course of beta
blockers, and one infant had bradycardia with tall, peaked T waves and broad QRS due to
hyperkalemia secondary to acute renal failure. Shock with or without cardiac dysfunction
on echocardiography was seen in five neonates. Two neonates had significant coronary
dilatation on day one of life (Figure 3A–C). One neonate had a thrombus almost completely
occluding the left pulmonary artery (LPA) (Figure 3D), requiring systemic thrombolysis
with Alteplase (t-PA, 3 doses), and low molecular weight heparin (LMWH) for six weeks.
One neonate had an intracardiac thrombus at the inferior vena cava–right atrial junction
(Figure 3E), which partly resolved at discharge, after LMWH therapy.

Eleven neonates required either mechanical ventilation (n = 8) or CPAP (n = 3), for
respiratory distress syndrome associated with prematurity, shock, or respiratory depression.
Two neonates presented with fever on day one of life. Two neonates did not cry immediately
after birth but had Apgar scores >3 by 5 min of age. One infant presented with convulsions
on day 4 and was admitted on day 6 with multiorgan failure leading to death.

Feeding intolerance and gastric aspirates were seen in 6 neonates, of which two had
brownish gastric aspirates. Two had lower gastrointestinal bleeding, of which one had
tarry stools (melena) (Figure 3I) and one had blood in stools on day 8 of life (with a normal
coagulation profile).

Anti-SARS-CoV-2 IgM antibodies were negative in all the neonates, and IgG antibodies
(cut-off-index (COI) ≥1 considered reactive) were positive (COI value > 1) in 17 (85%)
neonates. Two (10%) had levels below positive cut-off, and one (5%) had no detectable
levels. RTPCR for SARS-CoV-2 was not done in any of the neonates as the Indian Academy
of Pediatrics Guidelines recommend this test after birth if mothers are symptomatic, or
tested positive within 14 days before birth, or if there is history of contact with COVID-19
positive persons in the postnatal period. [21]
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Figure 2. Representative EKGs of neonates presenting with bradycardia. Baby number sequence is the same as in Table 3. 
The first column showing EKGs at presentation (A,D,G,J,M), with sinus rhythm, prolonged QT interval and atrio-ventric-
ular block. Middle column showing sinus rhythm and prolonged QT interval (B,E,H,K,N). The last column showing sinus 
rhythm with normal QT interval (C,F,I,L,O). Black arrows = atrial beats; horizontal square bracket = QT interval; QTc = 
corrected QT interval; ms = milliseconds. QTc values in the figure are derived by the formula QTc = QT/√RR. 

 
Figure 3. Echocardiography and clinical findings in neonates with MIS-C. Baby number sequence 
is the same as in Table 3. Transthoracic echocardiography, parasternal short axis view in Baby #14 
(A) and Baby #19 (B,C). The left main and left anterior descending coronary artery (yellow arrow) 
and the right coronary artery (blue arrow) are significantly dilated. AV = aortic valve. Transthoracic 
echocardiography and color doppler, parasternal short axis view in Baby #4 (D), showing aorta (Ao) 
and main pulmonary artery (MPA) bifurcation, with a large thrombus (red arrow) obstructing the 
left pulmonary artery (yellow star) origin and causing flow turbulence on color doppler (E), but 
normal flows across right pulmonary artery (green star). Transthoracic echocardiography subcostal 
bi-caval view in Baby # 20 (F), showing a thrombus (red arrow) in right atrium (RA). Baby #6, show-
ing oral and muco-cutaneous lesions (G) and, pedal edema and skin peeling (H) and Baby #7 with 
black, tarry stools (melena, I). 

To summarize, we present a case series of 20 neonates born to mothers with a history 
of SARS-CoV-2 infection or exposure to COVID-19 patients. The majority of infants were 

Figure 2. Representative EKGs of neonates presenting with bradycardia. Baby number sequence is the same as in
Table 3. The first column showing EKGs at presentation (A,D,G,J,M), with sinus rhythm, prolonged QT interval and atrio-
ventricular block. Middle column showing sinus rhythm and prolonged QT interval (B,E,H,K,N). The last column showing
sinus rhythm with normal QT interval (C,F,I,L,O). Black arrows = atrial beats; horizontal square bracket = QT interval;
QTc = corrected QT interval; ms = milliseconds. QTc values in the figure are derived by the formula QTc = QT/
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Figure 3. Echocardiography and clinical findings in neonates with MIS-C. Baby number sequence is the same as in Table 3.
Transthoracic echocardiography, parasternal short axis view in Baby #14 (A) and Baby #19 (B,C). The left main and left
anterior descending coronary artery (yellow arrow) and the right coronary artery (blue arrow) are significantly dilated.
AV = aortic valve. Transthoracic echocardiography and color doppler, parasternal short axis view in Baby #4 (D), showing
aorta (Ao) and main pulmonary artery (MPA) bifurcation, with a large thrombus (red arrow) obstructing the left pulmonary
artery (yellow star) origin and causing flow turbulence on color doppler (E), but normal flows across right pulmonary artery
(green star). Transthoracic echocardiography subcostal bi-caval view in Baby # 20 (F), showing a thrombus (red arrow) in
right atrium (RA). Baby #6, showing oral and muco-cutaneous lesions (G) and, pedal edema and skin peeling (H) and Baby
#7 with black, tarry stools (melena, I).
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To summarize, we present a case series of 20 neonates born to mothers with a history of
SARS-CoV-2 infection or exposure to COVID-19 patients. The majority of infants were late
preterm, with equal sex distribution and presented with cardiac (90%), respiratory (55%) or
gastrointestinal (30%) signs with elevated inflammatory markers and positive IgG SARS-
CoV-2 titers. These infants were managed with supportive therapy, methylprednisolone,
IVIG and was associated with a 10% mortality. Our protocol for diagnosis and management
of MIS-N is shown in Table 4.

Table 4. Protocol for laboratory investigations and management of MIS-N.

Laboratory investigations need to be titrated based on clinical presentation. [9]

1. Initial laboratory evaluation (suspected cases without cardiac involvement)

a. Complete Blood Count (CBC) with differential
b. Inflammatory markers: ESR, CRP, Procalcitonin
c. Urinalysis
d. Blood culture
e. Imaging as clinically indicated (respiratory or gastrointestinal signs):

i. Chest X-ray
ii. Abdominal X-ray or ultrasound if concerning physical findings.

2. If initial labs concerning for MIS-C, or cases with cardiac involvement without alternate explanation (ESR > = 40 mm or CRP > =5mg/dL in
addition to 1 of the following: lymphopenia with absolute lymphocyte count <1000/mm3, platelets <150,000/mm3, albumin < = 3g/dL,
hyponatremia Na < 135 mEq/L), consider the following evaluation:

a. Cardiac markers: troponin T/I and BNP or NT-Pro-BNP
b. Twelve-lead electrocardiogram (EKG)
c. Other markers of inflammation: ferritin, LDH, IL-6
d. Coagulation panel: PT, PTT, D-dimer, fibrinogen
e. Mother and baby’s Serology for SARS-CoV-2
f. Mother and baby’s SARS-CoV-2 PCR from nasopharyngeal swab
g. Echocardiogram (transthoracic)–may be done in the presence of hypotension/shock or suspicion for cardiac dysfunction; this may aid

in the diagnosis of coronary aneurysms

Management of neonates with MIS-N is predominantly supportive.

1. Respiratory support to optimize gas exchange and maintain oxygen saturations in the 90–97% range and PaCO2 in the 40–50 mmHg will
minimize pulmonary vasoconstriction and reduce the risk of PPHN.

2. Fluid resuscitation along with the use of inotropes and vasopressors is often needed to optimize perfusion.
3. Empiric antibiotics as per discretion of the provider may be considered pending blood culture results.

Specific therapy for MIS-C includes the use of anticoagulants, steroids, IVIG and anti-inflammatory agents. As shown in the case reports in Tables 2
and 3, neonates have received treatment with immunomodulatory therapies (IVIG, methylprednisolone, anti-platelet agents (aspirin), and
anticoagulants (unfractionated heparin or low molecular weight heparin). Further studies are required to evaluate the benefits and risks of these
therapies in MIS-C in neonates. Pending further studies, we recommend the following approach to MIS-C in neonates.

1. Infants with moderate to severe MIS-N may benefit from systemic glucocorticoid therapy. Methylprednisolone or prednisolone are commonly
used.

2. Intravenous immunoglobulin (IVIG) is indicated in severe MIS-N requiring ICU care with cardiovascular involvement plus at least 1 other
system involvement (cardiovascular involvement defined by: shock, left ventricular dysfunction, coronary artery abnormality, severe
conduction abnormality, significant troponin elevation, new valvular regurgitation). Presence of coronary or peripheral aneurysms is also an
indication for IVIG. Infants who meet criteria for Kawasaki disease should also receive IVIG. [23] Caution should be exercised during IVIG
among neonates due to the potential risk of necrotizing enterocolitis. [24]

3. Anticoagulants: Children with MIS-N can present with vasculitis and thrombosis. [25] The incidence of thrombosis is higher in MIS-C in
older children than infants and young children. [25] While low-dose aspirin, unfractionated heparin or enoxaparin are recommended in
children with MIS-C, its routine use is not recommended in neonates, especially preterm infants at risk for intraventricular hemorrhage (IVH).
In term infants at risk of thrombosis, and those with central lines, low-dose aspirin should be considered. Critically ill infants, admitted to the
ICU with MIS-N with signs of thrombosis may benefit from prophylactic enoxaparin or unfractionated heparin. Close monitoring of PT, PTT,
fibrinogen and D-dimer is necessary during anticoagulation.

4. Tocilizumab (an anti-IL-6 receptor antibody) has been used in children with MIS-C. There is no experience with the use of this therapy
in neonates.

Note: During the neonatal period, MIS-N is relatively rare. More common causes for cardiac dysfunction and elevated Troponin or BNP such as
perinatal asphyxia should be considered. The use of glucocorticoids and IVIG should be limited to indications outlined above.

Abbreviations are same as in Table 3.

4. Discussion

We present a case series of neonates born to mothers with a history of SARS-CoV-2
infection or exposure to a COVID-19 patient during pregnancy and presenting with fea-
tures that cannot be explained by other causes. Whether these findings are unrelated to
maternal COVID-19 or due to an inflammatory process induced by the transplacental
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passage of antibodies directed against autoantigens is not clear. However, the unusually
high frequency of findings such as atrioventricular conduction abnormalities, resembling
cardiac findings in older children with MIS-C [18], and response to immunomodulatory
therapy with intravenous immunoglobulin (IVIG) and steroids suggests that “multisys-
tem inflammatory syndrome in the neonate (MIS-N)” deserves further study [26]. We
present this case series to increase awareness of this possibility amongst all care providers,
especially obstetricians, pediatricians, pediatric cardiologists, and neonatologists.

We speculate that maternal infection with SARS CoV-2 results in development of
protective IgG antibodies against spike protein of the virus (similar to a response following
vaccination) [27]. These antibodies cross the placenta (with IgA versions in breastmilk) to
provide passive immunity to the newborn [27]. In some genetically susceptible children,
autoantibodies triggered by SARS CoV-2 infection may bind to receptors in neutrophils
and macrophages causing activation and secretion of pro-inflammatory cytokines that
results in development of MIS-C [9,28]. Children with MIS-C have higher SARS-CoV-2 IgG
titers than those with severe COVID-19 [29], however, this trend is transient in MIS-C [30].
We speculate that the spike protein IgG antibodies are protective innocent bystanders, are
a marker of prior infection and do not have a pathogenic role in MIS-C. On the other hand,
autoantibodies against endothelial, gastrointestinal, and immune cells are also produced
and may potentially play a role in MIS-C [31]. Patients with MIS-C have high levels
of certain antibodies against autoantigens (anti-SSB, anti-Jo-1), lending credence to the
hypothesis that MIS-C is mediated by a persistent autoimmune response to the original
infection [31]. As such, and analogous to neonatal lupus, where anti-SSA and anti-SSB
antibodies cross the placenta to cause manifestations such as rash and congenital heart
block in newborns, it is plausible that similar antibodies against autoantigens crossed the
placenta after a SARS CoV-2 infection and initiated MIS-N disease in these neonates. In our
case series, atrioventricular conduction abnormalities were common (Figure 2) potentially
secondary to transplacental transfer of similar antibodies.

We would like to differentiate MIS-C in the neonatal period due to early-onset SARS-
CoV-2 infection in the neonate from “MIS-N” where the infection occurs in the mother and
the neonates present early as shown in this case series (Figure 1). We acknowledge that
the CDC has not labelled or described this condition and nomenclature may change in
the future.

That maternal antibodies pass transplacentally is a known fact, and maternal infection
with SARS-CoV-2 is no different. Multiple studies have reported the transplacental transfer
of anti-SARS-CoV-2 IgG antibodies to neonates [32–34]. The majority (87%) infants born
to seropositive mothers had detectable IgG antibody at birth, transfer ratios were more
than 1.0, and there was a positive correlation between maternal and infant antibody titers,
regardless of the presence of symptoms in the mother or the severity of disease [33].

None of the mothers in our case series had received vaccination against COVID-
19 (vaccines were only administered to >45 years age strata in India during the study
period). Although COVID-19 vaccines were not tested in pregnant mothers, many pregnant
health care workers have received the Pfizer and Moderna vaccines in the US [35]. These
mothers have a robust IgG and IgA response in their sera and breast milk respectively [27].
Umbilical cord sera were positive for IgG antibodies. We speculate that these vaccine
induced antibodies against SARS CoV-2 spike protein are protective and do not pose a risk
of MIS-C in babies because they are not directed towards autoantigens. Approximately
4500 pregnant mothers have registered in the V-safe COVID-19 vaccine pregnancy registry.
Limited data from this registry have not reported any neonatal deaths to date [9,36].

The majority of infants in our case series were delivered at late preterm gestation. The
NICHD Maternal Fetal Medicine Units (MFMU) network has reported a higher incidence
of preterm labor and delivery in symptomatic pregnant mothers with COVID-19 (severe
symptoms–42%; mild to moderate symptoms—15%; asymptomatic—12%) [37]. Therapy
for MIS-N is mainly supportive. All patients in our case series received immunomodulatory
therapies (intravenous immunoglobulin-IVIG and steroids), anti-platelet agents (aspirin),
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and anticoagulants (unfractionated heparin or LMWH). Further studies are required to
evaluate the benefits and risks of these therapies in MIS-N [23,25]. While some cases,
especially those with cardiac conduction abnormalities responded well to IVIG and steroid
therapy, we need randomized trials to evaluate efficacy of these therapies in MIS-C. Overuse
of these agents should be avoided. We admit that there was probably overtreatment
with steroids, LMWH and IVIG among our patients and many of these patients might
have improved without these therapies. More targeted therapy with these agents based
on further research is prudent as IVIG use among neonates carries the potential risk of
necrotizing enterocolitis [24].

5. Conclusions

We conclude that maternal history of SARS-CoV-2 infection or exposure to COVID-
19 may potentially be associated with multisystem inflammation, thrombosis, and AV
conduction abnormalities in the early neonatal period. However, neonatal MIS-C and
MIS-N are relatively rare. More common causes for cardiac dysfunction and elevated
troponin or BNP such as perinatal asphyxia and sepsis should be considered. Based on our
case series, we recommend that among neonatal patients born to mothers with a history of
COVID-19, neonatal MIS-C or MIS-N be considered in the differential diagnosis to explain
unusual signs of multisystem inflammation, after excluding common causes.
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