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Abstract 

 

 Extensive neonatal resuscitation that involves chest compressions is an uncommon event 

impacting approximately 0.1% of term newborns, and up to 15% of preterm newborns. Despite 

best resuscitation efforts birth asphyxia results in approximately one million deaths annually 

worldwide. Neonatal resuscitation research is still considered to be a field in its infancy when it 

comes to optimizing extensive resuscitation efforts. This is further complicated by the infrequent 

occurrence of extensive neonatal resuscitation, making it difficult to conduct rigorous clinical 

studies. However, optimizing neonatal resuscitation is an urgent issue as current extensive 

resuscitation practices are associated with poor survival and morbidity. Animal models make up 

the primary body of scientific knowledge when it comes to optimizing chest compression 

techniques. To this extent, the contents of this thesis explore whether continuous chest 

compressions with asynchronous ventilation (CCaV) with varying rates of chest compressions 

reduces the time to return of spontaneous circulation (ROSC) using a porcine model of neonatal 

asphyxia induced cardiac arrest. We hypothesize that CCaV with 120 CC/min will have reduced 

time to ROSC compared to CCaV with 100 CC/min or 90 CC/min. 

 
 Thirty piglets of age 24-72h were surgically instrumented and allowed to recover to a stable 

baseline following surgery. Piglets in the intervention group were exposed to 30min of hypoxia 

followed by asphyxia until cardiac arrest, piglets in the sham-operated (n=6) group were not. 

Intervention piglets were randomized to receive CCaV with either 90 CC/min (n=8), 100 CC/min 

(n=8), or 120 CC/min (n=8) until ROSC or a maximum of 12min. Piglets that achieved ROSC 

were allowed to recover for 4h, after which, cerebral cortical tissues were harvested for bioassays. 

 



iii 

 

 Time to ROSC was similar in all intervention groups (120s, 90s, and 90s for CCaV+120, 

CCaV+100, and CCaV+90 respectively, p=0.93). The number of piglets achieving ROSC 

(p=0.83), and survival to 4h after ROSC (p=0.50) was also similar across intervention groups. 

However, regional hemodynamic recovery at the end of experiment was significantly worse in 

CCaV with 90 CC/min and 100 CC/min compared to CCaV with 120 CC/min. A similar trend was 

observed with pro-inflammatory markers interleukin(IL)-1β, IL-6, and lactate in the frontoparietal 

cortex. Where CCaV with 90 CC/min and 100 CC/min had significantly worse cortical 

inflammatory and injury markers compared to CCaV with 120 CC/min. 
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This thesis is an original work by myself (Sparsh M. Patel). I was involved in the design 
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period, and was involved in the resuscitation of the piglets. I performed data collection throughout 
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compared with 90 or 100 compressions per minute improves hemodynamic recovery in 
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Background 

The transition from intrauterine to extra-uterine life requires a complex set of adaptations 

which include the initiation of breathing, a switch from placental to pulmonary gas exchange, and 

increased vascular resistance with removal of the placenta1–3. Even with the complexity of 

transitioning to extra-uterine life 95% of term newborns transition successfully; most initiating 

breathing on their own, with some requiring drying and stimulation to initiate breathing1. Leaving 

approximately 5% of term newborns requiring some form of respiratory support to establish 

effective ventilation, which is one of the most important steps in neonatal resuscitation1–3. In such 

cases where apnea persists, positive pressure ventilation (PPV) is initiated immediately at birth 

until heart rate (HR) above 100 beats/min is achieved. In 0.1% of these term newborn cases, the 

HR continues to drop below 60 beats/min and extensive cardiopulmonary resuscitation (CPR) is 

initiated, and epinephrine may also be administered1,2. Extensive CPR refers to resuscitation 

interventions beyond initial ventilation through PPV, including chest compressions (CC) and 

medication administrations during resuscitation. The preterm newborn population is particularly 

vulnerable and up to 15% of this population requires extensive CPR4. A recent retrospective cohort 

study reporting survival to 1-year of age among newborns with Apgar score of 0 at 5min and 

10min vs. 0 at 5 min and >1 at 10min noted 46% and 61% survival to 1-year of age, respectively5. 

Unfortunately long-term assessment of neurodevelopmental outcomes was not possible with the 

database used for this study, however, severe neurodevelopmental morbidity has been reported 

following CCs in the preterm population5–8. The prognosis following CCs is poor, and additional 

research is needed to improve upon current CPR methods and optimize the delivery of CCs to 

improve resuscitation outcomes of newborns.  
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 The infrequent use of CCs for newborns has hindered conducting rigorous clinical studies 

in developing optimal methods of CCs in newborns. The guidelines from Pediatric Advanced Life 

Support and Neonatal Resuscitation Program (NRP®) recognize that most newborns experience 

cardiovascular collapse due to asphyxia, and the resulting recommendations emphasize the 

importance of ventilation in newborn resuscitation. The NRP® algorithm recommends a 3:1 

Compression:Ventilation (C:V) ratio1,2,9, while the pediatric resuscitation guidelines recommend 

continuous chest compressions without a pause for ventilation (continuous CC with asynchronized 

ventilation = CCaV) for infants with an advanced airway10. Due to lack of alternatives or additional 

algorithms, the use of NRP® has been extended beyond its original application in the delivery room 

into the neonatal intensive care unit (NICU), but without any research on its scientific merit or 

formal evaluation of its impact11. These recommendations rely on data extrapolated from adult or 

animal studies. Adult data may not fully apply to newborn resuscitation, as the primary cause of 

adult cardiovascular collapse is ventricular fibrillation (VF) and not asphyxia. Data from animal 

models also face issues with translatability because existing models use both VF and asphyxia to 

induce cardiovascular collapse. Therefore, studies determining the optimal method for improving 

hemodynamics during neonatal resuscitation are needed. 

Asphyxia/Hypoxia 

Asphyxia results from a lack of oxygen supply that can lead to severe hypoxemia, and 

hypercapnia with mixed metabolic and respiratory acidosis which leads to ischemic organ damage 

to newborns12,13. A recent study examining trends for causes of child death reported birth asphyxia 

as one of the leading causes for neonatal deaths, accounting for an estimated global prevalence of 

10.5% of all deaths under 5 years of age, where 44% of all deaths under 5years of age were in the 
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neonatal period14. Advancing neonatal care in cases of asphyxia has the potential to significantly 

impact survival rates and long-term health outcomes. 

 

Prolonged asphyxia or hypoxia in newborns can result in severe organ damage followed 

by death or severe life-long pathologies12,13. This is the result of compromised placental (perinatal) 

or pulmonary gas exchange (immediately postnatal) failing to deliver oxygenated blood to the vital 

organs causing progressive hypoxemia and hypercapnia 12,13. Prolonged asphyxia can cause severe 

injury to the neonate’s vital organs including the brain and ultimately leading to cardiac collapse. 

This requires intervention in the form of extensive CPR, which includes initiation of CCs and 

administration of vasoactive drugs. 

 

The vast majority of neonatal asphyxia cases occur between labor and delivery period 

(intrapartum)13. Intrapartum events such as tight nuchal cord, cord prolapse, maternal fever, 

prolonged labor, and out of hospital birth can compromise fetal oxygenation13,15. Other relevant 

risk factors associated with neonatal hypoxia are maternal age, pre-eclampsia, meconium stained 

fluid, uterine rupture, placental abruption, diuretic drug usage, and pre-mature delivery13,15.  

 

Following severe perinatal hypoxia and successful initial resuscitation of the newborn, a 

major neurologic sequelae of hypoxia emerges: hypoxic ischemic encephalopathy (HIE)13,16,17. 

Currently, 15-20% of neonates who experienced perinatal asphyxia die, and approximately 25% 

of survivors experience permanent neurologic deficits13,16. HIE is a form of clinical 

encephalopathy that can result in a wide range of deficits in motor, sensory, cognitive, and 

behavioral development17. The prevalence of perinatal asphyxia and HIE can vary based on the 
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level of care available14,15, and therefore developing countries typically experience higher rates of 

complications associated with perinatal asphyxia and related sequelae. HIE can lead to permanent 

brain damage, however, the severity and timing of the hypoxic period can present as a variety of 

neurological deficiencies. The SARNAT classification scale is typically used to help categorize 

the extent of neonatal HIE by assessing physical manifestations of consciousness, neuromuscular 

tone, reflexes, pupils, HR, and respiration to grade HIE into mild, moderate or severe16. Neonates 

with an assessment of severe HIE experienced higher mortality compared to neonates with 

moderate or mild HIE (84.2%, 1.4%, and 0%, respectively) at a tertiary hospital in northern 

Tanzania16.  

 

The pathophysiology of HIE occurs in three stages. First, interruption of oxygen and 

glucose to the brain causes immediate primary neuronal injury resulting in cell death through 

failure of ATP-dependent Na+K+ pump, cell swelling, and widespread depolarization13. Second, a 

latent period of approximately six hours during which cells are reperfused and experience some 

recovery. Third, late secondary neuronal injury occurs over the next two days as reperfusion 

spreads toxic neurotransmitters; effectively widening the area of brain injury13. Treatment of HIE 

usually includes a combination of observation, oxygen therapy, mechanical ventilation, and most 

commonly therapeutic hypothermia13,16. Therapeutic hypothermia is a time sensitive intervention 

most effective during the second stage, where cooling can minimize damage from cell rupture 

where the release of toxic neurotransmitters effectively widens the area of brain injury13. When 

therapeutic hypothermia is initiated within six hours of hypoxic injury, it can reduce mortality, 

severe disability while improving neonatal survival with a normal outcome (Relative Risk=1.31), 

and survival without neurological abnormalities (Relative Risk=1.6) in neonates with moderate to 
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severe HIE13,17. Which means therapeutic hypothermia, when utilized within six hours of hypoxic 

injury, will improve neonatal survival and have better neurological outcomes relative to neonates 

which have not received therapeutic hypothermia intervention. 

Current Neonatal Resuscitation Guidelines 

Current neonatal resuscitation guidelines established with international consensus in 2015 

updated recommendations to emphasize the importance of effective ventilation when neonates 

need respiratory support to transition from intrauterine to extrauterine environment1. The 

guidelines recommend initiating ventilatory support in the form of PPV when the neonate is 

gasping or has HR <100bpm, where PPV helps facilitate neonatal transition. However, for those 

that continue declining to HR <60bpm, CCs should be initiated to improve perfusion to coronary 

arteries and the brain1,2,18. Compressions should be discontinued after achievement of HR >60bpm. 

The compressions should be delivered on the lower third of the sternum at a depth of 1/3 of 

anterior-posterior diameter of the chest using the 2-thumb technique, where the chest is allowed to 

recoil fully between each compression1,2. It is recommended that compressions and ventilations be 

delivered in synchrony with a ratio of 3:1 C:V at a rate of 120 events/min1,2. It is also recommended 

that CCs are initiated with 100% O2, and oxygen is weaned as soon as the HR recovers. CCs are 

initiated with 100% O2 because resuscitation efforts preceding CCs have presumably attempted 

resuscitating with lower concentration of oxygen with no beneficial result1,2. However optimal O2 

concentration delivered during resuscitation remains a topic of debate and research. Finally, the 

compressions and ventilations should be continued until return of spontaneous circulation (ROSC) 

with HR >60bpm. The primary reasoning for emphasis on ventilation stems from asphyxia being 

the predominant cause of cardiovascular collapse in neonates, and by providing adequate lung 
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aeration the fluids in lungs can be sufficiently cleared for better gas exchange1,2,18. However, these 

recommendations are based on physiological plausibility, data from adult patients, neonatal 

simulations, and animal models because clinical evidence is lacking1,2,18.  

 

Factors contributing to high-quality CCs for successful resuscitation include C:V ratio, CC 

rate, depth of CCs, adequate cardiac, and cerebral perfusion. These factors are all recognized to be 

important for high-quality successful resuscitation19, however, extensive research is needed to 

determine the optimal combination of these parameters to maximize cardiac and cerebral perfusion 

while ensuring adequate ventilation for asphyxiated newborns. 

C:V Ratios and ROSC 

Current neonatal resuscitation guidelines recommend 3:1 C:V ratio, however, the most 

effective C:V ratio in newborns remains unknown1,2,20. Guidelines place emphasis on establishing 

effective ventilation because asphyxia causes increasing hypoxia and hypercapnia over a 

prolonged period, as opposed to, adult sudden cardiac arrest where the blood is still oxygenated. 

Therefore, the need for ventilation in neonates is more essential compared to adult resuscitation. 

The recommendation of 3:1 C:V ratio is based on data from adult and animal studies along with 

expert opinion, because there is a lack of clinical data available on neonates receiving CC 

interventions1,2. The 3:1 C:V ratio is rationalized on the basis of higher neonatal resting 

physiological HR and respiratory rate. However, the 3:1 C:V ratio has not been clinically examined 

in a rigorous scientific study. In fact, Dr. Schmölzer and colleagues are currently conducting the 

first randomized controlled trial examining CCs in neonates21. This will be the first study 
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comparing different CC interventions in the neonatal population, and the first time 3:1 C:V ratio 

is examined scientifically in the clinical setting21.  

 

Basic science research with neonatal piglet asphyxia models has been conducted 

comparing various C:V ratios, as well as, alternative techniques such as continuous compressions 

with either sustained inflation or asynchronous ventilation22–29. Solevåg et al conducted two 

separate studies comparing time to ROSC for 3:1 C:V with 9:3 C:V median (IQR) (150s (115–

180)s vs. 148s (116–195)s respectively, p=ns), and 3:1 C:V with 15:2 C:V (150s (140–180)s vs. 

195s (145–358)s respectively, p=ns)26,27. They also reported no differences in survival, mortality, 

oxygen delivery, hemodynamics, epinephrine administration, or cytokine concentration when 3:1 

C:V was compared with either 9:3 C:V  or 15:2 C:V. More recently Pasquin et al compared 2:1, 

3:1, and 4:1 C:V ratios in a neonatal piglet model of asphyxia and found no differences in time to 

ROSC (127s (82–210)s, 96s (88–126)s, and 119s (83–256)s in 2:1, 3:1, and 4:1 C:V respectively, 

p=0.67) between groups. Additionally, they did not report differences in survival hemodynamics, 

proinflammatory cytokines in lung, mean arterial pressure (MAP), cerebral oxygen saturation 

(crSO2), or carotid flow 4h post resuscitation29. These studies did not find any significant 

differences between various C:V ratios in an animal model, prompting exploration of alternative 

CC approaches in neonates to improve outcomes. 

 

CCs with sustained inflation (CC+SI) and CCaV are alternative CC techniques with 

potential to improve neonatal resuscitation. Schmölzer et al first described CC+SI as an alternate 

CC technique in 2013 where they reported significant reduction in time to ROSC with CC+SI 

compared to 3:1 (38s (23–44)s vs. 143 (84–303)s respectively, p=0.0008), along with increased 
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survival with CC+SI (p=0.038)28. However, this animal model was resuscitated once HR reached 

25% of baseline instead of total cardiac arrest (CA) after asphyxia. This experiment was later 

revisited by Mustofa et al using total CA following asphyxia under the context of comparing 

different inflation lengths using CC+SI24. They reported significantly improved time to ROSC, 

with CC+SI compared to 3:1 C:V but did not report improved survival. Schmölzer et al also 

conducted a randomized feasibility trial in neonates and concluded CC+SI to be feasible in the 

clinical setting30. They enrolled a total of nine infants receiving either CC+SI (n=5) or 3:1 C:V 

(n=4), and reported significantly reduced time to ROSC with CC+SI compared to 3:1 C:V mean 

(SD) (31s (±9)s compared to 138s (±72)s respectively, p=0.011)30. However, CC+SI has not been 

used extensively in a clinical setting.  

 

CCaV also provides continuous CCs but they are combined with inflations without any 

synchronization, instead of a prolonged inflation in the case of CC+SI. Recently, CPR using 3:1 

C:V was compared with CCaV with 90 CC/min and 30 inflations/min in a piglet model of neonatal 

asphyxia and reported a trend of faster time to ROSC during CCaV compared to 3:1 C:V (114s 

(88–148) vs. 143s (84–303) respectively, p=0.351). They also reported a trend towards higher 

survival 4h post-resuscitation in the CCaV group 6/8 vs. 3/8 in the 3:1 C:V group, however, this 

did not reach statistical significance22. The study did not report a difference in tidal volume (VT), 

minute ventilation or end-tidal carbon dioxide (ETCO2) between 3:1 C:V and CCaV. However, a 

study with newborn mannequin model reports higher minute ventilation with lower VT 

compensated by higher number of ventilations in CCaV compared to 3:1 C:V31. The piglet study 

indicated a trend to lower VT however this did not reach statistical significance22. Mendler et al 

similarly reported no adverse effect on minute ventilation and CO2 removal using mechanical 
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ventilation with asynchronous inflations32. CCaV is the recommended method for resuscitation in 

newborns by the pediatric basic and advanced life support guidelines when an advanced airway 

(laryngeal mask, ET tube) is in place10. This is because it is easier to teach, and data comparing 

3:1 C:V and CCaV was not available when the recommendations were made. The guidelines also 

express concern toward whether interruption of ventilation during CCaV can affect outcomes. It 

has since been reported that CCs interfered with 29% of total ventilations using CCaV, and 25% 

of total ventilations using 3:1 C:V22. It appears that interruptions when delivering ventilations are 

common in coordinated CPR also, which indicates that ventilation interruptions during CCaV may 

not be concerning.  

Rate of Chest Compressions 

The neonatal resuscitation guideline’s recommendation of using 3:1 C:V results in 90 

CC/min and 30 inflations/min, with a total of 120 events/min1,2. However, adherence to the 

guidelines is poor with providers failing to meet recommended rate of compression, rate of 

ventilation, depth, and duty cycle33.  With recent use of CCaV and CC+SI methods, the delivery 

of inflations with a pause in CC is eliminated. This allows resuscitators to focus on delivering high 

quality CCs continuously which would otherwise be interrupted with delivering inflations. 

Allowing extra time to deliver more compressions than possible with the 3:1 C:V method. This 

prompts investigation into whether higher or lower rates of CC/min can improve outcomes for 

neonatal resuscitation. A mathematical model by Babbs et al suggests that using >120 CC/min for 

neonates would be the optimal CC frequency based on physical and mathematical reasoning34. 

This mathematical model used scaling rules for cardiovascular parameters related to CC 

frequencies. They used vascular resistance, arterial blood pressure, systemic perfusion pressure, 
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basal metabolic rate, cardiac index, pump filling and emptying as metrics to develop the 

mathematical model34. They reasoned that if the fraction of time in which the pump’s input valve 

remains open is greater than the time required for pump filling, there is cardiac output to be gained 

by increasing the compression frequency34. However, it is important to note that this mathematical 

model does not account for the effects of increased compression frequencies on the coronary 

circulation which directly impacts myocardial perfusion. 

 

Li et al were interested in looking at different rates of CCs and their effect on the quality 

of resuscitation by looking at rescuer fatigue, CC depth over time, and changes in peak pressure 

during CC in mannequins by comparing 3:1, CCaV with 90 CC/min (CCaV+90) and CCaV with 

120 CC/min (CCaV+120). They observed a gradual decrease in peak pressure throughout their 

10m resuscitation period, with significant differences from baseline at 156s, 96s, and 72s using 

3:1, CCaV+90, and CCaV+120 groups, respectively35. They also observed a reduction in CC depth 

by 20%, 30%, and 50% in 3:1, CCaV+90 and CCaV+120 groups after 3min. Their findings 

indicate that rescuers preferred the 90 CC/min over the 120 CC/min, and rescuers were able to 

maintain CC quality for longer with coordinated CCs35. From the rescuer perspective and how it 

relates to the quality of resuscitation performed, rescuers clearly preferred coordinated 

compressions over continuous compressions and lower CC rates over higher CC rates35,36. In this 

study, rescuers were not formally trained in all of the tested resuscitation techniques which may 

contribute to their preference or comfort for a technique they are already familiar with. However, 

whether 90 CC/min or 120 CC/min is more effective from the physiological stand point is an 

entirely separate question.  
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Li et al later examined whether different CC rates (90 CC/min or 120 CC/min) during 

CC+SI reduced time to ROSC in a neonatal asphyxia piglet model37. They observed similar time 

to ROSC, survival to 4h after ROSC, respiratory, and hemodynamic parameters between CC+SI 

90 and CC+SI 120 groups. Although both groups observed similar hemodynamic recovery, CC+SI 

120 had higher cerebral oxygenation 4h post-resuscitation which was attributed to higher carotid 

blood flow37. Li et al ultimately concluded that using CC+SI 120 over CC+SI 90 did not provide 

any improvements in ROSC, survival, or hemodynamic recovery in their porcine model of 

neonatal asphyxia induced cardiac arrest. However, their animal model has already undergone the 

fetal to neonatal transition, the animals were ventilated using an endotracheal (ET) tube (no leak), 

and the resuscitation began when animal HR decreased to 25% of baseline rather than CA. With 

increasing rates of CC an important factor to consider is duty cycle (proportion of time spent 

compressing the chest), and relaxation time between CCs. Decreased relaxation time and increased 

duty cycle result in inadequate chest recoil, and static chest deformation38. Increasing duty cycle 

can increase coronary perfusion pressure (CPP) until the amount of time spent contracting the 

chest interferes with adequate chest recoil, which can reduce coronary blood flow as it primarily 

occurs during chest recoil/relaxation phase38. 

Optimal Depth to Optimize Ejection Fraction  

The recommended CC depth in neonates is 1/3 of anterior-posterior (AP) chest diameter, 

which means the depth of CC varies with size of neonates. Achieving this depth consistently has 

been a problem for rescuers, but using the two-thumb instead of the two-finger technique can 

drastically improve depth consistency39. Meyer et al studied efficacy and safety of 1/4, 1/3, and 

1/2 AP CC depth in neonates using computerized tomography and also estimated ejection fractions 
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using a mathematical model40. They found a positive relationship with increasing CC depth and 

ejection fraction (51 ±3%, 69 ±3%, and 106 ±4% with 1/4, 1/3, and 1/2 AP chest depth 

respectively, p<0.001). Under compression with 1/4 AP depth and over compression with 1/2 AP 

depth was also reported, while 1/3 AP depth reported neither over/under compression40. Using 1/3 

AP depth for compressions was further reinforced with a similar study using pediatric patients41. 

These studies add vital information on appropriate CC depth since CC depth is very difficult to 

study in the clinical environment. These studies reinforce the neonatal and pediatric resuscitation 

guidelines and provide estimations on ejection fraction. Although higher ejection fraction can be 

achieved with deeper compressions, this has to be balanced with bone and soft tissue damage along 

with multiple factors encompassing overall quality of CCs.  

Cardiac and Cerebral Hemodynamics 

Establishing effective coronary and cerebral perfusion is key to achieving ROSC. CCs 

should aim to maximize these parameters in order to increase CC quality and outcomes. Complete 

decompression of chest wall following compression is recommended by both neonatal and 

pediatric guidelines, as coronary blood flow primarily occurs during the decompression 

phase1,10,42. Rescuer leaning which prevents full decompression is associated with decreasing 

venous return, MAP, myocardial blood flow, and CPP43,44. Interruptions during CCs for 

ventilation, HR assessment, or switching rescuers may also have a negative impact on CPP. In a 

large swine model interruption to CCs decreased CPP, and reported lower CPP during first few 

compressions when CCs were reinitiated45. Studies looking at uninterrupted and interrupted CCs 

at in-hospital and out-of-hospital settings reported better outcomes for uninterrupted CCs46,47. 
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However, these studies were conducted in adults; the majority of which do not experience 

asphyxial CA. 

Animal Models for Studying Neonatal Resuscitation 

There are several animal models being used to research neonatal topics including perinatal 

medicine, HR monitoring, fetal growth, antenatal glucocorticoid treatments, cardiovascular 

physiology, neonatal resuscitation, etc.48,49. Animals used in studying these topics include sheep, 

pigs, primates, rabbits, and rats48,49. Each individual animal model has its strengths and 

weaknesses, for example, sheep have largely been used for perinatal and cardiovascular transition 

research because sheep have fewer offspring and it is relatively easy to conduct cesarean section 

under general anesthesia49. This has the ethical and practical advantage of having to use fewer 

animals for experimentation at a given time, while also providing opportunity to study fetal 

transition with fluid filled lungs. However, the sheep model is at a disadvantage when studying 

CCs during neonatal resuscitation because their chest is V-shaped as opposed to human neonates 

that have a cylindrical chest with a flat sternum. For studying CCs the piglet model is widely 

used48. In a 2015 systematic review Solevåg et al identified 24 studies using a piglet model while 

identifying only 1 sheep, and 2 primate models to study neonatal CCs48. While the primate model 

more closely resembles human physiology and anatomy, it is extremely expensive and inaccessible 

to use for research purposes. 

 

When interpreting results of CCs using a neonatal piglet model it is important to consider 

how CA is induced and the degree to which it extends. Studies using the neonatal piglet model can 

induce CA by using asphyxia, VF, or potassium chloride48. The major distinction here is gradual 
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vs. sudden cardiac collapse. While models using VF or potassium chloride induce sudden CA, the 

asphyxia induced arrest is gradual and prolonged. The asphyxia model mimics the biochemical 

profile of neonates that need CPR in the delivery room presenting with mixed metabolic and 

respiratory acidosis48,49. Therefore, models using asphyxia to induce CA may have better 

translational value, while sudden CA models may be more useful in studying hemodynamics 

during CCs48. Unfortunately, the piglet model uses post-transitional animals which means the 

animal does not have lung fluid, high pulmonary pressures, or a patent ductus arteriosus. These 

are all factors which effect transitioning in neonates and somewhat limits the translational strengths 

of this model. However, it is important to place emphasis on utilizing results from animal models 

to guide translational research in the clinical setting and ultimately clinical evidence should be the 

driver to affect change in neonatal resuscitation guidelines. 

Purpose Statement 

 The primary purpose of this work is to examine whether varying rates of CC with CCaV 

can reduce time to ROSC. We further examined whether hemodynamic recovery will differ with 

varying CC rates. 

Objectives 

The primary objective of this work is to examine whether CCaV with 120 CC/min will 

have a reduced time to ROSC compared to CCaV with 90 CC/min or 100 CC/min. The secondary 

objective of this work is to observe whether CCaV with 120 CC/min confers benefits to 

hemodynamic recovery compared to CCaV with 90 CC/min or 100 CC/min.  
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Hypothesis 

 We hypothesized that CCaV with 120 CC/min will have a reduced time to ROSC, and 

better hemodynamic recovery compared to CCaV with 90 CC/min or 100 CC/min.   
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Chapter II 

Materials and Methods 
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To examine the relationship between varying CC rates and ROSC we utilized a previously 

established neonatal porcine model of asphyxia induced cardiac arrest (CA). Following CA 

animals were subsequently resuscitated using intervention specific compression rates, and allowed 

to recover for 4h post-resuscitation. Thirty mixed breed piglets (24-72h of age, weighing 2.0kg 

(±0.20kg)), were acquired on experimentation days from the University Swine Research 

Technology Centre. Experiments were carried out according to approved guidelines from the 

Animal Care and Use Committee (Health Sciences) University of Alberta (AUP00001764).  

Animal Model 

We used a neonatal porcine model of asphyxia to induce CA, as porcine models are widely 

used in resuscitation research48,49. However, many use electrical (60 Hz current)50,51 or chemical 

interventions (hyperkalemia using KCL bolus)32,52 for inducing CA in animal models. Asphyxia 

induced CA models may be more robust as they introduce gradual hypoxia followed by asphyxia 

to CA, this stresses the animals over a prolonged duration. The introduction of prolonged hypoxia, 

hypercapnia, and metabolic acidosis better represents the in-utero condition of the neonate 

compared to sudden CA models3,49. The prolonged duration of hypoxia can increase pulmonary 

vascular resistance, peripheral vasoconstriction, MAP, cause redirection of blood to vital organs, 

tachycardia, and initiation of gasping reflexes53. In the absence of resuscitation interventions, 

persistent hypoxia will eventually result in peripheral vasodilation and a drop in MAP with 

subsequent bradycardia followed by CA53. Whereas sudden CA has key physiological difference 

that weakens the translatability of animal models using electrical or chemical methods for CA. 

Sudden CA lacks the mixed respiratory and metabolic acidosis present in most neonates requiring 

CCs. With sudden CA the blood is well oxygenated, the pH is normal, and forward flow continues 
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until the pressure gradient between the arterial and venous system dissapates54. There is a lack of 

initial increase in vascular resistance, carotid blood flow, and tachycardia which is concerning 

because the resulting inflammation and organ damage may not resemble what we see in CA from 

prolonged hypoxia. The preference for studying neonatal resuscitation using asphyxia models over 

VF models is reflected in the literature, where use of the asphyxia model has recently increased48. 

In a 2015 systematic review by Solevåg et al identifying 28 studies examining CCs in newborn 

animal models, only 8/28 studies used a sudden CA animal model48.  

Sample Size and Power Estimates 

Our primary outcome measure was time of cardiopulmonary resuscitation (CPR) to achieve 

ROSC. Our previous studies showed a median (IQR) ROSC of 114s (88–148)s during CPR using 

CCaV6. We hypothesized that CCaV 120 CC/min during CPR would reduce time to achieve 

ROSC. A sample size of 24 piglets (8 per group) was sufficient to detect a clinically important 

(33%) reduction in time to achieve ROSC (i.e., 180s vs. 120s), with 80% power and a 2-tailed 

alpha error of 0.05. 

Random Allocation of Intervention  

 The experimental protocol has two separate random allocation phases. Allocation was 

block randomized with variable sized blocks (2 to 4) using a computer-generated randomization 

program (http://www.randomizer.org). The first is allocation to sham-operated or intervention 

group (Figure 2.1). Random allocation is necessary here to eliminate selection bias during surgical 

instrumentation and stabilization phases, ensuring similar surgical instrumentation and recovery 

phases between sham-operated and intervention animals by blinding the experimental team. The 

http://www.randomizer.org/
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experimental team opens a subsequently numbered, sealed, opaque envelope containing allocation 

to sham-operated or intervention group immediately before the hypoxia phase. Animals allocated 

to sham-operated groups do not undergo hypoxia as opposed to animals allocated to intervention 

group which do undergo hypoxia. The sham-operated group received the same surgical protocol, 

stabilization, and equivalent experimental periods without hypoxia and asphyxia.  

 

The second subsequently numbered, sealed opaque envelope allocates intervention groups 

to CCaV+90, CCaV+100, or CCaV+120 (Figure 2.1). This allocation ideally occurs immediately 

following confirmation of asystole. However, the window before initiation of resuscitation is short, 

therefore, the designated operator for delivering CCs (separate from assessor of asystole) opens 

the second sealed opaque envelope containing intervention allocation once asphyxia is initiated. 

The designated operator for delivering CCs is aware of the intervention allocation once asphyxia 

is initiated which allows them to set the appropriate metronome frequency for CCs. This approach 

eliminates unplanned delays that may occur with the task of opening a sealed envelope, setting the 

appropriate metronome frequency, or miscommunication within the resuscitation team. A prompt 

announcement of intervention allocation following confirmation of asystole informs the entire 

resuscitation team of the intervention allocation. This ensures the assessor of asystole is blinded 

and unbiased in their assessment of asystole, and also allows for a smooth transition to delivery of 

appropriate intervention following confirmation of asystole. 
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Figure 2.1: Study flow chart 
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Surgical Instrumentation 

 Piglets were instrumented as previously described with 

modifications22,24,25,28,29,37,55,56. Animals were anaesthetized with isoflurane gas (5%), sedation was 

confirmed by toe-pinch before any surgical procedures were initiated. Animals were intubated via 

tracheostomy and a 3.5 endotracheal (ET) tube was inserted in to the trachea. Mechanical 

ventilation was initiated immediately after insertion of ET tube. Ventilation (Acutronic Fabian 

HFO; Hirzel, Switzerland) was commenced at a respiratory rate of 20-25 breaths/min and pressure 

of 30/5 cmH2O. Oxygen saturation was kept within 90-100%, glucose level and hydration was 

maintained with an Intravenous (IV) infusion of 5% dextrose at 10mL/kg/hr. Anaesthesia was 

maintained with IV propofol 5-10mg/kg/hr and morphine 0.1mg/kg/hr. Additional doses of 

propofol (1-2mg/kg), pancuronium  (0.1-0.2mg/kg) and acetopromazine (0.125-0.25mg/kg) were 

given as needed. The piglet’s body was maintained at a normal resting temperature of 38.5-

39.5°C57 using an overhead warmer and a heating pad. Lastly, no animals were lost during surgical 

instrumentation. A representation of the experimental setup including the surgical instrumentation 

is presented in Figure 2.2. 
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Figure 2.2 Experimental setup with surgical instrumentation. 

 

With permission from RETAIN Labs Medical Inc. 

  



24 

 

Hemodynamic Parameters 

A 5-French Argyle® (Klein-Baker Medical Inc. San Antonio, TX) double-lumen catheter 

was inserted via the right femoral vein for administration of fluids and medications. A 5-French 

Argyle® single-lumen catheter was inserted above the right renal artery via the femoral artery for 

continuous arterial blood pressure monitoring in addition to arterial blood gas measurements. The 

right common carotid artery was also exposed and encircled with a real-time ultrasonic flow probe 

(2mm; Transonic Systems Inc., Ithica, NY) to measure cerebral blood flow. Piglets were placed in 

the supine position and allowed to recover from surgical instrumentation until baseline 

hemodynamic measurements were stable (approximately one hour). Ventilation rate was adjusted 

to keep the partial arterial CO2 between 35-45mmHg as determined by periodic arterial blood gas 

analysis. Mean systemic arterial pressure, HR, and percutaneous oxygen saturation were 

continuously measured and recorded throughout the experiment with a Hewlett Packard 78833B 

monitor (Hewlett Packard Co., Palo Alto, CA). 

Respiratory Parameters 

A respiratory function monitor (NM3, Respironics, Philips, Andover, MA) was used to 

continuously measure tidal volume (VT), airway pressures, gas flow, and end-tidal CO2 (ETCO2). 

The combined gas flow and ETCO2 sensor was placed between the ET tube and the ventilation 

device. VT was calculated by integrating the flow signal58. ETCO2 was measured using non-

dispersive infrared absorption technique59. The accuracy for gas flow is ±0.125 L/min, ETCO2 ±2 

mmHg. 
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Cerebral and Renal Perfusion 

Cerebral and renal oxygenation levels were measured using the InvosTM Cerebral/Somatic 

Oximeter Monitor (Invos 5100, Somanetics Corp., Troy, MI). The near-infrared spectroscopy 

(NIRS) sensors were placed on the forehead and right kidney of the piglet and secured with tape. 

The InvosTM Cerebral/Somatic Oximeter Monitor calculates crSO2, which is expressed as the 

percentage of oxygenated haemoglobin (oxygenated haemoglobin/total haemoglobin). Values of 

regional oxygen saturation are stored every second with a sample rate of 0.13Hz60,61. 

Animal Monitoring 

Animals are initially anaesthetized using isoflurane (5%). Following femoral vessel 

catheter placement, animals were transitioned to IV propofol (5-10 mg/kg/hr) and morphine (0.1 

mg/kg/hr). As excessive sedation can interfere with compensatory mechanisms in response to 

hypoxia, IV drug administration was halved with the initiation of hypoxia. Sedation was monitored 

throughout the remainder of experiment where drug administration was enough to keep the piglet 

from feeling pain (confirmed via toe-pinch), however, we used as little as possible to accomplish 

this goal for prevention of drug interference with animal recovery following ROSC. The toe-pinch 

was performed at intervals of 10min before intervention protocols, and every 15min following 

ROSC until end of experiment. 

 

 Hydration and glucose levels were maintained with an IV infusion of 5% dextrose (10 

mL/kg/hr). However, we often encountered animals with increasing hemoglobin readings when 

collecting metabolic data. This was used as an indirect indicator for hydration level of the animal 

and infusion rate was increased (1-2 mL/kg/hr) where appropriate.  
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 Mechanical respiration was initiated at 20-25 breaths/min with a pressure of 30/5 cmH2O 

following ET tube placement. Respiration was closely monitored as over-ventilation or under-

ventilation can increase or decrease blood pH, respectively. We had ETCO2 data available from 

our respiratory monitor (NM3) which we used to fine tune respiratory rates throughout the 

experiment; excluding the hypoxia and asphyxia phase in which the objective was to stress the 

animal. Chalak et al reported baseline ETCO2 data for piglets weighing 2.2 ±0.6 kg to be 40 ±4 

mmHg62, which was similar to what we observed at baseline readings while monitoring the piglets. 

When ETCO2 increased we often observed animals attempting rapid spontaneous breathing, which 

was compensated by increasing the mechanical respiratory rate to expel the excess ETCO2. 

Conversely, over-ventilation is accompanied by low ETCO2 compensated by decreasing the 

mechanical respiratory rate.  

Experimental Protocol 

The experimental protocol consists of surgical instrumentation, recovery period (1h), 

hypoxia/asphyxia period, and post-resuscitation recovery period (4h). Surgical instrumentation 

allows us to monitor and record both hemodynamic, and respiratory parameters. Following 

surgery, the piglet was allowed to rest and recover to a stable baseline. Hypoxia was introduced 

with the addition of nitrogen diluting O2 (FiO2: 0.10), ventilation is gradually reduced to a 

minimum 2 breaths/min over 30 min of hypoxia. However, close monitoring of both hemodynamic 

and respiratory parameters was required to maintain balance ensuring animals are well stressed 

during hypoxia while maintaining adequate cardiac function. Following 30min of hypoxia, the ET 

tube was clamped to prevent air exchange to and from the lungs; until asystole. Following asystole 

animals were randomized into three intervention groups: CCaV+90, CCaV+100, CCaV+120. 
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Resuscitation is initiated with specific protocol according to intervention allocation, with 

compressions using the two-thumb encircling technique at a depth of 1/3 anterior-posterior 

diameter of the chest. Once the piglet achieves ROSC, they were observed for a 4h recovery period 

before euthanization with an IV overdose of phenobarbital (100mg/kg). 

 

Asystole was confirmed by the assessor using auscultation, ECG, and carotid blood flow 

in conjunction and subsequently the intervention allocation was called out to the entire 

experimental team. An audible metronome with the correct rate of CCs was played. Fifteen 

seconds following confirmation of asystole positive pressure ventilation (PPV) was initiated for 

30s at a rate of 60 inflations/min using a Neopuff T-Piece (Fisher & Paykel, Auckland, New 

Zealand). The delay in PPV was intended to simulate clinical delays in initiation of appropriate 

resuscitation protocols. Following PPV, CCs were initiated at the appropriate compression rate 

until ROSC was achieved or a maximum of 12min. Inflations were delivered at a rate of 30 

inflations/min during CCs, with peak inflation and peak end expiratory pressures of 30/5 cmH2O, 

with a gas flow of 8L/min. 100% oxygen was commenced 30s after start of CC, this is a deviation 

from clinical protocols and is a limitation of this study. A maximum of 4 epinephrine doses 

(0.02mg/kg per dose) were administered during CCs, beginning 2min after initiation of PPV at an 

interval of 3min thereafter. The recommended epinephrine dosing for neonatal resuscitation by 

NRP® is 0.01-0.03mg/kg, we chose a 0.02mg/kg dose based on our own experience in the lab that 

indicated a dose of 0.01mg/kg was not adequate24,37. During CCs ECG and carotid flow were 

continuously monitored for signs of cardiac activity, and CCs were paused briefly to assess for 

ROSC; defined as heart rate (HR) >100 bpm for at least 15s. Compressions were paused every 60s 

briefly to assess for HR as per NRP® recommendations1. In assessing HR we utilized both ECG 
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and carotid flow, this is important to note in the context of recent concerns regarding pulseless 

electrical activity63. Assessing HR using ECG and carotid flow allows us to confirm restoration of 

cardiac electrical activity, as well as, pulse. 

 

Interventions were highly coordinated, and each team member was assigned a specific task. 

The assessor auscultates and confirmed asystole, the CC operator confirmed intervention 

allocation, sets the appropriate metronome frequency, and performed quality CCs. The 

intervention lead directed the intervention protocol making sure PPV and CCs were initiated at the 

appropriate time and epinephrine doses were given at specified times according to the intervention 

protocol; while another team member was in charge of taking blood samples before and after CPR 

and also in charge of administering epinephrine.   

Data Collection and Analysis 

Demographics of study piglets were recorded. Transonic flow probes, HR and pressure 

transducer outputs were digitized and recorded with LabChart® data recording software 

continuously (ADInstruments, Houston, TX). Airway pressures, gas flow, VT, and ETCO2 were 

measured and analysed using Flow Tool Physiologic Waveform Viewer (Philips Healthcare, 

Wallingford, CT, USA). Post-mortem, the brain was removed from surviving piglets 4h after 

ROSC (sham-operated n=6; CCaV+90 n=4; CCaV+100 n=4, and CCaV+120 n=6) and placed in 

ice-cold 2-methylbutane for 10 min before storing at –80ºC. Frontoparietal cortex was isolated 

from the whole brain and was homogenized in a 50mM phosphate buffer containing 1mM EDTA 

(pH 7.0). The supernatants were retained after centrifugation at 3,000xg for 10min at 4°C and 

protein concentration was quantified using the Bradford method. Evidence of brain injury was 
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determined by quantification of the concentrations of the pro-inflammatory cytokines interleukin 

(IL)-1β, -6, -8, and tumor necrosis factor (TNF)-α in tissue homogenates by using commercially 

available ELISA kits (PLB00B, P6000B, P8000, PTA00, R&D Systems, Minneapolis, USA). 

Cytokine concentrations were expressed relative to protein concentration. 

 

The 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 was tested for normality and compared using one-way ANOVA for comparisons of 

continuous variables, and χ2 for categorical variables. P-values are 2-sided and p<0.05 was 

considered statistically significant. Statistical analyses were performed with SigmaPlot (Systat 

Software Inc, San Jose, USA). 

Metabolic & Hemodynamic data 

 Following surgical instrumentation and femoral artery access via catheter, blood samples 

were taken at the end of surgery, beginning of hypoxia, every 10min until end of hypoxia (0, 10, 

20, 30min), immediately before initiation of resuscitation (at asystole), immediately after CPR 

(ROSC), 10min following ROSC, and every hour following ROSC until end of experiment (60, 

120, 180, 240min).  

 

 Hemodynamic data was recorded at every time point mentioned above, as recordings were 

continuously available throughout the experiment. However, metabolic data was collected only 

throughout hypoxia, before and after CPR, 1h following ROSC, and at the end of experiment 

before euthanization. Metabolic data was collected at these time points only, because cartages 
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required for blood sample analysis are one time use only and economically straining. Therefore, 

we identified reasonable time points in our experiment that would warrant examination of the 

metabolic state of the animal. Animals were monitored vigilantly throughout the hypoxia period 

using both metabolic and hemodynamic data available to ensure all animals were under significant 

stress during the hypoxia period. Hypoxia causes mixed respiratory and metabolic acidosis while 

providing an additional layer of accuracy in the form of metabolic stress experienced by the piglet. 

Metabolic data was also obtained during the recovery phase following ROSC, for this we chose to 

collect metabolic data 1h and 4h following ROSC. We collected 1mL of blood sample preserved 

in EDTA immediately before hypoxia, immediately before and after CPR, 1 h, and 4 h following 

ROSC. However, we did not utilize these samples for further biochemical analysis at the end of 

the study. 

Bioassays 

 We quantified pro-inflammatory cytokines (tumor necrosis factor-α (TNF-α), 

interleukin(IL)-1β, IL-6, and IL-8) in the frontoparietal cortex of the animals that survived to end 

of experiment (4h following ROSC) using commercially available enzyme-linked immunosorbent 

assay (ELISA) kits (Appendix A). ELISA uses the quantitative sandwich enzyme immunoassay 

technique where the first monoclonal antibody specifically binds a single substrate which is later 

flanked by an enzyme-linked monoclonal antibody that yields color. The intensity of the color is 

measured and is proportional to the amount of bound substrate. Cytokine concentrations were 

expressed relative to protein concentration, so we could compare relative concentration between 

samples as opposed to absolute concentrations which can vary based on size of the initial sample. 

(detailed protocols can be found here: https://www.rndsystems.com/products/elisas) 

https://www.rndsystems.com/products/elisas
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We also quantified lactic acid concentration in the frontoparietal cortex of the animals that 

survived to end of experiment using a L-Lactic Acid Assay (Appendix B). This assay ultimately 

converts L-Lactate to NADH, the light absorbance of NADH is measured and lactate concentration 

is calculated using the following equation: 

𝑐 =
𝑉 ∗ 𝑀𝑊

 ∗ 𝑑 ∗ 𝑣 ∗ 1000
∗ 𝛥𝐴 

V = final volume (mL) 

v = sample volume (mL) 

MW = molecular weight of the substance to be assayed (g/mol) 

d = light path (cm) 

 = extinction coefficient of NADH (L*mmol-1*cm-1) 

ΔA = Absorbance of sample – Absorbance of blank  

(A detailed protocol can be found here: https://food.r-biopharm.com/products/l-lactic-acid/) 

 

 Additional methodological details are available in the published paper presented in chapter 

3 of this thesis. 

  

https://food.r-biopharm.com/products/l-lactic-acid/
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Chapter III 

Results 
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Baseline Parameters 

Thirty piglets were randomly assigned to sham-operated (n=6), CCaV+90 (n=8), 

CCaV+100 (n=8), and CCaV+120 (n=8). Baseline demographics are presented in Table 3.1. 

Baseline characteristics of sham-operated, CCaV+90, CCaV+100, or CCaV+120 were statistically 

similar between all study groups with respect to age, weight, hemodynamic, and metabolic 

parameters. It is important for baseline parameters to be similar between groups, because 

differences in baseline parameters may influence resuscitation outcomes which can become a 

severe limitation in the interpretation of study results. It’s also important to note that baseline 

parameters were collected after an hour of stabilization following surgical instrumentation. This 

may have influenced the resting physiological levels of these parameters, however, of importance 

is the fact that all animals in our study experienced similar physiological conditions following 

initial surgical instrumentation. 

Resuscitation Parameters 

Our primary outcome was time to ROSC, time to ROSC for CCaV+90 (90s (90-243)s), 

CCaV+100 (90s (60-473)s), and CCaV+120 (120s (75-192)s, p=0.93) was similar between 

intervention groups (Table 3.2). Hence, our hypothesis of CCaV+120 reducing time to ROSC 

when compared to CCaV+90 or CCaV+100 was not confirmed in our porcine model of neonatal 

asphyxia induced cardiac arrest (CA). Studies examining various compression techniques, and 

frequencies report similar findings26,27,29,37. 

 

Parameters associated with ROSC, such as, the number of piglets which achieved ROSC 

(p=0.83), total number of epinephrine doses (p=0.84), number of piglets that received 100% O2 
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(p=0.32), and survival to end of experiment (p=0.50) were similar across intervention groups 

(Table 3.2). 

 

The time to CA following clamping of ET tube was similar between intervention groups 

(CCaV+90 (229s (172-473)s), CCaV+100 (375s (215-564)s), and CCaV+120 (260s (83-408)s, 

p=0.36). Severity of asphyxiation which was indicated by metabolic parameters like pH (p=0.91), 

paCO2 (p=0.97), lactate (p=0.89), and base excess (p=0.46) were also similar across intervention 

groups (Table 3.2); indicating a similar level of metabolic stress following the hypoxia period. 

Animals that did not achieve ROSC were not included in the calculation of time to ROSC. 

Changes in Hemodynamic Parameters 

Changes in hemodynamic parameters throughout the study period are summarized in Table 

3.3. As expected, there were no differences observed in baseline hemodynamic parameters 

between sham-operated and intervention groups.  

 

 HR was significantly higher in intervention groups compared to sham-operated at the end 

of hypoxia and 10min following ROSC (Table 3.3). Which is an expected finding as HR increases 

in response to hypoxia and rebound hypertension is associated with epinephrine administration 

following resuscitation64. However, HR returned baseline levels at the end of experiment in all 

intervention groups and was comparable to HR of sham-operated group at the end of experiment 

(Table 3.3). 
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MAP was similar across experimental groups at the end of hypoxia and 10min following 

ROSC (Table 3.3). While the MAP for CCaV+120 and CCaV+90 group returned to baseline, MAP 

in CCaV+100 group piglets was significantly decreased compared to baseline and sham-operated 

at the end of experiment (Table 3.3).  

 

At 10min after ROSC, the carotid flow was similar between all groups (Table 3.3). While 

carotid blood flow returned to baseline at the end of experiment in CCaV+120, both CCaV+90 

and CCaV+100 groups observed significant decrease in carotid flow compared to their own 

baselines and sham-operated piglets (Table 3.3). Indicating that cerebral blood flow continued to 

decrease following ROSC, which may have contributed to increased levels of pro-inflammatory 

markers and lactate in the brain of animals resuscitated with CCaV+90 and CCaV+100 (Figure 

3.2, 3.3). 

 

Plasma lactate levels were significantly higher across intervention groups following end of 

hypoxia when compared to their own baselines (Table 3.3). However, they were similar across 

intervention groups at the end of hypoxia. Unfortunately, arterial blood gas analysis was not 

performed 10min after ROSC. Most interestingly, at the end of experiment plasma lactate levels 

of CCaV+90 and CCaV+100 were significantly higher when compared to sham-operated animals 

and their own baselines (Table 3.3). In contrast, CCaV+120 plasma lactate levels returned to a 

comparable baseline and was similar to sham-operated animals at the end of experiment (Table 

3.3). Additional statistical analysis revealed CCaV+120 plasma lactate levels were significantly 

lower at the end of experiment when compared to CCaV+90 and CCaV+100 (p=0.03). 
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Both cerebral and renal oxygenations were severely reduced compared to baseline and 

sham-operated animals following end of hypoxia (Table 3.3). However, they were similar across 

intervention groups at the end of hypoxia. The cerebral oxygenation was similar in all three 

intervention groups at 10min after ROSC (Table 3.3). The brain and renal oxygenation levels 

returned to baseline in the CCaV+120 group. While in the CCaV+100 and CCaV+90 groups the 

cerebral oxygenation levels were significantly reduced compared to sham-operated piglets and 

their own baselines, the renal oxygenation was only significantly different from sham-operated 

piglets (Table 3.3). Significantly higher oxygen concentrations were required to maintain oxygen 

saturation in the CCaV+90 group compared to sham-operated (43(8)% vs. 31(2)%, respectively, 

p=0.03) by the end of the 4h recovery period. Overall, we observed worse hemodynamic recovery 

in CCaV+90 and CCaV+100 compared to CCaV+120. 

Respiratory Parameters 

There was no difference in respiratory markers-such as tidal volume, peak inflation 

pressure, positive end expiratory pressure, peak inflation flow, and peak expiratory flow-between 

CCaV+90, CCaV+100, or CCaV+120 during resuscitation (Table 3.4). This is an expected finding 

because inflations were delivered using a ventilator with identical respiratory setting throughout 

the intervention groups at a rate of 30 inflations/min. We did not observe significant differences 

in the ETCO2 during resuscitation either (Table 3.4), ETCO2 monitoring is said to predict adequacy 

of CCs and useful in determining ROSC65.  
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Brain injury Markers 

There were no significant differences in brain injury markers TNF-α and IL-8 in 

forntoparietal cortex tissue between sham-operated and intervention groups (Figures 3.1A and 

3.1D). The concentration of pro-inflammatory marker IL-1β was significantly higher in CCaV+90 

and CCaV+100 intervention groups when compared to sham-operated piglets (Figure 3.1B). 

Whereas, IL-1β concentration in CCaV+120 group was not statistically higher compared to sham-

operated piglets or CCaV+90 and CCaV+100.  IL-6 concentration was similar between CCaV+90, 

CCaV+120, and sham-operated groups and significantly higher in CCaV+100 (Figure 3.1C). 

Interestingly, IL-6 concentration in CCaV+120 was significantly lower when compared to 

CCaV+100 (Figure 3.1C).  

 

Cortical lactate levels in the frontoparietal cortex were significantly higher in CCaV+90 

and CCaV+100 groups compared to sham-operated piglets, while CCaV+120 group had similar 

levels of lactate compared to sham-operated and significantly lower lactate levels compared to 

CCaV+100 (Figure 3.2). This corresponded with plasma lactate levels (7.6(2.9), 10.4(4.4) and 

4.2(3.1)mmol/L for CCaV+90, CCaV+100, and CCaV+120 respectively, p=0.03) at the end of 

experiment. 
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Figure 3.1: Concentrations of (A) tumor necrosis factor-α (TNF-α), (B) interleukin(IL)-1β, (C) 

IL-6, and (D) IL-8 in frontoparietal cortex homogenates, expressed relative to protein 

concentration, in sham-operated piglets (n=6), and in piglets resuscitated using 90 chest 

compressions per minute (CCaV+90, n=4), 100 chest compressions per minute (CCaV+100, n=4), 

or 120 chest compressions per minute (CCaV+120, n=6). *Significantly different from sham-

operated. p<0.05; # Significantly different from CCaV+100 group, p<0.05. 
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Figure 3.2: Concentrations of lactate in frontoparietal cortex homogenates, expressed relative to 

protein concentration, in sham-operated piglets (n=6), and in piglets resuscitated using 90 chest 

compressions per minute (CCaV+90, n=4), 100 chest compressions per minute (CCaV+100, n=4), 

or 120 chest compressions per minute (CCaV+120, n=6). *Significantly different from sham-

operated. P<0.05; # Significantly different from both CCaV+90 and 100 groups, p<0.05. 
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Table 3.1: Baseline characteristics 

 Sham-operated 

(n=6) 

CCaV+90 

(n=8) 

CCaV+100 

(n=8) 

CCaV+120 

(n=8) 

p-value 

Age (hours) † 48 (13) 54 (11) 48 (18)  48 (21) 0.84 

Weight (kg) 1.97 (0.225) 1.99 (0.18) 1.95 (0.23) 2.09 (0.20) 0.56 

Heart rate (bpm) † 184 (29) 193 (26) 201 (37) 210 (36) 0.71 

Carotid flow (mL/min/kg) 48.2 (11.53) 43.9 (14.0) 39.1 (4.09) 43.8 (9.79) 0.47 

Cerebral oxygenation (%) 49.0 (10.32) 48.8 (6.65) 42.5 (6.70) 43.5 (7.13) 0.24 

pH† 7.49 (7.42-7.53) 7.47 (7.42-7.51) 7.48 (7.47-7.58) 7.50 (7.42-7.51) 0.90 

Base excess (mmol/L) 1.00 (2.37) 0.88 (4.12) 3.13 (4.19) 2.75 (2.52) 0.47 

paCO2 (torr) 33.2 (3.91)  33.4 (3.57) 33.1(3.46) 34.9 (2.25) 0.68 

SpO2 (%)† 97.0 (96.8-98.3) 97.0 (97.0-97.8) 96.5 (96.0-98.0) 97.5 (96.0-98.0) 0.88 

Lactate (mmol/L) 3.22 (1.11) 4.32 (1.48) 3.80 (0.99) 4.10 (1.30) 0.42 

Arterial hemoglobin (g/L) 7.92 (1.29) 7.96 (1.65)  7.78 (1.19) 7.58 (0.84)  0.93 

Data are presented as mean (SD), unless indicated †median (IQR) 
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Table 3.2: Characteristics of asphyxia, resuscitation and survival of asphyxiated piglets (n=8 in each group) 

  CCaV+90 CCaV+100 CCaV+120 p-value 

Asphyxia time (s) †  229 (172-473) 375 (215-564) 260 (83-408) 0.36 

      

Immediately before 

resuscitation 

pH# 6.71 (0.4) 6.96 (0.07) 6.70 (0.12) 0.91 

paCO2 (torr) # 87.3 ( 86.7 ( 84.8 ( 0.97 

Lactate (mmol/L) # 15.5 ( 15.0 ( 15.4 ( 0.89 

 Base excess (mEq/L)† -27 (-29~-24) -25 (-27~-16) -26 (-28~-24) 0.46 

Resuscitation Received 100% 

oxygen (n(%)) 

8 (100) 6 (75) 7 (88) 0.32 

 Total number of 

epinephrine doses† 

1.0 (0-4) 2.5 (0-4) 1.0 (0-3.3) 0.84 

      

Achieving ROSC (n (%))  5 (63) 5 (63) 6 (75) 0.83 

ROSC time (s) †  90 (60-243) 90 (60-473) 120 (75-192) 0.93 

Survival 4h after ROSC (n (%))  4 (50) 4 (50) 6 (75) 0.50 

Data are presented as n (%), unless indicated †median (IQR), and #mean (SD); ROSC – return of spontaneous circulation, “Immediately 

before resuscitation” refers to the time of cardiac arrest immediately before PPV was initiated.  
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Table 3.3: Hemodynamic changes before and after resuscitation 

 Sham-operated CCaV+90 CCaV+100 CCaV+120 

Heart rate (bmp)     

Baseline 184(29) 193(26) 201(37) 210(36) 

End of hypoxia  177(26) 221(38)* 228(26)* 249(30)* 

10min after ROSC 177(41) 233(26)* 256(35)* 261(35)* 

End of experiment 228(54) 248(41) 224(44) 237(37) 

Mean Arterial Pressure 

(mmHg) 

    

Baseline 58(12) 60(6) 63(7) 66(8) 

End of hypoxia 60(10) 47(13) 53(18) 54(17) 

10min after ROSC 58(9) 74(14) 62(14) 73(11) 

End of experiment 52(11) 40(16) 27(9)*† 54(16) 

Carotid flow (mL/min/kg)     

Baseline 48(12) 43(14) 39(4) 44(10) 

End of hypoxia 42(12) 46(36) 51(11) 40(32) 

10min after ROSC 37(11) 34(10) 28(5) 42(8) 

End of experiment 30(15) 8(13)*† 9(12)*† 18(5) 

Plasma Lactate (mmol/L)     

Baseline 3.2(1.1) 4.3(1.5) 3.8(1.0) 4.1(1.3) 

End of hypoxia 3.8(1.0) 15.5(2.4)*† 15.0(3.0)*† 15.4(1.7)*† 

10min after ROSC Not collected Not collected Not collected Not collected 

End of experiment 3.7(1.6) 7.6(2.9)*† 10.4(4.4)*† 4.2(3.1) 

Cerebral oxygenation (%)     

Baseline   49(10) 49(7) 43(7) 44(7) 

End of hypoxia 49(10) 28(16)*† 19(6)*† 22(14)*† 

10min after ROSC 48(9) 51(6) 51(2) 59(3) 

End of experiment 48(9) 25(19)*† 22(10)*† 47(13) 
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Renal oxygenation (%) 

Baseline 57(6) 61(6) 53(16) 61(11) 

End of hypoxia 59(4) 16(2)*† 16(2)*† 18(5)*† 

10min after intervention 59(2) 36(16) 30(15)* 39(16) 

End of experiment 48(6) 37(16)† 29(21)† 54(13) 

 

Data are presented as mean(SD) *Significantly different from sham-operated group, p<0.05; †Significantly different from baseline, 

p<0.05. 



44 

 

Table 3.4: Respiratory parameters during resuscitation 

 CCaV+90 

(n=8) 

CCaV+100 

(n=8) 

CCaV+120 

(n=8) 

p-value 

Tidal volume (mL/kg) 12.7 (4.2) 14.3 (4.4) 12 (4) 1.00 

End-tidal CO2 (mmHg) 14.1 (5) 14.6 (6.3) 17 (10) 1.00 

Peak Inflation Pressure (cmH2O) 29.5 (0.7) 29.8 (0.4) 29 (3.5) 1.00 

Positive End Expiratory Pressure (cmH2O) 4.9 (0.5) 5.3 (0.4) 5.3 (0.9) 1.00 

Peak Inflation Flow (L/min) 8.2 (1) 8.9 (1.3) 8.7 (1.8) 1.00 

Peak Expiratory Flow (L/min) -6 (-2) -6.4 (-1.4) -5.2 (-1.9) 1.00 

Data are presented as mean (SD) 
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Chapter IV 

Discussion 
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A key difference between neonatal and pediatric resuscitation guidelines besides the use of 

synchronous vs. asynchronous resuscitation techniques is the rate of compressions. The neonatal 

resuscitation guidelines recommend the use of 3:1 C:V with 90 CC/min and pediatric resuscitation 

guidelines recommend the use of CCaV with 100-120 CC/min1,2,10. In addition, most newborns 

admitted to a pediatric intensive care unit (PICU) or an emergency room any time after the delivery 

room will be resuscitated using the pediatric resuscitation algorithm10. This is in contrast to 

newborns admitted to the neonatal intensive care unit (NICU), who will receive resuscitation 

according to neonatal resuscitation guidelines until discharge1,2,9. While mathematical modeling 

suggests a rate of >120 CC/min may be optimal for neonates34, no study has examined the optimal 

CC rate during CCaV in newborn infants. We aimed to examine whether CCaV using 120 CC/min 

would achieve ROSC faster than CCaV using 90 CC/min or 100 CC/min in a porcine model of 

neonatal asphyxia induced cardiac arrest. We hypothesized that CCaV using 120 CC/min would 

have a faster time to ROSC compared to CCaV using 90 CC/min or 100 CC/min during neonatal 

CCs. The widespread use of CCaV in the clinical setting warrants investigation into its 

optimization as a resuscitation technique. 

ROSC and Survival 

Our primary outcome was time to ROSC, which was similar across intervention groups 

(p=0.93). Therefore, our hypothesis that CCaV+120 would reduce the time to ROSC was not 

supported in our findings using the porcine neonatal asphyxia induced cardiac arrest (CA) model. 

Studies examining various compression techniques, and frequencies reported similar 

findings26,27,29,37.  
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Studies comparing 9:3 C:V with 3:1 C:V (148s (116-195)s and 150s (115-180)s 

respectively, p=ns), 15:2 C:V with 3:1 C:V (195s (145-358)s and 150s (140-180)s respectively, 

p=ns), and 2:1, 3:1, 4:1 C:V (127s (82-210)s, 96s (88-126)s, and 119s (83-256)s respectively, 

p=ns) reported similar time to ROSC, and all other characteristics associated with ROSC26,27,29. 

CC+SI has been an exception to this when compared to 3:1 C:V, CC+SI significantly reduces time 

to achieve ROSC 24,28,30,66. CC+SI is an interesting alternative CC technique which superimposes 

a sustained inflation alongside continuous CCs, allowing passive ventilation where every 

compression expels air out of the lungs and inflates the lungs with passive chest recoil28. The first 

study reporting reduced time to ROSC used 90 CC/min for 3:1 C:V and 120 CC/min for CC+SI 

(143s (84-303)s and 38s (23-44)s respectively, p=0.0008). Later, Li et al studied 90 CC/min vs 

120 CC/min with CC+SI37. They reported similar time to ROSC between CC+SI 90 and CC+SI 

120 (34s (28-156)s, and 99s (31-255)s respectively, p=0.29). Overall, studies comparing various 

rates, and ratios have observed similar time to achieve ROSC and other ROSC related 

parameters26,27,29,37,67. Also, considering that all of these studies are conducted in animal models, 

further clinical research is needed to elucidate the true differences between these approaches to 

resuscitation.  

 

ROSC was used as the primary outcome for this study based on several factors. According 

to the American Heart Association ROSC is frequently used for immediate assessment of CA 

therapies in adults, the definition of ROSC includes mechanical activity/pulse of the heart and it 

is a cost effective method for conducting CA research68. They recommend for early studies that 

are likely to have fewer patient enrollment to use immediate endpoints for primary outcomes, such 

as, ROSC, hospital mortality, and hemodynamic parameters68. However, they also recognize the 
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fact that simply restoration of cardiac activity as a primary outcome often fails to improve long-

term outcomes, such as, multiple organ injury and neurological recovery68. However, studying 

these endpoints often involves long term follow-up of patients which can present a cost 

effectiveness barrier for early interventional studies. Ideally, CA therapies should aim to restore 

pre-arrest function. However, this requires large randomized controlled trials with long-term 

endpoints. The American Heart Association recommended 90 days follow-up for assessing 

neurological recovery, quality of life, and cardiac function68.  

 

We observed a 50% survival rate in both CCaV+90 and CCaV+100 and a 75% survival 

rate in CCaV+120, however, this did not reach statistical significance (p=0.50). A 25% difference 

in overall survival rate between interventions is an exciting finding, and warrants further detailed 

investigation. The major hurdle in assessing differences in survival between interventions for CA 

research is the sample size required. For example, if we designed an experiment based on the above 

findings to compare only two intervention groups for a clinically important difference of 25% in 

survival rate with a power of 80% and =0.05; we would need a sample size of 116 animals (58 

in each intervention group). This is with a study design that would involve only two independent 

study groups and a dichotomous outcome (survived: yes/no). A large sample size is one of the 

primary hurdles in using survival as a short term outcome for animal studies, however, it is an 

important measure for larger trials which may have the sample size to detect these clinically 

important differences68.  
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Baseline Parameters 

 Thirty piglets were randomly assigned to sham-operated (n=6), CCaV+90 (n=8), 

CCaV+100 (n=8), and CCaV+120 (n=8). Piglets receiving intervention did not differ from sham-

operated piglets at baseline values, as presented in Table 3.1. The baseline parameters were 

recorded following surgical instrumentation and stabilization phase, which may explain the 

elevated lactate levels in our baseline readings. We speculate that this is a result of the stress 

surgical instrumentation has on the animal, based on the fact that we saw elevated baseline lactate 

levels in intervention and sham-operated animals. There were also no significant differences 

measured in characteristics of asphyxia at CA prior to resuscitation in the intervention groups 

(Table 3.2).  

 

The time to CA following clamping of ET tube (p=0.36), pH (p=0.91), paCO2 (p=0.97), 

lactate (p=0.89), and base excess (p=0.46) were also similar across intervention groups 

immediately following confirmation of CA; indicating a similar level of metabolic stress between 

intervention groups following the hypoxia and asphyxia period. If animals are not metabolically 

stressed to the same degree during hypoxia and the subsequent asphyxia period, resuscitation 

outcomes can be affected. Severely stressed animals would experience worse resuscitation 

outcomes compared to relatively healthier animals. Which can be a major confounding factor, 

therefore, we measured the metabolic conditions throughout the hypoxia period and adjusted our 

monitoring accordingly. We were able to ensure there were no statistically significant differences 

in metabolic stress between intervention groups because of our continued animal monitoring 

informed with regular collection metabolic data in conjunction with our two-step randomization. 
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This helped eliminate selection bias and ensured uniform monitoring of animals throughout 

hypoxia period. 

Hemodynamic Outcomes 

 Changes in hemodynamic parameters throughout the study period are summarized in Table 

3.3. As expected, there were no differences observed in baseline hemodynamic parameters 

between sham-operated and intervention groups. We did observe significantly worse 

hemodynamic recovery in CCaV+90 and CCaV+100 compared to CCaV+120 at the end of 

experiment. CCaV+120 was comparable to sham-operated piglets at the end of experiment for 

every hemodynamic parameter reported (Table 3.3). In contrasting CCaV+90 and CCaV+100 

were significantly worse with respect to sham-operated animals for carotid flow, lactate, and 

cerebral  oxygenation. Li et al reported a trend toward worse carotid flow and cerebral oxygenation 

with 90 CC/min compared to 120 CC/min using CC+SI37. When comparing resuscitation using 

3:1 C:V with 90 CC/min and using CC+SI with 120 CC/min Schmölzer et al reported worse 

cardiac output using 3:1 C:V with 90 CC/min compared to CC+SI with 120 CC/min, while 

observing no differences in other hemodynamic parameters reported28. Solevåg et al reported no 

differences in hemodynamic parameters when comparing 3:1 with 15:2 C:V, however, they only 

reached mean (SD) CC rate of 58 (7) and 75 (5) respectively. It is difficult to ascertain the effects 

of varying rates of CC on neonatal resuscitation and hemodynamic recovery. The evidence present 

in the neonatal literature regarding CC rate often accompanies different approaches to resuscitation 

techniques, which makes interpretation of these results difficult. We cannot tease apart CC rate 

outcomes from the underlying resuscitation techniques used, therefore, experiments specifically 

designed to observe hemodynamic differences with varying rates need to be developed. ROSC 



51 

 

focused resuscitations have the potential to neglect long-term cardio vascular function, which 

directly influences hemodynamics. We have not directly assessed long-term cardiovascular 

function in this study. It would be interesting to determine whether resuscitations using higher 

compression rates have a significant impact on cardiovascular function and recovery in the long 

term; assessed by cardiac output, ejection fraction, filling pressure, mixed or central venous 

oxygenation, and lactate clearance68. 

Coronary Perfusion Pressure 

 Coronary perfusion pressure (CPP) is an important determinant in achieving ROSC. 

Quality compressions should aim to maximize CPP in order to re-oxygenate myocardium, as 

myocardial ischemia can prevent ROSC54. CPP is the pressure gradient between the aorta and right 

atrium at aortic diastole and coronary blood flow occurs primarily during the decompression (chest 

recoil) phase of CCs which is effectively the diastole phase of CCs42,54,69. Brief retrograde coronary 

blood flow has also been reported in animal studies during compression phase54,69. CPP is 

predictive of ROSC in adults as low initial CPP and maximal CPP were associated with no ROSC, 

1.6 (8.5)mmHg and 8.4 (10)mmHg, respectively70. ROSC was positively associated with patients 

that had a higher initial and maximal CPP, 13.4 (8.5)mmHg and 25.6 (7.7)mmHg, respectively70. 

Paradis et al also noted that only patients with maximal CPP above 15mmHg achieved ROSC, 

however, this did not guarantee ROSC. Leaning during the decompression phase of CCs is a 

detrimental factor to CPP, leaning impedes venous return and CPP43,44. Coronary perfusion is 

reportedly limited at rates greater than 120 CC/min as an increase in duty cycle compromises 

diastolic perfusion time38,69.  
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Prolonged resuscitation can also cause chest deformation, compromise proper chest 

relaxation and thoracic filling of blood, having an overall negative impact on perfusion41. 

Therefore, active decompression of chest wall during CCs may be worth investigating in neonatal 

resuscitation. Active decompression is being explored as an experimental practice within adult 

resuscitation, where an adhesive attachment on the chest helps active relaxation following 

compression. Interestingly, fraction of CCs with complete release were significantly better with 

120 CC/min compared to 100 CC/min, therefore, an increase in recommended CC/min may help 

reduce leaning related decrease in CPP71.  

 

 The association between CC interruptions and CPP, to my knowledge, has not been studied 

in the neonatal population. However, Interruptions in CCs during resuscitation have been studied 

using large swine models, which indicate that interruptions can have a negative impact on 

hemodynamics and CPP45,72. Berg et al observed a decrease in CPP when CCs were paused for 

two rescue breaths (4s) in a large swine model of VF induced CA45. They reported significantly 

lower CPP in compressions following a pause for rescue breathing compared to CPP before pause 

for rescue breathing (14 (1) mmHg versus 21 (2)mm Hg respectively, p<0.001). Kern et al in a 

similar follow-up study reported significantly increased normal neurological survival 24 hours 

following resuscitation with continuous CCs, as opposed to CCs with interruptions in a large swine 

model (p=0.0001)72. Sanders et al also reported significantly better neurologic function 24hrs 

following resuscitation with fewer interruptions in a large swine model (p=0.007)73. Recently, a 

Cochrane review of out of hospital CA reported an increased proportion of survival with 

compression only CPR from 11.6% to 14% in both adults and children47. Although, this review 

only included non-asphyxia related causes of CA. However, when taken in context with earlier 
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studies in large swine, CPP may have been a contributing factor in the increased proportion of 

survival with compression only CPR. Lastly, Morgan et al reported similar diastolic and systolic 

blood pressures following interruptions (>1s) in pediatric in-hospital cardiac arrest when 

comparing the average of 20 compressions pre and post interruptions74. This study did not compare 

CCs without interruptions as it was an observational study utilizing data from patients with 

invasive BP monitoring in place at the time of cardiac arrest, data for this study was collected post 

resuscitation. They speculated that the absence of a hemodynamic difference pre and post 

interruption was multifactorial and included short duration of interruptions (2.4s (1.4-7.0s)). 

Epinephrine administration, changes in rescuers, and most importantly their experimental design’s 

inability of blinding rescuers to arterial blood pressure monitoring which may have helped rescuers 

titrate CCs to hemodynamics are major limitations of this study74. However, these findings bring 

a clinical relevance to interruptions during CCs which have been absent in previous, highly 

controlled animal experiments. The authors argue that the clinically significant relationship 

between CC interruptions may be counterintuitive as pauses in CCs may be opportunities for 

providing arrest specific interventions which may help improve outcomes74.  

Cerebral Injury Markers 

 TNF-α, IL-1β, IL-6, and IL-8 are pro-inflammatory cytokines, which are signaling 

molecules involved in the inflammatory response. Increased levels of cytokines in the brain 

ultimately result in neuronal injury via leukocyte migration, blood brain barrier disruption, and 

glial cell activation75–78. Elevated levels of these pro-inflammatory cytokines is associated with 

neuroinflammation and eventual neuronal injury75,77,79. These inflammatory markers play a crucial 

role in cerebral injury following ischemia, which is typically associated poor neurological 
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outcomes. Following ischemic injury pro-inflammatory cytokine activation of microglia and 

astrocytes is detrimental, and increased levels of IL-1β have been shown to positively correlate 

with hypoxic ischemic encephalopathy (HIE) severity80. These cytokines can activate astrocytes 

to produce more pro-inflammatory cytokines, worsening HIE severity with increased activation80. 

Studies have established increased serum concentrations of both IL-1β and IL-6 are associated 

with adverse outcomes and severity81,82. Here, we observed a trend toward lower concentration of 

pro-inflammatory markers IL-1β and IL-6 in the CCaV+120 group. This trend corresponds with 

our hemodynamic recovery results, where we observed worse hemodynamic recovery in 

CCaV+90, and CCaV+100 groups compared to CCaV+120 and sham-operated piglets at the end 

of experiment.  

 

Comparatively, previous studies experimenting with various C:V ratios (9:3, 15:2, 2:1, 3:1, 

and 4:1 C:V) have not shown differences in pro-inflammatory cytokine levels between 

intervention groups17,18,19. However, TNF-α mRNA is produced within 1h of ischemic insult yet 

reaches a peak about 6-12h after the ischemic insult75. Our experiment and the others discussed 

earlier allow recovery for approximately 4-5h after ischemic insult in their animal models, which 

means cytokine concentrations may not have reached their peak. This introduces a temporal hurdle 

toward ascertaining an accurate picture of pro-inflammatory cytokine concentrations and cerebral 

injury in our study. Therefore, the relationship between CC rate, hemodynamic recovery, and 

cerebral inflammation remains unclear and requires longer post-resuscitation recovery periods to 

ascertain clearly. 
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Lactate concentration exhibit a similar pattern to IL-6. CCaV+120 had significantly lower 

levels of cortical lactate compared to CCaV+100, this was also observed in plasma lactate levels 

at the end of experiment (p=0.03). Lactate is found to have a neuroprotective effect following 

transient focal cerebral ischemia in rat models83,84. While recent evidence in neonatal HIE suggests 

cortical lactate concentration is increased in areas of severe injury, the authors also found a 

correlation between serum and cerebral lactate concentrations measured with moderate to severe 

brain injury85. These results may provide insight into the pattern of lactate concentrations we 

observed in our interventions groups. CCaV+90 and CCaV+100 both exhibit elevated levels of 

lactate which combined with pro-inflammatory markers suggests increased brain injury in these 

interventions groups compared to CCaV+120. Overall, our analysis of cerebral injury markers 

indicates increased cerebral injury with CCaV+90 and CCaV+100 interventions, as opposed to, 

resuscitations using CCaV+120. 

Chest Compression Rate in Adults 

Several studies examining the relationship between CC rate and ROSC have been 

conducted in the adult population86–88. These studies have indicated better ROSC and resuscitation 

related outcomes with compression rates of 120 CC/min compared to lower compression rates. 

Idris et al analyzed CC rates in 3,098 cases of out of hospital resuscitations and reported peak 

ROSC rates at compression rate of 125 CC/min86. Kern et al compared the effectiveness of 80 

CC/min vs. 120 CC/min on ETCO2. ETCO2 is used as a surrogate marker for blood flow, hence, 

quality of CCs. They reported significantly higher ETCO2 with 120 CC/min compared to 80 

CC/min and noted higher ETCO2 when compressions were guided with an audible metronome87. 

Lastly, Kilgannon et al studied CC rates and clinical outcomes for in-hospital CA and reported 
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highest rate of ROSC (64%) for patients receiving 121-140 CC/min. However, they did not 

observe a significant difference in good neurological function at hospital discharge for patients 

receiving 100-120 CC/min compared to121-140 CC/min (5%, and 11% respectively)88. The fact 

that their study groups encompass a large range of compression rates may have weakened the 

association between CC rate and neurological outcomes they reported. This may be the case 

because CC quality differs significantly at compression rates of 100 CC/min, 120 CC/min, and 

140 CC/min71. The fraction of CCs with complete release, sufficient depth, and correct hand 

positioning were significantly better with 120 CC/min compared to 100 CC/min in a simulated 1-

person CCs only CPR study on adult sized mannequins71. These factors are key in performing 

quality compressions as increased CCs with complete release reduces rescuer leaning and the 

sufficient depth achieved improves ejection fractions. Overall, the evidence in the adult population 

points to better CC quality and ROSC outcomes at compression rates close to 120 CC/min86–88. 

However, it remains to be seen if these recommendations can translate to neonatal CCs. Key 

physiological and anatomical differences, as well as, CC force, hand positioning, and compression 

depth in adults may be factors that influence the efficacy of higher CC rates and their translatability 

to neonatal resuscitation. Since evidence examining the optimal CC rate in neonates is lacking, 

clinical studies are needed to address this knowledge gap.  

Resuscitation Practices in ICUs 

Most pediatric CA is a result of progressive respiratory failure that causes hypoxia, 

acidosis, and bradycardia with eventual CA89–92. Although studies have reported etiology of CA 

from respiratory causes in the PICU between 13%-17%90,92, inconsistencies in accurate reporting 

of age and clear classification of CA by underlying causes makes it difficult to determine 
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accurately. These studies also report on the full spectrum of the pediatric population ranging from 

1day-18years, both of which may contribute to underestimation of the reported statistics for 

neonates (age: 1day-1month). These neonates admitted to PICU are resuscitated using the pediatric 

resuscitation algorithm10, as opposed to neonates admitted to the NICU which are resuscitated 

using the neonatal resuscitation algorithm1,2. This exposes a knowledge gap with regards to which 

resuscitation approach is best in this neonatal population regardless of ICU type.  

 

 The neonatal guidelines do not recommend using CCaV in any scenario, while the pediatric 

guidelines recommend using CCaV when an advanced airway is in place1,10. However, a national 

survey based in USA found PICU directors favored using pediatric guidelines to resuscitate 

neonates93. In contrast, NICU directors endorsed use of neonatal guidelines throughout initial 

hospitalization of neonates. Resuscitations were found to follow neonatal or pediatric guidelines 

not based on infant age or etiology of arrest, but rather the type of intensive care unit93. This is 

concerning because there is no clear consensus on which guidelines to follow based on patient 

characteristics which provide a specific framework to apply the most appropriate resuscitation 

techniques. While infants as old as one year are resuscitated using neonatal guidelines, infants are 

also resuscitated using pediatric guidelines any time after the immediate newborn period93. Along 

with varying opinions on which resuscitation guidelines to use, there is often failure to comply 

with resuscitation guidelines and CCaV is used instead33. It is often simpler to use CCaV which is 

uncoordinated over coordinated techniques like 3:1 C:V. If an advanced airway is present, CCaV 

can be performed with a single rescuer by making use of mechanical ventilation which also 

delivers precise ventilation during CCs. The ease of learning involved with CCaV can also be a 
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factor in its use with neonates outside the NICU, where rescuers would otherwise need to obtain 

and maintain multiple certifications.  

Strengths and Limitations   

We utilized a neonatal porcine model of asphyxia induced CA, which was chosen based 

on several factors. The neonatal piglets resemble neonatal humans in size, shape and birth weight; 

while providing the closest analog to the cylindrical chest shape of a human neonate49. The 

induction of CA via gradual hypoxia followed by asphyxia is also a major strength of this model. 

The primary cause of cardiac collapse in human neonates is prolonged hypoxia, and this animal 

model allows us to manifest the physiological symptoms and stressors a human neonate 

experiences in a hypoxic physiological state.  

 

Our allocation of piglets into study groups was block randomized using an online 

randomization program (http://www.randomizer.org), with a two-step randomization process to 

reduce selection bias. We used a block randomized model to control as best we can the variability 

introduced with piglets from separate litters. We also used sequentially numbered, sealed, opaque 

envelopes allocating piglets to “intervention” or “SHAM” groups (step-one). The intervention 

group was allocated to specific interventions once asystole was confirmed, by a second sealed and 

opaque envelope allocating piglets to “CCaV+90”, CCaV+100”, or “CCaV+120” (step-two). This 

two-step randomization process is a strength of this study, eliminating selection bias in assessment 

of asystole during asphyxia. However, random allocation can be difficult to achieve in the clinical 

setting because allocation during resuscitations may delay intervention and can be a potential 

source of confusion/miscommunication between the resuscitators. Resuscitation research typically 

http://www.randomizer.org/
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has poor reporting of randomization method or allocation concealment, and timing of intervention 

allocation also interferes with randomization in clinical resuscitation research48,94,95.   

 

Limitations to using this neonatal piglet model of asphyxia induced CA should be 

considered when interpreting results from these studies. Piglets in these studies have already 

undergone fetal to neonatal transition limiting their translatability to delivery room resuscitation. 

Piglets are intubated and a tight seal prevents leak, however, mask leak is often present in clinical 

settings. Close adherence to pediatric or neonatal resuscitation guideline was not observed in terms 

of oxygen delivery, and epinephrine administration. However, there was no significant difference 

in number of epinephrine doses received. The initiation and delivery of 100% oxygen was delayed 

in our protocol to begin following 30s of chest compressions compared to NRP® guidelines where 

CCs and 100% oxygen are initiated simultaneously, which also may have influenced our results. 

Rescuer fatigue was discussed as a detrimental factor to quality of compressions, however, we 

opted to utilize a single experienced rescuer to provide CCs for the entirety of the resuscitation 

which extended to a maximum of 12min. We chose to utilize a single rescuer to provide CCs to 

avoid variability introduced in the quality of compressions when switching rescuers frequently. 

This neonatal piglet model is currently the closest anatomical and physiological analog for 

studying neonatal CCs. Improvements in the model can be made to introduce mask leak, observe 

closer adherence to neonatal or pediatric resuscitation algorithms, and ultimately conduct 

resuscitations on transitioning animals.  
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Chapter V 

Future Directions and Conclusions 
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Neonatal CC research is still in its infancy with the first clinical trial currently underway. 

Animal research is presently the primary source on neonatal research related to CCs. In our porcine 

model of neonatal asphyxia induced cardiac arrest, we did not observe a reduction in time to ROSC 

using CCaV with 120 CC/min compared to CCaV with 90 CC/min or 100 CC/min. However, we 

observed worse hemodynamic recovery in both CCaV with 90 CC/min and 100 CC/min compared 

to sham-operated piglets and CCaV with 120 CC/min. The worse hemodynamic recovery was 

accompanied by increased brain injury markers in CCaV with 90 CC/min and 100 CC/min groups 

compared to sham-operated piglets and CCaV with 120 CC/min. I speculate that the comparatively 

better hemodynamic outcomes with CCaV+120 may be attributed to better CPP which may also 

optimize duty cycle and relaxation time, and that quality of CCs may be better with a compression 

rate of 120 CC/min.  

 

Upcoming clinical trials will clearly move neonatal resuscitation research forward to 

elucidate how translatable the animal research will be in the clinical environment. In the meantime, 

animal models can still offer a better understanding of physiological phenomenon associated with 

resuscitation. The development of models using mechanical compression devices to standardize 

compression force, depth, duty and relaxation cycles have the potential to clarify the impact of 

each individual factor in a highly controlled and repeatable environment. Animal models with 

additional data of cardiac hemodynamics using Millar catheters during resuscitation can further 

our understanding of how factors such as CC rate, duty cycle, and effective chest relaxation impact 

cardiac hemodynamics during resuscitation, as well as, cardiovascular function in the hours 

following ROSC. The compression relaxation cycle during CCs may also play a crucial role in 

providing quality CCs. To this extent, studies further examining optimal duty cycle and relaxation 
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time with varying compression rates may improve CC quality. Active relaxation by pulling the 

chest in-between CCs, which is experimentally used in adult CPR, may be worth exploring to 

examine if CPP can be improved. However, reduced time to ROSC and survival don’t necessarily 

go hand in hand. Instead, studies focusing resuscitation efforts on improving long term survival 

alongside ROSC may also help reduce the severe morbidity associated with neonatal resuscitation. 

Longer post-resuscitation recovery periods may help study long term hemodynamic and 

neurological outcomes. Ultimately, optimizing cardiac and cerebral hemodynamics during CCs 

may help improve ROSC and overall neonatal resuscitation outcomes in the future. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



63 

 

References 

1.  Wyllie J, Perlman JM, Kattwinkel J, et al. Part 7: Neonatal resuscitation. Resuscitation. 

2015;95:e169-e201. doi:10.1016/j.resuscitation.2015.07.045 

2.  Wyckoff MH, Aziz K, Escobedo MB, et al. Part 13: Neonatal resuscitation. Circulation. 

2015;132:S543-S560 https://doi.org/10.1161/CIR.0000000000000267 

3.  Hillman N, Kallapur SG, Jobe A. Physiology of transition from intrauterine to extrauterine 

life. Clin Perinatol. 2012;39(4):769-783. doi:10.1016/j.clp.2012.09.009 

4.  Garcia-Hidalgo C, Schmölzer GM. Chest compressions in the delivery room. Children 

(Basel). 2019;6(1). doi:10.3390/children6010004 

5.  Billimoria Z, Chabra S, Patel A, Gray MM, Umoren R, Sawyer T. Apgar score of 0 at 10 

min and survival to 1 year of age: a retrospective cohort study in Washington state. J 

Perinatol. August 2019:1-7. doi:10.1038/s41372-019-0454-2 

6.  Soraisham AS, Lodha AK, Singhal N, et al. Neonatal outcomes following extensive 

cardiopulmonary resuscitation in the delivery room for infants born at less than 33 weeks 

gestational age. Resuscitation. 2014;85(2):238-243. doi:10.1016/j.resuscitation.2013.10.016 

7.  Shah PS, Shah P, Tai KFY. Chest compression and/or epinephrine at birth for preterm 

infants <32 weeks gestational age: matched cohort study of neonatal outcomes. J Perinatol. 

2009;29(10):693-697. doi:10.1038/jp.2009.70 

8.  Harrington DJ, Redman CW, Moulden M, Greenwood CE. The long-term outcome in 

surviving infants with Apgar zero at 10 minutes: a systematic review of the literature and 

hospital-based cohort. American Journal of Obstetrics and Gynecology. 

2007;196(5):463.e1-463.e5. doi:10.1016/j.ajog.2006.10.877 

9.  Perlman JM, Wyllie J, Kattwinkel J, et al. Part 7: Neonatal Resuscitation: 2015 

International Consensus on Cardiopulmonary Resuscitation and Emergency Cardiovascular 

Care Science with treatment recommendations (Reprint). Pediatrics. 2015;136(Supplement 

2):S120-S166. doi:10.1542/peds.2015-3373D 

10.  de Caen AR, Kleinman ME, Chameides L, et al. Part 10: Paediatric basic and advanced life 

support: 2010 International Consensus on Cardiopulmonary Resuscitation and Emergency 

Cardiovascular Care Science with Treatment Recommendations. Resuscitation. 2010;81(1, 

Supplement):e213-e259. doi:10.1016/j.resuscitation.2010.08.028 

11.  Kalaniti K, Schmölzer GM, McNamara PJ. Neonatal Resuscitation beyond the delivery 

room – Does one protocol fit all? Acta Paediatrica. 2015;104(10):971-973. 

doi:10.1111/apa.13116 

12.  Golubnitschaja O, Yeghiazaryan K, Cebioglu M, Morelli M, Herrera-Marschitz M. Birth 

asphyxia as the major complication in newborns: moving towards improved individual 



64 

 

outcomes by prediction, targeted prevention and tailored medical care. EPMA J. 

2011;2(2):197-210. doi:10.1007/s13167-011-0087-9 

13.  Gillam-Krakauer M, Gowen Jr CW. Birth Asphyxia. In: StatPearls. Treasure Island (FL): 

StatPearls Publishing; 2019. http://www.ncbi.nlm.nih.gov/books/NBK430782/. Accessed 

June 25, 2019. 

14.  Liu, L., Oza, S., Hogan, D., Perin, J., Rudan, I., Lawn, J. E., … Black, R. E. Global, 

regional, and national causes of child mortality in 2000–13, with projections to inform post-

2015 priorities: an updated systematic analysis. The Lancet. 2015;385(9966), 430–440. doi: 

10.1016/s0140-6736(14)61698-6 

15.  Aslam HM, Saleem S, Afzal R, et al. “Risk factors of birth asphyxia.” Ital J Pediatr. 

2014;40. doi:10.1186/s13052-014-0094-2 

16.  Simiyu IN, Mchaile DN, Katsongeri K, Philemon RN, Msuya SE. Prevalence, severity and 

early outcomes of hypoxic ischemic encephalopathy among newborns at a tertiary hospital, 

in northern Tanzania. BMC Pediatr. 2017;17. doi:10.1186/s12887-017-0876-y 

17.  Ahearne CE, Boylan GB, Murray DM. Short and long term prognosis in perinatal asphyxia: 

An update. World J Clin Pediatr. 2016;5(1):67-74. doi:10.5409/wjcp.v5.i1.67 

18.  Kapadia V, Wyckoff MH. Chest compressions for bradycardia or asystole in neonates. 

Clinics in Perinatology. 2012;39(4):833-842. doi:10.1016/j.clp.2012.09.011 

19.  Solevåg AL, Schmölzer GM. Optimal chest compression rate and compression to 

ventilation ratio in delivery room resuscitation: evidence from newborn piglets and neonatal 

manikins. Front Pediatr. 2017;5. doi:10.3389/fped.2017.00003 

20.  Babbs CF, Nadkarni V. Optimizing chest compression to rescue ventilation ratios during 

one-rescuer CPR by professionals and lay persons:: children are not just little adults. 

Resuscitation. 2004;61(2):173-181. doi:10.1016/j.resuscitation.2003.12.024 

21.  Schmölzer GM, Pichler G, et al. The SURV1VE trial—sustained inflation and chest 

compression versus 3:1 chest compression-to-ventilation ratio during cardiopulmonary 

resuscitation of asphyxiated newborns: study protocol for a cluster randomized controlled 

trial. Trials. 2019;20(1):139. doi:10.1186/s13063-019-3240-8 

22.  Schmölzer GM, O’Reilly M, LaBossiere J, et al. 3:1 Compression to ventilation ratio versus 

continuous chest compression with asynchronous ventilation in a porcine model of neonatal 

resuscitation. Resuscitation. 2014;85(2):270-275. doi:10.1016/j.resuscitation.2013.10.011 

23.  Patel S, Cheung P-Y, Lee T-F, et al. Asynchronous ventilation at 120 compared with 90 or 

100 compressions per minute improves haemodynamic recovery in asphyxiated newborn 

piglets. Arch Dis Child Fetal Neonatal Ed. May 2019. doi:10.1136/archdischild-2018-

316610 



65 

 

24.  Mustofa J, Cheung P-Y, Patel S, et al. Effects of different durations of sustained inflation 

during cardiopulmonary resuscitation on return of spontaneous circulation and 

hemodynamic recovery in severely asphyxiated piglets. Resuscitation. 2018;129:82-89. 

doi:10.1016/j.resuscitation.2018.06.013 

25.  Solevåg AL, Schmölzer GM, O’Reilly M, et al. Myocardial perfusion and oxidative stress 

after 21% vs. 100% oxygen ventilation and uninterrupted chest compressions in severely 

asphyxiated piglets. Resuscitation. 2016;106:7-13. doi:10.1016/j.resuscitation.2016.06.014 

26.  Solevåg AL, Dannevig I, Wyckoff M, Saugstad OD, Nakstad B. Extended series of cardiac 

compressions during CPR in a swine model of perinatal asphyxia. Resuscitation. 

2010;81(11):1571-1576. doi:10.1016/j.resuscitation.2010.06.007 

27.  Solevåg AL, Dannevig I, Wyckoff M, Saugstad OD, Nakstad B. Return of spontaneous 

circulation with a compression:ventilation ratio of 15:2 versus 3:1 in newborn pigs with 

cardiac arrest due to asphyxia. Archives of Disease in Childhood - Fetal and Neonatal 

Edition. 2011;96(6):F417-F421. doi:10.1136/adc.2010.200386 

28.  Schmölzer GM., O’Reilly M, LaBossiere J, et al. Cardiopulmonary resuscitation with chest 

compressions during sustained inflations. Circulation. 2013;128(23):2495-2503. 

doi:10.1161/CIRCULATIONAHA.113.002289 

29.  Pasquin MP, Cheung P-Y, Patel S, et al. Comparison of different compression to ventilation 

ratios (2: 1, 3: 1, and 4: 1) during cardiopulmonary resuscitation in a porcine model of 

neonatal asphyxia. NEO. 2018;114(1):37-45. doi:10.1159/000487988 

30.  Schmölzer GM, Reilly MO, Fray C, Os S van, Cheung P-Y. Chest compression during 

sustained inflation versus 3:1 chest compression:ventilation ratio during neonatal 

cardiopulmonary resuscitation: a randomised feasibility trial. Archives of Disease in 

Childhood - Fetal and Neonatal Edition. 2018;103(5):F455-F460. 

doi:10.1136/archdischild-2017-313037 

31.  Solevåg AL, Madland JM, Gjærum E, Nakstad B. Minute ventilation at different 

compression to ventilation ratios, different ventilation rates, and continuous chest 

compressions with asynchronous ventilation in a newborn manikin. Scand J Trauma Resusc 

Emerg Med. 2012;20:73. doi:10.1186/1757-7241-20-73 

32.  Mendler MR, Maurer M, Hassan MA, et al. Different techniques of respiratory support do 

not significantly affect gas exchange during cardiopulmonary resuscitation in a newborn 

piglet model. NEO. 2015;108(1):73-80. doi:10.1159/000381416 

33.  Foglia E, Patel J, Niles D, Aasland PH, Nadkarni V, Ades A. Provider adherence to 

neonatal resuscitation program recommendations for coordinated neonatal chest 

compressions and ventilations. Analg Resusc. 2013;Suppl 1. doi:10.4172/2324-903X.S1-

010 



66 

 

34.  Babbs CF, Meyer A, Nadkarni V. Neonatal CPR: Room at the top—A mathematical study 

of optimal chest compression frequency versus body size. Resuscitation. 2009;80(11):1280-

1284. doi:10.1016/j.resuscitation.2009.07.014 

35.  Li ES, Cheung P-Y, O’Reilly M, Aziz K, Schmölzer GM. Rescuer fatigue during simulated 

neonatal cardiopulmonary resuscitation. J Perinatol. 2015;35(2):142-145. 

doi:10.1038/jp.2014.165 

36.  Boldingh AM, Solevåg AL, Aasen E, Nakstad B. Resuscitators who compared four 

simulated infant cardiopulmonary resuscitation methods favoured the three-to-one 

compression-to-ventilation ratio. Acta Paediatrica. 2016;105(8):910-916. 

doi:10.1111/apa.13339 

37.  Li ES, Cheung P-Y, Lee T-F, Lu M, O’Reilly M, Schmölzer GM. Return of spontaneous 

Circulation Is Not Affected by Different Chest Compression Rates Superimposed with 

Sustained Inflations during Cardiopulmonary Resuscitation in Newborn Piglets. PLoS One. 

2016;11(6). doi:10.1371/journal.pone.0157249 

38.  Dean JM, Koehler RC, Schleien CL, et al. Age-related effects of compression rate and 

duration in cardiopulmonary resuscitation. Journal of Applied Physiology. 1990;68(2):554-

560. doi:10.1152/jappl.1990.68.2.554 

39.  Martin PS, Kemp AM, Theobald PS, Maguire SA, Jones MD. Do chest compressions 

during simulated infant CPR comply with international recommendations? Archives of 

Disease in Childhood. 2013;98(8):576-581. doi:10.1136/archdischild-2012-302583 

40.  Meyer A, Nadkarni V, Pollock A, et al. Evaluation of the neonatal resuscitation program’s 

recommended chest compression depth using computerized tomography imaging. 

Resuscitation. 2010;81(5):544-548. doi:10.1016/j.resuscitation.2010.01.032 

41.  Braga MS, Dominguez TE, Pollock AN, et al. Estimation of optimal CPR chest 

compression depth in children by using computer tomography. Pediatrics. 

2009;124(1):e69-e74. doi:10.1542/peds.2009-0153 

42.  Bellamy RF, DeGuzman LR, Pedersen DC. Coronary blood flow during cardiopulmonary 

resuscitation in swine. Circulation. 1984;69(1):174-180. doi:10.1161/01.CIR.69.1.174 

43.  Yannopoulos, D., Mcknite, S., Aufderheide, T. P., Sigurdsson, G., Pirrallo, R. G., Benditt, 

D., & Lurie, K. G. Effects of incomplete chest wall decompression during cardiopulmonary 

resuscitation on coronary and cerebral perfusion pressures in a porcine model of cardiac 

arrest. Resuscitation. 2005;64(3), 363–372. doi: 10.1016/j.resuscitation.2004.10.009 

44.  Zuercher M, Hilwig RW, Ranger-Moore J, et al. Leaning during chest compressions 

impairs cardiac output and left ventricular myocardial blood flow in piglet cardiac arrest. 

Crit Care Med. 2010;38(4):1141-1146. doi:10.1097/CCM.0b013e3181ce1fe2 

45.  Berg Robert A., Sanders Arthur B., Kern Karl B., et al. Adverse hemodynamic effects of 

interrupting chest compressions for rescue breathing during cardiopulmonary resuscitation 



67 

 

for ventricular fibrillation cardiac arrest. Circulation. 2001;104(20):2465-2470. 

doi:10.1161/hc4501.098926 

46.  Zhan, L., Yang, L. J., Huang, Y., He, Q., & Liu, G. J. Continuous chest compression versus 

interrupted chest compression for cardiopulmonary resuscitation of non-asphyxial out-of-

hospital cardiac arrest. Cochrane Database of Systematic Reviews. 2017.doi: 

10.1002/14651858.cd010134.pub2 

47.  Zhan L, Yang LJ, Huang Y, He Q, Liu GJ. Continuous chest compression versus 

interrupted chest compression for cardiopulmonary resuscitation of non‐asphyxial out‐of‐

hospital cardiac arrest. Cochrane Database Syst Rev. 2017;2017(3). 

doi:10.1002/14651858.CD010134.pub2 

48.  Solevåg AL, Cheung P-Y, Lie H, et al. Chest compressions in newborn animal models: A 

review. Resuscitation. 2015;96:151-155. doi:10.1016/j.resuscitation.2015.08.001 

49.  Hooper SB, te Pas AB, Polglase GR, Wyckoff M. Animal models in neonatal resuscitation 

research: What can they teach us? Seminars in Fetal and Neonatal Medicine. 

2018;23(5):300-305. doi:10.1016/j.siny.2018.07.002 

50.  Kleinman ME, Oh W, Stonestreet BS. Comparison of intravenous and endotracheal 

epinephrine during cardiopulmonary resuscitation in newborn piglets. Critical Care 

Medicine. 1999;27(12):2748. 

51.  Schleien C L, Koehler R C, Shaffner D H, Eberle B, Traystman R J. Blood-brain barrier 

disruption after cardiopulmonary resuscitation in immature swine. Stroke. 1991;22(4):477-

483. doi:10.1161/01.STR.22.4.477 

52.  Hassan MA, Mendler M, Maurer M, Waitz M, Huang L, Hummler HD. Reliability of pulse 

oximetry during cardiopulmonary resuscitation in a piglet model of neonatal cardiac arrest. 

NEO. 2015;107(2):113-119. doi:10.1159/000368178 

53.  Wyllie J. Applied physiology of newborn resuscitation. Current Paediatrics. 

2005;15(2):143-150. doi:10.1016/j.cupe.2004.12.002 

54.  Andreka P, Frenneaux MP. Haemodynamics of cardiac arrest and resuscitation: Current 

Opinion in Critical Care. 2006;12(3):198-203. doi:10.1097/01.ccx.0000224861.70958.59 

55.  Li ES, Görens I, Cheung P-Y, et al. Chest compressions during sustained inflations improve 

recovery when compared to a 3:1 compression:ventilation ratio during cardiopulmonary 

resuscitation in a neonatal porcine model of asphyxia. NEO. 2017;112(4):337-346. 

doi:10.1159/000477998 

56.  Solevåg AL, Lee T-F, Lu M, Schmölzer GM, Cheung P-Y. Tidal volume delivery during 

continuous chest compressions and sustained inflation. Archives of Disease in Childhood - 

Fetal and Neonatal Edition. 2017;102(1):F85-F87. doi:10.1136/archdischild-2016-311043 



68 

 

57.  Carroll JA, Burdick NC, Chase CC, Coleman SW, Spiers DE. Influence of environmental 

temperature on the physiological, endocrine, and immune responses in livestock exposed to 

a provocative immune challenge. Domestic Animal Endocrinology. 2012;43(2):146-153. 

doi:10.1016/j.domaniend.2011.12.008 

58.  Schmölzer GM, Kamlin OCOF, Dawson JA, Pas AB te, Morley CJ, Davis PG. Respiratory 

monitoring of neonatal resuscitation. Archives of Disease in Childhood - Fetal and 

Neonatal Edition. 2010;95(4):F295-F303. doi:10.1136/adc.2009.165878 

59.  Os S van, Cheung P-Y, Pichler G, Aziz K, O’Reilly M, Schmölzer GM. Exhaled carbon 

dioxide can be used to guide respiratory support in the delivery room. Acta Paediatrica. 

2014;103(8):796-806. doi:10.1111/apa.12650 

60.  Pichler G, Binder C, Avian A, Beckenbach E, Schmölzer GM, Urlesberger B. Reference 

ranges for regional cerebral tissue oxygen saturation and fractional oxygen extraction in 

neonates during immediate transition after birth. The Journal of Pediatrics. 

2013;163(6):1558-1563. doi:10.1016/j.jpeds.2013.07.007 

61.  Pichler G, Cheung P-Y, Tze‐Fun L, Li ES, Schmölzer GM. Is renal tissue oxygen 

desaturation during severe hypoxia underestimated? An observational study in term 

newborn piglets. Nephrology. 2015;20(2):107-109. doi:10.1111/nep.12357 

62.  Chalak LF, Barber CA, Hynan L, Garcia D, Christie L, Wyckoff MH. End-tidal CO2 

detection of an audible heart rate during neonatal cardiopulmonary resuscitation following 

asystole in asphyxiated piglets. Pediatr Res. 2011;69(5 Pt 1):401-405. 

doi:10.1203/PDR.0b013e3182125f7f 

63.  Patel S, Cheung P-Y, Solevåg AL, et al. Pulseless electrical activity: a misdiagnosed entity 

during asphyxia in newborn infants? Archives of Disease in Childhood - Fetal and 

Neonatal Edition. 2019;104(2):F215-F217. doi:10.1136/archdischild-2018-314907 

64.  Wyckoff MH, Salhab WA, Heyne RJ, Kendrick DE, Stoll BJ, Laptook AR. Outcome of 

extremely low birth weight infants who received delivery room cardiopulmonary 

resuscitation. The Journal of Pediatrics. 2012;160(2):239-244.e2. 

doi:10.1016/j.jpeds.2011.07.041 

65.  Chandrasekharan P, Vali P, Rawat M, et al. Continuous capnography monitoring during 

resuscitation in a transitional large mammalian model of asphyxial cardiac arrest. Pediatr 

Res. 2017;81(6):898-904. doi:10.1038/pr.2017.26 

66.  Schmölzer GM. Chest compressions during sustained inflation during cardiopulmonary 

resuscitation in newborn infants translating evidence from animal studies to the bedside. 

JACC Basic Transl Sci. 2019;4(1):116-121. doi:10.1016/j.jacbts.2018.12.004 

67.  Traub E, Dick W, Lotz P, Lindner K-H, Engels K. Investigations on neonatal 

cardiopulmonary reanimation using an animal model. Journal of Perinatal Medicine. 

1983;11(2):103-113. doi:10.1515/jpme.1983.11.2.103 



69 

 

68.  Becker LB, Aufderheide TP, Geocadin RG, et al. Primary outcomes for resuscitation 

science studies. Circulation. 2011;124(19):2158-2177. 

doi:10.1161/CIR.0b013e3182340239 

69.  Wolfe JA, Maier GW, Newton JR, et al. Physiologic determinants of coronary blood flow 

during external cardiac massage. J Thorac Cardiovasc Surg. 1988;95(3):523-532. 

70.  Paradis NA, Martin GB, Rivers EP, et al. Coronary perfusion pressure and the return of 

spontaneous circulation in human cardiopulmonary resuscitation. JAMA. 

1990;263(8):1106-1113. doi:10.1001/jama.1990.03440080084029 

71.  Zou Y, Shi W, Zhu Y, et al. Rate at 120/min provides qualified chest compression during 

cardiopulmonary resuscitation. The American Journal of Emergency Medicine. 

2015;33(4):535-538. doi:10.1016/j.ajem.2015.01.024 

72.  Kern KB, Hilwig RW, Berg RA, Sanders AB, Ewy GA. Importance of continuous chest 

compressions during cardiopulmonary resuscitation: improved outcome during a simulated 

single lay-rescuer scenario. Circulation. 2002;105(5):645-649. doi:10.1161/hc0502.102963 

73.  Sanders AB, Kern KB, Berg RA, Hilwig RW, Heidenrich J, Ewy GA. Survival and 

neurologic outcome after cardiopulmonary resuscitation with four different chest 

compression-ventilation ratios. Annals of Emergency Medicine. 2002;40(6):553-562. 

doi:10.1067/mem.2002.129507 

74.  Morgan RW, Landis WP, Marquez A, et al. Hemodynamic effects of chest compression 

interruptions during pediatric in-hospital cardiopulmonary resuscitation. Resuscitation. 

2019;139:1-8. doi:10.1016/j.resuscitation.2019.03.032 

75.  Feuerstein GZ, Liu T, Barone FC. Cytokines, inflammation, and brain injury: role of tumor 

necrosis factor-alpha. Cerebrovasc Brain Metab Rev. 1994;6(4):341-360. 

76.  Dammann O, Leviton A. Brain damage in preterm newborns: Biological response 

modification as a strategy to reduce disabilities. The Journal of Pediatrics. 

2000;136(4):433-438. doi:10.1016/S0022-3476(00)90004-0 

77.  Oygür N, Sönmez Ö, Saka O, Yeǧin O. Predictive value of plasma and cerebrospinal fluid 

tumour necrosis factor-α and interleukin-1β concentrations on outcome of full term infants 

with hypoxic–ischaemic encephalopathy. Archives of Disease in Childhood - Fetal and 

Neonatal Edition. 1998;79(3):F190-F193. doi:10.1136/fn.79.3.F190 

78.  Dannevig I, Solevåg AL, Sonerud T, Saugstad OD, Nakstad B. Brain inflammation induced 

by severe asphyxia in newborn pigs and the impact of alternative resuscitation strategies on 

the newborn central nervous system. Pediatric Research. 2013;73(2):163-170. 

doi:10.1038/pr.2012.167 

79.  Shaftel SS, Griffin WST, O’Banion MK. The role of interleukin-1 in neuroinflammation 

and Alzheimer disease: an evolving perspective. J Neuroinflammation. 2008;5:7. 

doi:10.1186/1742-2094-5-7 



70 

 

80.  Liu F, Mccullough LD. Inflammatory responses in hypoxic ischemic encephalopathy. Acta 

Pharmacol Sin. 2013;34(9):1121-1130. doi:10.1038/aps.2013.89 

81.  Boskabadi H, Moradi A, Zakerihamidi M. Interleukins in diagnosis of perinatal asphyxia: A 

systematic review. Int J Reprod Biomed (Yazd). 2019;17(5):303-314. 

doi:10.18502/ijrm.v17i5.4598 

82.  Orrock JE, Panchapakesan K, Vezina G, et al. Association of Brain injury and neonatal 

cytokine response during therapeutic hypothermia (TH) in newborns with hypoxic-ischemic 

encephalopathy (HIE). Pediatr Res. 2016;79(5):742-747. doi:10.1038/pr.2015.280 

83.  Berthet C, Castillo X, Magistretti PJ, Hirt L. New evidence of neuroprotection by lactate 

after transient focal cerebral ischaemia: extended benefit after intracerebroventricular 

injection and efficacy of intravenous administration. Cerebrovasc Dis. 2012;34(5-6):329-

335. doi:10.1159/000343657 

84.  Berthet C, Lei H, Thevenet J, Gruetter R, Magistretti PJ, Hirt L. Neuroprotective role of 

lactate after cerebral ischemia. J Cereb Blood Flow Metab. 2009;29(11):1780-1789. 

doi:10.1038/jcbfm.2009.97 

85.  Wu T-W, Tamrazi B, Hsu K-H, et al. Cerebral lactate concentration in neonatal hypoxic-

ischemic encephalopathy: in relation to time, characteristic of injury, and serum lactate 

concentration. Front Neurol. 2018;9. doi:10.3389/fneur.2018.00293 

86.  Idris AH, Guffey D, Aufderheide TP, et al. Relationship between chest compression rates 

and outcomes from cardiac arrest. Circulation. 2012;125(24):3004-3012. 

doi:10.1161/CIRCULATIONAHA.111.059535 

87.  Kern KB, Sanders AB, Raife J, Milander MM, Otto CW, Ewy GA. A Study of chest 

compression rates during cardiopulmonary resuscitation in humans: The importance of rate-

directed chest compressions. Arch Intern Med. 1992;152(1):145-149. 

doi:10.1001/archinte.1992.00400130153020 

88.  Kilgannon JH, Kirchhoff M, Pierce L, Aunchman N, Trzeciak S, Roberts BW. Association 

between chest compression rates and clinical outcomes following in-hospital cardiac arrest 

at an academic tertiary hospital. Resuscitation. 2017;110:154-161. 

doi:10.1016/j.resuscitation.2016.09.015 

89.  Mandt MJ, Rappaport LD. Update in pediatric resuscitation. Advances in Pediatrics. 

2009;56(1):359-385. doi:10.1016/j.yapd.2009.08.017 

90.  Young KD, Seidel JS. Pediatric cardiopulmonary resuscitation: A collective review. Annals 

of Emergency Medicine. 1999;33(2):195-205. doi:10.1016/S0196-0644(99)70394-X 

91.  López-Herce J, García C, Domínguez P, et al. Outcome of out-of-hospital cardiorespiratory 

arrest in children. Pediatric Emergency Care. 2005;21(12):807. 

doi:10.1097/01.pec.0000190230.43104.a8 



71 

 

92.  López-Herce J, García C, Domínguez P, et al. Characteristics and outcome of 

cardiorespiratory arrest in children. Resuscitation. 2004;63(3):311-320. 

doi:10.1016/j.resuscitation.2004.06.008 

93.  Ali N, Sawyer T, Barry J, Grover T, Ades A. Resuscitation practices for infants in the 

NICU, PICU and CICU: results of a national survey. Journal of Perinatology. 

2017;37(2):172-176. doi:10.1038/jp.2016.193 

94.  Schmölzer GM, Kumar M, Pichler G, Aziz K, O’Reilly M, Cheung P-Y. Non-invasive 

versus invasive respiratory support in preterm infants at birth: systematic review and meta-

analysis. BMJ. 2013;347. doi:10.1136/bmj.f5980 

95.  Bruschettini M, O’Donnell CP, Davis PG, et al. Sustained versus standard inflations during 

neonatal resuscitation to prevent mortality and improve respiratory outcomes. Cochrane 

Database Syst Rev. 2017;7:CD004953. doi:10.1002/14651858.CD004953.pub3 

  



72 

 

Appendix A: Enzyme-Linked Immunosorbent Assay (ELISA) General 

Protocol 

The ELISA protocols were used to quantify pro-inflammatory cytokine levels in the 

frontoparietal cortex of animals that survived until the end of experiment. ELISA kits are 

commercially available for specific substrates hence the specific contents of each kit vary. 

However, the overarching principles of the ELISA protocol are similar between substrates and 

therefore the following is a general ELISA protocol. Specific ELISA protocol based on substrates 

can be found here: https://www.rndsystems.com/products/elisas 

Assay: 

1. Bring all reagents to room temperature (porcine [substrate] control, wash buffer, substrate 

solution, and porcine substrate standard) 

2. Reconstitute the porcine (substrate) control with 1.0mL of distilled water  

3. Add 20mL of wash buffer concentrate with distilled water to prepare 500mL of wash buffer  

4. Reconstitute the porcine (substrate) standard with calibrator diluent and dilute this standard 

specifically to substrate protocol 

5. Add 50µL of assay diluent to each well 

6. Add 50µL of standard, control or sample per well (duplicate) 

7. Cover with adhesive strips and incubate for 2h at room temp. on a microplate shaker 

8. Aspirate each well and wash by filling each well with wash buffer for a total of five washes 

9. Invert plate and blot against clean paper towel to ensure complete removal of liquid 

10. Add 100µL of porcine (substrate) conjugate to each well, cover with adhesive strips and 

incubate for 2h on a microplate shaker 

11. Repeat step 8-9 

https://www.rndsystems.com/products/elisas
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12. Add 100µL of substrate solution to each well and incubate for 30min at room temp. (protect 

from light) 

13. Add 100µL of stop solution to each well and mix thoroughly 

14. Determine optical density of each well with a microplate reader set to 450nm 
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Appendix B: Lactic Acid Assay 

1. Dilute 15µL of frontoparietal cortex tissue with 45µL of ddH2O for a 4x dilution 

2. Make the glycylglycine cocktail by combining glycylglycine buffer, ddH2O, NAD+, and 

GPT (store on ice until ready to use) 

3. Pipette 50µL of ddH2O in the first row to be used as a blank 

4. Pipette 50µL of the samples in duplicate into a microplate  

5. Pipette 172µL of the glycylglycine cocktail to each well 

6. Read the plate at 340nm every 5min until 3 consecutive readings do not change by more 

than 0.05 of an absorbance unit (this is the baseline) 

7. Pipette 2µL of LDH to each well 

8. Repeat step 6  

9. Subtract baseline absorbance from absorbance acquired from step 8 

10. Subtract blank absorbance from sample absorbance (ΔA) 

11. Calculate lactic acid concentration: 𝑐 = (𝑉 ∗ 𝑀𝑊)/( ∗ 𝑑 ∗ 𝑣 ∗ 1000) ∗ 𝛥𝐴 
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Appendix C: ARRIVE Guidelines Checklist 

 
 

The ARRIVE Guidelines Checklist 
Animal Research: Reporting In Vivo Experiments 
Carol Kilkenny1, William J Browne2, Innes C Cuthill3, Michael Emerson4 and Douglas G Altman5 
1The National Centre for the Replacement, Refinement and Reduction of Animals in Research, London, UK, 2School of Veterinary 
Science, University of Bristol, Bristol, UK, 3School of Biological Sciences, University of Bristol, Bristol, UK, 4National Heart and Lung 
Institute, Imperial College London, UK, 5Centre for Statistics in Medicine, University of Oxford, Oxford, UK. 
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Appendix D: CCaV Study Data Sheet (Hypoxia-Resuscitation) 

 

 

Piglet#______      Weight______Kg      Age______hours      Sex ♂/♀      Date______ 

Intervention Group______       Asphyxia Time______       ROSC Time ______ 

 

Table 2.1 Hemodynamic and Metabolic data recording sheet. (’) indicates blood sample taken at this time was 0.2mL. (*) indicates 

blood sample taken at this time was 1mL. 

Time 

of 

Day 

PHASE FiO2 HR OSM3/

Pulse-

ox 

MAP CVP CA Brain Kidney TEMP hB pH PaCO2 PaO2 Base 

Excess 

HCO3 sO2% Lactate 

 End of 

Surgery 
                 

 0’*                  

 10’                  

 20’                  

 30’                  

 Before 

CPR 
                 

 After 

ROSC 
                 

 10’                  

 60*                  

 120’                  

 180’                  

 240*                  


