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Zusammenfassung

Hintergrund In den aktuellen Leitlinien der Neugeborenen Wiederbelebung wird empfohlen
zur Durchflihrung von Thoraxkompressionen (CC) wahrend der kardiopulmonalen
Reanimation (CPR) die encircling two-thumb-technique (TTT) zu verwenden. Diese
Empfehlungen basieren auf Studien an Simulationspuppen und Expertenmeinungen. Bisher
wurde keine Studie veroffentlicht, die verschiedene CC Techniken im Tierversuch
untersuchten. Ziel dieser Studie war es hamodynamische und respiratorische Parameter
verschiedener CC Techniken wahrend der CPR von asphyxierten neugeborenen Ferkeln
miteinander zu vergleichen. Die Hypothese lautete, dass der Blutfluss der Arteria carotis der

Ferkel mit der empfohlenen TTT besser ist als mit den anderen CC Techniken.

Methodik Es wurden neugeborene Ferkel im Alter zwischen null und drei Tagen
eingeschlossen, welche vom University Swine Research Technology Center, University of
Alberta, Canada, bezogen wurden. Die Ferkel wurden anasthesiert, intubiert, invasiv
monitorisiert und einer normokapnischen Hypoxie, welche zur Asphyxie fuhrte, ausgesetzt.
SchlieRlich kam es zu Bradykardie und Asystolie. Es wurden vier CC Techniken miteinander
verglichen: i) encircling two-thumb-technique (TTT), ii) two-finger-technique (TFT), iii)
knocking-fingers technique (KFT) und iv) over-the-head two-thumb encircling technique
(OTTT). Jede der vier CC Techniken wurde nacheinander bei jedem Ferkel in zufalliger
Reihenfolge flir eine Minute pro Technik durchgeflhrt. Hamodynamische und respiratorische

Parameter wurden kontinuierlich gemessen.

Ergebnisse Insgesamt wurden sieben Ferkel mit einem medianen (range) Alter von 3 (1-4)
Tagen und einem Gewicht von 2,0 (1,8-2,1) kg eingeschlossen. Zwischen den CC
Techniken gab es keine Unterschiede in: Blutfluss der Arteria carotis (ml/min/kg), der
prozentualen Anderung des mittleren Blutflusses der Arteria carotis verglichen zum
Ausgangswert, Blutdruck, enddiastolischen Volumen oder in der maximalen Anstiegsrate des
linksventrikularen Drucks. Der Anstieg des Blutflusses der Arteria carotis pro CC war
signifikant schneller mit TTT und OTTT (118 (45) und 121 (46) ml/min/s) im Vergleich zu TFT
und KFT (75 (48) und 71 (67) ml /min/s) (p < 0,001). Die TFT und KFT Techniken fiihrten zu
einer signifikant niedrigeren minimalen Anderungsrate des ventrikularen Drucks (als
Ausdruck der linksventrikuldren Funktion) im Vergleich zu TTT. (TFT -568 (229) und KFT —
578 (180) vs. TTT —1052 ( 369); p = 0,012). Es gab keine Unterschiede zwischen den

verschiedenen CC Techniken bezlglich respiratorischer Parameter, der
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Gewebssauerstoffsattigung des Gehirns und der aufgewendeten Kompressionskraft und

Kompressionstiefe.

Schlussfolgerung Die Verwendung der encircling two-thumb-technique und der over-the-
head two-thumb encircling technique fiihrte zu einem schnelleren Anstieg des Blutflusses der
Arteria carotis und einer hdheren minimalen Anderungsrate des ventrikuléren Drucks. Dies
deutet auf einen etwas besseren linksventrikularen Auswurf unter der Verwendung dieser
beiden Techniken hin. Die Unterschiede resultierten jedoch nicht in einem verbesserten
Blutfluss der Arteria carotis. Diese Studie zeigte, dass die Untersuchung verschiedener CC
Techniken in neonatalen Tiermodellen machbar ist. Weitere Tierversuche sollten

durchgefthrt werden um das Outcome verschiedener CC-Techniken zu untersuchen.
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Abstract

Background Current neonatal resuscitation guidelines recommend providing chest
compressions (CC) with the encircling two-thumb-technique (TTT). These recommendations
are based on manikin studies and expert opinion rather than on animal or clinical data. Until
now there are no studies investigating different CC techniques in animal experiments
published. The aim of the study was to compare hemodynamic and respiratory parameters
when providing CC with the TTT, the conventional two-finger-technique (TFT), the knocking-
fingers technique (KFT), and the over-the-head two-thumb encircling technique (OTTT) in an
asphyxiated neonatal piglet model. We hypothesised that in newborn asphyxiated piglets the
TTT compared to the other CC techniques improve carotid blood flow during cardiopulmonary

resuscitation (CPR).

Methods We included newborn mixed-breed piglets, between zero and three days of age
obtained from the University Swine Research Technology Center, University of Alberta,
Canada. Newborn piglets were anesthetized, intubated, instrumented, and exposed to
normocapnic hypoxia followed by asphyxia. This led to bradycardia and finally asystole. Each
of the four CC techniques (TTT, TFT, KFT, and OTTT) was sequently performed in each piglet
in random order. After one minute the CPR with one technique was changed to another one,

again for one minute. Hemodynamic and respiratory parameters were continuously measured.

Results A total of seven piglets were included with a median (range) age of 3 (1-4) days old
and weight 2.0 (1.8-2.1) kg. There were no differences in the carotid blood flow (ml/min/kg),
the percentage changes of mean carotid blood flow to baseline, in blood pressure, end diastolic
volume, or maximal rate of rise of left ventricular pressure between the groups. The rise of
carotid blood flow per CC was significantly faster with the TTT and OTTT (118 (45) and 121
(46) mL/min/s) compared to the TFT and the KFT (75 (48) and 71 (67) mL/min/s) (p<0.001).
Using the TFT and the KFT resulted in significantly lower minimum rate of change of ventricular
pressure (as an expression of left ventricular function) compared to the TTT (TFT -568 (229)
and KFT -578 (180) vs. TTT -1052 (369); p=0.012). There were no differences in respiratory
parameter, cerebral tissue oxygen saturation, and CC force and depth between the different
CC techniques during CPR.

Conclusion Using the encircling two-thumb-technique and the over-the-head two-thumb
encircling technique resulted in faster rise of carotid blood flow and higher minimum rate of

change of ventricular pressure suggesting a slightly better left ventricular ejection. However,
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those differences did not result in improved carotid blood flow. This study demonstrated that
investigating different CC techniques in neonatal animal models is feasible. Further animal

studies are warranted to investigate the outcome of different CC techniques.
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1 Introduction

1.1 Neonatal transition

Within the first minutes after birth every newborn infant has to get through major
physiological changes to adapt from intra- to extrauterine environment. Most infants undergo
an uneventful immediate transition without the need for medical interventions. However,
approximately six to seven million newborn infants per year (5% of all newborn infants) show
insufficient breathing with the need for respiratory support in the delivery room(3-5). In
addition, approximately two million newborn infants per year (0.1% of term infants, 10-15% of
preterm infants) need cardiopulmonary resuscitation (CPR) including chest compressions
(CC)(6,7). Failed neonatal transition and ineffective resuscitation could have serious

consequences for short- and long term outcome(8).

1.1.1 Changes in respiratory system

In utero, fetal airways and lung are liquid-filled and no gas exchange occurs through the
lung. The resistance between the fetal lung/airways and the amniotic sac generate a
transpulmonary pressure. This pressure leads to a hyperexpanded state of the fetal lung
triggering lung growth development(9). Lung liquid clearance is a complex physiological
process and occurs during a 3-phase
process with i) airway liquid clearance, ii) liquid accumulation within the lungs’ interstitial tissue

compartment, and iii) respiratory gas exchange and metabolic homeostasis(10,11).

During the first phase, lung liquid gets absorbed from the airways rapidly to establish
functional residual capacity of the lung(10). Contrary to the long accepted assumption, that
rising catecholamine levels and sodium uptake across the airway epithelium are responsible
for rapid lung liquid clearance, latest findings implicate that the driving force for lung liquid
clearance in phase one is respiratory activity and ventilation with adequate lung aeration(12—
14). About 95% of lung aeration occurs during inspiration over the first breaths after birth(14).
Healthy newborn infants start breathing within the first median(range) 9 (2-33) seconds after
birth(15). End-tidal carbon dioxide (CO3), an indicator for lung aeration and gas exchange, can
be detected between the first three to seven breaths with maximum end-tidal CO; values one

minute after birth in healthy term newborn infants(15,16). With lung aeration also tidal volume
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increases significantly over time reaching a plateau at two minutes after birth(15,16). Failed
lung aeration leads to inadequate functional residual capacity establishment and impaired gas
exchange. This is followed by hypoxia, and soon after bradycardia. As long as the lung is not
aerated heart rate (HR) does not increase and might result in the need for CPR with chest
compressions in the delivery room. In newborn infants with risk for failed lung aeration (e.g.,
preterm infants) and/or need for respiratory support, pulse-oximetry should be used to monitor
arterial oxygen saturation (SpO2) levels immediately after birth(4). After birth, SpO: increases
rapidly from 60% in minute one up to 95% in minute eight, although preterm infants often need
a longer time to reach SpO, of above 90% compared to term or near-term infants(17,18).
However, reference ranges for SpO,to monitor lung aeration and guide respiratory support are

available in literature and are recommended to use during neonatal resuscitation(17,19-21).

During the second phase of lung liquid clearance, in the interstitial tissue compartment
accumulated liquid gets absorbed via the lymphatic and blood vessels over the next four to six
hours(10,11). Liquid re-entry might occur during expiration into the airways due to an increased
pressure within the intestinal tissue. In infants with impaired gas exchange this can lead to the
need for non-invasive positive end-expiratory pressure application to maintain gas

exchange(11).

The third phase starts when immediate transition is completed and liquid has been
removed from intestinal tissue(11). The focus during this phase is to maintain adequate gas
exchange and metabolic homeostasis to prevent lung oedema. This mainly depends on

structural and functional deficiencies and lung immaturity(11).

In summary, adequate ventilation immediately after birth is the most effective mechanism
to clear the lung. If not, lung oedema might cause respiratory distress and the need for

respiratory support during fetal to neonatal transition(22).

1.1.2 Changes in hemodynamics

1.1.2.1 Fetal circulation

Fetal circulation starts with the fetus first heart beat at 22 days of gestational age(23,24).
To survive in the hypoxemic intrauterine environment there are many differences between the
fetal and neonatal circulation as well as the characteristics of biochemical processes (e.g.,

presence of fetal hemoglobin)(23—-25). Characteristics of fetal circulation are the placenta to
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provide gas exchange and the fetal shunts to bypass less working organs in utero. These

shunts are the i) ductus venosus, ii) foramen ovale, and iii) ductus arteriosus(24).

In utero, gas exchange is provided by the placenta because the lungs are liquid filled and
not aerated. Oxygen is driven from the maternal side to the fetus across the placental
intervillous spaces by a positive partial pressure delta gradient of oxygen between mother and
fetus(26). The umbilical vein contains oxygenated blood and splits at the level of the fetal liver
with 40-50% of the blood perfusing the hepatic circulation, and the remainder directly entering
into the ductus venosus(24). Blood is shunted through the ductus venosus to the inferior vena
cava into the right atrium(23,27). In the right atrium it mixes with blood from the superior vena
cava. While the most blood is shunted through the foramen ovale into the left heart and the
aorta, a small portion of the right ventricle output goes to the lungs via the pulmonary arteries
for lung perfusion(23,27). However, up to 90% of the right ventricular output is shunted through
the ductus arteriosus into the descending aorta bypassing the unaerated fetal lungs(28). The
ductus arteriosus connects to the aorta below the carotid and coronary arteries. Hence, the
higher oxygenated blood (SpO. about 65%) perfuse the brain and heart, whereas the lower
oxygenated blood (SpO. about 60%) perfuse the abdominal organs and lower body before

returning to the placenta(23).

1.1.2.2 Circulation after birth

The placenta is a low resistance system providing a low systemic vascular resistance in
utero, while the pulmonary vascular resistance is high due to unaerated lungs(24). The high
pulmonary- and low systemic vascular resistance result in a right-to-left shunt blood flow,
where the blood shunts from i) the right atrium through the foramen ovale into the left atrium
and the aorta ascendens, and ii) from the right ventricle through the ductus arteriosus into the
aorta descendens(24). The right ventricle is responsible for around 60% of the cardiac output

and is the dominant ventricle in utero(29).

During birth, circulating catecholamines cause an increase in inotropy, HR, and cardiac
output, but also anatomical and structural changes of the newborn infants’ body are obligatory
for successful postnatal transition(28-30). With the first breaths, when the lung gets aerated,
the pulmonary vascular resistance decreases while pulmonary blood flow increases. By
clamping the umbilical cord and separating the low resistance placenta, the systemic vascular

resistance increase leading to a rise in left ventricular afterload, higher pressures in the left
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heart and an increase of left ventricular cardiac output (29). The right-to-left shunt reverses

and becomes a left-to-right shunt within the first 10 minutes after birth(31,32).

After birth the shunts to enable fetal circulation in utero closes. The rise in pulmonary
venous return and increase in left atrial pressure result in the functional closure of the foramen
ovale(33). The ductus venosus remains patent for several days without any circulatory
consequences(33). Ductus arteriosus closure is a complex mechanism. Closure is induced by
i) increase in arterial oxygen content, ii) induction of vasodilatations, and iii) decrease in
prostaglandin levels(33-35). The initial functional closure occurs due to smooth muscle
contraction followed by anatomical closure caused by muscle cell thinning and
remodelling(35). In healthy term infants the ductus arteriosus closes spontaneously in 56% of
infants within the first 12-18 hours and in 96% at 30-40 hours after birth(36). In preterm infants
the ductus arteriosus closure occurs after several days after birth, and in some cases remain
patent might resulting in increased mortality and short-term complications(35,37). Persistent
failed lung aeration leads to bradycardia and further on to the need of CPR and chest
compressions in the delivery room. Immediately after birth, fetal shunts are not closed yet,
implicating that a large part of the blood gets pumped through the patent ductus arteriosus
bypassing the lung when providing CC. This results in left-to-right shunt with persistent

pulmonary hypertension.

1.1.2.3 Bradycardia after birth

Fetal HR normally ranges between 110-160 beats per minute (bpm) and umbilical venous
blood has an oxygen saturation of 70%-80%, might decreasing to 30% during labour before
increasing to 95% within the first 10 minutes after birth(23,26,38,39). The transient hypoxia
might lead to initial bradycardia until the lung gets aerated. A HR above 100 bpm is presumed
to be normal in healthy newborn infants during neonatal transition increasing around 140-170
bpm in the first 10 minutes following delivery and then stabilizing in the range of 100-160
bpm(24,40,41).

Dawson et al investigated the changes in HR of healthy term and preterm infants within
the first ten minutes after birth who received early cord clamping(41). Under normal conditions
one minute after birth 61% of the newborn infants had a HR <100 bpm and thereof 17% had a
HR <60 bpm(41). More recently, Padilla-Sanchez et al reported that newborn infants who
received delayed cord clamping had significantly higher values and earlier stabilization of HR

in the first 2 minutes after birth compared to those from Dawson et al(21). This is important
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since current neonatal resuscitation guidelines recommend to initiate positive pressure
ventilation with a HR below 100 bpm and initiate neonatal CPR including chest compressions

when HR remains below 60 bpm despite adequate ventilation(4,5).

1.2 Birth asphyxia

Asphyxia is a condition of failed gas exchange and impaired organ perfusion(42). This
causes progressive hypoxia, hypercarbia, and metabolic acidosis resulting in shock and in
some cases in death(42). Indeed, about 800,000 newborn infants die annually worldwide due

to birth asphyxia with a higher incidence in low-resource environments(42).

Birth asphyxia may occur before, during, or after delivery and can be caused by different
reasons(42,43). An interrupted placental blood flow is the most common and results from
maternal diseases, placental factors, and/or umbilical cord compression (Table 1) (42,43). Also
newborn infants’ inappropriate respiratory drive to initiate breathing (e.g., infection, circulatory
compromise after blood lost, and maternal medications), airway anomalies, neurological
disorders, and cardiopulmonary diseases might lead to impaired gas exchange and asphyxia
(Table 1) (35). The outcome of asphyxiated newborn infants depends on the extent and

duration of impaired gas exchange and the quality of provided resuscitation measures(42,43).
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Table 1 Factors associated with birth asphyxia (43—49)

Perinatal

Arterial ischemic stroke

Fetal exsanguinations due to bleeding

Uterine

Rupture
Chorioamniotitis

Uterine overdistention

Placental

Bleeding ( Placenta previa/accreta, placental abruption, trauma)

Maternal

Age above 35 years

Lifestyle (obesity, smoking, substance abuse)

Preeclampsia

Circulatory diseases (arterial hyper-/hypotension, severe anemia)
Infection

Shock

Diabetes mellitus

Neonatal

Prematurity

Post-dates

Multiple Gestation
Twin-to-twin transfusion
Infection

Septic shock
Cardiopulmonary diseases
Congenital malformations
Airway anomalies

Neurologic disorders

Umbilical cord

Cord prolapse

Nuchal cord

Cord Knot

Velamentous cord insertion

Vasa Praevia

Labour prolongation or precipitous delivery

Shoulder dystocia

Labour Abdominal wall dystocia
Narcotics during labour
Meconium aspiration
Inadequate antenatal care (low socioeconomic parental status)
Health care Poor intra-/postpartum care (unskilled staff in obstetrics and/or

neonatal resuscitation, insufficient medical equipment)
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The newborn infants’ body uses compensatory mechanism to maintain adequate organ
perfusion during birth asphyxia. During hypoxia the first effect is to increase HR and redistribute
cardiac output which is part of the Frank-Starling mechanism(43). Chemo-receptors, located
in the carotid artery, respond to hypoxemia in sympathetic activation and vasoconstriction,
consequently leading to centralization(50). Hence, coronary and cerebral blood flow increases
to protect heart and brain while renal, pulmonary, intestinal, and muscle blood flow
decreases(43). With ongoing hypoxia glycolysis takes over using high-energy phosphates
such as adenosine triphosphate. Once all adenosine triphosphate is used up bradycardia
occurs, further leading to cardiac arrest and asystole. After successful resuscitation pulmonary
hypertension and initial arterial hypertension occurs for about 20 minutes after return of
spontaneous circulation(25).

Occurrence of anaerobic glycolysis has an impact on the cell metabolism and leads to
cell death via necrosis or apoptosis, resulting in organ failure(43). Renal dysfunction and
hypoxic—ischemic brain injury are the most common(43). After restoration of perfusion and
oxygenation a second hit 24 to 48 hours later might result in a secondary energy failure(51).
The newborn infants’ body responds to the injured tissue with inflammation by generating
oxygen-free radicals, production of nitric oxide, and lipid peroxidation(51). The supplemented
oxygen provided during resuscitation effects the newborn infants’ outcome. Oxidant injury can
result in intracranial hemorrhage (IVH), bronchopulmonary dysplasia, necrotizing enterocolitis,
retinopathy of prematurity and even epigenetic changes in the newborn infants’ DNA(52-54).
However, a systematic review and meta-analysis, including 1302 term born moderately
asphyxiated infants, reported that time to first breath, 5-min Apgar, and survival were better for
those resuscitated with 21% rather than 100% oxygen(55). They further reported that one
death would be prevented for every 20 asphyxiated newborn infants resuscitated with 21%
rather than 100% oxygen(55).

The incidence of birth asphyxia is the highest in resource-limited environments caused
by maternal diseases and untrained health care providers to provide adequate basic neonatal
resuscitation at birth(56). Neonatal resuscitation measures of asphyxiated term infants in
resource-limited differ from those in resource-replete environments(42,57). To globally
improve the outcome of asphyxiated newborn infants effective and easy resuscitation

techniques are needed.
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1.3 Neonatal resuscitation

The outcome of newborn infants receiving extensive resuscitation is poor, including a
high risk of death or severe neurological injuries(7,8,58). The survival rate until hospital
discharge of newborn infants, who received CC in the delivery room, ranges from 52%- 83%
with a lower rate in preterm infants(59). Cardiac arrest in newborn infants is usually secondary
to asphyxia rather than to a primary cardiac event, hence resuscitation measures must focus
on reoxygenation to achieve return of spontaneous circulation as quickly as possible(60).
International neonatal resuscitation guidelines are available and updated every five years.
These should be frequently trained and used when performing neonatal resuscitation in the

delivery room(3).

1.3.1 Vital parameter monitoring

Current neonatal resuscitation guidelines recommend umbilical cord palpation and/or
heart auscultation for initial HR assessment(3-5). However, there is a large inter- and
intraobserver variability in clinical assessment of the newborn infants’ condition and inaccuracy
of HR auscultation or palpation of the umbilical cord(61-63). Hence, in newborn infants with a
slow HR (below 100 bpm) or failure to establish spontaneous and effective breathing
continuous pulse oximetry monitoring is recommended and additional electrocardiogram

(ECG) monitoring can be used(3-5).

Pulse oximetry monitoring is mostly used to monitor SpO2 in newborn infants with
inadequate breathing effort. Centile charts for SpO, values are available for the first ten
minutes after birth and should be used to titrate supplemental oxygen(17). However, pulse
oximetry monitoring might also be used to assess the quality of CC although this is not
established in clinical practice and there are no data for neonatal CPR published until
now(64,65).

ECG is faster and more accurate to assess the newborn infants’ HR compared to pulse
oximetry(66). However, ECG monitoring does not replace pulse oximetry(67,68). When using
ECG monitoring health care providers should be aware of the occurrence of pulseless
electrical activity, defined as the presence of electrical activity without any associated
mechanical activity or detectable pulse(69). Since ECG monitoring is recommended to be used
in the delivery room, several reports about the presence of pulseless electrical activity in

newborn infants were published(69,70). In addition, animal studies reported a pulseless
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electrical activity on the ECG in about 40% of asphyxiated neonatal piglets(71,72). During
pulseless electrical activity there is no correlating waveform on pulse oximetry and auscultation
identifies cardiac arrest accurately (69,72,73). Hence, combining auscultation, palpation, pulse
oximetry, and ECG in asphyxiated newborn infants seems to be reasonable(72). If there is a
HR above 60 bpm displayed on the ECG but the infant is unresponsive, pulseless electrical
activity should be suspected and CC should be started(70).

1.3.2 Respiratory support

Since hypoxia is the predominant cause of cardiovascular collapse in newborn infants,
their airways must be cleared of liquid to establish effective pulmonary gas exchange(60).
Current neonatal resuscitation guidelines recommend that positive pressure ventilation (PPV)
should be provided in bradycardic (HR <100 bpm) and/or apneoic newborn infants with a rate
of 40-60/min, a peak inflation pressures of up to 30 cmH: in term newborns and 20-25 cmH>
in preterm newborns, and a positive end-expiratory pressure of 5 cmH2(3-5). Several studies
demonstrated that in response to adequate ventilation, the lungs get aerated and HR increases
immediately during delivery room resuscitation(74—76). Hence, a prompt increase of HR is the
primary measure of adequate PPV(3,4). The textbook of neonatal resuscitation states that if
PPV was started because of bradycardia, the newborn infants’ HR should begin to increase
within the first 15 sec of PPV(77). However, Espinoza et al reported that after 30 sec of PPV
only half of the asphyxiated piglets had an increase in HR with a rapid rise in only 20% and a

gradual increase in 33%(78).

Inadequate PPV occurs either by too low peak inspiratory pressure, obstruction, or mask
leak caused by i) face mask technique, ii) head position, iii) airway obstruction (e.g., meconium-
stained amniotic fluid) or iii) glottis closure. MR.SOPA describes a series of actions to improve
mask ventilation performance. It is an acronym for M (mask adjustment), R (reposition airway),
S (suction mouth and nose), O (open mouth), P (pressure increase), and A (alternate airway)

as a laryngeal mask airway (LMA) or endotracheal tube(42).

Studies reported that mask leak occurs in half of newborn infants, and obstruction occurs
in up to 75% of newborn infants, independent of the providers experience, and in most cases
at the start of PPV and (79,80). However, teaching an improved technique significantly

improves face mask ventilation(81).

Besides other causes such as too high ventilation pressures and wrong head position,

airway obstruction can also be caused by glottis closure, which is common especially in
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preterm infants. Since hypoxia suppresses fetal breathing movements in utero it is suspected
that hypoxia in newborn infants results in apnoea and glottic adduction after birth too(82). PPV
is likely to be ineffective in apnoeic newborn infants until they become so hypoxic and
bradycardic that the glottis relaxes(83). However, health care providers must be aware as
prolonged unrecognized airway obstruction could easily lead to further, more aggressive, and
hazardous procedures, such as increased pressures and/or chest compressions if not rapidly

recognized and relieved(80).

1.3.3 Chest compression

The need for CC in the delivery room is rare; only 0.1% of term infants receive
advanced CPR including CC and epinephrine at birth(6). Current neonatal resuscitation
guidelines state that if the HR is less than 60 bpm, despite adequate ventilation, CCs are
indicated(3-5). CCs should be delivered i) on the lower third of the sternum, ii) to a depth of
approximately one third of the anterior-posterior diameter of the chest iii) using the encircling
two-thumb technique, iv) allowing the chest re-expand fully during relaxation, and v) using a
3:1 C:V ratio(3-5). However, these recommendations are based on extrapolations from
mathematic modeling, animal data, paediatric- and adult studies, and expert opinion rather

than on scientific evidence.

The main cause for cardiac arrest in newborn infants is asphyxia, while in adults cardiac
collapse is mainly caused by ventricular fibrillation and/or arrhythmia(84). Hence, the focus of
neonatal CPR is to restore organ perfusion and improve tissue oxygenation. Restoring
myocardium perfusion is the main goal so that the heart regains function to provide adequate
vital organ oxygenation. CCs restore myocardium function by increasing coronary perfusion

pressure and coronary blood flow(85).

External CCs were first described in 1960 by Kouwenhoven et al as an intervention to
restore forward blood flow in patients of acute cardiac arrest due to direct mechanical
compression (cardiac pump theory)(86). Since then, CC mechanics were investigated
extensively and in the 1980s, studies questioned the cardiac pump theory and suggested that
blood flow is rather generated due to an increase of the intrathoracic pressure and negative
pressure gradient (thoracic pump theory)(87,88). While the i) cardiac pump theory and the ii)
thoracic pump theory are still the main theories of CC mechanics, newer hypothesis such as
the iii) lung pump theory, the iv) left atrial pump theory, and the v) respiratory pump theory

were generated over the last years(89,90).
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1.3.3.1 Chest compression mechanics

The i) cardiac pump theory describes, that squeezing the heart (due to external cardiac
compression), between the sternum and the paraspinal structures, produces a forward blood
flow resulting in blood ejection into circulation(90). The atrioventricular valves are closed during
compression(90,91). During recoil (heart relaxation) a minimal retrograde flow occurs and

shunts blood into the coronary system(90,91).

The i) thoracic pump theory describes that CCs effect an increase of intrathoracic,
intrapulmonary and intracadiac pressure during compression. These increased pressures
establish an arteriovenous pressure gradient across the heart, forcing blood to move down the
gradient from the thoracic to the systemic circulation(91). The atrioventricular valves are open
during compression(89,91). During decompression intrathoracic, intrapulmonary and
intracadiac pressure decrease and fall below venous pressure. This results in blood flow from

the extrathoracic space into the chest and cardiac system(89,91).

Georgiou et al investigated mechanisms of systemic, coronary, and cerebral blood flow
during CPR in a systematic review and reported that the evidence indicate that both cardiac
pump and thoracic pump affect chest compression-related blood flow during adult CPR.
However, the authors suggest that blood flow during CPR cannot only be explained by these

two theories(91).

One of the newer hypothesis is the iii) lung pump theory which describes the
components of an inlet valve (the pulmonary valve), a compression chamber (the lung
vasculature, left atrium and ventricle), and an outlet valve (the aortic valve)(92). Shaw et al
proposed that the heart is neither the entire pump nor a passive conduit as described by the

cardiac or thoracic pump hypotheses but is an essential part of the lung pump(92).

Another theory is the iv) left atrial pump theory where the left atrium, rather than the left
ventricle, is the main target of compressions(93). Ma et al used transesophageal two-
dimensional and pulsed Doppler echocardiography to investigate mitral valve position and flow
and pulmonary venous flow during adult CPR(93). They reported that depending on the timing
from cardiac arrest different mechanisms were observed. The cardiac pump mechanism was
observed in short existing cardiac arrest while longer times were associated with the thoracic

or left atrial pump mechanism(93). They suggested that different patterns of blood flow
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appearing in different stages of CPR in the same patient might be caused by the change of

lung and heart compliance during CRP(93).

Most recently, the v) respiratory pump theory was described in a review by Convertino
et al as a variant of the thoracic pump theory(94). By using an impedance threshold device (a
small disposable plastic valve that can be attached to a face mask or tracheal tube) in patients
who received CPR, the negative intrathoracic vacuum during recoil augmented blood flow to
the heart and the brain(89,94).

Although the interaction between the various CC theories is not fully understand yet, it
must be considered that CPR is also influenced by other factors including CC depth, rate, ratio,

recoil and technique.

1.3.3.2 Chest compression depth

The recommendations on CC depth in newborn infants are based on mathematical
models and extrapolation from computer tomography scans(95,96). Meyer et al calculated the
expected ejection fraction for different anterior-posterior CC depths by analysing computer
tomography scans of 54 neonates(95). The normal values for ejection fraction were achieved
by using the 1/3 anterior-posterior CC depth compared to 1/4 and 1/2 anterior-posterior CC
depth. Furthermore, no subject receiving the 1/3 anterior-posterior CC depth were under-
compressed (i.e., had a predicted ejection fraction <560%), whereas 54% were predicted to be
under-compressed at the 1/4 anterior-posterior CC depth(95). The 1/3 anterior-posterior
compression depth was much less likely to meet criteria for predicted over-compression than
the 1/2 compression depth(95). However, this was a mathematical model with its own
limitations(95).

Indeed, animal studies reported that CC depth affect hemodynamic parameters
including cardiac output and blood pressure(97-99). In small (6—12 kg) dogs cardiac output
increased as a linear function of compression depth beyond the compression threshold,
whereas there was no cardiac output detectable at compression depths below 2cm(98). This
suggests that cardiac output is quite sensitive to small changes in CC depth and that there
might be no cardiac output below a critical threshold value of CC depth(100). In addition,
Bruckner et al observed that 40% anterior-posterior depth resulted in higher cardiac output
and arterial blood pressure compared to 33% and 25% anterior-posterior CC depth in

asphyxiated newborn piglets(99). So far, there are no studies published investigating the effect
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of CC depth on hemodynamics in newborn infants. However, Maher et al reported in a
retrospective review of six infants (age range from 2 weeks- 7.3 months) who received cardiac
surgery, that providing a 1/2 anterior-posterior CC depth increased systolic blood pressure by
62% compared to 1/3 anterior-posterior CC depth. Whether deeper CC depth results in faster
time to return of spontaneous circulation or higher survival rates in newborn infants remains
unknown. Very recently, Bruckner et al reported a randomized animal study, using an
automated CC machine with predefined CC depth, that in newborn asphyxiated piglet no return
of spontaneous circulation was achieved with an anterior-posterior CC depth of 12.5%. Time
to return of spontaneous circulation and survival were similar in 25%, 33%, and 40% anterior-

posterior CC depth groups(97).

The main difficulty for a resuscitator remains the inability to distinguish between
different CC depths during resuscitation, especially in preterm infants. Using a too shallow
anterior-posterior diameter might result in inadequate cardiac output while too deep could
cause over-compression resulting in rib fractures, cardiac contusion, and thoracic injuries. It
was reported that 30mm in term and 25mm in preterm infants correspond to one-third anterior-
posterior CC depth(96). Hence, especially in newborn infants a deviation of few millimetres

might have a great impact on the outcome.

1.3.3.3 Chest compression rate

Current neonatal resuscitation guidelines recommend to provide 90 CC/min with a C:V
ratio of 3:1(3-5). However, the optimal CC rate during neonatal CPR remains unclear. A
mathematical model suggests CC rate depends upon body size and weight and higher CC
rates optimize systemic perfusion(101). This would result in a CC rate of 180/min for term and
even higher for preterm infants, which is not feasible due to methodological limitations and
rescuers’ increasing fatigue with increasing CC rate(102,103). In addition, increasing CC rates
lead to a decrease in time for pump-filling which might results in a partially filled ventricle and

further to a decrease in stroke volume and cardiac output(98,101).

Until now, there are no clinical studies investigating various CC rates during neonatal
CPR. Current knowledge about different CC rates comes from animal (piglet) and manikin
studies reporting on biomechanical aspects of different CC rates(104).

Li et al reported no differences in achieving return of spontaneous circulation, survival

rate, and hemodynamic and respiratory parameter comparing a CC rate of 90/min with
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120/min in an asphyxiated newborn piglet model(105). However, time to return of
spontaneous circulation was shorter with median (IQR) 34 (28-156) sec in the CC rate
90/min group compared to 99 (31-255) sec in the CC rate 120/min group, although not
statistically significant (p=0.29)(105). Similar, another randomized controlled asphyxiated
newborn piglet study demonstrated no differences in time to return of spontaneous
circulation and survival rate when comparing a CC rate of 90/min with 100/min and
120/min(106). Noteworthy, the hemodynamic recovery, cerebral inflammatory, and brain
injury markers were superior in the 120/min group compared with the 90/min and 100/min
CC rate groups(106). Both studies used continuous CC, one in combination with sustained

inflations(105) the other with asynchronized ventilation(106).

Very recently, much higher CC rates were investigated in newborn asphyxiated
piglets by using a custom-designed automated CC machine(107). Hemodynamic
parameters of CC rates of 60/min, 90/min, 120/min, 150/min, and 180/min were compared
and an increase in hemodynamic parameters including stroke volume and end-diastolic
volume until a CC rate of 150/min were observed(107). A CC rate of 150-180/min resulted in
highest cardiac output and arterial blood pressure compared to lower CC rates(107). This
was also observed in a randomized controlled animal trial by Bruckner et al, who reported on
improved hemodynamic and respiratory parameter and a trend to faster time to return of
spontaneous (103 (79-170) sec vs. 189 (96-600) sec, p=0.08) when applying a CC rate of
180/min compared to 90/min(108).

However, such high CC rates cannot be applied in good quality by manual CPR due
to fatigue after a short time. In a randomized crossover manikin study was demonstrated that
providing continuous CC with a rate of 120/min resulted in participants higher HR and mean
arterial pressure as well as more self-assessed fatigue compared to a 3:1 C:V ratio(109). As
a consequence CPR quality including the proportion of CCs with adequate depth and
leaning, deteriorated(109). This observation was confirmed by another simulation study
where a CC depth decrease by 50% within the first 3 min during continuous CC with
120/min, 30% during continuous CC with 90/min and 20% during 3:1 C:V was
reported(103). The authors concluded that rescuers should switch after every second cycle

of HR assessment during neonatal CPR(103).
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1.3.3.4 Chest compression ratio

Since newborn infants physiological heart- and respiratory rate are higher than in infants
and adults, current neonatal resuscitation guidelines recommend a C:V ratio of 3:1 resulting in
90 compressions and 30 ventilations per minute(3-5). The main goal of neonatal CPR is to
restore vital organs perfusion and oxygenation. However, this might be better achieved when
providing uninterrupted CC leading to a more stable increase of coronary perfusion pressure,
the main determinant of coronary blood flow(84). Hence, experts of the field investigated
whether i) other C:V ratios (e.g., 4:1 or 9:3), ii) continuous CC with asynchronized ventilation
(CCaV), or iii) continuous CC during sustained inflations (CC+Sl) might be more effective

during neonatal CPR than the current recommended approach.

Very recently, twenty-two studies investigating different C:V ratios, CCaV, and CC+SI
were identified in a review. The authors reported that there is only one clinical randomized

controlled trial published in contrast to six manikin and 14 animal studies(110).

1.3.3.4.1 Compression to ventilation ratio

Several studies compared the recommended 3:1 C:V ratio with other ratios including 2:1,
4:1, 9:3, and 15:2 in asphyxiated newborn piglets(111-115). Those studies reported no
differences in time to return of spontaneous circulation, survival rate, hemodynamic
parameters or recovery, tissue oxygenation, blood gases, or lung and brain inflammation
markers(111-115). In summary, so far there is no indication that different C:V ratios (ranging

from 2:1 to 15:2) might have any impact on the outcome of neonatal CPR.

While animal studies focused on hemodynamics, outcome and recovery, manikin studies
investigated rescuers fatigue and preference when providing different C:V ratios. Srikatan et
al compared in a randomized simulation study 3:1 vs. 5:1 vs. 10:2 vs. 15:2 C:V ratios and
reported that there were no differences in rescuers fatigue between the C:V ratio groups(116).
The 3:1 C:V ratio was rated as more difficult from the participants compared to other
ratios(116). However, the study investigated the one rescuer-method and also included infant
and adult manikins(116). Contrary, participants in another simulation study preferred 3:1 over
5:1 and 15:2 C:V ratio(117). In addition they reported, that CC depth was greater and more
consistent with the 3:1 C:V ratio(117).
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1.3.3.4.2 Continuous Chest Compression with asynchronized ventilation (CCaV)

It is recommended to provide CCaV with a CC rate of 100-120/min and a ventilation rate
of 20-30/min in advanced pediatric CPR(118) while the recommendation for neonatal CPR is
3:1 C:V ratio resulting in “only” 90 CC/min (although physiological HR of newborn infants is
between 120-160/min). The avoidance of interrupting coronary perfusion and improved minute
ventilation during CCaV might be advantageous also during neonatal CPR; hence, CCaV
during neonatal CPR has been investigated over the last years. Until now there are five animal
studies published comparing different C:V ratios/ CC rates with CCaV (106,119-122). The
majority of studies observed no differences in return of spontaneous circulation or survival
when comparing a 3:1 C:V ratio with CCaV(119-121). However, very recently Aggelina et al
reported that using CCaV with a CC rate of 90/min improved coronary perfusion pressure, end-
tidal COg, time to return of spontaneous circulation, return of spontaneous circulation at 30sec
and survival rate compared to 3:1 C:V ratio in a newborn asphyxiated piglet model. In addition,
CCaV seems to improve respiratory parameter including minute ventilation and oxygenation,
and ventilation rate during neonatal CPR(119,120,123,124). However, CCaV also resulted in
decreased CC depth and greater rescuers physical fatigue over time compared to 3:1 C:V
ratio(102,103,124).

1.3.3.4.3 Continuous chest compressions during sustained inflations (CC+Sl)

The CC+Sl approach describes simultaneous continuous CCs and sustained inflations
during CPR(125). CC+Sl forces air out of the chest during CCs, and delivers an adequate tidal
volume during the passive chest recoil(125). This leads to an increase of intrathoracic pressure

and consequently might result in passive ventilation during CCs(125).

This approach was first described in 2013 by Schmédlzer et al, who demonstrated that
CC+SI significantly improved minute ventilation (i.e., alveolar oxygenation), systemical and
regional hemodynamics (i.e., coronary artery pressure), time to return of spontaneous
circulation, and survival compared with a 3:1 C:V ratio in newborn asphyxiated piglets(125).
These observations were confirmed by further studies using the asphyxiated piglet model,
whereby different CC rates (90/min vs. 120/min) and sustained inflations durations (20 sec vs.
30 sec vs. 60 sec) were investigated(125-127). However, CC+SI| was superior to a 3:1 C:V
ratio independent of pressure and duration of sustained inflations(125-127). Another study
compared CC+Sl with a 3:1 C:V ratio in a translational lamb model and reported similar time

to return of spontaneous circulation and survival(128).
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In a clinical pilot study, including preterm infants <32 weeks gestation, time to return of
spontaneous circulation was significantly shorter in the CC+Sl group than in the 3:1 C:V group,
with mean (SD) 31 (9)sec vs. 138 (72)sec, respectively (p=0.011)(129). Whether CC+SI during
neonatal CPR will improve short- and long-term outcomes in preterm and term newborns will
show the currently ongoing randomized controlled multicentre multinational study “SURV1VE”
(ClinicalTrials.Gov Trial NCT02858583)(130).

1.3.3.5 Chest Compression technique

Current neonatal resuscitation guidelines stated that “it may be reasonable to choose the
two-thumb—encircling hands technique over the two-finger technique, as the two-thumb—
encircling hands technique is associated with improved blood pressure and less provider
fatigue”(4). However, there are an increasing number of studies investigating different hand
positions and assistive compression devices to improve CC technique during neonatal CPR.
The majority of studies investigating various CC techniques are manikin studies. A recent
review identified 29 studies investigating various CC techniques in randomized crossover
manikin studies (n=27) and clinical trials (n=2)(110). However, until now there are no studies

investigating different CC techniques in animal experiments published.

1.3.3.5.1 Encircling two-thumb-technique (TTT) vs. two-finger-technique (TFT)

The most known CC techniques are the TTT and the TFT. For the TTT the torso gets
encircled with both hands supporting the back, placing the two adjacent thumbs V-shaped on
the infant’s chest and compressing the chest with the two thumbs (Figure 6A). When using the
TFT, index and middle finger are placed on the infant’s chest, and the chest gets compressed

with the tips of these two adjacent fingers (Figure 6B).

The majority of manikin studies reported on greater CC depth and CC force using the TTT
compared to the TFT(131-133). A greater CC depth leads to improved hemodynamics might
resulting in a better outcome(99,132). Dorfsmann et al demonstrated in a randomized
crossover experiment using a modified manikin that the TTT produced higher blood- and pulse
pressures when compared with TFT during prolonged CPR(132). Further on, manikin studies
reported on higher finger strength and less fatigue using the TTT compared to the
TFT(134,135). Although the majority of studies described the TTT to be superior to the TFT,
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there are a few experiments published showing no differences between those two
techniques(136,137).

Further on, manikin studies as well as a randomized clinical trial demonstrated the higher
proportion of correct placements when using the TTT compared to the TFT(138,139). Saini et
al reported that the proportion of correct placements with TFT and TTT were 6.7 and 77% in
all neonates, 10.6 and 89.5% in full term and 1.2 and 59% in preterm neonates, respectively
(p<0.001)(138).

1.3.3.5.2 Knocking finger technique (KFT)

For the KFT the CC provider stretches the metacarpophalangeal joint 180° from the
dorsum of the hand, bending the proximal and distal interphalangeal joints 90°, and placing
the tip of the thumb against the palmar side of the middle phalanx of the index finger. The CCs
are performed with the dorsal side of the middle phalanx(140)(Figure 6C). Current studies
reported similar CC quality when comparing the knocking-finger-technique (KFT) with the TTT
and the TFT.

In a recent randomized manikin study was demonstrated that the ratio of correct CC
depth was the highest with the TTT technique 100 (99-100)%, followed by the KFT 99 (93—
100)% and TFT techniques 92 (53-98)% (p<0.001)(140). Using the KFT resulted in shorter
total hands-off time than the TTT and the TFT as well as in less fatigue and finger pain
compared to the TFT(140). These advantages might qualify the KFT as preferred technique
when performing neonatal CPR as a single rescuer. Another advantage of this technique might
be the small area of CC compared to the TTT and the TFT which might decrease the chance

of ribs or organs contusion(140).

Another manikin study reported on similar CC quality comparing the TTT with the
KFT(141). However, the participants rated the KFT as more difficult than the TTT(141).

1.3.3.5.3 Over-the-head two-thumb encircling technique (OTTT)

The OTTT is a modification of the TTT, where the CC provider uses the finger position of
the TTT but stands behind the newborn infants head. Simulation studies compared the OTTT
with the TFT and reported that the OTTT resulted in greater CC depth and proportion of

effective CC as well as in a faster CC rate(142,143). Further on, OTTT resulted in smaller
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proportion of complete recoil and fatigue than the TFT, while the hands-off time was not
significantly different between the two groups(142,143). However, in these studies CPR was

performed by a single rescuer using a CC rate of 100/min with a 30:2 C:V ratio(142,143).

An advantage of the OTTT might be rescuers standing position. Standing on the infants
head during ventilation is the most familiar position when performing neonatal resuscitation.
This might be one reason for the reduction of fatigue when using the OTTT, as the rescuer is
not required to rotate arms and waist to place the mask correctly while performing CPR(143).
Indeed, the volume of each ventilation was significantly higher in the OTTT group compared
to the TFT with mean (SD) 49.4 (11.5) vs. 44.9 (11.4) mL, p=0.038. However, the study
participants provided a bag-valve mask ventilation in the OTTT group, whereas for TFT they

provided pocket-mask ventilation(143).

The OTTT might be superior to the TFT, especially when CPR is provided by a single

rescuer; however, there are no studies published comparing the OTTT to the TTT until now.

1.3.3.5.4 Alternative techniques and assistive compression devices

Other CC techniques are mostly modifications of the TTT and TFT. However, there is very
limited and heterogeneous data about alternative TFT (e.g., using i) flexed fingers(144), ii) the
ring finger instead of the index finger(145), iii) the thumb, the index- and middle finger(146), or
iv) the right or left hand when providing CC with the TFT(145)).

A modification of the TTT was described by Smereka et al who published a series of
studies investigating a “novel-two-thumb-technique” (also called “two-thumbs-fist-technique”).
For this technique both thumbs are directed at the angle of 90 degrees at the lower third of the
sternum, while the fingers of both hands are closed in a fist(147-149). They investigated the
quality of CC provided by paramedics, nurses, novice providers or single rescuers when using
the novel-two-thumb-technique, the TTT or the TFT. Overall, using the novel-two-thumb-
technique is comparable to the current standards concerning CC depth, CC rate, recoil, hands-
off time and ventilation quality(141,150-152). Further on, the novel-two-thumb-technique
achieved higher blood pressures compared to the TTT and TFT in an infant manikin
model(147).

Very recently, the use of certain assistive compression devices was reported. All of these
devices consist of a small plate (in different shapes), where the fingers or palm position are
predefined(146,153,154). In those studies better correct hand position during manikin CRP
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was described(146,153,154). Further on, greater and more accurate CC depth, less fatigue
and higher participant satisfaction was reported when comparing CC with and without the
device(146,154).

1.3.4 Vascular Access

Current neonatal resuscitation guidelines state that umbilical venous catheterization is the
primary method for vascular access in the delivery room(3,4). Alternative methods are the
intraosseous route(3-5) and the peripheral access(5). However, data about vascular access
implementation in the delivery room is scarce and there are no clinical randomized controlled

trials comparing different approaches(155).

While the umbilical vein catheter is the most common used vascular access, the number
of cases describing intraosseous routes in newborn infants increased recently. Scrivens et al
reviewed data from case series including a total of 46 intraosseous punctures in 41
neonates(156). Mileder et al reported on 12 additional cases of intraosseous needle insertions
using a battery-driven drill in newborn infants(157). They described a complication rate of 10-
30% including mostly malpositioned/ displaced needles, paravasation and local
infection(156,157). Rare complications were osteomyelitis, fracture, compartment syndrome,
limb ischemia, and fat or air emboli(156,157). Although the complication rate of intraosseous
accesses might be higher than in umbilical vein catheters, a faster insertion, even for

experienced providers of umbilical vein catheterization, was reported(156,158).

Besides the intraosseous access, the peripheral vein puncture seems to be a fast and
safe alternative to implement vascular access during neonatal resuscitation. Baik-Schneditz et
al demonstrated that implementing peripheral intravenous accesses in preterm neonates
(mean (SD) 31.5 (2.2) weeks of gestation) takes median (IQR) 5 (4-9) min and is successful
at the first attempt in 63%(159). However, in cardiocirculatory depressed infants establishment
of peripheral vascular accesses might take longer due to centralization and therefore might

delay medication application(159).

Another alternative might be the direct puncture of the umbilical vein through Wharton’s
jelly(160). A case series of ten cases described that the whole procedure from puncture to drug
administration took 15-20 sec(160). In neonatal CPR, this method could be time saving;

however, more evidence is needed before recommending this technique.

36



Implementing a vascular access in asphyxiated newborn infants during neonatal CPR is
challenging. While an umbilical vein catheter enables a direct access to the systemic
circulation, this method might be too time consuming. Also the establishment of a peripheral
intravenous access takes several minutes and might not be successful due to centralization.
A rapid and effective way to implement a vascular access is the intraosseous route, which

should be considered as an alternative especially in asphyxiated term infants(3-5).

1.3.5 Medications during neonatal resuscitation

Current neonatal resuscitation guidelines suggest the administration of intravascular
epinephrine using a dosage of 0.01 to 0.03 mg/kg every 3 to 5 min during neonatal CPR(3,4).
Epinephrine restores cardiac function by increasing cardiac contractility, chronotropy, and
vasodilatating the coronaries(161). In addition, it causes peripheral vasoconstriction

consequently increasing venous return(161).

Epinephrine might be administrated via different routes. Especially initial administration
via endotracheal tube and nostrils gained on interest, as implementation of a vascular access
often takes several minutes. In a retrospective study, investigating the efficacy of intravenous
and endotracheal epinephrine administration in newborn infants during CPR was observed,
that 75% of newborn infants who received the first dose of epinephrine intravenously, achieved
return of spontaneous circulation, while only 20% of the infants received initial endotracheal
epinephrine, responded to a single endotracheal dose alone(162). Recently, Songstad et al
compared the effects of intravenously, endotracheal, and nasally administrated epinephrine
during resuscitation of near-term asphyxiated lambs and demonstrated that intravenously
administered epinephrine is the most effective(164). They reported that time to return of
spontaneous circulation was shorter and rates of increase in blood pressure, HR, carotid- and
pulmonary blood flow were significantly greater in the intravenously administered epinephrine
group than in the endotracheal and nasal group(164). However, as nasal administration is easy
and had a similar effect as endotracheal administration it is suggested that nasal high-dose

adrenaline administration for neonatal resuscitation should be further investigated(164).

The most effective epinephrine dosage during neonatal CPR remains unknown. However,
there are no clinical studies comparing different intravenous epinephrine dosages in newborn
infants. Halling et al reported on no improvement in response rate to the greater doses of
endotracheal epinephrine (0.03 vs. 0.05 mg/kg) in a retrospective study. In the pediatric

population higher dosages of epinephrine show no benefit in improved rates of return of

37



spontaneous circulation or survival(165-168) and in adult patients higher cumulative
epinephrine dosages were even associated with higher rates of severe adverse events and
mortality(169-171).

Besides route of administration and epinephrine dosage, also the time intervals between
consecutive epinephrine applications might have an impact on the newborn infants’ outcome.
In pediatric patients (mean(SD) 4.1(5.6) years of age, n=1639) was demonstrated that longer
intervals between epinephrine dosages (>5-<8 min and 8-<10min) during CPR than currently
recommended (3-5 min) were associated with improved survival to hospital discharge(172).
This might also be the case in newborn infants; however, studies investigating the optimal time

interval between epinephrine administrations are lacking.

While epinephrine is internationally recommended to administer during neonatal CPR,
there are insufficient data supporting the routine use of other medications including fluids or
sodium bicarbonate. Fluids (normal saline (0.9% sodium chloride) or preferably
uncrossmatched type O, Rh-negative blood) might be considered for volume replacement
when blood loss is suspected in newborn infants, who show a poor respond to
resuscitation(4,5). The application of sodium bicarbonate may be considered during prolonged
cardiac arrest after adequate ventilation is established and there is no response to other

therapies(3).

1.3.6 Outcome after neonatal cardiopulmonary resuscitation

The risk for mortality and poor neurological outcome of newborn infants who received CPR
immediately after birth is influenced by various factors including gestational age, birth weight,
demographic characteristics, cause of cardiac arrest, medical setting (low- vs. high resource
settings), CPR duration, and Apgar score(8,58,173,174). However, survival rates vary widely
between the studies due to the heterogeneity of data and high risk of bias(175). Very recently,
the International Liaison Committee on Resuscitation Neonatal Life Support Task Force
reviewed the outcome of newborn infants after receiving CPR in the delivery room and
identified a total of 16 studies(175). The included studies reported on survival rates ranging
from 2%-100%(175). However, pooled data showed that 41% of the 579 included newborn

infants survived to the last follow-up (hospital discharge through 12 years)(175).

An important factor for survival is the duration of CPR; the longer the duration of CPR
the lower the survival rate until discharge(176). Indeed, Ahmad et al reported that each added

minute of CC decreased the odds of return to spontaneous circulation by 11% in newborn
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infants(177). In addition, several retrospective studies identified gestational age as an
important factor for neonatal outcome after CPR in the delivery room(58,59,175). The lower
the gestational age the higher is the risk for death before discharge. Foglia et al analyzed the
outcome of 1022 newborn infants who received delivery room CPR and reported survival rates
of 83% (=36 weeks), 66% (33-35 weeks), 60% (29-32 weeks), 52% (25-28 weeks), and 25%
(22-24 weeks)(59). Hence, term newborn infants have the highest chance to survive after

delivery room CPR.

Since birth asphyxia in term newborn infants is one of the major causes for neonatal
death worldwide, especially those infants might benefit from sufficient CPR. However, most
of these infants (98%) are born in resource limited environments and neonatal mortality is
about 50-55 times higher in low- and middle-income countries compared to high-income
countries(56,178,179). Recently, Tylleskar et al reported that in a low-resource country
(Uganda) 98% of newborn infants (= 34 weeks gestation) with an Apgar score of 0—1 at 10

min of resuscitation died within two days after birth(173).

Optimizing CC in newborn infants is an important step to improve the outcome of infants
who received CPR after birth. Improved CC techniques are easy to implement during

delivery room CPR independent of available resources.
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2 Aim and Objectives

Aim of the study was to investigate the effect of different CC techniques in a neonatal

asphyxiated piglet model.

2.1 Primary objective of the study

To investigate the hemodynamic effects of four CC techniques (encircling two-thumb-
technique (TTT) vs. two-finger-technique (TFT) vs. knocking-fingers technique (KFT) vs.
over-the-head two-thumb encircling technique (OTTT)) in a neonatal piglet model of

asphyxia.

P In newborn asphyxiated piglets
| does the encircling-two-thumb-technique compared to

C the two-finger-technique, knocking-fingers technique, and over-the-head two-

thumb encircling technique

0] improve carotid blood flow during CPR.

2.2 Secondary objectives of the study

Do CC techniques during neonatal CPR effect

i) hemodynamic parameters

ii) respiratory parameter

iii) cerebral tissue oxygen saturation
iv) CC force

V) CC depth
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2.3 Outcome parameters

2.3.1 Primary outcome parameters

Carotid blood flow (mL/min/kg)

2.3.2 Secondary outcome parameters

i)

Hemodynamic parameters

Arterial blood pressure (mmHg)

Stroke volume (mL)

End diastolic volume (mL)

Maximal rate of rise of left ventricular pressure
Minimum rate of change of ventricular pressure
Respiratory parameters:

Tidal volume (mL/kg)

Minute Ventilation (mL/kg/min)

Peak Inspiratory Flow (L/min)

Peak Expiration Flow (L/min)

Peak Inflation Pressure (cmH20)

Positive End Expiratory Pressure (cmH20)
End-tidal CO2 (mmHg)

Respiratory Rate (/min)

Cerebral tissue oxygenation saturation (%)
CC force (N)

CC depth (cm)
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3 Animal models

Animal experiments make a big contribution to improve the understanding of physiological
and pathophysiological processes in humans(180,181). Due to the similarities in anatomy,
physiology, and pathophysiology between newborn infants and newborn piglets, the newborn
piglet model is an adequate model to investigate perinatal asphyxia. Newborn piglets are often
used for neonatal CPR studies due to their chest shape. Lambs and rabbit pups are frequently
used to study lung physiology and ventilation due to the similarity in lung physiology, however,
other organ systems including gastrointestinal tract are not comparable and therefore other

models are used(180).

To receive precise data implemented animal models including similarity in genetics and
standardized study protocols are used. Possible bias, including gestational age, maternal
factors (e.g, age, pre-existing conditions, or pregnancy related diseases including
preeclampsia, acute bleeding, and gestation diabetes), or growth patterns such as small- or
large for gestational age or intrauterine growth restriction, can be minimized in animal
experiments. However, results from animal experiments cannot fully be translated in newborn
infants due to their individuality (e.g., gestational age or weight) and different circumstances
(e.g. birth mode, birth complications). In addition, there are always factors in clinical studies

which cannot be controlled in advance, for example the severity of birth asphyxia(180).

Animal experiments are very suitable for examining rare events such as neonatal CPR.
Performing clinical studies to investigate CC in newborn infants is challenging, not only
because it is an uncommon situation which makes it difficult to generate an adequate sample
size, but also that the need for CC is a sudden event and a stressful situation for healthcare
providers. In addition, there are legitimate ethical concerns performing resuscitation studies in

such a vulnerable group without previous knowledge from animal experiments.

A good example for translating animal experiments to clinical studies is the work by
Schmdlzer et al(97,99,182-184). This group uses a well established newborn asphyxiated
piglet model, inducing normocapnic hypoxia, followed by asphyxia and cardiac arrest to
investigate different resuscitation techniques(97,99,182-184). In 2013, this study group
demonstrated, that providing consecutive continuous high pressure inflations for 30 sec during
cardiopulmonary resuscitation (approach named CC+Sl) in newborn asphyxiated piglets
compared to the 3:1 compression to ventilation ratio significantly improved respiratory and

hemodynamic parameter as well as time to return of spontaneous circulation(126). These
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results were translated in a clinical pilot study, demonstrating that CC+Sl resulted in a
significant shorter time to return of circulation in newborn infants(129). This was followed by a
multicenter, multinational randomized controlled trial comparing short- and long-term outcome
using the CC+Sl approach compared to the currently internationally recommended 3:1
compression to ventilation ratio approach(3,5) in preterm infants >28 weeks gestation during
delivery room resuscitation (SURV1VE trial, ClinicalTrials.Gov Trial NCT02858583).

3.1 Animal models for neonatal asphyxia

There are different approaches described in literature to achieve asphyxia in the newborn
animal model including i) clamping the cord in utero(185), or reduce the fraction of inspired
oxygen, which can be achieved by ii) putting the piglet in an ambient oxygen reduced chamber,
iii) increase the nitrogen or carbon dioxide concentration during mechanical ventilation and/or
iv) clamp the endotracheal tube(2,186). The experimental protocol we used for this study is in

a large part based on the protocol by Cheung et al(2).

3.1.1 Rodents and rabbits

Whereas mice and rats are not a suitable model to investigate mechanical interventions
during neonatal resuscitation due to their small size, this model is adequate when investigating
interventions for long exposure which trigger biochemical processes (e.g., applying oxygen to

an immature lung and eyes)(180,187-189).

Preterm rabbit pups are very suitable to investigate respiratory physiology during
immediate transition(180). The lung maturity is similar to humans and the small size is an
advantage in performing phase-contrast X-ray imaging (to investigate lung liquid clearance
and lung aeration) and lung volume measurements with plethysmography (to investigate the
effect of ventilation)(180,190-192).

3.1.2 Piglets

The neonatal piglet model was used over decades to investigate the pathophysiology of
perinatal asphyxia and perinatal hypoxic-ischemic brain injury (193-195). Saugstad

investigated biochemical effects during hypoxemia and after oxygen and surfactant application
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in a newborn piglet model over decades providing basic knowledge about the newborn infants
physiology(196—199). However, it is the most used model to investigate neonatal CC(181).
Newborn piglets show remarkable similarities to newborn infants including similar
development, body size, hemodynamics, anatomy and physiology of the heart, (cerebral)
metabolism, vascular pharmacology, and drug responses(2,193,194,200). Further on, the
piglets’ resting HR and blood pressure is comparable with the newborn infants’
parameters(200). Indeed, the neonatal piglet model suits to investigate acute hypoxia and
asphyxia since the piglets first physiological response to hypoxia is bradycardia like in newborn
infants(200). Additionally, both newborn piglets and newborn infant have glycogen reserves
available to maintain cardiac contraction for minutes under anaerobic conditions(200). Those
characteristics enable the asphyxiated newborn piglet model to be used in experiments,

especially when investigating interventions during neonatal resuscitation(97,99,182—-184).

3.1.3 Lambs

A perinatal asphyxiated lamb model is used to investigate fetal- to neonatal transition and
neonatal resuscitation(201). The lambs experience intrapartum asphyxia by clamping the cord
in utero implicating that the lambs undergo postnatal transition (including lung aeration after
birth) during the experiment(201). In the lamb model the ewes are mostly multiparous littering
twins(180). The uterus constitution as well as the relatively quiescent uterus are advantageous
for performing fetal surgery with a low risk to trigger birth(180). This model allows a detailed
understanding of physiological changes during immediate transition including fetal growth, lung

liquid clearance, gas exchange and cardiovascular physiology(11,31,202).

3.1.4 Piglet vs. lamb model

There are advantages and disadvantages for both models. While the lamb model is a
transition model providing information about (physiological) changes during fetal-to-neonatal
transition, the asphyxiated piglet model is a post-transition model and suits better to investigate
mechanical delivery room interventions during neonatal resuscitation (e.g., CC, vascular
access or medication application). Vali et al used newborn piglets during neonatal transition to
investigate birth asphyxia(203). They observed that clamping the cord in utero to induce
asphyxia in piglets resulted in a too mild mixed-respiratory metabolic acidosis and that the

repeatability was not satisfying enough to implement this model in an experimental setup(203).
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However, the concurrent development of newborn piglets are reflecting term newborn infants
whereas lambs are often used as a preterm model reflecting preterm infants 26-28 weeks of
gestation(2). Also the litter size varies between piglets and sheep. Sows litter up to ten piglets
and sheep mostly only two lambs, which is an advantage especially when using a transition
model(180)(2). The asphyxiated neonatal piglet model is the best and most often used to
investigate CC during neonatal cardiopulmonary resuscitation because of the chest size and
shape(181). Performing cardiac compressions on a piglet feels very similar to cardiopulmonary
resuscitation in newborn infants(180). In addition, the newborn piglets’ chest most likely
resembles the newborns chest compared to lambs, which chests show a more triangular
shape(181).
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4 Materials and Methods

The study was conducted as part of my PhD at the Centre for the Studies for Asphyxia
and Resuscitation at the University of Alberta, Edmonton, Canada in 2020. For the
experiments mixed breed newborn piglets were used. These piglets were 0-3 days of age and
transferred from the Swine Research Technology Center, University of Alberta to the
laboratory on the day of experimentation. The Swine Research Technology Center is located
in Edmonton and the transport of the piglets to the laboratory took about half an hour. Usually,
the piglets arrived in the morning before nine o’ clock in an appropriate animal transport box.

We investigated a maximum of one piglet per day.

To make a contribution to the animal experiments it is mandatory to successfully complete
the University of Alberta Animal User Training Program prior to animal experiments. This
includes following courses: “Concepts in Biosafety”, “Laboratory and Chemical Safety”,

“Animal Research Ethics and Use at the University of Alberta”, “Basic Principles of Animal
Ethics and Welfare of Animal Use”, “Care and Use of Swine in Research”, “Introduction to
basic surgical techniques in research”, and “Aseptic techniques in surgery”. The experiment
was approved by the Animal Care and Use Committee (Health Sciences) (AUP00002651),
University of Alberta, registered at preclincialtrials.eu. (PTCE0000249), and performed in

concordance with the Animal Research Reporting In Vivo Experiments guidelines(204).

4.1 Animal Preparation

Animal preparation included i) continuous vital parameter monitoring implementation, ii)
anesthesia conduction, iii) performance of surgical procedures to implement vascular access,
invasive monitoring and airway management as well as iv) animal recovery before starting the
interventions. Animal preparation took about half an hour for operation and one hour recovery

afterwards.

4.1.1 Non-invasive monitoring and anesthesia

Immediately after the piglets were hauled out of the transportation box they were placed
on the resuscitation table and further on anesthetized with Isofloran 1-5% in 100% oxygen.

Isofloran was administrated by using a conventional face mask which fitted the newborn
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piglets’ snout. The resuscitation table and the experimental setup are displayed in Figure 1.
Since newborn piglets are sensitive to cold temperatures, especially when they are
anesthetized, a heating pad and an overhead warmer was used to maintain a rectal body
temperature between 38.5°C to 39.5°C. To monitor their vital parameters a pulse oximetry
sensor was fixed on the piglets’ hind leg and ECG electrodes were placed on the thorax.
Peripheral SpO, and HR were monitored continuously. After induction of anesthesia and

correct placement and implementation of basis monitoring, the operation was started.
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Figure 1 Experimental setup with resuscitation table and monitoring devices
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4.1.2 Vascular access implementation

A 2-3 cm long incision was made in the piglet’s right groin and the femoral vein and artery
were dissected. After putting strings around the vessels, the femoral vein was incised and a
double-lumen catheter was inserted to 15 cm. Afterwards the strings were tighten to secure
the placed catheter (Figure 2). This technique is called “the cut-off technique”. A femoral vein
catheter was used to administer medications and fluids during the experiment. This enabled
to change from narcotic gas to intravenous anesthetics, which was mandatory to continue with
airway management. Therefore we started Morphine (2-4ml/hr; 100-200 ug/kg/h) and Propofol
(2-6ml/hr; 10-30mg/kg/h) application through the femoral vein catheter immediately after
implementation. To maintain the piglets’ glucose level and hydration during the experiment we
additionally infused 5% dextrose at 10 mL/kg/h intravenously. After femoral vein catheter
implementation and start with intravenous anesthetic a single-lumen catheter was inserted into
the femoral artery to 5cm, again by using the cut-off technique. This catheter was used to
continuously monitor the invasive arterial blood pressure and to draw blood for blood gas

analysis during recovery time (Figure 2).
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Figure 2 "Groin incision with the placement of femoral arterial and venous catheters".

Reproduced from (2) with permission of publisher (Nam Nguyen)
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4.1.3 Airway securement

During femoral vein/ artery catheterization the piglets were ventilated using a face mask.
However, after vascular access was implemented the next step was to continue with airway
management. To secure the airway and establish mechanical ventilation a 2-3cm long
horizontal incision was made in the piglet's neck and 1cm of the trachea was dissected and
exposed in a first step. Again two strings were put around the trachea and incised the trachea
and inserted an endotracheal tube at 1 cm in a second step (Figure 3). During the endotracheal
tube was fixed by tighten the strings the ventilator was connected to the tube and pressure-
controlled ventilation was started. For mechanical ventilation a 25/min rate, a peak inspiratory
pressure (PIP) of 25 cmH-20O and a positive end-expiratory pressure (PEEP) of 5 cmH.0O was

used.
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Figure 3 “Neck incision with the placement of an endotracheal tube and a flow probe around
the common carotid artery”

Reproduced from (2) with permission of publisher (Nam Nguyen)
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4.1.4 Invasive monitoring implementation

After completed airway securement, the next step was to dissect and expose the common
carotid artery and encircle it with a transit time ultrasound flow probe to continuously measure
the carotid blood flow (CBF), again by using the cut-off technique (Figure 3). Further on, a
Millar catheter was inserted into the left ventricle through the common carotid artery. The Millar
catheter was used to measure left ventricular pressure, including composite and segmental
volumes, which served as a surrogate for cardiac output(205). Because of the size difference
between the Millar catheter and left ventricular longitudinal axis, which poses a limitation for
the accuracy of in vivo volume measurement, an alpha factor = 0.46, based on comparison
between Millar's recording and direct echocardiographic measurements in three piglets was

used to correct the conductance volume(205).

After operation completion the piglets were placed in a supine position and allowed to
recover from operation for at least one hour before starting the intervention. Mechanical
ventilation was adapted when needed, to make sure that the piglets SpO, was kept within 90%
and 100% and the partial pressure of carbon dioxide (pCO32) was kept within 35 and 45mmHg,

regularly measured with arterial blood gas analysis during recovery.
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4.2 Monitoring

Continuous vital parameter monitoring during the experiment was mandatory to guarantee
the newborn piglets welfare (e.g., painlessness, hydration, and normothermia), and evaluate
anesthetic state and mechanical ventilation. Further on, it was necessary to collect predefined

outcome parameters.

4.2.1 Measurement of Hemodynamic Parameters

We continuously assessed HR starting immediately after the newborn piglet was placed
on the resuscitation table and until the piglet was euthanized. HR was measured using a
conventional ECG with ECG-electrodes placed on the newborn piglet’'s chest. In addition, the
following hemodynamic parameter were measured invasively: i) arterial blood pressure via the
femoral artery catheter, ii) CBF via the transit time ultrasound flow probe, andiii) stroke volume,
end-diastolic volumes, and maximal and minimal rate of change of ventricular pressure via the

Millar catheter placed in the left ventricle through the common carotid artery.

4.2.2 Measurement of Respiratory Parameters

SpO, was assessed continuously starting immediately after the newborn piglet was placed
on the resuscitation table and until the piglet was euthanized. SpO, was measured using a
conventional pulse oximetry with a sensor placed on the piglets’ hind leg. During mechanical
ventilation tidal volume (Vr), minute ventilation, airway pressures including peak inspiratory
flow (PIF), peak expiratory flow (PEF), PIP, and PEEP, as well as gas flow, end-tidal CO,, and
ventilation rate were continuously measured using a respiratory function monitor. The
respiratory function monitor sensor was placed between the endotracheal tube and the
ventilator just as in human newborn studies. V1 was calculated by integrating the flow
signal(206) and end-tidal CO, was measured using non-dispersive infrared absorption
technique(207). The accuracy for gas flow is £0.125L/min, end-tidal CO, £2mmHg(207).

4.2.3 Measurement of Cerebral Oxygenation

Cerebral tissue oxygenation was measured with near-infrared spectroscopy. The

sensor was placed on the piglets head and secured with tape, which also serves as a light
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shield to reduce light artefacts (Figure 4). The oxygenated and deoxygenated hemoglobin is
measured by near-infrared spectroscopy and calculates tissue oxygen saturation in the area
of interest e.g., the brain. Cerebral tissue oxygen saturation (CrSO.) reflects the balance
between oxygen delivery and oxygen consumption within a tissue compartment and is a mixed
saturation value consisting of arterial/capillary and venous perfusion(208). CrSO. values were

stored every second with a sample rate of 0.13 Hz.
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Figure 4 Cerebral tissue oxygen saturation measurement using near-infrared spectroscopy
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4.2.4 Measurement of Force and Depth

FlexiForce sensors were placed on the piglets’ chest and on the finger, which was used
to perform CC, to measure the applied force on the chest during CC. In addition, the CC depth
was measured with an infrared transmitter and receiver by placing the transmitter on the
piglets’ chest and the receiver stationary on the resuscitation table in the region of the newborn
piglets’ spine. The applied CC force and depth was recorded with a sample rate von
200Hz(97,99).

This set-up allowed us to simultaneously and continuously monitor HR, blood pressure,
CBF, stroke volume, end-diastolic volumes, maximal and minimal rate of change of ventricular
pressure, SpO., V1, PIF, PEF, PIP, PEEP, gas flow, end-tidal CO,, CrSO,, and CC force and

depth during the experiments.

4.3 Materials

¢ Endotracheal tube size 3.0 (Mallinckrodt™, Covidien, Dublin, Ireland))

o Femoral vein catheter (5-French Argyle® double-lumen catheter [Klein-Baker Medical
Inc. San Antonio, TX])

e Femoral artery catheter (5-French Argyle® single-lumen catheter [Klein-Baker Medical
Inc. San Antonio, TX])

e Millar catheter (MPVS Ultra, ADInstruments, Houston, TX)

e Carotid blood flow was measured with a carotid artery ultrasound flow probe (2mm,
Transonic Systems Inc., Ithica, NY).

¢ Transonic flow probe, heart rate and pressure transducer outputs were digitized and
recorded with LabChart programming software (AD Instruments, Houston, TX).

e V7, airway pressures, gas flow and end-tidal CO. were measured with a respiratory
function monitor (NM3, Respironics, Philips, Andover, MA)

e Positive pressure ventilation was provided by using a Neopuff T-Piece (Fisher &
Paykel, Auckland, New Zealand).

e Mechanical ventilation was provided by using Sechrist infant ventilator model IV-100
(Sechrist Industries, Anaheim, CA)

o Arterial blood pressure, HR, and SpO,, was measured with a Hewlett Packard 78833B
monitor (Hewlett Packard Co, Palo Alto, CA).
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Applied force on the chest was measured with FlexiForce A201 sensors (TekScan,
Boston, MA) and depth with an infrared transmitter and receiver (Gikfun, Guangdong,
China)

CC force and depth were recorded with Arduino Software (Somervile, MA).

CrSO2 was measured using the Invos Cerebral/Somatic Oximeter Monitor (Invos 5100,
Somanetics, Troy, MI) with the neonatal sensor.
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4.4 Study protocol

Animal
preparation

~30 min

Induction of anesthesia
Isoflurane 1-56%

Morphin & Propofol

Surgical procedures

Stabilization

60 min

_— Intervention —

Normocapnic

Hypoxia

45 min

l

Nitrogen gas added
during ventilation to
achieve fraction of
inspired oxygen
levels between 0.07-
0.15

Asphyxia

l

Ventilation

Clamping of
endotracheal tube
until heart rate
decreased to 25% of

baseline

21% oxygen

30 sec

—_—

Randomization

(order of TTT, TFT, KFT,

and OTTT)

CPR

CC and S| with
21% oxygen

Figure 5 Study flow diagram. Encircling two-thumb-technique (TTT), two-finger-technique
(TFT), knocking-fingers technique (KFT), over-the-head two-thumb encircling technique

(OTTT), cardiopulmonary resuscitation (CPR), chest compression (CC), sustained inflation
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4.41 Chest compression techniques

Current neonatal resuscitation guidelines recommend to use the encircling two-thumb-
technique when providing CC in neonates(3). Using this technique the CC provider stands
either on the left or right site of the infant or above the infant’s head. The hands encircling the
chest and CC are provided by depressing the sternum with the two thumbs building a “V-
shape”(4). This recommendation is based on i) manikin studies investigating the CC providers
performance during neonatal cardiopulmonary resuscitation (3,209) and ii) a case report from
1988 describing two cases where the newborn infants received CC initially with the two-finger-
technique, which was switched to the encircling two-thumb-technique(210). It was observed
that using the encircling two-thumb-technique generated higher blood pressures compared

with the two-finger-technique(210).

The International Liaison Committee on Resuscitation reviewed this topic in 2020,
identifying 19 manikin studies published since the last search in 2015(3). While there were no
changes from the neonatal resuscitation guidelines 2015, other CC techniques including the
knocking-finger-technique have been reported in manikin studies(140,141,144). However,
there are no studies investigating the impact on hemodynamics or respiratory parameter using

different CC techniques neither in newborn animals nor in infants since this case report.

For this study we compared the following CC techniques: i) the encircling two-thumb-
technique (TTT), where the CC provider stood on the piglet’s left side encircling the torso with
both hands supporting the back, placing the two adjacent thumbs on the piglet's chest, and
compressed the chest with the two thumbs (Figure 6A), ii) the two-finger-technique (TFT),
where the CC provider stood on the piglet’s left side, placing the index and middle finger on
the piglet’s chest, and compressed the chest with the tips of these two adjacent fingers (Figure
6B), iii) the knocking-fingers technique (KFT), where the CC provider stood on the piglet’s left
side stretching the metacarpophalangeal joint 180° from the dorsum of the hand, bending the
proximal and distal interphalangeal joints 90°, and placing the tip of the thumb against the
palmar side of the middle phalanx of the index finger. The CC was performed with the dorsal
side of the middle phalanx(140) (Figure 6C). And iv) the over-the-head two-thumb encircling
technique (OTTT), where the CC provider stood behind the piglets’ head and compress the
chest using the TTT(143) (Figure 6D).
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Figure 6 Chest compression techniques: A) encircling two-thumb-technique (TTT), B) two-
finger-technique (TFT), C) over-the-head two-thumb encircling technique (OTTT), D)
knocking-fingers technique (KFT). Reproduced from (1) with permission of publisher (Donna
Ding)
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4.4.2 Randomization and blinding

Each of the four CC techniques (TTT, TFT, KFT, and OTTT) was sequently performed
in each piglet in random order. The order was randomized using a computer-generated
randomization program (http://www.randomizer.org). Sequentially numbered, sealed, brown
envelopes containing the order of CC techniques were opened during the experiment (Figure
5).

Blinding was not feasible for the CC provider. The piglet's chest was covered with a
sterile drape during cardiopulmonary resuscitation to blind all other team members (except
when OTTT was performed as the CC providers standing position changed). We also blinded

the statistical analysis to group allocation and unblinded it after completion.

4.4.3 Inclusion and exclusion criteria

We included newborn mixed-breed piglets, between zero and three days of age
obtained on the day of experimentation from the University Swine Research Technology

Center, University of Alberta. There were no exclusion criteria.

4.4.4 Sample Size and Power Estimates

This is the first study investigating various CC techniques in an asphyxiated newborn piglet
model. Since there are no reference data a sample size calculation including power estimates
was not feasible. Based on previous publications investigate cardiopulmonary resuscitation by

using the newborn asphyxiated piglet model a convenient sample of seven was used.

4.4.5 Experimental protocol

After the newborn piglets recovered from operation for at least one hour the intervention
started. The newborn piglets were exposed to 45 minutes normocapnic hypoxia. This was
achieved by reducing the inspired oxygen concentration to 7-15% by introducing nitrogen gas.
During hypoxia SpO2 was maintained between 30-40%, partial pressure of oxygen between
20-40 mmHg and pH <7.10. Hypoxia was then followed by asphyxia until the HR decreased to

25% of baseline, which was achieved by disconnecting the ventilator and clamping the
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endotracheal tube(126). Ten seconds later, positive pressure ventilation was commenced for
30sec with 21% oxygen, PIP of 30 cmH20, PEEP of 5 cmH-0, and gas flow of 8 L/min. Then
the sequentially numbered, sealed, brown envelopes containing the order of CC techniques
were opened. After 30sec of positive pressure ventilation, CC was initiated, using 21%
oxygen(211). All four CC techniques were performed by a single provider. Each CC technique
was performed for one minute in every piglet. The piglets received sustained inflations with a
PIP of 30 cmH-O for the duration of 30sec. During the sustained inflations, CCs with a rate of
90/min were provided. Sustained inflations were interrupted after 30sec for 1sec before a
further 30sec of sustained inflation was provided(127,212). The combination of CCs and

sustained inflations results in passive ventilation during CCs(129,183).

In this study setting Epinephrine was not administered during cardiopulmonary
resuscitation. Piglets were euthanized immediately after all four CC techniques were

performed with an intravenous overdose of sodium pentobarbital (120mg/kg).

4.4.6 Data collection and statistical analysis

We recorded age, weight and sex of the study piglets. The LabChart® programming
software was used to continuously record transonic flow probe and pressure transducers
output as well as HR (Figure 7). One file for each piglet was generated and the LabChart®
programming software was used to perform the peak analysis during CPR. This data were

then extracted and collected in a Microsoft Excel database (Microsoft, Redmond, WA).

Airway pressures, gas flow, Vr, and end-tidal CO2 were measured and analyzed using
Flow Tool Physiologic Waveform Viewer (Philips Healthcare, Wallingford, CT) (Figure 8). To
analyze the respiratory data we calculated the median values for each cardiopulmonary
resuscitation sequence in a first step and then calculated the mean of the median for

comparison.

Data are presented as mean (standard deviation [SD]) for normally distributed continuous
variables and median (interquartile range [IQR]) when the distribution was skewed. The data
were tested for normality by using the Shapiro-Wilk and Kolmogorov-Smirnov test and we used
the two-way repeated measures ANOVA with Bonferroni post-test for data comparison. P-
values are 2-sided and a p-value <0.05 was considered statistically significant. Statistical
analyses were performed with SigmaPlot (Systat Software Inc, San Jose, USA) and IBM SPSS
25 (IBM Corporation, Armonk, NY).
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5 Results

5.1.1 Demographic data and baseline characteristics

A total of seven piglets were included with a median (range) age of 3 (1-4) days old and
weight 2.0 (1.8-2.1) kg. Three piglets (43%) were female.

The baseline characteristics were mean (SD) i) heart rate 187 (52) beats per minute, ii)
mean arterial blood pressure 55 (14) mmHg, and iii) carotid blood flow 38 (13) mL/min/kg, iv)
stroke volume 1.3 (0.3) mL/min/kg, v) end diastolic volume 3.2 (1.8) mL/min/kg, vi) maximal
rate of rise of left ventricular pressure 2925 (601) mmHg and vii) minimum rate of change of

ventricular pressure -3334 (1077) mmHg.

5.1.2 Carotid blood flow

Mean (SD) carotid blood flow was 10 (6) ml/min/kg with the TTT, 5 (3) mL/min/kg with the
TFT, 4 (3) mL/min/kg with the KFT, and 6 (5) mL/min/kg with the OTTT (p=0.13) during CPR
(Table 2). The slope rise of carotid blood flow was significantly higher with the TTT and the
OTTT (118 (45) and 121 (46) mL/min/s) compared to the TFT and the KFT (75 (48) and 71
(67) mL/min/s) (p<0.001), while there were no differences between the TTT and the OTTT, as
well as between the TFT and KFT (p=1.000) (Figure 9).
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Figure 9 Peak analysis of carotid blood flow with the encircling two-thumb-technique (TTT),
two-finger-technique (TFT), knocking-fingers technique (KFT), and over-the-head two-thumb
encircling technique (OTTT).
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Figure 10 Percentage changes of mean carotid blood flow to baseline with the encircling

two-thumb-technique (TTT), two-finger-technique (TFT), knocking-fingers technique (KFT),

and over-the-head two-thumb encircling technique (OTTT).
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5.1.3 Secondary outcome parameters

Table 2 Hemodynamic parameters from start until the end of CPR. Encircling two-thumb-

technique (TTT), two-finger-technique (TFT), knocking-fingers technique (KFT), over-the-head

two-thumb encircling technique (OTTT), maximal rate of rise of left ventricular pressure (dp/dt

max), minimum rate of change of ventricular pressure

TTT (n=7) TFT (n=7) KFT (n=7) OTTT (n=7) p value
Heart rate 107 (17) 109 (19) 115 (25) 109 (16) 0.87
(bpm)
Mean arterial blood 19 (9) 10 (5) 12 (7) 12 (5) 0.12
pressure (mmHg)
Diastolic blood 9(4) 8(2) 8(2) 8(2) 0.67
pressure (mmHg)
Carotid blood flow 10 (6) 5(3) 4 (3) 6 (5) 0.13
(ml/min/kg)
Stroke volume 0.8 (0.3) 0.5(0.2) 0.6 (0.3) 0.8 (0.3) 0.12
(mL /kg)
End diastolic volume 26(1.4) 23(1.3) 21(1.2) 2.4 (1.5) 0.94
(mL /kg)
dp/dt max 1128 (405) 790 (398) 796 (357) 877 (478) 0.40
(mmHg/s)
dp/dt min -1052 (369)  -568 (229)*  -578 (180)* -711 (310) 0.012
(mmHg/s)

Data are presented as mean (SD), * Significantly different from TTT group (Tukey)
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Figure 11 Percentage changes of mean arterial pressure (MAP) and diastolic blood pressure
to baseline with the encircling two-thumb-technique (TTT), two-finger-technique (TFT),

knocking-fingers technique (KFT), and over-the-head two-thumb encircling technique (OTTT)
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5.1.4 Respiratory parameters

Table 3 Respiratory parameters from start until the end of CPR. Encircling two-thumb-technique (TTT), two-finger-technique (TFT), knocking-fingers

technique (KFT), over-the-head two-thumb encircling technique (OTTT)

TTT (n=7) TFT (n=7) KFT (n=7) OTTT (n=7) p-value
Tidal volume (mL/kg) 9.5 (3.6) 8.5 (3.5) 7.8 (2.4) 7.6 (1.9) 0.611
Minute Ventilation (mL/kg/min) 855 (320) 763 (313) 702 (2019) 680 (172) 0.432
Peak Inspiratory Flow (L/min) 5.7 (1.6) 5.5 (0.8) 5.0 (0.9) 4.7 (0.3) 0.291
Peak Expiration Flow (L/min) -9.1 (1.5) -8.7 (3.0) -9.3(1.8) -7.4 (1.7) 0.337
Peak Inflation Pressure (cm H20) 29 (10) 30 (13) 30 (11) 28 (12) 0.996
Positive End Expiratory Pressure (cm H20) 29 (10) 30 (13) 30 (11) 28 (12) 0.996
End-tidal CO2 (mmHg) 2.6 (2.8) 1.6 (1.2) 1.6 (1.0) 1.9 (1.7) 0.676
Rate (/min) 90 (1) 90 (1) 90 (1) 90 (1) 1.000

Data are presented as mean (SD), Rate=Ventilation and number of chest compression, which corresponds with number of ventilations per min
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5.1.5 Cerebral tissue oxygenation

The cerebral tissue oxygen saturation at baseline was 40 (39-43) %. During hypoxia and
asphyxia the value dropped to 15%. There was no rise in cerebral tissue oxygen saturation
above 15% during CPR regardless of the CC technique used. The lowest possible displayed

value is 15% which is a limitation of the device.

5.1.6 Chest compression force and depth

The applied force with TTT was 1.30 (0.54) kg, with TFT was 1.23 (0.62) kg, with the
KFT was 1.29 (0.66) kg, and with the OTTT was 1.04 (0.51) kg during CC (p=0.594).

The applied CC depth with TTT was 3.3 (1.0) cm, with TFT was 2.3 (1.0) cm, with the
KFT was 2.4 (1.1) cm, and with the OTTT was 3.3 (1.6) cm during CC (p=0.325).

The anterior-posterior CC depth fraction was 38 (0) % with TTT, 25 (0) % with TFT, 26
(0) % with the KFT, and 38 (0) % with the OTTT during CC.

5.1.7 Summary

5.1.7.1 Primary outcome

There were no differences in carotid blood flow (ml/min/kg) or percentage changes of
mean carotid blood flow to baseline between the groups. The rise of carotid blood flow per CC
was significantly faster with the TTT and OTTT compared to the TFT and the KFT.

5.1.7.2 Hemodynamic parameter

To summarize, i) there were no differences in blood pressure, end diastolic volume, and
maximal rate of rise of left ventricular pressure between the CC techniques, ii) using the TFT
resulted in significantly lower stroke volume compared to the TTT, iii) there were no differences

in stroke volume between the TTT, the KFT, and the OTTT encircling technique, iv) using the
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TFT and the KFT resulted in significantly lower minimum rate of change of ventricular pressure

compared tothe TTT.

5.1.7.3 Respiratory parameter

There were no differences in respiratory parameter including, tidal volume, minute
ventilation, peak inspiratory flow, peak expiration flow, peak inflation pressure, positive end
expiratory pressure, end-tidal CO2, and respiratory rate between the different CC techniques
during CPR.

5.1.7.4 Cerebral tissue oxygenation

None of the used CC techniques resulted in a rise of cerebral tissue oxygen saturation

above 15%.

5.1.7.5 Chest compression force and depth

There were no differences in CC force and depth between the different CC techniques
during CPR.
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6 Discussion

To improve outcomes of newborn infants who receive CPR in the delivery room is from
worldwide interest. Providing an improved CC technique during neonatal CPR would be easy
to implement and is feasible in high- and low resource environments. However, there is lack
of data about different CC techniques during neonatal CPR. Current neonatal resuscitation
guidelines state to rather use the TTT than the TFT because of improved blood pressure and
less provider fatigue with the TTT(4). However, this recommendation is based on manikin

studies and expert opinion rather than on human data.

There are several manikin studies that investigated different CC techniques in regard to
rescuers fatigue, CC technique feasibility, correct finger position ,applied CC depth and CC
force(131-137). However, there are no animal or clinical studies reporting on the effect of

different CC techniques on circulation or newborn infants’ outcome.

To our knowledge no study has compared different CC techniques during neonatal CPR
and their effect on hemodynamic and respiratory parameter, applied CC depth and CC force
in an animal experiment. The results of this study can be summarized as follows: i) The
rise of carotid blood flow per CC was significantly faster with the TTT and OTTT compared to
the other techniques, ii) the TTT resulted in significantly higher changes of stroke volume
compared to the TFT, iii) the TFT and the KFT resulted in significantly lower minimum rate of
change of ventricular pressure compared to the TTT, iv) there were no differences in other
examined hemodynamic or respiratory parameter as well as in cerebral tissue oxygen
saturation, and v) there were no significant differences in applied CC depth and CC force

between the different CC techniques.

6.1 Changes in carotid blood flow

Carotid blood flow, as a surrogate for cardiac output, increases with manoeuvres that
increase intrathoracic pressure including greater CC depth, faster CC rate, and ventilation
strategies with higher pressures(97,99,107,183). In this study, no differences in carotid blood
flow or percentage changes of mean carotid blood flow to baseline between the groups were
observed. However, the rise of carotid blood flow (mL/min/s) during a single CC was
significantly higher with the TTT and OTTT compared to the TFT and the KFT. This implicates
that blood possibly gets ejected faster from the left heart when using the TTT or the OTTT

compared to the other two techniques; however, this did not influence further blood flow.

75



The absent increase of carotid blood flow despite faster rise of carotid blood flow during
CC might be explained by the applied CC rate. The physiological HR of newborn infants and
piglets is higher than the recommended 90/min. A higher CC rate results in a decreased time
interval between the compressions which might have kept the starting advantage of the fast
left ventricular ejection when using the TTT/OTTT. This could have resulted in a more constant

and increased flow.

The faster rise of carotid blood flow might be explained by a difference in duty cycle (i.e.,
compression duration divided by total cycle time) between the CC techniques. A lower duty
cycle (faster compression and slower decompression) leads to increased hemodynamic
parameter (e.g., coronary perfusion pressure and arterial blood pressure)(213). Dean et al
demonstrated in 2-week old piglets that a duty cycle of 30% compared to 60% (delivered with
a pneumatic chest compression machine) resulted in higher left ventricular blood flow, aortic
pressure and improved cerebral perfusion(214). Noteworthy, a manikin study reported on
differences in duty cycle comparing neonatal CPR with the TTT and the TFT(215). They
defined a duty cycle of 30-50% as most effective and reported that duty cycle compliance
during manikin infant CPR was 0% of all TTT compressions and 23% of all TFT
compressions(215). The mean (SD) duty cycle was 61 (8)% and 53 (8)% with the TTT and the
TFT (p<0.001)(215). However, we did not measure the duty cycle during the experiment,
hence, we cannot rule out an impact of different duty cycles when providing the TTT/OTTT
compared to the TFT/KFT.

Animal studies reported that the position of the left ventricle and therefore the CC position
influences hemodynamic parameter during CPR(216,217). Anderson et al demonstrated in an
adult piglet model that closed CC directed over the left ventricle resulted in improved
hemodynamics and a higher rate of return of spontaneous circulation(217). Further on, they
reported that left ventricular position changes during cardiac arrest compared to the pre-arrest
baseline(216). Manikin studies as well as a randomized clinical trial in which the TTT was
compared with the TFT showed that using the TTT resulted in a higher proportion of correct
placements(138,139). Especially in preterm infants there were great differences in the
proportion of correct placements between the TFT and the TTT. However, the newborn piglets
used for this study had a median (range) weight of 2.0 (1.8-2.1) kg. As we did not mark the
correct finger position on the piglets chest we can only speculate whether the finger position
changed during the experiment and may have influenced the cardiac output, although CC were
always performed by the same provider. Hwang et al demonstrated that hands position and
the area of maximal compression during adult CPR affect the outflow of the left ventricle(218).
This is caused by varying degrees of narrowing the left ventricular outflow tract which was

directly observed with transesophageal echocardiography during resuscitation(218). We
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performed all four CC techniques in a random order in each piglet; hence, left ventricular

position changes during CPR as reported may occurred due to the duration of CPR.

The KFT was compared to the TFT and the TTT in few manikin studies until now(140,141).
Interestingly, using the KFT seems to be similar in CC quality as the TTT and the TFT,
however, it was rated as most difficult from the participants(140,141). While the slope rise of
carotid blood flow was similar between TTT and OTTT, using the KFT resulted in similar means
as the TFT. However, the KFT resulted in a wide range of carotid blood flow slope rise and it
reached a slope rise above those of TTT and OTTT. Such fast slope rises were not generated
using the TFT (Figure 1). Although there were significant differences in slope rise of carotid
blood flow between the KFT and the TTT/OTTT in this study, the KFT might have the potential
to be as effective as the TTT if the CC provider complete simulation trainings and gets familiar

to this new technique.

6.2 Changes in hemodynamic parameter

The minimum rate of change of left ventricular pressure (LV dp/dt min) indicates end-
ejection and is widely used as a marker for the start of left ventricular relaxation(219).
Ventricular relaxation is an active and dynamic process that starts at mid-ejection, includes the
entire isovolumic relaxation phase, and ends with the diastolic filling phase(219). LV dp/dt min
occurs shortly after aortic valve closure(219). Maximum rate of change of left ventricular
pressure (LV dp/dt max) is a surrogate for contractility and occurs before aortic valve
closure(220,221). LV dp/dtis a surrogate for cardiac function, dependents on load and HR and

is related to changes in left ventricular systolic volume, contractility, and coronary flow(222).

In this study LV dp/dt min was similar with the TTT and the OTTT. However, the TFT and
the KFT resulted in significantly lower LV dp/dt min compared to the TTT indicating worse
ventricular relaxation. Since the HR did not differ between the groups during CPR we speculate
that using the TFT/KFT did not generate adequate compression to provide as much load as
the TTT to the heart. This agrees with the findings that changes of stroke volume and slope
rise of carotid blood flow differed significantly between the TFT/KFT and the TTT/OTTT.

Although there are hints that left ventricular ejection might have been superior using the
TTT/OTTT compared to the TFT/KFT, this did not result in significant differences of other
hemodynamic parameters including absolute stroke volume, carotid blood flow, and blood
pressure. Although absolute values of stroke volume were lower with the TFT/KFT compared
to the TTT/OTT this did not reach statistical significance. One explanation for the absent

differences in stroke volume, carotid blood flow, and blood pressure might be that the
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differences in slope rise and LV dp/dt min were very small between the groups. Another
explanation might be the used ventilation strategy. It was shown that inspiratory pressures
have a slight effect on systolic function and a more pronounced effect on diastolic
function(223). We used sustained inflations with a peak inspiratory pressure of 30 cmH.0,

which might have compensated for the different CC techniques.

In a randomized crossover manikin study was reported that the TTT produced higher
blood- and pulse pressures when compared with TFT during prolonged CPR(132). However,
the authors used an experimental circuit consisted of a modified manikin with a fixed-volume
arterial system attached to a neonatal monitor via an arterial pressure transducer and provided
a 5:1 C:V ratio with a CC rate of 100/min. The used experimental model, which is not as close
as to a newborn infant as a newborn piglet is, and the difference in used
compression/ventilation strategies might explain the different results compared to the present

study.

6.3 Changes in respiratory parameter

There are very limited data about the effect of CC techniques on respiratory parameter.
Udassi et al reported in a randomized manikin study, that using the TTT compared to the TFT
the CC provider required 0.6 sec longer time to deliver two breaths when using the TTT(134).
They used a 30:2 C:V ratio, performed single rescuer CPR and provided mouth-to-mouth
breaths; however, there were no differences in number of ventilations and percentage of
effective breaths(134). Similar, another manikin study showed no differences in total number
of ventilations comparing the OTTT (+ bag-valve mask ventilation) with the TFT (+pocket-mask
ventilation)(143). The authors reported that the volume of each ventilation was significantly
higher in the OTTT group compared to the TFT; however, one must consider that different
ventilation devices were used which might have influenced the results(143). In contrast to the
abovementioned studies, Jung et al reported that the total number of ventilations was higher
with the KFT and TFT compared with the TTT, while the ratio of correct ventilations was
similar(140).

To the best of our knowledge there are no animal experiments investigating the effect of
different CC techniques on respiratory parameters. Recently, Lopez et al compared the
effectiveness of manual and mechanical CC with a thumper device in a pediatric cardiac arrest
animal model and reported on no significant differences in end-tidal CO,(224). However,
neither the manikin studies nor the animal study reported on respiratory parameter including

minute ventilation, tidal volume, gas flow, or ventilation pressures.
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As expected, in this study there were no differences in respiratory parameter observed
between the four CC techniques. Using distending pressure with a constant high pressure (30
cmH20) for 30 sec before 1 sec pause during continuous CCs lead to an increase of
intrathoracic pressure and consequently result in passive ventilation(125). Previous studies
demonstrated that the CC+Sl approach might be an optimized ventilation strategy during
neonatal CPR. It was reported that CC+SI| compared to other ventilation strategies resulted in
improved respiratory and hemodynamic parameter, time to return of spontaneous circulation,
and survival(125-127,129). We suggest that using CC+Sl during this experiment could have
been so effective, that the impact of various CC techniques on respiratory parameter was
negligible. We can only speculate whether using other ventilation strategies in combination
with different CC techniques would influence respiratory parameter. Using a 3:1 C:V ratio might
have resulted in more significant differences between the TTT/OTTT and the KFT/TFT.
However, we chose the CC+SI approach to provide continuous CC over a predefined time to

minimize interruption of coronary perfusion and ejection.

6.4 Chest Compression force and depth

There were no significant differences in applied CC depth and CC force between the
different CC techniques. However, due to the small chest size of newborn infants and piglets
even very small deviations of CC depth and CC force might have an effect on CC quality. It
was reported that 3cm in term and 2.5 cm in preterm infants correspond to 33% anterior-
posterior CC depth(96).

A previous animal experiment investigated CC depth with an automated CC machine in
newborn piglets and demonstrated that an anterior-posterior chest diameter of 25% resulted
in a CC depth of 2.0-2.3 cm while 40% resulted in 3.2-3.6 cm CC depth(97). In another
newborn piglet study a CC depth ranging from 2.0-4.1 cm represented an anterior-posterior
CC depth between 25-40%(99). It was reported that a 40% anterior-posterior CC depth
resulted in the highest tidal volume, minute ventilation, cardiac output and arterial blood
pressure(97)(99). In the present study the anterior-posterior CC depth was mean 3.3 cm with
TTT and the OTTT while it was about 1 cm shallower with the TFT and the KFT. As previous
studies showed that even 1 cm difference in CC depth during newborn piglet CPR affect
hemodynamic parameter, the difference in CC depth between TTT/OTTT and TFT/KFT should

not be underestimated (although not statistically significant different).

In addition, current neonatal resuscitation guidelines recommend a CC depth of 33%
anterior-posterior chest diameter during neonatal CPR. Noteworthy, the anterior-posterior CC
depth with the TTT/OTTT (38%) was closer to the recommended CC depth compared to the
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TFT/KFT (25-26%). This is in concordance with a randomized manikin study by Jung et al who
demonstrated that the ratio of correct CC depth was the highest with the TTT with 100 (99—
100)% followed by the KFT with 99 (93-100)%, and the TFT with 92 (53-98)% (p<0.001)(140).
Similar, Yang et al compared a novel flexed two finger technique, where the distal
interphalangeal joint and proximal interphalangeal joint of the dominant hand flexed and CC
performed with the dorsum of the phalanges (similar to the KFT) with the TTT and the
TFT(144). They reported that the ratio of the adequate compression depth was highest with
the TTT, followed by the novel flexed two finger technique and TFT(144). In another manikin
study was reported that the KFT was the one with the lowest percentage of correct CC depth
although, in all three techniques (TTT, TFT, and KFT) median depth compressions were
reached according to the recommended standards(141). However, there is only one study
investigating CC depth with the OTTT(143). They demonstrated that the performance of OTTT
resulted in greater CC depth (mean (SD) 4.3 (0.1) cm versus 4.1 (0.1) cm, p<0.001) and higher
proportion of effective CC compared to the TFT (mean (SD) 99 (6)% versus 93 (15)%,
p=0.019)(143). The present study is the first comparing the TTT with the OTTT. There are no
differences in applied CC depth between the TTT and the OTTT so we suggest that the OTTT
is comparable to the TTT concerning CC depth. In addition, the KFT seems to be comparable

to the TFT which is in concordance with results from manikin studies.

While the absolute values of applied CC depth widely differed between the CC techniques,
the range of applied CC force was very small between the groups. In this study a greater CC
depth was achieved with the same force using the TTT/OTTT than with the KFT/TFT. This is
in contrast to manikin studies where higher pressures and finger strength were applied with
the TTT compared to the TFT resulting in greater CC depths(134,135). However, the chest of
a manikin is stiffer than those of piglets or newborn infants and therefore more force and finger
strength is needed to provide CCs. In previous animal studies (using a plunger with an
automated CC machine) higher forces than in this study with all four investigated CC
techniques were needed to achieve the recommended CC depth(99,107). This could be
explained by the smaller finger-chest contact surface than with the V-shaped CC machine
plunger. Jung et al demonstrated that the area of CC was the widest with the TTT, followed by
the TFT and KFT(140). However, we speculate that the contact surface size difference
between the CC techniques is so small that they do not affect CC force during manual CPR in

newborn infants.
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6.5 Cerebral tissue oxygenation

There was no rise in cerebral tissue oxygen saturation above 15% during CPR, regardless
of the CC technique used. However, the lowest possible displayed value is 15% which is a
limitation of the device. A case series reported that cerebral tissue oxygen saturation
(measured with the same device that was used in this study) in infants with cardiac arrest was
15% in many cases at the beginning of pediatric CPR(225). However, an abrupt increase was
observed in those who achieved return of spontaneous circulation(225). The patients who did
not achieve return of spontaneous circulation had lower minimum cerebral tissue oxygen
saturation values and the percentage of median time with values under 30% were significantly
higher(225). However, the cause for cardiac arrest in those infants was not birth asphyxia. This
study was designed to investigate different CC techniques not expecting the piglets to achieved
return of spontaneous circulation. Hence, cerebral tissue oxygen saturation behaved as
expected during the experiment. Besides providing baseline data of used animals, cerebral
tissue oxygen saturation is rather used to monitor cerebral oxygen kinetics after return of

spontaneous circulation then during cardiac arrest and CPR.

6.6 Manikin versus animal studies

Both, manikin studies and animal experiments are valuable methods to investigate
different interventions during neonatal CPR. However, the method must fit the aim of the study,
hence, advantages and disadvantages of the used model must be considered. While manikin
studies are often designed to include many participants to receive results for a population of
CC providers, in animal studies CC should preferably be provided by the same person in every
experiment to generate rigor results and avoid bias. Hence, the aim and investigated

parameters differ between methods used to investigate different CC techniques.

The following parameters were recently investigated in manikin studies when comparing
different CC techniques to each other: CC depth, CC force, fatigue, proportion of right hand
position and correct compressions, recoil, and participant’s preference(131-137). Those
parameters are particularly interesting if one wants to study the feasibility of different CC
techniques. However, it provides only uncertain and indirect information of the effect on a living
mechanism and patient’'s outcome. Manikin studies are more about investigating the
mechanics, performance, and ease of use of the CC technique. In contrast, the focus of animal
studies should be on examining the influence of the CC techniques on a living object and intact
circulation. However, animal experiments are not only advantageous about investigating

interventions on a living circulating organism, but also of examining the CC technique on real
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tissue, which closely mimics those of a newborn infant. Therefore, it is reasonable to examine
not only hemodynamic parameters such as carotid blood flow and blood pressure, but also CC
depth and CC force. However, animal studies are more complex to perform, need more
resources and are way more expensive compared to manikin studies. Further on, expertise in

performing animal experiments and ethical approval is necessary.

6.7 Strengths and limitations

A great strength of this study is that we used an established animal model of severe
asphyxia which closely simulates delivery room events(2). The asphyxiated newborn piglet
model is the best to investigate CC due to the similarity in anatomy and circulation to newborn
infants. For the first time, different CC techniques were applied to real tissue instead of a
manikins’ stiff plastic chest reporting on CC depth and CC force. Another strength is the used
setting including continuous monitoring which provides detailed information about blood flow,
circulation and cardiac function. In addition, in this study a total of four different CC techniques
were compared to each other, whereas in manikin studies mostly two various CC techniques
were investigated. This is also the first time that the TTT was compared to the OTTT. To the
best of our knowledge, this is the first animal study investigating different CC techniques and
it was shown that it is feasible to use different CC techniques in the newborn asphyxiated piglet

model.

There are certain limitations to this study. The piglets already underwent neonatal
transition and therefore needed to be anaesthetized and intubated. Although the used model
closely mimics a newborn infant the results cannot be fully translated to the human body.
Another limitation is that we performed each CC technique in each piglet; however, we used a
randomized order to minimize bias. In this study the piglets did not achieve return of
spontaneous circulation, hence we can only speculate about the effect on the outcome when
using different CC techniques. Further on, the CC+SI approach was used which might have

influenced the results. Using a 3:1 C:V ratio might have yield different results.

6.8 Research gaps

Current recommendations on CC technique during neonatal CPR are based on manikin
studies and expert opinion. Manikin studies are an adequate method to investigate CC
providers’ performance and CC technique mechanics, however, only very limited information

can be gained about the effect on the organism and the outcome. This study was an important
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first step to investigating different CC techniques in animal models. It was shown that
investigating CC techniques in an asphyxiated newborn piglet model is feasible and provide

adequate results.

Future animal studies should focus on investigating different CC techniques in
combination with different CC rates and/or ventilation strategies. In this study a faster rise in
carotid blood flow and indirect signs for a better ejection were observed with the TTT/OTTT,
hence, the effect on higher CC rates with the different CC techniques might provide more
significant results. In a next step the effect of different CC techniques on short term outcomes
including time to return of spontaneous circulation and survival rate should be investigated

before conducting clinical studies in newborn infants.
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7 Conclusion

This study demonstrated that investigating different CC techniques in an asphyxiated
newborn piglet model is feasible. The effect on hemodynamic parameter was comparable
between the TTT and the OTTT, and between the TFT and KFT. There were differences in
some hemodynamic parameters such as faster rise of carotid blood flow, higher changes of
stroke volume, and higher minimum rate of change of ventricular pressure suggesting a
slightly better left ventricular ejection with the TTT/OTTT compared to the TFT/KFT.
However, those differences did not result in improved carotid blood flow, absolute stroke

volume, or blood pressure within all four CC techniques.

Although there were no significant differences in applied CC force and CC depth
between the different CC techniques, the TTT/OTTT resulted in 1 cm deeper compressions
than the TFT/KFT did. The anterior-posterior CC depth was closer to the currently
recommended CC depth with the TTT/OTTT compared with the TFT/KFT.

Further animal studies are warranted to investigate the outcome of CC techniques with
different CC rates, compression to ventilation ratios, and ventilation strategies before

conducting clinical studies in newborn infants.
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