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Abstract 

 
Centralisation of neonatal intensive care has led to a reduction in mortality, but this has not 

translated into significant improvements in neurodisability. Understanding the factors 

contributing to adverse neurological outcomes in infants, especially those transported due 

to centralised care, could aid the reduction of long-term morbidity in these infants. 

Centralised care can also risk maternal-infant separation and result in a greater risk of 

additional stress on the parents of these infants. The aims of my thesis were to: 1) explore 

the current trends of in-utero transfer (IUT) and early postnatal transportation (PNT) in 

extremely preterm infants within the UK, 2) evaluate the relationship between early PNT of 

high-risk infants and severe intraventricular haemorrhage (IVH), 3) quantify the potential 

stressors for families of extremely preterm infants who undergo centralised care, 4) 

determine the UK prevalence and treatment of infants with hypoxic-ischaemic 

encephalopathy (HIE), and 5) explore the effects of whole body vibration (WBV), as 

experienced during neonatal transportation, on the developing brain. 

 

The prevalence of early PNT has increased over time, which is likely a reflection of a 

reduction in IUTs and an increase in inter-hospital transfers due to a lack of cot capacity. 

Early PNT of extremely preterm infants is associated with an increased risk of severe IVH in 

the first week of life. Centralised intensive care may also have a negative impact on their 

parents due to the substantial time and distance their baby spends away from their booking 

hospital. This burden could be further exacerbated as almost half of infants who die are 

away from their booking hospital and therefore potentially their parents’ support network. 
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HIE is the leading cause of brain injury in the UK and there is an increasing number of infants 

being managed with therapeutic hypothermia (TH) outside of evidence-based guidance. 

Almost half of these infants with HIE are born in non-cooling centres without immediate 

access to TH. Birth in a non-cooling centre is associated with reduced risk of survival without 

seizures, driven mainly by an increase in seizures.   

 

The transportation pathway exposes both preterm infants and those with HIE to excessive 

WBV. In a new animal model, short-term WBV exposure results in neuroinflammation, 

cellular stress and apoptosis in the cortex of the developing brain. The effect of this insult 

appears to be both more profound in the immature brain and to be dose dependent, 

potentially indicating a role in the excess brain injury observed in PNT high-risk infants.   

 

In conclusion, centralised neonatal care is associated with a recent increase in early PNT of 

high-risk infants and adverse neurological outcomes. This could, in part, be a consequence 

of exposure to excessive WBV during PNT. The additional stress related factors generated by 

this care pathway could contribute to poor mental health in the parents of these infants. 

Understanding the factors contributing to these adverse outcomes may help prevent harm 

and ultimately reduce the hidden burden associated with centralised care on high-risk 

infants and their families. 
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Chapter 1.   Introduction 

 
One in seven infants born in the UK require admission to a neonatal unit (1, 2). However, 

there is growing pressure on these units to deliver essential care due to the increasing trend 

in the preterm birth rate (3) and survival of infants admitted to neonatal care, especially at 

the extremes of viability (survival to discharge for infants 22+0 to 25+6 weeks gestational age 

(GA) has increased from 40% in 1995 to 66% in 2014) (4). This is most likely a reflection of  

demographic change in childbearing women (5), advances in antenatal and neonatal care (6, 

7), and change in practice towards more proactive management of infants at the lowest GAs 

(8).  

In 2003, neonatal services in England were reorganised into managed clinical networks 

leading to the development of hospitals of different specialist levels of care, working 

together with the aim to improve provision of quality care and neonatal outcomes (9). 

Subsequently, a model of centralised care was established dependant on an infant’s GA, 

clinical condition or requirement for specialised treatment, such as therapeutic 

hypothermia (TH) for infants with hypoxic-ischaemic encephalopathy (HIE). Centralisation of 

neonatal intensive care has led to a higher proportion of extremely premature infants being 

born in units providing the highest level of neonatal care (Level 3 Neonatal Intensive Care 

Units (NICU)) from 18% (1998-2000) to 49% (2009 to 2010) and a significant decrease in 

mortality (10). Similar improvements, however, have not been seen in survival without 

major morbidity, such as intraventricular haemorrhage (IVH), bronchopulmonary dysplasia 

and necrotising enterocolitis . The EPICure 2 study demonstrated survival without morbidity 

was not significantly different between extremely preterm infants born in hospitals with 

level 3 services (11%) compared those with level 2 (8%) (11). Furthermore, there has been a 
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resultant increase in the total number of postnatal transportation (PNT) both due to 

centralisation and lack of available cots at higher level neonatal units (10).   

In recent years, severe long-term neurodisability has become an increasing public concern 

due to the substantial impact on both a child’s and their family’s quality of life. As such, the 

UK Department of Health has set a target within the NHS Long-term plan to reduce serious 

brain injury by 50% by 2025 (12). This plan also aims to expand and improve access to 

specialist mental health care for mother’s post-delivery. Several factors have been 

identified, which could influence the neurological outcomes of infants born outside of NICUs 

(Figure 1) leading to studies aimed at minimising adverse effects (13, 14). High-risk infants, 

such as extreme preterms and those with HIE, are managed through a centralised care 

pathway. These infants already have an increased risk of poor neurodevelopment outcomes 

secondary to IVH and seizures. It is unclear if there are further adverse effects of this 

approach both on the infants and their families. This thesis will explore the role of 

centralised care related factors in relation to outcomes. 
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Figure 1: Factors that could affect the neurological outcome for outborn high-risk infants 

requiring transfer for neonatal intensive care. Taken from Gupta et al (13). 
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1.1.  Centralisation of neonatal intensive care for preterm infants 

 

Centralisation of neonatal care advocates transfer of women in threatened preterm labour 

into higher care centres appropriate for an infants’ GA. The EPICure 2 study showed 

extremely preterm infants who were born in centres with level 3 facilities were 92% more 

likely to survive without morbidity compared to those who were transferred into the level 3 

unit after birth (11). Furthermore, infants who were booked and born at a level 2 centre and 

did not undergo in-utero transfer (IUT) to a level 3 centre were 44% more likely to die than 

those who underwent transfer. Since the advent of centralised care, studies have evaluated 

the association of IUT and PNT with neonatal outcomes in high-risk infants.  

 

1.1.1.  In-utero transfers 

Several studies have examined morbidity and mortality rates in preterm infants, comparing 

those who were either born at a centre with a NICU on site (inborn), underwent IUT or had 

early PNT (11, 15-17). Birth in a level 3 centre and IUT were associated with significantly 

reduced mortality and severe morbidity (IVH grade 3 or 4 and periventricular leukomalacia) 

compared to PNT, even following adjustment for key confounding factors (15, 17, 18). 

However, retrospective studies evaluating IUT compared to inborn or PNT infants have the 

potential for selection bias due to the characteristics of the women selected for transfer by 

the obstetrics team. Women with conditions, such as sepsis or antepartum haemorrhage, 

are less likely to be transferred and ultimately the decision to transfer is dependent on the 

experience of the obstetrician, rather than set criteria leading to variation. Furthermore, co-

ordination of IUT by maternity and neonatal staff consumes a vast amount of clinical time 
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and often leads to failure due to non-clinical reasons (19). At present, there are no national 

data on IUTs compared to PNTs in the UK, and if these are changing over time.  

Evidence supporting better outcomes in high-risk infants who undergo IUT, compared to 

PNT, into level 3 centres has resulted in the UK adoption of IUT as the optimal pathway 

where feasible (20). However, due to maternal clinical instability, imminent delivery and 

increasing demand on cot capacity, PNT within the first few days of life can be unavoidable. 

 

1.1.2.  Postnatal transfers 

Approximately 1 in 6 infants <32 weeks GA are transported in the UK within the first 72 

hours of life (21), a period coincident with the greatest risk of IVH (22). Previous studies 

have reported an increased risk of severe IVH with early PNT within the first 72 hours of life, 

(23-26) but this has not been universal (27, 28). These studies have a number of limitations 

including omission of important known risk factors for IVH, few high-risk patients and 

exclusion of neuroprotective agents (ANS and magnesium sulphate). More importantly, 

these studies were unable to differentiate between early IVH  (first 7 days of life) and late 

IVH (beyond day 7 to discharge from neonatal care), the latter being associated with risk 

factors potentially unrelated to initial management within the early perinatal period. A 

better understanding of the association between early IVH and PNT in premature infants 

could support adoption of better pathways to facilitate IUT and reduce severe morbidity.  

 

1.1.3.  Adverse neurological outcomes in preterm infants 

Preterm infants have an increased risk of IVH (22, 29). There are several known obstetric, 

neonatal and environmental risk factors associated with the development of IVH (Table 1). 

However, the principle cause is due to the fragility of the germinal matrix, a highly vascular 
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region located next to the lateral ventricles of the brain. Fluctuations in cerebral blood flow 

can result in pressure changes across the fragile vascular wall leading to haemorrhage (30, 

31). Infants <32 weeks’ GA are at greatest risk due to the prominence of this fragile vascular 

region within this age group (30). Administration of antenatal steroids (ANS) are given prior 

to delivery to reduce respiratory distress syndrome, but they are also associated with a 

decreased risk of IVH (7). This reduction in IVH could be as a result of better respiratory 

status (32), which minimises fluctuations in carbon dioxide and resultant 

vasodilation/vasoconstriction of the cerebral vasculature. However, ANS also upregulate 

glial fibrillary acidic protein (GFAP), a protein which adds tensile strength to the cerebral 

vasculature and could potentially minimise vessel rupture (Figure 2) (30). For ANS to be fully 

beneficial, a full course of ANS should be administered 24 hours to 7 days prior to delivery in 

women <34 weeks GA with threatened preterm labour (33).  

Papile et al (34) classified IVH into a grading system based on cranial ultrasound (CrUSS) 

imaging and post-mortem findings, which correlate well with clinical outcomes. The vast 

majority of IVHs occur within the first 72 hours of life (22, 35) and have the potential to 

increase in severity (35). Severe IVH (Grade 3 and 4) has been associated with both short 

and long-term neurological morbidity and mortality. It has been estimated 50 to 80% of 

survivors with severe IVH develop cerebral palsy and 70% have cognitive impairment (36). 

However, low grade mild IVH (Grade 1 and 2) is also associated with lower developmental 

scores at secondary school age, with a higher percentage of infants requiring educational 

support. Furthermore, these infants also have an increased risk of moderate/severe 

neurosensory impairment compared to infants with no IVH (37, 38). This not only can have 

great impact on the quality of life of both the child and their family, but also on society with 

the estimated life-time cost for the management of severe neurodisability of £1 million (23). 
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Additionally, the annual difference in mean public sector cost (health, social and education) 

is an estimated £2477 greater per child, for extremely preterm infants compared to their 

term counterparts at 11 years of age (39). Overall, Petrou et al (39) evaluated participants in 

the UK EPICure study at 11 years of age and found 82.6% of extreme preterm infants had an 

impairment, compared to 26.2% of their class mates who were born at term (39). Strategies 

to reduce this level of morbidity are of great importance to public health care and a key 

driver for government plans. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 18 

Obstetric Neonatal Environmental 
Maternal age Gender Transport 

Maternal infection Gestation Hypothermia 

Chorioamnionitis Low birth weight  

Birth asphyxia Patent ductus arteriosus  

Prolonged rupture of 
membranes 

Intrauterine growth 
restriction 

 

Pre-eclampsia Mechanical ventilation  
Maternal hypertension Hyper/Hypocarbia  

Maternal drugs Acidosis  

Mode of delivery Sepsis  
Antepartum haemorrhage Convulsions  

Fetal distress  
(abnormal CTG/meconium) 

Respiratory distress 
syndrome 

 

 Pneumothorax  

 Sodium bicarbonate  
CTG, cardiotocography 
 
 

Table 1. Risk factors associated with the development of intraventricular haemorrhage in 

preterm infants <34 weeks gestational age. Adapted from Levene et al (22). 

 

 

 
 

Figure 2. Schematic drawing of the blood brain barrier in cross section showing 

endothelium, endothelial tight junction, basal lamina, pericyte and astrocyte endfeet. 

Taken from Ballabh (30).  
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1.2.  Additional burden of centralised intensive care on the family  

 

The birth of a baby is a life event that has a well-established association with postnatal 

depression and anxiety in parents, with a higher prevalence in the mother (40). Mental 

health problems such as postnatal depression, not only have a detrimental effect on the 

parent’s quality of life but can also affect their family and may have a long-term effect on 

their child’s behaviour, cognitive and psychosocial development (41-43). Compared to 

parents of term infants, those of extremely preterm infants have an greater risk of postnatal 

depression (22.2% vs 41.2%) (40, 44), more family dysfunction and an increased risk of 

anxiety (45). Currently, 41% (n=38 of 93) of neonatal units surveyed for a recent Bliss report 

were unable to provide support to parents with a trained mental health worker (46). 

The increased psychological stress seen in parents of preterm infants is further compounded 

beyond the initial postnatal period as preterm infants have a higher rate of brain injury (47) 

leading to long-term physical, cognitive and neurosensory impairments (48, 49). These co-

morbidities impact on family functioning through the need for specialist services, frequent 

hospital attendances (50), additional educational support (51) and the associated financial 

burden (39). This is particularly worrying for parents of extremely preterm infants who 

frequently undergo early PNT, which has been associated with an increased risk of brain 

injury (52, 53). In addition, transporting an infant from their place of birth to a level 3 centre 

risks maternal-infant separation. Maternal-infant separation can occur as a result of poor 

maternal health post-delivery preventing transfer or secondary to physical barriers, such as 

lack of available transport. This can impact on maternal bonding (54), infant attachment to 

their caregiver (54), ability to support breast milk expression (55) and lower rates of breast 

feeding at discharge (55, 56). In the UK, it is unknown how many mothers are separated 
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from their newborn as a consequence of early PNT. Other pressures, such as the financial 

implications of regular travel, car parking, accommodation and sustenance, can create 

further parental stress. In 2014, this was estimated to cost parents £282 per week, or £2256 

over their baby’s entire hospital stay (57). A recent report found that only 5 of 29 NICUs 

surveyed had sufficient parent accommodation to meet national guidance (58), resulting in 

some parents needing alternative residence or frequent trips from their home. A greater 

understanding of the additional burden associated with the provision of centralised care 

could help build a case for better funding and allocation of resources, with the aim to 

reduce mental health problems and deliver better family integrated care. 

 

Although centralisation of care for extremely preterm infants has led to significant reduction 

in mortality rates since implementation (11), the death of an infant could occur whilst an 

infant is being cared for away from their booking hospital (BH) leaving parents isolated 

without their family support nearby, and making bereavement follow up and support more 

difficult. It is imperative neonatal units are able to provide adequate bereavement support 

to these parents. There are no recent UK studies exploring the number of preterm infants 

who die away from their planned delivery hospital. This information is essential to allow 

development of bereavement services and facilities to accommodate parents during these 

difficult times. 
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1.3.   Centralisation of neonatal care for infants with hypoxic ischaemic encephalopathy 

 

It is estimated that HIE occurs in about 2-3 infants per 1000 births (47, 59), and is the largest 

contributor to term neonatal brain injuries in the UK (47). HIE, as described by Sarnat and 

Sarnat, has been graded as mild (Grade 1), moderate (Grade 2) or severe (Grade 3), based 

on degree of neurological insult and correlates with prognosis (60). Neonatal seizures are 

estimated to occur in 50-60% of infants with HIE (61). Infants with moderate/severe HIE, or 

those who develop seizures within the first few days of life, have a worse prognosis with 

higher rates of mortality and neurodisability compared to infants with mild HIE or no 

seizures (60, 62-64). In addition to brain injury attributed to the hypoxic ischaemic insult, 

there is increasing evidence that seizures can have an additive effect resulting in worse 

neurodevelopment outcomes compared to those who do not have seizures (65), and this 

may be independent of HIE severity (64).  

 

TH is an effective and safe treatment for infants  36 weeks’ GA with moderate/severe HIE, 

significantly improving both mortality and survival without major neurodisability at 18 

months of age (66-70). The neurological insult associated with HIE is progressive consisting 

of primary, latent and secondary phases during which excitotoxicity, release of free radicals, 

cell inflammation and death occur (71). The latent period is considered the optimal time for 

TH through reduction of glutamate levels, free radicals and reduced apoptosis to prevent 

secondary programmed cell death and neuro-inflammation (72, 73). However, the length of 

the latent phase is reduced with severity of HIE, therefore decreasing the optimal window of 

opportunity for therapeutic treatment (74). Animal studies have demonstrated that TH 

commenced in the late latent phase results in only partial recovery of cell survival compared 
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to early use where cell injury and death was significantly reduced (75). These findings are 

supported by human data reported by Thoresen et al (76) who demonstrated TH 

commenced within 3 hours of age resulted in improved motor outcomes. Furthermore, the 

TOBY trial highlighted a trend for infants  36 weeks GA cooled within 4 hours to have a 

lower risk of death or severe neurodisability at 18 months compared to infants cooled 

between 4 to 6 hours (66), although the study was not powered to detect this outcome.  

Following publication of the TOBY trial (66) and subsequent National Institute for Health and 

Care Excellence guidance in 2010 (77), management with TH is now the standard of care for 

infants  36 weeks GA with moderate/severe HIE. In the UK, TH has been implemented at 

an increasing number of centres (78). However, there is a lack of current UK population data 

on the prevalence of infants with HIE who are managed with TH. Additionally, there are no 

up-to-date estimates of the associated mortality rate or proportion of infants who undergo 

PNT for TH. In order to achieve the ambitious target to reduce severe brain injury, as set out 

by the UK government within the NHS long-term plan, we need a greater understanding of 

the at-risk population and factors associated with worse outcomes in these infants. 

 

In the UK, TH management is mainly provided in specialist cooling centres with the 

experience and capability to manage infants with complex medical needs using specialised 

automated servo-controlled devices (79). More recently, some level 2 centres are able to 

commence active TH prior to transportation (80). Infants who are born in non-cooling 

centres are often passively cooled following a hypoxic insult (66, 81). This is managed 

through removal of external heating equipment and clothes, cool packs or fans and aims to 

reduce an infant’s core temperature to within optimal therapeutic range. However, this 

practice can result in over cooling and subsequent increased risk of co-morbidities 
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(arrhythmias, coagulation abnormalities)(82). Following confirmation of the need for active 

cooling, transfer to a cooling centre is co-ordinated by designated transport teams. More 

recently, the proportion of neonatal transport teams who are able to provide active cooling 

during transportation has increased from 68.4% in 2014 to 87.5% in 2019 (13, 21, 80, 83), 

leading to an improvement in the number of infants arriving at a cooling centre with a 

temperature within optimal therapeutic range (83-85). However, the time critical nature for 

commencing TH and the necessity to transfer infants to cooling centres for on-going 

management, has increased workload pressure on transport teams (79). Recent changes to 

practice in the management of extremely preterm infants (8), increasing preterm birth rate 

(3) and cot capacity issues (86) have all contributed to this increasing demand. Lomax et al 

(80) found the transport team were unable to initiate active TH within the recommended 6 

hour window for 20% of infants. Overall, regardless of place of birth, it is well established 

active TH should commence within 6 hours of birth (76, 77, 87). Surprisingly, there is a 

paucity of evidence to evaluate whether birth in a non-cooling centre results in delays in 

achieving optimal therapeutic temperature within 6 hours of birth or impacts on important 

outcomes. 

 

Centralisation of care for infants with HIE requires those born in non-cooling centres to 

undergo transfer to a cooling centre soon after their hypoxic insult, potentially at a time of 

increased susceptibility to secondary brain injury. Transportation of preterm infants in early 

life is associated with an increased risk of severe brain injury (23, 52, 53). The causation is 

likely multi-factorial, this in part could be secondary to exposure to adverse conditions, such 

as excessive vibration (88, 89) during the transport process. It is therefore plausible that the 

on-going cellular injury seen in infants with HIE (71) could be exacerbated by the 
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transportation process itself and subsequently affect the outcome. No study has explored 

the effect of excessive vibration exposure during neonatal transportation on inflammation 

and cell death pathways within the neonatal brain. 

With widespread implementation of TH in the UK (78), there has been increasing concerns 

that infants are being treated outside of current guidance, for example those with mild HIE 

or late preterm infants (90-92). Infants with mild HIE have an increased risk of death and 

adverse neurological outcomes (93) but there is insufficient evidence to establish any 

significant benefits or harm with the use of TH in these infants (93, 94). Worryingly, studies 

have suggested that preterm infants with HIE who are treated with TH may have an 

increased risk of mortality and white matter injury (66, 91). These studies were limited by 

small numbers, selection bias and lack of preterm comparator group. Treatment of these 

infants with TH, with the need for transfer to a cooling centre, further exacerbates the 

burden placed on transportation teams. It may also increase the psychological and financial 

impact for families during the time an infant is cared for away from their place of birth. 

There is no current evidence evaluating the magnitude of this problem within the UK 

population and how this has changed over time. The morbidity associated with the 

management of infants with HIE outside of current guidance could potentially be reduced 

with better understanding of the impact of a centralised approach to their care and how this 

affects outcomes.  
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1.4.   Adverse effects of neonatal transportation 

 

Neonatal transportation is fundamental to the delivery of centralised care. The number of 

neonatal transfers has increased over time from 10 000 in 2010 to 16 000 in 2016 (86). 

Furthermore, they often occur at a time when high-risk infants, such as extremely preterm 

infants and those with HIE, are most vulnerable to potential brain injury (21, 22). Early PNT, 

within the first 72 hours of life, is associated with a greater risk of severe neurological 

morbidity in extremely preterm infants (11, 14, 23, 24), as well as potentially in infants with 

HIE, although there is currently limited evidence in these infants (95). However, the reasons 

for this are likely multifactorial, such as a result of maternal risk factors, obstetric and early 

neonatal care, and potentially the transport process itself (96-98). The mechanisms leading 

to the association of early PNT with worse neurological outcomes are unclear. It has been 

proposed the adverse environment experienced during the transportation process, such as 

excessive noise (99-101), whole body vibration (WBV) (88, 89, 102), acceleration and 

deceleration forces (101) and temperature instability (103) compounds the development of 

brain injury in these infants. 

 

1.4.1.  Whole Body Vibration 

Vibration occurs when a motion oscillates around a fixed reference point (equilibrium) and 

is expressed by frequency, amplitude and acceleration. The number of times the complete 

motion cycle occurs over one second is referred to as the frequency, which is measured in 

Hertz (Hz). Vibration can consist of a single frequency or several components of different 

frequencies occurring simultaneously (e.g. a machine with several parts). The amplitude of a 
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vibration is a measure of the maximum displacement from zero (equilibrium) and indicates 

the severity of the vibration (Figure 3).  

Throughout the vibration cycle, the velocity of the changing rate of displacement varies 

from zero (at the extreme peak level) to a maximum (as it passes through its natural 

equilibrium position) over time (104, 105). Acceleration is a measure of how quickly this 

velocity changes over time and is expressed in units of metres per second squared (m/s2). It 

is the vibration parameter used in human vibration measurements. The root mean squared 

(rms) acceleration value is the preferred measurement outcome as it encompasses both 

severity of the vibration and duration over which it occurred. For example, 4 hours of 

moderate vibration could have more detrimental health effects than 20 min of high 

exposure. However, if the exposure consists of multiple short and sharp shocks, the rms is 

less reliable and the peak (maximum amplitude) value should be taken into consideration. 

Together, the amplitude, frequency and acceleration of vibration can provide the basis for 

identifying the cause of the vibration and potential detrimental effects of exposure (105).  

 

 

 

Figure 3. Basics of Vibration. Adapted from Barber (104) 
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The human body reacts to vibration in a complex, non-linear manner depending on the 

position of the body and both the direction and frequency of the vibration. WBV is vibration 

experienced by humans when the body is supported by a vibrating surface. It can affect 

both comfort and health depending on the magnitude and exposure times. Set standards by 

the International Standards Organization (ISO 2631)  indicate the likely discomfort reactions 

to vibration levels, expressed as acceleration,  for healthy seated adults (Table 2) (106). 

Levels of vibration greater than 0.315 m/s2, such as those experienced during operation of 

heavy goods vehicles, are perceived as uncomfortable and a change in acceleration by 

0.1m/s2 is easily noticeable by the average adult.  Unfortunately, there are no standards for 

neonates or different body positions (e.g. supine, standing). Vibration levels during neonatal 

transport have been reported in the range of 0.4 – 5.6 m/s2, which at the upper limit would 

be deemed extremely uncomfortable for adults (89, 101, 107). Healthcare professionals 

who accompany neonates during transportation may experience this vibration exposure as 

motion sickness, fatigue and musculoskeletal problems (108-110). 

 

 

Table 2. ISO 2631 standards for Whole Body Vibration. Taken from ISO 2631-1 (108) 
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Vibration can be measured using an accelerometer, which is a sensor that produces an 

electrical signal proportional to the acceleration of the vibrating component. The WBV 

measured using an accelerometer is recorded in three directions (X,Y and Z)(Figure 4). The 

corresponding levels of WBV exposure are expressed as the sum of the vector of these 

acceleration values (m/s2 rms).  

 

 

 

 

 

Figure 4. Schematic view of infant in transport incubator with axes defined. Three axes 

define the movement of the head in space, and the change in acceleration can be divided 

into constituent vectors along these axes for summation and analysis. Taken from Shah et 

al (111). 
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Previous studies have evaluated vibration levels during neonatal transport (89, 101, 107) 

but have been limited by the method of vibration measurement through placement of the 

accelerometer either on the incubator, the mattress or in a weighted manikin. Placement of 

an accelerometer on the incubator or mattress may allow estimation of vibration exposure 

levels during transportation but will not allow measurement of exposure levels experienced 

by different parts of the body. Additionally, these configurations will not give an indication 

of how the vibration is transmitted through the body tissues. Likewise, manikins do not 

exhibit muscle tone, which produce a counter force to vertical vibration. Therefore, 

vibration is not disseminated through the manikin material in the same manner as body 

tissues. Blaxter et al (88) compared vibration during a small number of UK ambulance 

transportations (both manikin and neonatal patients (birth gestation range 24+2 – 41+2)) with 

accelerometers placed on both the incubator and forehead area. They found the mean WBV 

incubator levels were four times lower than the forehead WBV levels during, hence, 

underestimating true exposure levels. Vibration in the vertical Z axis (Figure 4) dominated 

and was on average approximately 0.9 m/s2.  Therefore, this study confirmed previous 

findings of exposure levels in excess of the 0.5 m/s2 ‘action value’ threshold for adults in the 

workplace, as defined by EU regulations (112) during neonatal transportation. Their findings 

were also consistent with Shenai et al (113), who also used forehead/torso accelerometer 

placement. Both studies demonstrated that infants transported by ambulance are also 

exposed to low-frequency vibration levels (3 to 18Hz), which are considered hazardous by 

adult standards. However, Shenai et al (113) found much higher exposure levels between 2 

and 5.6 m/s2, which could be related to older vehicle age (1980) and American ambulance 

design. Accurate estimates of WBV levels with concurrent measurement of physiological 
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parameters during neonatal ambulance transportation, in infants of differing GA and 

birthweight, will aid further work aimed at minimising detrimental exposure.  

 

1.4.2.  Adverse effects associated with whole body vibration 

Excessive WBV exposure in healthy adults can cause hypertension, increased heart rate, 

gastrointestinal disturbance, musculoskeletal problems, reduced alertness, dysregulation of 

metabolic and endocrine functioning, and neuropathological changes in both central and 

peripheral nervous systems (109, 110, 114, 115). Variations in cerebral blood flow and 

uncoupling of cerebral metabolism with WBV exposure has been shown on positive 

emission tomography (PET scan) in healthy adult volunteers (116, 117). It is plausible that 

the excessive WBV experienced during neonatal transportation could also lead to changes in 

cerebral blood flow resulting in injury to the fragile vessels within the germinal matrix and 

increase the risk of IVH in these high-risk infants. An area of additional interest is the role of 

excessive WBV exposure resulting directly in brain tissue injury and subsequent neurological 

impairment. This theory is supported by animal studies. Yan et al (118) used an adult rodent 

model to explore the effect of chronic WBV on cerebral vasculature, cognition and 

physiology. The effects of WBV were found to be insidious and resulted in reproducible 

sequelae when assessed over time. Acute, short-term exposure (4.9 m/s2 for 4 hr/day, 5 

days/week, for a total of 2 weeks) caused cerebral vascular vasospasm followed by 

constriction with increased free radicals. Further prolonged exposure resulted in thickened 

cerebral vascular walls, which became uneven with loss of endothelial cells and internal 

elastic membrane lining the vessels and glial cell oedema (118). Additionally, chronic 

exposure resulted in deterioration in the behaviour and physiology of the rats who showed 

a cognitive decline (inability to complete a maze compared to pre exposure), reduced grip 
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force (indicating injury to motor fibres) and extended flick test (time taken to withdraw the 

tail from a heat stimulus indicating sensory nerve damage). Moreover, Curry et al (119) 

found endothelial thinning and loss after a single 4-hour exposure to WBV and 

vasoconstriction within 5 minutes, suggesting vascular injury is an early event. The exact 

mechanism of injury secondary to WBV is uncertain, though potentially transmitted 

vibrational energy within the tissues could result in shearing or twisting forces, triggering 

the inflammatory and cell death pathway (118). Additional injury could occur during 

neonatal transportation secondary to impaction of the brain against the cranium if an 

infant’s head is not adequately secured. Although these studies have focused on exposure 

to chronic WBV, they still provide valuable evidence that WBV can result in brain tissue 

injury. Zeeman et al (120) found exposure to short periods of WBV resulted in both 

activation of microglia and upregulation of GFAP, a biomarker of neuronal injury (121), in 

the spinal cord of rats and resulted in sustained limb allodynia (defined as increased limb 

sensitivity to stimulation through to study end point on day 14 post exposure). Exploring the 

role of short-term WBV exposure in relation to potential brain injury and identification of 

genes implicated in development of pathophysiology could be key to understanding part of 

the mechanism for the increased risk of brain injury associated with transported high-risk 

infants.  
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1.5.  Role of inflammation and microglia in brain injury 

 

Brain injury resulting in neuropathology has historically been described as occurring in two 

stages. Primary tissue damage, which occurs as a direct result of an insult such as trauma or 

hypoxia, followed by delayed secondary tissue damage due to the brain’s inflammatory 

response, development of oedema and subsequent cell necrosis or apoptosis (122). The 

release of inflammatory mediators following primary injury can contribute to neuronal 

death and activation of microglia (123, 124) (Figure 5). Microglia are tissue-based 

macrophages and key innate immune cells of the central nervous system. They have an 

important role in programmed neural cell death during early postnatal brain development 

(125) and in regulating developmental synaptogenesis (126). Following injury, initial 

phagocytosis of cell debris at the site of injury by microglia is beneficial. However, during 

the subsequent phases of injury microglia release pro-inflammatory and cytotoxic factors 

(Interleukin-1 beta (IL-1ß ), Interleukin 6 (IL-6), Tumour Necrosis Factor alpha (TNFα), 

Monocyte chemoattractant protein-1 (MCP-1) and Reactive Oxygen Species (ROS))(127). 

These inflammatory mediators, as well as damaging the white matter within the brain (128), 

further activate additional microglia and other inflammation promoting cells. This causes 

migration of more microglia to the site of injury and initiates a self-perpetuating cycle of 

neuronal death (Figure 6)(127). Although, the inflammatory response in excess can 

contribute to brain injury, it is necessary for regenerative and reparative processes (122).  

Activation of the microglia following primary insult can result in two different phenotypes, a 

M1 pro-inflammatory phenotype or a M2 anti-inflammatory phenotype (129). The M2 

phenotype results in the release of anti-inflammatory factors (Interleukin 10 (IL-10), 

Interleukin 13 (IL-13) and Transforming growth factor beta (TGF-ß)) (127). The ability to 
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change between these phenotypes is essential for initiation of cellular repair and damage 

control. Toll-like receptors, which are present on the membrane of microglia respond to 

endogenous factors (damage associated molecular patterns, DAMPs) released by damaged 

cells and play an important role in the regulation of M1 and M2 microglia (129). It has been 

suggested that activation of Toll-like receptor 4 (TRL4) leads to upregulation of the pro-

inflammatory M1 phenotype, as gene knockout results in an increased M2 to M1 phenotype 

ratio (130). Furthermore, the role microglia perform following injury depends on the type of 

insult and progression of the injury within the tissue (126, 127). Neuronal cell death is 

essential for removal of dysfunctional cells post-insult, however, excessive cell loss can lead 

to neurological deficits (131). It has been suggested milder insults may allow cells to 

recover, otherwise damaged cells will undergo apoptosis potentially several days post injury 

(132, 133). Despite evidence associating both brain tissue injury following an insult with the 

activation of the inflammatory and cell death pathways (122), and singular short-term WBV 

exposure with the activation of microglia within the peripheral nervous system(120), there 

have been no studies exploring the potential relationship between these processes. 
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BBB, Blood brain barrier 

Figure 5. Schematic diagram of primary and secondary brain damage after traumatic brain 

injury, and the involvement of peripheral immune cells, microglia, astrocytes and 

endothelial cells. Taken from Shi et al (129). 
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IL-1, Interleukin 1; TNFα, Tumour Necrosis Factor alpha; NO, Nitric oxide; NOO-, 
Peroxynitrite; O2-, Superoxide; H2O2, Hydrogen peroxide 
 

Figure 6. Reactive microgliosis is a self-propelling cycle of neuronal damage. Regardless of 

the initial toxic insult, dying or damaged neurons activate microglia to produce neurotoxic 

factors, which are toxic to surrounding neurons. Adapted from Block et al (127). 
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1.6.  Role of endoplasmic reticulum stress and cell death pathways in brain injury 

 

Cell death following traumatic brain injury (TBI) has been associated with both long-term 

neurological deficits and mortality in both adults and children (131, 134, 135). The 

mechanisms leading to activation of cell death pathways following inflammation are 

complex and likely to be multifactorial. The activation of endoplasmic reticulum (ER) stress 

and the unfolded protein response (UPR) post TBI, with subsequent cell apoptosis, is 

associated with poor long-term neurological outcomes, making it a potential area to 

develop targeted preventative therapies (136). The ER is a cellular organelle involved in the 

folding and assembly of proteins and membrane lipids (137). Following TBI, both direct 

injury to cells and activation of inflammatory pathways lead to an increase in ROS and 

intracellular calcium within the cell cytoplasm (136). These events cause proteins to unfold, 

which eventually overwhelms the ability of the ER to re-fold. The unfolded proteins 

accumulate within the ER lumen, driving ER stress and the UPR. The UPR is a collective term 

used to describe three mechanistically distinct intracellular signalling transduction 

pathways. ER stress and UPR aim to maintain homeostasis in the ER and ultimately cell 

survival through 1) inhibition of protein synthesis to slow down protein production giving 

the ER time to refold unfolded proteins 2) manipulating stress response genes involved in 

protein refolding 3) degrading beyond repair unfolded proteins (137). However, persistent 

UPR activity indicates ER stress cannot be controlled and results in cell apoptosis (Figure 7) 

(138).  
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ASK1: apoptosis signal-regulating kinase; CHOP: C/EBP homologous protein transcription factor; ERAD: ER-
associated protein degradation; ERO1α: ER oxidase 1α; JIK: jun kinase-inhibitory kinase; ROS: reactive oxygen 
species; TRAF2: tumour necrosis factor receptor-associated factor-2.  

 

Figure 7. Summary diagram demonstrating activation of the unfolded protein response 

(UPR) following endoreticulum (ER) stress. ER stress induces the UPR through a triple 

transcription factor system. Misfolded proteins sequestrate 78-kDa glucose-regulated 

protein (GRP78), thus allowing the activation of three ER membrane-associated proteins. 

Activating transcription factor-6 (ATF6) translocates to the Golgi for cleavage, subsequently 

regulating UPR gene expression. Inositol requiring enzyme 1 (IRE1) upregulates genes 

associated with protein degradation, decreases mRNA translation and ultimately activates 

proinflammatory and apoptotic pathways. Protein kinase RNA like endoplasmic reticulum 

kinase (PERK) phosphorylates eukaryotic initiation factor 2α (eIF2α) to attenuate global 

translation. C/EBP homologous protein (CHOP) signals apoptosis following prolonged 

activation. Adapted from Vandewynckel et al (139). 
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Alternative cell death pathways implicated in injury-induced neuronal loss secondary to 

apoptosis are caspase-dependent pathways and activation of the tumour suppression gene, 

p53, following DNA damage (140). Caspases are a group of proteases and play an essential 

role in the apoptotic pathway (134). Caspase 3 has been shown to be the main 

“executioner” caspase implemented in neuronal apoptosis post-TBI (134, 141, 142). 

Interestingly, treatment of rodents with caspase inhibitors improves neurological deficits 

post-traumatic insult (141). Furthermore, DNA fragmentation secondary to direct cellular 

damage, ROS and activation of downstream caspase-3 dependent protein (143) can lead to 

induction and upregulation of p53 gene. P53 acts to either promote cell survival through 

repair of damaged DNA or can initiate cell apoptosis (140).  

 

Overall, studies evaluating the ER stress response, cell death pathways and subsequent 

neurological outcomes secondary to TBI have mainly focused on animal models of injury 

such as fluid percussion injury, controlled cortical impact, weight drop impact and 

concussion models (144). These models are likely to produce different pathophysiological 

responses to traumatic insult than animals exposed to WBV. Exposure to chronic WBV has 

been associated with neuronal apoptosis and subsequent adverse neurodevelopmental 

outcomes (118); however, the mechanisms linking WBV to cell damage are unclear. No 

studies have explored the effect of a single, short episode of WBV exposure on the 

activation of cell death pathways in the brain, which is essential to understand long-term 

outcomes and potential strategies for therapeutic intervention. 

 

In summary, it is neither ethical to expose high-risk infants to excessive WBV exposure to 

evaluate the effect on neurological outcomes nor possible to directly measure markers of 
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neuroinflammation or cell death easily in infants who routinely undergo inter-hospital 

transfers. Therefore, an appropriate animal model representative of both preterm and term 

infants is required to evaluate these potential associations. 
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1.7.  Development of a rodent model to evaluate vibration related brain injury  

 

Rodents have been used as models for research to represent both normal and pathological 

processes of the human brain for centuries. Anatomically, the structures of the human and 

rodent brain are similar and from a practical view rats are easy to handle, relatively 

inexpensive and less prone to stress through handling than other species (145) (Figure 8). 

   

There is currently debate as to the developmental stage of the rodent brain which best 

correlates with those of human infants. Historically, day 7 (D7) rodents have been used in 

research to represent the central nervous system (CNS) of term infants following 

comparison of the timing of the brain’s peak growth spurt between rodents and term 

infants (146). However, this has been challenged due to the varying development rate in 

different areas of the brain (147). Additionally, the use of anatomical weight alone does not 

take into consideration functional maturation of the brain (147). Romijn et al (148) and 

Clancy et al (147) evaluated neurological events to determine the best-fit model to correlate 

the postnatal age of rodents with a human infant. They concluded rodents of postnatal day 

12-13 were functionally the best-fit comparison to a term human infant.  

More recently, Craig et al (149) proposed an alternative view by encompassing the outcome 

area of interest into the model. They proposed a rodent model based on the comparison of  

 cerebral white matter development in rodents and preterm infants. They concluded 

postnatal D7 and D14 rodents are comparative to human infants of 32 weeks’ GA and at 

term, respectively, for CNS development (Figure 9). This model has been used in the 

research of neonatal brain injuries (e.g. IVH and HIE) (149). Furthermore, Rice et al (150) 

supported these conclusions by demonstrating a D7 rat pup has a germinal matrix and 
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cortical layering similar to a 34 week human infant, therefore, allowing this age to be used 

in studies of germinal matrix haemorrhage.  

 

Overall, brain development can be classified by anatomy, velocity growth curve, 

neurophysiological, metabolic and electrical activity. For work related to my thesis, I have 

used rats at postnatal D4, 7 and 21 to represent human neonatal brains at 24-25 weeks, 32-

34 weeks and post-term gestations, respectively. I have based this on the anatomy of the 

germinal matrix, neurological function and development of white matter, which are my key 

areas of interest. 
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Figure 8: Comparison of human and rodent brain anatomy. Taken from Ellenbrook et al 

(145). 

 

 

 
PVL, periventricular leukomalacia; OL, Oligodendrocyte; P2, postnatal day 2; P7, postnatal day 7; P14, 
postnatal day 14 

 

Figure 9. Summary diagram comparing the salient features of human versus rodent 

oligodendrocyte (OL) lineage progression. Human is depicted during the latter half of 

gestation (20–40 weeks) and is based upon data from Back et al (151). The windows in fetal 

human white matter development that correspond with the perinatal rodent at postnatal 

day P2 and P7 are depicted. Solid lines indicate the developmental period when a given OL 

stage predominates and dotted lines indicate the period when that stage is a minor 

constituent. Taken from Craig et al (149).  
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1.8.  Biomarkers of neurological injury 

 

Animal models are essential to gain an appreciation of the potential causative mechanisms 

underlying brain injury in response to specific adverse insults and aid development of 

preventative therapeutic interventions. However, there are several limitations with the use 

of animal models to represent human neuropathophysiology and correlation with 

translation into potential human outcomes. More recent studies have showed promising 

results using biomarkers in human subjects, including infants, to detect brain injury 

following either hypoxic or traumatic insult. These can be easily detected in the serum and 

urine and have been shown to correlate with prognosis (121, 152-154). Furthermore, 

biomarkers of brain injury have been shown to be effective in detection of sub-clinical injury 

at stages when imaging or monitoring procedures have remained negative (121, 155).  

 

1.8.1.  S100B 

S100B is a calcium binding protein, which is concentrated in glial cells, astrocytes, neurons 

and Schwann cells. It is released during brain cellular injury (156, 157) and can be detected 

in CSF, blood (via the blood brain barrier), urine and saliva (158). S100B is associated with 

increased levels in infants with IVH, even prior to ultrasound detection, and positively 

correlates with the severity of IVH (154, 155). 

 

1.8.2.  GFAP 

GFAP is a cytoskeleton protein expressed by astrocytes and ependymal cells to help 

maintain mechanical strength of the blood-brain barrier. Injury to neurons as a result of 

inflammation or trauma results in a reactive increase in the number of astrocytes with 
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subsequent up regulation of GFAP protein. In addition, GFAP is released rapidly out of 

damaged astrocytes and ependymal cells and can subsequently be measured in both the 

CSF and blood (121).  

 

Both S100B and GFAP could be used as biomarkers of potential subclinical brain injury as a 

result of exposure to WBV during ambulance transfer and potentially identify those who are 

at increased risk of adverse outcomes even when imaging is normal.  
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1.9.  Hypotheses and aims 

The overarching hypotheses relating to this thesis are:  

- Centralisation of neonatal care is associated with adverse neonatal outcomes in 

high-risk infants, which in part is secondary to exposure to noxious stimuli, such as 

WBV, during the transportation process. 

- Centralisation of neonatal care can create an additional burden on parents which 

could increase the risk of poor mental health.   

 

The aims of my thesis were: 

- Establish the UK prevalence of extremely preterm infants who undergo either IUT or 

early PNT  

- Explore the risk of IVH in extremely preterm infants who undergo early PNT 

- Investigate potential stressors for families of high-risk infants who undergo 

centralised care 

- Determine the prevalence of the at risk population of infants with HIE within the UK 

- Determine the effects of centralised care on short-term neurological outcomes 

infants with HIE 

- Explore the effects of short-term WBV on the developing brain at cellular level, using 

a novel rodent model 
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The submitted and drafted papers contained within this thesis, as well as the following 

chapters contain in-depth detail of experimental groups, methods and statistical analysis for 

each presented study. The studies presented within this thesis are: 

 

1. Paper 1. Temporal trends of in-utero and early postnatal transfer of babies born 23+0 

to 27+6 weeks’ gestation between 2011-2016: A UK population study.  

 

Retrospective epidemiological study of preterm infants 23+0 to 27+6 weeks’ GA to define 

the prevalence of infants who underwent either IUT or PNT within 72 hours of birth in 

the UK and any temporal changes.  

  

2. Paper 2: Risk of severe intraventricular haemorrhage in the first week of life in 

preterm infants transported before 72 hours of age 

 

Retrospective epidemiological study of preterm infants <32 weeks’ GA, who were either 

born and cared for at a level 3 centre or required transfer between centres within the 

first 72 hours of life. Multivariable logistic regression models adjusting for key 

confounders were used to determine the risk of IVH in transported infants (52). 

 

  

3. Paper 3. Quantifying the impact of centralised neonatal care on the family: A national 

population study. 

 

Retrospective observational cohort study of all infants <28 weeks’ GA admitted to UK 
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neonatal units. Quantification of potential stressful factors, unique to centralised 

neonatal care, on the family of high-risk infants. 

 

4. Paper 4. Trends in the prevalence and management of hypoxic-ischaemic 

encephalopathy in the therapeutic hypothermia era: a national population study 

 

Retrospective observational cohort study of infants admitted to neonatal units in the UK 

to define the prevalence of the at-risk population of infants with HIE and changes over 

time.  

 

5. Association of birth in centres without active therapeutic hypothermia and seizure-

free survival following neonatal hypoxic ischaemic encephalopathy: A nationwide 

study 

 

Retrospective observational cohort study of infants 36 weeks GA with 

moderate/severe HIE and underwent TH. Propensity score-matching was used to 

determine the association of birth in a non-cooling centre with survival without seizures, 

mortality and seizures alone. 

 

6. Pre-manuscript data: The effects of WBV, as experienced during neonatal ambulance 

transportation,  on the developing brain  

 

Animal study using a novel neonatal rodent model that I helped develop to investigate 

the potential adverse effects of WBV exposure at a level equivalent to that experienced 
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by a neonate during an ambulance transfer. The effect of WBV on cortical injury within 

the brain at different developmental stages was evaluated.  
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Chapter 2.   Temporal trends of in-utero and early postnatal transfer of 

infants born 23+0 to 27+6 weeks’ gestation between 2011-2016: A UK 

population study 

 

Following the implementation of centralised intensive care in the UK, national guidance was 

developed advising high-risk extremely preterm infants (<28 weeks’ GA) should be delivered 

and cared for in hospitals with a level 3 NICU on site due their inherent increased risk of 

mortality and severe morbidity (159, 160). Additionally, neonatal services should aim to 

configure services to achieve this goal in 85% of extremely preterm deliveries (1). IUT is the 

optimal pathway, where feasible, based on evidence supporting better outcomes compared 

to PNT as previously discussed (15-17, 20). However, there is no current national data 

evaluating the rate of IUT or PNT in the UK or whether this has changed over time. 

Furthermore, there is a lack of national data to evaluate trends in early PNT between 

hospitals of similar levels, which could provide valuable information on cot capacity issues.  

Therefore, I have evaluated the prevalence of IUT and early PNT (within 72 hours of birth) 

including the level of referring and receiving neonatal units within the UK and changes over 

time. This will allow a greater appreciation of current practice in the UK and potential 

impact of lack of cot capacity on PNT rate.  

For statistical analysis, the study population was separated into two equal epochs to 

evaluate temporal changes. Mann-Whitney U test was used for group analysis to compare 

changes between epochs. Odds ratio (OR) and confidence intervals (CI) were calculated. 
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During the study period from 2011 to 2016, there were 14 719 infants 23+0 to 27+6 weeks’ 

GA admitted to neonatal units in the UK. Of these, 4005 (27.2%) underwent IUT and 3042 

(20.7%) had early PNT. The prevalence of IUT has significantly decreased over time 

(between Epoch 1 (2011 to 2013) and Epoch 2 (2014 to 2016)) (28.3% (n= 2089) vs 26% 

(n=1916), p<0.01), whilst conversely early PNTs within 72 hours have increased (19.8% 

(n=1461) vs 21.5% (n=1581), p=0.01). The total percentage of all IUT and PNTs by GA 

between the two epochs are shown in Figure 10 and Paper 1.  Gale et al (19) examined 

potential barriers to IUT locally within the London area and found the main reasons were a 

considerable length of time required by labour ward staff to organise, lack of a co-ordinated 

system to find a neonatal cot and maternal bed within the same hospital, and concerns 

regarding imminent delivery. Careful consideration is required to determine which women 

can be safely transferred using obstetric expertise and predictors of preterm delivery (161, 

162). However, evidence suggests the majority of women in threatened preterm labour do 

not deliver within 24 hours of presentation (163, 164). Additionally, infants rarely deliver 

during transportation (161, 163, 165). This highlights the window of opportunity for IUT may 

be greater than currently perceived.  

On the other hand, some women who undergo IUT for threatened preterm labour do not 

subsequently go onto deliver within 7 days, with many delivering at gestations which would 

no longer require level 3 care (166). These transferred women could contribute to maternity 

unit bed pressures and neonatal cot capacity issues due to expected deliveries potentially 

being considered in bed numbers. In addition, studies have demonstrated IUT can have a 

negative psychological impact on families due to loss of social network support, separation 

from other children, financial costs associated with relocating to another centre and loss of 

choice (167-169). Future work evaluating the additional stress and burden placed on these 
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families would help drive quality improvement projects to provide support for these families 

and develop shared decision making pathways.  

Previous studies have sought to establish risk factor scoring tools to predict the probability 

of preterm birth, though few have been used in relation to IUT (162, 170). An on-going 

study (EQUIPTT) may provide much needed evidence for effectiveness of the use of these 

models as clinical decision-making aids to balance the risk of preterm birth versus 

inappropriate transfer of women (171). However, in this study I was unable to ascertain the 

number of mother’s who had IUT but did not subsequently deliver and infants who were IUT 

but died in the delivery room, as these data are not recorded within the NNRD. For this 

reason, it is essential the national trends of women who undergo IUT but do not imminently 

deliver are evaluated to inform future guidance on who and when to transfer.  

 

 

 

Figure 10. Comparison of in-utero (IUT) and postnatal transfers (PNT) within 72 hours of 

life between Epoch 1 (2011-2013) and Epoch 2 (2014-2016) by GA (IUT n=4005, PNT 

n=3042). Taken from Paper 1 
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My findings of a significant increase in PNTs could expose a greater number of vulnerable 

infants to an increased risk of severe IVH (14, 23, 52). The increasing trend in PNT maybe as 

a consequence of difficulty in undertaking IUT and lack of cot capacity (46). Additionally, 

staff shortages (46), increasing preterm birth rate (3), as well as improved neonatal 

intensive care and changes in practice (172, 173) meaning more infants are surviving, are 

likely to contribute to cot pressures and therefore the need for PNT.  

 

The proportion of infants who undergo early level 3 to level 3 PNTs has increased over time 

(8.1% (n=119) vs 10.2% (n=161), p=0.05)(Table 3) and Paper 1. Although the exact reason 

for transfer is beyond the scope of this study, it potentially could reflect transfers due to 

lack of cot capacity and highlights the impact of cot capacity issues on the expanding PNT 

rate. Furthermore, the overall rate of mortality for extremely preterm infants has 

significantly decreased over time, however, for infants who underwent level 3 to level 3 

early PNT there was a significant increase in mortality. Given these infants should receive 

similar standards of care at both centres and there was no difference in demographic 

background or ANS administration between time epoch groups, this raises concern 

regarding early PNT as a contributing factor in this high-risk group. However, this study was 

limited by the use of retrospective methodology, so I was unable to account for evolution of 

practice over the study period and the lack of detail on the cause of death in these infants. 

Further work is warranted to further validate these findings and to explore whether this 

could be, in part, as a result of exposure to excessive WBV during PNT. In addition, my 

findings provide support that funding and strategic service change could help address 

factors contributing to cot capacity issues. Development of national guidance to aid clinical 
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decision making about which infant to transfer due to capacity related issues may minimise 

potential risks. 

 

The lack of detailed clinical background information for infants who had early PNT restricted 

my ability to assess whether there were missed opportunities for IUT. Despite this, I was 

able to evaluate trends in proportion of PNT infants who received a full course ANS. This 

would suggest the mothers of these infants were an inpatient at the referring centre for at 

least a period of 24 hours prior to delivery, during which an IUT may have been feasible. My 

findings showed the proportion of early PNT infants who received a full course of ANS has 

significantly increased over time (40% (n=578) to 43.3% (n=685), p=0.02). This data supports 

findings from Gale et al (19) that a large number of IUT attempts fail due to service 

provision barriers.  

 

Given the significant reduction of IUTs resulting in preterm delivery over time, a review of 

national service configuration is required and consideration be given to a designated 

centralised approach to IUT to avoid unnecessary early PNT. My findings highlight the 

potential need for formal guidance upon which IUT decisions are made for women in 

threatened preterm labour to minimise missed opportunities and un-necessary transfer of 

women. Furthermore, it is important neonatal networks develop strategies to evaluate 

service provision and address barriers to IUT. This will help to achieve government targets 

and improve outcomes. 
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Unit level Epoch 1 
n = 1461 

Epoch 2 
n = 1581 

  

Referring Receiving PNT infants 
n (%) 

PNT infants 
n (%) 

% change p value 

L3 L3 119 (8.1) 161 (10.2) + 35.3 0.05 

L2 L3 902 (61.7) 1022 (64.6) +13.3 0.09 
L1 L3 317 (21.7) 279 (17.6) -12.0 <0.01 

L3 L2 25 (1.7) 31 (2.0) +24.0 0.61 
L2 L2 36 (2.5) 32 (2.0) -11.1 0.41 

L1 L2 34 (2.3) 22 (1.4) -35.3 0.06 

MLU L2 2 (0.1) 0 (0) n too small - 
MLU L3 16 (1.1) 14 (0.9) n too small - 

Missing Missing 9 (0.6) 19 (1.2) - - 

L3, Level 3; L2, Level 2; L1, Level 1; MLU, Midwife led unit; PNT, Postnatal transport 

 

Table 3: Referring and receiving neonatal unit levels for all postnatally transported infants 

23+0 to 27+6 weeks’ gestational age within 72 hours of birth in the UK between 2011 and 

2016. Taken from Paper 1 

  



 55 

Chapter 3.   Risk of severe intraventricular haemorrhage in the first week of 

life in preterm infants transported before 72 hours of age 

 

Centralisation of neonatal care has led to reduced mortality in extremely preterm infants 

(11), but is associated with an increased risk of IVH (23, 24, 53). However, studies reporting 

this association did not differentiate between early perinatal brain injury occurring within 

the first week of life and later brain injury. The use of early CrUSS within the first 7 days of 

life as an outcome measure is imperative to correlate early perinatal events to brain injury, 

which in these studies could otherwise have occurred due to later postnatal event, such as 

sepsis. To allow a better understanding of the relationship between early PNT and perinatal 

brain injury, I evaluated the risk of severe IVH in preterm infants transported within the first 

72 hours of life whilst adjusting for key antenatal (including ANS) and perinatal confounding 

factors.  

For statistical analysis, the study population was grouped according to transport status, then 

further sub-grouped into <28 week and 28-32 week GA cohorts. Associations between 

demographic and clinical variables with transport and with IVH were assessed using chi-

square tests and Mann-Whitney-U test. Multivariable logistic regression was used to 

calculate the adjusted odds ratio for the association between transport and IVH. This 

methodology was used as opposed to propensity score matching to control for confounding 

factors, as the relatively small study population within subgroups analyses, along with the 

imbalance of covariates between groups would result in sample attrition potentially leaving 

too few cases for meaningful analysis with the latter method. Furthermore, confounders 

considered for inclusion within in the model included those which occurred after infant 

transportation (e.g. inotrope).  
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My findings have shown early PNT is associated with an increased risk of severe IVH in 

extremely preterm infants compared to infants who are born and remained at a level 3 

hospital (52). This association remained despite adjusting for major confounding factors. 

Although, there was no significant difference in the risk of severe IVH for transported infants 

who were 28 to 32 weeks’ GA (figure 11), this may be due to these infants having an overall 

lower risk of IVH in this GA subgroup. My results are consistent with previous studies 

demonstrating an increased risk of severe IVH in transported preterm infants (23, 24, 53). 

However, through evaluation of CrUSS on day 7 of life I was able to demonstrate association 

with early perinatal brain injury. This is a key period for the development of IVH (22, 35) and 

this raises the possibility that the transportation process itself contributes to this additional 

morbidity, particularly as other key risk factors for IVH were controlled for. Though I 

acknowledge some residual confounding effect may remain due to variable data entry error 

or imprecision and unmeasurable variables, such as differences in provision of care. 

Additionally, utilising day 7 CrUSS for outcome analysis allowed for any inflammatory 

process related to the transportation process to evolve but minimised the effects related to 

later postnatal insults. The mechanism for the association between IVH and early transport 

is likely multifactorial and not fully understood. It is plausible the noxious stimuli infants are 

exposed to during the transport pathway (88, 89, 100, 174), as previously described, could 

contribute to the increased risk of brain injury seen in these infants. These noxious stimuli 

are associated with fluctuations in heart rate, respiratory rate and blood pressure in 

preterm infants, which can ultimately result in changes in the cerebral vasculature (175, 

176). Hoffman et al (31) demonstrated preterm infants who developed severe IVH had 

increased time with impaired cerebral autoregulation during the first 96 hours of life 
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compared to infants without IVH. Moreover, exposure to excessive WBV can cause 

morbidity in adults including neurovascular injury and capillary wall damage in animal 

models. This cellular injury could, in part, contribute to poor neurological outcomes in 

extremely preterm infants. CrUSS is an effective imaging modality for the evaluation of 

gross neuropathology but it does not allow for detection of more subtle changes on a 

microscopic or molecular level. Based on my findings in this study, further research to 

investigate the mechanism by which these stimuli contribute to brain injury is essential. This 

will allow development of preventative measures and aim to reduce poor neurological 

outcomes. 

 

A complete course of ANS prior to delivery is associated with a significant reduced risk of 

IVH (both mild and severe) in preterm infants <32 weeks GA irrespective of transport status 

(32, 52). However, transported infants were significantly less likely to receive a full course of 

ANS (52). This is a measure of the quality care reported by the National Neonatal Audit 

Programme and remains an area of on-going improvement within neonatal networks (1). 

The neuroprotective effect of ANSs is seen with extremely preterm infants undergoing early 

PNT, although those receiving a full course of ANS still had an increased risk of severe IVH. 

However, a full course of ANS was still beneficial over having either no or an incomplete 

course (figure 12). The reduction in risk of severe IVH seen in these infants who received a 

full course of ANS, could be related to the upregulation of GFAP resulting in less fragility of 

the germinal matrix (30) or lung maturation leading to reduced respiratory distress and 

need for invasive ventilation (7). IVH remains one of the leading causes of severe 

neurodisability in preterm infants. I have demonstrated that the risk of severe IVH 

associated with early PNT in preterm infants is not completely mitigated by ANSs. 
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Magnesium sulphate is an additional antenatal neuroprotective agent that has been shown 

to substantially reduce the risk of cerebral palsy (6) in childhood. However, the use of 

magnesium sulphate was not recorded within BadgerNet during the study period and 

therefore, could not be included as a potential confounding factor within the model. 

Although, it is unlikely to affect the prevalence of early IVH (177, 178). 

Overall, my analysis provides valuable information for obstetricians and neonatologists of 

the need for on-going service development to facilitate IUT with the aim to reduce adverse 

outcomes associated with PNT. However, IUT is not always possible, therefore potential 

contributing factors to these associated risks need to be explored. Improvements in 

ventilation, incubator thermoregulation and reduction in exposure to noise and WBV could 

help minimise physiological instability and risk of neurological insult in these high-risk 

infants. 
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                                     Severe IVH, Grade 3 and 4 

Figure 11: Comparison of proportion of severe intraventricular haemorrhage (IVH) 

between transported and inborn infants by gestation subgroups. 

* Denotes significance, p<0.05. Taken from Shipley et al (52). 

 

 

 

 
                            No/Mild, None/Grade 1 and 2; Severe IVH, Grade 3 and 4 

Figure 12: Comparison of proportion of no/mild intraventricular haemorrhage (IVH) and 

severe IVH in inborn and transported infants less than 28 weeks’ gestational age, sub 

grouped by antenatal steroid course. * Denotes significance, p<0.05.  

Taken from Shipley et al (52). 
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Chapter 4.   Quantifying the impact of centralised neonatal care on the 

family: A national population study 

 

Parents of preterm infants are faced with a multitude of stressors, from the anxiety of 

unexpectedly giving birth early, concerns regarding risk of mortality through to long-term 

survival with severe co-morbidities. Consequently, they have been shown to be at an 

increased risk of poor mental health compared to parents of term infants (40, 45). 

Centralisation of care is essential to improve survival for extremely preterm infants (11), but 

may result in an infant being cared for in a centre located further away from home (Paper 

3). This can add additional stress due to separation from children and their support 

network, the burden of travelling long distances and associated financial implications (car 

parking, sustenance and travel costs) (57). The charity Bliss recently reported a large 

number of level 3 centres had inadequate accommodation, car parking provision or ability 

to provide financial support (58). However, there is a lack of quantification of key factors 

that contribute to this additional stress placed on parents through centralised care, a 

requirement to support adequate funding and improve provision of services. Furthermore, 

these aspects are particularly important if an infant were to die whilst away from their BH, 

as parents are likely to be isolated and away from their support network. Currently, there 

are considerable gaps in the provision of mental health professionals on neonatal units (46) 

and an absence of studies to quantify the proportion of high-risk parents who are more 

likely to require these services. To gain a better appreciation of these potential stressors, I 

evaluated the time and distance an infant is cared for outside of their BH, early maternal-

infant separation and the number of infants who die whilst away from their original BH.  
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Centralised neonatal care resulted in 58.6% of all extremely preterm infants admitted to 

neonatal units in the UK being transferred and cared from away from their BH, with almost 

a third requiring at least two care episodes in a non-BH (Figure 13)(Paper 3).  

 

 

 

Figure 13. Number of hospital episodes for infants cared for away from their booking 

hospital during neonatal care. Taken from Paper 3. 

 

Early PNT occurred in 19% of these infants, a period during which maternal-infant 

separation is likely to occur secondary to maternal health concerns post-delivery, lack of 

maternal inpatient bed or inability to travel within the same ambulance as her newborn 

(55). This maternal-infant separation not only affects bonding (55) and maternal mental 

health outcomes (40) but often results in a barrier to the provision of colostrum and 

maternal breastmilk (55), which is beneficial to infants to reduce the risk of necrotising 

enterocolitis (179), late onset sepsis (180) and improved neurodevelopmental outcomes 

(181). Long-term physical separation and lack of hospital accommodation, particularly if an 
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infant is being cared for a long distance from their home, over the course of an infant’s 

hospital admission can also affect the transition to direct breastfeeding (55). IUT would 

mitigate the negative impact associated with early maternal-infant separation, as well as 

reducing the risk of severe brain injury (15, 182). However, there are substantial barriers to 

undertaking IUTs in the UK (19), which potentially has contributed to a significant decrease 

in IUTs over time (Paper 1). Formal evidence-based guidance to aid clinicians in the decision 

of who and when to IUT could prevent delayed referral. Modifications in service provision to 

ensure designated staff to undertake IUT and adequate staffing at level 3 maternity units to 

manage these additional women could also help improve the number of IUTS. In light of 

previous work (19, 161) and my data, the benefits and cost of a co-ordinated national IUT 

pathway and service needs further consideration. Nevertheless, it is important to recognise 

that IUT still requires an infant to be cared for away from their BH and is likely to contribute 

to additional parental stress. This is supported by Porcellato et al (167), who found through 

structured parental interviews the lack of familial support, logistical issues around child care 

and financial impact made IUT a disruptive and anxiety provoking experience. 

 

Infants were cared for away from their BH a median of 39 days throughout their hospital 

admission, with almost a third spending more than 60 days away (Figure 14). This was 

particularly true for 24 and 25 weeks’ GA infants. This finding is in keeping with Seaton et al 

(183) who found 24 to 25 weeks’ GA infants had an overall longer length of hospital stay 

then those at 26 to 28 weeks. Moreover, evaluation of infants at 23 and 24 weeks’ GA 

showed a large cohort had relatively short lengths of stays. This is likely to represents 

infants who died early in their admission with the survivors requiring a subsequent 

prolonged length of stay away (Figure 14).  These data support a better understanding of 
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the length of time away from a BH providing valuable information for planning resources, 

service configuration and parent counselling. 

 

 

Figure 14. Violin plots (median and IQR) of the number of days transferred infants spent 

away from their booking hospital stratified by gestational age. Taken from Paper 3. 

 

Infants were typically cared for an average return distance of 74km (46 miles) from their 

parent’s residence. This could equate to 518km (324 miles) per week if visiting every day 

and highlights a substantial barrier if parents are unable to drive, in addition to the cost and 

travelling time (Figure 15). This additional burden is exacerbated by the shortage of 

available parent accommodation at neonatal units and the inability to provide financial 

support (58). Overall, half of mothers of infants cared for away from their BH had a previous 

pregnancy suggesting these parents may have other children at home (Paper 3). Given the 

combined length of time an infant spends away from a BH and distance from parents’ 

residence to a non-BH, it is likely parents will be faced with the difficult decision between 
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spending time caring for other children and their sick infant on the neonatal unit. This can 

have an effect on bonding and long-term family functioning (184).  

 

Half of extremely premature infants who died during this period did so away from their BH. 

This represents a large cohort of families who are likely to be away from their support 

network at a time of heightened stress. Lack of social support following a neonatal death is 

associated with an increased risk of adverse grief reaction (185). This highlights the essential 

need for provision of mental health workers and accessible bereavement support with 

subsequent follow up, which maybe challenging due to the distance from home, to reduce 

long-term adverse psychological outcomes. 

 

Overall, the results presented in this thesis demonstrate that there is an additional burden 

on families of extremely preterm infants who are transferred away from their BH with early 

maternal-infant separation, extended periods away from home and the need to travel long 

distances. There is a further impact on parents of infants who die away from their BH due to 

lack of bereavement support from family and access to services at a non-BH. Service 

providers need to focus on improving the care we deliver for these families by minimising 

separation, provision of adequate facilities, financial support and access to psychological 

services to improve parental well-being and mental health.   
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Figure 15. Return distance from the mother’s place of residence to non-booking hospital. 

Taken form Paper 3 
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Chapter 5.   Trends in the prevalence and management of hypoxic-ischaemic 

encephalopathy in the therapeutic hypothermia era: a national population 

study  

 

HIE remains the largest contributor to brain injury in the UK (47). TH is now the standard of 

care for moderate/severe HIE in the UK following evidence supporting reduced mortality 

and severe neurodisability (66, 67, 69, 70, 186). Despite this, recent data on the current 

management and outcomes of infants with HIE in the TH era are lacking.  

 

TH has been demonstrated as a safe and acceptable treatment with minimal adverse effects 

for infants 36 weeks’ GA (78, 187). However, there have been reports of a therapeutic drift 

to management of infants, such as those with mild HIE and late preterms, outside of current 

evidence-based guidance (78, 91, 93, 94). Although infants with mild HIE have adverse 

outcomes at 18 months (death or moderate or severe disability), there is insufficient 

evidence to recommend routine use of TH (93). Similarly, the use of TH in late preterm 

infants has been associated with higher rate of mortality and complications compared to 

more mature infants (78, 91). To gain a better understanding of the current trends in HIE 

and management of infants outside of current guidance, I examined the prevalence of mild, 

moderate and severe HIE in both term and late preterm infants within the UK population. 

For statistical analysis, the study population and subgroups (late preterm and mild HIE 

infant) were divided into two equal epochs to evaluate temporal changes. Associations 

between demographic and clinical variables for infants with moderate/severe HIE were 

assessed using chi-square test and Mann-Whitney U test. 
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My study identified 12,195 infants with a diagnosis of HIE between 2011 - 2016. The 

prevalence of moderate/severe HIE within the population was 2.03 per 1000, which is 

similar to the findings of previous studies (47, 59). Both the prevalence of moderate/severe 

HIE (2.00 vs 2.07 per 1000, p=0.12) and overall mortality of infants 34 to 42 week’ GA with 

moderate/severe HIE (0.21 vs 0.20 per 1000, p=0.32) have not significantly decreased over 

time, highlighting HIE remains a major cause of mortality and severe neurodisability in the 

UK (Paper 4). Following the publication of the TOBY trial in 2008 (66), the implementation of 

TH as a treatment for HIE in infants  36 weeks GA has significantly increased (1.09 vs 1.40 

per 1000, p<0.001) with a corresponding decrease in mortality (15.1% vs 10.9%, p<0.001) 

(Paper 4). Reassuringly, mortality in these infants treated with TH has continued to decrease 

since the TOBY study from 20% to 12.7% (78)(Paper 4), which is likely to reflect a change in 

practice recognising and implementing treatment earlier, as well as improving intensive care 

management.    

 

There has been no temporal change in the prevalence of mild HIE and overall mortality rates 

were low. Nevertheless, the proportion of infants managed with TH has significantly 

increased with almost a third of infants being treated (Paper 4)(93, 94). The extension to 

treating these infants could be potentially on compassionate grounds or on the background 

of increasing evidence that infants with mild HIE may have adverse outcomes of death or 

moderate/severe disability at 18 months of age (93, 188). Similarly, my study, which is the 

largest to date to evaluate the rate of HIE and use of TH in late preterm infants within the 

UK population, has demonstrated the prevalence of moderate/severe HIE and rate of 

mortality has remained unchanged over time, but the use of TH has significantly increased 
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(26.0% vs 39.4%, p<0.001) (Paper 4). Moreover, late preterm infants with moderate/severe 

HIE had a significantly higher rate of mortality compared to more mature infants (Figure 16) 

(Paper 4)(91), which highlights the need for further studies to evaluate the safety and 

efficacy of TH in these infants.  

 

Overall, these additional infants who undergo treatment with TH outside of the 

recommended guidelines could result in an increased number of infants being separated 

from their parents for the duration of the therapy. This risks additional strain on already 

overwhelmed transportation teams (86), adding to cot capacity issues (46), increasing 

healthcare costs (189) and exacerbating the psychological impact on the family whilst their 

infant is being cared for away from their BH (45, 184). These infants may also be exposed to 

the unnecessary risks from TH management (187) and invasive procedures, which can 

further add to their comorbidity. Before widespread TH occurs in these infants, studies are 

required to evaluate its efficacy in both late preterm infants and mild HIE to establish any 

benefits (or harm) and avoid transportation of these infants to another centre for 

treatment. 
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Figure 16. Rate of infants with moderate or severe hypoxic-ischaemic encephalopathy 

managed with therapeutic hypothermia and mortality for infants born in the UK, between 

2011-2016, by gestational age. Taken from Paper 4. 
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Chapter 6.   Association of birth in centres without active therapeutic 

hypothermia and seizure-free survival following neonatal hypoxic ischaemic 

encephalopathy: A nationwide study 

 
Active TH has been successfully established in the UK within specialist cooling centres. 

Infants born in non-cooling centres are usually passively cooled prior to transportation by 

designated neonatal transport teams. This pathway for those born in a non-cooling centre 

could lead to adverse events and delay in treatment with active TH, as previously discussed. 

Delays in treatment beyond 6 hours of age could reduce potential benefits of TH, 

particularly as there is evidence to suggest early treatment with TH is associated with better 

neurodevelopmental outcomes (75, 76). However, these studies where limited by sample 

size and there have been no studies assessing the impact of a nationwide approach to 

centralised TH for infants with HIE. I therefore explored the relationship between birth in a 

non-cooling centre without immediate access to TH with short-term outcomes.  

 

For statistical analysis, clinical variables between infants born in non-cooling centres and 

cooling centres were compared using chi-squared test for categorical data and Mann-

Whitney U test for non-normally distributed data. The effect of birth in a cooling centre on 

outcomes was described using odd ratios. Propensity score matching was used as, similar to 

randomised control trials, this methodology allows separation of study design and 

outcomes. The large sample size in this study resulted in a good untreated-to- treated ratio. 

This permitted, through matching, creation of balanced groups of demographic and clinical 

covariates prior to analysis. Furthermore, unlike regression, propensity score methods result 

in estimation of marginal treatment (population-average) effects.  
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In the UK, 46.7% of infants 36 weeks GA with moderate/severe HIE managed with TH were 

born in a non-cooling centre. These infants were significantly less likely to survive without 

seizures, a result that was likely driven by the significantly higher seizure rate as the rates of 

mortality were similar regardless of birth centre (Paper 5). Although I was not able to 

establish long-term neurodevelopmental outcomes, previous studies have shown infants 

with HIE who develop seizures have a worse long-term neurological outcome compared to 

those with no seizures (62, 64, 65).  

My findings are consistent with Natarajan et al (190) who demonstrated no significant 

increase in mortality based on place of birth, but this study did not find any difference in 

severe neurodisability. However, this study was limited by small sample size (n=205 infants 

compared to n=5059 in my study) and differences in key baseline characteristics. Using 

propensity score-matching, I was able to create well balanced groups for major confounding 

factors including the grade of HIE. There are likely several contributing factors for this 

association between birth in a non-cooling centre and significantly increased risk of seizures 

in surviving infants. Although, my study population was well matched for key background 

and confounding factors, I was unable to account for unmeasured confounders, such as 

effectiveness of resuscitation, quality of intrapartum and early neonatal management. 

There has been concern that centralisation of neonatal care has led to de-skilling of staff 

(191) and it is plausible that sub-optimal management within non-tertiary centres in part 

contributes to this increased morbidity. However, on evaluation of infants born in level 2 

centres only, who are likely to have experienced similar perinatal care, the association of 

birth in a cooling centre and improved neurological outcomes persisted. This suggests the 

cause is less likely to be due to differences in early care alone (Paper 5). 
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Another consistent finding and potential contributor to the additional seizures seen in these 

infants is the delay in reaching optimal therapeutic temperature (Figure 17)(Paper 5) (80, 

85). It is plausible that infants born in a non-cooling centre receive only partial protection of 

TH through either delayed or ineffective passive cooling resulting in decreased dampening 

of excitatory neurotransmitters and apoptosis (75). I found a significant reduction in 

seizures in infants with immediate access to TH within a cooling centre, supporting the 

hypothesis that additional neuroprotection is provided by early cooling. Evaluation of the 

benefits of early versus late cooling is not possible with this database, a greater 

understanding of this is essential to improve long-term outcomes. 

 

In addition to potential differences in early care and delay to TH, infants born in a non-

cooling centre must undergo early PNT for further management. The transport environment 

exposes infants to potentially detrimental environmental factors (88, 89, 100, 102, 103). It is 

possible that the underlying inflammatory and cell death pathways seen in infants with HIE 

are exacerbated by exposure to these stimuli resulting in worse neurological outcomes. 

Future studies should be undertaken to evaluate the effect of excessive vibration exposure, 

which has been shown to contribute to brain injury in animal studies (118), on the more 

mature infant brain and those with hypoxic brain injury. This would allow the investigation 

of potential neuroprotective agents, which could be used as adjuvants to TH and potentially 

improve outcomes in these infants. Furthermore, evaluation of physiological parameters 

and biomarkers of brain injury, such as urinary S100B during ambulance transportation 

could allow correlation between level of exposure and potential brain injury. This will aid 

development of strategies to minimise noise and vibration exposure.  
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Figure 17. Admission temperature and arrival time following transfer to a cooling centre 

(n = 2027) (a) tabular data (percentage) on each of the categories based on admission 

temperature and time, (b) individual plots for each infant divided into key zones as in 

table (a) with the shaded area as optimal temperature in the 6 hour therapeutic window 

for infants 36 weeks gestational age with moderate or severe hypoxic-ischaemic 

encephalopathy. Taken from Paper 5. 
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Chapter 7.   The National Neonatal Research Database 

The use of large clinical databases of routinely collected prospective data for research has 

increased in recent years (192). These data can be used to evaluate trends within a 

population, provide insight into causes and outcomes of disease, compare population 

outcomes between interventions and develop risk factor models (193). In addition, the use 

of routinely collected electronic data in clinical trials has been shown to reduce the costs 

associated with paper based data collection (Case Record Forms) (194).  

 

Data from the NNRD has been used to evaluate outcomes for all the drafted papers 

contained within this thesis. The NNRD holds demographic and antenatal details, along with 

prospectively recorded daily clinical data and outcomes from every infant admitted to UK 

neonatal units, with the exception of Northern Ireland. The data is anonymised, cleaned 

prior to entry into the database, screened for erroneous entries and amended by the 

Neonatal Data Analysis Unit, in addition to external checks by clinicians for key data items. 

 

7.1.  Strengths and Limitations 

The main strength of the NNRD is the large number of neonatal patients contained within 

the database from 180 neonatal units. This has provided a reliable representation of the 

population of infants admitted to neonatal units nationwide, minimised variation by 

geographical location and in clinical practice between units, allowed population trend 

analysis over time and permitted adequately powered statistical analyses. Battersby et al 

(195) and Jawad et al (196) evaluated the data quality within the NNRD and found 

completeness of data for common baseline data items (e.g. gender, GA, birthweight) that 
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have been reported across large UK neonatal trials was high (>95% complete). Hence, 

validating the use of this database for research purposes.  

 

However, there are several limitations associated with the NNRD: 

- Northern Ireland neonatal units currently do not contribute to the database. On account of 

this, the results of my study cannot completely describe population trends across the entire 

UK.  

- The number of contributing databases has increased over time since establishment of the 

database in 2007. The NNRD included all neonatal units in England by 2012, and all units in 

Wales and Scotland by 2015. Data were collected for all the previously discussed studies 

between 2011 to 2016. In 2011, 90% of neonatal units in England contributed to the NNRD. 

Despite this, I was able to use a standardised extrapolation method (47) to give a lower and 

upper estimate of missing data using actual data from admissions and outcome of interest 

rates from 2012-2016. 

- It was not possible to accurately determine missing data from absence of a characteristic 

for some dichromatous data items (e.g. early risk of infection, preeclampsia).  

- Data items can lack detail resulting in potential data inaccuracy. For example, the presence 

of seizures is a dichromatous outcome within the database. Based on NNRD data alone, it is 

not possible to determine between electrical and clinical seizures. Similarly, in 2016 the 

NNRD included additional detail to the TH data field (passive and active cooling). However, I 

was unable to use this additional data within my studies as this was either unavailable prior 

to 2016 or poorly completed. Therefore, it is unclear from NNRD data whether infants 

recorded as undergoing cooling within the database underwent passive or active cooling. 

This potentially could have impacted on the proportion of late preterm infants or those with 
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mild HIE recorded as undergoing TH within Paper 4. Although, this is less likely as only those 

cooled for a period > 24 hours were included. 

- Missing data. Jawad et al (196) reported high completeness for baseline data variables 

commonly found within large UK trials. However, other data items had between 10 to 30% 

missing data. The data variables used for my studies had between 0.1 to 15.7% missing 

observations, which could lead to loss of precision in the estimation of treatment effect. For 

this reason, I have used multiple imputation or separate categories to minimise bias 

resulting from missing data.  

- Erroneous data. The Neonatal Data Analysis Unit screens for erroneous data, although this 

cannot mitigate completely if the data is incorrect at the point of entry.  

- The use of magnesium sulphate, an important neuroprotective agent, was not recorded 

within the NNRD until after 2016. Therefore, I was unable to include this as a confounding 

factor in Paper 2. Future studies should consider inclusion of this variable in models that 

evaluate neurological outcomes in preterm infants. 

- Long term outcomes are not universally recorded within the database, therefore limiting 

my study outcomes to the point of discharge. Likewise, the NNRD lacks neuroimaging data, 

which would allow better evaluation of neurological outcomes.  

- Infants who die in the delivery room or do not require medical intervention are not 

entered on the database. On account of this, national ONS data that includes all live births 

in England and Wales were used to assess population prevalence and mortality rates in my 

study (Paper 4)(222). 
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Chapter 8.   The effects of whole body vibration, as experienced during 

neonatal ambulance transportation, on the developing brain 

8.1.  Background 

Excessive WBV exposure from motor vehicle use has been associated with detrimental 

health outcomes in adults (109, 110, 114, 115). The exact mechanism of injury secondary to 

WBV exposure is not yet fully understood but is likely to result from twisting and shearing 

forces within the tissues of the body from transmitted vibration waves. Animal studies have 

demonstrated this tissue damage subsequently leads to activation of the inflammatory 

cascade in an attempt to restore cellular homeostasis and repair damage (118, 120). 

However, the often excessive inflammatory process can lead to cell death and can 

contribute to adverse long-term outcomes (134). These studies have mainly focused on the 

effects of WBV exposure in adult rodents, as well as the effects of chronic exposure rather 

than a single acute exposure episode. One hypothesis in this thesis is centralisation of 

neonatal care leads to an increased risk of early brain injury in preterm infants who undergo 

early PNT as part of their care pathway. Previous studies have confirmed that these high-risk 

infants are exposed to excessive WBV during ambulance transportation (88, 89, 101, 102) 

and have an increased risk of severe IVH (52, 53). Therefore, it is possible this excessive 

vibration through either direct injury as described above, or through impact of the brain 

against the cranium leads, to inflammation and cell death. At present, there is a paucity of 

evidence to evaluate the effect of short-term WBV on the preterm brain. 

 
In addition to preterm infants, those with HIE and born outside of cooling centres also 

require early PNT (approximately 500-560 per year (13, 21)). This often occurs shortly after 

a hypoxic brain insult.  Hypoxia of the brain tissue leads to the onset of inflammation, influx 
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of microglia to the area and subsequent apoptosis over the following hours to days (197). I 

have previously demonstrated that birth in a non-cooling centre without immediate access 

to active TH is associated with reduced survival without seizures (Paper 5). Seizure activity in 

these infants is reflection of ongoing secondary cell injury that occurs in these infants and 

correlates well with neurodevelopmental outcomes (64, 65, 198, 199). The underlying 

mechanism is likely multifactorial, but it is plausible that the transportation process could be 

a contributing factor. It is therefore important to evaluate the risk to this large cohort of 

high-risk infants who undergo early PNT secondary to centralisation care. Using my new 

rodent model of short-term WBV exposure, I evaluated the effect of this insult on microglial 

activation, inflammation and cell death pathways. 
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8.2.  Methods 

 

The methods used for evaluation of the effects of short-term WBV on the cortex of the 

brain using my neonatal rodent model are summarised in Figure 18. A more detailed 

account of the study methodology is given in Appendix 1. 

 

 

 

 
WBV, Whole body vibration; D4, Day 4; D7, Day 7; D21, Day 21; m/s2, metres per second squared; RT-
qPCR, Real-time quantitative polymerase chain reaction; ELISA, Enzyme-linked immunosorbent assay; 
PAS, Periodic-acid Schiff; TUNEL, deoxynucleotidyl transferase-mediated dUTP nick end labelling; UPR, 
Unfolded protein response 
* separated for 86 minutes (moderate intensity cohort) or 90 minutes (high intensity cohort) 
** exposure time of 86 minutes (moderate intensity cohort) and 90 minutes (high intensity cohort) 

 

 

Figure 18:  Summary diagram demonstrating the study outline for the evaluation of the 

effects of short-term whole body vibration on the developing brain 
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Due to guiding principles (three R’s) underpinning the humane use of animals in research, 

different gender of animals were used for the moderate and high WBV groups. This has 

eliminated within group bias, but potentially could introduce sex as a confounding factor 

between vibration groups. Schwarz et al (200) found that male postnatal day 4 rodents have 

significantly more microglia in the cortex than females. This finding decreases with age. This 

could suggest the difference between moderate and high WBV groups is potentially greater 

than observed due to confounding by sex. However, they found no sex difference in the 

expression of pro-inflammatory cytokines (IL-1β, IL-6, TNFα) in the brain cortex of rodents at 

day 4 or at day 30. Consequently, evaluation of pro-inflammatory gene expression is less 

likely to affected by gender bias. 
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8.3.   Results: The impact of WBV on the developing brain 

Following development of a novel rodent model, I used D4, D7 (immature) and D21 

(mature) rodents to evaluate the potential effects of a single short-term WBV exposure on 

the developing brain.  

 

8.3.1.   The Inflammatory Pathway 

My study has shown exposure to a single period of short-term WBV resulted in a significant 

increase in reactive microglia in the cortex of the brain (Figure 19), similar to that seen with 

TBI. This response was reduced in D21 rodents compared to the more immature animals on 

postnatal D4 and D7 with a 1.2 fold increase in proportion of microglial present within the 

brain cortex of D21 animals compared to a 3.4 and 2.2 fold increase at D4 and D7, 

respectively (Figure 19). Furthermore, histological evaluation revealed significant neuronal 

oedema following exposure. These changes were evident in both postnatal D4 and D7 

rodents, but to a lesser extent in the more mature rodents (Figure 20).  
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Figure 19. (A) Percentage of total area of microglia within the designated regions of 

interest in the brain cortex of control and vibrated rodents on postnatal day 4, 7 and 21 (n 

= 6-8/group). Representative slides of (B) microglia (arrow) in the brain cortex of control 

postnatal day 4 rodents, and (C) brain cortex of vibrated postnatal day 4 rodents 

demonstrating reactive microgliosis (arrows) (x20 magnification). Data represent mean + 

SD * p = <0.05, ** p = <0.01.  

  

Control Vibration 

A 

B C 
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Figure 20. (A) Percentage of total area of neuronal oedema within the designated regions 

of interest in the brain cortex of control and vibrated rodents on postnatal day 4, 7 and 21 

(n = 6-8/group). Representative slides of (B) the brain cortex of control postnatal day 4 

rodents and (C) Brain cortex of vibrated postnatal day 4 rodents demonstrating neuronal 

oedema (arrows) (20x magnification). Data represent mean + SD. ** p = <0.01. 

  

Control Vibration 

A 
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These findings support the hypothesis that excessive short-term WBV induces primary 

pathological injury and activation of resident immune cells within the cortex. Parallel 

upregulation of TRL4 (Figure 21) within the cortex of immature rodents is likely to result in 

predominance of the M1 phenotype of microglial and drive subsequent release of pro-

inflammatory cytokines. This is further supported by the increase in Il-6 and TNFα (Figure 

21). Surprisingly, in my model, Il-1β, a pro-inflammatory cytokine implicated in the 

regulation of other cytokines, cell apoptosis and oedema formation, was not significantly 

increased following short-term WBV exposure in this group. This could be related to the 

timing of tissue sampling, as Il-1β  levels peak 12 hours post injury and are directly related 

to the severity of the injury (123). This highlights the importance of further studies to 

evaluate the progressive effects of inflammatory changes within the brain tissue over time 

and correlation with neurological outcomes.  
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Figure 21. Relative mRNA expression of pro-inflammatory genes in the brain cortex of 

control and whole body vibration exposed animals on (A) postnatal day 4 and (B) 

postnatal day 7 (n = 8/group). The genes shown are Interleukin 1 beta (IL-1β), Interleukin 

6 (IL-6), Tumour Necrosis Factor alpha (TNFα) and Toll-like receptor 4 (TLR4). Data is 

shown as mean + SEM and is expressed as relative fold change compared to control 

animals. * p = <0.05, ** p = <0.01 

  

A 

B 
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In contrast, there was no increase in mRNA expression of pro-inflammatory genes (IL-1β, IL-

6, TNF, TRL4) despite evidence of reactive microgliosis in D21 rodents (Figure 22). The lack 

of upregulation of pro-inflammatory genes in the more mature animals could be a reflection 

of less cell damage resulting in decreased release of ROS and endogenous factors (DAMPs). 

The subsequent lack of TLR-4 upregulation decreases microglia influx into the cortex and 

promotion of pro-inflammatory M1 phenotype microglia. On the basis of lack of evidence of 

a pro-inflammatory response, it is possible the increase in microglia seen in D21 rodents 

post insult are of the anti-inflammatory phenotype.  

 

 

 

Figure 22. Relative mRNA expression of the pro-inflammatory genes Interleukin 1 beta (IL-

1β), Interleukin 6 (IL-6), Tumour Necrosis Factor alpha (TNFα) and Toll-like receptor 4 

(TLR4) in the brain cortex of control and whole body vibration exposed animals on 

postnatal day 21 (n = 8/group). Data is shown as mean + SEM and is expressed as relative 

fold change compared to control animals.  
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The detection of IVH is easily visualised on CrUSS and correlates well with long-term 

neurological outcomes (34, 201). However, it has been suggested that CrUSS is unable to 

detect the entirety of white matter damage (201). Epidemiological studies have shown 

preterm infants who have had no detectable IVH on CrUSS still have worse 

neurodevelopmental outcomes compared to term infants (36), with almost a quarter of 

these infants developing moderate/severe neurosensory impairment (38). The findings in 

this thesis raise the possibility that the inflammatory process associated with short-term 

WBV, as experienced during ambulance transportation, could in part, contribute to the 

morbidity seen in infants with no detectable IVH and also potentially contribute to the 

development or extension of pre-existing IVH seen in infants following transportation (52). 

This theory is further supported by Supramanium et al (202), who found preterm infants 

with isolated GMH/IVH but no overt venous parenchymal infarct had increased microglial 

activation, cell apoptosis and TNFα expression in the periventricular white matter. 

Therefore, on this basis the persistent activation of the microglia and pro-inflammatory 

mediators could possibly be a contributing factor to white matter injury leading to long-

term neurological deficits in infants exposed to WBV. 
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8.3.2.  Endoplasmic reticulum stress, unfolded protein response and cell death pathways 

 

Both prolonged ER stress and cell death have been associated with long-term adverse 

neurodevelopmental outcomes in both animal and human studies following TBI (203). 

Therefore, I investigated the effect of short-term WBV on ER stress and cell death pathways 

to explore the potential impact of WBV exposure on neurological outcomes. 

 

ER stress has been demonstrated in the cortex of the brain of rodents exposed to TBI 

sufficient enough to cause mechanical cellular damage (136). Similarly, exposure to a single, 

short period of WBV equivalent to that experienced in an average neonatal transport 

resulted in ER stress within the more immature brain, potentially through direct cellular 

damage, as previously described. This was evident with a significant upregulation of GRP78 

(Figure 23). GRP78 is a chaperone protein which ultimately leads to activation of the UPR in 

response to ER stress (204). Activation of the UPR through the PERK and IRE1 pathways 

attempts to maintain cellular homeostasis in response to this insult, as demonstrated by an 

increase in mRNA expression of both ATF6 and NFκB-1 (137, 205)(See Figure 7 for overview 

of UPR response and Figure 23). NFκB-1 can also be activated through several inflammatory 

signals (TNFα, IL-1β ) and secondary to DNA damage. This transcription factor acts to limit 

cellular damage by contributing to the release of anti-inflammatory cytokines, promoting 

migration of microglia to the site of injury (205). This influx of microglia, although potentially 

beneficial through clearance of cell debris, can further exacerbate the inflammatory process 

within the cortex of the brain through release of pro-inflammatory cytokines, as previously 

described. 
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Following prolonged ER stress the UPR function is switched from a protective role towards 

cell death via apoptosis. This was evident within the brain cortex after exposure to short-

term WBV with an increase in C/EBP homologous protein (CHOP) mRNA expression, a 

transcription factor known to promote apoptosis (Figure 23)(137). Prolonged ER stress can 

also activate other pathways resulting in upregulation of stress response genes triggering 

the caspase cascade leading to caspase 3 driven apoptosis (Figure 23)(203). Caspase 3 

activation can also occur through extrinsic pathways involving TNFα following prolonged 

inflammation and has been shown to play a major role in injury-induced neuronal loss after 

TBI (141).  Nevertheless, there was no demonstrable activation of either the ER stress or cell 

death pathways in the mature D21 animals (Figure 24). 
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Figure 23. Relative mRNA expression of genes regulating the unfolded protein response in 

the brain cortex of control and whole body vibration exposed animals on (A) postnatal 

day 4 and (B) postnatal day 7 (n = 8/group). The genes shown are glucose regulated 

response (GRP78) and Activating transcription factor 6 (ATF6) and pro apoptotic genes 

nuclear factor kappa B subunit 1 (NFkB-1), C/EBP homologous protein (CHOP) and Caspase 

3 (Casp 3). Data is shown as mean + SEM and is expressed as relative fold change 

compared to control animals. *p= <0.05 

 

A 
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Figure 24. Relative mRNA expression of the genes regulating the unfolded protein 

response, glucose regulated response (GRP78) and Activating transcription factor 6 (ATF6) 

and pro-apoptotic genes nuclear factor kappa B subunit 1 (NFkB-1), C/EBP homologous 

protein (CHOP) and Caspase 3 (Casp 3) in the brain cortex of control and whole body 

vibration exposed animals on postnatal day 21 (n = 8/group). Data is shown as mean + 

SEM and is expressed as relative fold change compared to control animals.  
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Short-term WBV resulted in a significant increase in TUNEL positive cells within all groups 

compared to control animals (Figure 25 and 26). Rink et al (206) demonstrated that that 

there was a biphasic increase in the number of apoptotic cells at 24 hours and 1 week post 

TBI. This was restricted to the brain cortex following controlled cortical impact brain injury 

in rats (142) and these findings correlate well with results following a single, short-term 

WBV episode.  

 

 
 

     
 
 

 

Figure 25. Representative micrographs (x 10 magnification) demonstrating 4’,6-diamidino-

2-phenylindole (DAPI) and terminal deoxynucleotidyl transferase-mediated dUTP nick end 

labelling TUNEL staining in the brain cortex of control (A) and whole body vibration (B) 

exposed day 4 postnatal rodents.  

 

 

 

DAPI stained cells TUNEL positive cells 
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Figure 26. Total percentage of TUNEL positive cells within the designated regions of 

interest in the brain cortex of control and whole body vibration exposed rodents on 

postnatal day 4, 7 and 21 (n = 6-8/group). Data represent mean + SD. *p = <0.05, **p = 

<0.01. 

 

Interestingly, there was no demonstrable upregulation in mRNA expression of genes related 

to ER stress or cell death pathways in D7 rodents. This could reflect a lack of an 

inflammatory response in this age group following WBV exposure or that these pathways 

are activated beyond 24 hours post insult and therefore would not be detected using this 

single time-point. However, there was a significant increase in the proportion of TUNEL 

positive cells within the cortex compared to control animals, although this effect was lower 

in comparison to D4 animals (Figure 26). Similarly, following WBV exposure, the brain cortex 

in the D21 animals showed no evidence of activation of ER stress, UPR and pro-apoptotic 

mediators (GRP78, ATF6, NFκB-1 and CHOP) (Figure 27). Yet, evaluation of TUNEL staining 
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showed a significant increase in apoptotic cells post-WBV exposure compared to controls 

animals. Overall, the proportion of TUNEL positive cells was lower in D21 rodents compared 

to D4 and D7 rodents post-insult (Figure 26).  
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8.3.3.  Dose related effects of short-term WBV 

As previously described, studies that have evaluated WBV levels during neonatal transport 

have shown infants are exposed to levels of WBV ranging from 0.4 to 6 m/s2 (88, 89, 100, 

113), which would be deemed as little uncomfortable to extremely uncomfortable by adult 

standards. Hellmich et al (207) demonstrated that increasing levels of TBI (from mild to 

severe) are associated with dose dependent neuronal injury in adult rats 24 hours post 

insult. Furthermore, their analysis suggested that TBI induced increased neuroprotective 

gene expression at the most severe injury level. However, the effects of different WBV 

levels on the developing brain have not yet been determined. To gain a greater 

understanding of potential dose related effect of WBV on the developing brain, I explored 

the effects of short-term WBV at a moderate intensity on reactive microgliosis, subsequent 

inflammatory response, ER stress and cell death pathways.   

  

Postnatal rat pups exposed to a moderate level of WBV, equivalent to 0.9m/s2, had 

evidence of primary cell damage, such as of neuronal oedema and reactive microgliosis on 

histological evaluation. Although, neuronal oedema and microglial cell proliferation and 

migration were significantly higher in moderate intensity WBV exposed immature animals 

compared to controls, both measurements were significantly lower compared to animals 

exposed to high WBV (2 m/s2) (Figure 27). Of note, evaluation of postnatal D21 animals 

exposed to moderate levels of short-term WBV did not result in a significant difference in 

neuronal oedema or microglial proliferation compared to controls but did demonstrate 

significantly lower injury than those exposed to high WBV (Figure 27). 
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a Control animals are combined to simplify display of results between WBV groups by rodent postnatal age. 
There was no significant difference between control groups 
 

 

Figure 27. Total area of (A) neuronal oedema and (B) microglia within the designated 

regions of interest in the brain cortex of control, moderate (0.9m/s2) and high (2 m/s2) 

whole body vibration exposed rodents on postnatal day 4, 7 and 21 (n = 6-8/group). Data 

represent mean + SD values. **p = <0.01, *p=<0.05 
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However, there was no corresponding increase in the pro-inflammatory cytokines TRL4, IL-

1β , Il-6 or TNFα in either immature or more mature brains (Figure 28 and 29). These 

findings could suggest that although there was evidence of cellular damage, this was not 

sufficient to drive a significant inflammatory response or potentially any pro-inflammatory 

response had already started to resolve with predominance of anti-inflammatory cytokines 

and M2 type microglia within 24 hours of the sampling time. Ontological studies are 

required to tease out any evidence of early activation of pro-inflammatory cytokines and 

subsequent anti-inflammatory response. Overall, the histological findings and lack of 

inflammatory activation in these animals exposed to moderate WBV levels support the 

hypothesis that the effect of short-term WBV in the immature brain is dose related. These 

findings could be key in the development of safety standards for neonatal WBV exposure 

and would facilitate evaluation of strategies to minimise WBV exposure through targeting 

exposure levels known to result in minimal insult. 
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Figure 28. Relative mRNA expression of the pro-inflammatory genes Interleukin 1 beta (IL-

1β), Interleukin 6 (IL-6), Tumour Necrosis Factor alpha (TNFα) and Toll-like receptor 4 

(TLR4) in the brain cortex of control and moderate whole body vibration (0.9m/s2) 

exposed postnatal day 4 rodents (n = 5-6/group). Data is shown as mean + SEM and is 

expressed as relative fold change compared to control animals.  
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Figure 29. Relative mRNA expression of the pro-inflammatory genes Interleukin 1 beta (IL-

1β), Interleukin 6 (IL-6), Tumour Necrosis Factor alpha (TNFα) and Toll-like receptor 4 

(TLR4) in the brain cortex of control and moderate whole body vibration (0.9m/s2) 

exposed postnatal day 21 rodents (n = 6/group). Data is shown as mean + SEM and is 

expressed as relative fold change compared to control animals.  

 

Similarly, assessment of both D4 and D21 exposed to lower levels of short-term WBV did 

not result in activation of ER stress or cell death pathways (Figure 30 and 31). 
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Figure 30. Relative mRNA expression of the genes regulating the unfolded protein 

response, glucose regulated response (GRP78) and Activating transcription factor 6 (ATF6) 

and pro apoptotic genes nuclear factor kappa B subunit 1 (NFkB-1), C/EBP homologous 

protein (CHOP) and Caspase 3 (Casp 3) in the brain cortex of control and moderate whole 

body vibration (0.9 m/s2) exposed animals on postnatal day 4 (n = 5-6/group). Data is 

shown as mean + SEM and is expressed as relative fold change compared to control 

animals.  
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Figure 31. Relative mRNA expression of the genes regulating the unfolded protein 

response, glucose regulated response (GRP78) and Activating transcription factor 6 (ATF6) 

and pro apoptotic genes nuclear factor kappa B subunit 1 (NFkB-1), C/EBP homologous 

protein (CHOP) and Caspase 3 (Casp 3) in the brain cortex of control and moderate whole 

body vibration (0.9 m/s2) exposed postnatal day 21 rodents (n = 6/group). Data is shown 

as mean + SEM and is expressed as relative fold change compared to control animals.  

 

8.3.4.  Corticosterone 

Immature rodents (D4 to D14), like human infants, exhibit a stress hyporesponsive period 

(208). This is reflected in my findings, that there was a lack of corticosterone release in the 

immature (D7) rodents in either the control or treatment cohort (Figure 32). The release of 

glucocorticoid steroids in response to neurological insults act to suppress inflammation 

through suppression of NFkB-1 activation, reducing microglial ROS production and 

decreasing expression of inflammatory cytokines (IL-1β and TNFα)(209). Therefore, 
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inadequate glucocorticoid production secondary to the stress hyporesponsive period can 

result an increased inflammatory response due to lack of inhibition of cytokines that 

normally counter-acted by glucocorticoid. Interestingly, postnatal D21 animals showed a 

significant increase in corticosteroid release in response to short-term WBV exposure 

(Figure 32). Conversely, excessive glucocorticoid release can have a detrimental affect 

resulting in increased expression of pro inflammatory cytokines (209). Furthermore, 

excessive stress response and subsequent glucocorticoid exposure could potentiate the 

excitotoxic effect of concurrent neurological insults through increased glucocorticoid 

dependent glutamate release (210). This response could contribute to the significant 

increased risk of seizures seen in transported infants with HIE born in a non-cooling centre 

(Paper 5). 

 

 

Figure 32.  Corticosterone concentration in the serum of postnatal day 7 and 21 rat pups 

(n = 6-8/group) 24 hours after short-term whole body vibration exposure (vibration group 

only). Data is presented as Mean + SD. ** p = <0.01 
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8.3.5.  Potential biomarkers of brain injury 

S100B and GFAP have been used as biomarkers of brain injury following traumatic insult and 

correlate well with neurological outcomes (121, 153, 154, 156). As previously demonstrated, 

short-term WBV results in both neuroinflammation and cell apoptosis in the brain cortex. It 

is therefore conceivable these biomarkers could also be used in infants who are exposed to 

WBV following PNT to monitor brain injury and identify infants at high risk of adverse 

outcomes. I have explored GFAP gene expression and S100B serum concentration after 

WBV insult to allow a greater understanding of the association of short-term WBV and 

biomarkers of perinatal brain injury. 

 

The severity of neuroinflammation and cell apoptosis within the brain cortex secondary to 

short-term WBV exposure is age dependent. This was greatest in postnatal D4 animals and 

demonstrated a decline with increasing age. As anticipated, examination of GFAP gene 

expression was upregulated in postnatal D4 rodents after WBV insult, however, there was 

no difference in more mature animals (Figure 33). Similarly, S100B concentration was only 

increased in the serum of immature D4 rodents (Figure 34) and not at D21. These findings 

suggest these biomarkers could be used to monitor brain injury in extremely preterm 

infants. However, currently there is no evidence evaluating serum concentrations of either 

GFAP or S100B in high-risk infants post PNT. This could potentially be used to guide research 

aimed at reducing brain injury. The correlation of these biomarkers with neurological 

outcomes post-TBI raises the possibility for their use following WBV exposure in transported 

infants to aid prognostic evaluation. Careful evaluation and interpretation of their use 

would be required, as biomarker release secondary to early IVH prior to WBV exposure 

could potentially mask more subtle changes in concentration levels.  
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Many infants with HIE need early PNT to a centre providing TH (21). There is evidence to 

suggest that the transportation process could contribute to increased adverse neurological 

outcomes in infants with HIE (Paper 5). Both GFAP and S100B are significantly elevated in 

infants following hypoxic insult and these correspond with HIE severity (121, 156). It has 

been suggested that there could be a synergistic pathway between hypoxia and 

inflammation, which may exacerbate brain injury (211). Despite my findings of a lack of 

biomarker response following short-term WBV in D21 rodents, further studies are 

warranted to evaluate the potential of these biomarkers to detect any additional secondary 

brain injury following a hypoxic insult.  

 

 
 

Figure 33. mRNA abundance of Glial Fibrillary Acidic Protein (GFAP) in the brain cortex of 

postnatal day 4, 7 and 21 rats (n= 7-8/group). Data presented as mean + SEM.  

** p = <0.01 
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Figure 34: S100B concentration in the serum of postnatal day 4 and 21 rats (n= 6-8/group) 

24 hours after short-term whole body vibration exposure (vibration group only). Data 

presented as mean + SD. * p = <0.05 
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8.3.6.   Overview of chapter results 

 
Table 4 provides a summary overview of all my presented findings per rodent age group. 
 
 

 Moderate WBV (0.9 m/s2) High WBV (2 m/s2) 

 Day 4 
(n = 11) 

Day 7 
(n= 13) 

Day 21 
(n= 12) 

Day 4 
(n = 14) 

Day 7 
(n= 16) 

Day 21 
(n= 16) 

Neuronal oedema ↑↑ ↑↑ ↔ ↑↑ ↑↑ ↔ 

Reactive microglia ↑↑ ↑↑ ↔ ↑↑ ↑↑ ↑ 
IL-1ß ↔  ↔ ↔ ↔ ↔ 

IL-6 ↔  ↔ ↑↑ ↔ ↔ 
TNFα ↔  ↔ ↑↑ ↑ ↔ 

TLR4 ↔  ↔ ↑↑ ↑ ↔ 

Corticosterone     ↔ ↑↑ 
 

GRP78 ↔  ↔ ↑ ↔ ↔ 
ATF6 ↔  ↔ ↑ ↔ ↔ 

NFκB-1 ↔  ↔ ↑ ↔ ↔ 

CHOP ↔  ↔ ↑ ↔ ↔ 

Caspase 3 ↔  ↔ ↑ ↔ ↔ 

TUNEL +ve cells    ↑↑ ↑ ↑ 
 

GFAP    ↑ ↔ ↔ 
S100B    ↑↑  ↔ 

WBV, Whole body vibration; m/s2, metre/second2; IL-1β, Interleukin 1 beta; IL-6, Interleukin 
6; TNFα, Tumour Necrosis Factor alpha; TLR4, Toll-like receptor 4; , GRP78, glucose 
regulated response; ATF6, Activating transcription factor 6; NFkB-1, nuclear factor kappa B 
subunit 1; CHOP, C/EBP homologous protein; GFAP, Glial Fibrillary Acidic Protein. Data are 
compared to control animals. 
↑↑p = <0.01, ↑ p = <0.05, ↔ represents data were measured but not significant  
 
 

Table 4. Overview summary of findings from rodents exposed to whole body vibration per 

age group. 

  



 107 

8.3.7.  Discussion 

In summary, the data presented from these experiments support the theory that WBV 

induced injury results in primary direct cellular damage similar to that associated with TBI. 

These findings suggest the severity of injury is age dependent and demonstrated a decline 

with increasing age. Exposure to short-term WBV equivalent to a typical ambulance journey 

can trigger both cellular inflammation and apoptosis within the immature brain cortex. This 

cell injury is more extensive in the extremely immature brain. These findings further support 

epidemiological studies that have associated PNT with adverse neurological outcomes in 

extremely preterm infants (11, 14, 23, 52) and therefore, the need to avoid unnecessary 

PNT. However, this is not always possible so additional work to reduce the level of WBV 

transmitted to the infant from the environment (e.g. modification of the mattress medium) 

is required to minimise potential neurological insult. Although short-term WBV exposure 

resulted in significant cellular apoptosis, it will be important to assess the effects on long-

term neurological function and outcomes.   

Of importance, the lungs of these animals have also been examined with both histology and 

the same gene expression pathways (work undertaken by fellow PhD student).  The lungs of 

the rodents at 4 and 7 days have no evidence of injury or inflammation compared to the 

controls. This would suggest the developing brain is more sensitive to this type of noxious 

stimulus. 

 

Although the impact of short-term WBV is reduced in the more mature brain, this could still 

have important implications. Term infants who undergo early PNT are most likely to have an 

underlying diagnosis of HIE, with resulting onset of cell damage, inflammation and 

apoptosis. There is evidence to suggest there is a synergistic pathway between hypoxia and 
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inflammation, which can exacerbate brain injury (211). Seizure activity in infants with HIE 

occurs due to secondary brain injury post hypoxic insult (212). My finding that, for infants 

with moderate/severe HIE, birth in a centre without immediate access to active TH is 

associated with increased seizure burden could provide supporting evidence that expose to 

WBV during PNT exacerbates brain injury, perhaps in tandem with suboptimal cooling. 

Gaining a greater understanding of the potential for short-term WBV to heighten cell injury 

following a hypoxic insult is essential to avoid worsening long-term neurodevelopmental 

outcomes.  

 

The underlying reason for a greater degree of injury as a result of short-term WBV exposure 

in the more immature animals is not clear. However, it could be as a consequence of: 

- the physical structure of the developing brain. The degree of myelination and water 

content of the brain tissues varies with age (213). This could potentially result in differences 

in the degree of transmission of WBV through the tissues, with forces being more easily 

transmitted throughout the immature brain (135). 

- an imbalance between excitatory and inhibitory pathways of neuroinflammation in the 

developing brain, with the more immature brain displaying heightened sensitivity to 

excitotoxicity after a traumatic insult. The reduced anti-oxidant capacity in the more 

immature brain leads to accumulation of ROS that exacerbates cell damage, promotes 

microglial activation and further inflammation (214, 215).  

-delayed maturational expression of genes involved in the suppression of apoptosis (Bcl-2 

and p35) (216). 

- increased neurogenesis and neural migration with decreasing maturity. Immature pre-

oligodendrocytes have increased susceptibility to oxidative stress, which can result in 
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exacerbated neuronal death and dysfunctional growth in neuronal processes following brain 

injury (211).   

- increased vulnerability of neurons and glial cells to apoptosis during a certain period of 

maturation and differentiation process. The preterm brain has a greater degree of 

physiological cell apoptosis than term infants as a result of high levels of neuroplasticity in 

this age group (135). 

- the stress hyporesponsive period exhibited by immature rodents (208) and human 

preterm infants. As previously detailed, reduced glucocorticosteroid release during this 

period in the more immature animals could result in a lack of suppression of the 

inflammatory pathway.  

 

8.3.8.  Limitations of the rodent model 

The results presented in this chapter have used a novel neonatal rodent model to evaluate 

the effect of short-term WBV on the developing brain. However, there are limitations with 

the use of animal models and subsequent translation into human outcomes.  

 

Potential limitations of my novel rodent model are:  

- the position of the rodent within the holding box. Human infants are transported supine 

with the head directly placed onto a mattress, whereas the rat pups are in a standing 

position. Therefore, the transmission of vibration through the body of the rat pups could be 

attenuated by the muscle tone within the paws, torso and neck.  

- the lack of restraints. Safety harnesses are routinely used during neonatal transportation, 

which aim to minimise movement of the infant within the transport incubator. As detailed 

in Appendix 1, I was unable to use restraints to immobilise the rat pups during WBV 
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exposure. However, movement within the holding box was minimised by the small size of 

the chamber in conjunction with a nest of bedding. This could, however, potentially result in 

additional movement of the rat pup. 

- the use of simulated ambulance journeys. Infants undergoing transportation are exposed 

to varying levels of WBV that can be affected by bumps in the road, stopping, braking and 

accelerating throughout the journey. Although, brief jolts and pauses were included within 

the vibration programme design, Dr. Bloor was unable to incorporate acceleration and 

deceleration movements.  

- increased water to white matter ratio within the rodent brain. This could potentially 

impact on the transmission of vibration waves through the brain tissue.  

- differences in relative body mass and composition between rodents and human infants. 

Human infants have a higher body mass and are likely to experience less body movement as 

a result of WBV exposure (217). Additionally, greater proportion of body fat in humans can 

as a dampening material through absorption of vibrational energy (218).  

- euthanasia at 24 hours post exposure. Therefore, limiting evaluation of temporal changes 

within the inflammatory and apoptotic pathways. 

 

Overall, my findings using this novel rodent model have demonstrated that short-term WBV 

vibration could contribute to brain injury. However, future work using a larger animal model 

would allow mitigation of some limitations associated with this rodent model. For example, 

piglets have a closer correlation to human brain anatomy, similar weight to human infants 

and could be restrained in a supine position. Moreover, it is important extended studies to 

evaluate evolution of the resulting brain injury beyond 24 hours post insult and long term 

functional and cognitive neurological outcomes. 
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Chapter 9.   Conclusions 

The overall aim of this thesis was to evaluate the impact of a centralised approach to 

neonatal care on outcomes for both infants and parents. My findings provide up to date 

evidence that the rates of IUT are decreasing, whereas conversely early PNT of extremely 

preterm infants is increasing. However, early PNT of these infants is associated with an 

increased risk of severe IVH compared to inborns, which can result in severe long-term 

neurodisability. 

 

The centralised care pathway ultimately results in the management of high-risk infants in a 

non-BH, which is often a long distance from parent’s home. It is important to acknowledge 

the additional physical and financial burden this could place on a family. Recognition of the 

potential source of stressors can allow for support services to be developed and highlights 

the need for essential resources, such as adequate provision of accommodation and mental 

health support. 

 

HIE is the leading cause of brain injury in the UK for term infants, though an increasing 

number of infants are being managed with TH outside of evidence-based guidance. A large 

number of infants are born in non-cooling centres without immediate access to active TH. 

Birth in a non-cooling centre is associated with worse short-term neurological outcomes, 

but it remains to be ascertained whether this persists into later life. This finding could 

potentially be due to suboptimal TH but also secondary to exposure to adverse stimuli, such 

as WBV, during the transport process. 
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The novel findings presented in this thesis confirms that short-term WBV exposure can lead 

to inflammation and activation of apoptotic pathways in the cortex of the developing brain 

similar to that associated with TBI. My findings that the severity of insult is age dependent, 

as demonstrated by a decline with increasing age, supports the hypothesis that the more 

immature brain appears to be more at risk of injury than the mature brain. This highlights 

the vulnerability of extreme preterm infants to potential injury, the need to advocate IUT in 

threatened preterm labour and for careful consideration when relocating an infant due to 

cot capacity issues.  

 

There is evidence demonstrating neonatal patients are exposed to excessive levels of WBV 

during transportation. However, it is unclear whether the brain injury associated with WBV 

impacts on long-term neurological outcomes. Additionally, the potential of WBV to 

exacerbate secondary brain injury following already established haemorrhagic or hypoxic-

ischaemic insult is yet to be ascertained. Understanding the potential mechanism of 

causation could allow strategies to be developed aimed at reducing long-term neurological 

deficits. I was able to demonstrate a dose-related association between WBV exposure and 

the activation of inflammatory and apoptotic pathways. Monitoring WBV levels and 

development of methods to minimise transmission of harmful vibration to an infant during 

the transport process is essential to reduce associated adverse effects. Furthermore, there 

is growing interest in new pharmacological neuroprotective agents aimed at reducing 

secondary cell damage and subsequent development of long-term adverse outcomes 

through targeting the inflammatory or apoptotic pathways. However, the findings 

presented in this thesis suggest we need to focus on strategies to reduce PNT of these high-

risk infants, where possible, to prevent potential harm.  
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Chapter 10.   Future work 

 

The findings in my thesis demonstrate that centralisation of neonatal intensive care can lead 

to adverse neurological outcomes in high-risk infants. Future work should focus on 

strategies to increase the proportion of IUTs in the UK. This maybe through development of 

guidelines to recognise women who could undergo IUT earlier and logistical planning of 

service provision, such as ensuring staff are available to accompany women at short notice. 

Further evaluation of the potential benefits of a centralised referral system alongside up to 

date maternity bed and cot status to facilitate the co-ordination of this care pathway is 

required. These interventions could reduce unnecessary early PNTs and the risk of 

associated adverse outcomes. In particular strategies, such as provision of extra beds in 

level 3 centres (159), to address factors contributing to lack of cot capacity can also reduce 

this burden. 

 

 Additional stress placed on a family whilst their infant is being cared for in a specialist 

centre could increase the risk of poor mental health and have a considerable financial 

impact. In light of my findings, along with recent reports from Bliss (46, 57, 58), service 

providers should focus on improving the care we deliver to these families and address 

current deficits in financial support, accommodation and psychological support services.  

 

The data presented within my thesis are the first to describe how the transportation process 

and subsequent WBV exposure experienced during the journey could contribute to brain 

injury through onset of neuroinflammation and apoptosis. However, investigation of both 

the inflammatory and apoptotic pathways beyond 24 hours post insult to evaluate evolution 
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of the resulting brain injury and potentially determine key therapeutic windows for 

neuroprotective agents. Therapies such as erythropoietin and melatonin have shown 

potential (197). Extended studies could examine the potential of these therapies to reduce 

brain injury prior to translation into human studies. It is essential using a suitable model, to 

evaluate the long-term functional and cognitive neurological outcomes following WBV insult 

to determine whether the associated brain injury seen translates into neurological deficit. 

Rodent models have been invaluable in the development of neurological targeted drugs, 

although the translation to human species is not perfect. Rats mature at an accelerated rate 

compared to humans and have a much shorter gestational period (21 days vs 270 days) 

(219). Additionally, there is a paucity of white matter, an area which is particularly 

vulnerable to injury in the preterm infant (211). For evaluation of WBV exposure the 

physical weight, composition and position of the rodent’s head in relation to the vibration 

platform in my study could potentially impact on the transmission of vibration waves 

through the brain tissue. Therefore, it is essential for additional studies to explore the 

effects of short-term WBV on the brain either using larger animal model, which have a 

closer correlation to human brain anatomy or through evaluation of biomarkers of brain 

injury in transported human infants. 

 

There is growing interest in the use of biomarkers present in bodily fluids to allow detection 

of brain injury (121, 153, 154). These biomarkers have proven to correlate well with 

prognostic outcomes, even in the absence of detectable injury using imaging modalities 

(121, 155). I have demonstrated that exposure to WBV at levels equivalent to an average 

neonatal ambulance journey resulted in detection of S100B within the serum and 

upregulation of GFAP. Further work is required to determine whether upregulation of GFAP 
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translates into a detectable protein, which in turn can be detected in the serum following 

WBV insult. However, it could be feasible for future human neonatal studies to utilise these 

markers, which are easily detected in the serum to 1) identify transport associated brain 

injury 2) evaluate correlation with prognosis 3) monitor strategies aimed at minimising 

exposure to excessive vibration. It is possible that by implementing strategies to minimise 

the transmission of WBV to an infant (e.g. through modification of the ambulance, mattress 

materials and harness) we could help reduce the risk of adverse long-term neurological 

outcomes in high-risk infants. I have been involved in a further study during my PhD period 

to evaluate the feasibility of using these biomarker as end points in studies. This study 

aimed in the initial phase to quantify both noise and WBV exposure levels experienced 

during neonatal transportation and correlate these with both physiological and biochemical 

changes (including S100B) that may occur. The results from this phase will be used to 

develop and evaluate strategies aimed at reducing WBV transmission to infants.  Appendix 2 

provides an overview of a study protocol that I help design and gain ethical approval 

demonstrating on-going work in this area of interest.  

 

Finally, there is evidence to suggest earlier cooling is associated with improved outcomes 

(75, 76). Infants who are born outside of a cooling centre have a greater risk of not 

achieving optimal therapeutic temperature within the key treatment window. It would be 

intriguing to explore whether ensuring an infant had a temperature within the therapeutic 

range prior to transportation could provide better neuroprotection to these infants and 

potentially reduce associated adverse outcomes seen in infants born in non-cooling centre. 

Future work should focus on targeting barriers (e.g. service provision, staff education and 

improved recognition) that prevent these infants achieving effective cooling. Active TH is a 
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safe and effective treatment for moderate/severe HIE (187, 220). Provision of active TH at 

all birthing centres prior to transportation with support from level 3 centres could mitigate 

the risk of delayed cooling whilst awaiting transfer. To allow development of a co-ordinated 

service the costs of set up (e.g. equipment, staff training) versus potential benefits of 

reduction in long-term neurodisability needs to be carefully considered. 
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Appendix 1 

Supplementary methods – The effect of whole body vibration on the developing brain 

1.1.   Subjects 

Eight Sprague Dawley rats with timed pregnancy to ensure accuracy of date of delivery were 

obtained from Charles River (Kent, UK). Rat pups of D4 (n = 25), D7 (n = 29) and D21 (n = 28) 

postnatal ages were used as cohorts. The rats were sexed, numbered and randomly 

assigned to each of the timed cohorts then either the control or intervention group 

(http://www.graphpad.com/quickcalcs/randomize1.cfm). For each time cohort female rats 

were exposed to a higher measure vibration programme. All animals were housed with their 

mothers and had free access to maternal milk and water. The environmental temperature 

was kept constant at 21oC and with regulated light/dark exposure to minimise stress 

exposure. Given the novelty of the study, D7 and D21 cohorts were evaluated in the first 

instance to ensure the animals were not overly stressed prior to D4 cohorts. This alongside 

the inability to predict the quantity of each gender per cohort has led to small differences in 

the number of animals in each cohort. The study was approved by the University of 

Nottingham Animal Welfare and Ethical Review Board and were carried out in accordance 

with the UK Animals (Scientific Procedures) Act of 1986 (project license: PPL 40/3560). 

 

1.2.  Vibration exposure 

Intervention rats were placed, un-anaesthetised, into a segmented box fixed to a vibration 

platform (Multi-function 3D rotator PS-M3D, Grant-bio, UK) and control rats were placed in 

a container within the same room for the duration of the vibration programme. Both 

vibration compartments and control holding boxes contained a small amount of bedding 

material to reduce stress due to maternal separation and minimise movement within the 
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box. The accelerometers (Triaxial, model 3093B, Dytran, Doncaster, UK) were fixed to either 

side of the vibration box in marked positions to ensure accurate relocation for subsequent 

cohorts. WBV was measured using a vibration level meter (model SV106, Svantek, Poland).  

Two vibration programmes were devised by Dr Ian Bloor, using ambulance vibration data 

from Blaxter et al (88) and Shenai et al (113) to reflect the range of WBV exposure levels 

reported within these studies. Both studies measured WBV levels via placement of an 

accelerometer on the neonatal head during transportation, allowing more accurate 

estimation of exposure.  

For each time cohort, the animals were separated by gender. The male rodents were 

exposed to an 86 minute programme at an average 0.9 m/s2 (moderate) intensity. This 

reference level represents both the average WBV experienced by the neonatal head and 

length of time for transportation, as demonstrated by Blaxter et al (88) (unpublished data 

used for average journey length was obtained directly from the study authors). Female 

rodents were exposed to a higher intensity 90 minute programme at an average of 2m/s2 

based on exposure levels reported by Shenai et al (113). Both programmes included brief 

pauses and jolts (2m/s2 (moderate programme) and  4 m/s2 (high programme)) to mimic a 

vehicle stopping and road defects or speed bumps. During testing the vibration box was 

weighted with masses equivalent to rodent pups. The male programme was slightly shorter 

than the female programme due to the pre-set length of motion cycles used on the 

vibration platform and need to have an overall lower average WBV exposure. Although, 

Shenai et al (113)  reported higher levels of WBV during transportation, we were unable to 

expose the neonatal rat pups to sustained levels >2m/s2, which could be deemed as 

extremely uncomfortable (108). Furthermore, we were unable to restrain the animals 

within the holding box. This was due to the use of neonatal rodents and guidance as per 
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Animal (Scientific Procedures) Act 1986 (Section 2: Principles of replacement, reduction and 

refinement).  

At the end of the allocated programme both the intervention and control rats were placed 

back with their mothers for 24 hours prior to euthanasia by cervical dislocation and death 

confirmed via decapitation as per Schedule 1 Animal (Scientific Procedures) Act 1986. 

Tissues were collected and either placed into formaldehyde or snap frozen in liquid nitrogen 

and stored at -80 for subsequent genetic and histopathological analysis. 

 

1.3.   Histopathology analysis 

Brain tissue was kept in formaldehyde for 5 days prior to embedding in paraffin wax. Cross 

sections of the brain tissue were obtained using a microtome at 5m in the coronal plane 

and mounted onto Superfrost slides. Three sections were collected for each animal. One set 

of slides were stained using Periodic Acid Schiff staining (Thermo Scientific, Loughborough, 

UK) following manufacturers’ instructions. The sections were examined by light microscopy, 

using a x20 objective lens. Blinded evaluation of histology slides was undertaken using 

ImagePro software (Media Cybernetics, USA). Six non-overlapping regions of interest (ROI) 

in the frontal cortex, to include all six anatomical layers, were identified per animal. The 

area of interstitial space surrounding cells, indicating oedema, and glial cells was calculated 

per ROI. These values were averaged to obtain a single value for both area of white and glial 

cells per animal. 

A further set of slides from female  D4, 7 and 21 rats were used for terminal 

deoxynucleotidyl transferase-mediated dUTP nick end labelling (TUNEL) analysis using 

Promega TUNEL system kit following manufacturer’s instructions. All slides were stained 

with 4’,6-diamidino-2-phenylindole (DAPI) to delineate normal DNA within a cell’s nucleus 



 149 

and digital images were taken using Nixon laser microscope, using 10x objective lens. 

Images were imported into Image Pro software (Media Cybernetics, USA). Blinded 

evaluation of TUNEL positive cells was undertaken using the software’s smart function. 

Positive cells were counted in eight non-overlapping ROI in the frontal cortex on two 

sections from each animal. The ratio of TUNEL positive cells to total nuclei (DAPI stained 

cells) was calculated per ROI. These values were averaged to give the average ratio per 

section/animal. Quantification of Image Pro smart tool for identification of TUNEL positive 

cells was validated via manual counting four ROI in the frontal cortex of five animals.  

 

1.4.   Gene expression analysis 

Frontal cortex brain tissue in D4, 7 and 21 female rats was used for quantitative RT- qPCR. 

Total RNA was extracted using the RNeasy plus Micro kit (Qiagen, West Sussex, UK) and 

protocol based on the single step acidified phenol-chloroform homogenisation method 

(221). RNA purification was quantified with the Nanodrop 1000 (Thermo Fisher Scientific, 

USA) and ND-1000 V3.8.1 software (NanoDrop Technologies, Wilmington, USA). All samples 

were normalised to 1 ng μL-1. Reverse transcription was performed using the High Capacity 

RNA-cDNA kit (Applied Biosystems, Thermo Fisher Scientific, USA) and amplified using a 

Touchgene Gradient thermocycler (Teche Inc, Bibby Scientific Limited, Staffordshire, UK). 

Taqman probes (Applied Biosystems, Thermo Fisher Scientific, USA) or SYBR Green gene 

expression assays (BIO-RAD, Watford, UK) with rat-specific oligonucleotide primers (Sigma, 

Gillingham, UK) (Supplementary table 1) were used to analyse genes regulating 

inflammatory, apoptotic, unfolded protein response and GFAP through quantitative PCR 

using the Step One Plus q-PCR system and v2.2 software (Applied Biosciences). The GeNorm 
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algorithm was used against two reference genes RP29 and RPL13a (stability value M = 0.22) 

to determine gene expression. 

 

1.5.   Serum analysis 

Blood was taken from neck veins post-mortem and allowed to clot at room temperature for 

approximately 30 minutes. Samples were centrifuged at 2000G for 10 minutes to allow 

separation of serum from cells. The serum was subsequently stored at -80 o C. Prior to use 

serum was thawed on ice. Concentrations of cortisol (Detect X Corticosterone Enzyme 

Immunoassay, Abor Assays, USA) and S100B (S100B (Human) ELISA Kit, Abnova, UK) were 

measured using manufacturers’ instructions for  D4 and 21 female rodents.  

 

1.6.   Statistical analysis 

Data was analysed using GraphPad Prism version 8.0 (GraphPad Software, San Diego, CA). 

Data were analysed using Mann U-Whitney test with statistical significance set at p<0.05. 

Gene expression data are expressed as mean + SEM.  
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Supplementary table 1: Identifier of probe assays used for qPCR 

 

Gene Assay ID 

CCL2 (Thermo Fischer) Rn00580555_m1 

Rps29 (Thermo Fischer) Rn00820645_g1 

Nfkb1 (Thermo Fischer) Rn01399572_m1 

ATF6 (Thermo Fischer) Rn01490844_m1 

Hspa5 (thermo Fischer) Rn00565250_m1 

ddit3 (Thermo Fischer) Rn00492098_g1 

CASP3 (Thermo Fischer) Rn00563902_m1 

GFAP (Thermo Fischer) Rn01253033_m1 

IL-6 (BioRad) qRnoCIP0046986 

RPL13a (BioRad) qRnoCEP0050813 

IL1b (BioRad) qRnoCIP0026511 

TNF- alpha (BioRad) qRnoCEP0030948 

TrL4 (BioRad) qRnoCEP0024776 
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STUDY / STUDY OBJECTIVES AND PURPOSE 
 

Hypothesis 
Exposure to vibration and noise during inter-hospital transfer of preterm infants <32 weeks’ 
gestation within the first 72 hours of life will adversely impact on measures of neonatal stress 
and result in micro neurological injury.  
 

PRIMARY OBJECTIVE 
The primary aims of the study are to quantify: 

(i) the level of both vibration and noise as experienced by a preterm infant during 
inter-hospital transportation in ground ambulance in the UK 

(ii) the physiological and biochemical changes that occur as a result of ambulance 
transportation  

(iii) micro brain injury through measurement of urinary S100B and other biomarkers  
(iv) development of intraventricular haemorrhage on cranial ultrasound  

 
Secondary aims of the study are to monitor vibration and sound exposure, using a prototype 
measuring system, during neonatal transport using both a manikin and a small cohort of 
neonatal patients. In addition, we will evaluate vibration and sound exposure levels using an 
updated transportation system modified to reduce effects. 
 
 

STUDY MANAGEMENT 
 
The chief investigator, Dr Don Sharkey (Clinical Associate Professor in Neonatal Medicine, 
University of Nottingham) will ensure the study is run to Good Clinical Practice and study 
investigators on the project will also include Dr Lara Shipley, Paediatric Clinical Research 
Fellow and an as yet appointed successor.  Dr Lara Shipley (and successor) will be 
undertaking the majority of the study data collection and analysis under the supervision of Dr 
Sharkey. Engineering input will be from Professor Donal McNally based at the University of 
Nottingham. Dr Shipley will report weekly progress of the study including adverse events to 
the chief investigator.  
 

Eligibility criteria 

 
Transported group- Preterm infants requiring transfer into or between NUHs neonatal units. 
 
Inborn group- Preterm infants born at one of the NUH centres and requiring admission for 
on-going care. 
 
Inclusion criteria 
Phase 1 Transported group 

- Transported infants <32 weeks’ gestation 
- Transportation within the first 72 hours of life 
- Written parental consent 

 
Phase 1 Inborn Group 

- Infant < 32 weeks’ gestation 
- Less than 72 hours of age 
- Written parental consent  
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Phase 2 Transported Group 
- Neonatal unit infant of any age 
- Written parental consent 

Exclusion criteria (all participants) 
 

- Lethal and/or major congenital abnormality known at study entry 
- No realistic prospect of survival  
- No informed consent 
- Maternal death 

 
 

STUDY / STUDY TREATMENT AND REGIMEN 
 
Infants meeting study criteria will be recruited into either the transported or inborn group 
depending on their normal clinical course. 
 
 
Data collection 
 
All Phases 
In addition to study data, routine clinical data will be recorded from the baby’s notes during 
the study for later analysis on all infants.  This will include: 

- Demographic details (gestation, birth weight, gender, maternal ethnicity and maternal 
age) 

- Pregnancy details (Maternal smoking, infection risk factors, medication,  drug use, 
antenatal scan results, maternal antepartum haemorrhage, antenatal steroids, 
magnesium sulphate and pregnancy related complications) 

- Delivery and resuscitation details (Mode of delivery, cord gases, resuscitation 
requirements, Apgar scores and neonatal admission observations) 

- First routine cranial ultrasound scan results within the first 24 hours of life. This will 
be prior to transportation in the transported infant group and maybe performed by 
a trained clinical researcher if not done by the referring unit upon recruitment. In 
addition, subsequent routine cranial ultrasound results will be collected. These 
ultrasound images are routinely performed as part of the normal care pathway for 
these babies.  The clinical team will store these images according to their current 
clinical practice (at NUH). The study team will review cranial ultrasound images to 
determine any evidence of brain injury or IVH for study purposes; this will not alter 
the normal discussions the clinical team caring for the baby have with the family. 

 
At study entry for all babies. 

- Collection of urine sample from infant using a urine bag or cotton wool balls within 
the nappy for later biomarker analysis (for example S100B). 

- Baseline observations (e.g. temperature, HR, RR and oxygen saturations) 
- We will collect routine blood gas data taken by the clinical team in addition to 

ventilator details, settings and measurements where appropriate. 
- Where possible, a cranial ultrasound will be performed in transported infants (if not 

already done) prior to transfer. 
 
During transportation (for the transported groups in phase 1 and 2) 
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- Temperature (normal care monitoring), HR, RR, oxygen saturations and cerebral 
regional saturation monitoring (using NIRS) will be collected. 

- Vibration and noise levels using accelerometer sensors coupled to a vibration data 
logger (see diagram) and a noise dosimeter. 

- GPS tracking to evaluate road route and speed of ambulance 
- Real time video monitoring of the infant inside the incubator to allow evaluation of the 

infant’s head movement during transfer with “vibration shocks” from the road 
surface/bumps and correlation of vibration with physiological changes. The images 
will be downloaded to the research database at the earliest opportunity and labelled 
with the study number only. 

- Incubator vibration measurement using a smartphone application for comparison and 
quantification against purpose built vibration meters 

- Data from blood tests and clinical investigations taken by the clinical team will also 
be collected. 

 
Inborn Infants (Phase 1)  

- Temperature, HR, RR, oxygen saturation and NIRS monitoring from the point of 
enrolment into the study for up to the first 48 hours. 

- Vibration and noise monitoring from the point of enrolment for up to the first 48 hours 
after arriving on the NICU.  

 
Following either ambulance transport or recording on NICU, further urine samples will be 
collected at about 24, 48 and 72 hours after recruitment as previously described. This, along 
with the initial sample will be assayed at a later date to quantify biomarkers of stress (e.g. 
S100B or cortisol). 
 
During transports when the research team are present, if the incubator is not is use for a 
patient (for example on the way to another hospital to transferring a patient) we will replicate 
the vibration and noise collection using a suitable newborn manikin with different 
mattress/restraint systems and our prototype sensors. 
 
 
 
Outline of sensor set up during monitoring for both phase 1 and 2 
 

 
 
 
All equipment will have appropriate checks, safety testing and sign off for use with NHS 
patients by the NUH Clinical Engineering Department prior to use. 
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For Phase 1, the data-logger, sound meter and vital sign monitors will be safely secured 
to the transport system in accordance with standard clinical procedures. The pulse 
oximetry and NIRS will be placed onto the infant’s wrist and forehead using the provided 
self-adhesive sensors used in routine neonatal care. The vibration logger will be either 
attached to the material of the infant’s hat or on top of a protective duoderm patch on the 
baby’s forehead to provide skin protection, and therefore not in direct contact with the 
skin. The sound meters will not be in direct contact with the infant and will be secured 
either inside the incubator or transport trolley. A mobile phone will be connected to the 
incubator. 
 
For Phase 2, the sensor set up will be as above, however, data loggers will be replaced 
with  the prototype calibrated vibration and noise monitoring systems placed on both the 
infant’s hat/nappy and at various interest points of vibration transmission (e.g. at the 
junction of the trolley frame and incubator) on the incubator and trolley itself. These 
sensors will not be in direct contact with the infant’s skin and will be securely attached to 
the trolley itself.  The transport incubator will be a new type of incubator and so is different 
from that in Phase 1.   
 
Outcome data 
The following on-going care and outcome data will be collected on each baby: 
 
Subsequent level of care including cardiorespiratory support, infections, surgical treatment, 
medication, neuroradiological imaging, and health at discharge from hospital.  For surviving 
babies this information will be collected until they are discharged from hospital.  The same 
information will be collected until the date of death for non-surviving babies. 
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Objective 

Extremely preterm infants have an increased risk of brain injury following postnatal 

transport (PNT). We aimed to explore trends of in-utero transfer (IUT) and early PNT 

Design 

Retrospective cohort study using national data. 

Setting 

UK neonatal units 

Patients 

 Infants 23+0 to 27+6 weeks’ gestation admitted to UK neonatal units  

Main Outcome 

Primary outcome was the prevalence of IUT and PNT within 72 hours of life in the UK. 

Secondary outcomes included mortality and inter-hospital transfer level. Temporal changes 

were compared across two equal epochs 2011-2013 (Ep1) and 2014-2016 (Ep2).  

Results 

14719 infants were included (Ep1=7363 and Ep2=7256).  IUTs significantly decreased over 

time from 28.3% (Ep1=2089) to 26.0% (Ep2=1916) (OR 0.90, 95% CI 0.84-0.97, p<0.01). 

Conversely, PNTs increased from 19.8% (Ep1=1416) to 21.5% (Ep2=1581) (OR 1.11, 95% CI 

1.02-1.20, p=0.01). Level 3 to level 3 PNTs increased by 35% from 8.1% (Ep1=119) to 10.2% 

(Ep2=161, p=0.05). Deaths decreased from 21.6% (Ep1=1592) to 19.3% (Ep2=1421) (OR 

0.90, 95% CI 0.83-0.97, p=0.01). Infants born in a level 3 centre had significantly reduced 

mortality compared to birth in a non-tertiary centre, with greatest reduction seen in infants 

<24 weeks gestational age. 
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Conclusions  

IUTs have significantly decreased in the UK with a parallel increase in PNT, especially 

between level 3 to level 3 hospitals. To achieve the government ambition of a 50% 

reduction in newborn brain injury by 2025, urgent review of IUT service configuration and 

neonatal capacity is needed if we are to meet ambitious government targets and improve 

outcomes for these high-risk babies. 
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Introduction 
 
In 2003, UK neonatal services re-organised into managed clinical networks leading to the 

development of a tiered hospital system consisting of different specialist levels of care 

working together with the aim to improve provision of quality care and neonatal outcomes 

(1). Following implementation of centralised care, national guidance was developed advising 

extremely preterm infants should be delivered within and cared for in hospitals with a level 

3 NICU on site due to their increased risk of mortality and severe morbidity (2, 3). This has 

led to a significant reduction in mortality, although this improvement was not seen in 

survival without neurodisability (4-6). 

 

Extremely preterm infants who are either born in or undergo in-utero transfer (IUT) into a 

level 3 centre have reduced mortality and morbidity compared to those who undergo early 

postnatal transfer (PNT) (4, 7-9). Evidence supporting better outcomes in high-risk infants 

who undergo IUT, compared to early PNT, into level 3 centres has resulted in the adoption 

of IUT as the optimal standard of care where feasible (10). However, due to maternal clinical 

instability, precipitous delivery and barriers to IUT (11), early PNT can be unavoidable. Early 

PNT of extremely preterm infants has been associated with an increased risk of severe IVH 

(12-15). Infants with a severe IVH have increased mortality and an estimated 50 to 80% of 

survivors develop cerebral palsy or cognitive impairment (16).  Not only does this have a 

significant cost to society (14, 17), but it has a long-term impact on the quality of life of the 

child and their family. However, even infants with low grade IVH (1 or 2) have lower 

neurodevelopmental scores compared to those without IVH (16, 18). As such, strategies to 

reduce this level of morbidity are of great importance to public health and a key driver for 

government plans.  
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The cause of excess severe brain injury in PNT infants <28weeks gestational age (GA) 

remains unclear but it is likely to be multifactorial. The perinatal period is a high-risk time 

for IVH in these babies with most occurring in the first few days of life (19, 20), a time when 

they are most likely to undergo PNT (21). In the UK, approximately 450 infants <27weeks GA 

are transferred in the first 3 days of life. It has been proposed that the transport process 

itself may contribute to this increased morbidity seen in these infants due to the exposure 

to an adverse environment, such as excessive noise, vibration and temperature instability 

(22-26). Excessive vibration exposure has been associated with poor health in adults (27, 28) 

and brain injury in animal studies (29, 30).  

 

In 2019, the National Health Service updated their long-term plan with the aim to achieve a 

50% reduction in stillbirths, maternal mortality, neonatal mortality and serious brain injury 

by 2025 (3). To achieve this ambitious target, multiple areas and strategies will need to be 

explored, including the care of extremely preterm infants who have a high risk of mortality 

or significant brain injury (31-33). Understanding the prevalence of IUT and PNT in the UK 

and how these are changing over time could provide invaluable data for service 

optimisation and potential strategies to improve IUT. Gaining an appreciation of same level 

hospital transfers could provide information on cot capacity issues, which is required to 

avoid unnecessary exposure of these infants to PNT. 

 

The primary aim of this study was to establish the prevalence of infants 23+0 to 27+6 weeks 

GA who undergo either IUT or PNT. The secondary aims were to evaluate changes over 

time, describe referring to receiving hospital levels and associated mortality rates.  
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Methods 
 
Study Design and participants 
 
This is a retrospective cohort study of prospectively routinely collected clinical data 

obtained from the National Neonatal Research Database (NNRD). The NNRD is a validated 

database containing data on demographic details, antenatal care and postnatal outcomes 

on all neonatal admissions in the UK.  

Data were collected on all infants born 23+0 to 27+6  weeks’ gestation that were admitted to 

neonatal units in England, Scotland and Wales between 2011-2016. Infants were identified 

as undergoing PT within 72 hours of life the data fields “Discharge destination”, “Admission 

time” and “Discharge time”. IUT infants were identified if their booking hospital code did 

not match the place of birth hospital code. Hospital care level was determined from the 

“Place of birth NHS code” data field. 

Infants born at home, with missing hospital codes (therefore IUT status cannot be 

determined), missing hospital admission episodes and those with erroneous data were 

excluded. Ethical approval was given by the London-City and East Research Committee (REC: 

17/LO/1822).  

Outcomes 

The primary outcome was to establish the prevalence of IUT and PT within 72 hours of age 

for infants 23+0 to 27+6  weeks gestational age. The secondary outcomes were mortality 

rates over the study periods and hospital transfer levels between referring and receiving 

units. 

Statistical Analysis 
 
The population was separated into two equal epochs (Ep1 from 2011-2013 and Ep2 from 

2014-2016) to evaluate temporal changes. Mann-Whitney U test was used for group 
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analysis to compare changes between epochs. Odds ratio (OR) and confidence intervals (CI) 

were calculated with significance set as p<0.05. Statistical analysis was performed using 

Stata SE (StataCorp, Version 15). 

 

Results 

During the study period, 14 719 infants born 23+0 to 27+6  weeks’ gestation were admitted to 

neonatal units in England, Scotland and Wales. Of these 7363 were in Ep1 and 7356 in Ep2 

(Figure 1). 

 

Figure 1. Flowchart of study population demonstrating included/excluded infants 23+0 to 

27+6  weeks gestational age admitted to neonatal units in the UK  

 

 

A total of 4005 (27%) infants underwent IUT with a significant decrease in numbers between 

epochs from 28.3% to 26% (Ep1=2089 and Ep2=1916; OR 0.90, 95% CI 0.84-0.97, p<0.01). 

Conversely, 3042 (20.7%) infants had early PNT, a significant increased between epochs 

from 19.8% to 21.5% (Ep1=1461 and Ep2=1581; OR 1.11, 95% CI 1.02-1.20, p=0.01). The 
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total percentage of all IUT and PNTs by GA between the two epochs are shown in Figure 2 

and Supplementary Table 1. 

 

Figure 2. Comparison of in-utero (IUT) and postnatal transfers (PNT) within 72 hours of life 

between Epoch 1 (2011-2013) and Epoch 2 (2014-2016) by GA (IUT n=4005, PNT n=3042) 

 

   

 

 

Overall, Level 2 to Level 3 transfers were most prevalent accounting for 63.3% (n = 1924), an 

increase between epochs of 13.3% (Table 1). The early PNT of infants between Level 3 

NICUs has seen the greatest proportional increase of 35% from Ep1 to Ep2. There were no 

difference in median gestational age (Ep1 26 weeks (IQR 25-27) and Ep2 26 weeks (IQR 25-

27), p=0.30) or birthweight (Ep1 890g (IQR 750-1000), Ep2 845g (715-956), p=0.18) between 

level 3 to level 3 transferred infants over time (Supplementary Table 2). 
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Table 1. Referring and receiving neonatal unit levels for all postnatally transported infants 

23+0 to 27+6  weeks’ gestation within 72 hours of age in the UK 

 

Unit level Epoch 1 
n = 1461 

Epoch 2 
n = 1581 

  

Referring Receiving PT infants 
n (%) 

PT infants 
n (%) 

% change p value 

L3 L3 119 (8.1) 161 (10.2) + 35.3 0.05 

L2 L3 902 (61.7) 1022 (64.6) +13.3 0.09 

L1 L3 317 (21.7) 279 (17.6) -12.0 <0.01 
L3 L2 25 (1.7) 31 (2.0) +24.0 0.61 

L2 L2 36 (2.5) 32 (2.0) -11.1 0.41 
L1 L2 34 (2.3) 22 (1.4) -35.3 0.06 

MLU L2 2 (0.1) 0 (0) n too small - 

MLU L3 16 (1.1) 14 (0.9) n too small - 

Missing Missing 9 (0.6) 19 (1.2) - - 
L3, Level 3; L2, Level 2; Level 1; MLU, Midwife-led unit; PT, postnatal transport 

 

Overall, there has been no significant difference in the proportion of infants who received a 

full course of antenatal steroids over time, irrespective of transportation subgroup (64.6% 

vs 65.3%, p=0.36). However, for infants who underwent PNT there has been a significant 

increase between Ep1 from 40% (n=578) and Ep2 at 43.3% (n=685) (p<0.01, Table 2). 
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Table 2. Comparison of antenatal steroid course between in-utero transferred and 

postnatally transported infants 23+0 to 27+6  weeks’ gestational age between 2011 - 2016 

 

 Epoch 1 (2011 – 2013) Epoch 2 (2014 – 2016) 

 PNT  
n = 1461 

IUT  
n = 2089 

PNT  
n = 1581 

IUT  
n = 1916 

No steroids  365 (25.0) 87 (4.2) 268 (17.0) 57 (3.0) 

Incomplete course 465 (31.8) 225 (10.8) 550 (34.8) 208 (10.9) 
Complete course 578 (40.0) 1717 (82.2) 685 (43.3) 1597 (83.4) 

Unknown/missing  53 (3.6) 56 (2.7) 78 (4.9) 54 (2.8) 
 Data are n (%) 

 

Mortality 

A total of 3013 (20.5%) infants died during the study period, with a significant 

decrease between epochs (Ep1=1592 (21.6%) vs Ep2=1421 (19.3%); OR 0.90, 95% CI 0.83-

0.97, P=0.01). Infants born at 23 to 24+6 weeks GA showed the greatest benefit from birth in 

a level 3 hospital and had significantly reduced mortality compared to birth in either a level 

1 or 2 hospital (Table 3). Following early PNT, 22.8% (n=686) of infants died. The proportion 

of these infants who died and were PNT from level 1 to level 3 units has decreased over 

time (Ep1 21.4% (n=78) vs Ep2 17.7% (n=57), p=0.22) but not significantly. Whereas infants 

PNT from level 2 to level 3 units has remained the same over time (Ep1 67.2% (n=242) vs 

Ep2 68.3% (n=218), p=0.92). However, deaths following PNT from level 3 and level 3 units 

has significantly increased between epochs (Ep1 5.6% (n=20) vs Ep2 9.7% (n=31); OR 1.83 

(1.02-3.29), p=0.04, Supplementary table 3). There was no significant difference in 

demographic characteristics or antenatal steroid course between epochs for these infants.  
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Table 3: Comparison of births and death by place of birth hospital level per gestational week 

for infants 23+0 to 27+6  weeks gestational age born within the UK from 2011-2016. 

 

Gestation 
(weeks) 

Level 1 
(n= 660) 

Level 2 
(n = 3804) 

Level 3 
(n = 10 053) 

23 

   Births 
   Deaths 

 
44 (6.6) 

30 (68.2) 

 
236 (6.2) 

156 (66.1) 

 
814 (8.1) 

400 (49.1) 

24 

   Births 
   Deaths 

 
111 (16.8) 
51 (45.9)  

 
548 (14.4) 
207 (37.8) 

 
1781 (17.7) 
589 (33.1) 

25 

   Births 
   Deaths 

 
122 (18.5) 
28 (23.0) 

 
633 (16.6) 
147 (23.2) 

 
2056 (20.4) 
416 (20.2) 

26 

   Births 
   Deaths 

 
180 (27.3) 
30 (16.7) 

 
879 (23.1) 
122 (13.9) 

 
2589 (25.8) 
367 (14.2) 

27 

   Births 
   Deaths 

 
203 (30.8) 

19 (9.4) 

 
1508 (39.6) 

131 (8.7) 

 
2813 (28.0) 

253 (9.0) 
                                   Data are n (%) of births at each unit level 
 

 

Discussion 

This study aimed to look at current national trends of IUT and PNT of infants 23+0 to 27+6  

weeks’ GA. We found the incidence of IUT has significantly decreased over time, whilst 

conversely early PNT within 72 hours have increased. This UK (excluding Northern Ireland) 

population study is the largest to date to evaluate the current trends in the centralised 

approach to management of extremely preterm infants. There are several barriers to 

undertaking IUT, such as length of time required by staff with other roles, lack of available 

neonatal and maternal beds within the same hospital and concerns regarding imminent 

delivery (11). Careful consideration is required to determine which women can be safely 

transferred using obstetric expertise and predictors of preterm delivery (34, 95). However, 
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evidence suggests the majority of women in threatened preterm labour do not deliver 

within 24 hours of presentation (36 – 38). Additionally, infants rarely deliver during 

transportation (34, 36, 39). This highlights the window of opportunity for IUT may be 

greater than currently perceived. The lack of detailed clinical background information for 

infants who had early PNT limited our ability to assess whether there were missed 

opportunities for IUT. However, our finding of a significant increase in the number of early 

PNT infants who received a full course of antenatal steroids, would suggest the mothers of 

these infants were an inpatient at the referring centre for at least a period of 24 hours prior 

to delivery, during which an IUT may have been feasible.  

 

The significant increase in early PNTs could expose a greater proportion of vulnerable 

infants to an increased risk of severe IVH (12-14). The reduction in successful IUTs may be in 

part due to difficulties undertaking the IUT pathway, as unlike for neonatal transport 

provision, a co-ordinated centralised network service has yet to be developed. Additional 

pressure from lack of cot capacity at level 3 units is likely to contribute to the need for PNT 

(40). Our finding that there has been a significant increase in level 3 to level 3 transfers over 

time, could be a reflection of cot capacity issues.  

 

Our results are consistent with previous studies (4, 8) demonstrating improved survival with 

birth in a level 3 hospital compared to at a level 1 or 2 centre. The benefit was greatest for 

those at the extremes of viability. The recent BAPM framework (10), advocates a change in 

practice towards more proactive management of infants at the lowest gestational ages, 

following improved survival rates in these infants with advancing perinatal care. Although 

we were unable to account for bias, such as lack of antenatal steroid use in outborn infants 
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due to imminent delivery; our study, highlights the necessity of strategies to improve the 

IUT pathways for these infants to improve outcomes where possible.  

The gestational split on IUT and PNT suggest that an increasing number of infants at 23 

weeks GA are undergoing IUT.  However, the pattern appears reversed for all other 

gestations, a worrying trend considering this makes up the greatest proportion of infants 

<28 weeks. The significant increase in mortality for infants who underwent level 3 to level 3 

transfers is concerning. Given these infants should have been receiving the same standards 

of care at both centres and there was no difference in demographic background or 

antenatal steroid administration, this raises the concern regarding early PNT as a 

contributing factor in this high-risk group.  

 

Strengths of study 

A major strength of this data is the large number of infants included using prospectively 

collected data from all neonatal units in the UK. This enables evaluation of trends for the 

whole population at national level and allows for variation in management across neonatal 

networks. Since data is prospectively entered on a daily basis, this allows accurate 

evaluation of timing of PNT and changes in outcomes over time. 

 

Limitations 

The main limitations of our study include the lack of clinical details on the cause of death 

and potential contributing factors. Another limitation is the lack of PNT details beyond 

coding within the database, this would be useful to explore the reasons for PNT over IUT 

and whether there was a missed opportunity. However, we tried to mitigate this by 
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evaluation of antenatal steroid use which could suggest there was sufficient time to 

undertake IUT.  

 

A further limitation to our study is due to the assumption that all infants born in a different 

centre to where they were booked were IUTs, as the NNRD does not directly record IUT. We 

acknowledge the overall number is likely to be less due to transfer of care to a level 3 centre 

for clinical reasons during the pregnancy or the mother could have been visiting another 

region in the UK (e.g. on holiday) prior to delivery. However, the number of these infants is 

likely to remain unchanged over time, therefore the overall trend is unlikely to change. We 

also acknowledge that we were unable to account for the number of mother’s who were 

IUT but did not subsequently deliver and infants who were IUT and died in the delivery 

room as these data are not recorded within the NNRD. 

In addition, the NNRD only records infants who survive to neonatal unit admission. Infants 

at the extremes of gestational age who do not have IUT are more likely not to be offered 

active care at non-tertiary centres or die in the delivery room. We were unable to account 

for these deaths in our study, whereas those infants at the lowest gestational ages who 

underwent IUT to a tertiary centre are more likely to have active management, successful 

stabilisation following birth and admission to NICU.  

Although the NNRD is a validated database and uses strict measures to ensure erroneous 

data is minimised, it relies on clinicians to input data. Therefore, we acknowledge some data 

entry error may remain. 

 

 

 



 

 15 

Conclusion 

This UK population study highlights, despite the national recommendation of IUT, the 

prevalence of IUT has decreased over time. Consequently, the number of early PNT has 

increased, especially between level 3 to level 3 hospitals. There is increasing evidence that 

early PNT exposes infants to an adverse environment and is associated with risk of severe 

IVH. It is important service providers address factors, such as staff shortages, which 

contribute to lack of cot capacity or midwifery staff able to undertake IUT. Future work 

should focus on strategies to increase the proportion of IUTs in the UK through 

development of guidelines and education to aid recognition of which women could undergo 

IUT and referral for IUT earlier. Further evaluation of the potential  benefits of a centralised 

referral system alongside up to date maternity bed and cot status to facilitate the co-

ordination of this care pathway is required. These interventions could reduce unnecessary 

early PNTs and the risk of associated adverse outcomes to achieve the UK governments 

ambitious targets.   

  



 

 16 

References 

1. Tucker J, Parry G, Fowlie PW, McGuire W. Organisation and delivery of perinatal 

services. BMJ. 2004;329(7468):730-2. 

2. NHS England. Neonatal Critical Care Service Specification. 2016. 

3. NHS. Better Births: Improving outcomes of maternity services in England - A five year 

forward view for maternity care. 2016. 

4. Marlow N, Bennett C, Draper ES, Hennessy EM, Morgan AS, Costeloe KL. Perinatal 

outcomes for extremely preterm babies in relation to place of birth in England: the EPICure 

2 study. Arch Dis Child Fetal Neonatal Ed. 2014;99(3):F181-8. 

5. Lasswell SM, Barfield WD, Rochat RW, Blackmon L. Perinatal regionalization for very 

low-birth-weight and very preterm infants: a meta-analysis. JAMA. 2010;304(9):992-1000. 

6. Gale C, Santhakumaran S, Nagarajan S, Statnikov Y, Modi N, Group NDAUatMfNI. 

Impact of managed clinical networks on NHS specialist neonatal services in England: 

population based study. BMJ. 2012;344:e2105. 

7. Kollée LA, Verloove-Vanhorick PP, Verwey RA, Brand R, Ruys JH. Maternal and 

neonatal transport: results of a national collaborative survey of preterm and very low birth 

weight infants in The Netherlands. Obstet Gynecol. 1988;72(5):729-32. 

8. Hohlagschwandtner M, Husslein P, Klebermass K, Weninger M, Nardi A, Langer M. 

Perinatal mortality and morbidity. Comparison between maternal transport, neonatal 

transport and inpatient antenatal treatment. Arch Gynecol Obstet. 2001;265(3):113-8. 

9. Shlossman PA, Manley JS, Sciscione AC, Colmorgen GH. An analysis of neonatal 

morbidity and mortality in maternal (in utero) and neonatal transports at 24-34 weeks' 

gestation. Am J Perinatol. 1997;14(8):449-56. 



 

 17 

10. British Association for Perinatal medicine. Perinatal Management of Extreme 

Preterm Birth Before 27 weeks of Gestation (2019): A BAPM Framework for Practice 

London: BAPM; 2019  

11. Gale C, Hay A, Philipp C, Khan R, Santhakumaran S, Ratnavel N. In-utero transfer is 

too difficult: results from a prospective study. Early Hum Dev. 2012;88(3):147-50. 

12. Shipley L, Gyorkos T, Dorling J, Tata LJ, Szatkowski L, Sharkey D. Risk of Severe 

Intraventricular Hemorrhage in the First Week of Life in Preterm Infants Transported Before 

72 Hours of Age. Pediatr Crit Care Med. 2019;20(7):638-44. 

13. Helenius K, Longford N, Lehtonen L, Modi N, Gale C, Neonatal Data Analysis Unit and 

the United Kingdom Neonatal Collaborative. Association of early postnatal transfer and 

birth outside a tertiary hospital with mortality and severe brain injury in extremely preterm 

infants: observational cohort study with propensity score matching. BMJ. 2019;367:l5678. 

14. Mohamed MA, Aly H. Transport of premature infants is associated with increased 

risk for intraventricular haemorrhage. Arch Dis Child Fetal Neonatal Ed. 2010;95(6):F403-7. 

15. Amer R, Moddemann D, Seshia M, Alvaro R, Synnes A, Lee KS, et al. 

Neurodevelopmental Outcomes of Infants Born at <29 Weeks of Gestation Admitted to 

Canadian Neonatal Intensive Care Units Based on Location of Birth. J Pediatr. 2018;196:31-

7.e1. 

16. Mukerji A, Shah V, Shah PS. Periventricular/Intraventricular Hemorrhage and 

Neurodevelopmental Outcomes: A Meta-analysis. Pediatrics. 2015;136(6):1132-43. 

17. Petrou S, Abangma G, Johnson S, Wolke D, Marlow N. Costs and health utilities 

associated with extremely preterm birth: evidence from the EPICure study. Value Health. 

2009;12(8):1124-34. 



 

 18 

18. Bolisetty S, Dhawan A, Abdel-Latif M, Bajuk B, Stack J, Lui K, et al. Intraventricular 

hemorrhage and neurodevelopmental outcomes in extreme preterm infants. Pediatrics. 

2014;133(1):55-62. 

19. Al-Abdi SY, Al-Aamri MA. A Systematic Review and Meta-analysis of the Timing of 

Early Intraventricular Hemorrhage in Preterm Neonates: Clinical and Research Implications. 

J Clin Neonatol. 2014;3(2):76-88. 

20. Levene MI, Fawer CL, Lamont RF. Risk factors in the development of intraventricular 

haemorrhage in the preterm neonate. Arch Dis Child. 1982;57(6):410-7. 

21. Gupta N, Shipley L, Goel N, Browning Carmo K, Leslie A, Sharkey D. Neurocritical care 

of high-risk infants during inter-hospital transport. Acta Paediatr. 2019;108(11):1965-71. 

22. Blaxter L, Yeo M, McNally D, Crowe J, Henry C, Hill S, et al. Neonatal head and torso 

vibration exposure during inter-hospital transfer. Proc Inst Mech Eng H. 2017;231(2):99-113. 

23. Campbell AN, Lightstone AD, Smith JM, Kirpalani H, Perlman M. Mechanical vibration 

and sound levels experienced in neonatal transport. Am J Dis Child. 1984;138(10):967-70. 

24. Karlsson BM, Lindkvist M, Karlsson M, Lundstrom R, Hakansson S, Wiklund U, et al. 

Sound and vibration: effects on infants' heart rate and heart rate variability during neonatal 

transport. Acta Paediatr. 2012;101(2):148-54. 

25. Behrsin J, Leslie A, Wynn-Davies A. Thermoregulation of Transported Neonates has 

Improved but Night-Time Transfers are Associated with More Temperature Instability. 

Pediatric Research. 2011;70(5):616-. 

26. Harrison C, McKechnie L. How comfortable is neonatal transport? Acta Paediatr. 

2012;101(2):143-7. 

27. Seidel H, Heide R. Long-term effects of whole-body vibration: a critical survey of the 

literature. Int Arch Occup Environ Health. 1986;58(1):1-26. 



 

 19 

28. Thalheimer E. Practical approach to measurement and evaluation of exposure to 

whole-body vibration in the workplace. Seminars in Perinatology. 1996;20(1):77-89. 

29. Yan JG, Zhang LL, Agresti M, LoGiudice J, Sanger JR, Matloub HS, et al. Neural 

systemic impairment from whole-body vibration. J Neurosci Res. 2015;93(5):736-44. 

30. Curry BD, Bain JL, Yan JG, Zhang LL, Yamaguchi M, Matloub HS, et al. Vibration injury 

damages arterial endothelial cells. Muscle Nerve. 2002;25(4):527-34. 

31. Gale C, Statnikov Y, Jawad S, Uthaya SN, Modi N, group BIew. Neonatal brain injuries 

in England: population-based incidence derived from routinely recorded clinical data held in 

the National Neonatal Research Database. Arch Dis Child Fetal Neonatal Ed. 

2018;103(4):F301-F6. 

32. Mactier H, Bates SE, Johnston T, Lee-Davey C, Marlow N, Mulley K, et al. Perinatal 

management of extreme preterm birth before 27 weeks of gestation: a framework for 

practice. Arch Dis Child Fetal Neonatal Ed. 2020. 

33. National Office of Statistics. Gestation-specific infant mortality in England and Wales. 

London: Office for Nation Statistics; 2018.(Accessed September 2018) 

34. Dupuis O, Arsalane A, Dupont C, Janvier M, Laurenceau N, Louzas I, et al. In utero 

transfer for preterm labor: experience of a regional perinatal hotline providing a 24-hour on 

call service. Gynecol Obstet Fertil. 2004;32(4):285-92. 

35. Goldenberg RL, Iams JD, Mercer BM, Meis PJ, Moawad A, Das A, et al. The Preterm 

Prediction Study: toward a multiple-marker test for spontaneous preterm birth. Am J Obstet 

Gynecol. 2001;185(3):643-51. 

36. Fenton AC, Ainsworth SB, Sturgiss SN. Population-based outcomes after acute 

antenatal transfer. Paediatr Perinat Epidemiol. 2002;16(3):278-85. 



 

 20 

37. Hollingworth J, Pietsch R, Epee-Bekima M, Nathan E. Time to delivery: Transfers for 

threatened preterm labour and prelabour rupture of membranes in Western Australia. Aust 

J Rural Health. 2018;26(1):42-7. 

38. Robles D, Blumenfeld YJ, Lee HC, Gould JB, Main E, Profit J, et al. Opportunities for 

maternal transport for delivery of very low birth weight infants. J Perinatol. 2017;37(1):32-5. 

39. Edwards K, Impey L. Extreme preterm birth in the right place: a quality improvement 

project. Archives of Disease in Childhood - Fetal and Neonatal Edition. 2019:fetalneonatal-

2019-317741. 

40. Cleland S. Bliss baby report 2015: hanging in the balance. Bliss; 2015. 

 

 



 

 1 

Supplementary Online Content 
 
 

Temporal trends of in-utero and early postnatal transfer of babies born 23+0 to 27+6 weeks’ 

gestation between 2011-2016: A UK population study 

 

Shipley L1, Hyliger G2, Sharkey D1 

1 Division of Child Health and Obstetrics and Gynaecology, School of Medicine, University of 

Nottingham, UK 

2 Nottingham University Hospitals NHS Trust, Nottingham, UK 

 

Corresponding Author: 

Dr Don Sharkey, Academic Child Health, E floor, East Block, University Hospital, Derby Rd, 
Nottingham, NG72UH, UK. Don.Sharkey@nottingham.ac.uk. Tel no. 44 1158230611. 

 

 

 

  



 

 2 

Supplementary Table 1: Prevalence of in-utero and postnatal transportation for infants 23+0 

to 27+6  weeks gestational age born between 2011 and 2016 in the UK  

 

 Epoch 1 (n = 7363) Epoch 2 (n = 7356) 
Gestation (weeks) IUT (n = 2089) PNT (n = 1461) IUT (n = 1916) PNT (n = 1581) 

23 – 23+6 124 (1.7) 121 (1.6) 137 (1.9) 111 (1.5) 
24 – 24+6 391 (5.3) 295 (4.0) 370 (5.0) 298 (4.1) 

25 – 25+6 470 (6.4) 338 (4.6) 407 (5.5) 360 (4.9) 

26 – 26+6 560 (7.6) 381 (5.2) 500 (6.8) 418 (5.7) 
27 – 27+6 544 (7.4) 326 (4.4) 502 (6.8) 394 (5.4) 
IUT, In-utero transfer; PNT, Postnatal transportation 

 

 

 

Supplementary Table 2. Gestational age of infants who were postnatally transferred from 

level 3 to level 3 hospitals within 72 hours of age over time 

Gestation 
(weeks) 

Total infants 
(n=  280) 

Epoch 1  
(n = 119) 

Epoch 2 
 (n = 161) 

23 10 (3.5) 6 (5.0) 4 (2.5) 

24 40 (14.3) 13 (10.9) 27 (16.8) 

25 48 (17.1) 17 (14.3) 31 (19.3) 

26 83 (29.6) 38 (31.9) 45 (28.0) 

27 99 (35.4) 45 (37.8) 54 (33.5) 
         Data are n (%)  
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Supplementary Table 3. Demographic characteristics of infants 23+0 to 27+6  weeks’ 

gestational age who underwent early level 3 to level 3 postnatal transfer and died 

 

Variables 
Total infants 

(n = 51)a 

Epoch 1 
(n = 20)a 

Epoch 2 
(n = 31) 

P valueb 

Gender (male) 32 (62.7%) 10 (50%) 22 (71%) 0.13 

Birth weight 
(grams) 

768  
(630-880) 

772  
(573-895) 

768  
(630-855) 

0.85 

Gestation (weeks) 
  23 
  24 
  25 
  26 
  27 

 
7 (13.7) 

13 (25.5) 
9 (17.6) 
9 (17.6) 

13 (25.5) 

 
4 (20.0) 
5 (25.0) 
2 (10.0) 
3 (15.0) 
6 (30.0) 

 
3 (9.7) 

8 (25.8) 
7 (22.6) 
6 (19.4) 
7 (22.6) 

0.66 

Antenatal Steroids 
  None 
  Incomplete 
  Complete 
  Missing 

 
8 (16.0) 

11 (22.0) 
29 (58.0) 

2 (4.0) 

 
2 (10.) 

2 (10.0) 
14 (70.0) 
2 (10.0) 

 
6 (20.0) 
9 (30.0) 

15 (50.0) 
0 

0.08 

Age at transfer 
<24 hours 
24-48 hours 
48-72 hours 

 
29 (56.9) 
7 (13.7) 

15 (29.4) 

 
14 (70.0) 
3 (15.0) 
3 (15.0) 

 
15 (48.4) 
6 (19.4) 

10 (32.3) 

 
 

<0.01 

Day of Death 
0-3 days 
3-7 days 
7-14 days 
14-21 days 
>21 days 

 
6 (11.8) 

11 (21.6) 
12 (23.5) 

5 (9.8) 
17 (33.3) 

 
4 (20.0) 
2 (10.0) 
5 (25.0) 
3 (15.0) 
6 (30.0) 

 
2 (6.5) 
9 (29) 

7 (22.6) 
2 (6.5) 

11 (35.5) 

 
 
 

<0.01 

a Data are n (%) or median (interquartile range) 
b Categorical data analysed using chi squared test, non-normally distributed continuous data analysed  
   using Mann-Whitney U test 
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Objectives: Evaluate the risk of severe intraventricular hemor- 

rhage, in the first week of life, in preterm infants undergoing early 

interhospital transport. 

Design: Retrospective cohort study. 

Setting: Tertiary neonatal centers of the Trent Perinatal Network in 

the United Kingdom. 

Patients: Preterm infants less than 32 weeks gestation, who were 

either born within and remained at the tertiary neonatal center (in- 

born), or were transferred (transported) between centers in the 

first 72 hours of life. 

Interventions: None. 

Measurements and Main Results: Multivariable logistic regres- 

sion models adjusting for key confounders were used to calcu- 

late odds ratios for intraventricular hemorrhage with 95% CIs for 

comparison of inborn and transported infants. Cranial ultrasound 

findings on day 7 of life. Secondary analyses were performed for 

antenatal steroid course and gestational age subgroups. A total 

of 1,047 preterm infants were included in the main analysis. 

Transported infants (n = 391) had a significantly higher risk of 

severe (grade III/IV) intraventricular hemorrhage compared with 

inborns (n = 656) (9.7% vs 5.8%; adjusted odds ratio, 1.69; 

95% CI, 1.04–2.76), especially for infants born at less than 28 
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weeks gestation (adjusted odds ratio, 1.83; 95% CI, 1.03–3.21). 

Transported infants were less likely to receive a full antenatal ste- 

roid course (47.8% vs 64.3%; p < 0.001). A full antenatal steroid 

course significantly decreased the risk of severe intraventricular 

hemorrhage irrespective of transport status (odds ratio, 0.33; 

95% CI, 0.2–0.55). However, transported infants less than 28 

weeks gestation remained significantly more likely to develop a 

severe intraventricular hemorrhage despite a full antenatal steroid 

course (adjusted odds ratio, 2.84; 95% CI, 1.08–7.47). 

Conclusions: Preterm infants transported in the first 72 hours of 

life have an increased risk of early-life severe intraventricular hem- 

orrhage even when maternal antenatal steroids are given. The 

additional burden of postnatal transport could be an important 

component in the pathway to severe intraventricular hemorrhage. 

As timely in-utero transfer is not always possible, we need to 

focus research on improving the transport pathway to reduce this 

additional risk. (Pediatr Crit Care Med 2019; 20:638–644) 

Key Words: cerebral intraventricular hemorrhage; infant, preterm; 

newborn; perinatal care; transport 

 

 
entralization of neonatal intensive care has improved 

preterm mortality; however, morbidity such as neu- 

rodisability remains unchanged (1). Preterm infants 

have an increased risk of intraventricular hemorrhage (IVH) 

(2, 3); although the etiology is multifactorial, the principle 

cause is due to the fragility of the germinal matrix and fluc- 

tuations in cerebral blood flow (4). However, this risk can be 

significantly reduced by administration of antenatal steroids 

(ANS) prior to delivery (5). Severe IVH (grades III and IV) is 

associated with increased mortality and an estimated 70% of 

survivors develop cerebral palsy or cognitive impairment (6). 

This has a significant impact not only on quality of life but on 

society with an estimated lifetime cost per child with cerebral 

palsy of $1.3 million (£1 million) (7, 8). Furthermore, infants 

with mild IVH have lower developmental scores compared 

with those with no IVH (6, 9). 
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Neonatal Intensive Care 

The majority of IVHs start within the first hours and days 

of life (3), coincident with the period when interhospital trans- 

port frequently occurs (10) and, in many instances, grade 1 or 

2 hemorrhages extend to the more severe grade (11). This is of 

particular concern as one in six preterm infants less than 32 

weeks gestation (~1,400 infants) born in the United Kingdom 

are transported in the first 72 hours of life (10) and up to one 

in five are transported in Canada (12). The EPICure 2 study 

found only 7% of extremely preterm infants transported on 

the first day of life, survived without significant morbidity, 

lower than those born and cared for in level 2 (17%) and level 3 

units (15%) (1). Many historical cohort studies have reported 

an increased risk of  severe  IVH  with postnatal interhospi- 

tal transport (8, 13–15), but others have not (16, 17). These 

have a number of limitations including exclusion of high-risk 

patients and omission of important confounders including the 

role of ANS as a potentially neuroprotective agent and proxy of 

good quality antenatal care. More importantly, none account 

for the lack of differentiation between early perinatal (in the 

first week) and later brain injury; the latter could be attributed 

to other risk factors associated with longer-term neonatal care. 

A recent Canadian study, of almost 3,000 infants less than 

29 weeks, found outborn (transported) infants were more 

likely to have a poor neurodevelopmental outcome at 2 years 

old (12). The authors postulated that the outborn infants were 

sicker initially but not 12 hours after transfer and suggested the 

illness severity after delivery and during transport may have a 

major impact on these outcomes. However, no data were pre- 

sented on the day of transfer or risk of severe IVH in the first 

week of life, which could better reflect early perinatal risks in- 

cluding interhospital transport. 

Understanding the prevalence of IVH and the associated 

perinatal factors in the first week of life could provide useful 

data for studies aimed at reducing this during the period of 

greatest risk. Our primary aim was to evaluate the relation- 

ship between neonatal transport, early severe IVH, and ANS 

administration in preterm infants born less than 32 weeks ges- 

tation who were transferred within the first 72 hours of life. 

 

MATERIALS AND METHODS 

Study Design and Participants 

This retrospective cohort study used prospectively collected 

anonymized clinical data from a validated online national 

U.K. database (18), BadgerNet (Clevermed, Edinburgh, United 

Kingdom), between 2007 (the start of the database in this net- 

work) and 2016 as well as local clinical records where appro- 

priate. Data were collected on all preterm infants born less than 

32 weeks gestational age (GA), who were either born in 

(inborn) or transferred into (from regional centers of any care 

level) or between one of the two Nottingham University Hos- 

pitals (NUHs) tertiary neonatal ICUs (NICU). These are the 

two regional tertiary referral centers for the U.K. Trent Peri- 

natal Network. 

BadgerNet creates a single record of care for every new- 

born admitted to the NICU and includes information on 

obstetric care and subsequent postnatal management. In order 

to assess IVH potentially related to transport within 72 hours 

of birth, we included infants who had a cranial ultrasound 

scan (CrUSS) on day 7 (± 1) after birth as per the standard ter- 

tiary center protocol; those who died or were transported out 

of NUH before this scan were excluded. Ethical approval was 

given by the School of Medicine Ethics Committee, University 

of Nottingham. 

 

  Outcome 

The primary outcome was CrUSS findings taken on day 7 (±1) 

of life. All CrUSSs used a standardized protocol with a pre- 

defined series of anatomical views obtained. These were then 

evaluated by a consultant pediatric neuroradiologist or neo- 

natal consultant and graded using the classification by Papile et 

al (19). Infants were categorized as having no IVH or any grade 

of IVH, which was further divided into no or mild IVH (grade 

1 or 2) and severe IVH (grade 3 or 4). 

 

  Statistical Analysis 

Infants were grouped according to transport status: inborn 

versus transported. The two groups were further divided into 

less than 28 week and 28–32 week GA subgroups. Initial assess- 

ment of the association between transport, within 72 hours of 

birth, and IVH outcome was conducted using a chi-square test. 

Associations between demographic and clinical variables with 

transport and with IVH were assessed using chi-square tests 

for categorical data and Mann-Whitney U test for nonnor- 

mally distributed continuous data. 

Multivariable logistic regression was used to calculate the 

adjusted odds ratio (aOR) for the association between trans- 

port and IVH, controlling for confounding factors. A priori 

confounders (gender, gestation, and birth weight) were in- 

cluded in the logistic model in addition to any variable that 

had a statistically significant association with both exposure 

(transport) and outcome (IVH) at the 5% level. Variables that 

were not statistically significant on univariate testing were in- 

dividually added back into the model and included as potential 

confounders if there was a change in the aOR for IVH in either 

direction by greater than or equal to 10%. Confounding factors 

evaluated for inclusion in the regression model were mode of 

delivery, intrauterine growth restriction (based on serial fetal 

ultrasound), maternal infection risk (maternal IV antibiotics 

or sepsis, prolonged rupture of membranes > 18 hr, maternal 

pyrexia, and Group B Streptococcus), antepartum hemor- 

rhage, maternal recreational drug use, intubation at birth, sur- 

factant administration, chest compressions at birth, delivery 

room adrenaline, Apgar scores at 1 and 5 minutes, and NICU 

inotrope treatment. Similar models were created with the main 

outcome severe IVH only, with the baseline group including 

those with no or mild IVH. 

To evaluate whether ANS administration modified the 

effect of transport within 72 hours of birth on IVH, infants 

were stratified by whether they had received no or an incom- 

plete course of ANS or a complete course of ANS at least 24 

hours prior to delivery. Logistic multivariable models were also 
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Figure 1. Flowchart of study participants demonstrating inclusions/exclusions and prevalence of intraventricular 
hemorrhage (IVH) for each cohort. 

 
severe IVH compared with 

inborns (Table 2 and Fig. 2). 

However, secondary  anal- 

ysis demonstrated this as- 

sociation only persisted for 

transported infants less than 

28 weeks GA following mul- 

tivariate logistical regression 

analysis when accounting for 

the variables listed in Table 1 

(excluding ANS, which were 

included in subsequent anal- 

ysis).  For  transported infants, 

310 had pre-transfer CrUSS 

performed with 2.3% (n = 7) 

having a diagnosis of severe 

IVH, but by day 7 this pro- 

portion had increased to 9.7% 

(n    =    38)    compared  with 

used to evaluate the association between transportation and 

IVH or severe IVH adjusting for confounding factors, depend- 

ing on ANS status. All statistical analyses were performed using 

Stata SE (Version 14; StataCorp, College Station, TX). 

 

RESULTS 

A total of 1,114 preterm infants met the inclusion criteria 

(inborn n = 713 and transported n = 401; Fig. 1). Sixty-five 

infants died prior to day 7 CrUSS, one infant had a missing 

CrUSS, and one infant was transferred out of the network 

before day 7, leaving 1,047 for analysis. Extreme prematu- 

rity and respiratory causes were identified as the main fac- 

tors contributing to the cause of death in infants who died 

before day 7 in both groups (Table S1, Supplemental Dig- 

ital Content 1, http://links.lww.com/PCC/A933; Table S2, 

Supplemental Digital Content 2, http://links.lww.com/PCC/ 

A934; and Table S3, Supplemental Digital Content 3, http:// 

links.lww.com/PCC/A935). Both groups had similar me- 

dian birth weights and GA at birth (Table 1). Overall, 51.9% 

(n  =  203)  of  transfers  occurred  between  level  3  units 

(n = 71 < 28 wk GA). Transported infants were more likely 

to be male, have a greater prevalence of maternal infection 

risk factors, and were more likely to be intubated or receive 

surfactant compared with inborn  infants. Over  the  period 

of the study, the prevalence of mild and severe IVH did not 

change (data not shown). 

Irrespective of transport group, infants less than 28  weeks 

GA were significantly more likely to develop any IVH (58.6% 

vs 25.4%; p < 0.001) and severe IVH (12% vs 3%; p < 0.001) 

compared with those born 28–32 weeks GA. The  preva- 

lence of any grade IVH was similar between transported (n 

= 165; 42.2%) and inborn infants (n = 264; 40.1%) and the 

OR was not statistically significant before (OR, 1.08; 95% CI, 

0.84–1.4; p = 0.51) or following adjustment (aOR, 0.99; 95% 

CI, 0.75–1.35; p = 0.96). Overall, when including transfer 

status,   transported   infants   were   more   likely   to develop 

inborns (5.8%) (Table 3). Furthermore, of the 38 transported 

infants with severe IVH, 35 occurred in those transported in 

the first 48 hours of life with 27 of these infants less than 28 

weeks GA (Table S4, Supplemental Digital Content 4, http:// 

links.lww.com/PCC/A936). 

For the assessment of ANS, 19 infants were excluded as they 

had missing data, leaving 1,028 for analysis. Of these, 610 infants 

(58.2%) received a full course of ANS (Fig. S1, Supplemental 

Digital Content 5, http://links.lww.com/PCC/A937; legend, 

Supplemental Digital Content 7, http://links.lww.com/PCC/ 

A939), 228 (37.4%) were subsequently diagnosed with an IVH 

with 26 (4.3%) developing severe IVH. Inborn infants were sig- 

nificantly more likely to receive a full course of ANS compared 

with transported infants (p < 0.001) (Table 1). Irrespective of 

transport status, a full course of ANS was associated with a 33% 

decrease in odds of any IVH (OR, 0.67; 95% CI, 0.52–0.87; p 

= 0.003) and 67% reduction of severe IVH (OR, 0.33; 95% CI, 

0.2–0.55; p < 0.001). Overall, transported infants who received 

no or an incomplete course of ANS were at increased odds of 

developing any IVH (OR, 1.47; 95% CI, 1.10–2.17; p < 0.05) al- 

though this was not statistically significant following multivari- 

able adjustment (aOR, 1.37; 95% CI, 0.88–2.14). 

Subgroup analysis of infants less than 28 weeks GA showed a 

complete course of ANS was associated with significantly reduced 

odds of both any grade IVH by 41% (OR, 0.59; 95% CI, 0.40–0.86; 

p < 0.001) and severe IVH by 63% (OR, 0.37; 95% CI, 0.21–0.66; p < 

0.001) irrespective of transport status. However, inclusion of ANS 

in the multivariable regression model demonstrated transported 

infants less than 28 weeks remained significantly more likely to 

have severe IVH despite a full course of ANS (Fig. 3 and Table 4). 

Transported infants 28–32 weeks GA, irrespective of maternal 

ANS treatment, had a greater proportion of severe IVH overall 

(2.3% vs 1.2%), but this was not statistically significant (Table 4; 

Fig. S1, Supplemental Digital Content 5, http://links.lww.com/ 

PCC/A937; and Fig. S2, Supplemental Digital Content 6, http:// 

links.lww.com/PCC/A938, respectively [legend, Supplemental 

Digital Content 7, http://links.lww.com/PCC/A939]). 
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TABLE 1. Comparison of Demographic and Clinical Variables Between Inborn and 
Transported Infants 

Variables Inborn, n = 656a
 Transported, n = 391a

 Missing, n (%) pb 

Gestation 28.4 (26.4–29.9) 28.1 (26.4–29.7) 0 0.72 
 

Birth weight 1,050 (810–1,285) 1,090 (860–1,300) 28 (2.7) 0.07 

Male 336 (51.2) 226 (57.8) 0 0.03 

Intrauterine growth restriction 81 (12.3) 39 (10) 6 (0.6) 0.24 

Maternal infection risk 78 (11.9) 72 (18.4) 10 (1) 0.003 

Antepartum hemorrhage 116 (17.7) 45 (11.5) 6 (0.6) 0.008 

Antenatal steroid 

None/incomplete 

 

222 (33.8) 

 

196 (50.1) 

 

19 (1.8) 

 

< 0.001 

Complete 423 (64.5) 187 (47.8)   

Mode of delivery 

Normal vaginal delivery 

 

306 (47.0) 

 

194 (49.6) 

 

10 (1) 

 

0.16 

Emergency C-S 293 (45.0) 175 (44.8)   

Elective C-S 36 (5.5) 11 (2.8)   

Instrumental 16 (2.5) 8 (2.0)   

Intubated first 72 hr 537 (81.9) 341 (87.2) 1 (0.01) 0.01 

Surfactant 535 (81.6) 342 (87.5) 0 0.009 

Chest compressions 36 (5.5) 26 (6.6) 0 0.43 

Adrenaline 10 (1.5) 4 (1) 0 0.5 

Apgar 1 min 6 (4–8) 6 (4–8) 148 (14.4) 0.36 

Apgar 5 min 9 (7–9) 8 (7–9) 161 (15.7) 0.16 

Inotropes 118 (18) 113 (29) 0 < 0.001 

Days to first extubationc
 2 (1–4) 3 (1–6) 49 (4.7) < 0.001 

Mortality after day 7 39 (5.9) 27 (6.9) 0 0.52 

C-S = cesarean section. 
aData are n (%) or median (interquartile range). 
bCategorical data analyzed using χ2 test; nonnormally distributed continuous data analyzed using Mann-Whitney U test. 
cExtubation without consequent re-intubation within the following 72 hr. 

 

TABLE 2. Unadjusted and Adjusted Odds Ratios to Show the Association of Transportation 
With No/Mild Intraventricular Hemorrhage and Severe Intraventricular Hemorrhage for  
All Infants and by Gestational Subgroups 

Gestational Age Group Outcome Comparison OR (95% CI) Adjusted OR (95% CI)a
 

All infants (n = 1,047) No/mild IVH vs severe IVH 1.75 (1.09–2.80) 1.69 (1.04–2.76) 
 

< 28 wk (n = 492) No/mild IVH vs severe IVH 1.63 (0.94–2.82) 1.83 (1.03–3.21) 

28–32 wk (n = 555) No/mild IVH vs severe IVH 2.02 (0.77–5.35) 1.66 (0.61–4.52) 

IVH = intraventricular hemorrhage, OR = odds ratio. 
aAdjusted for gender, gestation, birth weight, mode of delivery, intrauterine growth restriction, maternal infection, antepartum hemorrhage, maternal recreational 
drug use, intubation at birth, surfactant administration, chest compressions at birth, delivery room adrenaline, Apgar scores 1 and 5, and neonatal ICU inotropes. 

Mild, grade 1 and 2; severe, grade 3 and 4. 

Bold indicates statistical significance p < 0.05. 
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Figure 2. Comparison of proportion of severe intraventricular hemorrhage 
(IVH) between transported and inborn infants by gestation subgroups. 
*Denotes significance, p < 0.05. Severe IVH, grade 3 and 4 IVH. 

 

TABLE 3. Prevalence of Intraventricular 
Hemorrhage on Initial and Day 7 Cranial 
Ultrasound 
 

 
Group 

CrUSS Day 
1–3a, n (%) 

CrUSS Day 7, 
n (%) 

Change 
(%) 

Inborn 
   

None 426 (65) 391 (59.7) –5.3 

Mild IVH 200 (30.5) 226 (34.5) 4.0 

Severe IVH 29 (4.4) 38 (5.8) 1.4 

Unknown 1 1  

Outborn 
 

None 250 (80.6) 226 (57.8) –22.8 

Mild IVH 53 (17.1) 127 (32.5) 15.4 

Severe IVH 7 (2.3) 38 (9.7) 7.4 

Unknown 81b
 0  

CrUSS = cranial ultrasound scan, IVH = intraventricular hemorrhage. 
aCrUSS obtained prior to transport in outborn group. 
bCrUSS obtained after transportation. 

 

Figure 3. Comparison of proportion of no/mild intraventricular hemorrhage 
(IVH) and severe IVH in inborn and transported infants less than 28 wk 
gestation, subgrouped by antenatal steroid course. *Denotes significance, 
p < 0.05. No/mild, none/grade 1 and 2; severe, grade 3 and 4. 

 
DISCUSSION 
This study aimed to evaluate the association between early 

interhospital transport of preterm infants and severe IVH in 

the first week of life. We found transported infants, particularly 

those less than 28 weeks GA, were significantly more likely to 

develop severe IVH compared with inborns and this associ- 

ation remained following adjustment for major confounding 

factors. ANSs reduce the risk of IVH (5) but previous preterm 

transport studies have not been able to include these in their 

modeling (8, 14, 15). This UK regional network transport study 

is one of the largest to date and demonstrates a 67% reduction 

in severe IVH for all preterm infants following a full course of 

ANS as expected (19). However, infants less than 28 weeks GA 

undergoing early interhospital transport were still more likely 

to develop a severe IVH despite a full course of ANS. 

This is the first study to demonstrate the association be- 

tween early transport of preterm infants and the risk of sig- 

nificant brain injury in the first week of life. Our results are 

consistent with previous studies (2, 3, 8) demonstrating an 

increased risk of severe IVH at discharge in preterm infants 

transported early in life, however, none of these studies prove 

causation. The perinatal period is a high-risk window for the 

development of IVH, and our study raises the possibility that 

the postnatal transport pathway itself may contribute to the 

increased prevalence observed as we were able to adjust for 

many of the known obstetric and early neonatal risks. Our 

findings are similar to a recent Canadian study of tertiary 

center inborn and outborn infants, less than 29 weeks gesta- 

tion, demonstrating significantly greater mortality, severe IVH 

and poorer long-term neurodevelopmental outcomes in out- 

born infants (12). Their study also controlled for a number   

of perinatal factors but did not report CrUSS findings in the 

first week of life, which may explain why the prevalence of se- 

vere IVH was higher than we report in the first week of life. 

Additional explanations for the difference could include later 

neonatal factors, such as sepsis, impacting on the progression 

of mild IVH into more severe IVH or the transport distances 

between Canadian centers are far greater than in the United 

Kingdom resulting in longer exposure to the noxious effects of 

transport including air transfer (20). 

The mechanism for the association between IVH and 

transportation is not yet fully understood but is likely to be 

multifactorial due to suboptimal ventilation (8), tempera-  

ture instability (21), and the ambulance environment. The 

preterm infant is exposed to many noxious agents including 

noise, handling, and vibration, which increase discomfort (22). 

Excess noise adversely impacts cardiorespiratory stability and 

significantly decreases cerebral oxygen saturations relative to 

baseline which could contribute to adverse neurologic out- 

comes through resultant changes in cerebral vasculature and 

blood flow (4, 23). Vibration is known to result in cerebral cap- 

illary wall thickening, constriction, and destruction as well as 

induce neuronal injury in animal models (24, 25). During ne- 

onatal ambulance transfer, the newborn’s head is exposed to 

excessive vibration far in excess of that deemed safe and known 

to cause illness in well adults (26). Combined with our data, 
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TABLE 4. Evaluation for the Association of Transport With Severe Intraventricular 
Hemorrhage by Antenatal Steroids Status and Gestational Subgroup 

Gestational Age Group Outcome Variable OR (95% CI) Adjusted OR (95% CI)a
 

All infants (n = 1,047) NS and severe IVH 1.45 (0.80–2.65) 1.44 (0.76–2.72) 

 CS and severe IVH 1.70 (0.76–3.78) 1.91 (0.82–4.41) 
 

< 28 wk (n = 492) NS and severe IVH 

CS and severe IVH 

1.12 (0.55–2.29) 

2.13 (0.87–5.27) 

1.35 (0.64–2.84) 

2.84 (1.08–7.47) 

28–32 wk (n = 555) NS and severe IVH 

CS and severe IVH 

2.57 (0.75–9.0) 

0.57 (0.06–5.21) 

3.19 (0.68–15.01) 

0.47 (0.05–4.83) 

CS = complete steroids, IVH = intraventricular hemorrhage, NS = no/incomplete steroids, OR = odds ratio. 
aAdjusted for gender, gestation, birth weight, mode of delivery, intrauterine growth restriction, maternal infection, antepartum hemorrhage, maternal recreational 
drug use, intubation at birth, surfactant administration, chest compressions at birth, delivery room adrenaline, Apgar scores 1 and 5, and neonatal ICU inotropes. 

Severe IVH, grade 3 and 4 IVH. 

Bold denotes significance p < 0.05. 

 

these studies potentially implicate excess vibration and noise as 

an additional risk factor for the development of IVH. 

In this study, the higher prevalence of severe IVH in trans- 

ported infants less than 28 weeks GA (4.9% vs 2.7%) for no or 

an incomplete ANS course lacked statistical significance. This 

could be as a consequence of the smaller overall numbers and 

a lower event rate of severe IVH in this group compared with 

those with a full ANS course. 

This study has several strengths compared with previous 

studies (8, 13–15). Our study included only infants who were 

less than 32 weeks gestation, transferred within the first 72 

hours and had a standardized day 7 CrUSS. These infants are 

those most at risk of IVH as the fragile germinal matrix is 

most prominent in this GA group (4). Using early CrUSS for 

outcome analysis allows for the potential inflammatory pro- 

cess associated with the transportation process to evolve but 

minimizes the influence of exposure to other postnatal events 

with later brain injury. Multivariate logistic regression analy- 

ses allowed adjustment for major risk factors for IVH and any 

group imbalance. However, we acknowledge some residual 

confounding effect may remain due to variable data entry 

error or imprecision, such as inotrope use to represent hypo- 

tension rather than actual values. 

The main limitation of studies comparing inborn to trans- 

ported infants is selection bias, as critically ill infants who are 

not stable enough to survive transport are often excluded. Our 

study highlights this, as inborn infants who died before day 7 

were more likely to die within the first 2 days of life than trans- 

ported infants. These infants were extremely premature, died 

shortly after delivery, and if delivered in a nontertiary center 

may not have survived transportation. We aimed to minimize 

this bias by excluding infants who died in the first week of life 

as many died from causes related to extreme prematurity and 

respiratory conditions rather than IVH. However, we can- 

not exclude all bias due to the increased level of care offered 

in tertiary centers as inborn infants, who would otherwise be 

too unstable for transfer if born elsewhere, have an increased 

chance of survival and are more likely to develop severe IVH (1) 

although both groups analyzed were well matched for gesta- 

tion and birth weight. 

A further limitation of this study was the exact timing of 

occurrence of IVH could not be established, although the in- 

clusion of all infants who survived to day 7 CrUSS decreased 

the chance of selection bias. A prospective study could obtain 

a pre-transfer CrUSS to aid with interpretation in this setting. 

Although we used a standardized CrUSS protocol, inter-asses- 

sor interpretation could introduce differences in grading of 

IVH. Pragmatically, this is what happens in clinical practice, 

but we did try to mitigate this by subgrouping into mild (grade 

1 or 2) or severe IVH (grade 3 or 4). 

The limitations of retrospective cohort studies also make it 

difficult to account for evolving practices over the timeframe 

of the study. For example, the gradual introduction of mag- 

nesium sulphate, known to reduce the prevalence of cerebral 

palsy (27), could not be assessed although this is unlikely to 

affect the prevalence of early IVH. 

 
  CONCLUSIONS 

Our U.K. Trent perinatal network study highlights that, despite 

the increased survival observed with centralized neonatal care 

(28, 29), the early postnatal transport of extremely preterm 

infants is associated with an increased risk of severe IVH in 

the first week of life. This risk is not completely mitigated by 

the known neuroprotective effects of ANS, although receiving 

a full course of ANS was beneficial over having either no or 

an incomplete course. Women presenting with threatened pre- 

term delivery should be given prompt ANS (30) and ideally 

transferred in-utero to an appropriate center, a measure that 

could be used as a quality benchmark for perinatal network 

delivery of care. 

With the centralization of neonatal intensive care, we have 

seen investment in postnatal transport services. However, the 

in-utero transfer process remains a time-consuming process 

for healthcare staff potentially resulting in missed transfer 

opportunities (31). Development of a coordinated, in-utero 

transfer  service,  with  both  obstetric  and  neonatal services, 
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could result in not only better service provision and allocation 

of facilities based on clinical needs but could help reduce ad- 

verse outcomes associated with postnatal transfer. However, 

in-utero transfer is not always achievable, therefore the as- 

sociated risks of postnatal transfer need to be explored and 

addressed where possible to improve the comfort of the infant 

and minimize any risk of neurologic insult. This could include 

reducing noxious environmental stimuli such as noise and vi- 

bration, improving monitoring and ventilation as well as con- 

sidering the timing of postnatal transfer with the ultimate goal 

to reduce the significant long-term risk of neurodisability. 

 

  ACKNOWLEDGMENTS 

We are grateful to Jim Thornton for reviewing this article. 

 

  REFERENCES 
1. Marlow N, Bennett T, Draper E: Perinatal outcomes for extremely pre- 

term babies in relation to place of birth in England: The EPICure 2 
study. Arch Dis Child Fetal Neonatal Ed 2014; 99:F181–F188 

2. Gleissner M, Jorch G, Avenarius S: Risk factors for intraventricular 
hemorrhage in a birth cohort of 3721 premature infants. J Perinat 
Med 2000; 28:104–110 

3. Levene MI, Fawer CL, Lamont RF: Risk factors in the development of 
intraventricular haemorrhage in the preterm neonate. Arch Dis Child 
1982; 57:410–417 

4. Ballabh P: Intraventricular hemorrhage in premature infants: 
Mechanism of disease. Pediatr Res 2010; 67:1–8 

5. Roberts D, Brown J, Medley N, et al: Antenatal corticosteroids for 
accelerating fetal lung maturation for women at risk of preterm birth. 
Cochrane Database Syst Rev 2017; 3:CD004454 

6. Mukerji A, Shah V, Shah PS: Periventricular/intraventricular hemor- 
rhage and neurodevelopmental outcomes: A meta-analysis. Pediatrics 
2015; 136:1132–1143 

7. Petrou S, Abangma G, Johnson S, et al: Costs and health utilities 
associated with extremely preterm birth: Evidence from the EPICure 
study. Value Health 2009; 12:1124–1134 

8. Mohamed M, Aly H: Transport of premature infants is associated with 

increased risk for intraventricular haemorrhage. Arch Dis Child Fetal 
Neonatal Ed 2010; 95:F403–F407 

9. Van de Bor S, Verloove-Vanhoric S, Brand R: Incidence and pre- 

diction of periventricular/intravenricular hemorrhage in very preterm 
infants. J Perinat Med 1987; 15:333–339 

10. Leslie A: NTG Annual Transport Data. National Transport Group UK, 

2016. Available at: https://www.ukntg.net. Accessed December 7, 
2017 

11. Al-Abdi SY, Al-Aamri MA: A systematic review and meta-analysis of 

the timing of early intraventricular hemorrhage in preterm neonates: 
Clinical and research implications. J Clin Neonatol 2014; 3:76–88 

12. Amer R, Moddemann D, Seshia M, et al; Canadian Neonatal 

Network and Canadian Neonatal Follow-up Network Investigators: 
Neurodevelopmental outcomes of infants born at <29 weeks of 

 
gestation admitted to Canadian Neonatal Intensive Care Units based 
on location of birth. J Pediatr 2018; 196:31–37.e1 

13. Palmer K, Kronberg S, Barton B: Effects of inborn versus outborn de- 
livery on clinical outcomes on ventilated preterm neonates: Secondary 
results from NEOPAIN trial. J Perinat 2005; 25:170–175 

14. Towers CV, Bonebrake R, Padilla G, et al: The effect of transport on 
the rate of severe intraventricular hemorrhage in very low birth weight 
infants. Obstet Gynecol 2000; 95:291–295 

15. Arad I, Gofin R, Baras M, et al: Neonatal outcome of inborn and trans- 
ported very-low-birth-weight infants: Relevance of perinatal factors. 
Eur J Obstet Gynecol Reprod Biol 1999; 83:151–157 

16. Boland R, Davis P, Dawson J,et al: Outcomes of infants born at 
22–27 weeks’ gestation in Victoria according to outborn/inborn birth 
status. Arch Dis Child Fetal Neonatal Ed 2017; 102:F153–F161 

17. Watson A, Saville B, Lu Z,et al: It is not the ride: Inter-hospital trans- 
port is not an independent risk factor for intraventricular hemorrhage 
amongst very low birth weight infants. J Perinatol 2013; 33:370–377 

18. Battersby C, Statnikov Y, Santhakumaran S, et al; UK Neonatal 
Collaborative and Medicines for Neonates Investigator Group: The 
United Kingdom National Neonatal Research Database: A validation 
study. PLoS One 2018; 13:e0201815 

19. Papile LA, Burstein J, Burstein R, et al: Incidence and evolution of 
subependymal and intraventricular hemorrhage: A study of infants 
with birth weights less than 1,500 gm. J Pediatr 1978; 92:529–534 

20. Bouchut JC, Van Lancker E, Chritin V, et al: Physical stressors during 
neonatal transport: Helicopter compared with ground ambulance. Air 
Med J 2011; 30:134–139 

21. Spasojević S, Stojanović V, Savić R, et al: Intracranial 
haemorrhage after transport of premature newborns. Med Pregl 
2010; 63:454–458 

22. Harrison C, McKechnie L: How comfortable is neonatal transport? 
Acta Paediatr 2012; 101:143–147 

23. Kuhn P, Zores C, Pebayle T, et al: Infants born very preterm react 
to variations of the acoustic environment in their incubator from a 
minimum signal-to-noise ratio threshold of 5 to 10 dBA. Pediatr Res 
2012; 71:386–392 

24. Yan JG, Zhang LL, Agresti M, et al: Neural systemic impairment from 
whole-body vibration. J Neurosci Res 2015; 93:736–744 

25. Curry BD, Bain JL, Yan JG, et al: Vibration injury damages arterial en- 
dothelial cells. Muscle Nerve 2002; 25:527–534 

26. Blaxter L, Yeo M, McNally D, et al: Neonatal head and torso vibration 
exposure during inter-hospital transfer. Proc Inst Mech Eng H 2017; 
231:99–113 

27. Doyle LW, Crowther CA, Middleton P, et al: Magnesium sulphate 
for women at risk of preterm birth for neuroprotection of the fetus. 
Cochrane Database Syst Rev 2007; (3):CD004661 

28. Costeloe KL, Hennessy EM, Haider S, et al: Short term outcomes after 
extreme preterm birth in England: Comparison of two birth cohorts in 
1995 and 2006 (the EPICure studies). BMJ 2012; 345:e7976 

29. Gale C, Santhakumaran S, Nagarajan S: Impact of managed clinical 
networks on NHS specialist neonatal services in England: Population 
based study. BMJ 2012; 344:e2015 

30. Norman M, Piedvache A, Børch K, et al; Effective Perinatal Intensive 
Care in Europe (EPICE) Research Group: Association of short an- 
tenatal corticosteroid administration-to-birth intervals with survival 
and morbidity among very preterm infants: Results from the EPICE 
Cohort. JAMA Pediatr 2017; 171:678–686 

31. Gale C, Hay A, Philipp C, et al: In-utero transfer is too difficult: Results 
from a prospective study. Early Hum Dev 2012; 88:147–150 

 

https://www.ukntg.net/


 

 1 

Supplementary Online Content 
 
 

Risk of Severe Intraventricular Hemorrhage in the First Week of Life in 

Preterm infants Transported before 72 hours of Age 

 

Shipley L1, Gyorkos T1, Dorling J1, Tata L2, Szatkowski L2, Sharkey D1 

1 Division of Child Health and Obstetrics and Gynaecology, School of Medicine, 

University of Nottingham, UK 

2Division of Epidemiology & Public Health, School of Medicine, University of 

Nottingham, UK 

 

 

Corresponding Author: 

Dr Don Sharkey, Academic Child Health, E floor, East Block, University Hospital, 

Derby Rd, Nottingham, NG72UH, UK. Don.Sharkey@nottingham.ac.uk. Tel no. 44 

1158230611. 

 

 

 

 

 

 

 
 



 

 2 

Table S1. Day of death of infants who died prior to day 7 
 
 
 Day of Death (days) 

 Early (0-2) Late (3-7) 

Inborn (n=54) 35 19 
Transported (n=11) 4 7 

 

 

Table S2. Major contributing factors to the cause of death as documented on the 

death certificate for infants who died prior to day 7.  Gestation and birth weight are  

median and inter-quartile range 

 

IVH, Intraventricular Haemorrhage 

 

 

 
Table S3. Grades of intraventricular haemorrhage in infants who died prior to  

day 7 

 

 
IVH Grade Inborn (n=54) Transported (n=11) 

No scan 9 (16.7%) 0 
No or mild IVH (grade 1 & 2) 38 (70.4%) 8 (72.7%) 
Severe IVH (grade 3 & 4) 7   (13%) 3 (27.3%) 
IVH, Intraventricular Haemorrhage 

 

 

 

 

 

 

Group 
Gestation 
(weeks) 

Birth 
weight 
(grams) 

Prematurity Respiratory Sepsis IVH Congenital Other 

Inborn 
(n=54) 

26 
(24-28) 

800  
(620-1160) 47 30 22 6 12 23 

Transported 
(n=11) 

24 
(23-26) 

685  
(630-930) 9 7 3 4 0 4 
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Table S4. Incidence of intraventricular haemorrhage in relation to time of transfer 
 

 
 All infants 

 (n= 391) 
< 28 week infants 

(n=190) 
28 to 32 week infants 

(n=201) 

Time of 
transfer (hrs) 

None/mild 
IVH 

Severe 
IVH 

None/mild 
IVH 

Severe 
IVH 

None/mild 
IVH 

Severe 
IVH 

<24 161 
(41.2%) 

17 
(4.3%) 

73 
(38.4%) 

12 
(6.3%) 

88 
(43.8%) 

5 
(2.5%) 

24 to 48 155 
(39.6%) 

18 
(4.6%) 

78 
(41.1%) 

15 
(7.9%) 

77 
(38.3%) 

3 
(1.5%) 

48 to 72 37  
(9.5%) 

3 
(0.8%) 

10 
(5.3%) 

2 
(1.1%) 

27 
(13.4%) 

1 
(4.5%) 

IVH, Intraventricular Haemorrhage 

 

 

Figure S1. Number of infants who received either no/incomplete or complete 

course of maternal antenatal steroids and developed any intraventricular 

haemorrhage or severe intraventricular haemorrhage for both transported and 

inborn groups 

 
 

 
 
IVH, Intraventricular Haemorrhage; GA, Gestational Age 
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Figure S2. Comparison of proportion of No/Mild intraventricular haemorrhage and 

severe intraventricular haemorrhage in inborn and transported Infants 28 to 32 

weeks’ gestation, sub-grouped by antenatal steroid course 

 

 

 
 
IVH, Intraventricular Haemorrhage; No/mild, none/grade 1 & 2; Severe, grade 3 & 4. 
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Objective 

Parents of preterm infants are at greater risk of mental health problems. We aimed to 

quantify the impact of centralised neonatal intensive care on family stress. 

Design 

Retrospective cohort study using national data. 

Setting 

UK neonatal units. 

Patients 

14719 infants 23 to 27+6 weeks’ gestation. 

Main Outcomes 

Primary outcome was the length of time cared for away from the maternal booking 

hospital (BH). Secondary outcomes included maternal-infant separation, distance 

from family residence and infant deaths away from BH. Temporal changes were 

compared between epoch 1 (2011-2013) and 2 (2014-2016). 

Results 

8622 (59%) infants were cared for away from their BH for a median of 39 days (IQR 

15-69) with almost 30% spending >60 days away. 2803 (19%) infants underwent 

transfer away from their BH on day 1 of life.  Infants were cared for away from their 

BH a median of 2 episodes (range 1-12). Median return road distances for parents to 

the BH was 13km (IQR 8-26) but increased to 74km (IQR 64-148) for those cared for 

in the non-BH. 3013 infants died during the study period, 1447 (48%) away from their 

BH.  

 

Conclusion  

Centralised neonatal intensive care introduces previously unquantified stresses on 
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parents already at significant risk of mental health problems. These include 

prolonged periods away from their home, significant travelling distances and half of 

infant deaths away from home. Parental support, through clinical psychologists, 

accommodation and travel costs, along with facilitation of in-utero transfers to 

prevent additional infant morbidity, could help minimise the stress on these 

vulnerable families. 
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Introduction 

Each year in the UK there are 36,000 preterm infants admitted to neonatal units (1). 

Centralisation of neonatal intensive care has led to a reduction in mortality of 

extremely preterm infants (2-6) but increases the number of infants requiring care 

away from their booking hospital (BH). Ideally, in-utero transfer (IUT) of the high-risk 

fetus, particularly those likely to be extremely preterm, to a level 3 centre with a 

neonatal intensive care unit (NICU) improves mortality and minimises the risk of 

severe brain injury associated with postnatal transfer (PNT) (7-10).   

 

Parents experiencing preterm birth have many unexpected stresses which can 

predispose them to an increased risk of anxiety, depression, poor bonding and family 

dysfunction that can persist for many years (11-13).  Additional stress can occur if 

their baby needs care away from their BH as the parents need to travel long 

distances and reside away from their other children and support network for 

prolonged periods(14). These aspects are particularly important if a baby dies away 

from their BH as the parents may be more isolated without their family support 

nearby and can make bereavement follow-up more difficult.  Other pressures, such 

as the financial implications of regular travel, car parking and sustenance can create 

further parental stress(15). A recent report found that only 5 of 29 NICUs surveyed 

had sufficient parent accommodation to meet national guidance, resulting in some 

parents needing alternative residence or frequent trips from their home(14).  

 

When IUT isn’t possible, the resultant early PNT can result in maternal-infant 

separation until follow on maternal transfer can safely occur.  Furthermore, PNT of 
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preterm infants is associated with a greater risk of severe brain injury, which could 

further compound the stress these parents are exposed too (7-10).    

 

Many of these issues could become more prevalent with a rising preterm birth rate 

with better survival, lowering of the boundaries of viability (16), and staff shortages 

(17). These may require more infants to be transferred and increase demand on an 

already stretched cot capacity (18). Quantifying key elements of additional stress on 

the family of preterm infants, associated with centralised intensive care, could help 

support the provision of resources to reduce these for parents at high risk of mental 

health problems and deliver better family integrated care. 

 

We aimed to quantify potential stressors for families of infants, born 23 to 27+6 weeks 

gestational age (GA), cared for outside of their BH.  The primary outcome was length 

of time cared for away from BH.  Secondary outcomes included early maternal-infant 

separation, travelling distance from family residence, infant death away from BH and 

proportion of families with other children.  

 

Methods 

Study design and participants 

This retrospective cohort study used prospectively collected anonymised data held in 

the National Neonatal Research Database (NNRD) electronic dataset from 2011 to 

2016. NNRD is a Clinical Dataset (The National Neonatal Data Set) within the NHS 

Data Dictionary. Details of all data items are searchable(19). The NNRD is a 

validated database(20), which contains data on all admissions to neonatal units in 

the UK including demographic details, antenatal and postnatal care. The focus of this 
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study was on high-risk extremely preterm infants <28 weeks gestational age (GA) 

who were admitted to neonatal units in England, Wales and Scotland. Infants <23 

weeks GA, birth weight <400 grams and those with missing hospital episodes or 

hospital codes were excluded. Ethical approval was given by the London-City and 

East Research Committee (REC: 17/LO/1822).  

 

Outcomes 

The primary outcome was the length of time the infant was cared for away from their 

BH until the point of discharge from the neonatal unit.  Secondary outcomes were 

number of PNTs occurring on the first day of life (as a marker of potential maternal-

infant separation), the return road distance from family residence to the non-BH 

providing care, the proportion of infant deaths away from their BH and the proportion 

of families with other children. Data from Google’s online electronic route planning 

software was used to calculate the road distance from parental residence, defined as 

Lower Layer Super Output area, to the non-BH. 

 

Statistical Analysis 

Statistical analysis was performed using Stata SE (StataCorp, Version 15). 

Categorical data are presented as number and percentage. Continuous data are 

presented as median and interquartile range.  

 

The study population was divided into two equal epochs (epoch 1: 2011 to 2013 and 

epoch 2: 2014 to 2016) to evaluate temporal changes. Chi squared tests for 

categorical data and Mann U Whitney for non-normally distributed data were used to 
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compare changes between epochs. Odds ratio and confidence intervals were 

calculated to assess temporal changes with significance set as p<0.05. 

 

Results 

A total of 14719 infants 23 to 27+6 weeks were admitted to neonatal units during the 

study period with similar numbers between the two epochs (epoch 1 n=7363, epoch 

2 n=7356, Figure 1). In the total study population, 7988 (54.3%) were male with a 

median gestation of 26 weeks (IQR 25-27) and birth weight 820 grams (IQR 685–

970 grams).  

 

Figure 1. Flowchart of study participants demonstrating the number of infants 23 to 

27+6 weeks gestational age admitted to neonatal units in the UK and in each time 

epoch 
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Infants were cared for a median of 38.8 days (IQR 15- 69) away from their BH 

throughout their hospital admission (Figure 2). Overall, 2573 (29.8%) transferred 

infants spent more than 60 days being cared for away from their BH. During the 

study period there were a total of 408973 days where infants were cared for away 

from their BH, equating to approximately 28 days for every infant admitted in this 

population. 

 

Figure 2. Violin plots (median and IQR) of the number of days transferred infants 

spent away from their booking hospital stratified by gestational age 

 

 

 

There were 2803 (19%) infants who underwent PNT to another centre on the first 

day of life.  Between the two epochs, PNTs on the first day of life have increased but 
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this was not statistically significant (epoch 1=1358, epoch 2=1445, OR 0.93, 95% CI 

0.85–1.00, p=0.06). 

A total of 8622 (58.6%) infants underwent at least one PNT between admission and 

discharge (Table 1). These infants were cared for away from their BH for a median of 

two episodes (range 1-12) during their inpatient stay (Figure 3). 

 

Table 1 Total number of infants 23 to 27+6 weeks’ gestation undergoing postnatal 

transfer to a non-booking hospital 

PNT, postnatal transport; GA, Gestational age 
 

 

 

 

 

 

 

 

 

 

 

 

 

Gestation 
(weeks) 

Number of Infants 
n (%) 

Number of PNT infants 
n (%) 

Transferred infants 
by GA (%) 

23 1118 (7.6) 556 (6.4) 49.7 

24 2474 (16.8) 1494 (17.3) 60.4 

25 2868 (19.5) 1891 (21.9) 65.9 

26 3684 (25.0) 2283 (26.5) 62.0 

27 4575 (31.1) 2398 (27.8) 52.4 
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Figure 3. Number of hospital episodes cared for away from their booking hospital 

(n=14719) during neonatal care 

 

 

 

 

The median return road distance from the maternal postcode to the BH was 13km 

(IQR 8-26) and for babies cared for at the non-BH this was 74km (IQR 64-148), with 

40.6% of families required to travel a return journey of >100km. (Figure 4).   
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Figure 4. Return distance from the mother’s place of residence to non-booking 

hospital (n=7573). 

 

 

Overall, 56% (n=4802) of mothers whose babies were cared for in a non-BH had at 

least one previously recorded pregnancy. 

   

A total of 3013 (20.5%) infants died during the study period of which 1447 (48%) 

occurred when babies were being cared for away from their BH.  There was a 

significant reduction in deaths over time from 21.6% (n=1592) in epoch 1 to 19.3% 

(n=1421) in epoch 2 (OR 0.90, 0.83–0.97, p=0.01). A similar reduction was seen in 

deaths of babies cared for away from their BH between epoch 1 (10.7%, n=792) and 

epoch 2 (8.9%, n=655) (OR 0.87, 95% CI 0.75-1.00, p=0.045).  
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Discussion 

Main Findings 

Parents of preterm infants are more likely to suffer stress and mental health 

problems than those with well, term infants. This study aimed to quantify the burden 

of centralisation of neonatal intensive care as a potential additional stress on these 

parents. We found that 58.6% of preterm infants 23 to 27+6 weeks’ GA were cared 

for away from their BH with almost a third requiring at least two or more of these 

episodes.  Infants spent almost 39 days on average being cared for away from their 

BH requiring parents to travel long distances. Potential maternal-infant separation 

soon after birth occurred in 19% of all births following early PNT. Furthermore, we 

believe this is the first study to identify almost half of all infant deaths in this 

population occurred away from the maternal BH. 

 

Parents of preterm infants are at increased risk of psychological distress (12,13) and 

the separation of a mother and her infant can increase the risk of a poor maternal 

mental health outcome(21). Across NICUs in England, one third of parents have no 

access to a trained mental health worker (17), perhaps when they are at their most 

vulnerable. The care of infants away from their BH could further exacerbate this risk 

as parents are likely to be physically located away from their support network and 

other children for prolonged periods of time. In the present study, care away from the 

BH was typically for 39 days, for 24 and 25 week GA infants this was more 

frequently greater than 50 days. This additional burden on parents can vary 

depending on the availability of hospital accommodation with many NICUs unable to 

provide this(14). The resultant financial cost on finding local accommodation or daily 

return trips to the hospital could also impact on their wellbeing.   



 

 13 

The average return distance an infant was cared for from their parent’s residence 

was 74km (46 miles), equating to a distance of 518 km (324 miles) a week if visiting 

every day, which could incur significant travel and parking costs by car.  Following a 

caesarean section, mothers in the UK are told not to drive for 6 weeks and if the 

father needs to return to work these distances could be a barrier to visiting their 

baby.  

 

IUT appears safer than PNT for high-risk preterm infants (22) and avoids maternal-

infant separation early in life (8, 9). The high rates of PNT in our study are potentially 

an area that could be improved with better provision of IUT services. Worryingly, 

although not statistically significant, there was a 6.4% increase in PNTs over the two 

epochs.  Fewer PNTs would reduce maternal-infant separation and decrease the risk 

of severe brain injury in the infant. The impact on parental wellbeing with the 

combination of unexpected preterm birth, early maternal-infant separation, and the 

devastating news of a severe intraventricular haemorrhage in the first days of life, 

cannot be underestimated. This combination can have implications for the long-term 

health of the infant, the parents and the wider family.  

 

We found that more than half of the mothers of infants cared for away from their BH 

had a previous pregnancy. Although the database doesn’t allow us to ascertain the 

number of live children, it is likely a significant number of these parents will have 

other children at home.  This adds additional strain on the family and could 

negatively impact bonding as they may be unable to spend as much time with their 

baby as they would like.  Such experiences can affect the short-term mental health 

of the mother and long-term outcome of the infant (23).   
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Over the two epochs we observed a reduction in mortality.  However, an important 

finding of our study was that almost half of deaths occurred away from the maternal 

BH.  For the parents this could be a barrier to receiving support without their family 

nearby (24). Bereaved parents may prefer follow-up with the team caring for them 

around the time of their infant’s death but this may be more difficult if the distance is 

significant.   

 

The data in this study could also be helpful when planning resources and service 

configuration. Recent data reported on the typical length of stay in neonatal units in 

the UK (25). The present study adds new information to this with quantification of 

length of stay away from the BH when following a centralised neonatal intensive care 

model. The new British Association of Perinatal Medicine Framework for extremely 

preterm infants adopts a more proactive approach when considering resuscitation at 

the extremes of prematurity including those at 22 weeks GA. This framework could 

result in more babies being resuscitated and admitted to NICUs. The data of our 

study could be a useful baseline measure of transfers and length of stay prior to any 

potential change in practice. 

 

Strengths and Limitations 
 
The main strength of our study is we used individual data from all extremely preterm 

infants admitted to neonatal units for England, Scotland and Wales. For the first time 

this has allowed a clear description of the study population, current practice of 

centralisation of intensive care, and provides accurate data on care away from BHs, 

travelling distances, early PNT and deaths. 
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The main limitation of this study is the use of a large prospectively collected 

database, resulting in missing data. We excluded infants from our study who were 

either missing hospital codes or admission episodes, however, these were an 

extremely small number of infants (0.4% of total study population). There were no 

differences in either GA or birth weight between these infants and those included in 

study analysis (data not shown). We were not able to ascertain the reason for care 

away from their BH for IUTs.  Some of these will have been for appropriate medical 

reasons such as threatened preterm delivery and fetal problems. Others could for 

reasons such as preterm delivery whilst parents were located out of region (for 

example, whilst on holiday) and these could include those located the furthest away 

from their BH.  Our study focuses on extremely preterm infants and doesn’t address 

more mature infants who also may require care away from their BH.  Finally, our aim 

was to quantify potential factors that, beyond extremely preterm birth, could impact 

on parental mental health.  We were unable to establish what resources were 

available at each hospital to minimise this risk as it was beyond the scope of this 

study. 

 

Conclusions 

This study is the largest to quantify potential hidden parental stressors associated 

with centralised neonatal intensive care for extremely preterm infants. There is an 

additional burden on the families of babies not booked in centres with NICUs, with 

early maternal-infant separation, extended periods of time away from their home and 

family, and the requirement to travel significant distances. These factors can 

increase the financial stress on the family and reduce the support they have from 

their usual social networks. There could also be additional impact on the families of 
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those babies who die away from their BH particularly with bereavement support from 

both their family and those caring for them in the non-BH.  

 

Improving the care we deliver for these families by minimising separation, supporting 

family integrated care and enhancing counselling and psychological services could 

all help minimise these additional stresses and result in better parental wellbeing and 

mental health.  Increasing parental accommodation, financial support where needed, 

free hospital car parking and free or subsidised meals could all help achieve these 

goals.  As more extremely preterm infants are surviving, we need to understand 

which interventions improve parental wellbeing and mental health, and how this 

differs for those cared for away from their home for prolonged periods. 
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What is already known on this topic – 
 

• Centralised neonatal intensive care improves mortality of preterm infants but 

can result in transport away from their planned booking hospital 

• There is currently insufficient accommodation and mental health support 

available for parents at many neonatal units in the UK 

• Few studies have quantified potential hidden stressors related to centralised 

neonatal care 

 

What this study adds- 

• Almost two thirds of preterm infants are cared for away from their booking 

hospital during their neonatal journey 

• Parents are faced with travelling long distances for prolonged periods of time 

and potentially away from their other children 

• Almost half of infant deaths in babies born <28 weeks’ gestation occur away 

from the maternal booking hospital and hence parental support network 
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Trends in the Prevalence and Management of Hypoxic-Ischaemic Encephalopathy in the 

Therapeutic Hypothermia Era: A National Population Study 

 

Importance: Hypoxic-ischaemic encephalopathy (HIE) remains a leading cause of mortality 

and neurodisability. Therapeutic hypothermia (TH) is an effective treatment in infants ≥36 

weeks gestational age (GA) with moderate and severe HIE; however, there are no national 

population studies describing the current management of HIE following implementation of 

TH. 

Objective: Determine the prevalence of HIE and management patterns against nationally 

published guidelines in England and Wales.  

Design: Data were collected from the National Neonatal Research Database and Office for 

National Statistics (ONS) between 2011 and 2016. 

Setting: National population-based cohort study of infants GA admitted to neonatal units in 

England and Wales 

Participants: Newborns from 34 to 42 weeks GA  

Main Outcome(s) and Measure(s): Patient demographics, perinatal factors, severity of HIE, 

mortality and management based on published guidance for TH. Temporal changes were 

compared across the two epochs 2011-13 and 2014-16. 

Results: A total of 407,462 infants were analysed, 12,195 were diagnosed with HIE. Overall 

mortality for infants with HIE was 7.0% (n=851) and for those 36 week with 

moderate/severe HIE was 9.3% (n= 762). Of infants 36 weeks GA with HIE (n=11560), 29% 
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(n=3394) had mild HIE and 30% (n=1027) of these underwent TH. For late preterm (LP) 

infants, 34 and 35 weeks’ gestation, 635 (5.2%) were diagnosed with HIE, 33% (n=210) 

received TH and mortality was 13.1% (n=83). 

Mortality decreased significantly between Epoch 1 and 2 for moderate/severe 36 week 

infants treated with TH (15.1% vs 10.9%, OR 0.67 (95% CI 0.58-0.81), p<0.001). Between 

epochs, TH treatment has increased significantly in infants with mild HIE (24.7% vs 35.4%, 

p<0.001) and those LP (26.0% vs 39.4%, p<0.001). 

 

Conclusions and Relevance: Mortality for infants 36 weeks GA with moderate/severe HIE 

has reduced in the TH era, potentially reflecting earlier cooling and improved care. 

However, TH is increasingly being used in both mild HIE and LP infants where the evidence 

base is lacking.  The high prevalence of mild HIE and high mortality in LP infants highlights 

the urgent need for prospective TH studies to evaluate safety and efficacy in these 

populations.  
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Introduction 

Hypoxic Ischaemic Encephalopathy (HIE) is the leading cause of mortality and 

neurodisability in near-term and term babies (1, 2) . It occurs in approximately 3-5 per 1000 

live births with 0.5 to 1.5 per 1000 diagnosed as moderate or severe HIE (2, 3). HIE is graded 

as mild, moderate and severe, as described by Sarnat and Sarnat, based on the degree of 

neurological insult and this correlates with prognosis (4). Therapeutic hypothermia (TH) has 

been shown to be an effective and safe treatment for infants 36 weeks gestational age 

(GA) with moderate/severe HIE improving both mortality and 18 month survival without 

major neurodisability (1, 5). Following publication of the TOBY trial (6) and subsequent 

National Institute for Health and Care Excellence guidance in 2010 (7), TH is now the 

standard of care for HIE in the England and Wales. However, recent data on the current 

management and outcomes of infants with HIE in the TH era are lacking. The ambitious UK 

government target of halving birth related brain injury by 2025 requires an understanding of 

the current prevalence and management of HIE, allowing healthcare providers to target 

areas most likely to result in these improvements (8). 

With the widespread adoption of TH for moderate/severe HIE in infants ≥36 weeks GA, 

there have been reports that more infants, namely those with mild HIE or more preterm, 

are also undergoing TH despite a robust evidence-base (9-13). A recent UK survey 

highlighted 75% of cooling centres offered TH to infants with mild HIE with a significant 

proportion providing sedation and modified feeding regimens (9). Although infants with 

mild HIE have an increased risk of mortality and adverse neurological outcomes, there is 

insufficient evidence to establish any significant benefits or harm with the use of TH in these 

infants (12, 13). For the preterm population, Azzopardi reported 3% (n=38) of UK TOBY 

cooling registrants were 34 or 35 weeks GA with a higher mortality rate compared to more 
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mature infants (30% vs 20%) (6). Rao et al (10) also found preterm infants had a higher rate 

of mortality and white matter injury compared to term infants. These studies were limited 

by the small numbers, selection bias and lack of a preterm comparator group.  

 The primary aim of this study was to establish the prevalence of HIE in the TH era.  

Secondary aims were to evaluate changes over time in the management and short-term 

outcomes of these infants.  

Methods 

Study Population 

The National Neonatal Research Database (NNRD) is a Clinical Dataset (The National 

Neonatal Data Set), within the NHS Data Dictionary national electronic dataset, which 

collates prospectively collected daily clinical data from every infant admitted to a NHS 

neonatal unit in England and Wales. It contains data on demographic details, antenatal and 

postnatal care along with outcomes. Details of all data items are searchable (14). The NNRD 

is approved by the Standardised Committee for Care information. The data is anonymised 

and cleaned prior to entry into the database, screened for erroneous entries and amended 

by the Neonatal Data Analysis Unit, in addition to external checks by clinicians for key items. 

The database has been used to provide newborn brain injury data in the UK (2). 

Data from the Office of National Statistics (ONS) excluding Scotland and Northern Ireland 

were used to calculate national prevalence rates of HIE, using live birth by GA for each year 

of the study period (15). Ethical approval was given by the London – City and East Research 

Ethics Committee (REC: 17/LO/1822). 
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Data Collection 

Data were collected on all infants 34 to 42 weeks gestational age, who were admitted to 

neonatal units in England and Wales between 2011 and 2016. One level 1 unit with 

approximately 3000 births/year did not give consent for inclusion in the study. 

Infants were identified as having HIE using the “Principle Diagnosis at Discharge” and “HIE 

score” data fields. Identifying NNRD data items are listed in Supplementary Table 1. Infants 

were allocated the worst corresponding HIE grade if differing diagnoses or HIE scores were 

issued across daily database entries or admission episodes if transferred to another 

neonatal unit. Infants identified as “birth asphyxia” or “Anoxic brain damage” were matched 

with the worst HIE score during admission for overall outcome grade. Infants managed with 

TH were identified as using the “Principle Procedures During Stay” or “Principle Diagnosis at 

Discharge” or “Therapeutic Hypothermia” data fields.  

Infants who were greater than 5500 grams (erroneous data) and missing admission episode 

data were excluded from the study.  

Outcome 

The primary outcome was to establish the prevalence of HIE in newborn infants in the TH 

era. The secondary outcomes were to evaluate the management of these infants, 

subsequent mortality and describe any temporal changes.  

Statistical Analysis 

In 2011, approximately 90% of English neonatal units contributed to the NNRD and no units 

from Wales. From 2012 onwards, all units contributed to the database. Extrapolation 

methods based on actual admission numbers and number of cases from 2012 to 2016 when 

all units contributed to the database were used to estimate the prevalence of HIE for 2011 

as previously described (2).   
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The population prevalence rate per 1000 for infants with HIE were calculated using NNRD 

data to identify cases and ONS data for live birth rates per year by GA as the denominator. 

The study population was equally divided into two epochs (2011 to 2013 and 2014 to 2016) 

to evaluate changes over time.   

For subgroup analysis, infants were further divided into LP (34 to 35 weeks GA) and mild 

(Grade 1) HIE subgroups. Univariate analysis using chi-squared test was used to evaluate the 

association of death with moderate/severe HIE in infants 36 weeks GA and both 

subgroups. 

Associations between demographic and clinical variables with moderate/severe HIE were 

assessed using chi-squared tests for categorical data and Mann U Whitney for non-normally 

distributed continuous data. All statistical analyses were performed using Stata SE 

(StataCorp, Version 15). 

 

Results 

During the study period there were 4,123,048 births in England and Wales with a GA 34 to 

42 weeks. Of these, 407,707 (9.9%) infants were admitted to neonatal units and 407,462 

were included in the study (Figure 1). There were 12,195 infants with any grade HIE in the 

study population giving a prevalence of 2.96 per 1000 livebirths and accounting for 3% of 

neonatal unit admissions ≥34 weeks GA. The prevalence of moderate/severe HIE in infants 

36 weeks GA was 2.03 per 1000 (n=8166) with 1.23 per 1000 (n=4949) treated with TH 

(Table 1).  
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Figure 1: Flowchart of study participants demonstrating included/excluded infants and rate 

of Hypoxic Ischaemic Encephalopathy for each gestation subgroup 
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Table 1: Hypoxic Ischaemic Encephalopathy (HIE) prevalence for whole study population, 

infants 36 weeks gestational age (GA) with moderate/severe (M/S) HIE and infants 36 

weeks gestational age with moderate/severe HIE treated with therapeutic hypothermia (TH) 

 

† Range included to account for 2011 data not available for all hospitals (see methods) 
*denotes significant change between Epoch 1 and 2, p<0.05 
 

Antenatal characteristics of infants 36 week GA with HIE, diagnosed moderate/severe as 

per national guidelines (16), and the non-HIE neonatal unit (NNU) population were 

compared (Table 2). Infants with moderate/severe HIE were significantly more likely to be 

born to nulliparous mothers and have risk factors for infection. Those with moderate/severe 

HIE had significantly higher birth weight, including those >98th centile, acute intrapartum 

events, births by emergency caesarean section and the need for significant resuscitation.  

Year 
Any HIE 

(n) 

Rate per 
1000 live 

births 

M/S HIE &       

 36 wk GA   
(n) 

Rate per 
1000 live 

births 

M/S HIE &     

36 wk GA & 
TH (n) 

Rate per 
1000 live 

births 

2011† 2253 
(2320 – 2372) 

3.22 
(3.32 – 3.39) 

1592 
(1631 – 1668)  

2.33 
(2.33 – 2.39) 

694 
(704 - 706) 

1.02 
(1.03) 

2012 1916 2.71 1267 1.83 723 0.98 

2013 1906 2.81 1213 1.83 806 1.15 

2014 2135 3.17 1422 2.16 937 1.30 

2015 2104 3.11 1396 2.11 928 1.30 

2016 1881 2.77 1276 1.93 861 1.22 

       

Total 12195 2.96 8166 2.03 4949 1.14 

Epoch 
1† 

6075 
(6142 – 6194) 

2.91 
(2.94 – 2.96) 

4072 
(4111 – 4138) 

2.00 

(2.01 – 2.03) 
2223 

(2233 - 2235) 
1.09* 

(1.09*) 
Epoch 

2 
6120 3.01 4094 2.07 2726 1.40* 
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Mortality for infants with HIE in the total population was 7.0% (n=851) and 9.3% (n=762) for 

infants 36 weeks GA with moderate/severe HIE. Overall mortality within the study 

population for infants with moderate/severe HIE has not significantly decreased over time 

(10.3% (n= 442) vs 9.2% (n = 401), p = 0.32). However, for infants with 36 weeks GA 

moderate/severe HIE mortality decreased significantly between Epoch 1 and 2 (10.0% (n = 

406) vs 8.7% (n = 356); OR 0.85 (95% CI 0.74-0.99), p= 0.04). 

The prevalence of moderate/severe HIE in infants ≥36 weeks GA remained similar between 

Epoch 1 and 2 (Table 1). The use of TH in this group has significantly increased between 

epochs (1.09 vs 1.40 per 1000, p<0.001) associated with a significant reduction in mortality 

amongst treated infants (15.1% (n = 336)  vs 10.9% (n = 297); OR 0.67 (0.58-0.81), p<0.001).   

 

Late Preterm (LP) infants (34 to 35 weeks) 

70,781 LP infants were admitted to neonatal units during the study period (Figure 1). In 

total, 635 LP infants (6.27 per 1000) were diagnosed with any grade HIE (Supplementary 

Table 2), 81.5% (n=518) having moderate/severe HIE. This remained stable through Epoch 1 

and 2 with 6.00 per 1000 vs 6.55 per 1000 respectively (p=0.27).  

210 (33%) LP infants were treated with TH, which significantly increased between Epoch 1 

(n=78, 26.0%) and 2 (n=132, 39.4%, p<0.001) but mortality remained unchanged (n = 36 

(12.0%) vs n = 47 (14.0%), p=0.51). The rate of moderate/severe HIE and the associated 

mortality were greatest in the LP population compared to those 36 weeks GA (Figure 2 and 

Supplementary Table 2). Overall, mortality in infants with moderate/severe HIE in the LP 

population was 15.6% (n=81) compared to those ≥36 weeks GA at 9.3% (n = 762, p=0.005).  
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Figure 2. Rate of Moderate or Severe Hypoxic Encephalopathy (M/S HIE) and Mortality 

within the study population per gestational week 

 

 

 
 

Infants  36 weeks with Mild HIE 

There were 3394 infants 36 weeks GA diagnosed with mild HIE which was similar across 

Epoch 1 (n=1712) and 2 (n=1682, p=0.57). Mortality was low in this population with only 6 

deaths overall. The majority of infants with mild HIE were born in non-tertiary centres (n= 

2097, 61.3%). 30% (n=1027) were managed with TH, 338 (32.9%) of these were transported 

within the first 48 hours from level 1 and 2 units into a cooling centre. Almost a quarter (n= 

117) of infants who were transferred were not subsequently treated with TH. The number 

of transfers of infants with mild HIE was not different between Epoch 1 (n= 230) and 2 (n= 

242, p= 0.48). The proportion of infants treated with TH has significantly increased from 

Epoch 1 (n= 423, 24.7%) and 2 (n= 604, 35.9%, p<0.001).  
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Discussion 

This large national population based study, in the TH era, has shown the prevalence of 

moderate/severe HIE in infants  36 weeks GA remains similar to previous studies at 2.03 

per 1000 infants. Importantly, the overall mortality rate for infants 34 to 42 weeks’ GA with 

moderate/severe HIE has not significantly decreased over time, which reflects 

moderate/severe HIE remains a major cause of mortality and severe neurodisability despite 

recognition of risk factors (16-18) and preventative strategies (1).   

Following publication of the TOBY trial in 2008 (6), our study has shown the implementation 

of TH as a treatment for HIE in infants  36 weeks GA has significantly increased, with a 

corresponding decrease in mortality. In addition, mortality in these infants treated with TH 

has continued to decrease since the TOBY study from 20% to 12.7% (6), which is likely to 

reflect a change in practice recognising and implementing treatment and improving 

intensive care management.  

However, the number of infants diagnosed with mild HIE and treated with TH has 

significantly increased over time without proven benefit (12, 13) . The rate of mortality 

within this subgroup in our study was very low with no change over time. Management of 

these infants with TH risks exposing infants to unnecessary treatment with its associated 

morbidity, such as pain and respiratory support (20,21). TH is mainly undertaken in tertiary 

centres in the UK. This extra burden of treating infants with mild HIE increases the pressure 

on the already stretched resources, cot capacity and specialist neonatal transportation 

services (22) with significant associated cost to society (23). Furthermore, transportation of 

infants away from their birth centre could increase the risk of poor parental mental health 

due to several factors, such as financial burden of travel and sustenance and being located 

away from their support network (24-26). 
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To our knowledge, this is the largest study to date to evaluate the rate of HIE, use of TH and 

associated mortality in LP infants. Our study has shown LP infants have a higher rate of 

moderate/severe HIE compared to term infants. The initial TOBY study showed TH was a 

safe and effective treatment in infants 36 weeks GA (6), yet TH is increasingly been used in 

LP infants. The pathophysiology of brain injury in LP is likely to be different to those at term. 

Rao et al (10) reported on the safety of TH in infants 34 to 35 weeks GA. Although limited by 

small sample size (n=63), the study showed a higher incidence of white matter injury and 

mortality secondary to redirection of care due to the severity of the encephalopathy in LP 

infants. Our study also showed LP infants with moderate/severe HIE were more likely to die 

than infants 36 week GA, which highlights the need for a well-designed prospective study 

to evaluate the safety and efficacy in this subgroup.   

 

Strengths and limitations 

This study’s main strength is the use of national data from a recognised reliable database of 

prospectively collected data (27). This has allowed our group to analyse a large sample size 

and provide an accurate estimate of the prevalence of HIE within the population. To our 

knowledge, this study has analysed the largest group of LP infants with HIE to date 

compared to previous studies (10, 11, 19, 28, 29). We acknowledge only 90% of neonatal 

units contributed to the NNRD in 2011, however, we were able to use a standardised 

approach to give a lower and upper estimate of missing data using actual data from 

admission and HIE rates from 2012-2016 (2). In addition, the rate of mortality in infants with 

HIE born in 2011 is likely to be higher than reported, however, this further would highlight 

the significant decrease in mortality rates between Epoch 1 and 2.  
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A further strength is the use of a standardised approach to diagnose HIE based on the 

Sarnat and TOBY criteria across the UK. Although subjective variation in grading between 

clinicians may occur, we have aimed to minimise this by subgrouping infants based on long 

term outcomes into mild (grade 1) and moderate/severe (grade 2 and 3). 

The main limitation of studies using large databases are errors or imprecision in data entry. 

This is minimised by the neonatal data analysis unit who process and screen the data for 

erroneous entries, although this cannot be completely mitigated if the data is incorrect at 

the point of entry.  

 

Conclusion 

This study showed that the prevalence of moderate/severe HIE has remained relatively 

unchanged over the six year study period. The uptake of treatment with TH has significantly 

increased over time with a corresponding decrease in mortality. However, worryingly the 

use of TH outside of evidence-based practice has significantly increased. This can not only 

lead to substantial healthcare costs through unnecessary treatment but expose LP infants 

who have a higher rate of mortality to a potential risky treatment whose effect is unknown 

in this gestational age group. This emphasises the urgent need for a well-designed 

prospected study to evaluate the safety of TH in LP infants and careful re-evaluation of the 

management of infants with mild HIE. 
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Supplementary table 1 Description of data fields used for determining variables and 

outcomes from the National Neonatal Research Database 

Principle Diagnosis at Discharge database entries for HIE  diagnosis and grading 

Severe HIE : 
 

- HIE Grade 3 - Severe Neonatal Encephalopathy 
- Hypoxic ischaemic brain damage ; Severe 
- Severe perinatal asphyxia (with 1 minute Apgar <4) 
- Severe Neonatal Encephalopathy - Gr.3 
- Hypoxic Ischaemic Encephalopathy (Gr 3) 
- Severe Neonatal Encephalopathy – Grade 3 HIE 

 
Moderate HIE: 
 

- HIE Grade 2 - Moderate Neonatal Encephalopathy 
- Hypoxic ischaemic brain damage ; Moderate 
- Moderate perinatal asphyxia (with 1 minute Apgar 4-7) 
- Moderate Neonatal Encephalopathy - Gr.2 
- Hypoxic Ischaemic Encephalopathy (Gr 2) 
- Moderate Neonatal Encephalopathy - Grade 2 HIE 

 
Mild HIE: 
 

- HIE Grade 1 - Mild Neonatal Encephalopathy 
- Hypoxic ischaemic brain damage ; Mild 
- Mild perinatal asphyxia (with 1 minute Apgar >7) 
- Mild Neonatal Encephalopathy - Gr.1 
- Hypoxic Ischaemic Encephalopathy (Gr 1) 
- Mild Neonatal Encephalopathy - Grade 1 HIE 
- Very mild perinatal asphyxia - clinically normal by 24 hours 

 
Unspecified 
 

- Birth Asphyxia 
- Anoxic Brain Damage 

 
Therapeutic Hypothermia 
 

- Therapeutic Hypothermia 
- Therapeutic Hypothermia (whole body cooling) 
- Hypothermia Therapeutic 

Principle procedures during stay entries for identification of Therapeutic Hypothermia 

Therapeutic Hypothermia 
 

- Therapeutic Hypothermia 
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- Therapeutic Hypothermia (whole body cooling) 
- Hypothermia Therapeutic 

 

Demographic and Clinical Variables 

- Gender 
- Birthweight 
- >98th Centile determined from data field “Birthweight” 
- Gestation in weeks 
- Year of Birth 
- Number of previous pregnancies 
- Diabetes Mellitus determined from data field “Medical problems prior to 

pregnancy” 
- Maternal Infection determined from data fields “Maternal pyrexia in labour” and 

“Problems during pregnancy with mother” (maternal UTI 
/chorioamnionitis/prolonged rupture of membranes) 

- Pre-eclampsia determined from data field problems during pregnancy with 
mother 

- Gestational Diabetes determined from data field “Problems during pregnancy with 
mother” 

- Acute intrapartum events determined from data fields “Problems (obstetric) 
during pregnancy with mother” (Reduced fetal movements/placental 
abruption/cord problems/shoulder dystocia) and “Principle diagnosis on 
discharge”  

- Significant resuscitation determined from data field “Methods of resuscitation” 
(cardiac compressions/intubation/adrenaline/other drugs) 

 

Outcome Variable 
- Death determined from Destination at Discharge data field. If an infant was 

discharged “home”, “ward” or “Foster Care” the infants was coded as surviving to 
discharge.  
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Supplementary table 2 Prevalence rates for the whole study population by gestational age 

for any grade of Hypoxic Ischaemic Encephalopathy (HIE), moderate/severe HIE and 

mortality with moderate/severe HIE 

 

Gestational 
Age 

Any 
grade HIE 
n = 12195 

Rate per 
1000 live 

births 

M/S HIE 
n = 8684 

Rate per 
1000 live 

births 

Died & 
M/S HIE 
n = 843 

Rate per 
1000 live 

births 
34 255 6.22 221 5.39 41 1.00 

35 380 6.31 297 4.93 40 0.66 
36 615 5.04 468 3.84 66 0.54 

37 977 3.50 719 2.58 81 0.29 

38 1344 2.38 996 1.77 109 0.19 
39 1989 1.97 1400 1.39 129 0.13 

40 3319 2.94 2313 2.05 212 0.19 
41 2837 3.63 1946 2.49 144 0.18 

42 479 3.49 324 2.36 21 0.15 

       

Total  

    36 wks 
   34 to 35 wks 

11560 
635 

 
3.03 
6.27 

 
8166 
518 

2.03 
5.12 

762 
81 

0.19 
0.80 

GA, Gestational Age; HIE, Hypoxic Ischaemic Encephalopathy; M/S, moderate/severe 
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Key Points 
 

Question: What is the association between seizure-free survival in infants with 

hypoxic-ischaemic encephalopathy born in centres without active therapeutic 

hypothermia? 

 

Findings: In this nationwide cohort study of 5059 newborn infants with hypoxic-

ischaemic encephalopathy, 47% of births were in centres without access to active 

therapeutic hypothermia and this was associated with reduced seizure-free survival 

after controlling for key risk factors and level of birth hospital. 

 

Meaning: Infants with hypoxic-ischaemic encephalopathy born in centres without 

active therapeutic hypothermia are less likely to survive without seizures which could 

adversely affect their long-term neurodevelopmental outcome.  
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Importance: Treatment of hypoxic-ischaemic encephalopathy (HIE) with therapeutic 

hypothermia (TH), commenced within 6 hours of age, improves survival and reduces 

disability. Infants with seizures related to HIE have worse outcomes. In many 

developed settings, TH is provided in centralised cooling centres (CC) so requiring 

the transfer of infants born in non-cooling centres (non-CC). It is unclear if birth in a 

non-CC impacts on short-term outcomes. 

 
Objectives: To determine if birth in a centre without active TH is associated with 

seizure-free survival. 

 
Design, setting and participants: This retrospective population-based cohort study 

used nationally collected data from the UK National Neonatal Research Database 

from 2011 to 2016. Newborn infants 36 weeks gestational age with moderate or 

severe HIE were included if they received TH or died during their neonatal 

admission. Infants were propensity score-matched on predefined perinatal variables 

to form well-balanced groups, and subsequently compared based on birth hospital 

provision of active TH.  

 

Exposure: Immediate access to active TH at birth centre. 

 

Main Outcomes and Measures: Primary outcome was survival without seizures. 

Secondary outcomes were seizures, mortality and temperature on arrival at the CC 

following transfer from a non-CC. 

 
Results: A total of 5059 infants were identified; 2364 (46.7%) were born in a non-

CC.  Following matching, compared with those born in a non-CC, birth in a CC was 

significantly associated with improved survival without seizures (35.1% vs 31.8%; 
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OR 1.15, 95% CI 1.02-1.31; p=0.02), fewer seizures (60.7% vs 64.6%; OR 0.84, 

95% CI 0.75-0.95, p=0.007) but similar mortality (15.8% vs 14.4%; OR 1.11, 95% CI 

0.93-1.31, p=0.20). For births in level 2 centres only, seizure-free survival remained 

significantly greater for those born in CCs (38.8% vs 32.3%; OR 1.33, 1.06-1.65, 

P=0.01) with fewer requiring anticonvulsants.  Following transfer from a non-CC 

(n=2027), only 259 infants (12.7%) arrived at the CC with a temperature in the 

therapeutic range within 6 hours of birth.  

 
Conclusions and Relevance:  

Almost half of UK infants with HIE were born in centres without TH and this was 

associated with delay in optimal treatment and lower seizure-free survival. Provision 

of active TH in every birthing hospital warrants further investigation. 
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Introduction 
 

Moderate or severe hypoxic ischaemic encephalopathy (HIE) is the leading cause of 

mortality and neurodisability in infants 36 weeks gestational age (GA) affecting 0.5-

1.5/1000 births (1). In this population, active therapeutic hypothermia (TH) 

commenced within the first 6 hours post insult is safe (2, 3) and significantly 

improves survival and neurodisability (4-7). Active TH for moderate/severe HIE has 

been successfully established in the UK (8) within specialist cooling centres (CCs). 

Infants born in non-cooling centres (non-CCs) are usually passively cooled and 

transferred via designated transport teams to regional CCs for active TH. Although 

many neonatal transport teams use active TH during transportation, improving 

therapeutic temperature on arrival at the CC (9), their availability, despatch time and 

travelling distance can cause delays achieving target temperature for babies in non-

CCs. Any delay, particularly beyond 6 hours of age, could reduce the benefits of TH.  

Furthermore, studies have reported early TH (<3 hours of age) is associated with 

better neurodevelopmental outcomes (10, 11), although this has not been universally 

demonstrated (12,13). 

 

In addition to the severity of HIE, seizures are also increasingly recognised to impact 

on long-term neurodevelopment. Both animal (14, 15) and human studies (16-19) of 

HIE demonstrate that increasing seizure burden is associated with more severe 

brain injury and adverse neurodevelopmental outcomes, and this may be 

independent of HIE severity (16, 20). Furthermore, studies have suggested that TH 

for HIE suppresses and reduces the overall burden of seizures (14, 21-23) leading 

some to conclude that seizures add further insult to the underlying brain injury and is 

potentially one of the mechanisms by which TH protects the brain (23, 24). Seizures 
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associated with HIE can also have a significant impact on the parents mental health 

with over half having symptoms of anxiety and depression (25). 

 

With the centralisation of CCs, there is requirement to transfer many infants for TH 

soon after their insult and potentially during a period of increased susceptibility to 

secondary brain injury. Postnatal transport of very preterm infants during early life is 

associated with a greater risk of brain injury (26, 27), potentially as a result of the 

adverse ambulance environment. It is unclear if the transport of newborns with HIE 

impacts on their outcomes as studies have been small and contradictory (28, 29). No 

study has explored the impact of a nationwide approach to centralised TH for infants 

with HIE and the impact on outcomes. 

 

The primary aim of this study was to evaluate the relationship between birth in a non-

CC and survival without seizures in infants 36 weeks GA with moderate/severe 

HIE. The secondary aims were to compare mortality, seizures only and explore 

admission temperatures for infants transported to a CC. Performing a randomised 

clinical trial to establish this would be ethically challenging and would require a 

significant number of participants over a number of years. We therefore utilised 

propensity score-matching to balance early life confounders in infants born in non-

CCs and CCs using national, routinely collected clinical data. 
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Methods 
 
Study Design and Data Sources 
 
We performed a retrospective cohort study using data from the UK National 

Neonatal Research Database (NNRD). This is a validated national electronic 

database (30) containing prospectively collected demographic and clinical data 

including outcomes on all infants admitted to over 180 UK neonatal units. The NNRD 

uses a designated approved dataset (National Neonatal Data Set) within the NHS 

Data Dictionary, details of all data items are searchable (31). The NNRD is approved 

by the Standardised Committee for Care Information. The data is anonymised and 

cleaned prior to entry into the database; erroneous entries are queried and amended 

by the Neonatal Data Analysis Unit. 

 

Data were collected on all infants 36 to 42 weeks’ GA, admitted to neonatal units in 

the UK between 2011 and 2016, with a diagnosis of moderate/severe HIE and 

underwent TH. Infants who had a diagnosis of moderate/severe HIE and 

subsequently died within the first 48 hours of life, but did not undergo TH, were also 

included within the study population.  In 2011, 90% of neonatal units contributed to 

the UK dataset with almost 100% contributing from 2012. Infants with a diagnosis of 

HIE managed with TH or died, were identified using the data fields from the NNRD 

(Supplementary Table 1). The most severe grade of HIE identified across daily 

database entries, or admission episodes if transferred to another neonatal unit, was 

allocated for each infant. Infants identified as “birth asphyxia” or “anoxic brain 

damage” were matched with the worst HIE score during admission for overall 

outcome grade. Infants were excluded if their birth weight was >2 standard 

deviations above the 99.6th weight centile (erroneous data), those born in private 
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hospitals or with missing birth hospital codes.  The identification of CCs, and their 

date of commencement of TH, was cross checked using the TOBY trial register (4) 

and via direct communication with centres. 

 

Ethical approval was given by the London – City and East Research Ethics 

Committee (REC: 17/LO/1822). The study protocol was sent to all participating UK 

neonatal units prior to data extraction.  

 

Study Measures 

The primary outcome was survival without seizures to discharge in infants 36 

weeks GA with moderate/severe HIE. The secondary outcomes were mortality, 

seizures alone, and anticonvulsant use during the same period. We also evaluated 

the admission temperature from time of birth on arrival at a CC following transport 

from a non-CC. 

 

Statistical Analysis 

The prevalence of background variables between infants born in non-CCs and CCs 

were compared using chi-squared test for categorical data and Mann-Whitney U test 

for non-normally distributed data.  

 

Subsequently, propensity score-matching was used to provide balanced groups of 

infants matched on demographic and clinical covariates within treatment groups (32, 

33). Propensity score analysis entailed fitting a logistic regression model using a 

priori variables followed by a stepwise process and evaluation of potential 

interactions to determine covariates to include in the propensity score model 
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(Supplementary eMethods). Propensities were trimmed to exclude extreme values 

and minimise potential residual bias. The propensity score was used to match infants 

in the CC group to infants in the non-CC group using the nearest neighbour 1:1 

matching algorithm with caliper width set to 0.05.  

Balancing of the groups post-matching was evaluated by the standardised difference 

and mean bias between control and treatment groups (Supplementary eMethods, 

Supplementary Figure 1 and Table 1) (34).  A covariate was considered balanced if 

the standardised differences were between -0.2 and 0.2 and standardised mean bias 

was <5% (34, 35). Matched groups of infants from non-CC and CC were identified 

and the effect of birth in a CC on outcomes was described using odd ratios (36).  

Data were statistically analysed using Stata SE (StataCorp, Version 16). 

 

Sensitivity Analyses 

We performed two further paired, matched analyses between infants born in level 2 

non-CCs and CCs and between infants born in a non-CC and CC but excluding 

those born either at home or in midwife led units. The propensity matching 

methodology was undertaken as described above and in the supplementary data 

(Supplementary eMethods, Supplementary Figure 2 and 3). These additional 

analyses were performed to evaluate the reliability of our findings by minimising 

potential bias through differences in intrapartum and early neonatal care.  
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Results 

Population 

There were 5120 infants 36 weeks GA admitted to UK neonatal units who were 

diagnosed with moderate/severe HIE and underwent management with TH. An 

additional 127 infants, diagnosed with moderate/severe HIE did not undergo TH and 

died within the first 48 hours of life, were included in the analysis. In total, 188 infants 

were excluded (Figure 1) leaving 5059 infants for analysis.  Prior to matching, 2364 

(46.7%) infants were born in a non-CC (Table 1).   

In the unmatched groups, 65.4% of infants in the non-CC group were born in level 2 

units, whereas 71.9% of the CC infants were born in a level 3 unit as expected with 

centralised care.  

 

Figure 1. Flow diagram of study participants 

 

 

GA, Gestational age; m/s HIE, moderate or severe hypoxic ischaemic encephalopathy; TH, 

therapeutic hypothermia; NHS, National Health Service 
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Propensity matched groups 

Propensity score-matching (Supplementary Figure 1) yielded a total of 4330 infants 

(n=2165/group, Table 1). Following matching, the standardised differences of all 

demographic and clinical variables were small compared to the unmatched groups. 

Infants born in a CC had significantly higher rates of survival without seizures prior to 

discharge compared to infants born in a non-CC (35.1% vs 31.8%; OR 1.15, 95% CI 

1.02–1.31; p=0.02) and significantly lower odds of seizures overall (60.7% vs 64.6%; 

OR 0.84, 95% CI 0.75-0.95; p=0.007). Mortality prior to discharge was similar 

between the groups (Table 2). 

In matched infants, 76.2% (n=2068) of infants with seizures received anticonvulsant 

medication, 27.1% of these infants required escalation of treatment with additional 

anticonvulsant agents but this was not different between groups (Table 2). 

Compared to CC infants, those born in a non-CC required similar amounts of 

cardiorespiratory support but did require a longer length of hospital stay (Table 2). 
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Table 2. Outcomes of infants who were born in either a non-cooling or cooling centre 

after propensity score matching 

 

Outcome variable 
Born in non-CC 

n = 2165a 
Born in CC 
n = 2165a 

Odds Ratio  
(95% CI) 

p 
Value 

Survival without seizures 693 (31.8) 764 (35.1) 1.15 (1.02-1.31) 0.02 
Seizures 1399 (64.6) 1314 (60.7) 0.84 (0.75-0.95) 0.007 
Death 312 (14.4) 343 (15.8) 1.11 (0.93-1.31) 0.20 
Day of death (Hours) 
  < 24  
  24 -72 
  > 72 

 
65 (3.0) 
87 (4.0) 
160 (7.4) 

 
81 (3.7) 
116 (5.4) 
145 (6.7) 

 
1.26 (0.90-1.80) 
1.35 (1.01-1.83) 
0.92 (0.72-1.17) 

 
0.17 
0.04 
0.49 

Anticonvulsantsb,c 

  None 
  1 drug 
  ≥2 drugs 

 
349 (25.0) 
668 (47.3) 
382 (27.2) 

 
296 (22.5) 
663 (50.5) 
355 (27.0) 

 
 

1.17 (0.96-1.42) 
1.09 (0.88-1.36) 

 
- 

0.10 
0.40 

Respiratory supportb 

  Ventilated 
  HFOV 
  CPAP 

 
1454 (67.2) 
388 (17.9) 

95 (4.4) 

 
1515 (70.0) 
340 (15.7) 
104 (4.8) 

 
1.15 (0.94-1.42) 
0.97 (0.76-1.24) 
1.21 (0.85-1.72) 

 
0.17 
0.81 
0.28 

Hypotension 983 (45.4) 982 (45.4) 0.99 (0.88-1.12) 0.96 
PPHN 260 (12.0) 236 (10.9) 0.90 (0.74-1.08) 0.25 
Nitric Oxide 214 (9.9) 236 (10.1) 1.02 (0.84-1.25) 0.79 
Length of stay (days) 11.3 (7.3-18.9) 10.0 (6.5-16.4) 0.14 (0.05-0.36) <0.001 

CC, Cooling Centre, 95% CI, 95% Confidence interval, HFOV, High Frequency Oscillatory Ventilation; 
CPAP, Continuous positive airway pressure; PPHN, Persistent pulmonary Hypertension; HIE, 
Hypoxic ischaemic encephalopathy 
a Data are n (%) or median (interquartile range) 
b Compared to baseline – No anti-convulsant/No respiratory support 
c Data are n (%) of infants with seizures 
 

 

Level 2 births only 

To minimise variations in expertise and practice, we performed a further paired 

matched analysis of all infants born in a level 2 centres only. Propensity score-

matching yielded 1392 infants (n=696/group, Table 3). Evaluation of the matching 

process demonstrated small standardised differences between infant groups for 

demographic and clinical background variables (Supplementary Table 2). Matched 

infants born in a level 2 CC had significantly improved survival without seizures 

(38.8% vs 32.3%; OR 1.33, 95% CI 1.06-1.65; p=0.01), reduced risk of seizures 
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(57.6% vs 63.9%; OR 0.77, 95% CI 0.61-0.95; p=0.02), and fewer anticonvulsants 

compared to infants born in level 2 non-CC. Mortality was not significantly different 

between the groups. 

 

 

Table 3. Outcomes of infants who were born in either a level 2 non-cooling or 

cooling centre after propensity score-matching 

 

Outcome variable 
Born in non-CC 

n = 696a 
Born in CC 

n = 696a 
Odds Ratio 

(95%CI) 
p 

Value 

Survival without seizures 225 (32.3) 270 (38.8) 1.33 (1.06-1.65) 0.01 
Seizures 445 (63.9) 401 (57.6) 0.77 (0.61-0.95) 0.02 
Death 105 (15.1) 90 (12.9) 0.84 (0.62-1.13) 0.25 
Day of death (Hours) 
  <= 24  
  24 -72 
  > 72 

 
25 (3.6)  
28 (4.0) 
52 (7.5) 

 
22 (3.2) 
27 (3.9) 
41 (5.9) 

 
0.86 (0.48-1.54) 
0.96 (0.56-1.65) 
0.77 (0.50-1.18) 

 
0.61 
0.89 
0.25 

Anticonvulsantsb,c 

  None 
  1 drug 
  ≥2 drugs 

 
97 (21.8) 

222 (49.9) 
126 (28.3) 

 
116 (28.9) 
206 (51.4) 
79 (19.7) 

 
1.45 (1.17-1.79) 
0.90 (0.71-1.13) 
0.57 (0.42-0.78) 

 
0.02 
0.67 

<0.01 
Respiratory supportb 
  Ventilated 
  HFOV 
  CPAP 

 
493 (70.8) 
108 (15.5) 

29 (4.2) 

 
454 (65.2) 
145 (20.8) 

30 (4.3) 

 
0.92 (0.64-1.32) 
1.34 (0.88-2.04) 
1.03 (0.56-1.91) 

 
0.66 
0.17 
0.91 

Hypotension 326 (46.8) 303 (43.5) 0.88 (0.71-1.08) 0.22 
PPHN 97 (13.9) 95 (13.8) 0.98 (0.72-1.32) 0.88 
Nitric Oxide 66 (9.5) 67 (9.6) 1.01 (0.71-1.45) 0.93 
Transferred L2-L3 615 (88.4) 449 (64.5) 0.24 (0.18-0.32) <0.001 
Length of stay (days) 10.6 (7.0-17.5) 10.5 (6.8-17.7) 0.55 (0.13-2.40) 0.41 

CC, Cooling Centre; 95% CI, 95% Confidence Interval; HFOV, High Frequency Oscillatory Ventilation; 
CPAP, Continuous positive airway pressure; PPHN, Persistent pulmonary Hypertension;  
a Data are n (%) 
b Compared to baseline - No anticonvulsants/No respiratory support 
c Data are n (%) of infants with seizures 
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Admission temperature to CC 

Out of the whole population, 2027 infants (85.7%) were transferred from a non-CC to 

a CC who had an admission temperature recorded shortly after arrival. Of these, 259 

(12.7%) had a temperature on admission within the optimal therapeutic range of 33.5 

+/- 0.5 oC (77) at 6 hours of age (Figure 2). There was no significant difference 

between time of admission for infants who arrived with their temperature within 

therapeutic range and those who were either over or under cooled (7 hours 40 

minutes vs 7 hours 44 minutes, p=0.77). 

 

 

Figure 2. Admission temperature and arrival time following transfer to a cooling 

centre (n=2027). (a) Tabular data (percentage) on each of the categories based on 

admission temperature and time, (b) Individual plots for each infant divided into key 

zones as in table in (a) with the shaded area optimal temperature in the 6 hour 

optimal therapeutic window 
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Discussion 

We evaluated the relationship between birth in a centre without active TH and the 

short-term outcomes of infants with HIE using propensity score-matching to balance 

important covariates. This nationwide UK study of over 5,000 infants with HIE, found 

almost half were born in non-CCs and were significantly less likely to survive without 

seizures compared to those born in CCs. This association appears to be driven by a 

higher rate of seizures in non-CC infants as the mortality rates were similar. The 

association remained when comparing only infants born in level 2 centres and 

following sensitivity analysis excluding those born at home or midwife led units. In 
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the UK, the management of moderate/severe HIE in infants 36 weeks GA with TH 

has been effectively and safely implemented resulting in a significant decrease in 

mortality and neurodisability (4-7). However, active TH remains mostly in centralised 

centres within geographical networks and therefore is not currently available in every 

birthing hospital, potentially delaying optimal treatment. 

 

Neonatal seizures occur in approximately 50 – 60% of infants with HIE (38) and 

these infants are at an increased risk of adverse neurodevelopment outcomes, 

cerebral palsy and epilepsy compared to those with do not have seizures (39). There 

is increasing evidence that seizures, and the seizure burden relating to HIE, can 

have an additive effect on the initial brain injury and this could be independent of HIE 

severity (16-18, 24, 40). The Cochrane systematic review of TH for HIE found a 

borderline risk ratio (0.91; 0.83-1) in the reduction of seizures in infants undergoing 

TH compared to non-cooled infants (21). In agreement with this, and other smaller 

observational studies (23, 41), we found a significant reduction in seizures in those 

with access to immediate active TH in CCs, supporting the hypothesis that additional 

neuroprotection is provided by timely cooling. There was no increase in the use of 

anticonvulsants between the groups in the main analysis, although use was 

significantly increased in the subgroup of level 2 births potentially reflecting an 

increase seizure burden. These infants were also exposed to multiple 

anticonvulsants, some of which are thought to be neurotoxic and could have an 

adverse additive effect on long-term neurodevelopment (42). 

 

Brain injury following hypoxic-ischaemic injury is progressive consisting of primary, 

latent and secondary phase during which excitotoxicity, release of free radicals, cell 
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inflammation and death occur (43). The latent period is considered the optimal time 

for TH through reduction of cellular injury (42, 43). Animal studies have shown that 

TH commenced in the late latent phase resulted only in partial recovery in cell 

survival compared to early use where cell injury and death was significantly reduced 

(11). Furthermore, TH commenced after the latent phase (~8.5 hours post injury) 

post seizure activity did not improve cell survival (46). The retrospective nature of 

this study means we cannot exclude other unmeasured potential confounders such 

as the quality of perinatal care in each centre. However, the association remained 

following subgroup analysis of level 2 centre births only, minimising some of the 

perinatal care practices. In the UK, level 2 centres are the most common maternity 

and neonatal hospitals, and they must have immediate access to newborn life 

support trained staff as well as the ability to provide initial newborn intensive care.   

 

Essential to the delivery of centralised neonatal intensive care is the provision of 

rapidly mobilising, well-equipped transport teams to move infants in a timely and safe 

manner. During the period of this study, neonatal transport teams transitioned from 

mainly passive cooling to active, servo-controlled TH (47). Only 12.7% of infants 

transferred to a CC had an admission temperature within the optimal therapeutic 

range by 6 hours of age. A further 48.3% arrived between 6-12 hours of age in target 

range. Of note, only 3 of the 2027 transported infants had a recorded admission 

temperature in the range 33-34oC within 3 hours of age. The database does not 

allow differentiation of equipment used by transport teams nor the time to achieve 

target temperature which could be before admission to the CC. Additionally, there 

could be delay in deciding to initiate TH in some of the infants which could account 

for those in the normothermic range. It is plausible that these infants only receive 
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partial protection from TH through passive cooling, which is more likely to occur 

during the late latent phase or beyond and result in decreased dampening of 

excitatory neurotransmitters (11). Noxious stimuli such as noise and vibration (48), 

experienced during transportation, result in cardiovascular instability (49, 50) and 

neuronal injury in animal models (51), which could contribute to this on-going brain 

injury pathway. Extremely preterm infants transferred in early life have an increased 

risk of severe brain injury (26, 27). It is unclear if exposure to significant levels of 

vibration and noise during inter-hospital transport, beyond that deemed safe for 

healthy adults, is a contributory mechanism in those infants or the additional seizures 

identified in this study.   

 

Strengths  

Our study is one of the largest nationwide population studies to date in the TH era 

utilising routinely collected individual patient data inputted on a daily basis from over 

180 centres. This overcomes the single-centre study weakness by allowing variation 

in management of these infants across a whole healthcare service. The use of a 

robust propensity matching with well-balanced groups is also a significant strength, 

especially as undertaking a clinical trial of this nature would not be ethical or feasible. 

The size of the dataset has allowed identification of the reduction in seizure risk that 

may not have been possible with smaller studies.   

 

Limitations 

The main limitations of our study include the lack of neuroimaging results or long-

term follow-up as these are not universally recorded in the NNRD dataset. However, 

previous work has demonstrated an association with seizures, MRI findings and later 
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development (41, 52).  Another limitation is the lack of seizure details beyond the 

diagnostic coding, this would be useful to examine the burden of seizures. We did try 

to mitigate this with the use of anticonvulsant therapy. As highlighted, we cannot 

include local provision of maternal and neonatal care in the model as these data are 

not collected, although sub-analysis of level 2 births does address some of these 

issues. Criteria for TH in infants with HIE are clearly defined by national guidance 

(37) but the database had significant numbers of missing data such as 10 minute 

Apgar and cord/admission pH values. We therefore assumed if the diagnostic 

classification were made and an infant underwent TH they met the criteria for 

treatment. 

 

Conclusions 

Using well matched groups, this study demonstrates infants born with a diagnosis of 

moderate/severe HIE in a centre without active TH are less likely to survive without 

seizures prior to discharge compared to infants born in cooling centres. Furthermore, 

many infants transferred to cooling centres appear to arrive outside the target 

therapeutic time and temperature windows. The disparity of immediate access to 

active TH, known to reduce mortality and disability, in almost half of affected infants 

could delay optimal therapy and impact on outcomes. With the increasing recognition 

of the relative safety of TH (21), especially during the initial crucial 6 hour therapeutic 

window, consideration should be given for training and equipping non-CCs with 

active TH, thus avoiding delays in initiating and achieving optimal target temperature 

or the adverse effects of over or under-cooling. Further work is required to explore 

the potential adverse impact inter-hospital transport has on neonatal patients at risk 

of severe brain injury and what strategies could mitigate against this. 
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non-cooling centre (control) and those born in a cooling centre (treated) both before and after 

propensity score-matching excluding those born at home or in midwife led units 
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eTable 1. Description of data fields used for determining covariates and 
outcomes from the National Neonatal Research Database  
 
Principle Diagnosis at Discharge database entries for HIE Grading 

Severe HIE : 
 

- HIE Grade 3 - Severe Neonatal Encephalopathy 

- Hypoxic ischaemic brain damage ; Severe 
- Severe perinatal asphyxia (with 1 minute Apgar <4) 

- Severe Neonatal Encephalopathy - Gr.3 
- Hypoxic Ischaemic Encephalopathy (Gr 3) 

- Severe Neonatal Encephalopathy – Grade 3 HIE 
 
Moderate HIE: 
 

- HIE Grade 2 - Moderate Neonatal Encephalopathy 
- Hypoxic ischaemic brain damage ; Moderate 

- Moderate perinatal asphyxia (with 1 minute Apgar 4-7) 
- Moderate Neonatal Encephalopathy - Gr.2 

- Hypoxic Ischaemic Encephalopathy (Gr 2) 
- Moderate Neonatal Encephalopathy - Grade 2 HIE 

 
Mild HIE: 
 

- HIE Grade 1 - Mild Neonatal Encephalopathy 
- Hypoxic ischaemic brain damage ; Mild 

- Mild perinatal asphyxia (with 1 minute Apgar >7) 

- Mild Neonatal Encephalopathy - Gr.1 
- Hypoxic Ischaemic Encephalopathy (Gr 1) 

- Mild Neonatal Encephalopathy - Grade 1 HIE 
- Very mild perinatal asphyxia - clinically normal by 24 hours 

 
Unspecified 
 

- Birth Asphyxia 
- Anoxic Brain Damage 

 
Therapeutic Hypothermia 
 

- Therapeutic Hypothermia 
- Therapeutic Hypothermia (whole body cooling) 

- Hypothermia Therapeutic 

Principle procedures during stay entries for identification of Therapeutic Hypothermia 

Therapeutic Hypothermia 
 

- Therapeutic Hypothermia 
- Therapeutic Hypothermia (whole body cooling) 

- Hypothermia Therapeutic 
 

Demographic and Clinical Variables 

- Gender 

- Birthweight 
- Gestation in weeks 

- Year of Birth 

- Onset of Labour 
- Presentation of fetus 

- Mode of Delivery 
- Methods of resuscitation 

- Apgar score at 5 minutes 
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- Nulliparity determined from data field “Number of previous pregnancies” 
- Meconium stained liquor 

- Maternal Infection determined from data fields “Maternal pyrexia in labour” and “Problems 
during pregnancy with mother” (maternal UTI /chorioamnionitis/prolonged rupture of 
membranes) 

- Hypotension determined from data fields “Inotropes given”, “Daily drugs”, “Principal 
diagnosis at discharge” 

- Place of birth NHS hospital code 
- Place of birth NHS hospital level 

- Nitric oxide determined from data fields “Pulmonary vasodilator” and “Principle diagnosis at 
discharge” 

- Persistent pulmonary hypotension determined from data fields “Principle diagnosis at 
discharge”  

- Pre-eclampsia determined from data field problems during pregnancy with mother 

- Gestational Diabetes determined from data field “Problems during pregnancy with mother” 
- Acute intrapartum events determined from data fields “Problems (obstetric) during 

pregnancy with mother” (Reduced fetal movements/placental abruption/cord 
problems/shoulder dystocia) and “Principle diagnosis on discharge”  

- Significant resuscitation determined from data field “Methods of resuscitation” (cardiac 
compressions/intubation/adrenaline/other drugs) 

- Respiratory Support device (No support/CPAP/Ventilated/HFOV) 
 

Outcome Variables 

- Death determined from Destination at Discharge data field. If an infant was discharge 
“home”, “ward” or “Foster Care” the infants was coded as surviving.  

- Seizures determined from “Convulsions today” and “Principle diagnosis at discharge data 
fields”. Infants were also coded as having seizures if they received anticonvulsants in the 
“Daily Drugs” data field. 

- Number of anticonvulsants determined from “Daily Drugs” data field 

- Admission temperature 
- Time of admission temperature 

- Admission time to neonatal unit 
- Length of stay determined from Admission time and Time of discharge data fields 

HIE, Hypoxic Ischaemic Encephalopathy; UTI, Urinary Tract Infection; NHS, National Health Service; CPAP, Continuous 
positive airway pressure; HFOV, High frequency oscillatory ventilation 

 

 
eMethods 

 

Propensity Score Matching 

Propensity score analysis entailed fitting a logistic regression model using a stepwise process and evaluation of 

potential interactions to determine variables to include in the propensity score. For variables with missing data 

values were either imputed using Markov chain Monte Carlo method (1) or a separate category was defined 

indicating non-response. Initially, a priori background variables (gender, gestation, birthweight and birth year) 

were selected for inclusion into the logistic regression model regardless of their statistical association with the 

outcome. This baseline model was fitted with addition of one other background variable at a time. The variable 

with the greatest t ratio was included in the model if >1.0. This process was repeated, until t ratios for all 

remaining variables were smaller than 1.0. Following this analysis 13 covariates were included. These were: 

- Gender 

- Birthweight 

- Gestation in weeks 

- Birth year 

- Nulliparity 

- Pre-eclampsia 

- Maternal infection 

- Mode of delivery 

- Presentation at birth 

- Acute intrapartum events 
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- Significant resuscitation at birth 

- Apgar score at 5 minutes 

- Grade of HIE 

 

Interactions 

Interactions were determined for inclusion into model by ranking the variables in the concluding model by their 

t ratio and expanding this model by one second-order term at a time. The interaction term was included in the 

model if t ratio was greater than 2.71, which corresponds to nominal statistical significance at 10% level. No 

interactions reached this level in our analysis (2).  

 

Propensity scores were estimated using logistic regression based on the selected background variables. A 

matched sample of untreated and treated infants was created through matching on the logit of the propensity 

score with caliper width set at 0.05. The propensity strata were trimmed by excluding infants with extreme 

propensities to minimise residual confounding. A nearest neighbour 1:1 matching algorithm with no 

replacement was used to form pairs of untreated and treated infants (3). 

 
Assessment of balance 

The matching process was evaluated by division of the propensity score into an optimal number of blocks and 

assessing the within-block equality of means of covariates across the treatment groups. The propensity 

distribution density was evaluated between control and treated groups both pre and post matching. 

(Supplementary Figure 2). Additionally, standardised percentage bias for each covariate (formulae as detailed 

by Rosenbaum and Rubin) after matching was calculated. A covariate was considered balanced if the 

standardised mean bias was <5% (4) (Supplementary Figure 2). The resulting model was well balanced with no 

covariate with a mean bias of >5% and overall mean bias 1.7 with no significant difference between the group 

(p=0.75). 

 
 

Sensitivity analyses 

Sensitivity analyses were performed between infants born in level 2 non-cooling and cooling centres and 

between infants born in non-cooling and cooling centres but excluding infants born at home and midwife led 

units to mitigate potential bias. Further propensity score matching and assessment of balance was undertaken 

using the above described methodology for these subgroups of infants. Evaluation of model balance is 

demonstrated in Supplementary Figure 3 and 4. 
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eFigure 1. Propensity score distribution (A) and Standardised Bias (B) for 
infants born in non-cooling centres (control) and those born in cooling centres 
(treated) both before and after propensity score-matching 
 

 
EmLSCS, Emergency caesarean section; ElLSCS, Elective caesarean section; APGAR, Appearance, Pulse, Grimace, Activity 
and Respiration score; HIE, Hypoxic ischaemic encephalopathy 
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eFigure 2. Propensity score distribution (A) and Standardised Bias (B) for 
infants born in level 2 non-cooling centres (control) and those born in cooling 
centres (treated) both before and after propensity score matching 

 

 
EmLSCS, Emergency caesarean section; ElLSCS, Elective caesarean section; APGAR, Appearance, Pulse, Grimace, Activity 
and Respiration score; HIE, Hypoxic ischaemic encephalopathy 
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eFigure 3. Propensity score distribution (A) and Standardised Bias (B) between 
infants born in a non-cooling centre (control) and those born in a cooling 
centre (treated) both before and after propensity score-matching excluding 
those born at home or in midwife led units 
 

 
EmLSCS, Emergency caesarean section; ElLSCS, Elective caesarean section; APGAR, Appearance, Pulse, Grimace, Activity 
and Respiration score; HIE, Hypoxic ischaemic encephalopathy 

 
 
 
References 

 
 
[1] J. Schafer, Analysis of Incomplete Multivariate Data. Boca Raton: Chapman and 

Hall/CRC, 1997. 
[2] G. Imbens, "Matching methods in practice.," J Hum Resour, vol. 50, pp. 373-419, 

2015. 
[3] W. G. Cochran and D. B. Rubin, "Controlling bias in Observational Studies: A Review," 

(in English), 1973. 
[4] P. R. Rosenbaum, "Constructing a control group using multivariate matched sampling 

methods that incorporate the propensity score," Am Statist, vol. 39, pp. 33-39, 1985 
1985. 

 
 

 
 


	Acknowledgement
	Abstract
	Declaration
	Abbreviations
	Chapter 1.   Introduction
	1.1.  Centralisation of neonatal intensive care for preterm infants
	1.1.1.  In-utero transfers
	1.1.2.  Postnatal transfers
	1.1.3.  Adverse neurological outcomes in preterm infants

	1.2.  Additional burden of centralised intensive care on the family
	1.3.   Centralisation of neonatal care for infants with hypoxic ischaemic encephalopathy
	1.4.   Adverse effects of neonatal transportation
	1.4.1.  Whole Body Vibration
	1.4.2.  Adverse effects associated with whole body vibration

	1.5.  Role of inflammation and microglia in brain injury
	1.6.  Role of endoplasmic reticulum stress and cell death pathways in brain injury
	1.7.  Development of a rodent model to evaluate vibration related brain injury
	1.8.  Biomarkers of neurological injury
	1.8.1.  S100B
	1.8.2.  GFAP

	1.9.  Hypotheses and aims

	The overarching hypotheses relating to this thesis are:
	Chapter 2.   Temporal trends of in-utero and early postnatal transfer of infants born 23+0 to 27+6 weeks’ gestation between 2011-2016: A UK population study
	Chapter 3.   Risk of severe intraventricular haemorrhage in the first week of life in preterm infants transported before 72 hours of age
	Chapter 4.   Quantifying the impact of centralised neonatal care on the family: A national population study
	Chapter 5.   Trends in the prevalence and management of hypoxic-ischaemic encephalopathy in the therapeutic hypothermia era: a national population study
	Chapter 6.   Association of birth in centres without active therapeutic hypothermia and seizure-free survival following neonatal hypoxic ischaemic encephalopathy: A nationwide study
	Chapter 7.   The National Neonatal Research Database
	7.1.  Strengths and Limitations

	Chapter 8.   The effects of whole body vibration, as experienced during neonatal ambulance transportation, on the developing brain
	8.1.  Background
	8.2.  Methods
	8.3.   Results: The impact of WBV on the developing brain
	8.3.1.   The Inflammatory Pathway
	8.3.2.  Endoplasmic reticulum stress, unfolded protein response and cell death pathways
	8.3.3.  Dose related effects of short-term WBV
	8.3.4.  Corticosterone
	8.3.5.  Potential biomarkers of brain injury
	8.3.6.   Overview of chapter results
	8.3.7.  Discussion
	8.3.8.  Limitations of the rodent model


	Chapter 9.   Conclusions
	Chapter 10.   Future work
	References
	List of Publications and Presentations
	Appendix 1
	1.1.   Subjects
	1.2.  Vibration exposure
	1.3.   Histopathology analysis
	1.4.   Gene expression analysis
	1.5.   Serum analysis
	1.6.   Statistical analysis

	Appendix 2
	Eligibility criteria
	Inclusion criteria

	STUDY / STUDY TREATMENT AND REGIMEN
	Appendix 3
	MATERIALS AND METHODS
	Study Design and Participants
	Outcome
	Statistical Analysis

	RESULTS

	TABLE 1. Comparison of Demographic and Clinical Variables Between Inborn and Transported Infants
	TABLE 1. Comparison of Demographic and Clinical Variables Between Inborn and Transported Infants
	TABLE 2. Unadjusted and Adjusted Odds Ratios to Show the Association of Transportation With No/Mild Intraventricular Hemorrhage and Severe Intraventricular Hemorrhage for  All Infants and by Gestational Subgroups
	TABLE 2. Unadjusted and Adjusted Odds Ratios to Show the Association of Transportation With No/Mild Intraventricular Hemorrhage and Severe Intraventricular Hemorrhage for  All Infants and by Gestational Subgroups
	TABLE 3. Prevalence of Intraventricular Hemorrhage on Initial and Day 7 Cranial Ultrasound
	TABLE 3. Prevalence of Intraventricular Hemorrhage on Initial and Day 7 Cranial Ultrasound
	DISCUSSION

	TABLE 4. Evaluation for the Association of Transport With Severe Intraventricular Hemorrhage by Antenatal Steroids Status and Gestational Subgroup
	TABLE 4. Evaluation for the Association of Transport With Severe Intraventricular Hemorrhage by Antenatal Steroids Status and Gestational Subgroup
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

	Risk of Severe Intraventricular Hemorrhage in the First Week of Life in Preterm infants Transported before 72 hours of Age
	Shipley L1, Gyorkos T1, Dorling J1, Tata L2, Szatkowski L2, Sharkey D1
	1 Division of Child Health and Obstetrics and Gynaecology, School of Medicine, University of Nottingham, UK
	2Division of Epidemiology & Public Health, School of Medicine, University of Nottingham, UK
	Corresponding Author:
	Table S1. Day of death of infants who died prior to day 7
	Methods
	Study Population
	The National Neonatal Research Database (NNRD) is a Clinical Dataset (The National Neonatal Data Set), within the NHS Data Dictionary national electronic dataset, which collates prospectively collected daily clinical data from every infant admitted to...
	Data from the Office of National Statistics (ONS) excluding Scotland and Northern Ireland were used to calculate national prevalence rates of HIE, using live birth by GA for each year of the study period (15). Ethical approval was given by the London ...
	Data Collection
	Data were collected on all infants 34 to 42 weeks gestational age, who were admitted to neonatal units in England and Wales between 2011 and 2016. One level 1 unit with approximately 3000 births/year did not give consent for inclusion in the study.
	Infants were identified as having HIE using the “Principle Diagnosis at Discharge” and “HIE score” data fields. Identifying NNRD data items are listed in Supplementary Table 1. Infants were allocated the worst corresponding HIE grade if differing diag...
	Infants who were greater than 5500 grams (erroneous data) and missing admission episode data were excluded from the study.
	Outcome
	Supplementary Online Content
	Shipley L1, Tata L2, Sharkey D1
	1 Division of Child Health and Obstetrics and Gynaecology, School of Medicine, University of Nottingham, UK
	2Division of Epidemiology & Public Health, School of Medicine, University of Nottingham, UK
	Corresponding Author:
	Supplementary table 1 Description of data fields used for determining variables and outcomes from the National Neonatal Research Database
	We performed a retrospective cohort study using data from the UK National Neonatal Research Database (NNRD). This is a validated national electronic database (30) containing prospectively collected demographic and clinical data including outcomes on a...
	Ethical approval was given by the London – City and East Research Ethics Committee (REC: 17/LO/1822). The study protocol was sent to all participating UK neonatal units prior to data extraction.

