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3 Abstract: Improving Neonatal Resuscitation for 800,000 Lost Infants 
 
Eight hundred thousand infants die annually because they do not breathe adequately after birth. Ten 
percent of infants born worldwide require assistance breathing in the first minutes after birth.8-14 Recently, 
there has been a resurgence of interest in delayed cord clamping (DCC) after delivery.  
 
The ideal conditions to clamp the umbilical cord in infants who need help initiating breathing after birth is 
unknown. For months, the placenta supports fetal circulation and provides oxygen and nutrients ideal for 
growth and development. Studies show that preterm infants receiving DCC have less transfusions, lower 
rates of intraventricular haemorrhage, and lower rates of necrotizing enterocolitis, while term infants have 
higher iron stores and likely lower mortality. 15,16 In these studies, all infants receiving DCC were breathing 
spontaneously.  
 
If an infant does not breathe at birth, current guidelines recommend immediate cord clamping (ICC) so the 
infant can be moved to a resuscitation platform for respiratory support.8,12,14,17 The hemodynamic instability 
and poor condition at birth underlies intraventricular haemorrhage, hypoxic ischemic encephalopathy, and 
mortality.17-24 It is widely recognized that the key to regaining physiologic stability during neonatal 
resuscitation is the establishment of lung aeration and pulmonary blood flow.8,12,14,25-31 I hypothesise that if 
the apnoeic, non-vigorous newborn remained connected to the placental circulation via the umbilical cord 
during neonatal resuscitation, the oxygen levels, cerebral and systemic perfusion, and other markers of 
haemodynamic status will remain stable despite the infant not breathing.  
 
Therefore, the central purpose of this thesis is to determine if establishment of lung aeration, pulmonary 
gas exchange, and the increase in pulmonary venous return prior to umbilical cord clamping increases 
haemodynamic stability in newborns that require assistance to initiate breathing after birth. We have 
named this technique physiologically-based cord clamping (PBCC) and baby-directed umbilical cord 
clamping (Baby-DUCC).7,32  
 
The physiological changes at birth during ICC, DCC, and novel techniques like Baby-DUCC and umbilical cord 
milking (UCM) were previously not well understood. The “right time” to clamp the umbilical cord and 
separate a newborn from the placental circulation and the mother has previously been an arbitrarily 
prespecified time after birth. I have set out to determine the most logical and simple physiologic target that 
indicates that the newborn is ready to be independent from the placental circulation.  
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4 Thesis Outline 
 
This thesis is a combination of experiments in newborn lambs and observational studies in newborn infants. 
These studies were conducted to better understand the physiologic changes that occur during birth to 
determine an appropriate physiologic target to indicate when the newborn is ready for umbilical cord 
clamping. Included is a review chapter of the haemodynamic changes that occur at birth and a review of 
the findings from umbilical cord management trials (Chapter 6). Next, I present several observational 
studies in newborns and in preterm sheep that examine physiologic changes that occur immediately after 
birth as the infant initiates breathing. In addition, these studies search for candidate physiological markers 
that could indicate the infant is ready for umbilical cord clamping. Specifically, the utility of lung ultrasound 
(LUS) and exhaled carbon dioxide (ECO2) are investigated. Later, ventilation prior to umbilical cord clamping 
(PBCC) is compared to immediate cord clamping and umbilical cord milking in preterm lambs. Finally, I 
present a feasibility study in which delayed cord clamping persists until the infant is either breathing 
spontaneously or is receiving effective ventilation (baby-directed umbilical cord clamping or Baby-DUCC). 
Baby-DUCC is similar to physiologically based cord clamping described in the previous lamb study and 
ensures continued placental circulation until the infant’s lungs are functioning properly. In Baby-DUCC, 
ECO2 is used to determine readiness for umbilical cord clamping in apnoeic infants receiving respiratory 
support.  
 
Physiologic targets to determine newborn readiness for umbilical cord clamping 
 
Lung ultrasound (LUS) has shown promise as a diagnostic tool for the evaluation of newborns with 
respiratory distress. Following birth, the organ responsible for gas exchange transitions from the placenta 
to the lungs. To establish pulmonary gas exchange, the airways must be cleared of liquid to allow the entry 
of air. LUS may be able to characterize this process. It can be performed at the bedside in real time, may be 
easily repeated during clinical changes and treatments, and does not expose the infant to ionizing 
radiation. Ultrasound beams penetrating an unaerated, liquid-filled lung create true ultrasound images as 
the density of liquid changes between the tissue layers. In contrast, ultrasound beams passing through an 
aerated lung produce artefacts. Traditionally, the interference of sound waves caused by air in the lungs 
has discouraged the use of LUS as a diagnostic tool. However, an understanding of these characteristic 
artefacts has led to the recognition that they are consistent and have diagnostic importance. In addition to 
the findings presented in Chapters 7, 8, and 9, these studies provided an opportunity to gain experience 
using LUS in the delivery room. I evaluated the ability of LUS to detect different stages of neonatal adaption 
after birth to determine when the newborn is ready for umbilical cord clamping.  
 
In the delivery room, leading resuscitation programs recommend clinicians consider pneumothorax if 
extensive resuscitation is required for a baby with bradycardia but does not recommend clinical signs or 
tests to aid in the diagnosis of pneumothorax in the delivery room. In Chapter 7, I investigate the accuracy 
of LUS to detect pneumothorax in preterm, newborn lambs compared to post-mortem examination and 
report the test characteristics of LUS. 2 
 
In Chapters 8 and 9, LUS is used to describe initial lung aeration and lung liquid clearance, starting with the 
initiation of breathing in term and near-term infants.3,4 Over 100 infants are enrolled in these observational 
studies in which serial lung ultrasound assessments were continued until neonatal adaption to birth was 
complete. In these three chapters, I also reviewed the literature regarding the use of LUS to describe 
neonatal adaption, diagnosis of pulmonary pathology, and detection of pneumothorax.  
 
In Chapter 10, I present an observational study, measuring exhaled carbon dioxide, exhaled tidal volume, 
and respiratory rate from the first breath after birth until cardiopulmonary transition is complete in 100 
healthy, term newborns. 
 
The physiologic effects of umbilical cord milking (UCM) and delayed cord clamping (DCC) 
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Delayed umbilical cord clamping (DCC) improves outcomes for preterm infants. It results in fewer blood 
transfusions, lower rates of intraventricular haemorrhage and necrotising enterocolitis, improved 
haemodynamics, and improved motor function at 18–22 months of age.16 However, if the newborn doesn’t 
breathe after birth, resuscitation guidelines recommend immediate cord clamping (ICC) and moving the 
infant to a resuscitation platform. It is widely assumed that the main benefit of DCC arises from a placental 
to infant blood transfusion. This has led to the suggestion that umbilical cord milking (UCM) may be an 
alternative that does not delay the infant’s transfer to a warming bed for respiratory support.33-35 In 
physiologic based cord clamping (PBCC) the lung is aerated prior to umbilical cord clamping, stimulating a 
large increase in pulmonary blood flow and pulmonary gas exchange, so that pulmonary venous return can 
immediately replace umbilical venous return as the primary source of left ventricular preload following 
cord clamping.32,36,37 No information was previously available on the physiological effects of UCM and 
whether it is physiologically similar to PBCC/DCC. Chapter 11 presents the results of this animal 
experiment. 
 
Feasibility for Baby-Directed Umbilical Cord Clamping (Baby-DUCC)  
 
If the newborn still has access to the placental circulation until the lungs become functional, I hypothesise 
that the newborn will maintain physiologic stability in the form of a steady, normal heart rate, higher 
oxygen saturation, and higher cerebral oxygen delivery as is apparent in newborn lambs.6,32,36,37 The 
feasibility and safety of Baby-DUCC is reported in Chapter 12 and heart rate values of the enrolled infants 
that receive Baby-DUCC are reported to determine haemodynamic stability. 
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6 Hemodynamic Significance and Clinical Relevance of Delayed Cord Clamping and Cord Milking1 
 
This chapter is presented as the accepted manuscript to be published as a chapter in the text: Seri: 
Hemodynamics and Cardiology: NEONATOLOGY QUESTIONS AND CONTROVERSIES, 3E. Elservier, Saunders, 
Philadelphia, USA. Accepted Jan 2018. 
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7 Lung Ultrasound Accurately Detects Pneumothorax in a Preterm Newborn Lamb Model2 
 
This chapter is presented in its published manuscript form from the Journal of Paediatric and Child Health, 
April 2016, doi: 10.1111/jpc.13154. PubMed PMID: 27088264. 
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8 Lung ultrasound during the initiation of breathing in healthy term and late preterm infants 
immediately after birth, a prospective, observational study3 

 
This chapter is presented as a published manuscript in Resuscitation, 2017;114:59-65. doi: 
10.1016/j.resuscitation.2017.02.017. PubMed PMID: 28249708. 
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9 Lung ultrasound immediately after birth to describe normal neonatal transition: an observational 
study4 

 
This chapter is presented as a published manuscript in Archives of Disease in Childhood, Fetal and Neonatal 
edition. 2017. doi: 10.1136/archdischild-2017-312818. PubMed PMID: 28659360. 
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10 Respiratory changes in term infants immediately after birth5  
 
This chapter is presented as a manuscript that has been published in Resuscitation, July 2018.   

 
  



Douglas Blank, MD: PhD Thesis Submission, December 2018  
PhD title: Umbilical cord management during neonatal resuscitation 

47 
 



Douglas Blank, MD: PhD Thesis Submission, December 2018  
PhD title: Umbilical cord management during neonatal resuscitation 

48 
 



Douglas Blank, MD: PhD Thesis Submission, December 2018  
PhD title: Umbilical cord management during neonatal resuscitation 

49 
 



Douglas Blank, MD: PhD Thesis Submission, December 2018  
PhD title: Umbilical cord management during neonatal resuscitation 

50 
 



Douglas Blank, MD: PhD Thesis Submission, December 2018  
PhD title: Umbilical cord management during neonatal resuscitation 

51 
 

 
 

11 Haemodynamic effects of umbilical cord milking in premature sheep during the neonatal transition6  
 
This chapter is presented as a published manuscript in Archives of Disease in Childhood, Fetal and Neonatal 
edition. November 2017. doi: 10.1136/archdischild-2017-314005. PubMed PMID: 29208663. 
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12 The Baby-Directed Umbilical Cord Clamping Feasibility Study (Baby-DUCC)7  
 
The chapter is presented as published manuscript in Resuscitation, July 2018. 
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13 Discussion and Future Directions 
 
Summary of the problem 
 
Birth is a dangerous event, likely the most dangerous moments of anyone’s life. Up to 10% of infants born 
worldwide will require assistance breathing in the first minutes after birth and failure to breathe after birth 
claims the lives of over 800,000 infants annually.8-14 Over 95% of these infants are born in poor countries, 
most are born at term and would otherwise be completely healthy. (3-Minute Thesis Presentation by Doug 
Blank, Monash University, 2016,  https://www.youtube.com/watch?reload=9&v=V4NbMJrbiA0). Recently, 
there has been a resurgence in interest of delayed cord clamping (DCC), during which clamping of the 
umbilical cord is delayed until pre-specified time. Studies show that preterm infants receiving DCC have less 
transfusions, lower rates of intraventricular haemorrhage, and lower rates of necrotizing enterocolitis, 
while term infants have higher iron stores and likely lower mortality. 15,16 In these studies, all infants 
receiving DCC were breathing spontaneously.  
 
The ideal conditions to clamp the umbilical cord in infants who need help initiating breathing after birth is 
unknown. For months, the placenta supports the fetal circulation and provides oxygen and nutrients ideal 
for growth and development. If infants do not breathe at birth, current guidelines recommend immediate 
cord clamping (ICC) so the infant can be moved to a resuscitation platform for the provision of respiratory 
support.8,12,14 The hemodynamic instability and poorer condition at birth is a root cause of intraventricular 
haemorrhage, hypoxic ischemic encephalopathy, and mortality.18-24 It is widely recognized that the key to 
regaining physiologic stability during neonatal resuscitation is to achieve lung aeration and pulmonary 
blood flow.8,12,14,25-30 Therefore, achieving lung aeration, pulmonary gas exchange, and pulmonary venous 
return to the heart prior to umbilical cord clamping would likely retain the physiologic stability present 
prior to birth. With very few exceptions, continuation of placenta circulation immediately after birth is a 
free resource available to every infant worldwide. It is logical to assume that the placental circulation is 
available to support the newborn for few minutes after birth, supplying oxygen and refilling the heart, until 
the newborn is ready to support herself.  
 
Major findings 
 
-Chapter 7: Lung ultrasound can distinguish pulmonary pathologies, including atelectasis and 
pneumothorax, immediately after birth.  
 
-Chapters 8 and 9: Neonatal adaption after birth can be monitored using lung ultrasound to describe lung 
aeration and lung liquid clearance.  
 
-Chapter 10: Exhaled carbon dioxide monitoring detects changes in lung aeration, pulmonary blood flow, 
and provides a direct measurement of gas exchange as newborns initiate breathing after birth. 
 
-Chapter 11: Umbilical cord milking and immediate cord clamping in preterm lambs causes dangerous 
fluctuations in cerebral blood flow and blood pressure. Ventilation prior to umbilical cord clamping, 
physiological based cord clamping (PBCC) or baby-directed umbilical cord clamping (Baby-DUCC), preserves 
cerebral oxygenation and minimises fluctuations in cerebral blood flow or blood pressure. Umbilical cord 
milking can provide an increase in blood volume into the lamb if using the placental refill technique. PBCC 
did not result in an increase in blood volume.  
 
-Chapter 12: Resuscitation of term and late preterm infants using a Baby-DUCC approach is feasible and 
safe. Baby-DUCC may offer physiologic advantages over ICC because continuity of placental circulation 
ensures cardiac preload and pulmonary gas exchange until lung aeration, pulmonary gas exchange, and 
pulmonary venous return to the left ventricle is established. 
 
The findings of this thesis have sparked two distinct directions of research: 
 

https://www.youtube.com/watch?reload=9&v=V4NbMJrbiA0
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We have launched a randomised controlled trial to test Baby-DUCC versus ICC in term and late preterm 
infants. I hypothesise that Baby-DUCC will reduce bradycardia in newborns with inadequate respiratory 
effort in the first minutes after birth, which may reduce the risk of mortality and significant morbidity in 
infants following asphyxia. If a physiological advantage of Baby-DUCC is demonstrated, a second 
randomised controlled trial will be conducted to determine whether this technique reduces the risk of 
hypoxic ischemic encephalopathy and/or death, specifically in resource limited settings.  
 
An observational study has commenced to test if lung ultrasound immediately after birth can 
independently predict the level of support that extremely preterm infants will receive after birth. If LUS 
accurately predicts which infants will require administration of surfactant and which infants will be 
successful on CPAP, earlier, life-saving treatments can be administered, and invasive, dangerous 
procedures can be avoided.  
 
Future direction of study for lung ultrasound 
 
In Chapters 7, 8, and 9, I explored the use of lung ultrasound (LUS) to describe neonatal adaption after 
birth and to describe pulmonary pathology. In Chapter 7, LUS accurately detected pneumothorax, verified 
by post-mortem examination in premature, ventilated, newborn lambs without any false positive 
diagnoses.2 In this study, I described a novel, gold-standard technique to diagnosis air leak syndromes on 
post-mortem examination. In Chapter 8 and Chapter 9, LUS was used to describe respiratory changes with 
the initiation of breathing.3,4 LUS images prior to breathing were reported for the first time, definitively 
describing the appearance of liquid filled airways. As a result, the LUS grading scheme was modified. The 
study adds to the understanding of how to interpret LUS images. Establishment of the pleural line, 
indicating lung aeration, and substantial clearance of liquid is seen during the first few breaths after birth 
and complete liquid clearance was typically achieved within the first 4 hours after birth.  
 
Rates of mortality and morbidity are extremely high in our tiniest, most premature patients. We know that 
over half of the infants born ≤28 weeks will receive mechanical ventilation as a life-saving therapy. Non-
invasive ventilation has replaced mechanical ventilation and surfactant delivery as the primary respiratory 
strategy for extremely premature infants, reducing death and bronchopulmonary dysplasia.38 However, 
over 50% of these infants started on non-invasive ventilation will later require mechanical ventilation.23,38,39 
Furthermore, delaying surfactant delivery in extremely premature infants with severe respiratory distress 
syndrome increases the risk of death and significant pulmonary injury.40 LUS has been reported to predict 
which preterm babies (median 32 weeks gestational age) on CPAP at 2 hours after birth will fail non-
invasive ventilation and receive surfactant.41 In Chapters 8 and 9, I showed that healthy infants >35 weeks 
gestational age all had LUS images indicating successful lung aeration and liquid clearance by 10 minutes 
after birth.3,4 If LUS changes occur in the delivery room in infants >35 weeks and LUS can accurately predict 
non-invasive ventilation failure in preterm babies on CPAP at 2 hours after birth, then LUS in the delivery 
room may predict the need for ventilation and surfactant administration in babies ≤28 weeks.  
 
With a continued collaboration between the Ritchie Centre and the Royal Women’s Hospital, we have 
started the DOLFIN Jr study (ACTRN 12617001256369) with funding from GE and the Emergency Medicine 
Foundation (https://gex.brightidea.com/ct/h.bix?c=296E6C9F-01AC-4F68-BA11-7E16F472BE03). In this 
study, I will test the hypothesis that LUS obtained in the delivery room in 50 extremely preterm infants, in 
the first 20 minutes after birth, can predict the level of respiratory support these infants will receive in the 
first 72 hours after birth. In the extremely premature infant, time is critical, making LUS the ideal diagnostic 
tool as it is safe, simple, quick, and can be used immediately after birth. If the hypothesis is correct, LUS will 
become a valuable diagnostic tool in the delivery room and subsequent studies can test if clinical decision 
making using LUS reduces the risk of significant morbidities in extremely preterm infants.  
 
Future direction for Baby-Directed Umbilical Cord Clamping (Baby-DUCC) 
 
The work presented in this thesis was intended to develop an understanding of the physiologic changes 
that occur in the newborn during delivery and to find a suitable physiologic target that indicated the 

https://gex.brightidea.com/ct/h.bix?c=296E6C9F-01AC-4F68-BA11-7E16F472BE03
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newborn is ready to be separated from the placenta and the mother. In the Baby-DUCC feasibility study 
(Chapter 12), I prove that term and near-term newborns can be safely and effectively resuscitated prior to 
umbilical cord clamping and provide data that Baby-DUCC may confer advantages over immediate cord 
clamping. Several studies performed at the Ritchie Centre, including Chapter 11, show that the umbilical 
cord should not be clamped at a specific time after delivery. The umbilical cord should be clamped when 
the infant is ready. As indicated in Chapter 10, rising exhaled carbon dioxide (ECO2) levels can indicate 
infant readiness for umbilical cord clamping. ECO2 is simple to monitor after birth and is the correct marker 
for Baby-Directed Umbilical Cord Clamping.  
 
The primary goal of the first breaths after birth is to clear liquid from the distal gas exchange regions of the 
lung to allow the entry of air. Pulmonary gas exchange can only commence once these regions have 
aerated. Therefore, there is no ECO2 when these regions are liquid filled, but as the infant gradually aerates 
its lungs, the exchange of oxygen for carbon dioxide in the lungs can commence and carbon dioxide first 
appears in the exhaled gas.27 Rising exhaled carbon dioxide levels indicate airway patency, lung aeration, 
pulmonary gas exchange, and pulmonary venous return to the heart.25,30 In other words, exhaled carbon 
dioxide starts at zero after birth and rises once the lungs aerate and commence gas exchange. If the 
newborn still has access to the placental circulation prior to the onset of pulmonary gas exchange, I 
hypothesise that the newborn will maintain physiologic stability in the form of a steady, normal heart rate, 
higher oxygen saturation, and higher cerebral oxygen delivery as is apparent in newborn lambs.6,32,36,37 
 
The feasibility and safety of Baby-DUCC was demonstrated in Chapter 12. The heart rate values of the 
enrolled infants provide confidence that Baby-DUCC may indeed offer haemodynamic stability in 
comparison to immediate cord clamping. In a collaboration between Monash Medical Centre and the Royal 
Women’s Hospital, we have initiated a randomised controlled trial to test Baby-DUCC versus ICC (ACTRN 
12618000621213). We hypothesise that establishing effective ventilation, either via PPV or effective 
spontaneous breathing, prior to umbilical cord clamping decreases the incidence of bradycardia in infants 
born at ≥32 weeks gestational age compared with management. We have chosen to perform a randomised 
controlled trial in 120 infants who need help breathing at birth to test if Baby-DUCC provides a physiologic 
advantage. The results of this trial will help us design future RCTs with clinically important outcomes. 
 
We believe that compromised infants who have achieved effective gas exchange prior to umbilical cord 
clamping will have improved haemodynamic stability during resuscitation because the placental circulation 
will continue to provide cardiac preload and gas exchange until pulmonary gas exchange is established. 
Improved haemodynamic stability in the first minutes of life may decrease the need for intensive 
resuscitation interventions after birth (e.g. PPV, emergent intubation, and chest compressions) and 
decrease the risk of significant morbidities, including hypoxic ischaemic encephalopathy and death.15,17,31  
 
To reiterate, 5 to 10% of infants born worldwide will require assistance breathing in the first minutes after 
birth and failure to breathe after birth claims the lives of over 800,000 infants annually.8-14 Over 95% of 
these infants are born in poor countries, with most of them born at term and would otherwise be 
completely healthy. Baby-DUCC is a resource currently available for free to virtually all infants born 
worldwide, if the placental-fetal circulation is adequate. In academic centres, the interest in resuscitation 
and stabilisation during delayed cord clamping after birth is mostly in premature infants and term infants 
with known cardio-pulmonary pathologies, like congenital diaphragmatic hernia. There is typically sufficient 
time to plan for a predicted high-risk delivery. However, up to 1/1000 infants in Australia suffer from 
significant hypoxic ischaemic encephalopathy, with significant risks for morbidity and mortality. Often these 
births occur unexpectedly and with similar incidence inside and outside academic centres.21  
 
Understanding the typical course of placental circulation in the minutes after birth is crucial to ensuring 
placental circulation can be adequate. For example, there is a paucity of studies describing umbilical blood 
flow in newborns during delayed cord clamping and reporting umbilical blood gas values during delayed 
cord clamping.42,43 How does birth change placental circulation from the in-utero homeostasis that 
promoted healthy fetal growth? How do surgical delivery and uterotonic medications affect placental 
circulation? Are there antenatal conditions that predict compromise of the placental circulation after birth? 
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Umbilical cord management relies on understanding the dynamic changes occurring after birth and with 
active management of the third stage of labour.  
 
The heart rate and SpO2 of vigorous infants ≥32 weeks receiving delayed cord clamping may be different to 
established accepted normal values.27,7,28 We anticipate that only 10-20% of the infants in this study will 
receive resuscitation. We intend to initiate HR and SpO2 monitoring immediately after birth, while the 
clinical team determines if the infant needs resuscitation. If the infants are vigorous after delivery, they will 
not be randomised and will receive at least two minutes delayed cord clamping. We will collect heart rate 
and SpO2 values in the first 10 minutes after delivery in vigorous infants who receive at least two minutes of 
delayed cord clamping after birth. We will analyse the observational data of the vigorous infants separately 
as an observational study, anticipating data in over 500 infants.   
 
The ultimate benefit of PBCC and the goal of the Baby-DUCC studies is to reduce mortality and morbidity in 
infants worldwide. If there is a physiological advantage to Baby-DUCC, the next study will investigate 
whether infants who are supported with Baby-DUCC have less hypoxic ischemic encephalopathy and death 
than infants supported with ICC.  
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