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Abstract 

This thesis by publication comprises of seven chapters encompassing several aspects of 

allogenic red blood cell (RBC) transfusion practice, fluid bolus therapy and the use of these 

products utilised in both. The work aims to improve the evidence-base on which clinical and 

research decisions are made around both of these therapies and the products, namely RBCs 

and 0.9% sodium chloride, utilised within neonatal units. It includes two systematic reviews 

and meta-analyses to address uncertainties in neonatal transfusion practice, an in-vitro study 

designed to provide information to inform clinical transfusion practice and an observational, 

cross-sectional study to further understand the use of fluid bolus therapy in neonates. To 

place these studies in their broader context, an introductory chapter (Chapter 1) is provided.  

 

The first study (Chapter 2) provides contemporary data on blood usage in neonatal units. 

Without recent data on the use of blood products, it is challenging to design accurate clinical 

studies. Prior to this study, knowledge of neonatal transfusion practices was limited to local 

cohort or survey-based studies. This study found blood product use remains common in 

neonates born before 30 weeks' gestation. 

 

The second study (Chapter 3) provides, for the first time, a systematic review of the known 

published adverse effects and associations of neonatal allogenic RBC transfusion. The review 

did not find any significant differences in a range of clinical outcomes between neonates 

exposed to restrictive and liberal RBC transfusion practices. The predominance of non-

randomised and observational studies was highlighted in this relatively highly-transfused 

population group. 

 

Chapter 4 provides a systematic review of published studies examining washing RBCs prior 

to transfusion in neonates. It is possible that modification of RBCs prior to transfusion, 

through washing with 0.9% sodium chloride, may reduce adverse effects related to neonatal 

allogenic RBC transfusion. The review found insufficient evidence to support or refute the 

use of washed RBCs to prevent the development of significant neonatal morbidities or 

mortality. This review provided key data to support the development of a randomised study 

in this area. 
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Transfusion guidelines advise against the co-infusion of RBCs with solutions other than 0.9% 

sodium chloride. This study (Chapter 5) evaluates the impact of co-infusion with dextrose-

containing fluids on markers of RBC quality in an in-vitro setting. The study found the in-

vitro characteristics of RBCs co-infused with 0.9% sodium chloride or 10% dextrose were 

not adversely impacted, arguing against the recommendation not to co-infuse. These findings 

led to practice changes in several neonatal units in Australia and Canada. 

 

Intravenous fluid bolus therapy for suspected haemodynamically compromised neonates is an 

apparent common intervention in neonatal units. Despite this, the volume and type of fluid 

used, as well as the timing and indications for this practice are not well described or 

understood. The NeoBolus study (Chapter 6) provides a contemporary description of clinical 

practice in relation to the types and specific indications for use of fluid therapy, including 

blood products, in neonates with suspected haemodynamic compromise. The data generated 

will provide key information to develop a randomised study in the area. 

 

In summary, this work provides a number of insights into neonatal transfusion practice and 

fluid bolus therapy, key to improving the evidence-base and identifying future directions for 

research in these areas. 
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Glossary 

AOP Anaemia of prematurity 

ANZNN Australian and New Zealand Neonatal Network 

CLD Chronic lung disease 

CMV Cytomegalovirus 

CNN Canadian Neonatal Network 

CPD Citrate-phosphate-dextrose 

CPDA-1 Citrate-phosphate-dextrose-adenine 

ECMO Extracorporeal membrane oxygenation 

EPO Erythropoietin 

FFP Fresh frozen plasma 

GA Gestational age 

IVH Intraventricular haemorrhage 

NEC Necrotising enterocolitis 

PPHN Persistent pulmonary hypertension of the newborn 

RBC Red blood cell 

Rh Rhesus 

ROP Retinopathy of prematurity 

SAGM Saline-adenine-glucose-mannitol 

SHOT Serious Hazards of Transfusion 

TA-GvHD Transfusion-associated graft-versus-host disease 

TANEC Transfusion-associated necrotising enterocolitis  

TRIM Transfusion-related immunomodulation 
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Chapter 1: Introduction  

In Australia, in 2013, 309 489 babies were born with 307 277 live births and 2191 stillborn.1  

Of live births, 43 159 (14%) of neonates were admitted to neonatal units, with the majority 

(75%) admitted due to prematurity (born at less than 37+0 weeks’ gestation). Many of the 

conditions experienced by these children, and the therapies used to manage them, have the 

potential to impact on their longer-term health and development. Part of improving their 

outcomes, includes examining the treatments provided to them and the potential immediate 

and longer-term, positive and negative impacts these treatments may have. This is the case 

with both allogenic red blood cell (RBC) transfusion and fluid bolus therapy. Both of these 

practices involve infusion of either 0.9% sodium chloride, most commonly in the case of 

fluid bolus therapy, or blood products, in the case of RBC transfusion and, on occasion in 

fluid bolus therapy, making them two of the commonest infused products in the neonatal unit. 

Both therapies and both products have the potential to improve or worsen clinical outcomes, 

impact on longer term outcomes and have a limited evidence-base on which the decision to 

use, or not use them, are made. 

 

The overall aim of this thesis is to improve the evidence-base on which these clinical 

decisions are made around the use of both these therapies and products. Each of the five 

included papers address a specific research gap in neonatal allogenic RBC transfusion 

practice and fluid bolus therapy. Included are two systematic reviews and meta-analyses to 

address uncertainties in neonatal transfusion practice and knowledge, an in-vitro study 

designed to provide information to inform clinical transfusion practice, and an observational, 

cross-sectional study to further describe the use of fluid bolus therapy in neonates. Combined, 

these papers will improve the understanding of the clinical practices around neonatal 

allogenic RBC transfusion practice and fluid bolus therapy. 
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This chapter will provide a contextual statement to place the included publications within the 

history of neonatal medicine as well as within current knowledge and clinical practice.  

Throughout the statement, each specific research question, forming the basis of each 

subsequent chapter and included publications, will be highlighted. 

 

Neonatal transfusion history  

Over the last 100 years, whilst significant developments in neonatal transfusion practice have 

occurred, the effects of blood transfusion on many important neonatal outcomes remain 

unknown.2 The first report of a transfusion into a neonate dates back to 1908 and describes 

the direct transfusion from a father’s radial artery to his child’s popliteal vein.3 This first 

neonatal transfusion occurred on the background of continuing expansion of special care 

nurseries and physician involvement in neonatal care. Prior to the late 1800s, physician 

involvement had been minimal. However, industrialisation in the 19th century resulted in high 

infant mortality and falling birth rates, which led, in part, to the formation of the Infant 

Welfare Movement. This movement included increasing physician involvement in the care of 

infants, expansion of early examples of special care nurseries and a focus on the preventative 

health care of infants.4 In 1857, Jean-Louis-Paul Denucé, a French surgeon, published the 

first report of the use of an incubator in the care of a premature infant.5 Stephane Tarnier, a 

French obstetrician, refined the incubator by using it for the regular care of premature and 

sick infants. Madame Henry, a French midwife and colleague of Dr. Tarnier, was 

instrumental in developing the first special care nursery in France in 1893.6 From the late 

1890s, Martin Couney, a European-born physician, toured Europe and the United States with 

premature infants in incubators at fairs and other exhibitions.7 As these special care nurseries 

continued to increase, so did the various aspects of neonatal transfusion practice.  
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In 1925, the first reported neonatal exchange transfusion was performed by Alfred Hart,8 a 

Canadian physician, for Rhesus (Rh) isoimmunisation. Rh isoimmunisation was a common 

disease in the mid 20th century with extremely high morbidity and mortality. However, it was 

not until 1946 when additional reports of exchange transfusions were published9 that 

exchange transfusion gained increasingly wide-spread use in the management of Rh 

isoimmunisation. In 1940, Karl Landsteiner, who had discovered the ABO blood group in 

1900,10 and Alexander Wiener, two American physicians, published their seminal paper “An 

agglutinable factor in human blood recognised by immune sera for rhesus blood.”11 The key 

linking of Rh factor and haemolytic disease of the newborn came in 1941 when Philip 

Levine, an American physician, published evidence that the majority of cases of haemolytic 

disease of the newborn were due to immunisation of a Rh-negative mother by a Rh-positive 

fetus.12 In 1968, with the advent of postpartum administration of Rh immunoglobulin to Rh-

negative mothers, maternal isoimmunisation decreased and, as a consequence, so did the 

numbers of exchange transfusions. By the early 1970s, new cases of Rh isoimmunisation 

were uncommon,13 marking a key advance in perinatal medicine. Intrauterine RBC 

transfusions still remain a key part of management of this condition to date. However, there 

remains work to be done in this area with recent findings indicating altered cardiovascular 

development following exposure to fetal anaemia and intrauterine transfusion, with 

persistence of these changes into adulthood potentially indicating increased risk of 

cardiovascular disease.14 

 

By the 1980s and early 1990s, results from North American surveys15, 16 found variable 

transfusion practices throughout neonatal intensive and special care units. These surveys 

remain widely cited throughout the neonatal transfusion literature. Basic data around RBC 

transfusion numbers per neonate were gathered, however it is difficult to interpret due to 
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methodological limitations of the studies. Accurate, population data on neonatal transfusion 

practices remain scarce.17   

 

In 2005, Bell and colleagues from Iowa, USA, published the BELL study, one of the two best 

known studies of neonatal transfusion enrolling 100 infants ≤1300 grams randomised to 

different transfusion thresholds.18 A year later, Kirpalani and colleagues from Hamilton, 

Canada, published a second, larger study (PINT) enrolling 451 infants <1000 grams 

randomised to restrictive (low) compared to liberal (high) transfusion thresholds.19 Further 

commentary and examination of the limitations of these two studies are provided later in this 

chapter.  

 

Other developments in the 1990s and 2000s, included the use of erythropoietin (EPO) as a 

way to reduce the numbers of RBC transfusions. However, since the mid 2000s, EPO has not 

been recommended for this purpose due to a potential association with increased rates of 

retinopathy of prematurity.20, 21 Minimisation of blood-sampling and smaller samples 

required for investigations22 have had limited success in reducing transfusion numbers. Other 

methods such as the use of cord blood for initial blood tests have been suggested,23 however, 

technical difficulties with sampling may occur and interfere with results.   
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Anaemia of prematurity - pathophysiology 

Anaemia of prematurity (AOP) is a multi-factorial condition defined by early, significant 

anaemia in the context of phlebotomy blood losses, lower erythropoietin (EPO) production, 

and a limited bone marrow response.24  Infants universally experience a decrease in 

haemoglobin (Hb) that results in varying degrees of anaemia after birth, regardless of 

gestational age. Preterm infants are particularly vulnerable to development of anaemia in the 

postnatal period due to a number of factors including a more pronounced postnatal drop in 

Hb levels compared to infants born at term and an increased likelihood of iatrogenic Hb 

losses due to recurrent phlebotomy tests due to intercurrent illnesses.25 Recognition of AOP 

relies upon a combination of non-specific clinical symptoms of anaemia and haemoglobin or 

haematocrit levels.26, 27 Anaemia becomes symptomatic when there is an imbalance between 

oxygen delivery and consumption. This may not occur universally at the same Hb for every 

preterm infant. Symptoms of anaemia (e.g. increased oxygen requirement and tachycardia) 

are non-specific and can be due to other aetiologies including sepsis, worsening respiratory 

distress syndrome or chronic lung disease).28.  

 

Strong evidence supports non-physiologic factors as primary contributors to the development 

of anaemia in prematurity and to the large numbers of RBC transfusions received by these 

preterm infants. Non-physiological factors such as phlebotomy losses, sepsis and limited 

nutrition all have a greater impact than physiologic factors such as decreased sensitivity to 

tissue hypoxia, shortened RBC survival, left-shifted oxygen dissociation curve, low plasma 

volumes, rapid growth, and cardiovascular factors. However, all these factors contribute to 

the low Hb levels observed in preterm infants 4-6 weeks after birth. 

 

Estimates of laboratory phlebotomy loss among preterm infants in the neonatal unit during 

the first 6 weeks after birth range from 11 to 22 mL/kg per week with 70-80mL/kg being the 
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average circulating blood volume of a preterm infant. The similar temporal patterns in the 

intensity of laboratory phlebotomy loss and the administration of RBC transfusions. 

Approximately 50% of all RBC transfusions administered to infants with a birthweight 

<1000 grams are given in the first two weeks after birth, and 70% are administered within the 

four weeks.25 It seems certain that AOP is, at the very least, exaggerated by significant 

phlebotomy losses in the first 4-6 weeks of admission to neonatal units. It is also the most 

likely area where interventions to minimise phlebotomy losses will have the greatest impact 

on AOP rates.29 

 

In neonatal units today, RBC transfusions remain the key management strategies of AOP and 

are given to keep Hb levels above a certain threshold depending on the level of 

cardiorespiratory support required. In clinical practice, it is commonly thought that anaemia 

leads to tachycardia, hypotension, poor perfusion and decreased oxygen delivery to the 

tissues. The physiological adaptation to anaemia in preterm infants has been examined and no 

significant change in oxygen consumption, mean inspired oxygen or mean oxygen saturation 

following RBC transfusion were found.30 There is no evidence that a haemoglobin or 

haematocrit threshold where inadequate tissue oxygenation (critical anaemic hypoxaemia) 

definitively occurs in infants of any gestational age. Very little remains known about the 

adaptive responses to anaemia in infants with a birthweight <1000 grams and the effects of 

RBC transfusion at various levels of anaemia.28 

 

In addition to AOP, another reason for transfusion of blood products, or infusion of other 

intravenous fluids, is to provide volume expansion in the setting of critical illness. However, 

this clinical decision to provide intravenous fluid or blood products as volume expansion is 

made with a limited evidence base.31  
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Neonatal RBC transfusion and fluid bolus therapy – current practice 

At present, the majority of published literature around usage patterns of blood products in 

neonatal units was published in the 1990s and is based upon data obtained from practice 

surveys.15, 32 There is also limited data around the use of other blood products beyond RBCs.  

Consequently, there is a need for recent comprehensive data on neonatal transfusion practice 

and an evaluation of any temporal changes in blood product usage over recent years.  

	
	

 

Research question 1:  

What are the current usage patterns of blood products in neonatal units? 
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RBC transfusion practice and adverse effects in neonates  

The conventional and most commonly utilised model of neonatal RBC transfusion includes a 

transfusion algorithm based on either haemoglobin or haematocrit, modified by chronological 

age and receipt of respiratory support.33 The two previously mentioned neonatal RBC 

transfusion threshold studies18, 19 provide the majority of available data to guide current 

neonatal transfusion practice and these, along with one other randomised study34, are 

summarised in Table 1. Limited other studies examining transfusion thresholds exist,35-37 

however, they do not necessarily provide information to guide clinical decision-making in 

neonates from birth and throughout hospitalisation.  

 
 
Cochrane review 

The Cochrane review, examining liberal (high) compared to restrictive (low) RBC 

transfusion thresholds found no evidence that either strategy had an effect on mortality, major 

morbidities or on survival without major morbidity in preterm infants £ 1500 grams.  It 

includes three published studies18, 19, 37 and one unpublished.38  Similar restrictive transfusion 

thresholds were used for all included studies and are shown in Table 2. Safety at 

haemoglobin levels below these limits in Table 2 has not been evaluated. 

Table 2: Lower limits for capillary haemoglobin thresholds evaluated in the Cochrane 

review38 

Postnatal week 
Hb (g/L) 

No respiratory support Respiratory support (any kind) 

1 100 115 

2 85  100 

≥3 75 85 
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Table 1: Sum
m

ary of random
ised studies exam

ining differing R
BC

 transfusion thresholds 
 

C
itation 

A
im

 of study 
Eligible study population 

N
o. included and 

analyzed 
Sum

m
ary 

Bell (the BELL study) 
2005

18 
U

SA
 

Single centre 

 
To determ

ine if restrictive guidelines for RBC 
transfusions can reduce num

ber of 
transfusions w

ithout adverse effects 

216 preterm
 (500-1300 

gram
s) infants and 

103/216 preterm
 infants 

random
ised (only those 

transfused). 

100 included: 
51 in liberal and 49 in 

restrictive group 

N
o differences betw

een groups in 
grade ≥3-4 IV

H
, RO

P ≥3, CLD
 or 

m
ortality 

 
C

hen 2009
34 

Taiw
an 

Single centre 

 
To exam

ine the effect of RBC transfusion on 
outcom

es of V
LBW

 infants (restrictive versus 
liberal transfusion policies) 

 
 Infants <1500 gram

s 
N

um
ber eligible: unclear 

 
36 random

ised: 19 in 
restrictive and 17 in 

liberal group 

 
N

o differences in adverse 
outcom

es found betw
een liberal 

and restrictive groups 

 
K

irpalani (the PIN
T 

study) 2006
19 

C
anada/A

ustralia/U
SA

 
M

ultiple centres 
 

 
To determ

ine w
hether different transfusion 

thresholds affect survival or m
orbidity 

694 infants <1000 gram
s 

and <31 w
eeks G

A
 

 
451 random

ised and 
analysed (223 in 

restrictive vs. 228 in 
liberal) 

 
N

o differences in adverse 
outcom

es (m
ortality, brain injury, 

CLD
, RO

P) w
ere observed 

betw
een restrictive and liberal 
transfusion groups 

Abbreviations: RBC, red blood cell; IV
H

, intraventricular haem
orrhage; RO

P, retinopathy of prem
aturity; CLD

, chronic lung disease; N
EC, necrotizing enterocolitis; V

LBW
, very low

 
birthw

eight; G
A

, gestational age; BW
, birthw

eight 
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Preterm infants 

As findings from the PINT19 and BELL studies18 are most commonly used to guide 

transfusion practice, it is worth examining them in further detail. These studies included 

preterm infants either 500-1300 grams18 or <1000 grams and <31 weeks.19 No differences in 

short-term clinical outcomes (Table 1) were found between the infants in low and high 

transfusion threshold groups in either trial, including number of donor exposures.   

 

The BELL study, which included 100 infants, was designed to examine numbers of RBC 

transfusions and donor exposures per infant. The PINT study, including 451 infants, was 

designed to assess the composite primary outcome of death before hospital discharge or 

survival with any of severe retinopathy, bronchopulmonary dysplasia, or brain injury on 

cranial ultrasound. No differences in the composite primary outcome were found between 

low and high transfusion threshold groups in the PINT study. The BELL study39 also did not 

find any differences in significant morbidities or mortality, however, as this study was 

primarily designed to examine differences in transfusion numbers between groups, it is 

challenging to draw any conclusions from this. Longer term follow-up of these studies39, 40 

found conflicting results in regard to neurodevelopmental outcome, however, neither study 

was designed to examine this outcome. The longer-term follow up to the PINT study 

suggested that higher haemoglobin thresholds may benefit longer-term neurodevelopmental 

outcomes assessed at 18-24 months of age.39 The longer-term follow up to the BELL study 

found more liberal RBC transfusions were associated reduced brain volumes at 12 years of 

age, however, only 44 of the original 100 trial participants were followed,40 limiting the value 

of interpretation of the findings.  
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Term infants 

For term infants, there is minimal evidence to guide thresholds for RBC transfusion.  There is 

only one study that provides some guidance, the Transfusion Strategies for Patients in 

Pediatric Intensive Care Units (TRIPICU) study.41 This study showed no difference in 

oxygenation markers, duration of ventilation, cardiac dysfunction and length of hospital stay 

when critically ill infants and children were transfused at thresholds of 70g/L compared to 

95g/L. 

 

Ongoing clinical trials 

Two clinical trials, the Thresholds on Neurocognitive Outcome of extremely low birth weight 

infants (ETTNO)42 and the Transfusion of Prematures trial (TOP),43 examining the short and 

longer term neurodevelopmental outcomes to 24 months’ corrected age in extremely low 

birth weight infants randomised to liberal or restrictive RBC transfusion thresholds are 

underway. These trials may provide information to guide neonatal transfusion practice and 

longer-term outcomes related to transfusion.  

 

At present, there is insufficient evidence to either accept or reject a restrictive or liberal RBC 

transfusion strategy in preterm or term neonates.  However, there is a need to identify the 

potential benefits or harms that may arise from either strategy, whilst further studies are 

underway. 

 

Adverse effects and associations of neonatal RBC transfusion 

Associations between neonatal RBC transfusions and increased mortality44, 45  as well as 

significant morbidities such as necrotising enterocolitis (NEC),46 intraventricular 

haemorrhages (IVH),47 retinopathy of prematurity (ROP),48 chronic lung disease (CLD)49 are 
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all reported in the literature. However, there is no current systematic collation of adverse 

effects due to, or associated with, RBC transfusion in neonates. Without this, and an 

accompanying meta-analysis of the data, it will be challenging to draw conclusions from this 

literature in an objective manner. In addition, there is emerging evidence that similar adverse 

effects in the adult population, such as transfusion-related acute lung injury, are under-

reported and under-recognised in neonates.50, 51 Data published from the Serious Hazards of 

Transfusion (SHOT) scheme from the United Kingdom highlights that transfusion reactions, 

usually observed in adults, do occur in neonates.52 However, there is likely underreporting 

and lack of recognition of adverse transfusion effects and associations in neonates due to 

inter-current illness and lack of awareness of clinicians. 

 

Adverse effects in transfusion  

An adverse effect is an undesirable and unintended occurrence during or after transfusion of 

blood or blood component, which may be related to the administration of the blood or a 

component. The cause-effect relationship between receipt of the blood product and the 

adverse outcome is established. These may include alloimmunisation, post-transfusion 

purpura, transfusion-transmitted infection, e.g. hepatitis B, hepatitis C, parasites, incorrect 

blood component transfused and/or adverse events or reactions associated with directed 

donation. 

 

Adverse associations in transfusion 

An adverse association is also an undesirable and unintended occurrence during or after 

transfusion of blood or blood component, which may be associated with the administration of 

the blood or component. However, there is no cause-effect relationship definitely established. 

Transfusion-associated necrotising enterocolitis (TA-NEC) is an example of such an 
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association, which has recently gained attention in the literature. Kirpalani and Zupancic 

undertook a systematic review and a meta-analysis53 of the published literature on the 

association between transfusions in newborns and the occurrence of NEC. They found that 

the direction of effect of RBC transfusions on NEC (more transfusions show lower NEC) as 

demonstrated in randomised trials was opposite to that seen in observational studies 

(transfusions are associated with NEC). A recent study by Patel et al54 found that severe 

anaemia, not RBC transfusion, was associated with an increased risk of NEC.  The authors 

suggest that prevention of severe anaemia may be more important than minimising RBC 

transfusion alone.54 

 

Proposed underlying mechanisms of adverse transfusion effects and associations 

The proposed mechanism or mechanisms underlying adverse transfusion effects and 

associations are unclear. A proposed mechanism relates to the modulation of a transfusion 

recipient’s immune system, termed transfusion-related immunomodulation (TRIM).55 In the 

clinical setting of an underlying inflammatory state priming the recipient’s immune system, 

transfusion of allogenic RBC may trigger immune cell activation and related 

immunomodulation, resulting in frank inflammation. Data is available to support this 

hypothesis, with increases in interleukin (IL) 1β, IL-8, tumour necrosis factor (TNF) α and 

monocyte chemoattractant protein-1 observed after allogenic RBC transfusion in preterm 

infants.56 These increases also correlated with increases in markers of endothelial 

activation.56 This pro-inflammatory reaction may be a manifestation of TRIM. It may partly 

explain the association between RBC transfusion and the development of NEC, ROP and 

CLD. 
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Another contributory mechanism may be related to the sex of the blood donor. Recent work 

has bound that female donor blood was associated with an increased likelihood of recipients 

developing chronic lung disease, spontaneous intestinal perforation/necrotising enterocolitis 

and mortality.57 Key limitations to this work include a higher number of transfusions received 

by those in the group receiving predominantly female donor blood. It is quite possible that 

those infants receiving more transfusions were less well and, thus, had more comorbidities 

and increased likelihood of mortality that those receiving less RBC transfusions.   

 

To further understand the adverse effects and associations potentially related to neonatal 

allogenic RBC transfusion practice, a systematic collation of these reported adverse effects 

and associations is required and is provided in Chapter 4. 

 

 
Research question 2:  

What are the reported adverse effects and associations of neonatal allogenic RBC 

transfusions in the literature? 
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Providing safer blood products to neonates 
Different component safety measures apply for both fetal and neonatal patients, compared to 

paediatric and adult populations, as they are particularly vulnerable recipients due to their 

small size, developmental immaturity and longest potential lifespan.58 There are number of 

modifications of blood products that may or may not impact on health of neonatal recipients 

of these blood products.   

 

Leukodepletion 

Leukocytes, when transfused, can cause a variety of side-effects such as febrile reactions, 

suppression of the immune system, and transmission of viruses, such as cytomegalovirus 

(CMV). Leukodepletion is where the white blood cells are removed from blood prior to 

transfusion. This process decreases the risk of CMV infection transmission by RBC and 

platelet transfusion.59  After the introduction of universal prestorage leukoreduction of RBC 

transfusions to neonates (<1250 grams) in 1998 in Canada, a reduction in several morbidities, 

including NEC, retinopathy of prematurity and chronic lung disease, were found.60 A recent 

randomised controlled trial found transfusion of blood products that were both CMV-

seronegative and leukoreduced prevents transmission of CMV to neonates <1000 grams.  The 

only postnatal acquired CMV infections in this study were due to transmission from maternal 

breast milk.61   

 

Irradiation 

The British Committee for Standards in Haematology blood transfusion task force in 2009 

made specific recommendations around the use of irradiated blood products.62 They 

recommended the use of irradiated blood products (RBC, platelet and granulocyte infusions) 

to remove T-lymphocytes, which can cause a significant immune reaction in transfusion of 
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neonates with a history of intra-uterine transfusion (up to the age of 6 months), especially 

those undergoing exchange transfusion.62 These recommendations are based on the finding 

that most cases of transfusion-associated graft-virus-host disease (TA-GvHD) occurred in 

apparently immune competent infants with a history of intra-uterine transfusion followed by 

exchange transfusion with non-irradiated blood products.62 Consideration of the use of 

irradiated blood products is suggested for neonatal exchange transfusion without a history 

intra-uterine transfusion and this is recommended based on rare reports of TA-GvHD in this 

situation. The National Blood Authority (Australia) supports these recommendations63 and 

also suggests consideration of the use of irradiated blood products in neonates with a 

birthweight <1300 grams (especially if <28 weeks’ gestation or <900 grams).  The basis for 

this recommendation is unclear.  In contrast, the British Committee for Standards in 

Haematology blood transfusion task force does not recommend the use of irradiated products 

for this patient group as reports of TA-GvHD in preterm infants are minimal and are not 

reported for term infants undergoing small volume RBC transfusions.62 

 

Other modifications 

Current evidence, including in neonatal settings, provides moderate likelihood that use of 

fresher RBCs (less than 5-7 days of age) does not influence mortality and low likelihood that 

it does not influence adverse events.64  Other modifications to RBCs transfused to neonates 

may have the potential to improve clinical outcomes. There is evidence in both adult65 and 

paediatric66 populations of benefit from washing RBCs prior to transfusion. As transfusions 

of blood products can alter the immune system of the recipients, it is feasible that 0.9%  

sodium chloride washing of RBCs prior to transfusion may reduce adverse effects and 

improve outcomes for all patient populations, including preterm neonates. Washed RBCs are 

units of whole blood or RBCs that have been washed with one to two litres of 0.9% sodium 
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chloride prior to transfusion. These units are depleted of 99% of plasma proteins and 85% of 

white blood cells.  

 

The evidence-base for use of RBCs washed with 0.9% sodium chloride to reduces 

morbidities and mortality in recipient is limited but promising. The use of washed RBC 

transfusions in paediatric cardiac surgery was shown to reduce pro‐inflammatory biomarkers 

and number of transfusions, and demonstrated a trend towards reduced mortality, when 

compared with unwashed RBCs.66 There is further evidence in adult populations that washing 

RBCs prior to transfusion reduces mortality in a subset of adults with acute leukemia65 and 

those undergoing coronary artery bypass surgery.67 Further research is underway in this area 

in adult populations.68 If washing RBCs for transfusion in preterm infants leads to similar 

benefits, this would represent a significant improvement in neonatal transfusion practice. 

 

This topic is further explored in Chapter 4. 

 

	
 

Research question 3:  

Does washing RBCs prior to transfusion in neonates prevent morbidity and mortality? 
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Clinical practice of RBC administration – a key aspect 
Another aspect of neonatal transfusion practice, and potential modification of RBCs prior to 

transfusion, is the potential safety of co-infusion of dextrose-containing fluids and RBCs.69, 70 

Current transfusion guidelines prohibit the practice of infusion both blood and dextrose-

containing fluids through the same intravenous line due to the potential risk of agglutination 

and haemolysis.71 The evidence for this is limited and the studies on which this 

recommendation is based upon are summarised in Table 3.   
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T
able 3: Studies to determ

ine w
hether co-infusion of RBCs and dextrose-containing fluids causes significant haem

olysis 
C

itation 
Study design 

K
ey R

esults 
C

om
m

ents 

 N
oble et A

bott. 
U

nited K
ingdom

 
1959

72 
 

 Laboratory-based study 
 W

hole blood in an acid-citrate-
dextrose solution and isotonic 
dextrose-containing solutions w

hen 
m

ixed together in a transfusion 
apparatus.  Levels of haem

olysis 
(as a %

) w
ere determ

ined by a 
colorim

eter. 

 H
aem

olysis occurred w
hen blood and 5%

 dextrose w
as 

incubated in the apparatus for ≥ 12 hours at room
 

tem
perature (10%

); earlier at 6 hours w
hen the solution 

w
as kept at 27 degrees (17%

).  H
aem

olysis w
as observed 

earlier (at 3 hours) w
hen the solution w

as dextrose and 
saline com

bined at 27 degrees (7.5%
). 

 N
o haem

olysis w
as observed w

hen blood w
as incubated 

w
ith 0.9%

 sodium
 chloride at either tem

perature. 

 The experim
ental conditions and blood products (w

hole 
blood) used in the experim

ents are unlikely to reflect 
current transfusion practice. 
 Blood and dextrose-containing fluids, although in a 
transfusion apparatus, w

ere not actually infused. 
  

 Jones et al. U
nited 

K
ingdom

 1962
73 

     

 Laboratory-based study using 
hum

an subjects 
 Red blood cells labelled w

ith 75μg 
51Cr as sodium

 chrom
ate w

ere 
m

ixed w
ith 5%

 dextrose and 
reinjected into hum

an subjects. 

 Red cells aggregated by 5%
 dextrose solutions are 

destroyed w
ithin 48 hours of reinjection. 

 A
ddition of 0.9%

 sodium
 chloride to the dextrose 

solution m
ay am

eliorate the agglutination observed 
w

hen 5%
 dextrose is m

ixed w
ith red blood cells. 

  

 R
yden et 

O
berm

an. U
SA

 
1975

74 
 

 Laboratory-based study 
 22-day-old RBCs stored in citrate-
phosphate-dextrose (CPD

) w
ere 

incubated w
ith 5%

 dextrose w
ith 

0.9%
 saline, 5%

 dextrose in 
0.225%

 saline, 5%
 dextrose and 

lactated Ringer’s solution. 
 H

aem
olysis w

as determ
ined by 

visual inspection of the solutions.  

 G
ross haem

olysis, as m
easured by visual inspection, w

as 
observed after 30 m

inutes of incubation of 5%
 dextrose 

and RBCs, as w
ell as w

ith 5%
 dextrose and 0.225%

 
saline by 10 m

inutes. 
 N

o haem
olysis w

as observed w
hen blood w

as m
ixed 

w
ith 5%

 dextrose w
ith 0.9%

 saline or w
ith 0.9%

 sodium
 

chloride alone. 
 

 H
aem

olysis w
as docum

ented by visual inspection of the 
solutions alone. 
 The m

ain part of the experim
ent involved m

ixing RBCs 
and IV

 solutions in a centrifuge tube and incubating 
them

 for a period of tim
e. This practice does not reflect 

current clinical practice. 
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 E
aston et T

ernoey. 
C

anada 1985
75 

 

 Laboratory-based study 
 RBCs stored in citrate-phosphate-
dextrose-adenine (CPD

A
-1) w

ere 
incubated w

ith 3.3%
 dextrose and 

0.3%
 saline at different ratios for 

up to 120 m
inutes.   

 

 H
aem

olysis (1+ to gross haem
olysis) on visual 

inspection w
as observed in m

ost m
ixtures by 20 m

inutes 
and in all m

ixtures by 30 m
inutes. 

 0.9%
 saline w

as used as a control m
easure and no 

haem
olysis or agglutination w

as observed w
hen 

incubated w
ith RBCs 

 O
nly visual rating scores of haem

olysis w
ere used (0, 

1+, 2+, 3+ and G
H

). 
 RBCs and dextrose-containing fluids w

ere not actually 
infused. 

 Strautz et al. U
SA

 
1989

76 
 

 Laboratory-based study 
 6-10 day old RBCs stored in 
adenine-saline-dextrose (A

S-1) and 
w

ashed RBCs w
ere diluted w

ith 
Ringer’s lactate, 5%

 dextrose or 
0.9%

 sodium
 chloride.  Sam

ples 
w

ere incubated w
ith each IV

 
solution in centrifuge tubes at room

 
tem

perature and at 37 degrees.  
M

ixtures w
ere exam

ined for 
agglutination, clot form

ation and 
haem

olysis im
m

ediately, 1 m
inute 

and 60 m
inutes follow

ing m
ixing.   

 H
aem

olysis w
as not observed by visual inspection w

hen 
RBCs w

ere m
ixed w

ith 5%
 dextrose in ratios 10:1 

through to 1:40 (blood: solution) either im
m

ediately on 
m

ixing or after 30 m
inutes at room

 tem
perature. 

 H
aem

olysis w
as observed by visual inspection 

im
m

ediately w
hen either RBCs w

ere m
ixed w

ith 5%
 

dextrose and w
hen the RBCs w

ere m
ixed at a ratio 1:5 or 

greater (blood: solution) at 37 degrees.  This w
as not 

observed at low
er ratios (10:1 through 1:1) until 60 

m
inutes of incubation both at room

 tem
perature and at 37 

degrees. 

 H
aem

olysis identified only if supernatant developed a 
grossly pink colour (visual scoring only and no grading 
system

 used). 
 Experim

ental conditions do not resem
ble current 

infusion practice. 
  RBCs and dextrose-containing fluids w

ere not actually 
infused. 
 Provides supporting data that incubation of RBCs and 
0.9%

 saline does not lead to haem
olysis.   

 Jankov et R
oy. 

A
ustralia 1997

77 
 

 Laboratory-based study 
 RBCs stored in saline-adenine-
glucose-m

annitol w
ere co-infused 

(at 5m
l/hr and 15m

l/hr) w
ith 

various dextrose-containing 
solutions (5%

 dextrose, 10%
 

dextrose, 15%
 dextrose and am

ino 
acid). 
 

 M
inim

al am
ounts of haem

olysis (as a %
 of fH

b levels of 
the control co-infusate – w

ater and RBCs) w
ere observed 

w
ith any of the solutions.  The greatest %

 level of 
haem

olysis observed w
as 0.14%

 w
ith RBCs and 15%

 
dextrose. 
   

 RBCs used for the study had a m
ean age of 5 days of 

age, w
hich is not necessarily reflective of the age of 

RBCs used in neonatal transfusion practice. 
 A

ctual levels of fH
b not stated for the co-infused 

sam
ples.   

 Levels of haem
olysis seen w

ith 0.9%
 saline and w

ater 
(control solutions) w

ere not given. 
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Co-infused 0.9%
 saline and w

ater 
w

ere used as 0%
 and 100%

 
haem

olysis controls. 

 van den B
os et al. 

N
etherlands 

2003
78 

 

 Laboratory-based study 
 Level IV

 evidence 
 5%

 dextrose and 0.9%
 saline w

ere 
co-infused w

ith irradiated RBCs 
stored in saline-adenine-glucose-
m

annitol as the control arm
 of an 

experim
ental study. 

 RBCs w
ere both co-infused w

ith 
IV

 solutions (dynam
ic m

odel) as 
w

ell as incubated for 10-30 m
inute 

tim
e periods (static m

odels). 

 Levels of fH
b in the co-infused RBC concentrates in 

various m
odels: 

 D
ynam

ic co-infused m
odel:  

0.9%
 saline vs. 5%

 dextrose = 
7 vs. 8 μm

ol/L 
 Static 10m

in m
odel:  

0.9%
 saline vs. 5%

 dextrose = 
8 vs. 6 μm

ol/L 
 Static 30m

in m
odel:  

0.9%
 saline vs. 5%

 dextrose = 
8 vs. 6 μm

ol/L. 
 

 N
o significant difference in levels of fH

b w
ere found 

w
hen RBCs w

here co-infused w
ith 0.9%

 saline vs 5%
 

dextrose. 
 H

igh infusion rates (100m
l/hr) w

ere used and are not 
reflective of the rates used in neonatal transfusion 
practice. 
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 Stark et al. 
A

ustralia 2011
69 

 

 Laboratory-based study 
 Level IV

 evidence 
 RBCs stored in saline-adenine-
glucose-m

annitol w
ere co-infused 

w
ith various dextrose-containing 

solutions (5%
 dextrose, 10%

 
dextrose and am

ino acid). 
  

 Levels of haem
olysis observed in the co-infusate w

ere 
com

parable to the levels observed in the control infusate 
(RBCs and 0.9%

 saline). 
 Co-infusion of 0.9%

 sodium
 chlroide and RBCs led to 

fH
b 1.9-2.1 μm

ol/L com
pared to w

hen 10%
 dextrose w

as 
co-infused w

ith RBCs resulting in a fH
b level 1.7-2.5 

μm
ol/L. 

 A
gglutination (m

acroscopic or m
icroscopic) w

as not 
observed during co-infusion of any type of solution. 
 

 A
spects of the experim

ental design did not reflect 
current neonatal transfusion practice.  For exam

ple, 
RBCs used for the study had a m

ean age of 5 days of 
age, not necessarily reflective of the age of RBCs used 
in neonatal transfusion practice. 
  

*This table is based upon one from
 an evidence-based review

 I published in 2013 entitled “Is it safe to co-infuse dextrose-containing fluids with red blood cells?”
79 
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Of the seven studies identified, all were in-vitro studies comparing infusion/incubation of 

RBCs with various dextrose-containing fluids and later observed levels of haemolysis.69, 72-78 

Four of the studies used equipment and RBC products that no longer reflect current 

practice72-74, 76 or experimental conditions not indicative of current neonatal transfusion 

practice in highly resourced countries.78  

 

The study by Stark et al69 did not demonstrate agglutination or haemolysis of RBCs with 

various dextrose containing fluids. The experimental conditions in this study likely reflects 

current neonatal transfusion practice in several countries, including Australia, Canada, 

Europe, New Zealand and United Kingdom. However, it is unlikely that the majority of 

infants in highly resourced countries transfused RBCs receive ones that are 5 days of age and 

it is possible that older RBCs or irradiated RBCs may be at a greater risk of haemolysis. 

However, there remains no in-vivo data available at present to support the findings by Stark 

et al.69 An additional in-vitro study could address several of the concerns regarding the 

previous study design and would be a useful base which to develop in-vivo studies from.    

	

	

Research question 4:  

Is it safe to co-infuse dextrose-containing fluids and RBCs? 
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Fluid bolus therapy in neonates 
Another aspect of neonatal transfusion practice includes the use of blood products as a 

volume expander or fluid bolus. Fluid bolus therapy may be used in neonates as part of 

management of haemodynamic compromise, for example, due to hypotension. However, the 

volume and type of fluid used, as well as the timing and the indications for fluid boluses are 

not well described. Types of fluids used to manage suspected haemodynamic compromise in 

neonates may include crystalloids, most commonly 0.9% sodium chloride,80 or blood 

products including fresh frozen plasma (FFP), albumin and RBCs.  

 

Fluid bolus therapy: underlying principles 

Due to our current lack of ability to predict which, and whether, neonates may benefit from a 

fluid bolus, standard practice in neonatal medicine is to empirically administer a fluid bolus 

to suspected haemodynamically compromised infants. Then the effect on cardiac output or 

other variables, such as acid-base and/or lactate, to draw conclusions about benefit at the 

tissue and cellular level is evaluated. This approach is indiscriminate and suboptimal because 

it is likely not all neonates will respond to a fluid bolus in the desired way. In non-responders, 

repeated fluid boluses will increase fluid load, possibly inducing harm.81  In a preload 

responsive individual whose heart is operating at the steep portion of the Frank-Starling 

curve, additional volume will increase stroke volume and increase cardiac output.82 The 

inferred consequence is improved tissue perfusion, in turn improving cell and organ function. 

These are the physiologic principles on which fluid bolus therapy is based. It is supported by 

previous data revealing an increase in cardiac output post-fluid bolus in preterm infants.83   
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Preterm infants 

There are no randomised studies primarily designed to examine fluid bolus compared to no 

fluid bolus in preterm infants with haemodynamic compromise.84 Several studies85-89 

published between 1976 to 2000 comparing fluid bolus (volume expansion) to no fluid bolus 

in preterm infants are available; however, the majority of included infants did not have signs 

of haemodynamic compromise. Meta-analysis of these studies found no differences in 

clinical outcomes, including mortality, grade 3-4 intraventricular haemorrhage and 

neurodevelopmental impairment .90 

 

The largest, and best-known study examining the use of fluid boluses in preterm neonates, is 

the Northern Neonatal Nursing Initiative (NNNI) Trial Group study (n=776).89  The study 

was designed to determine whether early volume expansion, including with FFP 

administration, would reduce morbidity and mortality in infants < 32 weeks’ gestation.  

Prophylactic FFP (20 ml/kg followed by 10 ml/kg after 24 hour); or a similar volume of an 

inert gelatin plasma substitute; or control management with a maintenance infusion of 10% 

dextrose were compared. The study found no effect of use of FFP as early volume expansion 

on cranial ultrasound abnormalities or mortality prior to initial discharge. In the two-year 

follow-up study,91 no significant differences between groups in severe disability or mortality 

were reported.  The study published in 1996 and likely does not reflect current clinical 

practice, limiting its relevance.92 Critically, volume expansion was used ‘prophylactically’ as 

opposed as part of management of haemodynamic compromise, limiting the conclusions able 

to be drawn from its findings. As a consequence, this study does not provide information on 

whether or not fluid boluses are beneficial in preterm infants with haemodynamic 

compromise. 
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Late preterm and term infants 

Only two studies are currently available to assess whether fluid bolus therapy in late preterm 

and term infants has any objective clinical benefit.93, 94 No relevant randomised controlled 

trials were identified. These studies are summarised in Table 4. 
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 Table 4: U
se of intravenous fluid bolus therapy in late preterm

 and term
 infants w

ith suspected haem
odynam

ic com
prom

ise* 
 

C
itation 

Study group 
 

Study type 
(level of 

evidence) 
O

utcom
e 

 
K

ey result 
 

C
om

m
ents 

 

 M
ydam

 et al 93 
2014 
 

 Infants >34 w
eeks G

A
 

w
ith persistent 

pulm
onary 

hypertension of the 
new

born (PPH
N

); 
n=98. 
 

 Retrospective cohort 
study w

ith 
com

parator group 
(level 4). 
 Study group = 
Infants w

ho received 
inhaled nitric oxide 
(iN

O
) and 

m
echanical 

ventilation only, w
ho 

survived to 
discharge. 
 Com

parator group = 
Infants w

ho received 
ECM

O
 or w

ho died. 
 

 Identification of 
variables, w

hich m
ay 

predict adverse 
outcom

e (ECM
O

 
and/or death) in 
PPH

N
.  

 Infants in the com
parator 

group received higher 
am

ounts of fluid boluses 
during the first 7 days of 
hospitalization com

pared 
to the study group 
(p=0.018). 
 H

ow
ever, after logistic 

regression analysis of 
statistically significant 
param

eter, illness severity 
scores w

ere the only 
variable that retained 
statistical significance 
betw

een groups. 

 Excess fluid bolus therapy observed 
in the com

parator group w
as likely a 

m
arker of illness severity only. 
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 W
yckoff et al 94 

2005 

 Infants ≥34 w
eeks G

A
 

w
ho received 

cardiopulm
onary 

resuscitation (defined 
as >1 m

inutes of 
positive pressure 
ventilation and chest 
com

pressions); n= 23. 
 

 Retrospective cohort 
study w

ith 
com

parator group 
(level 4). 
  

 Characterisation of 
use of fluid bolus 
therapy in the 
delivery room

. 

 Infants w
ho received fluid 

bolus therapy (n=13) in 
the delivery room

 had 
low

er arterial cord pH
 and 

base deficits (p=0.02) w
ith 

longer periods of chest 
com

pressions and receipt 
of m

ore adrenaline 
(p=<0.001) than infants 
w

ho did not. 
 O

n adm
ission to N

ICU
 

(n=13), infants w
ho had 

received fluid bolus 
therapy did not differ in 
arterial pH

, pCO
2 , heart 

rate, additional fluid bolus 
therapy or m

ortality 
(p=N

S) from
 those that 

did. 
 

 Receipt of fluid bolus therapy in the 
delivery room

 m
ay be a m

arker of 
illness severity and, in the absence 
of hypovolaem

ia secondary to blood 
loss, not have any objective clinical 
benefit. 

A
bbreviations: ECM

O
 = extracorporeal m

em
brane oxygenation; G

A
 = gestational age; iN

o = inhaled nitric oxide; PPH
N

 = persistent pulm
onary hypertension 

of the new
born 

*This table is based upon one from
 an evidence-based review

 I published in 2016 entitled “Are intravenous fluid boluses beneficial in late preterm
 or term

 
infants with suspected haem

odynam
ic com

prom
ise?”

31 
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The two identified studies were retrospective studies with comparator groups.95 These studies 

found that receipt of fluid bolus therapy was likely to be a marker of illness severity, rather 

than a cause of adverse effects in infants with persistent pulmonary hypertension of the 

newborn93 and hypoxic-ischaemic encephalopathy.96 Whilst the clinical pathophysiological 

need for additional fluid in infants with gastroschisis and reduced intravascular volume might 

appear more justified based on physiological first principles, use of fluid bolus therapy in 

these patient groups still remains based on expert opinion rather than robust clinical trials. 

 

Potential benefits and harm of fluid bolus therapy 

Potential adverse effects of all types of fluid boluses in neonates include volume overload, 

dilutional coagulopathy, hypothermia and electrolyte disturbances. In addition, particular 

fluids may cause specific complications, such as red cell and plasma associated transfusion 

reactions,46, 97 or 0.9% sodium chloride-induced hyperchloraemic metabolic acidosis. 

Observational studies suggest dose-related adverse effects of volume overload; in preterm 

infants, multiple fluid boluses have been associated with increased mortality98 and 

intraventricular haemorrhages99 whereas lower total fluid intakes in the first week of age 

were correlated with decreased chronic lung disease and mortality.100, 101 The Fluid 

Expansion as Supportive Therapy (FEAST) study found increased 48-hourly mortality in 

critically ill children randomised to receive fluid bolus therapy.102   

 

It is clear the evidence base for fluid bolus therapy is limited in both preterm and term 

infants31 and may be associated with potential harm. It is, therefore, timely to examine fluid 

bolus therapy in the neonatal unit in much greater detail.   

 

	



 

30 

 

Research question 5:  

What are the types, doses, indications and short-term outcomes of fluid bolus therapy in 

neonates? 
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Research gaps and aims of included publications 

A number of research gaps exists in the clinical practice of allogenic RBC transfusion and 

fluid bolus therapy in neonates. Specific questions that will be addressed: 

 

Research question 1: What are the current usage patterns of blood products in neonatal 

units? Chapter 2 will address this question through a description of the types, patterns and 

trends of use of blood products in the neonatal unit. 

 

Research question 2: What are the current known adverse effects and associations of 

neonatal RBC transfusions? Chapter 3 will provide a systematic collation of reported 

adverse effects and associations of RBC transfusion in neonates.   

 

Research question 3: Does washing RBCs prior to transfusion in neonates prevent 

morbidity and mortality? Chapter 4 contains a systematic review and meta-analysis of the 

evidence for modification of RBCs prior to transfusion on the impact of morbidities and 

mortality in preterm neonates is provided.   

 

Research question 4: Is it safe to co-infuse dextrose-containing fluids and RBCs? 

Chapter 4 will provide the in-vitro evidence exploring whether it is safe to co-infuse RBCs 

and dextrose-containing fluids. 

 

Research question 5: What are the types, doses, indications and short-term outcomes of 

fluid bolus therapy in neonates? Chapter 6 consists of an international, cross-sectional, 

observational study examining the clinical practice of fluid bolus therapy to provide the 

answers and explore this practice in neonatal units around the world.   
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Each of these publications aims to contribute to improving the outcomes of children through 

improving the understanding of current neonatal knowledge and clinical practice. It will 

allow for identification for future directions for research in this area. 
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Chapter 2 

Use of blood products in contemporary neonatal intensive care 

units 

This chapter includes the published paper “Temporal changes in blood product usage in 

preterm neonates born at less than 30 weeks’ gestation in Canada.”   

 

The data presented in the study is from the Canadian Neonatal Network (CNN) database. 

During 2012-2014, I worked as a Neonatal Fellow at the University of Toronto. This allowed 

me to work with researchers from the CNN and to access data from the network. The network 

data available through the CNN is more detailed than that is currently available from the 

Australian and New Zealand Neonatal Network (ANZNN) database. Transfusion data is not 

available from the ANZNN and I was fortunate to be able to access contemporary transfusion 

data from a country with a similar healthcare system and socio-demographics to Australia 

and New Zealand. 

 

The correct figures are included as supplementary material at the end of Chapter 2. 

 

It addresses the previously identified research question:  

 

Research question 1:  

What are the current usage patterns of blood products in neonatal units? 

	
	
	
	

Authorship forms are provided in Appendix C 
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Supplementary material for Chapter 2  
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Chapter 3 

Adverse effects and associations of neonatal red blood cell 

transfusions 

This published protocol, systematic review and meta-analysis describes the adverse effects 

and associations attributed to RBC transfusions in neonates. 

 

It addresses the previously identified research question:  

 

Research question 2:  

What are the current known adverse effects and associations of neonatal RBC 

transfusions? 

 

	
 
 

Authorship forms are provided in Appendix C  
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Supplementary material for Chapter 3  
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Chapter 4 

Washed versus unwashed red blood cells for neonatal transfusion 

and impact on morbidities and mortality 

 

This published Cochrane systematic review examines the current evidence for pre-transfusion 

washing of RBCs in reducing important morbidities and mortality in preterm neonates. 

 

It addresses the previously identified research question: 

 

Research question 3:  

Does washing RBCs prior to transfusion in neonates prevent morbidity and 

mortality? 

  

	
 
 

Authorship forms are provided in Appendix C  



 

122 



 

123 



 

124 



 

125 



 

126 



 

127 



 

128 



 

129 



 

130 



 

131 



 

132 



 

133 



 

134 



 

135 



 

136 



 

137 



 

138 



 

139 



 

140 



 

141 



 

142 

	  



 

143 

Chapter 5 

Co-infusion of dextrose-containing fluids with red blood cells 

 

The chapter contains the published paper “Co-infusion of dextrose-containing fluids and red 

blood cells does not adversely affect in vitro red blood cell quality.” 

 

It addresses the previously identified research question: 

	

Research question 4: Is it safe to co-infuse dextrose-containing fluids and 

RBCs? 

	
	
 
 

Authorship forms are provided in Appendix C
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Chapter 6 

Fluid bolus therapy in neonates 

 

This chapter includes the paper, currently submitted for publication “An international, multi-

centre, cross-sectional study of fluid bolus therapy in neonates.” 

 

It addresses the previously identified research question: 

 

Research question 5:  

What are the types, doses, indications and short-term outcomes of fluid bolus 

therapy in neonates? 

  

 
 

The published paper is now provided at the end of Chapter 6 
 

Authorship forms are provided in Appendix C 
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Abstract and keywords 

Aims: To assess the prevalence, types, and indications for fluid bolus therapy in neonates 

with haemodynamic compromise. 

Methods: A pragmatic international multi-centre cross-sectional study in neonatal units 

across Australasia, Europe, and North America. A pre-defined study period of 10-15 study 

days per participating neonatal unit between December 2015-March 2017. Infants ≤28 days 

of age who received a fluid bolus for the management of haemodynamic compromise 

(≥10ml/kg given at ≤6 hours) were included. 

Results: 163 neonates received a bolus over 8479 eligible patient days in 41 neonatal units. 

Prevalence of fluid bolus therapy varied between centres from 0% to 28.6% of admitted 

neonates per day, with a pooled prevalence rate of 1.5% (95% confidence interval 1.1-1.9%). 

The most commonly fluid used was 0.9% sodium chloride (129/163; 79%), the volume of 

fluid administered was most commonly 10mL/kg (115/163; 71%) over a median of 30 

(interquartile range 20-60) minutes. The most frequent indications were hypotension (n=56; 

34%), poor perfusion (n=20; 12%) and metabolic acidosis (n=20; 12%). Minimal or no 

clinical improvement was reported by clinicians in 66/163 (40%).  

Conclusions: Wide international variations in types, indications and effects of fluid bolus 

administration in haemodynamically compromised neonates suggest uncertainty in the risk-

benefit profile. This is likely to reflect the lack of robust evidence to support the efficacy of 

different fluid types, doses and appropriate indications. Together, these highlight a need for 

further clinically relevant studies. 

 

Keywords: infant, newborn; therapy, fluid; blood pressure. 
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Introduction 

Intravenous fluid bolus therapy for suspected haemodynamic compromise in neonates, with a 

variety of underlying conditions, is a common intervention in neonatal units. Fluid boluses 

may include crystalloids such as 0.9% sodium chloride, or colloids such as albumin or blood 

products including plasma, which have different biochemical properties. While this therapy 

represents an established component of the management of haemodynamic compromise in 

neonates, the volume, type of fluid, timing and indications for this practice are not well 

described or understood.31, 90, 103 A Cochrane review found no benefit from the use of early 

fluid bolus therapy in infants ≤ 32 weeks’ gestation without haemodynamic compromise.90 

This review identified no available evidence to determine whether those with clear 

haemodynamic compromise might benefit from volume expansion compared to no volume 

expansion.90 Another review, including two more recent studies not included in the previous 

meta-analysis, was again unable to establish any benefit from fluid bolus therapy in late 

preterm and term infants with signs of haemodynamic compromise.31 There are well 

documented concerns about the consequences of fluid bolus therapy in older children, but 

comparable data do not exist in neonates. It is possible that some fluid boluses provide no 

clinical benefit, and may even cause harm.99, 104  

 

As a first step in evaluating and improving the use of fluid bolus therapy in clinical practice, 

we conducted a pragmatic, international, multi-centre, cross-sectional study to explore 

existing practices of fluid bolus therapy. Our primary objective was to describe the 

prevalence, types, indications for and doses of fluid bolus therapy administered to neonates 

with suspected haemodynamic compromise. Secondary objectives were to determine 

variations in practice of fluid bolus therapy and evaluate the degree of perceived 

improvement post fluid boluses.  

 

Methods 

Study design and setting 

This study was an international, pragmatic, multi-centre, cross-sectional study undertaken at 

41 neonatal units in Australasia (n=12), North America (n=16) and Europe (n=13). Units 

were recruited through neonatal research networks and specialty societies, as well as through 

personal communications directed by the main study investigators. Participating neonatal 

units collected data in blocks of 5 continuous days in 2-3 blocks for a minimum of 10 days 

and up to a maximum of 15 days per unit. This was a pragmatic decision, given limited study 
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funding, to allow units to support a period of study data collection, based (for example) on 

availability of local research staff or individuals. Data collection occurred between December 

2015 and March 2017.  

  

Participants 

Newborn infants of any gestation at birth who were ≤28 days of age who received a fluid 

bolus for suspected haemodynamic compromise were included. Participants were identified 

by the individual study site co-investigators.  

 

Exposure 

The exposure of interest was a fluid bolus given for the purposes of intravascular volume 

expansion for suspected haemodynamic compromise. Fluids included were 0.9% sodium 

chloride, 0.45% sodium chloride, Ringer’s lactate solution, albumin, frozen plasma, whole 

blood or RBCs. The fluid bolus had to be 10mL/kg or greater volume given over ≤6 hours. 

Neonates who received bolus fluids for hypoglycaemia or RBC transfusions to manage 

anaemia of prematurity alone were excluded. 

 

Variables 

Demographic and clinical characteristics of included neonates and participating units were 

collected. We collected information on type, volume and duration of bolus fluids 

administered. Information on indications for fluid boluses assigned according to pre-defined 

categories, including an “other” category where site investigator was asked to define the 

indication were collected; see Supplementary material 1 for the data collection sheet. The 

effects of fluid boluses on short-term perceived clinical outcomes at 4-6 hours after 

administration were categorized according to a numerical score. These scores were based on 

clinician report 4-6 hours post-bolus in 4 areas: (1) the reported degree of improvement in the 

primary indication for fluid (no change=0, some improvement=1, large improvement=2), the 

need for escalation of therapy to inotrope use (new agent started=0, some up, some down =1, 

or no agent started, agent decreased or stopped=2), additional fluids bolus(es) within six 

hours of the first (more than 2=0, one additional bolus=1, no additional bolus=2) and whether 

another treatment was commenced for the primary indication (yes=0, no=2). These scores 

were summed and classified as no or minor improvement (score 0-2), mild improvement 

(score 3-5) or major improvement (6-8). The scoring sheet is provided in Supplementary 
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material 1 and was developed by expert consensus and a formal piloting process, including 

neonatologists, paediatric critical care and haematologists within the study group. 

 

Data management 

Study data were collected and managed using the Research Electronic Data Capture 

(REDCap) tools hosted at the University of Adelaide, Australia.105 REDCap is a secure, web-

based application designed to support data capture for research studies, providing 1) an 

interface for validated data entry; 2) audit trails for tracking data manipulation and export 

procedures; 3) automated export procedures for data downloads to common statistical 

packages; and 4) procedures for importing data from external sources. 

 

Data sources 

Descriptive data on unit characteristics were collected by individual study site coordinators, 

including type of unit, country, number of neonates admitted per year, availability of unit 

guidelines for fluid bolus and/or RBC transfusion.  

 

Sample size 

All infants in each participating institution who received at least one fluid bolus during the 

site collection period were included in the study. A sample of 41 units agreed to participate. 

Each patient was enrolled only once for the first bolus received during the study interval even 

if he/she received further boluses on a subsequent study day. 

 

Statistical analysis 

Normally distributed data were described by the mean and standard deviation (SD) and non-

normally distributed data using the median and interquartile range (IQR).  Analyses were 

carried out using R statistical software package (R version 3.1.0 (2014-04-10)106 unless 

otherwise specified. Prevalence rate for receipt of bolus was calculated by dividing number 

of neonates who received a bolus by the number of neonates who were present in the unit 

during the study interval who were £28 days of age. Each neonate on a given day was 

considered to be eligible to receive a bolus until the study period ended. Pooled prevalence 

rate and 95% confidence interval were calculated using Der-simonian random-effects model 

with open access Meta-analyst software.107 
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Ethics approval 

Site specific ethics approval was obtained for all sites. Two centres in Canada required 

individual written consent prior to collection of clinical data.  French and Swiss sites had an 

opt-out strategy with information provided for families in the units’ waiting rooms. All other 

ethics committees waived the requirement for individual consent given that all data were 

routinely collected for clinical purposes and no individual identifying data would be recorded 

and sent to the lead site (Women’s and Children’s Hospital, Adelaide, Australia). 
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Results 

Participating centres 

Forty-one units participated in the study. Ten (24%) were in Australia, eight (20%) in 

Canada, four (10%) in France, one (2%) in Italy, two (5%) in New Zealand, one (2%) in 

Portugal, four (10%) in Sweden, two (5%) in Switzerland, one (2%) in the United Kingdom 

and eight (20%) in the USA. Median numbers of admissions per unit per year were 650 (IQR 

420 -1836). Twenty-two (55%) units were classified as general perinatal centres, 16 (39%) 

were surgical units including cardiac and three (7.5%) were mixed (NICU/PICU) units.  

 

Patient characteristics 

A total of 163 neonates received a bolus over 8479 eligible patient days. Pooled prevalence 

rate of receipt of fluid bolus was 1.5% (95% confidence interval 1.1-1.9%;) across all 

participating units. Prevalence of bolus administration in participating units varied from 0% 

to 28.6% of admitted neonates (≤28 days of age) per day. Data for individual units, grouped 

by geographical regional area, are provided in Figure 1. 

 

For included infants, the birth gestation of included infants reflected a bimodal distribution 

with peaks at 27 and 39 weeks (Figure 2) as did birthweight with peaks at 650-850 grams and 

2850-3050 grams. The majority of neonates received their first fluid bolus on the day of birth 

(87/163; 53%), and there was diminishing likelihood of a first fluid bolus on subsequent 

days; day 2 (24/163; 15%), days 3-7 (25/163; 15%) and >7 days (27/163; 17%). The reported 

primary indications for fluid bolus therapy are provided in Table 1.  

 

Clinical guideline availability 

Local clinical practice guidelines which referenced fluid bolus therapy were available in only 

10 (24%) of the participating units. 

 

Fluid bolus characteristics 

Types of fluid used for fluid bolus therapy included 0.9% sodium chloride (n=129; 79%), 

RBCs (n=15; 9%), 5 or 20% albumin (n=5; 3%), Ringer’s lactate (n=9; 5%), frozen plasma 

(n=4; 3%) and 0.45% sodium chloride (n=1; <1%). The commonest volume administered 

was 10mL/kg (n=115; 67%) with a median duration of administration of 30 (IQR 20-60) 

minutes. Table 2 shows a breakdown of the indication for each fluid bolus and type of fluid 

used. 
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Short-term outcomes 

Mortality 

At the end of the data collection period 151/163 (93%) of infants were alive. None of the 

infants died during the receipt of the fluid bolus or within 6 hours post-bolus.  

 

Clinician-perceived improvement 

Clinicians perceived no or minor improvement (score 0-2) in 25/163 (15%), a mild 

improvement (score 3-5) in 41/163 (25%) and a major improvement in 97/163 (60%) in 

response to bolus therapy. Improvement according to primary indication is reported in Table 

1. Table 3 (Supplementary material 2) provides further breakdown of indication for fluid 

bolus, type of fluid used and clinical improvement scores. 

 

Laboratory indices 

The following changes in laboratory parameters were observed following fluid bolus: pH 

0.03 units (IQR; -0.03 to 0.12 units; n=140) (Figure 3); lactate -0.59 mmol/L  

(-2.15 to 0.02 mmol/L; n=100) (Figure 4); bicarbonate 0 mmol/L (-1.35 to 2.00 mmol/L; 

n=139); chloride 0.5 mmol/L (-1.00 to 3.00 mmol/L; n=80); base deficit -1.10 mmol/L (-3.93 

to 1.00 mmol/L; n=128) and haemoglobin -5.00 g/L (-16.00 to 9.25 g/L; n=88). 

 

Variations in prevalence of fluid bolus therapy  

Regions 

The pooled prevalence for fluid bolus therapy for Australian and New Zealand units (n=12) 

was 1.2% (95% CI 0.6-1.7%;), in Canadian units (n=8) it was 1.5% (95% CI 0.8-2.1%), in 

USA-based units (n=9) it was 1.8% (95% CI 0.8-2.8%) and in European units (n=12) it was 

2.7% (95% CI 1.1-4.4%) (Figure 1). 

 

Types of centre 

The pooled prevalence for fluid bolus therapy within general perinatal centres (n=22) was 

1.3% (95% CI 0.9-1.8%) and within the remaining centres (surgical and mixed units) (n=19) 

it was 1.9% (95% CI 1.2-2.6%). The centre with the highest prevalence rate was a non-

perinatal unit caring primarily for paediatric patients. 
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Discussion 

This international study explored the prevalence, types and indications of fluid bolus therapy 

in neonates with haemodynamic compromise. This was a pragmatic study aimed at trying to 

better define the current practices of fluid bolus therapy and, as such, was developed with the 

need to be very restrictive on the amount of data collection. While the pooled prevalence rate 

was low, the prevalence of this therapy varied (0–28.6%). We identified variations in the 

nominated indications for and frequency of use of fluid boluses between participating units. 

Overall, perceived improvement following fluid bolus therapy was reported in 85% of cases. 

Together, these results highlight a clear lack of consistent clinical approach and perceptions 

of variable effects. 

 

The interpretation of our pragmatic study needs to recognise both its strengths and 

limitations. Our study was supported by a large number of units across many different 

countries. It describes practices in units that were selected by personal approaches by the 

investigators. but we cannot assume they are representative of non-participating neonatal 

units and other countries. Participation was voluntary and units selected the most convenient 

time to support data collection. The calculation of prevalence was based on the assumption 

that the prevalence of fluid boluses over the short study intervals was constant and 

representative of standard practice in each unit. This assumption may not be true. However, 

variations from the reported rate could be on either side of estimated rate and thus overall, the 

averaged results could be considered representative. In attempt to maximise unit 

participation, data collection was kept to a minimum, and therefore a number of outcomes of 

potential interest were not requested, for example BP. In addition, it was not possible to 

collect detailed information on potential adverse effects related to fluid bolus beyond the six 

hours, such as volume overload, dilutional coagulopathy, hypothermia and electrolyte 

disturbances.98, 99 This lack of data also extends to other specific fluid related complications, 

including transfusion reactions,46, 97 or 0.9% sodium chloride-induced hypochloremic 

metabolic acidosis, although we did not observe any significant increase in chloride level 

post-fluid bolus. Reported outcomes post-bolus were made by the treating clinicians, and as 

the prescriber of the treatment, they may have preferred to perceive an improvement. 

 

Published studies evaluating fluid bolus therapy in neonates are heterogeneous, and have not 

always included neonates with signs of haemodynamic compromise.85-89 There are no 

randomised studies primarily designed to examine fluid bolus compared to no fluid bolus in 
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preterm infants with haemodynamic compromise.84 Studies in late preterm and term infants 

with haemodynamic compromise are limited to non-randomised observational studies and do 

not report clinical benefit.94, 108 A survey in Canada reported that while attitudes to the use of 

inotropes varied, neonatologists routinely treated suspected haemodynamic compromise in 

infants with a birthweight <1500 grams with a fluid bolus (97%) and most commonly used 

0.9% sodium chloride (95%).80 Our results are consistent with this, with the majority of fluid 

boluses (47/56; 84%) given to an infant to manage low blood pressure being 0.9% sodium 

chloride.   

 

Only 10 of the units participating in this study had local clinical guidelines available to guide 

fluid bolus use. Use of clinical guidelines, even in areas with a limited evidence base, may 

reduce variation in practice.109 Nevertheless, consensus is only helpful to patients if it is the 

right consensus, and the lack of intervention studies defining optimal fluid bolus therapy, 

such as indication, type, volume and rate, in preterm and term infants makes this not possible 

at this time. Clinicians are left to either extrapolate data from other patient groups, some now 

showing potential harmful effects from fluid bolus therapy in children (e.g. Fluid Expansion 

as Supporting Therapy (FEAST) study102), or rely on limited and potentially misleading 

physiological data to guide decisions.  

 

With ongoing trials examining the use of inotropes in this group of infants 

(http://www.neocirculation.eu and http://www.hip-trial.com), our study also suggests  the 

need to evaluate fluid bolus therapy. This extends to the choice of fluid as well as dose and 

timing. the most common fluid bolus type in our study was 0.9% sodium chloride, but this 

fluid is not physiological, and concerns continue to be raised about use of this fluid in other 

settings of critical illness, which may be more important in preterm infants with less mature 

renal function. With the assessment of haemodynamic compromise currently relying on a 

variation of clinical signs, echocardiographic findings or abnormal laboratory results,110 

additional research should consider the development of consensus definitions in this area. 

including a core outcome set111.   

 

While only a small proportion of newborn infants receive fluid bolus therapy in the neonatal 

period, our study highlights variations in incidence and reasons for fluid administration in 

different units, and uncertainties in outcomes. Further studies need to be conducted in patient 

populations meeting clear consensus definitions of haemodynamic compromise. As the 
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FEAST trial demonstrated in children,102 our assumptions around the potential of benefits of 

fluid bolus therapy in neonates may need careful reconsideration. 
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Figure 1: Prevalence of fluid bolus therapy per admitted infant per study day. 

Horizontal lines represent the proportion of infants who received a fluid bolus divided by number of 

potentially eligible infants during the study period. For example, for site 1: 0.021 (CI 95% 0.004 to 0.037) 

or 2.1% of potentially eligible infants received a fluid bolus during study. 
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Figure 2: Distribution of gestational age at birth of included infants. 
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Figure 3: Differences in acid-base (pH) from pre- to post- fluid bolus. 

Solid grey lines represent the linear regression change in pH compared to initial pH level. 
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Figure 4: Difference in lactate level from pre- to post- fluid bolus. 

Solid grey lines represent the linear regression change in lactate compared to initial lactate level. 
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Chapter 7 

Final conclusions and future directions 

This thesis included a review of contemporary neonatal transfusion practice, identification of 

adverse effects related to neonatal RBC transfusion through systematic identification of 

relevant published studies and a review of whether changes in blood processing prior to 

neonatal RBC transfusion, through washing with 0.9% sodium chloride, improves clinical 

outcomes. It also included an in-vitro study to determine whether it is potentially safe to co-

infuse dextrose-containing fluids with RBCs and lastly, it provided a contemporary 

description of clinical practice in relation to the types and specific indications for use of fluid 

therapy, including blood products, in neonates with suspected haemodynamic compromise.  

All these studies are key to improving the understanding of and improving clinical practice of 

transfusion and fluid bolus therapy in neonates.  

 

Research question 1:   

What are the current usage patterns of blood products in neonatal units? 

In Chapter 2, a retrospective cohort study of preterm neonates born at less than 30 weeks’ 

gestation and admitted to participating neonatal intensive care units in the Canadian Neonatal 

Network from 2004 to 2012 was conducted to evaluate blood product usage. It found blood 

product use remains at a very high frequency in preterm neonates born at less than 30 weeks’ 

gestation. Three time epochs were examined and compared, revealing a trend toward fewer 

RBC transfusions among neonates born at 26-29 weeks’ gestation. Use remained unchanged 

or increased for neonates born at 23-25 weeks’ gestation. 

	
Significance and contribution to knowledge 

This study provided contemporary data on usage patterns of blood products in neonatal units. 

It is the first report describing patterns of use of RBC transfusion and the temporal trends 

across extremely low gestational ages. It may be that evolutionary practice changes and a 

relative high tolerance for anaemia may be associated with a reduction in RBC usage in 

recent years in neonates born at least 26 weeks’ gestation. This contrasts with the ongoing 

higher usage of blood products observed at extremely low gestational ages. 

 

Up to 82% of neonates with a birth-weight less than 1000 grams received at least one RBC 

transfusion in this study. The results are similar to those of the study by Maier et al112, who 
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examined transfusion practices in the 1990s. Ringer et al113 reported that 65% to 87% of 

neonates with a birthweight of less than 1500 g received RBC transfusions, whereas in this 

study the range was 25% to 82%.  

 

A UK national audit of RBC use in neonates and children114 found that for the first 

transfusion episode for neonates on neonatal units, the median (IQR) gestational age at birth 

was 27 (26-30) weeks, n=1194, and the majority (81%; 971) of the transfusions were given to 

infants born at <32 weeks’ gestational age. Most first RBC transfusions were given for 

anaemia, with (60%) or without (21%) symptoms. The majority of infants (75%) were either 

mechanically ventilated or on continuous positive airway pressure (CPAP) at the time of the 

transfusion. 

 

The ongoing high rates of RBC transfusions in infants born at less than 30 weeks’ gestation 

likely reflects the ongoing variations in transfusion practice reported by other research 

groups.113 It is also likely that the higher transfusion requirement of such preterm neonates is 

a reflection of the increasingly active management and survival of neonates at the lowest 

gestational ages. Within the Canadian Neonatal Network the survival of infants born at 23 

weeks’ gestation has increased from 0% to 10% in early 2003 to 30% to 40% in 2012. As this 

study is based on Canadian Neonatal Network data, which includes >90% of all infants 

admitted to neonatal intensive care units in Canada, it is likely highly reflective of true 

Canadian neonatal transfusion practice. Unfortunately, similar data is not available at a bi-

national level in Australia and New Zealand to allow further comparisons. 

 

Challenges and insights 

This study was not able to provide information regarding specific indications for 

transfusions; changes in institutional transfusion guidelines and adverse transfusion reactions 

are not part of the data collection process for the network. A prospective observational study, 

through an international collaboration of multiple centres or networks, is needed to gain a 

true understanding of blood product usage in the NICU, indications for use, potential adverse 

effects of blood product administration, and any associations with benefits and risks. 

Collaboration across countries and research networks is needed to further understand the 

benefits and risk of transfusion in this vulnerable patient group. Another approach, and 

perhaps a necessary one, due under-reporting that may occur in database studies115, 116 may be 

to develop minimal data sets for blood banks to collect at the time of blood product release. 
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Building an evidence base for neonatal transfusion practices needs to start with a clear 

understanding use of blood products in neonatal units and the included study is one step 

towards this. The study highlighted the need for up to date information regarding neonatal 

transfusion practices.  

 

Conclusions and future directions 

Without accurate knowledge blood product usage in neonatal units around the world, it will 

be challenging to design relevant clinical studies. Development of larger epidemiological 

data sets of blood product use in neonates are needed to support the ongoing development of 

quality improvement activities and clinical studies. Multi-network international research 

collaborations would be an ideal approach to allow for gathering of these large data sets to 

guide research in this area. 

 

Research question 2: 

What are the current known adverse effects and associations of neonatal RBC 

transfusions? 

Controversy exists regarding the contribution of RBC transfusions to a range of adverse 

clinical outcomes in neonates. Neonates are particularly vulnerable transfusion recipients 

with concerns over infective and toxic risks as well as the potential for acute side-effects due 

to their small blood volume.117 Neonatal adverse reactions, in particular, may be non-specific 

and appear to be a worsening of their current clinical state, for example, worsening hypoxia 

in an extremely preterm infant with chronic lung disease receiving a red cell transfusion for 

anaemia of prematurity. 

	
The aim of this Chapter was to provide a broad synopsis of all reported risks to better 

understand the clinical adverse effects and associations attributed to neonatal RBC 

transfusions. This was done through a systematic review and meta-analysis of the literature. 

Studies were classified into two groups, in which there was a difference in transfusion 

numbers and/or volume between groups to compare liberal versus restrictive RBC transfusion 

practices. Liberal transfusion practice was defined as one group receiving a greater volume 

and/or number of RBC transfusions compared with the comparison group (restrictive 

transfusion practice). This allowed a comparison between the outcomes of infants who were 

exposed to restrictive or liberal RBC transfusion practice. 
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Significance and contribution to knowledge 

The review did not find any differences in clinical outcomes between restrictive and liberal 

neonatal RBC transfusion practices. Meta-analyses of studies that included a comparator 

group did not identify any consistent differences in mortality during initial hospitalisation, 

CLD, NEC, IVH, and bacterial contamination/ sepsis between neonates exposed to higher or 

lower volumes of RBC transfusions, in either randomised or nonrandomised studies. These 

findings are contrary to current opinion about the risks of transfusion in the neonatal 

population.118, 119 This was achieved by looking across the broader literature, through a 

systematic review and meta-analysis of the available literature. Without this process, it would 

have been challenging to draw these conclusions. 

 

Challenges and insights 

The limitations of much of the primary study evidence, which the review is based on, needs 

to be acknowledged. The current findings do not advocate for the safety of either liberal or 

restrictive transfusion triggers but reiterate the importance of further research. The findings 

from this review specifically highlight the pressing need for larger studies with clear 

definitions of adverse events to be conducted prospectively, so that uncertainty about the 

safety of transfusion can be addressed in a population of recipients characterised by 

prematurity and relative immunologic immaturity. A continued focus on retrospective studies 

that report potential associations between RBC transfusion and the development of NEC, a 

devastating but rare disease, may have diverted attention from higher quality study designs to 

establish the real risks of neonatal transfusion. In addition, very few studies included in the 

review provided clear definitions of the different potential adverse effects related to RBC 

transfusion. The standardisation of definitions of adverse effects and associations of RBC 

transfusion in neonates, through an international consensus, is required. 

 

Another key limitation to this work is the challenges establishing a cause-effect relationship 

in observed data. According to the Bradford-Hill criteria120 to establish whether an observed 

association is likely to be casual a change in disease rates should follow from corresponding 

changes in exposure (dose-response). Therefore, if infants receive more RBC transfusions, 

then if a cause-effect relationship exists between receipt of RBC transfusion and neonatal 

morbidities/mortalities, then they should be more likely to develop these 
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morbidities/mortality. The most important limitation to this argument is that the sicker the 

infant is, the more likely he or she is to receive RBC transfusions and the more likely he or 

she is to develop neonatal morbidities/mortality. Importantly, our meta-analyses of studies 

that included a comparator group did not identify any consistent differences in mortality 

during initial hospitalisation, CLD, NEC, IVH, and bacterial contamination/ sepsis between 

neonates exposed to higher or lower volumes of RBC transfusions, in either randomised or 

nonrandomised studies. The studies included in our review did all report a difference in 

number and/or volume of transfused RBCs between study arms (if a comparator was 

available). It is acknowledged that for some studies, such as PINT study, that the difference 

was not necessarily great but it was present in regards to differences in overall volumes/or 

number of transfusions between study groups. 

 

The Serious Hazards of Transfusion (SHOT) haemovigilance scheme has reviewed reports of 

adverse reactions and errors associated with transfusions in the UK since 1996 

(www.shotuk.org). SHOT analyses reports according to pre-defined categories of errors in 

selection, handling and administration of blood, and of adverse reactions including rare 

reports of transfusion-associated graft vs host disease (TAGvHD) and transfusion-transmitted 

infections. The first nine years of paediatric SHOT data were analysed by Stainsby et al52 

showing a disproportionate number of adverse outcomes of transfusion in children, in 

particular infants, compared with adults, largely due to transfusion of the ‘incorrect blood 

component.’ The majority of paediatric SHOT adverse event reports are ‘errors’ with 68% in 

2017.121 This particularly is the case for the neonatal/infant group with 89% ‘errors’ in 2017, 

possibly to due to under-recognition or more subtle signs of reactions in the neonatal group or 

fewer reactions due to immunological immaturity. Other cases of adverse reactions following 

paediatric transfusion are reported, including ‘confirmed’ paediatric reports of transfusion-

related acute lung injury (TRALI) and transfusion-associated circulatory overload (TACO) 

and transfusion-associated necrotising enterocolitis (TA-NEC) have been reported. 

Transfusion-related acute lung injury and TACO continue to be occasionally described as 

case reports in the broader literature in the neonatal and paediatric populations.122-124 

Transfusion-transmitted infections are uncommon, although in the neonatal and paediatric 

literature, some of these infectious complications include parasites.125, 126 Haemolytic 

transfusion reactions and alloimmunisation as a consequence of RBC transfusion are less 

common in neonates, which may reflect relative immunological immaturity.127 Finally, 

reports of paediatric adverse events to SHOT have also highlighted specific areas of risk in 
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complex specialised situations including fatal TAGvHD following intrauterine transfusion 

with maternal blood, morbidity and delays to neonatal exchange transfusions, and unusually 

high supernatant potassium levels in RBCs from donors with a mutation which increases 

potassium leakage during cold storage.128 In 2015, key messages from SHOT related to 

neonates and children included noting of an increased reporting of TA-NEC and use of adult 

emergency O D-negative RBCs despite availability of neonatal emergency packs.129 

 

Neonatal adverse transfusion reactions remain particularly poorly characterised. They may be 

difficult to distinguish from non-specific changes or a worsening of concurrent clinical 

morbidities such as hypoxia, apnoeic episodes, requirement for increased respiratory support, 

rash or fever. Due to their relatively small blood volumes and the tendency to transfuse top-

up transfusions of up to 20mL/kg, a transfusion can comprise a significant fluid and 

electrolyte shift. Neonates are at risk of metabolic complications such as hypocalcaemia, 

hyperkalaemia, hypothermia and overload conditions if large volume transfusions are given 

rapidly and there is insufficient monitoring. Oxygen requirements and the degree of 

respiratory support are important indicators that guide RBC transfusions in neonates. Yet 

worsening hypoxia, apnoea or increased respiratory requirements in an extremely preterm 

infant with CLD receiving a RBC transfusion for AOP, may be the earliest indicators of an 

adverse transfusion reaction and be unrecognised and unreported as an transfusion adverse 

event. 

 

Conclusions and future directions 

There is a need for further larger studies with clear definitions of adverse events to be 

conducted prospectively, so that uncertainty about the safety of neonatal transfusion can be 

addressed. The review highlighted a continued focus on non-randomised and observational 

studies that report potential associations between RBC transfusion and adverse neonatal 

clinical outcomes, such as NEC. This, in turn, may have diverted attention from higher 

quality study designs to establish the real risks of neonatal transfusion. Multi-centre 

international research collaborations are required to definitively determine the risk of RBC 

transfusion in neonates. Before this occurs, standardisation of definitions of adverse effects 

and associations of RBC transfusion in neonates, through an international consensus, is 

required. This work is currently underway through the International Society of Blood 

Transfusion (ISBT) Clinical Transfusion working party group, of which I am a member and 

am leading this project. Further work may also be possible as practices such as deferred cord 
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clamping are likely to become more common,132 making it possible to compare groups of 

infants that may avoid RBC transfusion, or are transfused less, than in the past would have 

been transfused. 

 

Research question 3: 

Does washing RBCs prior to transfusion in neonates prevent morbidity and mortality? 

In Chapter 4, a systematic review and meta-analysis of a method to make RBC transfusions 

potentially safer through pre-transfusion washing of RBCs with 0.9% sodium chloride. The 

review found only one study that evaluated the effects of washing blood cells before 

transfusion in preterm infants. The outcomes the study reported that were relevant to the 

review were mortality, duration of mechanical ventilation, and length of initial 

hospitalisation. The results for all these outcomes were very uncertain. Washing RBCs with 

0.9% sodium chloride prior to transfusion might be helpful or harmful, but the review was 

unable to make a clear determination. 

	
Significance and contribution to knowledge 

No evidence was found that either support or refute washing RBCs with 0.9% sodium 

chloride prior to transfusion to prevent morbidity or mortality in preterm infants. The review 

highlighted the gap in research knowledge in this area.  

 

Challenges and insights 

The primary challenge for this review was the lack of primary studies to inform its 

conclusions. This stresses the need for additional primary studies in this area. When 

designing a future study to determine whether washing RBCs prior to transfusion benefits 

preterm infants or not, a randomised, multicentre, controlled trial design would be ideal.  

 

Conclusions and future directions 

The findings of this review support the development of a randomised study examining 

whether or not pre-transfusion washing of RBCs prior to neonatal transfusion improves 

clinical outcomes.133   

 

Research question 4: 

Is it safe to co-infuse dextrose-containing fluids and RBCs? 



 

199 

Current transfusion guidelines recommended against co-infusion of RBCs with intravenous 

solutions except for 0.9% sodium chloride. This study found that it may be permissible to co-

infuse particular dextrose-containing RBCs in the neonatal unit. By utilising RBCs that 

reflect common transfusion practice throughout neonatal units worldwide, including use of 

the most common age of RBC transfused and irradiation before use, this study addressed 

many of the methodologic concerns with prior studies.69 Phase 2 of the study addressed one 

of the slowest infusion rates used for RBC transfusions in the neonatal unit further addressing 

criticism of earlier studies. 

	
Significance and contribution to knowledge 

This study found that certain in-vitro characteristics of RBC co-infused with 0.9% sodium 

chloride or 10% dextrose were not adversely effected. The study suggested that it may be 

permissible to allow for co-infusion of RBC and 10% dextrose infusions. However, a change 

in practice, at this point, would be based on in-vitro data alone, which has occurred, omitting 

an randomised controlled trial. 

 

Challenges and insights 

Based on the in-vitro data provided by the study, a decision was made at both the Hospital for 

Sick Children and Sunnybrook Health Centre in Toronto, Canada, to allow for co-infusion of 

RBC and 10% dextrose intravenous fluid. The practice also occurs at the Women’s and 

Children’s Hospital, Adelaide, Australia. Since its introduction at these three sites, no adverse 

effects have been observed attributable to this change in practice.  

	
Conclusions and future directions 

Ideally, a randomised controlled trial in this area ideally would have been undertaken to 

determine the safest route for infusion of both RBCs and dextrose-containing, through either 

two separate IV access sites or by co-infusion. The study findings suggest 10% dextrose may 

be an acceptable fluid to test as a co-infusate in the in-vivo setting as it appeared to minimally 

effect the RBCs in Part 2 of the study. If this is not feasible, then formal audit, including 

monitoring for adverse effects, should occur prior to ongoing and wider dissemination of this 

practice change.  

 

Research question 5: 
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What are the types, doses, indications and short-term outcomes of fluid bolus therapy in 

neonates? 

This study represents the first multi-centre international cross sectional observation of fluid 

bolus therapy for the management of suspected haemodynamic compromise in neonatal units. 

The study found fluid boluses are administered to 1-2% of neonates in highly resourced 

countries. The most common type of fluid used was 0.9% sodium chloride, the most common 

dose 10mL/kg and most common infusion time was over 30 minutes. The most frequent 

indication was low blood pressure, followed by decreased perfusion on clinical assessment, 

then metabolic acidosis, and an elevated lactate level.   

 

This study was an international, multi-centre, cross-sectional study undertaken at 41 neonatal 

units in Australasia, North America and Europe. Units were recruited through neonatal 

research networks and specialty societies, as well as through personal communications 

directed by the main study investigators. Participating neonatal units collected data in blocks 

of 5 continuous days in 2-3 blocks for a minimum of 10 days and up to a maximum of 15 

days per unit.  

 

Significance and contribution to knowledge 

The NeoBolus study demonstrated it is feasible for neonatal units around the world to 

collaborate successfully and provide data around a common clinical practice. By collecting 

data in the blocks of 10-15 days across a large number of units, it allowed for a greater 

representation of clinical practice. The information provided by this study characterised a 

level of uncertainty about this clinical practice, which will be helpful to refer to when 

preparing for further studies in this area. 

	
Challenges and insights 

While only a small proportion of newborn infants receive fluid bolus therapy in the neonatal 

period, this study highlights variations in incidence and reasons for fluid administration in 

different units, and uncertainties in outcomes. There were a number of identified challenges 

with this study. It described practices in units that were approached by the investigators and 

agreed to participate. These units were derived from a widespread geographical area, 

allowing the examination of practice from an international perspective. However, since they 

were not randomly selected and it cannot be assumed that they are representative of non-

participating neonatal units and other countries. The calculation of incidence was based on 
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the assumption that the prevalence of fluid boluses over the short study intervals was constant 

and representative of standard practice in each unit. Detailed information on potential adverse 

effects related to fluid bolus beyond the six hours of data collection were not gathered. In 

addition, outcomes post-bolus was made by the treating clinicians, and as the prescriber of 

the treatment, they may have preferred to perceive an improvement. The assessment tool used 

to report clinical outcomes was not rigorously piloted and may have also biased the results 

towards a perception of improved outcomes. 

 

With the assessment of haemodynamic compromise currently relying on a variation of 

clinical signs, echocardiographic findings or abnormal laboratory results,110 it is also time for 

the development of consensus definitions in this area. Although this will be challenging, even 

the development of basic consensus definitions and a core outcome set111 will be an 

invaluable step towards improving the evidence-base and study design in this area.   

 

Conclusions and future directions 

Further research is required to establish whether different types of fluid and dose leads to 

clinical benefit for different indications. These studies need to be conducted in patient 

populations meeting clear consensus definitions of hemodynamic compromise. 

 

The ongoing use of fluid bolus therapy in neonates, as described by this study, implies that 

many healthcare professionals assume fluid bolus therapy is beneficial to both preterm and 

term infants. There were wide variations in rate and reasons for fluid administration in the 

different units throughout the study period. Given the lack of evidence of effectiveness and 

additional concerns about harm, these variations are concerning. Our study reported that 85% 

of cases where a fluid bolus was given, it was perceived by the prescribing clinicians to have 

had some clinical benefit. This is in contrast to the Cochrane review that found no evidence 

from randomised trials to support the routine use of early volume expansion in preterm 

infants without cardiovascular compromise. It also found insufficient evidence to determine 

whether infants with cardiovascular compromise benefit from volume expansion.90 This 

review, however, only included studies with infants less than or equal to 32 weeks’ 

gestational age and/or less than or equal to 1500 grams. 

 

Our study supports the need for multi-centre international research collaborations. The first 

steps towards this are the development on international consensus of definitions of 
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haemodynamic compromise and a core outcome set. Through the network formed through 

this study, a consensus definition will be formed using established consensus methods 

(Delphi approach) as well as a core outcome set. 

 

Overall significance of the work and contribution to knowledge 

This thesis has contributed to improving the evidence-base in neonatal transfusion practice 

and fluid bolus therapy. This occurred through the provision of epidemiological data on 

blood product use, collation of reported adverse effects and associations of neonatal RBC 

transfusions, examination of whether pre-transfusion washing of RBCs impacts on neonatal 

morbidity and mortality, determination of the potential safety of co-infusion of RBC and 

dextrose-containing fluids, and finally, provision of novel data on fluid bolus use, including 

blood products, in neonatal units. The individual contributions of each study are outlined in 

the previous section of this Chapter. 

 

Future directions 

Based on the research findings presented in this thesis, the following are proposed: 

 

1. Expansion of the Australian and New Zealand Neonatal Network (ANZNN) data, 

formation of a neonatal research network and establishing links with blood services 

data and other research networks 

Well-designed clinical studies are essential to resolve clinical uncertainty, such as that 

reflected in the NeoBolus study findings. Such trials would require effective recruitment and 

data collection beyond what was gathered during the NeoBolus study. Point-of-care study 

designs using routinely collected data, short patient information sheets and opt-out consent 

for comparative effectiveness research are likely to be beneficial.134 These approaches could 

be applied more widely to facilitate large, simple trials, reduce research waste and speed 

reductions in uncertainties in neonatal care.134 

 

In Australia, the Australian and New Zealand Neonatal Network (ANZNN) is a collaborative 

network that collects a minimum data set to monitor the mortality and morbidity of infants 

admitted to neonatal intensive care units across the region. Formally developing a research 

network based within the ANZNN may be helpful as would expansion of data set collected. 

The primary limitations around this will be funding sources. However, the ANZNN already 

collaborates with a number of other national neonatal networks in the area of quality 
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improvement indicating it is feasible.135 Another approach using ANZNN data would be 

periodic additional data collection periods, for example, 1-2 months blocks per year, where a 

particular aspect of neonatal care is focused on and relevant data collected.  

 

Linking ANZNN data with the Australian Red Cross and New Zealand Blood Services data 

would facilitate future directions for research in this area. This would also allow for further 

exploration of effects of different degrees and timing of blood product exposure and neonatal 

morbidity, as well as donor-recipient interactions.  

 

Further collaborations between existing research and data networks would also be beneficial. 

Establishing more formal links between ANZNN and the Interdisciplinary Maternal Perinatal 

Australasian Collaborative Trials (IMPACT) Network would be a positive future direction 

for neonatal research in Australia and New Zealand. 

 

2. International consensus definitions of adverse effects and associations of neonatal 

transfusion 

The standardisation of definitions of adverse effects and associations of transfusion in 

neonates and children, through an international consensus, is required to better report, 

understand and prevent them. Many countries now support haemovigilance systems136 to 

promote and monitor safety and other issues, but there is little understanding of how these are 

adapted for children and neonates. In addition to working towards an international consensus 

on definitions of adverse transfusion events in neonates and children, other areas for 

development in haemovigilance include collection of key dominator data and engagement of 

patients and families in haemovigilance systems. This work is currently underway through 

the International Society of Blood Transfusion (ISBT) and I am undertaking leadership role 

with this work with the ISBT. 

 

3. Assessment of current practices of co-infusion of dextrose-containing fluids and 

RBCs for transfusion in neonates 

This practice is now routine in a number of neonatal units, including the Hospital for Sick 

Children and Sunnybrook Health Sciences Centre in Toronto, Canada as well as at Women’s 

and Children’s Hospital in Adelaide, Australia. Whilst no adverse effects have been reported 

due to this change in practice, a formal assessment of the practice ideally will be carried out. 
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This could be done through the use of a simple data sheet to prospectively evaluate 

haematological and biochemical effects of co-infused versus non co-infused transfusions. 

 

4. International consensus definitions of haemodynamic compromise and core outcome 

set in neonates 

As part of the work towards developing a clinical study (NeoBolus II) derived from the 

findings of the NeoBolus study, international consensus definition of haemodynamic 

compromise in neonates is required. With the network developed from the NeoBolus study, 

an international consensus is feasible. In addition, expansion of a core outcome set into this 

specific area is needed. Core outcome sets are an agreed, standardised group of outcomes to 

be reported by all studies within a research field. This broad initiative is underway through a 

United Kingdom based group.111 The expansion of specific outcome sets for different areas 

of neonatal research are needed. This will be undertaken as part of the work towards the 

NeoBolus II study and will also include a modified Delphi process around definitions of 

haemodynamic compromise in neonates. 

 

5. Randomised controlled study of fluid bolus therapy in neonates 

Once the previously described work is undertaken, development of a randomised controlled 

study (NeoBolus II) will occur. It will evaluate the feasibility of fluid bolus therapy compared 

to no fluid bolus therapy for the management of suspected haemodynamic compromise in 

preterm infants (<30 weeks’ gestation) within the first 24-48 hours of age. The detailed 

development of the study will rely on the work to be carried out as described in the previous 

section, in particular, around definitions and outcomes. Validation of the clinical 

questionnaire used in the initial NeoBolus trial would also need to occur. Initially, the study 

will examine the feasibility and acceptability of such a trial and then move towards a larger 

randomised controlled study. 

 

Overall summary 

This thesis provided a number of insights into neonatal transfusion practice and fluid bolus 

therapy. The research findings generated from this have allowed for identification of future 

directions for research in these areas, including enhanced data collection and collaborations 

through neonatal networks, development of international consensus definitions of transfusion 

adverse effects and associations, as well as haemodynamic compromise in neonates and a 

randomised controlled trial, the NeoBolus II study. 
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