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Background: Male and female newborns have differences in their fetal development, fetal-to-neonatal transition, and postnatal morbidity. However, the cardiovascular fetal-to-neonatal adaption is similar between sexes. No study has examined sex differences in newborns during hypoxia, asphyxia, cardio-pulmonary resuscitation, or post-resuscitation recovery.

Methods: Secondary analysis (two previous publications and two studies currently under peer-review) of 110 term newborn mixed breed piglets (1–3 days of age, weighing 2.0 ± 0.2 kg), which were exposed to 30 min normocapnic hypoxia followed by asphyxia until asystole, which was achieved by disconnecting the ventilator and clamping the endotracheal tube. This was followed by cardio-pulmonary resuscitation. For the analysis piglets were divided into female and male groups. Cardiac function, carotid blood flow, and cerebral and renal oxygenation were continuously recorded throughout the experiment.

Results: A total of 35/41 (85%) female and 54/69 (78%) male piglets resuscitated achieved ROSC (p = 0.881). The median (IQR) time to achieve return of spontaneous circulation in females and males was 111 (80–228) s and 106 (80–206) s (p = 0.875), respectively. The 4-h survival rate was similar between females and males with 28/35 (80%) and 49/54 (91%) piglets surviving (p = 0.241), respectively.

Conclusions: No difference between female and male newborn piglets was observed during hypoxia, asphyxia, resuscitation, and post-resuscitation recovery.
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INTRODUCTION

Male and female newborns have differences in their fetal development, fetal-to-neonatal transition, and postnatal morbidity (1–16). Male infants are more commonly born premature (12), have neonatal respiratory disease (e.g., respiratory distress or chronic lung disease) (5), higher newborn and infant mortality (4, 12), and worse long-term outcomes (13). The mortality gap in male and female newborns is decreasing since the 1970s, which is credited to better obstetric and neonatal care (17). However, the factors causing sex disparity in newborn infants remain unknown. Indeed, female infants are born with improved organ maturation, which translates into improved lung development (18), surfactant phospholipid composition, and surfactant function (2, 3, 13). As a result, male preterm lambs have a twice as high mortality during the first 8 h after birth compared to female preterm lambs (2, 3)—a result of cardiorespiratory failure. Interestingly, the male disadvantage cannot be explained by difference in the cardiovascular fetal-to-neonatal adaption (1).

Among survivors, birth asphyxia is the leading cause of neonatal neurologic morbidity, mortality, and long-term neurodevelopmental dysfunctions. The Nationwide Inpatient Sample Database, which includes infants >36 weeks' gestation and >2,500 g from over 1,000 hospitals in the United States (19), reported a male to female ratio for mild or moderate asphyxia (0.97 vs. 0.83%) and severe asphyxia (0.17 vs. 0.15%), respectively (19). Despite this male to female ratio, mortality was not associated to sex. In comparison, adult women have a higher rate of survival until hospital admission, better 1 month survival, and neurological outcome compared to men after out-of-hospital cardiac arrest (20, 21). Until now, sex differences in newborn infants during hypoxia, asphyxia, cardio-pulmonary resuscitation, or post-resuscitation recovery remains unknown. The aim was to examine sex differences between female and male newborn piglets during hypoxia, asphyxia, cardio-pulmonary resuscitation (CPR), or post-resuscitation recovery. We hypothesized that female newborn piglets have a faster return of spontaneous circulation (ROSC) and lower mortality compared to male newborn piglets.

METHODS

Secondary analysis of two previous publications (22, 23) and two studies currently under review examining 18, 21, and 100% oxygen during chest compression. A total of 110 term newborn mixed breed piglets (1–3 days of age, weighing 2.0 ± 0.2 kg) were obtained on the day of experimentation from the University Swine Research Technology Center. All experiments were conducted in accordance with the guidelines and approval of the Animal Care and Use Committee (Health Sciences), University of Alberta, presented according to the ARRIVE guidelines (24), and the study was registered at the preclinical trial registry PCTE 000139 (https://www.preclinicaltrials.eu).

Animal Preparation

Piglets were instrumented as previously described with modifications (25–27). Following the induction of anesthesia using isoflurane, piglets were intubated via a tracheostomy, and pressure-controlled ventilation (Acutronic Fabian HFO; Hirzel, Switzerland) was commenced at a respiratory rate of 16–20 breaths/min and pressure of 20/5 cmH2O. Oxygen saturation was kept within 90–100%, glucose level and hydration was maintained with an intravenous infusion of 5% dextrose at 10 mL/kg/h. During the experiment anesthesia was maintained with intravenous propofol 5–10 mg/kg/h and morphine 0.1 mg/kg/h. Additional doses of propofol (1–2 mg/kg) and morphine (0.05–0.1 mg/kg) were also given as needed. The piglet's body temperature was maintained at 38.5–39.5°C using an overhead warmer and a heating pad.

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

Piglets were placed in supine position and allowed to recover from surgical instrumentation until baseline hemodynamic measures were stable (minimum of 1 h). Ventilator rate was adjusted to keep the partial arterial CO2 between 35 and 45 mmHg as determined by periodic arterial blood gas analysis. Mean systemic arterial pressure, systemic systolic arterial pressure, heart rate, and percutaneous oxygen saturation were continuously measured and recorded throughout the experiment with a Hewlett Packard 78833B monitor (Hewlett Packard Co., Palo Alto, CA).

Experimental Protocol for Included Studies

Study 1: Piglets were randomized into four groups: 2:1, 3:1, 4:1 compression:ventilation (C:V) ratio study: Piglets were randomized into four groups: 2:1 C:V group, 3:1 C:V group, 4:1 C:V group, or Sham (22). Study 2: Piglets were randomized into four groups: Chest compression during sustained inflation (CC+SI) with an duration of the sustained inflation of 20 s (CC+SI 20), or sustained inflation duration of 60 s (CC+SI 60), 3:1 C:V group, or Sham (23). Study 3: Piglets were randomized into four groups: 3:1 C:V with either with 18% oxygen, 21% oxygen, or 100% oxygen, or Sham. Study 4: Piglets were randomized into four groups: CC+SI+18%O2, CC+SI+21%O2, CC+SI+100%O2, or sham.

For All Studies

To reduce the occurrence of selection bias, a two-step randomization process was used. Following surgical instrumentation and the stabilization procedure, a subsequently numbered, sealed opaque envelope containing the assignment “sham” or “intervention was opened (step one). Piglets that were randomized to “intervention” underwent both hypoxia and asphyxia, whereas, the piglets randomized to “sham” were not. Sham-operated groups received the same surgical protocol, stabilization, and equivalent experimental periods without hypoxia and asphyxia. Upon meeting the criteria for CPR, a second sequentially numbered, sealed opaque envelope, containing the assignment for each study group (step two). The piglets that were randomized to “intervention” were exposed to 30–50 min of normocapnic hypoxia. The piglet was then disconnected from the ventilator and the endotracheal tube was clamped until total cardiac arrest. Ten seconds after cardiac arrest, positive pressure ventilation (PPV) was commenced for 30 s with a Neopuff T-Piece (Fisher & Paykel, Auckland, New Zealand). The default settings were a peak inflating pressure of 30 cmH2O, a positive end expiratory pressure of 5 cmH2O, and a gas flow of 8 L/min. CC were performed using the two-thumb encircling technique by a single operator (GMS) in all piglets. A metronome was used to achieve the targeted CC rate. After 30 s of CC, 100% oxygen was commenced for Study 1 & 2). In study 3 & 4 piglets were assigned to either “18% oxygen,” “21% oxygen,” or “100% oxygen” throughout the resuscitation. Epinephrine (0.01 mg/kg per dose) was administered intravenously 2 min after the start of PPV, and administered every 3-min as needed if no ROSC was observed. Epinephrine was administered to a maximum of four doses. ROSC was defined as an unassisted heart rate >100 bpm, which was accessed by ECG, for 15 s. After ROSC, piglets were allowed to recover for 4 h before the piglets were euthanized with an intravenous overdose of phenobarbital (100 mg/kg).

Data Collection and Analysis

Demographics of study piglets were recorded. Transonic flow probes, heart rate and pressure transducer outputs were digitized and recorded with LabChart® programming software (ADInstruments, Houston, TX). Post-mortem, lung tissue was cut from the right basal part of the lung lobe and clamp frozen in liquid nitrogen before storing at −80°C; the brain was removed from the skull and placed in ice-cold 2-methylbutane for 10 min before storing at −80°C. However, only lung and brain tissue samples from surviving piglets 4 h after intervention were collected at post-mortem (sham female n = 7, sham male n = 23, intervention female = 28, intervention male n = 49). Lung and brain tissue samples were homogenized in a lysis buffer (0.5% Tween-20/PBS containing a protease inhibitor cocktail). Homogenized samples were centrifuged at 3,000 × g for 10 min at 4°C. The supernatants were retained, and protein concentration was quantified using the Bradford method. Evidence of lung and brain injury was determined by quantification of the concentrations of the pro-inflammatory cytokines interleukin (IL)-1β,−6,−8, and tumor necrosis factor (TNF)-α in lung tissue homogenates using commercially available ELISA kits (PLB00B, P6000B, P8000, PTA00, R&D Systems, Minneapolis, USA). Cytokine concentrations were quantified according to protocols provided by the manufacturer and were expressed relative to protein concentration.

Statistical Analysis

Data are presented as mean ±standard deviation (±SD) for normally distributed continuous variables and median (interquartile range—IQR) when the distribution was skewed. For all respiratory parameters, continuous values during CPR were analyzed. The data was tested for normality and compared using Student's t-test for parametric and Mann-Whitney U-test for non-parametric comparisons of continuous variables, and χ2 for categorical variables. To account for the effect of clustering (data coming from different studies) linear mixed models with random effects were used to examine the effect of sex on continuous outcome variables (time to ROSC). Bivariable generalized linear mixed models with binary outcome were used to ascertain the effect of sex on binary outcome variable (achieving ROSC, survival at 4 h after ROSC). Models were adjusted for age and weight to examine the combine effect on the outcome. 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) and SAS Ver. 9.4 (SAS Institute Inc., Cary, NC, USA).

RESULTS

One hundred ten newborn mixed breed piglets were obtained on the day of the experiment and were subjected to hypoxic and asphyxiating protocol of the specific study. Baseline parameters were similar between sexes (Tables 1, 2) and arterial blood gas samples (pH, PaO2, PaCO2, base excess, HCO3, and lactate) at baseline, after asphyxiation, and at 4-h between female and male piglets (Table 3).


Table 1. Study characteristics of the four included studies.
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Table 2. Characteristics of asphyxia, resuscitation and survival of asphyxiated piglets.
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Table 3. Blood gas changes before and after resuscitation.
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Duration of asphyxia, the degree of asphyxiation (as indicated by pH, PaCO2, Base excess, and lactate) were similar between female and male piglets (Table 2). A total of 35/41 (85%) female and 54/69 (78%) male piglets achieved ROSC (Table 2). Median (IQR) time to achieve ROSC in females and males was 111 (80–228) s and 106 (80–206) s, respectively (Table 2). During CPR, 25/41 and 40/69 female and male piglets required 100% oxygen. The 4-h survival rate after ROSC was similar between females and males with 28/35 (80%) and 49/54 (91%) piglets surviving, respectively. Sex was not statistically significant in models with time to achieve ROSC, achieving ROSC, and survival 4 h after ROSC as outcome variables, both as a single independent variable and adjusted for age and weight. Results from models are presented in Table 4. A Kaplan-Meier survival curve is presented in Figure 1.


Table 4. Results from generalized linear mixed models (binary outcome) or linear mixed models (continuous outcome).
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FIGURE 1. Kaplan-Meier survival curve.



Changes in Hemodynamic Parameters

In both female and male piglets, heart rate increased during hypoxia and maintained steadily throughout the remaining experimental period (Figure 2A; Table 5). As shown in Figure 2B and Table 3, the mean blood pressure of both female and male piglets decreased over time and was similar between female and male piglets throughout the experimental period.
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FIGURE 2. Changes in (A) heart rate [beats per minute (bpm)], (B) mean arterial blood pressure (mmHg), (C) carotid blood flow (mL/min), and (D) cerebral oxygen saturation (%) during hypoxia, asphyxia, and post-resuscitation (solid circle represents male and open circle represents female).




Table 5. Hemodynamic changes before and after resuscitation.
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Changes in Cerebral Perfusion

The mean common carotid arterial flow of both female and male piglets the sham group decreased with time and maintained about the same during the experimentation period (Figure 2C; Table 3). The crSO2 of both female and male piglets decreased from the baseline during hypoxia and then returned to baseline after ROSC, with a continuous decline over the 4-h recovery period (Figure 2D; Table 5).

Injury Markers

Lung injury markers of IL-1β, IL-6, IL-8, and TNF-α in lung tissue homogenates between sham and female and male intervention groups were similar (Figure 3). Although, IL-6 and IL-8 in the cortex were statistically higher in female and male piglets compared to male sham; the injury markers (IL-1β, IL-6, and IL-8) were similar between female and male piglets (Figure 4). TNF-α concentration was beyond detection in the thalamus. IL-1β, IL-6, and IL-8 were similar between female and male piglets in front oparietal cortex (Figure 4) or thalamus (Figure 5).
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FIGURE 3. Proinflammatory cytokines in lung tissue. Concentrations of TNF-α, interleukin (IL)-1β, IL-6, and IL-8 in lung tissue homogenates, expressed relative to lung protein concentration, in sham female (n = 5) and male piglets (n = 13) and female (n = 28) and male (n = 49) piglets receiving resuscitation. Results represent the median (solid bar), IQR (box margin), and 95% confidence interval.
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FIGURE 4. Concentrations of IL-1β, IL-6, and IL-8 in frontoparietal cortex homogenates, expressed relative to protein concentration, in sham female (n = 5) and male piglets (n = 13) and female (n = 28) and male (n = 49) piglets receiving resuscitation. Results represent the median (solid bar), IQR (box margin), and 95% confidence interval. Asterisk (*) indicates a significant difference between groups (p < 0.05).
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FIGURE 5. Concentrations of IL-1β, IL-6, and IL-8 in thalamus homogenates, expressed relative to protein concentration, in sham female (n = 5) and male piglets (n = 13) and female (n = 28) and male (n = 49) piglets receiving resuscitation. Results represent the median (solid bar), IQR (box margin), and 95% confidence interval.



DISCUSSION

This is the first study to directly compare female and male piglets and the potential impact on outcomes during asphyxia, resuscitation, and post-resuscitation recovery. Our study can be summarized as followed (i) time to ROSC and survival rates were similar between sexes (Table 2), (ii) four-hour survival rate was similar between females and males (Table 2), however female piglets died more quickly compared to their male counterparts throughout the 4-h recovery period (Figure 1), (iii) no difference in epinephrine use (Table 2), (iv) no differences in any hemodynamic measurements between sexes (Table 5), and (v) no differences in brain injury markers (Figures 4, 5).

Based on animal and epidemiological data, prematurely born males have worse short-term neonatal morbidities as well as long-term neonatal outcomes (1–13). In addition, there is a male disadvantage in infants >36 weeks' gestation who develop any degree (mild, moderate or severe) birth asphyxia compared to female infants (0.97 vs. 0.83% and 0.17 vs. 0.15%, respectively) (19). Although, there is a higher risk for male term infants to have birth asphyxia, the mortality is similar between sexes (19). These observations are similar to our data where no difference in time to ROSC and survival in male and female piglets (Table 2). Conversely, adult women have higher rates of survival until hospital admission, 1 month survival, and neurological outcome compared to men after out-of-hospital cardiac arrest (20, 21). While we observed female piglets to die more quickly compared to their male counterparts throughout the 4-h recovery period, we cannot comment on outcomes beyond the 4-h window, as all animals were euthanized at that time point (Figure 1).

A recent review by Lorente-Pozo et al, reported sex related differences during fetal to neonatal transition including (i) hemodynamic circulatory transition, (ii) breathing attempts, (iii) incidence of asphyxia, (iv) incidence of hypoxic ischemic encephalopathy, and (v) drug responses (13). While in our asphyxia model piglets have undergone fetal to neonatal transition, which prevents examination of differences during hemodynamic circulatory transition. In ventilated, anesthetized preterm lambs no sex differences during cardiopulmonary transition at birth was observed (1). Thus, it is controversial if an impaired cardiovascular transition at birth contributes to “neonatal male disadvantage” (1). Furthermore, as all our piglets were exposed to hypoxia, asphyxia, and chest compression, we can also not comment on the incidence of asphyxia and hypoxic ischemic encephalopathy. However, a recent database reported a male to female ratio for mild, moderate, or severe asphyxia (19).

Furthermore, male rats develop behavioral/neurocognitive deficits more often compared to female rate after asphyxia (28–31). The pathways causing these behavioral/neurocognitive deficits include (i) pro-apoptotic signaling (28–31), and (ii) caspase-independent cell death (28–31), which are very different between male and female rats. The pathophysiology of perinatal brain damage (e.g., asphyxia, prematurity, and infection) is linked to hypoxia-reoxygenation (13, 28–31). Similarly, a recent meta-analysis reported higher rates of cognitive/behavioral deficits in male rats compared to matched females rats with hypoxic ischemic encephalopathy (32). Interestingly, our model did not identify any differences in brain injury between the sexes (Figure 2). Our observations might be explained by the different models used (33). Unfortunately, the rat models used occlusion of the left common carotid artery followed by hypoxia, which resulted in a stroke on top of hypoxia, which is never present during hypoxic-ischemic events around birth (28–31). This certainly explains the observed differences.

LIMITATIONS

Our use of a piglet asphyxia model is a great strength of this translational study, as this model closely simulates delivery room events, with the gradual onset of severe asphyxia leading to bradycardia (22, 23). In addition, the large number of piglets (n = 110) is a further strength of this study. However, several limitations should be considered: Our asphyxia model uses piglets that have already undergone the fetal to neonatal transition, and piglets were sedated/anesthetized (22, 23). Furthermore, our model requires piglets to be intubated with a tightly sealed endotracheal tube to prevent any endotracheal tube leak; this may not occur in the delivery room as mask ventilation is frequently used (22, 23). Nevertheless, our findings are still clinically relevant as the distribution of cardiac output in the fetus and post transitional neonate during asphyxia episodes are qualitatively similar (33). Our resuscitation model is slightly different from the currently recommended resuscitation guidelines, as we administered epinephrine 90 s after CC were initiated (34–36). This may have influenced our results. Nevertheless, there was no significant difference in the amount of epinephrine doses between both groups.

CONCLUSION

No difference between female and male newborn piglets was observed during hypoxia, asphyxia, resuscitation, and post-resuscitation recovery. Epidemiological studies of human newborn infants are needed to validate these findings.

ETHICS STATEMENT

All experiments were conducted in accordance with the guidelines and approval of the Animal Care and Use Committee (Health Sciences), University of Alberta, presented according to the ARRIVE guidelines (21), and the study was registered at the preclinical trial registry PCTE 000139 (https://www.preclinicaltrials.eu).

AUTHOR CONTRIBUTIONS

GS, P-YC, MO, T-FL, and RL: conception and design, collection and assembly of data, analysis and interpretation of the data, drafting of the article, critical revision of the article for important intellectual content, and Final approval of the article. MY: analysis and interpretation of the data, drafting of the article, critical revision of the article for important intellectual content, and Final approval of the article.

FUNDING

We would like to thank the public for donating money to our funding agencies: GS is a recipient of the Heart and Stroke Foundation/University of Alberta Professorship of Neonatal Resuscitation, a National New Investigator of the Heart and Stroke Foundation Canada and an Alberta New Investigator of the Heart and Stroke Foundation Alberta. The study was financially supported by the Austrian Medical Student's Association. The study was supported by a Grant from the SickKids Foundation in partnership with the Canadian Institutes of Health Research [CIHR—Institute of Human Development, Child and Youth Health (IHDCYH)], New Investigator Research Grant Program (Grant number-No. NI17-033) and a Grant-in-Aid from the Heart and Stroke Foundation Canada (Grant Number: G-15-0009284). We would like to acknowledge support from the Women and Children's Health Research Institute, University of Alberta.

ABBREVIATIONS

CC, Chest compression; CPR, Cardiopulmonary resuscitation; ROSC, Return of spontaneous circulation; MAP, Mean arterial blood pressure.

REFERENCES

 1. Polglase GR, Hooper SB, Kluckow M, Gill AW, Harding R, Moss TJM. The cardiopulmonary haemodynamic transition at birth is not different between male and female preterm lambs. Reprod Fertil Dev. (2012) 24:510–7. doi: 10.1071/RD11121

 2. Ishak N, Hanita T, Sozo F, Maritz G, Harding R, De Matteo R. Sex differences in cardiorespiratory transition and surfactant composition following preterm birth in sheep. Am J Physiol Regul Integr Compar Physiol. (2012) 303:R778–89. doi: 10.1152/ajpregu.00264.2012

 3. De Matteo R, Ishak N, Hanita T, Harding R, Sozo F. Respiratory adaptation and surfactant composition of unanesthetized male and female lambs differ for up to 8 h after preterm birth. Nat Publ Group. (2016) 79:13–21. doi: 10.1038/pr.2015.175

 4. Wyllie JP. Sex Differences in Infant Mortality*. Can Public Health J. (1933) 24:177–85.

 5. Sex differences in outcomes of very low birthweight infants: the newborn male disadvantage. Sex differences in outcomes of very low birthweight infants: the newborn male disadvantage. Arch Dis Child Fetal Neonatal Ed. (2000) 83:F182–5. doi: 10.1136/fn.83.3.F182

 6. Neonatal and infant outcome in boys and girls born very prematurely. Neonatal and infant outcome in boys and girls born very prematurely. Pediatr Res. (2012) 71:305–10. doi: 10.1038/pr.2011.50

 7. Zisk JL, Genen LH, Kirkby S, Webb D, Greenspan J, Dysart K. Do premature female infants really do better than their male counterparts? Amer J Perinatol. (2011) 28:241–46. doi: 10.1055/s-0030-1268239

 8. Elsmén E, Hansen Pupp I, Hellström-Westas L. Preterm male infants need more initial respiratory and circulatory support than female infants. Acta Paediatr. (2004) 93:529–33. doi: 10.1080/08035250410024998

 9. Anadkat JS, Kuzniewicz MW, Chaudhari BP, Cole FS, Hamvas A. Increased risk for respiratory distress among white, male, late preterm and term infants. J Perinatol. (2012) 32:780–5. doi: 10.1038/jp.2011.191

 10. Di Renzo GC, Rosati A, Sarti RD, Cruciani L, Cutuli AM. Does fetal sex affect pregnancy outcome? Gend Med. (2007) 4:19–30. doi: 10.1016/S1550-8579(07)80004-0

 11. Altman M, Vanpée M, Cnattingius S, Norman M. Risk factors for acute respiratory morbidity in moderately preterm infants. Paediatr Perinat Epidemiol. (2013) 27:172–181. doi: 10.1111/ppe.12035

 12. Ingemarsson I. Gender aspects of preterm birth. BJOG Int J Obstetr Gynaecol. (2003) 110:34–38. doi: 10.1016/S1470-0328(03)00022-3

 13. Lorente-Pozo S, Parra-Llorca A, Torres B, Torres-Cuevas I, Nuñez-Ramiro A, Cernada M, et al. Influence of sex on gestational complications, fetal-to-neonatal transition, and postnatal adaptation. Front Pediatr. (2018) 6:1050–8. doi: 10.3389/fped.2018.00063

 14. Deulofeut R, Dudell G, Sola A. Treatment-by-gender effect when aiming to avoid hyperoxia in preterm infants in the NICU. Acta Paediatrica. (2007) 96:990–4. doi: 10.1111/j.1651-2227.2007.00365.x

 15. Enomoto M, Gosal K, Cubells E, Escobar JJ, Vento M, Jankov RP, Belik J. Sex-dependent changes in the pulmonary vasoconstriction potential of newborn rats following short-term oxygen exposure. Pediatr Res. (2012) 72:468–78. doi: 10.1038/pr.2012.120

 16. Vento M, Cubells E, Escobar JJ, Escrig R, Aguar M, Brugada M, et al. Oxygen saturation after birth in preterm infants treated with continuous positive airway pressure and air: assessment of gender differences and comparison with a published nomogram. Arch Dis Child Fetal Neonatal. (2013) 98:F228–32. doi: 10.1136/archdischild-2012-302369

 17. Drevenstedt GL, Crimmins EM, Vasunilashorn S, Finch CE. The rise and fall of excess male infant mortality. Proc Natl Acad Sci USA. (2008) 105:5016–21. doi: 10.1073/pnas.0800221105

 18. Seaborn T, Simard M, Provost PR, Piedboeuf B, Tremblay Y. Sex hormone metabolism in lung development and maturation. Trends Endocrinol Metabol. (2010) 21:729–38. doi: 10.1016/j.tem.2010.09.001

 19. Mohamed MA, Aly H. Impact of race on male predisposition to birth asphyxia. Nat Publish Group. (2014) 34:449–52. doi: 10.1038/jp.2014.27

 20. Hasan OF, Suwaidi Al J, Omer AA, Ghadban W, Alkilani H, Gehani A, Salam AM. The influence of female gender on cardiac arrest outcomes: a systematic review of the literature. Curr Med Res Opin. (2014) 30:2169–78. doi: 10.1185/03007995.2014.936552

 21. Karlsson V, Dankiewicz J, Nielsen N, Kern KB, Mooney MR, Riker RR, et al. Association of gender to outcome after out-of-hospital cardiac arrest – a report from the International Cardiac Arrest Registry. Crit Care. (2015) 19:182. doi: 10.1186/s13054-015-0904-y

 22. Pasquin MP, Cheung P-Y, Patel S, Lu M, Lee T-F, Wagner M, 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. Neonatology. (2018) 114:37–45. doi: 10.1159/000487988

 23. Mustofa J, Cheung P-Y, Patel S, Lee T-F, Lu M, Pasquin MP, 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) 129:82–9. doi: 10.1016/j.resuscitation.2018.06.013

 24. Kilkenny C, Altman DG, Browne WJ, Cuthill IC, Emerson M. Improving bioscience research reporting: the ARRIVE guidelines for reporting animal research. PLoS Biol. (2010) 8:e1000412. doi: 10.1371/journal.pbio.1000412

 25. Schmölzer GM, O'Reilly M, LaBossiere J, Lee T-F, Cowan S, Qin S, et al. Cardiopulmonary resuscitation with chest compressions during sustained inflations: a new technique of neonatal resuscitation that improves recovery and survival in a neonatal porcine model. Circulation. (2013) 128:2495–503. doi: 10.1161/CIRCULATIONAHA.113.002289

 26. Schmölzer GM, O'Reilly M, LaBossiere J, Lee T-F, Cowan S, Nicoll 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) 85:270–5. doi: 10.1016/j.resuscitation.2013.10.011

 27. Cheung P-Y, Gill RS, Bigam DL. A swine model of neonatal asphyxia. J Vis Exp. (2011) 56:3166. doi: 10.3791/3166

 28. Dong S, Zhang Q, Kong D, Zhou C, Zhou J, Han J, et al. Gender difference in the effect of progesterone on neonatal hypoxic/ischemic brain injury in mouse. Exp Neurol. (2018) 306:190–8. doi: 10.1016/j.expneurol.2018.05.013

 29. Waddell J, Hanscom M, Edwards NS, McKenna MC, McCarthy MM. Sex differences in cell genesis, hippocampal volume and behavioral outcomes in a rat model of neonatal HI. Exp Neurol. (2016) 275:285–95. doi: 10.1016/j.expneurol.2015.09.003

 30. Smith AL, Rosenkrantz TS, Fitch RH. Effects of Sex and Mild Intrainsult Hypothermia on Neuropathology and Neural Reorganization following Neonatal Hypoxic Ischemic Brain Injury in Rats. Neural Plasticity. (2016) 2016:1–11. doi: 10.1155/2016/2585230

 31. Hill CA, Fitch RH. Sex Differences in mechanisms and outcome of neonatal hypoxia-ischemia in rodent models: implications for sex-specific neuroprotection in clinical neonatal practice. Neurol Res Int. (2012) 2012:1–9. doi: 10.1155/2012/867531

 32. Smith AL, Alexander M, Rosenkrantz TS, Sadek ML, Fitch RH. Sex differences in behavioral outcome following neonatal hypoxia ischemia: Insights from a clinical meta-analysis and a rodent model of induced hypoxic ischemic brain injury. Exp Neurol. (2014) 254:54–67. doi: 10.1016/j.expneurol.2014.01.003

 33. Solevåg A, Cheung P-Y, Lie H, O'Reilly M, Aziz K, Nakstad B, et al. Chest compressions in newborn animal models: a review. Resuscitation. (2015) 96:151–5. doi: 10.1016/j.resuscitation.2015.08.001

 34. Perlman JM, Wyllie JP, Kattwinkel J, Wyckoff MH, Aziz K, Guinsburg R, et al. Part 7: neonatal resuscitation: 2015 international consensus on cardiopulmonary resuscitation and emergency cardiovascular care science with treatment recommendations. Circulation. (2015). 132(16 Suppl. 1):S204–41. doi: 10.1161/CIR.0000000000000276

 35. Wyckoff MH, Escobedo MB, Kapadia VS, Kattwinkel J, Perlman JM, Simon WM, et al. Part 13: Neonatal resuscitation 2015 American Heart Association guidelines update for cardiopulmonary resuscitation and emergency cardiovascular care (Reprint). Pediatrics. (2015) 136:S196–218. doi: 10.1542/peds.2015-3373G

 36. Wyllie JP, Perlman JM, Kattwinkel J, Wyckoff MH, Aziz K, Guinsburg R, et al. Part 7: Neonatal resuscitation. 2015 international consensus on cardiopulmonary resuscitation and emergency cardiovascular care science with treatment recommendations. Resuscitation. (2015) 95:e169–201. doi: 10.1016/j.resuscitation.2015.07.045

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 La Garde, Cheung, Yaskina, Lee, O'Reilly and Schmölzer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fped-07-00290-g005.gif
Thstas 1L-15, peime

susesEiEEs






OPS/images/fped-07-00290-t001.jpg
Study Study- Study- Study- Primary

group group group outcome
Different C:V ratios 2:1CV 31cv 41CV Time to
ROSC
Length of S1 during 310V CC+SI  CC+SI  Timeto
ce+sl +20sec Sl +60sec Sl ROSC
Different oxygen 31CV 3:1CV 31cv Time to
concentration during &1 +18%  +21% +100%  ROSC
CV ratio Oxygen  oxygen  oxygen
Different oxygen CC+SI+ CC+SI  CC+Sl  Timeto
concentration during 18% 0,  +21% +100%  ROSC
ce+sl oggen  oxygen

C:V, Compression:Ventilation; Si, Sustained Inflation; CC+Sl, Chest Compression during
Sustained inflation; ROSC, Return of Spontaneous Circulation.





OPS/images/fped-07-00290-g003.gif
el

3

NS | E—
O R
\ i
= :

i .
- —






OPS/images/fped-07-00290-g004.gif
il

-
-
I

_Lé

R CPR ST Shm Shm CPR CRR
FRa o om A
-
B
%
=
&L b B
e Bk | L é

G Sam S GR GR






OPS/images/fped-07-00290-t004.jpg
Independent variable Univariate models
(independent variable: sex)

OR (95% Cl) p-value
Achieving ROSC 1,62 (0.30, 8.80) 0.43
Survival 4 after ROSG 1.90(0.36,10.17) 031
Estimate (95% Cl) p-value
1/Time to achieve ROSC), 1/sec” 0.0001 (~0.003, 0.003) 093

*A transformation was used since residuals were not normally distributed.

Sex adjusted for age and weight

OR (95% Cl) p-value
1.79(0.31,1022) 037
2.08(0.37, 11.66) 027

Estimate (95% CI) p-value
0.0004 (~0.003, 0.003) 068





OPS/images/fped-07-00290-t002.jpg
Female Male  p-value
(h=41) (=69

Asphyxia time (sec)t 202 329 0.436

(221-424)  (205-501)
Immediately before  pHT 66(65-6.7) 66(65-67) 0884
resuscitation

paCO; (mm Hg)t 97 (80-115) 101 (79-115) 0.956

Lactate (mmol/L)T 15.5 16.7 0.926
(142-17.7)  (14.4-16.9)
Base excess -27 -26 0.360
(mEq/L) (-29-24)  (~28-24)
Resuscitation Received 100% 25 (61) 4008  099%
oxygen
Epinephrine doses  1.0(0-2)  1.0(0-3)  0.704
of
Achieving ROSG 35 (85) 54(78) 0881
ROSG time (sec) 111 (80-228) 106 (80-206) 0.875
Survival 4h after ROSC 28/35(80)  49/54 91) 0241

Data are presented as n (%), unless indicated Tmedian (IQR).





OPS/images/fped-07-00290-t003.jpg
Female (n=41)  Male(1=69)  p-value

Baseline 7.48(0.08) 7.48(0.08) 0923
After asphyxiation 6.65(0.16) 6.64(0.14) 0643
4h after reoxygenation 7.30(0.14) 7.26(0.14) 0.7
P m H)

Baseline 83(17) 85(13) 0506
After asphyxiation 12(9) 1) 0556

Baseline 34(7) 35(5) 0554

After asphyxiation 96 (25) 97 (22) 0855
4h after reoxygenation 39(7) 41 (1) 0293
Baseline 24 2@ 0.497
After asphyxiation —25(5) -26(3) 0889
4h after reoxygenation -76) -9(7) 0266
Baseline 26(3) 25(2) 0439
After asphyxiation 1(9) 1) 0905
4h after reoxygenation 19(5) 18 (5) 0378
Lactate (mmol/l)
Bascline 36(09) 39(12) 0.141
After asphyxiation 15.5(2.6) 15.7 (19 0.702
4h after reoxygenation 6.0(35) 7189 0235

Data are presented as mean (SD).





OPS/images/fped-07-00290-g001.gif





OPS/images/fped-07-00290-g002.gif
[EEEN

CmidRoniuin 9
o v e e

A IR
i
% EW
E,.
is





OPS/images/fped-07-00290-t005.jpg
Female (1=41)  Male (1=69)  p-value

ts/min)

Baseline 201 (37) 194 31) 0254

After hypoxia 223 (35) 227 37) 0529
4h after reoxygenation 241 (42) 239 (43) 0858
MAP (mm Hg)

Baseline 62(8) 61(8) 0.499
After hypoxia 53(19) 50(16) 0369

4h after reoxygenation 41(14) 40 (14) 0733

45(10) 44(13)
After hypoxia 52(21) 48 (22) 0368
4h after reoxygenation 14(11) 16(19) 0.425
Baseline 47(6) 47(7) 0841
After hypoxia 21(11) 20(9) 0968
4h after reoxygenation 34(14) 34(17) 0992
Baseline 51(13) 54(12) 0215
After hypoxia 16(3) 17.6) 0368
4h after reoxygenation 45(15) 39(17) 0.102

Data are presented as mean (SD).





OPS/images/cover.jpg
’ frontiers
in Pediatrics

Sex Differences Between Female
and Male Newborn Piglets During
Asphyxia, Resuscitation, and
Recovery









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Pediatrics





