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Abstract 

 

Background 

Very preterm neonates (VPN) depend on parenteral nutrition (PN) to support postnatal 

growth. Evidence from critically ill, term neonates indicates that the immediate provision of 

parenteral amino acids (AA) may be harmful and increase the risk of infection. Inhibition of 

autophagy, a catabolic process important to innate immunity, has been proposed as a 

mechanism. This thesis aims to overview the importance of parenteral AA and understand how 

modifying AA formulation might impact early postnatal metabolic adaptation, exploring 

different methodologies. The chapters of this thesis investigate whether essential AA (EAA) 

overprovision is associated with infection using data generated from local research. This is 

complemented with a systematic review focusing on leucine, an EAA known to inhibit 

autophagy through the mTOR pathway. 

 

Methods 

First, we conducted a secondary analysis of data from 150 infants recruited for the SCAMP 

nutrition study. We compared the total parenteral AA intake and individual plasma AA levels 

between infants who developed late-onset sepsis (LOS) and those who did not. Secondly, a 

systematic review was performed to quantify the relationship between parenteral leucine 

intake and plasma leucine levels in VPN. Lastly, we explored the feasibility of transcriptomics 

to examine postnatal innate immune development. We conducted a preliminary 

transcriptomic analysis using data from the PAINT study, focusing on changes in the expression 

of mTOR-related transcripts. 

 

Results 

Further analysis of the SCAMP data showed no significant differences in total parenteral AA 

intake or plasma EAA levels between infants who developed LOS and/or necrotising 

enterocolitis (NEC) and infants who did not. There was no evidence of greater leucine 

overprovision in infants who developed LOS. Reduced plasma arginine and glutamine may 

explain why some infants are predisposed to infection. 
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The systematic review included 12 articles, which collectively studied 650 VPN. The dose-

concentration relationships of leucine content (%) and absolute leucine intake (mg/kg/d) with 

plasma leucine level (µmol/L) showed significant, moderately positive correlations. Regression 

analysis indicated that absolute leucine intake was the stronger predictor of plasma level (p 

<0.05). The review provided equations that could be used to calculate the appropriate 

(reduced) parenteral leucine intake for the desired reference range.  

 

Finally, the preliminary transcriptomic analysis showed minimal, isolated changes in mTOR-

related gene expression between day 3 and day 10 of life. Investigating neonatal PN with 

reduced leucine and other EAA appears unlikely to have substantial clinical effects on the 

innate immune system following changes in mTOR gene expression. 

 

Conclusion 

Overall, the evidence presented suggests leucine overprovision does not confer an increased 

infection risk in VPN caused by deficient autophagy. However, the overall thesis has 

emphasised the potential clinical importance of designing and testing an optimised parenteral 

AA solution to support postnatal immune development. Future multi-omics research is needed 

to understand the changes (metabolic, inflammatory and immune) underpinning early 

postnatal adaptation concerning PN.  
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Chapter 1: Introduction 

 

1.1. Parenteral Nutrition  

The term parenteral nutrition (PN) refers to the intravenous (IV) administration of amino acids 

(AA), glucose, lipid emulsion and micronutrients (1). Total parenteral nutrition (TPN) is defined 

as nutrition delivered solely via the IV route. PN is indicated in patients who cannot tolerate 

enteral feeds or in cases when enteral nutrition provides insufficient total protein and energy 

to meet requirements. This thesis will discuss the use of PN in the neonatal population in 

further detail. PN should be considered for most preterm neonates, particularly those born 

with a very low birth weight (VLBW, <1500g), as enteral feeds are often minimal and poorly 

tolerated (2). In addition to prematurity, PN is also used during periods of acute 

gastrointestinal malfunction (e.g. post-surgical patients or patients with intractable diarrhoea), 

which preclude enteral nutrition. PN is a short-term bridge to provide nutritional support until 

complete enteral nutrition can be provided.  

 

PN should be considered a pharmaceutical product, and the highest standards must be applied 

to prescription and administration. PN solutions contain around 50 or more individual 

components meaning they are amongst the most complex pharmaceutical preparations (3). 

The solutions can be produced in an aseptic, in-house hospital manufacturing unit or 

purchased from pharmaceutical companies that industrially produce ready-made 

formulations. The process of providing PN is expensive, technically demanding and fraught 

with potential complications. Safe execution of PN administration requires a multidisciplinary 

team including doctors, nursing staff, dieticians, pharmacists, and other pharmacy team 

members (4). When deciding to commence PN, clinicians must consider the balance of benefits 

versus risks for all patients. 

 

1.2. Preterm Infants  

The World Health Organisation (WHO) defines preterm birth as the birth of an infant before 

37 completed weeks of gestation. The incidence of preterm birth is increasing; between 2010 

and 2019, the percentage of live births classified as preterm in England and Wales rose from 
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7.1 to 7.8% (5). Bliss, a charity for babies born premature or sick, equates this to approximately 

60,000 cases of preterm birth in the UK each year (6). Very preterm neonates (VPN) are a 

subgroup of premature infants born between 28 and 32 weeks’ gestation. Interestingly, the 

percentage of infants classed as very preterm remained consistent across the decade at 0.8% 

(5). However, very preterm birth is often a result of a complicated pregnancy, and these infants 

may have health issues before birth (7). 

 

Preterm birth has various potential aetiologies, which fall into three main categories: Preterm 

birth following spontaneous preterm labour, preterm birth following preterm premature 

rupture of membranes (P-PROM) and clinician-initiated preterm delivery (8). Spontaneous 

preterm labour is considered a syndrome initiated by multiple mechanisms and changes in the 

uterus, including infection, cervical disease, decidual haemorrhage and uterine overdistension 

in the case of multiple pregnancies (9). A previous preterm birth is a significant risk factor for 

subsequent preterm deliveries. P-PROM complicates 1% of deliveries and is associated 

with 30-40% of preterm births. There are risks associated with placental abruption and 

chorioamnionitis (10). Lastly, a premature infant can be delivered by medical intervention if 

obstetrical complications jeopardise the health of the fetus or mother. Improved and more 

intensive obstetric management and developments in neonatal care have resulted in a 

movement towards earlier induction of labour (IOL) and delivery by caesarean section (CS). 

 

Thanks to progress in neonatal intensive care practices, more than 90% of infants born at 29 

weeks’ gestation survive the neonatal period, defined as the first 28 days of life (11). However, 

for extremely preterm infants born at 25 weeks, only 66% survive to discharge, falling further 

to 40% survival at 24 weeks’ gestation (12). Prematurity remains the leading cause of perinatal 

mortality and morbidity (13), and gestational age is the strongest predictor of adverse neonatal 

outcomes (14). Although most preterm babies born >28 weeks survive, they face an increased 

risk of long-term neurodevelopmental impairment (15), respiratory morbidity (16) and 

gastrointestinal complications (17). The rise in the preterm birth rate is a considerable concern, 

and there is a clear clinical need to focus research on combating complications of prematurity. 
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1.3. Role of neonatal PN  

The birth of a preterm infant should be considered a nutritional emergency (18). Malnutrition 

amongst VPN does not appear immediately life-threatening compared the acute cardio-

respiratory neonatal emergencies which present shortly after very preterm birth and require 

immediate resuscitation. Still, evidence suggests that even a single day of starvation can be 

detrimental to the long-term development of a preterm infant (19). VPN have limited glycogen 

and fat stores at birth coupled with high energy and protein requirements to sustain growth. 

Additionally, notably higher rates of energy expenditure are reported in neonates compared 

with adults (50 kcal/kg/d versus 25 kcal/kg/d), partly attributable to heat loss and a high surface 

area to volume ratio (20). Therefore, the primary aim of neonatal PN is to supply nutrient 

intakes that can support extrauterine growth at a rate matching the rapid acceleration in fetal 

weight gain (17-20 g/kg per day) occurring in-utero during the third trimester (21). Fetal weight 

increases three-fold during this period.  

 

Virtually all preterm infants <29 weeks’ gestation or <1200g require an interim period of PN, 

the length of PN dependency depends on gestational birth weight and comorbidity. The mean 

period of neonatal PN (>75% all nutrition) in these (surviving) infants is 15.6 days (22,23). In 

the 2006 EPICure2 national cohort study of infants born between 22 and 26 weeks’ gestation 

(n = 3378), all but one of the surviving babies received PN in the days after birth (12). The data 

indicates that most preterm infants remain PN-dependent for the longest and constitute the 

bulk of PN or intensive care days in the NICU, though the surviving patient numbers are small. 

Even within the preterm population, Van den Akker et al. demonstrated that early AA 

administration had greater beneficial effects on premature boys than girls (adjusted odds ratio 

= 6.2, 95% confidence interval (CI) = 1.0-38.0) (24). Optimal nutrition of VPN should meet these 

infants' unique and rapidly changing requirements, supporting early postnatal growth. 

 

Achieving this objective is often challenging due to the consequences of preterm birth. VPN 

are more likely to be already growth restricted at birth (25), which may well represent a 

successful adaption of the fetus to nutrient insufficiency. Readaptation to higher nutrient 

intakes may be required before postnatal growth begins, a theory supported by animal studies 

(26,27). Postnatally, pathological events (e.g. hypothermia, hypotension, acidosis, infection 
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and surgical intervention) and pharmacologic interventions such as caffeine (28) and 

corticosteroids (29) can all limit the impact of PN and impede growth. Specific neonatal 

morbidities (ventilated and oxygen-dependent infants) may increase metabolic demand by as 

much as 25% compared with controls (30–32).  

 

Consequently, postnatal growth failure remains a common and urgent problem for 

prematurely born neonates. Although multifactorial, growth failure can be partially explained 

by the iatrogenic nutritional deficit that develops after premature birth. The deficit results from 

a difference between the energy and protein intake required to mimic fetal growth rates and 

the actual nutrient intakes delivered to preterm infants (33). In the second and early third 

trimester, the estimated placental nutrient transfer is 8-10 mg/kg/min of glucose and 3.6 to 

4.8 g/kg/d of AA. However, VPN receive significantly less than this postnatally (27). Nutrient 

deficits are most remarkable in the first week of life but continue accumulating through the 

first month. The deficit is compounded by delays in the initiation of PN, as in the absence of 

sufficient nutrition, an infant will begin to catabolise protein to meet basic energy demands. 

An infant receiving only IV glucose catabolises approximately 1-2% of bodily protein sources 

each day (34). Essentially, a catabolic state creates a widening gap in lean body mass between 

a neonate and a fetus of equivalent gestation.  

 

1.3.1. A note on enteral nutrition in preterm infants  

Human breast milk is widely accepted as an unequalled form of nutrition for neonates, full-

term and preterm (35). It provides well-balanced macronutrients for growth and vital bioactive 

factors for immune maturation and healthy microbial colonisation (36,37). Unlike PN and 

infant formula, which are standardised with a fixed and narrow composition, human breast 

milk composition is dynamic. Composition varies diurnally, over lactation, and between 

mothers and populations (38). Colostrum, the milk produced in the first few days postpartum, 

is rich in immunologic factors, including secretory immunoglobulin A (IgA), leucocytes and 

lactoferrin (39). Human lactoferrin, an iron-binding protein, is being investigated as a novel 

therapeutic agent because of its antioxidant and antimicrobial properties (40).  
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Preterm babies benefit from human breast milk nutritionally, immunologically and 

developmentally. The protein content of breast milk obtained from mothers who deliver 

preterm is significantly higher than that of mothers who deliver at term (37). Nevertheless, 

human breast milk does not provide sufficient nutrition for the very low birth weight (VLBW) 

infant when fed at the usual feeding volumes. Consequently, breast milk is often fortified with 

additional nutrients, particularly protein, calcium, and phosphate, to meet the high 

requirements (41). However, VPN experience a period of transient gut immaturity and have an 

undeveloped suck-swallow reflex, a vital feeding mechanism that develops fully by 34 weeks’ 

gestation (42). Therefore, they cannot immediately tolerate oral feeds or digest sufficient 

fortified breast milk to meet nutritional requirements meaning they depend on PN for a 

bridging period whilst full enteral feeding is safely established.  

 

While PN provision was once concomitant with enteral starvation, this practice is now avoided. 

Instead, infants are given small milk volumes alongside PN, a technique called trophic feeding 

(TF) that facilitates a smooth transition from parenteral to enteral nutrition. As the infant’s gut 

matures and enteral feed tolerance improves, oral feeds are advanced using expressed breast 

milk (EBM) or infant formula. Benefits of TF include stimulation and maturation of neonatal 

digestive function, a lower incidence of cholestasis and improved feeding tolerance (43,44). 

While several studies have shown several benefits to TF, the meta-analysis did not confirm the 

results (45). Furthermore, most clinicians take a cautious approach to advancing enteral feeds 

due to concerns over developing necrotising enterocolitis (NEC), a life-threatening cause of 

inflammatory bowel necrosis almost exclusively affecting premature neonates (46). However, 

the same metanalysis did not suggest an increased incidence of NEC (45). Overall, it is clear 

that whilst an effective interim measure, PN will never truly replicate the benefits of human 

breast milk.  

 

1.3.2. History of neonatal PN 

PN infusions became available for routine use in the neonatal intensive care unit (NICU) during 

the 1970s and are established today as part of the standard care package for a VPN. However, 

the concept of PN was championed and tested long before its first successful use. Table 1.1 

briefly summarises key events in the development of neonatal PN.  
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Year Accomplishment Investigators 

Early 
1900s 

1911 - Postoperative use of IV glucose infusions in humans for nutrition Kausch 

1913 - The first study of IV administered protein was performed in goats 
using beef protein hydrolysates 

Herriques & 
Anderson 

1924 - First continuous IV glucose infusion in humans Matas 

1930s  

1938 - Identification of the EAA and their requirements in humans Rose 

1939 - First report of successful use of TPN in humans Elman & Weiner 

1940s 

1940 - Demonstrated use of a crystalline AA solution in humans 
Shohl, Blackfan & 

Dennis 

1944 - The first documented report of successful complete parenteral 
feeding (water, saline, fat, carbohydrate, AA) for 5 days in a 5-month-old 
infant with Hirschsprung’s disease 

Helfrick & Abelson 

1945 - Development of first polyethene catheters for IV infusions in 
humans 

Zimmerman 

1945 - IV infusion of lipid emulsion, dextrose, and protein hydrolysate 
through a peripheral vein in humans 

McKibbin, 
Hegsted & Stare 

1947 – First IV protein hydrolysate available commercially in Europe  Wretlind 

1950s 
1956 - Demonstration that the IV infusion of plasma protein in dogs fed a 
protein-free diet supported growth  

Allen, Stemmer & 
Head 

1960s 

1961 - Development of the first safe and efficacious lipid emulsion. 
Marketed as Intralipid, this remains widely used in PN solutions today.  

Schuberth & 
Wretlind 

1964 - Introduction of the first crystalline AA solution in Germany  

1967 - Infraclavicular, percutaneous subclavian catheterisation for 
central venous pressure monitoring in humans 

Mogil, DeLaurentis 
& Rosemond 

1968 - First documentation of normal growth and development in an 
infant nourished entirely by central TPN  

Dudrick & Wilmore 

1968 - First comprehensive technique for long-term total parenteral 
nutrition in human adults and infants 

Dudrick, 
Wilmore, 

Vars & Rhoads 

1970s 
• Crystalline AA solutions replaced protein hydrolysates  

• All-in-one (AIO) system introduced 
Solassol 

1980s 
1983 - Introduction of long-line silastic central venous catheters (CVC) to 
provide total parenteral nutrition to neonates 

Loeff 
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Year Accomplishment Investigators 

1990s 

• High and potentially toxic levels of phenylalanine led to a formulation 
change.  

• Vamin Infant, a new solution based on the profile of breast milk, 
entered the market 

• Studies investigated the efficacy of acetylated forms of tyrosine and 
cysteine in PN formulations. 

Mitton et al. 
 

Van Goudoever 
et al. 

2000s 

• Various parenteral AA formulations such as Vaminolact (Fresenius 
Kabi, Sweden) and Primene (Baxter, UK) were developed specifically 
for neonates. 

• Research began focusing on individual AA supplementation, 
particularly glutamine and cysteine, which are unstable in solution.  

 

2010s 
• PN research shifted to finer details, including the timing of initiation, 

optimum intakes and the transition from PN with enteral nutrition. 
 

Table 1.1: Key events in the development of neonatal PN (47–49) 

Unfortunately, despite modern advances in neonatal care, poor extrauterine growth continues 

to be expected in this population. Therefore, optimising PN is essential to ensuring the 

provision of sufficient nutrients and energy since PN is the primary nutrient source for the first 

two weeks of life. 

 

1.3.3. Complications of neonatal PN 

A myriad of complications has been reported associated with older PN solutions. However, 

with the contemporary formulations, most of these are now rare. Current manufacturing 

policies promote a high standard of sterility and stability, meaning patients are provided with 

safe and efficient PN solutions. Nevertheless, PN can still result in mechanical, metabolic, 

gastrointestinal, and infectious complications during administration (Table 1.2). The primary 

complications of modern PN are cholestasis and complications related to central lines.   
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Metabolic Complications Systemic Complications 

Hyperglycaemia 

Metabolic acidosis 

Hypophosphatemia and other electrolyte imbalance 

Hyperlipidaemia  

Parenteral nutrition-associated liver disease (PNALD) 

Metabolic bone disease 

Mechanical complications Infectious complications 

Extravasation and tissue necrosis 

Infiltration  

Thrombosis 

Pleural or pericardial effusion 

Cardiac arrhythmia from malposition of the catheter  

Bacterial infection, especially staphylococcal species 

Fungal infections: Candida  

Table 1.2: Complications of Parenteral Nutrition. Adapted from Mundy and Bhatia (50)  

Ideally, PN should be administered via a central line, especially when the patient is expected 

to be PN-dependent for a prolonged period. The high osmolarity of PN solutions is known to 

cause peripheral vein thrombophlebitis (51,52). In neonates, PN requires a properly sited 

peripheral catheter, an umbilical venous catheter (UVC) or a peripherally inserted central 

catheter (PICC) (4). A designated line should be used exclusively for PN, although, in the NICU 

setting, this is not always practical.  

 

Infection, particularly central-line associated bloodstream infection (CLABSI), is a significant 

cause of mortality associated with prolonged IV access. In preterm infants, CLABSI is estimated 

to cause 70% of all hospital-acquired bloodstream infections (53). However, research has 

proven that CLABSI is largely preventable by implementing strategies to improve site care, line 

insertion technique, and training for staff and parents (54). 

 

The numerous complications of PN (outlined in Table 1.2) indicate that it should be 

administered only when necessary and for the shortest period possible. NEC risk is often a 

driver for delaying enteral feeds. However, the opposing risk is the development of infection 

and other PN-related complications due to prolonged PN dependency.  
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1.4. Amino Acids 

The word protein is derived from the Greek word proteious, meaning "of primary quantity", 

because proteins are the body's major structural and functional components. They serve as 

precursors for many biologically active proteins, including enzymes, immunoglobulins (Ig), and 

cytokines, which regulate vital processes in the body. Amino acids (AA) are the building blocks 

of protein and the driving force for growth. Proteins consist of variable chains of AA monomers 

joined by peptide bonds, the order of which is defined by the translation of DNA. Parenteral 

protein intake is provided by crystalline AA solutions, comprising around 20 individual AA.  

 

AA can be classified from a nutritional perspective based on the body’s ability to synthesise a 

particular AA (Table 1.3). An essential amino acid (EAA) cannot be synthesised by the body and 

must be provided by the diet. The word “essential” does not imply that the remaining non-

essential AA (NEAA) are not required for protein synthesis; instead, the others are not essential 

in the diet because they can be synthesised de-novo by the body. A sufficient supply of all 

NEAA is required to maintain AA balance. Otherwise, EAA supply is diverted toward NEAA 

production, away from protein synthesis. In addition, some AA are considered conditionally 

essential (CEAA), meaning their synthesis can be limited under certain conditions. In the fetus 

and preterm neonate, the metabolic pathways are underdeveloped and unable to synthesise 

adequate amounts of certain NEAA. Therefore, this AA group becomes temporarily essential 

and requires supplementation (55). 

 

The rate of protein synthesis determines the requirements for total AA intake. However, a 

significant deficiency of a single AA has the potential to impair growth and potentially cause 

high levels of other AA, which are underutilised. Thus, to achieve optimal growth, the quality 

of AA supply is equally as important as the quantity supplied. 
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Essential amino acids (EAA) Non-essential amino acids (NEAA) 
Conditionally essential amino 

acids (CEAA)  

 

Histidine (His) 

Isoleucine (Ile) 

Leucine (Leu) 

Lysine (Lys) 

Methionine (Met) 

Phenylalanine (Phe) 

Threonine (Thr) 

Tryptophan (Trp) 

Valine (Val) 

 

Alanine (Ala) 

Asparagine (Asn) 

Aspartic acid (Asp) 

Glutamic acid (Glu) 

Serine (Ser) 

 

Arginine (Arg) 

Glycine (Gly) 

Proline (Pro) 

Tyrosine (Tyr) 

Cysteine (Cys) 

Glutamine (Gln) 

Table 1.3: Essential, Non-Essential and Conditionally Essential AA in preterm infants 

Unfortunately, any additional regulatory roles for AA have long been ignored. A growing body 

of evidence has developed the concept of functional AA, that certain AA regulate key metabolic 

pathways and have important roles in regulating gene expression, cell signalling, antioxidative 

responses, reproduction, growth and immunity (56). Glutamate, glutamine, and aspartate are 

major metabolic fuels for the small intestine, and they, alongside glycine, regulate neurological 

function (57). The deficiency of a functional AA (either EAA or NEAA) can impair protein 

synthesis and have a knock-on effect on whole-body homeostasis. 

 

There is no storage pool for individual AA in the body, unlike glucose which can be stored in 

the form of glycogen or fatty acids, stored as adipose tissue. Therefore, surplus individual AA 

cannot be held after protein synthesis requirements are met. Neither can the kidneys 

selectively excrete or reabsorb an individual AA. Consequently, excess AA are degraded to 

ammonia and later converted into urea to avoid aminoacidemia (58). Muscle protein is 

catabolised when AA or energy supply is inadequate, resulting in muscle atrophy. AA arising 

from protein breakdown are combined with those obtained from the diet to form the so-called 

“nitrogen or amino acid pool”, an amalgamation of all the AA available synthesis of new 

proteins or nitrogen-containing non-protein molecules and energy production (Figure 1.1). 
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Figure 1.1: Inputs and outputs of the amino acid pool. Adapted from Iacone et al. (58) 

Defining the optimal AA formulation for parenterally fed neonates remains particularly 

challenging. Current commercial neonatal AA formulations are designed to reflect the AA 

profiles of human milk protein or umbilical cord blood. There is controversy surrounding the 

most appropriate plasma reference range for individual AA regarding safety and capability for 

maximum protein accretion. Some argue that the plasma profile of a healthy, breastfed infant 

is a more accurate reflection (59,60). Furthermore, the overall AA requirement for parenterally 

fed infants is lower because the supply bypasses the intestine, but there are considerable 

differences in the intestinal utilisation of specific AA. Additionally, a number of AA are 

converted into other AA by the intestinal mucosa or liver upon first-pass metabolism. 

Bypassing the small intestine lowers the bioavailability of those AA, increasing the parenteral 

requirements.  

 

Overall, individual AA requirements are poorly defined, making it impossible to determine the 

ideal AA composition for optimal neonatal growth. Consensus is required on the most 

appropriate reference ranges to determine the best balance of EAA, NEAA and CEAA for the 

preterm infant, taking into account functional AA requirements.  
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1.4.1. Importance of parenteral amino acids 

VPN receiving only IV glucose catabolises 1.2 g/kg/d of endogenous proteins, reflecting high 

protein breakdown rates relative to protein synthesis rates (27). The provision of parenteral 

AA increases protein synthesis, thus reducing the disparity between the rate of proteolysis and 

protein synthesis. Nitrogen (N) balance is commonly used as a proxy measure of protein 

balance, assessing whether the quantity of protein (or AA) provided is sufficient to prevent net 

protein losses. N balance is calculated as the difference between N intake and N losses in urine, 

stool, skin and other bodily fluids (61). Providing as little as 1.1-1.5 g/kg/d of AA and 30 

kcal/kg/d of energy reverses nitrogen balance from substantially negative to zero or slightly 

positive, minimising the deficit (62,63). 

 

Efforts to reduce the protein deficit are crucial given that the neonatal period is a time of rapid 

growth and a critical stage of development. In VPN, early growth failure is well described by 

Ehrenkranz et al., who produced growth curves based on gestational age and birth weight for 

infants born before 30 weeks (64). The curves showed that most infants born between 24 to 

29 weeks’ gestation do not achieve the median birth weight of the reference fetus of the same 

postmenstrual age, and many remain below the 10th percentile at hospital discharge. Most 

growth failure occurs during the first few weeks after birth, a period of PN dependency, with 

infants born <1000g taking 14.4 – 17.2 days to regain birth weight. However, interpreting early 

postnatal weight loss is complicated by physiological postnatal fluid loss (65).  

 

Postnatal growth failure is linked with impaired long-term growth and neurodevelopmental 

delays, impacting adulthood. The risk of significant neurocognitive disability is well recognised 

amongst preterm survivors, particularly infants born before 26 weeks (66). Occipitofrontal 

head circumference (OFC) is an essential anthropometric measure of postnatal growth failure 

because it correlates with brain growth (67,68) and is associated with general IQ. The fastest 

period of human brain growth occurs during the last trimester of pregnancy and the first three 

months of life. VPN navigate this critical period of development ex-utero, exposed to 

malnutrition and other growth failure risks.   
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Numerous studies have demonstrated that inadequate provision of early nutrition adversely 

influences postnatal head growth and long-term developmental outcomes. Studies by Hack et 

al. revealed that subnormal HC at 8 months was predictive of poorer verbal and performance 

IQ scores at 3 (69) and 8 years (70). Even at school age, children born prematurely are often 

smaller and lighter and have a smaller HC than their peers (71,72). More recent studies have 

produced similar findings correlating improved head growth with better neurodevelopmental 

outcomes (NDOs) at 2 years (68,73) and 5 years (74,75).  

 

Overall, the data is convincing that there is a potential for undernutrition to cause permanent 

impairment of central nervous system (CNS) development in preterm infants. Animal studies 

have shown that malnutrition during a vulnerable period of brain development can decrease 

brain volume and result in a reduced number of neurons, synapses, dendrites and reactive 

zones (76). Results of these studies strongly suggest that inadequate nutrition during critical 

periods of neonatal brain development can alter growth trajectory with adverse 

neurodevelopmental consequences (77–80). However, the degree and the duration of 

undernutrition that places infants at risk remains uncertain. Other factors, including illness 

severity and comorbidity (81), especially chronic lung disease (CLD) (82,83), may have a more 

potent influence. Nevertheless, the probable benefits of minimising energy and protein deficits 

should not be underestimated.   

 

Additionally, some studies reported beneficial effects of early or high AA supplementation on 

the incidence of bronchopulmonary dysplasia (BPD) (84,85) and retinopathy of prematurity 

(ROP) (84), whilst others did not (32,86). Further benefits of higher parenteral AA include 

greater synthesis of hormones and enzymes and the improved regulation of oncotic pressure 

(87). In animal studies, renal hypertrophy and increased circulating insulin‐like growth factor‐

1 (IGF-1) were associated with higher protein intake (88,89).   
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1.4.2. Current amino acid strategies  

Guidelines, such as those presented in 1977 by the American Academy of Paediatrics, continue 

to stress the importance of parenteral AA for VPN (21). Today, the objective remains the same, 

to achieve postnatal growth similar to fetal growth rates (4,90,91). The latest guidelines from 

the European Society for Paediatric Gastroenterology Hepatology and Nutrition (ESPGHAN) 

recommend that for preterm neonates, parenteral AA supplementation should start on the 

first postnatal day with a minimum intake of 1.5 g/kg/d to achieve an anabolic state that 

promotes growth. From the second postnatal day onwards, intake should be increased to 2.5-

3.5 g/kg/d to ensure growth rates closely match those in-utero (91).  

 

In research terms, the optimal intake of parenteral AA for preterm and term neonates remains 

controversial (23). Controversies include the optimal starting and incremental doses of 

parenteral AA (92–94) and ideal final target intake (including actual intake versus prescribed) 

(95–97). In early PN studies, AA were not initiated until the end of the first week in the smallest 

infants; neonates depended on glucose infusion during the intervening period (98,99). 

Following the development of solutions designed specifically for neonates, researchers began 

investigating the effects of higher AA doses and earlier introduction of PN.  

 

The Cochrane review of early AA (administered in the first 24 h) versus late AA in preterm 

infants included seven randomised control trials (RCT). The study concluded that there were 

no apparent benefits of early AA administration on mortality, growth and neurodevelopment. 

However, early administration of AA did result in positive nitrogen balance, improved acid-

base balance and ammonia levels remained normal (92). 

 

Recent studies show that a protein dose of 3.5 or even 4.0 g/kg/d is well tolerated by VPN 

(85,94,100) despite concerns about metabolic derangement. Results from studies investigating 

the feasibility of rapidly introduced, high AA intakes were mixed; some showed improved 

growth and NDOs associated with early and high AA supplementation, while others found no 

significant differences. A summary of these studies and their findings are provided in Table 1.4.  
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Author Study Size 
Intended AA intake 

(g/kg/d) 
Key findings 

Wilson et al. 
(1997) (101) 

n = 64 

0.5 g/kg/d of AA 
started at 12 hours, 

increased by 0.5 g/kg/d 
to a maximum of 3.5 

(Early) Growth in early life and at discharge was 
significantly improved in babies in the early AA 

group. 

n = 61 

1 g/kg/d of AA started 
on day 3 and increased 

by 0.5 g/kg/d to a 
maximum of 2.5 g/kg/d 

(Late) 

Poindexter et al. 
(2006) (86) 

n = 182 
≥ 3g/kg/d within the 

first 5 days (Early) 
Early AA were associated with significantly 

better growth outcomes at 36 weeks.  
At 18 months of corrected gestational age 

(CGA), the groups had no differences in weight, 
length, or NDOs. n = 836 

< 3g/kg/d within the 
first 5 days (Late) 

Clark et al.              
(2007) (102) 

n = 64 3.5 
Higher doses of AA did not improve neonatal 
growth and were associated with increased 

blood AA and blood urea nitrogen (BUN) levels. 
n = 58 2.5 

Tan et al.         
(2008) (22,103) 

n = 55 4.0 No significant difference in OFC or other 
growth parameters at 36 weeks between 
groups. No difference in NDO at 3 and 9 

months post-term. n = 59 3.0 

Blanco et al. 
(2012) (104) 

n = 30 4.0 (Rapid) Early and high AA regimen did not improve 
growth or NDOs at 2 years. Serum BUN and 

urine urea were significantly higher in the early 
and high AA group. n = 31 3.0 (Slow) 

Balasubramanian 
et al. (2013) (105) 

n = 75 4.0 (Rapid) 
Changes in weight gain, length and head 

circumference at 28 days were significantly 
lower in the higher AA group. 

n = 75 4.0 (Slow) 

Burattini et al.       
(2013) (106) 

n = 56 4.0 Body weight, length, and head circumference 
(HC) at 36 weeks and 2 years were similar 

between groups. No significant difference in 
NDOs at 2 years. The higher AA group reported 

a higher BUN. n = 58 2.5 
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Author Study Size 
Intended AA intake 

(g/kg/d) 
Key findings 

Scattolin et al. 
(2013) (107) 

n = 60 4.0 Significant differences in weight and length at 
36 weeks. Weight gain and growth rate during 
the 3rd week were significantly better in the 

higher AA group. n = 55 3.0 

Vlaardingerbroek 
et al. (2013) (94) 

n = 47 3.6 
No significant difference in weight gain, head 

circumference gain, and knemometry. 
n = 49 2.4 

Morgan et al. 
(2014) (97) 

n = 74 3.8 
Higher AA intake (SCAMP nutrition) reported 
greater HC at 28 days. Differences were still 

apparent at 36 weeks CGA. 
n = 76 2.8 

Bellagamba et al. 
(2016) (108) 

n = 82 3.5 
No difference in weight gain, growth 

parameters or NDOs at 2 years. Blood urea was 
higher in the high AA group. 

n = 82 2.5 

Uthaya et al. 
(2016) (109) 

n = 82 3.6 (Immediate) Head circumference at term was significantly 
smaller in the high, immediate AA group. No 

difference in brain volume, weight gain or 
other growth parameters. n = 83 2.7 (Slow) 

Balakrishnan et al. 
(2017) (110) 

n = 85 4.0 (Immediate) No differences in NDOs were detected 
between groups. Infants in the high AA group 
had significantly lower mean weight, length, 

and head circumference percentiles at 36 
weeks CGA and discharge. n = 83 4.0 (Slow) 

 Table 1.4: Key findings from previous RCTs comparing different parenteral AA strategies 

Inconsistent study findings mean a consensus has not been reached regarding the optimal 

dose of parenteral AA, and it remains uncertain whether higher intakes improve growth at all. 

There is little assessment of the long-term impact on efficacy and safety, making reliable 

recommendations difficult. Given the relative lack of high-quality RCTs, current parenteral AA 
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practice is largely based on uncontrolled or observational studies, expert opinion, and clinical 

practice guidelines provided by various academic societies, e.g. ESPGHAN. 

 

Finally, there is also significant debate surrounding the appropriate supply of non-protein 

energy required to utilise AA for adequate growth and metabolism. A minimum of 100-135 

kcal/kg/d of energy is required to prevent protein from being used as an alternative energy 

source rather than for accretion (20). Estimates often do not account for comorbidities that 

increase requirements. Increasing protein intake without sufficient non-protein energy could 

result in adverse growth outcomes and increased blood urea (102). However, the glucose and 

lipid infusion rates required to supply optimal non-protein energy may not be tolerated by the 

infant, especially during the first week, leading to hyperglycaemia and hyperlipidaemia (23). 

Clinically, the former could be prevented by reducing glucose intake but is effectively and 

routinely managed with an insulin infusion (111), although the long-term risks and benefits of 

this approach are still unknown (112). Additionally, it is difficult for most VLBW infants to reach 

suggested caloric and protein intakes because of fluid restriction. These difficulties cause 

frequent interruptions, hindering the advancement of enteral feeding and increasing the risk 

of PN complications. 

 

There is currently general agreement amongst nutritionists and neonatologists that early 

initiation of parenteral AA and energy is critical to minimise postnatal growth failure, which is 

reflected in the guidelines (4,90,113). Nevertheless, the National Confidential Enquiry into 

Patient Outcome and Death (NCEPOD) enquiry into neonatal PN highlighted huge variation in 

the quality of PN and nutritional practice throughout the United Kingdom (UK), many of which 

were considered substandard (114). The monitoring of PN was deemed inadequate in a fifth 

of infants. PN commencement was delayed in 45% of cases reviewed because the need was 

unrecognised or not acted upon (115). Despite the guidelines' clarity, these practice 

differences have been repeatedly identified in UK national PN surveys (116–118). This may 

partly reflect the wide range of target doses and uncertainty of the topic. However, there is a 

clear need to review current clinical nutritional practice nationally to improve quality in this 

fundamental aspect of UK neonatal care.  
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1.4.3. Problems associated with the provision of AA to preterm infants 

The evolution of neonatal PN began in the late 1960s, using the AA composition of cord blood 

or human milk protein as a start point. The first generation of AA solutions contained protein 

hydrolysates, produced by heating protein with acid or proteolytic enzymes, followed by 

purification. These solutions caused significant problems, including hyperammonaemia (119) 

and were later replaced by the first synthetic crystalline solutions, which caused other issues, 

particularly acidosis (120). Reporting adverse effects created a fear of metabolic derangement 

caused by AA, which still influences clinical practice. Following formulation changes, more 

recent evidence suggests that starting parenteral AA immediately after birth achieves a 

positive nitrogen balance in the first week of life, improves short-term outcomes, and can be 

introduced without metabolic complications (121,122), even amongst critically ill infants (123). 

Nevertheless, some neonatologists are reluctant to adopt the ‘early and aggressive’ approach 

to AA administration following dated reports of harmful side effects.  

 

As explained previously, significant progress has been made to improve the safety of PN 

solutions. However, the commercial PN solutions in use today have not been changed for more 

than 30 years. This is despite a considerable shift in neonatal demographics and a longstanding 

body of evidence to suggest the plasma AA profile of PN-dependent VPN is suboptimal. Morgan 

and Burgess showed that the mean plasma concentrations of EAA are 50-100% above the 

proposed reference range for healthy preterm infants receiving Vaminolact, a solution 

modelled on the AA composition of breast milk (124). On the other hand, mean plasma 

concentrations of CEAA are up to 50% lower than the reference range. The same AA imbalance 

is seen in Primene (125), another commonly used PN AA solution in the UK modelled on the 

AA composition of cord blood, and TrophAmine (126), a formulation widely used in the United 

States. Practical reasons explain particular AA deficiencies, including solubility in the case of 

tyrosine and stability for cysteine and glutamine. However, arginine is soluble and stable in PN 

solutions, and hypoarginemia is a consistent finding.  

 

Furthermore, merely increasing AA supply does not prevent the deficiency of CEAAs in PN-

dependent VPNs (124). The consistency of the imbalance is concerning because a single AA 

deficiency could undermine the high AA intake strategies used to promote growth.  
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There have also been concerns about the long-term health effects of aggressive nutrition 

strategy in VPN. In the 1970s, reports began linking adverse nutritional provision in early life 

with late-onset disease, particularly coronary heart disease. David Barker developed this idea 

of "nutritional imprinting". He proposed that metabolic syndrome and cardiovascular disease 

may partly result from metabolic programming in-utero or during early postnatal life (127–

129). The association with long-term disease is thought to be a consequence of developmental 

plasticity, whereby the environmental conditions during development can permanently alter 

gene expression through epigenetics. However, the development of late-onset disease is 

multifactorial. Until further evidence proves that early nutritional intervention causes more 

harm than benefit, there is no reason to change current PN strategies, especially given that the 

first few weeks are a crucial period of neurodevelopment. 

 

To summarise, despite the extensive use of PN, progress in the field of nutrition is limited 

compared with other developments in neonatology, such as mechanical ventilation. Even with 

the current focus on “early and aggressive” nutrition in the NICU, undernutrition and postnatal 

growth failure remain important problems for VPN. Vast uncertainty remains surrounding 

optimal intakes of parenteral AA and the ideal composition of neonatal AA solutions. 

Consequently, new nutritional strategies should be explored, and attempts must be made to 

remodel the composition of AA solutions to meet the needs of VPN and improve the plasma 

AA profile.  
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1.5. Infection in the neonatal period 

Neonatal infection and sepsis are prominent causes of paediatric morbidity and mortality. 

Sepsis is a dysregulated host response to infection leading to life-threatening organ 

dysfunction (130). Unlike mortality associated with respiratory distress, which has shown a 

constant decline, mortality from neonatal infections in preterm infants has increased during 

the last 20 years (131). The 2016/17 Global Burden of Disease (GBD) Study estimated there 

were 1.3 million cases of neonatal sepsis worldwide annually, resulting in 203 000 sepsis-

attributable deaths (132). However, important contributors to the burden of neonatal 

infection and sepsis, including pneumonia, are not captured by the GBD estimate. Neonates 

are disproportionately affected in low-income countries with a high prevalence of infectious 

diseases and poorer access to healthcare facilities. Hence, neonatal sepsis remains a commonly 

encountered and feared complication worldwide, especially for preterm infants.  

 

Neonatal sepsis is divided into early-onset sepsis (EOS) and late-onset sepsis (LOS) based on 

the time of onset and mode of acquisition. There is disagreement regarding the exact cut-off 

between early and late-onset. Some sources define EOS as infection within the first seven days, 

and others limit it to infections within the first 72 hours. EOS is likely due to the intrapartum 

vertical transmission of organisms from the mother. The commonly implicated organisms are 

Group B Streptococcus (GBS) and Escherichia coli, accounting for approximately 70% of 

infections combined (133). LOS, in contrast, is attributed to postnatal pathogen exposure 

(134). The different organisms associated with EOS and LOS are summarised in Table 1.5. For 

VPN, invasive procedures and devices, especially long-term IV catheters used for PN, result in 

ongoing infection risk. The other risk factors for neonatal sepsis are summarised in Table 1.6. 
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Early-onset sepsis Late-onset sepsis 

Group B Streptococcus Coagulase-negative staphylococci 

Escherichia coli Staphylococcus aureus 

Enterococci Enterococci 

Other streptococci:  
S.pyognes, S.viridans, S.pneumonia 

Multi drug-resistant Gram-negative rods  
(E.coli, Klebsiella, pseudomonas) 

Haemophilus influenza Candida 

Table 1.5: Major microbial causes of neonatal sepsis (135,136) 

 

Early-onset sepsis Late-onset sepsis 

Maternal GBS colonisation Breakage of the natural barriers (skin and mucosa) 

Chorioamnionitis Prolonged indwelling catheter 

Prolonged rupture of membranes (>18 hours) Invasive procedures (e.g. Endotracheal intubation) 

Premature rupture of membranes Necrotising Enterocolitis 

Maternal urinary tract infection H2-receptor blocker or proton pump inhibitor use 

Multiple pregnancy  

Procedures during pregnancy (amniocentesis, 
cervical cerclage) 

 

Table 1.6: Risk factors for neonatal sepsis (137) 

Early diagnosis of neonatal sepsis is difficult because the clinical manifestations are subtle, non-

specific and may also be associated with prematurity or the normal physiological transition to 

extrauterine life (Table 1.7). In a cohort of 240 neonates with sepsis risk factors, only 2 out of 

the 12 patients with true-positive blood cultures (BC) exhibited signs and symptoms of sepsis. 

The remaining 10 infants were asymptomatic at the time of admission, calling attention to the 

challenge of early identification of septic neonates (138).  
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Category Signs 

Respiratory 
Respiratory distress (tachypnoea, nasal flaring, grunting, recessions)  
Hypoxaemia requiring increased supplemental oxygen  

Circulation 

Tachycardia 
Hypotension 
Delayed capillary refill 
Diminished pulses 

Gastrointestinal 
Reduced feeding or alterations in feeding pattern 
Vomiting 
Abdominal distension 

Neurological 
Hypotonia or hypertonia 
Seizures 
Bulging fontanelles 

Dermatological 
Mottled or ashen appearance 
Non-blanching rash 
Cyanosis of skin, lips or tongue  

Behavioural 
Weak, high-pitched, or continuous cry  
Irritability 
Lethargy 

Other 
Temperature abnormality (lower than 36°C or higher than 38°C)  
Jaundice in the absence of other risk factors for hyperbilirubinemia 
Altered glucose homeostasis (hypoglycaemia or hyperglycaemia)  

Table 1.7: Clinical indicators of possible neonatal infection (139) 

The gold standard for diagnosis is a positive BC result, which is limited in sensitivity by 

intrapartum antibiotic administration and constraints in blood volume per culture that can be 

safely collected in VPN (140). Furthermore, decisions about antibiotic management are 

affected by the 48 -72  hour turnaround time for BC results.  

 

Typical management of neonatal sepsis is broad-spectrum IV antibiotics that are narrowed 

down once the pathogen and its antibiotic sensitivity are confirmed. Common initial empirical 

antibiotic combinations for EOS are benzylpenicillin with gentamicin or flucloxacillin plus 

gentamicin to cover the causes of LOS (139).   
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Neonates, especially preterm infants, are vulnerable to infection for two main reasons: deficits 

of the immune system subsequent to prematurity and continual medical interventions which 

interfere with protective mucosal and epithelial barriers (mechanical ventilation and 

intravenous lines). The impact of prematurity on the developing immune system is discussed 

further in Chapter 4 of this Thesis.  

 

Preterm infants who survive neonatal infection may experience permanent disability due to 

organ damage caused by the infection itself or the inflammatory response generated by 

oxidative stress (141). Neonatal infection can result in meningitis which carries a significant risk 

of permanent neurological impairment (142). Evidently, neonatal infections pose important 

healthcare challenges, and the administration process of PN increases infection risk. Therefore, 

the length of PN dependence should be carefully considered to reduce the burden of infection 

amongst VPN.  

 

1.6. Evidence from critically ill adult and paediatric populations  

A recent, large multicentre RCT (EPaNIC) unexpectedly revealed in a population of critically ill 

adults that withholding PN for seven days resulted in an increased likelihood of an earlier live 

discharge from the Intensive Care Unit (ICU) with fewer complications (143). A similar 

multicentre study was later conducted on 1440 critically ill children from term newborn to 17 

years of age (PEPaNIC). It was reported that the children who received late PN had a lower 

odds of an infection, a shorter period of dependency on mechanical ventilation and a reduced 

Paediatric ICU (PICU) stay (6.5 ± 0.4 days versus 9.2 ± 0.8 days). The improved short-term 

benefits from withholding PN in children were larger than those seen in adults (144). 
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Considering statistical power, the benefits of withholding PN during critical illness occurred for 

term neonates in agreement with findings from older children and adults (145). Delayed 

introduction of PN reduced the risk of nosocomial infections amongst term neonates aged 0 - 

7 days (adjusted odds ratio = 0·36, 95% CI = 0·15-0·83, p = 0.017). The study also found that 

higher doses of AA, rather than glucose or lipid, were associated with a prolonged need for 

intensive care and an extended period of dependency on mechanical ventilation. These 

findings should be interpreted with caution, given that the infants studied were born at term 

gestation and had vastly different nutrition requirements compared with VPN.  

 

However, another RCT investigating the growth benefits of high-dose, early AA 

supplementation was halted after the inclusion of 50 infants due to a concerning incidence of 

LOS in the intervention group (146). The authors attributed this to uncorrected 

hypophosphatemia resulting from phosphate depletion due to accelerated protein synthesis, 

a recognised metabolic consequence of AA supplementation. This evidence supports the 

notion that aggressive PN strategies may require additional electrolyte supplementation. 

These findings indicate that the PEPaNIC findings may extend to the preterm population, which 

renewed concerns about early AA provision to VPN, the paediatric population forming the bulk 

of patients receiving PN. 

 

Together the EPaNIC and PEPaNIC trials suggested that in critically ill patients, withholding PN 

for the first seven days was clinically superior compared with early initiation of PN. The benefits 

were seen even in term neonates <1 day and those unable to tolerate minimal enteral 

nutrition, similar to a VPN. However, delaying parenteral AA for as long as a week in preterm 

neonates contradicts current guidance and is ethically unacceptable. Nevertheless, these 

findings raise important questions about the presumed benefits of an “early and aggressive” 

approach to AA supplementation and the risk of infection that require further investigation 

before changes are made to PN guidelines.  
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1.7. Autophagy: A fundamental mechanism for cell survival 

The underlying mechanisms explaining the improved outcomes following the delayed initiation 

of PN remain speculative. The PEPaNIC study authors suggested that one plausible explanation 

for the difference in infection rate may be deficient autophagy following the early initiation of 

PN (145). Autophagy contributes to basal cellular metabolism and homeostasis, alongside 

having an emerging role in the innate immune response (147). 

 

1.7.1. Process of autophagy 

Autophagy is the major lysosomal mechanism by which cells degrade protein and damaged 

organelles. The term autophagy is derived from the Greek words “auto”, meaning self, and 

“phagein”, meaning to eat (148). Autophagy ensures metabolic homeostasis in all living 

organisms, from yeast to humans. There are several forms of autophagy; the dominant form 

is macroautophagy (referred to as autophagy hereafter). During autophagy, a portion of the 

cytoplasm is surrounded by a membrane derived from specialised regions of the endoplasmic 

reticulum to form an autophagosome. Upon fusion with a lysosome, the initial 

autophagosomes acquire lytic enzymes to form autophagolysosomes which degrade 

sequestered cellular material (149). A series of autophagy-related genes (Atg) have been 

discovered, which are involved in the formation and maturation of autophagosomes (150,151). 

 

1.7.2. Regulation of autophagy 

The major intracellular regulator of autophagy is the nutrient-sensing mammalian target of 

rapamycin (mTOR) complex 1 (mTORC1). Autophagy is negatively regulated by mTOR. When 

nutrient supply is abundant, mTOR promotes cell growth and metabolic activity while 

suppressing autophagy through the phosphorylation of ULK1 (the mammalian ortholog of 

yeast Atg1) (152). The autophagy pathway is summarised in Figure 1.2. AA stimulate protein 

synthesis through mTOR, and leucine especially is a potent activator of mTOR.  
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Figure 1.2: The process of autophagy. Autophagy is negatively controlled by mTOR. Autophagosomes fuse with 

lysosomes to degrade intracellular content and recycle macromolecule components. Figure adapted from N. 

Chang, Autophagy and Stem Cells: Self Eating for Self-Renewal (152). 

However, in response to starvation, protein degradation via autophagy is accelerated to 

produce AA for gluconeogenesis (153), providing an internal source of nutrients for energy. 

Rapid and efficient activation of metabolic autophagy following a decrease in nutrient supply 

appears crucial for cell survival (154). Under homeostatic conditions, cells maintain a basal 

level of autophagy as a method of routinely turning over cytoplasmic content. 

 

1.7.3. Autophagy in disease 

Autophagy prevents the accumulation of damaged proteins and organelles that cause chronic 

tissue damage and disease. Dysfunctional autophagy has been linked to cardiac dysfunction 

during periods of starvation (155), liver disease (156), and the development of Crohn’s disease 

(157). In the brain, autophagy prevents the accumulation of ubiquitinated proteins and 

disposes of aggregation-prone proteins, which cause neurodegeneration in Huntington’s and 

Parkinson’s disease (154,158). 

 

Defective autophagy has also been associated with an impaired immune response. Autophagy 

intersects with nearly all components of the innate immune system, controlling phagocytosis, 

antigen presentation and cytokine production (148). The relationship between autophagy, 

infection and the developing immune system is discussed in more detail in Chapter 4. 

Knowledge of immunological autophagy is still developing, and many important questions 
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remain. It should be noted that much of the work surrounding the role of autophagy in disease 

has been done in murine models, meaning it may not reflect mechanisms in human VPN. 

Regardless, in translational terms, autophagy is becoming an attractive target for disease 

prevention and treatment of inflammatory disorders (148). Further work is required to test 

these concepts in the VPN population concerning neonatal infection. 

 

1.7.4. Autophagy in the neonatal period  

Autophagy may have a crucial role in the early neonatal period. At birth, the constant placental 

nutrient supply is suddenly interrupted, and the infant enters a period of starvation whilst 

nutritional intake, enteral or parenteral, is established. Autophagy is activated during the 

neonatal starvation period to recycle AA for energy (159). However, other roles have been 

proposed for autophagy in the neonatal period, including programmed cell remodelling during 

the fetal-neonatal transition and elimination of residual embryonic structures. Autophagy may 

also support the response to physiological oxidative stress at birth (160). Clearly, basal levels 

of autophagy are needed in neonates as part of the transition to neonatal life.  

 

Often, PN is initiated early to reduce muscle catabolism during periods of critical illness. 

However, given that autophagy is activated by fasting, which includes periods of anorexia 

induced by critical illness or prematurity, it follows that early initiation of neonatal PN would 

inhibit autophagy activation (159). Deficient autophagy has previously been documented in 

humans with a prolonged critical illness (161) and parenterally fed rabbits (162); the severity 

of the deficiency correlated with AA intake. Meanwhile, autophagy is highly involved in 

regulating innate immune responses, meaning impaired autophagy (through the provision of 

parenteral AA) may dampen the neonatal immune system. These findings offer a framework 

to interpret the apparent clinical benefits of withholding PN in critically ill patients, including 

term neonates. Given the suppressive effect of AA, including leucine, on autophagy, the role 

of PN during critical illness (including prematurity) should be investigated further.   
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1.8. Importance of leucine  

Previous work has examined parenteral AA provision as a whole. PEPaNIC and many preterm-

specific PN studies have not considered whether the potential overprovision or deficiency of 

single AA has an effect. As discussed above (1.4. Amino Acids), each individual AA has a role in 

protein structure, but many have additional regulatory roles in metabolism. Arginine and 

glutamine, examples of very metabolically active AA, are deficient in parenteral AA 

formulations. These deficiencies have been linked to potential adverse outcomes (163,164), 

and efforts are being made to correct deficiencies, but the potential risks of AA overprovision 

have not been as extensively studied. 

 

This thesis has a particular focus on leucine (Leu), a branched-chain amino acid (BCAA) and one 

of the nine EAAs, which cannot be synthesised by the body and must be obtained directly from 

the diet. Parenteral leucine requirements are likely high because leucine appears to be a 

significant regulator of muscle protein synthesis in neonates (165). Escobar et al. showed that 

supplementation with parenteral leucine enhanced muscle protein synthesis in neonatal pigs 

(166). However, studies of plasma AA profiles in preterm baboons (167) and human VPN  (124–

126) consistently show EAA levels, including leucine, well above the reference ranges for 

healthy preterm infants, indicating that potentially PN formulations provide an excess of 

leucine.  

 

Table 1.8 shows the leucine content (g/100g AA) of the three most widely used neonatal AA 

formulations. The leucine content of human breast milk protein is 9.9 ± 8.4 g/100g AA (168). 

Despite evidence of overprovision by plasma AA profile data, the leucine content of each AA 

formulation is within the standard deviation for that of breast milk protein. This indicates no 

obvious, direct overprovision of leucine by AA solutions themselves. Nevertheless, the 

imbalance in the plasma AA levels requires further investigation.  



 

29 

AA source Usage of AA formulation in UK level 3 NICU 
Leucine content  

(g/100g AA) 

Vaminolact 
Primene 

TrophAmine 

83% 
15% 

Unlicensed in the UK 

10.7 
10.0 
14.0 

Table 1.8: Leucine content of neonatal parenteral and enteral nutrition sources. Adapted from the PAINT 

protocol and Morgan et al. (124) 

Leucine is also part of the “functional” AA group (57) because of its recognised role as a potent 

activator of the mTOR pathway (169). mTOR-mediated signalling stimulates postprandial 

protein synthesis and inhibits catabolic processes, particularly autophagy, by inhibiting 

autophagosome formation. It is unknown whether overprovision of EAA, especially leucine, to 

the point of “toxicity”, impairs the immune response through reduced autophagy. However, 

given the recent evidence associating parenteral AA and a higher risk of infection, these 

additional functional properties make leucine an ideal AA to investigate further and potentially 

optimise in VPN. 
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1.9. Justification  

PN is a fundamental element of modern neonatal care which influences short and long-term 

outcomes for VPN. Evidence suggests that existing AA formulations are imbalanced, resulting 

in high plasma levels of leucine and other EAA. Given the findings of the PEPaNIC study, which 

associates early initiation of parenteral AA with a higher risk of infection, further research is 

needed into the effect of EAA overprovision on postnatal immune adaptation. The relationship 

between individual AA plasma levels and the development of neonatal infection requires 

investigation. To better meet VPN needs, there may be a need to remodel parenteral AA 

solutions. This thesis focuses on leucine because of its potent effect on mTOR activation, 

quantifying the relationship between parenteral leucine intakes with plasma levels in PN-

dependent VPNs to determine the optimal leucine content of neonatal PN. 

 

The frame for this thesis is the hypothesis that autophagy, a cellular process important for 

innate immunity, is deficient in VPN because of EAA overprovision. The thought process behind 

this hypothesis is summarised in Figure 1.3. The validity of this hypothesis depends on the 

totality of evidence from several perspectives, not purely neonatal research. Ultimately, it 

remains unclear whether the excess provision of EAA (including leucine) to the point of 

“toxicity” can have such an effect that it impairs the immune response through reduced 

autophagy. This work will introduce the idea of using transcriptomics, the study of RNA 

transcripts, to start examining postnatal gene expression changes during the first two weeks 

of life. 
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Figure 1.3: Flowchart outlining hypothesis generation  

Parenteral AA appear to be associated with a 
higher risk of infection in critically ill, term 

neonates. 

Impaired autophagy has been proposed as a 
potential mechanism. Autophagy has a role in 

the innate immune response. 

Autophagy is activated during periods of 
starvation via the mTOR pathway. 

Leucine, in particular, is a potent activator of 
mTOR, thus deactivating autophagy. 

Plasma AA profile data indicates potential 
overprovision of leucine (and other EAA). 

Hypothesis: Autophagy, and hence innate 
immunity, is deficient in VPN because of EAA 

overprovision, resulting in an increased 
vulnerability to neonatal infection. 
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1.10. Aim and objectives of the thesis  

The overall aim is to provide an overview of the available methods which could be used to 

assess the importance of individual parenteral AA and optimise PN. Reviewing these 

methodological approaches will help understand how modifying AA formulation may impact 

early postnatal metabolic adaptation. This thesis considers three methodological perspectives, 

identifying the strengths of each approach and determining what is required to maximise the 

value of each method when reviewing the hypothesis in detail.  

 

We had the following objectives: 

• To investigate the relationships between nutritional intake data, plasma amino acid 

levels, and infection-related outcomes using existing data from the SCAMP nutrition 

study (Chapter 2). 

• To investigate and quantify the relationship between parenteral leucine intakes and 

plasma leucine levels by conducting a systematic review (Chapter 3). 

• To explore whether conducting a transcriptomic analysis could be used to examine the 

time course of autophagy-related transcripts, exploring whether autophagy and 

related pathways change between day three and day ten after birth (Chapter 4).  
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Chapter 2: Parenteral Nutrition and Neonatal Infection in the Very 

Preterm Infant. A Secondary Analysis of the SCAMP Nutrition Study. 

 

2.1. Background 

The relationship between parenteral AA provision, specifically relating to individual AA plasma 

levels, and the development of neonatal infection requires investigation. This thesis chapter 

entails further analysis of the data from the SCAMP study. The analysis first compares total 

parenteral AA intake and then individual plasma AA concentrations between infants who 

developed late-onset sepsis (LOS) and infants who did not. Given the proposed link between 

parenteral AA intake, autophagy deficiency and infection in the PEPaNIC study, we 

hypothesised that a high AA intake or high plasma leucine might be associated with an 

increased incidence of LOS and necrotising enterocolitis (NEC) in VPN. 

 

2.2. Methods 

The SCAMP study (ISRCTN: 76597892) received ethical and regulatory approval and is 

described in greater detail with the published primary outcome (97). The study was a single-

centre, parallel-group randomised control trial (RCT) with blinding of the caregivers, parents 

and outcome assessors. Eligible infants were born <29 weeks’ gestation and weighed <1200g. 

They were admitted to the NICU at Liverpool Women’s Hospital (LWH) within 48 hours of birth 

between October 2009 and July 2012. After parental consent, infants were randomised to a 

SCAMP or control PN regimen. Both regimens used Vaminolact (Fresenius Kabi). 

Randomisation was required within 120 hours of birth, and the study intervention continued 

until 28 completed days of life.  

 

The primary objective of the SCAMP study was to investigate postnatal head growth velocity 

in the first 28 days of life, with the study of infection outcomes as a planned secondary analysis. 

Infection monitoring, investigation and treatment were in accordance with the LWH 

guidelines. Patient data were collected from the electronic patient record and recorded in an 

EXCEL case report form (CRF). The effect of SCAMP nutrition on central venous catheter (CVC) 

complications, including infection, has already been reported (170). For this analysis, the 
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infants were re-stratified into two groups, infants who developed LOS and infants who did not. 

That way, individual AA concentrations could be directly compared between the two infection 

status groups. LOS was defined as a positive blood culture (BC) after 72 hours of postnatal age. 

 

The infants were later stratified again, expanding the infection group to include infants who 

developed NEC, an acute inflammatory disease of the intestine and a notable cause of 

morbidity and mortality in the NICU. A systematic review of recent large cohort studies 

reported an overall mortality rate of 23.5% in infants with confirmed NEC (Bell 2a or greater). 

Meta-analysis revealed that extremely low birth weight infants (ELBW, <1000g) with surgical 

NEC have the greatest mortality rate (50.9%) (171). NEC onset is often within the first three 

months of life, and ELBW neonates or neonates under 28 weeks’ gestation are the most 

susceptible (172). The pathogenesis of NEC is only partly understood but likely involves a 

dysfunctional intestinal barrier immune response to enteral nutrition and small bowel bacterial 

colonisation. Infections are thought to play an important role in the pathogenesis of NEC (173). 

 

To conduct the analysis, Keziah Davies (KD) collected patient data from the study CRFs, 

including BC results and daily parenteral AA intakes for the first 4 study days. The hourly volume 

of each component of parenteral and enteral nutrition, fluid and drug infusions is captured by 

routine nursing charts. Each ‘day’ (24-hour period) starts at the time of birth. VPN receive 

protein parenterally or from various enteral sources (human milk, fortifier, and formula milk 

proteins). For this analysis, we chose to focus only on total parenteral intake, in line with the 

aims of the thesis. Therefore, we excluded the small contribution of enteral nutrition to total 

AA intake during the first week of life. On day 4 of life, the mean enteral protein intake was 

0.1g/kg/d for the recruited infants.  

 

As part of this analysis, KD retrieved and transcribed the BC results and nutritional intake data 

for the 9 infants who passed away during the study period from the original paper CRFs. These 

infants had not been included in the previous infection-outcome analysis by Tan et al. (22). 

Given that some of the data and nutrition formulae had already been collated into an existing 

database, KD contributed to the data collection for a similarly designed physiological study, 

PAINT18, to gain a better understanding of how the SCAMP data had been collected. 

Involvement is discussed further in Chapter 4.6. 
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Parenteral “protein” is supplied as a mixed AA formulation, unlike human breast milk protein, 

which is delivered as whey and casein protein fractions hydrolysed to AA during digestion. In 

the SCAMP study, total parenteral AA intake (g/kg/d) was calculated using the daily volume of 

aqueous PN and the manufacturer’s summary of product characteristics (SmPC) document. It 

is important to note that although the AA composition of the PN formulation is being studied, 

nutritional intakes are also commonly reported in terms of protein or nitrogen content. Certain 

AA formulations require a conversion factor to calculate AA intakes. For example, using the 

SmPC document for Vaminolact (the formulation used by the SCAMP study), the total AA 

content was 65.3 g/L, whereas the total protein content was 58 g/L (Appendix 1). 

 

Hence the conversion factor used by the manufacturing company was calculated:  

 

 

For the infants allocated the SCAMP nutrition regimen, this equates to a maximum of 3.8g/kg/d 

of protein but 4.3g/kg/d of AA. The nitrogen to protein conversion factor can be calculated 

similarly.  

 

The plasma profile of 20 proteogenic individual AA (µmol/L) was recorded from the first sample 

plasma AA sample obtained for routine clinical monitoring. Our clinical guidelines 

recommended this is approximately 7 days after maximum AA intake has been achieved, and 

only in infants receiving >50% nutrition intake (volume) parenterally. Plasma AA levels were 

measured using ion-exchange chromatography (IEC) with normal reference ranges obtained 

from a recent, multicentre U.K. study of infants <6 months old (including infants analysed in 

our own  laboratory) using the same analysis technique (174).   
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Statistical Analysis 

The study was powered according to the primary outcome. First, the Shapiro-Wilk test was 

used to test for normality. Then, two-sample t-tests were used for normally distributed data, 

and Mann-Whitney U tests were used for data which was not normally distributed. Chi-squared 

tests were also used for categoric data. A p-value of ≤ 0.05 will be considered statistically 

significant. 

 

2.3. Results 

The demographic data of the SCAMP (n = 74) and control (n = 76) groups have been reported 

previously (97). Following stratification based on infection status, 61 infants were found to 

have a positive BC during the study period, and 89 infants did not. Of the infants that developed 

an infection, 7 had a single positive BC before 72 hours. By definition, these infants developed 

early-onset sepsis (EOS). They were analysed as part of the no-infection group because their 

infection was most likely attributed to intrapartum transmission of organisms and was unlikely 

to be influenced by AA intake. Therefore, a total of 96 infants were analysed in the no-infection 

group. The demographics of the new stratified groups are summarised in Table 2.1. Among the 

VPN who developed an infection, the median (IQR) day of the first positive BC was 11 (8-14). 

 

Demographic factor 
Infection - LOS only  

(n = 54) 
No infection (n = 96) P value 

Birth weight, mean (SD), g 839 (134) 921 (182) 0.003 

Gestation, mean (SD), w 26.4 (1.4) 26.8 (1.3) 0.11 

Gender, n (%) boy 33 (61) 50 (52) 0.29 

Number receiving SCAMP 
nutrition 

24 50 0.37 

Table 2.1: Comparison of key demographic factors between infection and no-infection groups 

  



 

37 

The daily parenteral AA intake data were available for all 150 infants. However, eight infants 

did not have a plasma AA profile performed in the infection group, leaving 46 profiles for 

analysis. In the no-infection group, 16 infants did not have a plasma AA profile, leaving 80 for 

analysis. A total of 126 plasma AA profiles are included in the analysis. The median (IQR) day 

of the first plasma AA sample was day 9 (8-10) of life. The pathway of detecting eligible infants 

for inclusion in each stage of the analysis is summarised in Figure 2.1. 

 

 
 

Figure 2.1: Flowchart showing the stratification based on infection outcome and availability of AA profile data 

for each infant in the SCAMP study 

2.3.1. Total parenteral AA Intake 

The total parenteral AA intake during the first four postnatal days was calculated for each 

infant (g/kg/4d). Table 2.2 shows the mean total parenteral intake difference between infants 

who developed an infection by day 28 and those who did not. The difference in total intake 

was not significant. 

 

 

Mean (SD) total parenteral AA intake by day 4 (g/kg/4d) 

P value 

Infection (n = 54) No Infection (n =96) 

Day 28 7.87 (1.19) 7.89 (1.27) 0.95 

Table 2.2: Comparison of total parenteral AA intake between infection and no-infection groups 
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2.3.2. Individual plasma levels 

Table 2.3 compares individual plasma AA levels (µmol/L) between infants who developed LOS 

during the study period and those who did not. In general, plasma AA levels are lower in the 

infection group, particularly for the CEAA. There is evidence of EAA overprovision in both 

groups, with plasma levels above the median reference value. Overprovision is most noticeable 

for threonine, which is above the upper limit of the reference range. However, after allowing 

for multiple comparisons using the Bonferroni correction method, there are no significant 

differences in plasma levels between the groups for any of the individual AA.  

 

Amino Acid 

Mean plasma level (µmol/L) 

P value Reference Range b  
Infection  

(n = 46) 

No infection  
(n = 80) 

NEAA 
Ala 
Asn 
Asp 
Glu 
Ser 

 
341.82 
30.80 
33.23 
97.11 

243.57 

 

382.87 

33.95 

36.89 

110.67 

258.53 

 

0.13 

0.29 

0.87 

0.51 

0.21 

 

300 (112-592) 

38 (18-58) 

19 (17-21) 

100 (32-240) 

127 (69-206) 

EAA 

His 

Ile 

Leu 

Lys 

Met 

Phe 

Thr 

Try 

Val 

 

90.14 

48.14 

148.77 

234.91 

27.52 

80.57 

534.70 

17.84 

172.41 

 

92.23 

51.24 

147.25 

255.33 

32.08 

85.20 

514.77 

20.19 

175.28 

 

0.59 

0.13 

0.95 

0.23 

0.05 a 

0.76 

0.65 

0.06 

0.67 

 

74 (43-111) 

50 (20-91) 

97 (44-169) 

155 (70-266) 

25 (11-49) 

52 (25-80) 

97 (39-175) 

15 (10-19) 

146 (65-290) 

CEAA 

Arg 

Gly 

Pro 

Tyr 

Cys 

Gln 

 

36.48 

384.50 

348.41 

52.09 

25.09 

430.16 

 

46.62 

414.85 

361.75 

82.84 

30.20 

492.30 

 

0.04 a 

0.18 

0.98 

0.06 

0.03 a 

0.04 a 

 

57 (12-112) 

246 (120-436) 

154 (66-330) 

58 (22-103) 

- 

559 (323-810) 

Table 2.3: Comparison of mean individual plasma AA levels between infection and no-infection groups 

a P ≤ 0.05; P values not corrected for multiple testing 
b Median (IQR) reference AA levels from a population of infants <6 months old (174) 
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Finally, the infection group was expanded to include infants who also developed NEC. 13 

infants developed NEC without also having a positive BC result during the 28-day study period. 

One infant did not have an AA profile, but the remaining 12 were analysed as part of the 

infection and/or NEC group. Analysis of infants with either an infection or NEC revealed a 

similar PN imbalance between excess overprovision and CEAA deficiency, particularly for 

arginine (Table 2.4). However, after correcting for multiple testing, there were no significant 

differences between the groups. 

 

Amino Acid 

Mean plasma level (µmol/L) 

P value Reference Range b  
Infection +/- NEC  

(n = 58) 

No infection/NEC  
(n = 68) 

NEAA 

Ala 

Asn 

Asp 

Glu 

Ser 

 

354.02 

34.17 

33.88 

107.91 

243.19 

 

378.01 

31.72 

36.93 

103.97 

261.63 

 

0.27 

0.91 

0.22 

0.23 

0.06 

 

300 (112-592) 

38 (18-58) 

19 (17-21) 

100 (32-240) 

127 (69-206) 

EAA 

His 

Ile 

Leu 

Lys 

Met 

Phe 

Thr 

Try 

Val 

 

91.14 

48.40 

147.29 

250.36 

29.10 

82.67 

520.91 

17.60 

177.36 

 

92.37 

51.44 

145.85 

250.10 

31.97 

84.01 

524.24 

21.01 

171.13 

 

0.86 

0.13 

0.88 

0.70 

0.16 

0.72 

0.88 

  0.02 a 

0.43 

 

74 (43-111) 

50 (20-91) 

97 (44-169) 

155 (70-266) 

25 (11-49) 

52 (25-80) 

97 (39-175) 

15 (10-19) 

146 (65-290) 

CEAA 

Arg 

Gly 

Pro 

Tyr 

Cys 

Gln 

 

36.03 

395.19 

361.33 

64.74 

26.05 

440.83 

 

49.60 

412.84 

352.49 

77.12 

30.82 

497.18 

 

0.003 a 

0.25 

0.41 

0.21 

  0.04 a 

  0.02 a 

 

57 (12-112) 

246 (120-436) 

154 (66-330) 

58 (22-103) 

- 

559 (323-810) 

Table 2.4: Comparison of mean individual plasma AA levels between infection and NEC outcome groups 

a P ≤ 0.05; P values not corrected for multiple testing 
b Median (IQR) reference AA levels from a population of infants <6 months old (174)  
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2.4. Discussion 

The study did not find a statistically significant difference in total parenteral AA intake during 

the first four days of life. Focusing on intake over the first four postnatal days is appropriate 

for this analysis because parenteral protein (and subsequently parenteral AA) intake (g/kg/d) 

remained similar between the two regimens (Figure 2.2). Each infant started on standardised, 

concentrated neonatal PN (scNPN) at birth. After randomisation, patients were switched to a 

SCAMP regimen or remained on scNPN (control group), an incremental increase which took 2-

5 days. Consequently, data from both treatment allocation groups are appropriate for analysis 

which significantly increases the size of the data set. A second benefit of using day four as the 

upper limit is that the intake data were available for all 150 participants, including those who 

passed away during the 28-day study period. 

 

 

Figure 2.2: Graph showing the incremental increase in parenteral protein intake for SCAMP and control infants 

 

One finding of considerable note is that the plasma AA profile data shows evidence of excess 

EAA provision in both groups. However, the differences between the groups were not 

significant, including for leucine, demonstrating no greater EAA overprovision to the infection 

group. All infants received Vaminolact, a formulation known to result in plasma EAA levels 

above the recommended reference range (124). Importantly, the re-stratified groups 
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contained VPN who received the control (2.8g/kg/d) or SCAMP (3.8g/kg/d) maximum protein 

intake. Still, previous work shows that excess EAA are provided to all infants receiving 

Vaminolact, regardless of protein intake (124).  

 

Normal physiology indicates that adequate neonatal PN will switch off autophagy compared 

with a state of starvation (159). We hypothesised that leucine overprovision might impair 

autophagy, resulting in increased infection. Therefore, it is unsurprising that there are no 

clinical or statistical differences in infection rates between the groups in a situation where 

excess EAA are provided for all infants. In the initial infection outcome analysis, Whitby et al. 

did not report a difference in infection rate between the SCAMP and control groups (170), 

which is consistent with our negative result. Our data do not support the hypothesis, and as 

discussed in Chapter 1, there are many other risk factors for neonatal sepsis. 

 

One striking result was that threonine demonstrated great overprovision in all groups, with 

mean plasma levels more than five times the reference. In neonatal piglets, threonine is 

required for mucin production and gut function (175). The risk of hyperthreoninemia with 

neonatal PN has long been recognised (176), and Vaminolact has the highest threonine content 

of any currently licensed neonatal PN formulations. Limited capacity to metabolise excess 

threonine has been suggested as the most likely mechanism (124). The safe upper limit of 

plasma threonine is unknown, but animal studies have raised concerns about the effect of 

excess threonine on the developing brain (177). Other animal studies indicate that differences 

in parenteral and enteral threonine metabolism pathways greatly reduce the need for 

parenteral threonine (178,179). Interestingly, this is the opposite scenario of arginine 

metabolism, whereby parenteral requirements are increased (163). This highlights how the 

individual AA requirements of VPN are unique. Threonine is just one example of the major 

limitations of designing PN formulations using human milk protein or cord blood as a template. 

Chapman et al. suggested that the threonine requirement for post-surgical parenterally-fed 

neonates is 22-32% of the threonine content of present commercial PN solutions (180). 

 

Even though the findings were not statistically significant, our data is consistent with existing 

plasma AA profile data which also suggests PN formulations are imbalanced. Understanding 

the implications of inadequate PN formulation is particularly important as a complex 
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relationship between neonatal infections, the inflammatory response and adverse NDOs is 

slowly emerging. The developing brain, especially the periventricular white matter, is 

susceptible to cytotoxic and hypoxic injury (81). Infection places infants at an increased risk for 

abnormal cognitive and motor function (181), something the current PN strategies attempt to 

avoid.  

 

Interestingly, LOS and NEC both appeared to be associated with aggravation of CEAA 

deficiency. Glutamine and arginine both had plasma levels below the reference median. The 

capacity to modulate immune system activity with specific nutrients is termed 

immunonutrition. The AA most often studied for immunonutrition are arginine and 

glutamine, examples of deficient AA in PN formulations, or BCAA, including leucine (182). 

 

Glutamine is the most abundant AA in the blood and human breast milk protein (183,184). 

However, poor stability means glutamine is not included in neonatal PN formulations despite 

the considerable proportion in breast milk protein. Glutamine has a critical role in several 

metabolic systems and becomes rapidly depleted in periods of acute illness, trauma and burns 

(164). In animal models of experimental enterocolitis, glutamine supplementation has been 

associated with reduced mucosal injury, lower infection rates and increased survival (185). In 

studies of critically ill adults, results show that glutamine supplementation reduces episodes of 

sepsis but has little impact on mortality (186,187). Regarding VPN, a meta-analysis of glutamine 

supplementation in preterm infants suggested that supplemental glutamine does not confer 

clinically significant benefits (188). Although, the meta-analysis was dominated by a single 

study (49.8% of infants) which only partly corrected low plasma glutamine (126,189). 

 

Our results showed that plasma concentrations of arginine, another illustration of a deficient 

CEAA in PN formulations, were lower in infants who developed an infection or NEC. In fact, the 

SCAMP study reported the lowest published plasma arginine levels in VPN (124), reflecting the 

low arginine content of Vaminolact. In neonatal piglets, endogenous arginine synthesis occurs 

from dietary glutamine or proline in the small intestine enterocytes (190). PN is associated with 

enterocyte atrophy contributing to low levels of intestinal arginine synthesis. Moreover, low 

plasma glutamine levels may limit endogenous arginine production further (191). 

Hypoargininemia represents a significant metabolic problem in VPN, first identified 50 years 
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ago (192). Arginine comprises 14% of tissue protein, meaning the adequate provision of 

arginine is essential for growth (163). Arginine also plays a central role in several metabolic 

pathways, including nitric oxide (NO) synthesis and ammonia detoxification by the hepatic urea 

cycle (193).  

 

Low plasma arginine levels have previously been reported in adults and children with severe 

sepsis (194,195). Infection is frequent amongst VPN, and elevated cytokines may stimulate the 

expression of arginase and NO synthase. These enzymes promote arginine catabolism (163), 

contributing to hypoargininaemia in the infection and/or NEC group. Arginine depletion during 

infection is a key factor limiting the neonatal ability to mount an adequate immune response 

(196). Depleted arginine has been shown to affect adaptive immunity through impaired T-cell 

function (197). One small randomised pilot study investigating arginine supplementation in 

VPN demonstrated a reduction in NEC incidence (198); others have associated hypoarginemia 

with NEC (199,200). Furthermore, L-arginine administration may be an effective therapy in 

infants with persistent pulmonary hypertension of the newborn (PPHN) (201,202). 

 

Recognition of the possible benefits of arginine supplementation is growing and is reflected in 

recent international guidelines (91). However, AA formulations have not been changed to 

address these issues in the last 25 years. This is surprising given that, unlike glutamine, arginine 

is soluble and stable in parenteral solutions. Recruitment is currently underway for PAINT18 

(Preterm Arginine INTake 18), an exploratory physiological study investigating the effects of 

increased arginine (18%) in preterm infants <29 weeks. Evidence from the previous PAINT 

studies suggests that increasing the proportion of arginine has a ‘rebalancing’ on the plasma 

AA profile, increasing arginine levels but simultaneously reducing levels of most essential AA 

(and leucine is statistically significant). Rebalancing is the first step toward formulating a new 

generation of AA solutions specifically designed for optimal early postnatal adaptation. The 

concept of rebalancing PN will be discussed further in Chapter 3, using leucine as an example. 

 

Our study did not find clinically or statistically significant differences between the two groups’ 

total parenteral AA intake or individual AA levels. Even so, there are many other constituents 

of PN. Hyperglycaemia has previously been associated with increased infection risk in critically 

ill patients (203). However, PN management protocols and routine biochemical monitoring 
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effectively limit metabolic complications resulting from increased IV glucose and lipid emulsion 

infusion rates. In an RCT investigating high-dose, early AA supplementation, recruitment was 

halted due to a higher occurrence of septicaemia in the intervention group (146). Moltu et al. 

speculated that hypophosphatemia in the first few postnatal days may have resulted in 

immunosuppression, contributing to the increased infection rate in the enhanced PN group. 

The SCAMP study protocol included supplementary electrolyte infusions to allow rapid 

correction of electrolyte derangement. Even if imbalanced individual AA intakes predispose 

VPN to infection, the development of neonatal infection is multifactorial and may well be 

influenced by other PN components.  

 

2.4.1. Limitations 

There are some critical limitations of this analysis. Firstly, the original study was not large 

enough to identify statistical differences in clinical infection rates (170). This is a common 

theme in neonatal studies, whereby infection-related outcomes are a planned secondary 

analysis, but the analysis is powered according to the primary outcome. INIS, an international 

RCT investigating the treatment of neonatal sepsis with intravenous immunoglobulin, required 

5,000 infants with proven or suspected sepsis to demonstrate moderate reductions in 

mortality with adequate power. Recruitment was estimated to take three years, requiring 150 

NICUs (204). Therefore, given the clinical significance of the PEPaNIC study findings, it was still 

important to revisit the existing SCAMP data, despite the small sample size, to explore the 

possibility of a link between parenteral AA intake and infection before considering designing a 

larger, expensive study to the same effect. 

 

Furthermore, we suspected the analysis was underpowered, so a retrospective power 

calculation was performed for the total AA intake analysis. Power was estimated at 0.05, 

meaning there was only a 5% probability of correctly rejecting the null hypothesis. Generally, 

an acceptable power is >0.8, meaning there is an 80% or greater chance of correctly detecting 

a statistically significant result. This analysis was underpowered to detect differences in total 

AA intake. Therefore it is unclear whether the lack of statistically significant findings is because 

there was no relationship or because the cohort of 150 infants was insufficient to detect 

differences in effect size for total intake or plasma AA levels. This prevents any firm conclusions 
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being drawn from this analysis about the relationship between total AA intake or individual AA 

concentrations and LOS. 

 

Secondly, multiple statistical tests were run on the dataset given that there were 20 individual 

AA analysed, amplifying the probability of a false-positive finding. Following Bonferroni 

correction, the few initially significant results became non-significant, preventing any firm 

conclusions but still generating future hypotheses about immunonutrition.  

 

Additionally, the infants in the infection group had a significantly lower birth weight than the 

no-infection group (z = -3.02, p = 0.003), see Table 2.1. Because the gestational ages were not 

significantly different between the groups (z = -1.56, p = 0.11), the infants who developed 

infections were more likely to be small for gestational age (SGA), a potential confounding 

variable. Birth weight has long been used to measure immaturity. Therefore, smaller infants 

may have more underdeveloped GI and metabolic pathways (205), impacting AA metabolism 

and likely to be reflected in the plasma level. Furthermore, studies have shown that the risk of 

infection-related mortality and hospital admissions increases with decreasing birth weight 

(206). Given that this was a retrospective analysis of data generated by a RCT conducted a 

decade ago and involved analysis of a large number of AA, we chose not to adjust for potential 

confounders in this analysis. Therefore, the heavy influence of multiple testing and 

confounders weakens the findings and should be acknowledged when interpreting the clinical 

importance of results from this study. Our findings suggest that future PN studies should 

investigate one individual AA as the primary outcome, with the remaining AA as secondary 

outcomes to minimise the impact of multiple testing. 

 

Plasma AA levels were a secondary outcome measure; the sampling was constrained by routine 

clinical sampling practice instead of a research protocol. LWH’s clinical guidelines recommend 

collecting samples approximately seven days after maximum AA intake has been achieved and 

only in infants receiving >50% of nutrition via the parenteral route. Consequently, plasma 

samples were collected over a wide range of dates, from day 4 to day 25. AA data was missing 

for some infants; 5 infants died, 11 did not meet the criteria for plasma AA analysis, and three 

samples were missed. However, the small number of infants with missing plasma data was 

unlikely to have altered the main study findings. Furthermore, as data was only collected from 
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the first AA sample obtained, median (IQR) day 9 (8-10), the profile recorded may not 

represent the AA balance of infants who developed LOS or NEC in the later study period. For 

example, among the VPN who developed an infection, the median (IQR) day of the first positive 

blood culture was day 11 (8-14).  

 

Additionally, plasma AA levels are not accepted as an exceptionally reliable measure of 

assessing AA status because of the impact of metabolism and deposition in organs and tissues. 

Plasma AA levels represent a delicate balance between AA intake, protein synthesis, 

degradation, excretion and, for functional AA like leucine, the complex activity of the metabolic 

pathways (207). The balance is likely to differ between infants with different gestational ages 

and whether the infant is stable or sick. Sepsis, for example, may increase hepatic protein 

synthesis to produce acute-phase proteins, increasing proteolysis in peripheral muscle (208). 

However, a plasma AA profile remains the most clinically accessible measure of the relative 

proportions of individual AA being metabolised by the body, allowing the identification of 

potential single AA deficiency or toxicity. 

 

Finally, establishing true rates of neonatal LOS using routine clinical monitoring and laboratory 

infection markers has critical limitations and is another weakness of this study. A positive BC 

result remains the gold standard for diagnosis. However, maternal antibiotic therapy can lead 

to false-negative BC results, and inadequate blood volumes for culture further diminishes the 

yield (209,210). Therefore, the inability to isolate a microbial pathogen does not necessarily 

exclude sepsis (211). An unmet area of clinical need and a direction for future research is the 

development of more efficient diagnostic markers that differentiate infection from other 

causes of neonatal inflammation and acute deterioration (212). 

 

2.5. Conclusions 

In conclusion, there are no significant differences in total AA parenteral intake or plasma EAA 

levels between infants who develop an infection and/or NEC during the first 28 days of life and 

infants who do not. However, because the analysis was powered according to the primary 

outcome, we cannot say with absolute confidence that there were no differences. Overall, the 

findings together with the hypothesis of this thesis, suggest the PEPaNIC concerns about 
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parenteral AA provision may not extend to the preterm population. Nevertheless, there 

continues to be an observable imbalance in EAA and CEAA provision demonstrated by the 

presence of hypoarginemia and hyperthreoninemia. Reduced plasma concentrations of 

arginine and glutamine might explain why some infants are predisposed to infection. 

Correcting the deficiency of these CEAA appears a bigger priority and would have the additional 

benefit of proportionally reducing plasma EAA levels.  

 

Future studies are required to explore the effectiveness of rebalancing deficient AA as a form 

of immunonutrition and defining the optimal composition. Further work should calculate the 

reduction in EAA that would result in plasma levels in the reference range for a preterm infant. 

The next chapter will investigate the concept of rebalancing for leucine. 
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Chapter 3: The Relationship Between Parenteral Leucine Intakes and 

Plasma Leucine Levels in Very Preterm Neonates Dependent on 

Parenteral Nutrition. A Systematic Review. 

 

3.1. Background  

Amino acid (AA) supplementation using current PN formulations may result in overprovision 

of essential AA (EAA), including leucine. Leucine, a functional AA, is a potent activator of the 

mTOR pathway. Activation of this pathway increases protein synthesis but inhibits autophagy, 

a catabolic process involved in the innate immune response. Deficient autophagy following 

parenteral AA administration is one plausible pathophysiological explanation for poorer clinical 

outcomes in the early-PN group of the PEPaNIC study. In order to optimise future PN 

formulations, this chapter details a systematic review of published plasma AA profile data to 

investigate and quantify the relationship between parenteral leucine intakes and plasma 

leucine levels in the PN-dependent VPN population. 

 

3.2. Aims 

This systematic review addresses the research question, “In VPN, are high intakes of parenteral 

leucine, compared with low intakes are leucine, associated with appropriate plasma leucine 

levels?” 

• Primary objective - To quantify the relationship between parenteral leucine intake, 

expressed as percentage leucine content (%) or absolute intake (mg/kg/d), and plasma 

leucine level (µmol/L).  

• Secondary objective - To investigate the effect of study design and different AA 

chromatography techniques on plasma leucine results. These were studied as potential 

bias factors that may affect the primary outcome.  
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3.3. Methodology 

The review was designed according to the Preferred Reporting Items for Systematic Review 

and Meta-Analysis Protocols (PRISMA-P) 2015 (213). The checklist is available in appendix 2. 

The Cochrane Handbook for Systematic Reviews of Interventions was also used to guide the 

methodology (214). Ethical approval was not required for this review as it uses existing 

literature, presenting anonymised patient data. 

 

3.3.1. Search strategy 

Four online databases, PubMed, Scopus, Web of Science and Cochrane, were used for this 

review. Multiple databases were searched to ensure that all the relevant studies were 

identified and minimise sampling bias. The last searches were performed on the 20th of 

November 2021. 

 

Individual search strategies were designed for each database according to the PICO formula 

(Population, Intervention, Comparison, Outcome) breakdown of the main concepts of the 

research question. The population of interest in this review was PN-dependent VPN. We 

defined dependency as requiring a minimum of 7 days of PN. This population was selected 

because VPN are the infant group most vulnerable to malnutrition and most likely to be PN-

dependent for an extended period. The intervention and comparator are low versus high 

parenteral leucine intake expressed as either the percentage leucine content of the AA solution 

(%) or absolute intake (mg/kg/d). The outcome measured was the plasma leucine 

concentration (µmol/L). Most published datasets were expected to show overprovision of 

leucine (plasma concentrations above the proposed reference range mean). 

 

The precision of the search strategy was monitored throughout the search process using a 

collection of articles reported on by a similarly designed systematic review that investigated 

the relationship between arginine intake and plasma arginine in the same population (215). 10 

of the 12 articles included by Premakumar et al. reported plasma leucine levels in addition to 

arginine. However, the article by Ng et al. was later excluded because it reported the 

prescribed AA intake for the PN regimen rather than the actual intake (216). For this review, 

we chose to include only papers that report actual protein or AA intake because often, due to 
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practical issues associated with delivering PN, actual intake falls well below the prescribed 

intake (22,125). The remaining nine articles formed a collection that served as a gold standard 

for monitoring the accuracy of each search (93,124–126,217–221). 

 

Searches were performed on the four databases using the keywords and synonyms for each 

PICO concept, as shown in Table 3.1. A basic search performed in PubMed confirmed that the 

nine gold-standard articles were available. The MeSH (Medical Subject Heading) terms used to 

index each article were compiled and cross-referenced to capture all relevant articles 

systematically. MeSH terms were also manually identified from the database thesaurus. The 

mutual MeSH terms included amino acids, parenteral nutrition and infants. In addition to the 

MeSH terms, keywords were included to maximise sensitivity by capturing other relevant 

articles not indexed under the MeSH terms. The MeSH terms and keywords were combined 

using the OR Boolean operator within each PICO concept. Then, the concepts were combined 

with the AND Boolean operator to ensure each concept was represented in the final search 

results. The [tiab] search tag followed each keyword to indicate that the database should 

search the title and abstract. Preliminary searches generated up to 5,455 results. Following 

alterations, the PubMed final search strategy outlined in Table 3.2 produced 787 results and 

included the nine target articles.  
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POPULATION 
INTERVENTION/COMPARATOR: 
High versus low leucine intake 

OUTCOME: 
Plasma AA level 

1 - VPN 2 - PN 

Infant Parenteral nutrition (PN) Leucine Plasma amino acid 

Neonate Total parenteral nutrition (TPN) Amino acid (AA) Amino acid level 

Newborn Parenteral nutrition solution Essential amino acid (EAA) Amino acid value 

Preterm Parenteral amino acids 
Branched-chain amino acid 

(BCAA) 
Amino acid 

concentration 

Premature Dietary supplement 
 

Aminogram 

 
Hyperalimentation 

  

 
Intravenous (IV) nutrition 

  

 
Nutritional therapy 

  

Table 3.1: PICO formula breakdown of concepts  

 

Database 
searched: 
PubMed 

Component of research question and keywords: 

Population 1 Population 2  Population 3 Intervention/Comparator 

Boolean 
operators 

AND AND AND AND 

OR 
Parenteral nutrition 

[Mesh] 
Infant [Mesh] Infant* [tiab] Amino acids [Mesh] 

OR 
Parenteral nutrition 

[tiab] 
Preterm [tiab] Neonat*[tiab] Amino acid* [tiab] 

OR  Premature [tiab]  Leucine [tiab] 

* Truncation  

Table 3.2: Search strategy used on PubMed 
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A similar search was performed in the Cochrane Library, which yielded eight articles from the 

initial collection; the remaining article by Ogata et al. (221) was unavailable on the Cochrane 

database. The search strategy was adapted to include and exclude certain search terms to 

ensure the eight available articles were generated. For example, the search strategy did not 

generate five of the gold-standard articles without including the MeSH term “parenteral 

nutrition solution”. The final search strategy is available in Table 3.3. 

 

Database searched: 
Cochrane 

Component of research question and keywords: 

Population 1 Population 2 Intervention/Comparator 

Boolean 
operators 

AND AND AND 

OR 
Parenteral nutrition 

[MeSH] 
Infant [MeSH] Amino acids [MeSH] 

OR 
Parenteral Nutrition 

Solutions [MeSH] 
Infant* Leucine 

OR 
Dietary Supplements 

[MeSH] 
Premature Amino acid* 

OR Parenteral nutrition Preterm Essential amino acid* 

OR Intravenous nutrition   

OR Hyperalimentation   

OR Parenteral amino acid*   

* = Truncation  

Table 3.3: Search strategy used on Cochrane 

A similar approach was used for the searches conducted using Scopus and Web of Science. 

Each search included a broad set of search terms and was adapted to include the database’s 

specific operators and field tags. The search was stopped when the addition of new terms 

yielded no new relevant results or when the removal of terms resulted in relevant articles being 

excluded. The final search strategies are available in Table 3.4 and Table 3.5. Finally, a manual 

search was conducted of the bibliographies of relevant articles, which generated no additional 

results.  
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Database 
searched: 
SCOPUS 

Component of research question and keywords: 

Population 1 a Population 2 a 
Intervention/ 
Comparator a 

Outcome 

Boolean  
operators 

AND AND AND AND 

OR 
Parenteral 
nutrition 

Infant* Leucine 
Plasma amino 

acid* 

OR 
Total parenteral 

nutrition 
Preterm Amino acid* 

Plasma amino acid 
level* 

OR 
Parenteral 

nutrition solution*  
Premature Essential amino acid* 

Plasma amino acid 
value* 

OR 
Parenteral amino 

acid*  
  

Plasma amino acid 
concentration* 

OR PN   Aminogram* 

OR TPN   Amino acid level* 

OR 
Dietary 

supplement* 
  

Amino acid 
concentration* 

OR Hyperalimentation    

OR  
Intravenous 

nutrition 
   

OR IV nutrition    

OR Nutritional therapy    

a The TITLE-ABS-KEY field code was used before this concept                                            

Table 3.4: Search strategy used on Scopus  
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Database searched: 
Web of Science 

Component of research question and keywords: 

Population 1 Population 2 
Intervention/ 
comparator 

Outcome 

Boolean 
operators 

AND AND AND AND 

OR Parenteral nutrition Infant Leucine 
Plasma amino 

acid* 

OR  
Total parenteral 

nutrition 
Neonate Amino acid* 

Plasma amino acid 
level* 

OR 
Parenteral nutrition 

solution* 
Preterm 

Essential amino 
acid* 

Plasma amino acid 
concentration* 

OR PN Premature 
Branched-chain 

amino acid* 
Plasma amino acid 

value* 

OR TPN Newborn  Aminogram 

OR 
Dietary 

supplement* 
  Amino acid level 

OR Intravenous feed*   Amino acid value 

OR IV feed*    

OR Hyper$alimentation    

OR 
Intravenous 

hyperalimentation 
   

OR 
IV 

hyperalimentation 
   

OR 
Parenteral 

hyper$alimentation 
   

OR 
Intravenous 

nutrition 
   

OR IV nutrition    

OR Amino acid solution    

Table 3.5: Search strategy used on Web of Science  
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3.3.2. Inclusion and exclusion criteria 

No restriction was applied to the search regarding publication date; this was important 

because the data from older studies benefited this review as they report on AA solutions that 

are no longer used. Older AA solutions had a different composition than contemporary 

solutions, increasing the leucine intake data range. All study designs were eligible for inclusion, 

except for review articles, to ensure that data was not missed from observational or non-

randomised studies. Studies of infants born with gestational age ≤32 weeks (VPN) were eligible. 

In two articles which went on to be included, the mean gestation of the sample was less than 

32 weeks, but the range extended above 32 weeks (222,223). In cases such as these, provided 

the upper limit was less than 34 weeks, articles were still included in the review as most infants 

studied were classed as very preterm. Both studies including infants >32 weeks were small (15 

and 20 VPN), therefore only a small group infants were outside the desired population. 

 

The following additional study characteristics were required for inclusion in this review: (1) 

Infants studied within the neonatal period (the first 28 days of life); (2) Neonates received PN 

as the primary nutrition source for >7 days; (3) Protein or AA intake reported along with the 

name of the AA solution used. Only articles that reported plasma AA levels after three days (72 

hours) of study PN were included to ensure target AA intake was established before the sample 

was collected.  

 

During the study selection process, an inclusion criterion was added to specify that blood 

samples for plasma AA analysis should be collected as heparinised whole blood. Any studies 

that analysed dried blood spots (DBS), small samples of whole blood blotted onto absorbent 

paper, were excluded because the validity of DBS for monitoring leucine level is an ongoing 

debate due to concerns over the separation of BCAA (224). Most studies comparing the two 

blood sampling methods focus on monitoring phenylalanine and tyrosine concentrations in 

patients with Phenylketonuria (PKU) and Tyrosinemia type 1 (TT1), two examples of inherited 

metabolic diseases identified by the newborn screening DBS. A DBS-plasma correction factor 

is often used for DBS measurement to compare the two types of blood samples. Each 

laboratory determines its own correction factor dependent on filter card type, extraction and 

calibration protocols using the heparinised plasma values as the gold standard (225). For this 
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reason, only plasma samples collected from heparinised whole blood were included in this 

review to prevent differences arising between sampling methods and allow a direct 

comparison of plasma leucine levels. 

 

The inclusion and exclusion criteria are summarised according to the PICO formula in Table 3.6. 

 

 INCLUSION CRITERIA EXCLUSION CRITERIA 

POPULATION 1: 
PN dependent 

- Neonates receiving PN as the 
primary source of nutrition for ≥7 
days 

- Neonates receiving PN for <7 days 
- Neonates receiving significant 

enteral feeds (>50%) by the time the 
sample was collected 

POPULATION 2: 
Very preterm 

neonates 

- Human subjects 
- Newborn babies within the first 28 

days of life (neonates) 
- Babies born with gestational age       

≤32 weeks (VPN) 

- Animal subjects 
- Infants (>28 days of age), children 

and adults 
- Neonates born >32 weeks’ gestation  

INTERVENTION AND 
COMPARATOR: 
Leucine intake 

- Received a named AA solution with 
a known leucine content  

- Actual protein/AA intake reported 

- Composition of AA solution 
unavailable in the article or online 
resources  

- Prescribed protein/AA intake 
reported instead of actual intake 

OUTCOME: 
Plasma Leucine levels 

- Plasma AA concentrations reported, 
including plasma leucine  

- Plasma levels reported from day 4 of 
PN onward (>72 hours) 

- Analysis of plasma obtained from a 
heparinised whole-blood sample 

- Plasma concentrations are available 
for other AA but plasma leucine  
concentration unreported 

- Analysis of a dried blood spot (DBS)  
- Plasma levels reported before day 4 

(<72 hours) of PN 

TYPE OF STUDY 

- Randomised control trials or 
observational studies (including 
cohort, case-control and cross-
sectional studies)  

- Studies published in any language 

- Systematic reviews, case studies or 
other secondary data 

Table 3.6: Inclusion and exclusion criteria based on PICO strategy  
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3.3.3. Data extraction 

From each included article, pertinent information was extracted from each paper so that the 

research question could be answered and the quality of the paper assessed. The information 

obtained included the study design and objectives, study population, details on the PN solution 

used, PN protocol and the plasma leucine level, including the day of sample and method of 

analysis. When data was unavailable in an article, the missing information was searched for in 

other reports of the same trial. Some articles reported the AA solution used but not the 

composition of the solution; in these cases, the composition of the solution was obtained from 

reliable online resources such as the manufacturer’s summary of product characteristics 

(SmPC) document. The absolute leucine intake (mg/kg/d) was calculated by multiplying the 

actual protein intake (g/kg/d) by the percentage of leucine in the PN solution.  

 

The data was collected using the predesigned proforma shown in Figure 3.1 to ensure that the 

data collection process was consistent across the different papers. The draft proforma was first 

piloted on a small group of papers and then modified to include and exclude certain fields 

before finalising the data collection form. Once extracted, the data was recorded onto a 

Microsoft Excel spreadsheet and finalised between KD and supervisor Colin Morgan (CM). The 

complete data extraction spreadsheet is attached as Appendix 3.  
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Figure 3.1: Data extraction tool 

DATA EXTRACTION FORM 
 

  Reviewer:                                                                                                        Date form completed: 

 

  DETAILS OF THE STUDY 
Study ID: 
Title: 
Authors: 
Publication year: 
Publication source: 
Funding source: 

 

  OVERALL STUDY BACKGROUND 
Study design: 
Study period: 
Study setting/location: 
Ethics: 
Consent: 
Randomisation: 
Primary outcome(s) and measurement methodology: 
Secondary outcomes(s) and measurement methodology: 
  

  POPULATION  
Sample size:  
Inclusion criteria: 
Exclusion criteria: 
Gestational age (weeks):  
Birth weight (g): 
Gender: 
Co-existing conditions: 
Severity of illness: 
Other treatment(s) received: 

 

  INTERVENTION  
       Route of PN: 
       Age at initiation of PN: 
       Duration of PN: 
       AA intake: 
       Enteral supply: 
    Group A / B / C details: 

Number randomised to the group: 
PN solution used: 
Percentage leucine: 
Description of PN regimen: 

 

  PLASMA AA RESULTS 
Number of participants with plasma AA data: 
Reported leucine intake:  
Group A/B/C - 
Reported plasma leucine level:  
Group A/B/C - 
Day of plasma sample: 
Sampling protocol: 
AA analytical assay method: 
Reference range and source: 
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3.3.4. Statistical analysis  

Statistical tests were performed using Statistical Package for the Social Sciences (SPSS) 22 [IBM 

Corp. Released 2020. IBM SPSS Statistics for Macintosh, Version 27.0. Armonk, NY: IBM Corp]. 

Correlation and regression analysis was conducted to quantify the relationship between 

parenteral leucine intake and plasma leucine level and to understand the strength of these 

relationships. Percentage leucine content (%) and absolute intake (mg/kg/d) were plotted 

against plasma leucine level (µmol/L) on scatterplots to give two dose-concentration graphs. 

Subgroup analysis was also done based on the chromatography method, ion-exchange 

chromatography (IEC) versus high-performance liquid chromatography (HPLC), used for the 

plasma AA analysis. A p-value of ≤0.05 will be considered statistically significant. 

 

The data collected demonstrated high variability between treatment groups within each 

individual study and between the 12 studies included in this analysis. The heterogeneity was 

most likely a result of the range of clinical settings and time periods, meaning that different 

nutrition guidelines and hospital policies regarding AA and energy intakes influenced each 

study’s protocol. In addition, there were different study designs, multiple PN formulations 

studied and different AA analysis techniques used. As it was expected that the studies yielded 

by the literature search would be too heterogeneous, a meta-analysis was not planned. This is 

in agreement with findings from the previous systematic review by Premakumar et al. which 

used a similar methodology (215).  

 

3.3.5. Selection of a reference range 

There is controversy surrounding the optimum mean plasma leucine level for the VPN 

population. For this review, 112 µmol/L was used as the desirable mean plasma leucine level. 

112 µmol/L was selected based on plasma leucine levels (mean ± SD) from a range of neonatal 

populations identified in published studies (Table 3.7). A different reference range was used in 

Chapter 2, in keeping with other analyses of the SCAMP data. However, that reference range 

was not included in Table 3.9 because it included infants up to 6 months of age, and for this 

analysis we were interested in solely neonates (infants within the first 28 day of life). Reference 

plasma levels range from the lowest value of 53.2 µmol/L to the highest value of 171 µmol/L, 

indicating an apparent lack of consensus on acceptable plasma levels. 112 µmol/L is a 
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pragmatic target because it is the midpoint and close to the reference range for a term, 

breastfed infant. 

 

Population Reference range (mol/L) Reference 

Healthy, term, breastfed infants with 
postnatal age between 28 and 32 days 

111.3 ± 27.3 
Target range of 53.2-169.4 

(226) 

Healthy, term, breastfed infants with 
postnatal age of 11 days 

119 ± 25 
Target range 86 - 171  

(227) 

Preterm, human-milk-fed infants 87 ± 14 (228) 

Extremely low-birthweight (ELBW) 
infants 

114.7 ± 51.4 (126) 

Cord blood from neonates of 29 weeks’ 
gestational age 

153 ± 36 (229) 

Table 3.7: Plasma leucine levels of five comparative neonatal groups 

3.3.6. Quality appraisal  

Each included study was assessed using the quality assessment tool (QAT) available in 

Appendix 4. The tool was modelled on the one used by Premakumar et al. (215) and was 

designed to compare the quality of the included articles and evaluate the risk of bias at a study 

level. Two existing tools were used to design the QAT, ROBIS Tool (230) and QUADAS-2 Tool 

(231), to assess the risk of bias in systematic reviews. A number of articles were also used to 

tailor questions to screen for good reporting of neonatal outcomes (232,233). Finally, the 

articles outlined in Table 1.4 were re-evaluated to determine which nutrition details were 

commonly reported in published neonatal nutrition studies. The tool was piloted using the 

inclusion articles then finalised with supervisors CM and MT. 

 

The tool comprised 43 questions and was broken down into six sections reporting different 

aspects of the study design. A point was given for every relevant question in the tool if the 

study reported the requested detail. The final score was reported as a percentage to quantify 

the quality of the study, allowing direct comparison between the 12 articles. Additionally, bias 

was assessed across the whole review using the GRADE (Grading of Recommendations, 

Assessment, Development and Evaluations) framework. 
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3.4. Results  

3.4.1. Study selection 

A combined total of 1,472 papers, including duplicates, were generated by the four database 

searches. No additional articles were identified from the bibliographies of relevant papers or 

other sources. For the purpose of the thesis, study selection was performed by a single 

reviewer, Keziah Davies (KD). Due to the time constraints of an MPhil, it was not possible for 

conventional double-screening. However, the work presented in this Chapter will hopefully be 

developed into a future publication. Therefore, the intention is to recruit a second reviewer 

who will independently screen articles, increasing the reliability of the results by minimising 

the non-detection of relevant articles which confers a potential risk of bias.  

 

First, the results were filtered based on the availability of the full text in the English language. 

For the PubMed search results, an additional search filter of ‘human’ was used to eliminate 46 

animal studies. The search results were screened by title, abstract and full text, as illustrated 

by the PRISMA flow diagram (Figure 3.2), which displays the number of papers included and 

excluded at each stage. Articles with titles that were unrelated to the research question were 

excluded. Next, the abstracts were read to determine if the article remained relevant. Finally, 

the full text of each article was retrieved and read to determine whether the study met the 

inclusion and exclusion criteria. 

 

Two additional articles that met the predefined criteria were later excluded because they did 

not report plasma leucine concentration according to the AA solution. The article by Burgess 

et al. reported plasma according to insulin-treated and non-insulin-treated groups (234). A 

second article by Clark et al. (102) reported plasma leucine based on two groups receiving 

different doses of AA intake. However, within those separate dose groups, the neonates had 

received two different AA solutions, and the results were not separated based on the type of 

AA solution used. For both articles, it was impossible to plot the dose-concentration graphs 

between the plasma levels and leucine intakes from a particular AA solution. 

At this stage of the screening process, there were 9 eligible articles from Cochrane, 11 from 

PubMed, 11 from Scopus and 5 from Web of Science. Once duplicates were removed, 12 

articles that fulfilled all criteria were included in the review. 
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Figure 3.2: PRISMA diagram outlining the article screening process for the systematic review 

 

3.4.2. Study characteristics 

Out of the 12 final articles, there were nine randomised trials (RCT), one non-randomised 

control trial, one cohort study and a final study with a crossover design. The studies were 

published between 1983 and 2017. 

 

A total of 650 VPNs are included in this systematic review. Sample sizes for individual studies 

ranged from 15 to 141 VPNs. Both male and female infants were studied, and infants had a 

minimum and maximum gestational age of 23.7 and 33.3 weeks, and a mean of 27.9 weeks. 

The AA formulations used were  Aminosyn 10%, Aminovenos 10%, Neopham, Primene 10%, 

TrophAmine 10%, Travasol 10% blends B and blend C, Vamin 9 glucose, Vamin Infant and 

Vaminolact.  The data extracted from each paper is summarised in Table 3.8. 
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Table 3.8: Summary of data extraction 

Results are expressed as mean ± standard deviation (SD) or median (Q1 –Q3) unless indicated otherwise, a Median (10th to 90th percentile range), b Mean (95% confidence intervals), c Mean ± SEM 
d Papers with a mean gestation ≤32 weeks but an upper standard deviation extending above 32 weeks 
* Non-RCT study design 

Author (Year) 
Gestational Age 

(Weeks) 
Amino Acid Solution 

Leucine 
content (%) 

Leucine Intake 
(mg/kg/d) 

Plasma Leucine Level 
(µmol/L) 

Number of AA profiles  Day of Sample  
Analysis 
Method 

Blanco et al. 
(2011) (93) 

1a: 25.7 ± 2 
1b: 26.3 ± 2 

1: Aminosyn PF 10% 1: 11.9 
1a: 440.3 
1b: 345.1 

a 1a: 202.6 (136.8 - 277.5) 
a 1b: 192.5 (156.0 - 235.3) 

55 Day 7 of PN HPLC 

Bulbul et al. 
(2012) (217) 

2a: 29.4 ± 1.8 
2b: 29.1 ± 1.1 

2: Primene 10% 2: 9.9 
2a: 356.4 
2b: 356.4 

2a: 100.0 ± 28.4 
2b: 109.0 ± 72.4 

44 7th postnatal day HPLC 

* Chessex et al. 
(1985) (218) 

3: 28 ± 1 
3a: Started on Travasol 10% blend B 

3b: Started on Vamin 7% 
3a: 6.2 
3a: 7.5 

3a: 167.4 
3b: 202.5 

3a: 71 ± 18 
3b: 106 ± 23 

15 
Day 6 of each 
period of PN 

IEC 

Kalhan et al. 
(2005) (219) 

4a: 26.7 ± 1.6 
4b: 27.7 ± 2.0 

4a: TrophAmine 10% + glutamine 
4b: TrophAmine 10% 

4a: 11.2 
4b: 14.0 

4a: 358.4 
4b: 350.0 

4a: 109.1 ± 21.4 
4b: 124.6 ± 22.17 

20 
After 3-5 days of 

PN 
HPLC 

Mayes et al. 
(2014) (125) 

5a: 26.0 ± 1.5 
5b: 26.2 ± 1.5 

5: Primene 10% 5: 9.9 
5a: 277.2 
5b: 217.8 

5a: 130 (104 - 156) 
5b: 111 (86-129) 

118 Day 8 - 10 of life IEC 

Mitton et al. 
(1992) (220) 

6a: 29 ± 3 
6b: 29 ± 2 

6a: Vamin 9 glucose 
6b: Vamin Infant 

6a: 7.5 
6b: 10.7 

6a: 240.0 
6b: 345.6 

b 6a: 125 (51 -204) 
b 6b: 135 (88 – 195) 

29 Day 5 of PN IEC 

Morgan and Burgess 
(2015) (124) 

7a: 26.8 ± 1.3 
7b: 26.6 ± 1.4 

7: Vaminolact 6.5% 7: 10.7 
7a: 382 ± 113 
7b: 318 ± 50 

7a: 156 (131 - 169) 
7b: 136 (122 - 156) 

126 
Day 9 (8 - 10) of 

life 
IEC 

Ogata et al. 
(1983) (221) 

8a: 28.0 ± 1.6 
8b: 28.2 ± 0.7 

8a: Neopham 
8b: Aminosyn 

8a: 10.8 
8b: 9.5 

8a: 276.48 
8b: 255.55 

8a: 111 ± 39 
8b: 91 ± 20 

17 Day 7 of infusion Not reported 

* Pineault et al. 
(1986) (235) 

9: 27 ± 0.5 9: Travasol 10% blend C 9: 7.3 9: 190.53 c 9: 68 ± 4 10 
After 4.6 ± 0.3 

days of infusion 
IEC 

Poindexter et al. 

(2003) (126) 

10a: 26.2 ± 2.0 

10b: 26.3 ± 1.8 

10a: TrophAmine 10% + glutamine 

10b: TrophAmine 10% 

10a: 11.2 

10b: 14.0 

10a: 268.8 

10b: 306.6 

10a: 100 (80 - 126) 

10b: 118 (89 - 142) 
141 

After 10 days of 

PN 
IEC 

* Thornton and Griffin 
(1991) (222) 

11: 29.7 ± 3.6 d 11: Vaminolact 6.5% 11: 10.7 11: 246.1 11: 166 ± 56 15 
After 3 days of 

2.5g/kg/d intake 
IEC 

Van Goudoever et al. 

(1994) (223) 

12a: 31 ± 2 d 
12b: 30 ± 2 
12c: 30 ± 2 

12a: Aminovenos-N-pad 10% 
12b: Vaminolact 6.5% 

12c: Primene 10% 

12a: 10.3 
12b: 10.7 
12c: 9.9 

12a: 236.9 
12b: 224.7 
12c: 217.8 

12a: 86 ± 19 
12b: 102 ± 23 
12c: 119 ± 19 

20 Day 7 of life IEC 
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3.4.3. Evaluation of the dose-response relationship 

Once collected, the data was plotted on two scatter graphs whereby the y-axis represented 

plasma leucine concentration (µmol/L), and the x-axis was labelled as either percentage 

leucine content (%) or absolute leucine intake (mg/kg/d). The points were coded by colour and 

shape according to the AA solution used (Primene, Vaminolact, TrophAmine or Other). Each 

point (n = 22) was labelled by article number (1 to 12) and by treatment group (a, b or c) as 

outlined in Table 3.8. The scatterplots are shown in Figure 3.3. 

 

There was a moderate positive correlation between the percentage leucine content (%) of the 

AA solution and the plasma leucine level (µmol/L), shown in Figure 3.3a, which was confirmed 

by a Pearson’s correlation coefficient of r = 0.488, n =23, p = <0.01. The correlation between 

absolute leucine intake (mg/kg/d) and plasma leucine, shown by Figure 3.3b, was a stronger 

positive correlation (r = 0.640, n = 23, p = <0.001). 

 

A simple linear regression model was used to predict plasma leucine concentration based on 

percentage leucine content. A significant regression equation (P <0.05) was found with an R2 

value of 0.238, indicating 24% of variance in plasma leucine can be explained by a model 

containing only percentage leucine. The predicted plasma leucine level equals 30.73 + 

8.73(percentage leucine content). For every 1% increase in percentage leucine content, 

plasma leucine is expected to increase by 8.73 µmol/L.  

 

The regression analysis was repeated to predict plasma leucine concentration from absolute 

leucine intake. Again, a significant regression equation (p = 0.001) was found, with a higher R2 

value of 0.409. The regression equation predicted plasma leucine level equals 0.3(absolute 

leucine intake) + 33.83. Therefore, plasma leucine increased by 0.3 µmol/L for every 1 mg/kg/d 

increase in absolute leucine intake. 

 

Multiple linear regression was calculated to predict plasma leucine level based both on 

percentage content and absolute intake. The predicted plasma leucine is equal to 

2.4(percentage leucine content) + 0.3(absolute leucine intake) + 21.1. The multiple regression 

equation was statistically significant (p <0.05), with an R2 value of 0.361. However, only 
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absolute leucine intake significantly predicts plasma leucine level in this model (p <0.05). This 

reinforces the previous finding that absolute leucine intake has a stronger correlation with 

plasma leucine intake.  
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Figure 3.3a: Dose concentration graph of percentage leucine content with plasma leucine level 

 

 
 

Figure 3.3b: Dose concentration graph of absolute leucine intake with plasma leucine level 

Figure 3.3: Dose concentration graphs of leucine content, expressed as a percentage content (3.3a) or absolute 

intake (3.3b), with plasma leucine level. Refer to Table 3.8 to identify the article and treatment group for each 

data point. Circled points are explained in the discussion. 
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3.4.4. Study of bias factors  

Further data analysis was performed to ascertain whether study design features influenced 

the outcome. Analysis of study design (RCT versus non-RCT) was performed and found no 

significant difference and therefore is not reported. 

 

Another factor studied was the method of chromatography used for plasma AA analysis, which 

appeared to have a small effect on the dose-concentration relationship. Eight articles used IEC, 

and three used HPLC. The article by Ogata et al. did not report the chromatography method 

used and was excluded from this analysis (221). Figure 3.4 shows the data points on the graph 

coded according to the AA chromatography method. Overall, the data points analysed by HPLC 

(n = 15) had higher plasma leucine levels with a mean of 139.6 µmol/L, Standard Error of the 

Mean (SEM) = 18.6. Whereas groups analysed by IEC (n = 6) had a mean of 115.3 µmol/L, SEM 

= 7.2. However, it was not appropriate to statistically compare the two methods as they were 

performed using different equipment and on samples collected from different infants receiving 

different nutrition regimens. Therefore, further statistical analysis would not be valid.  
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Dose concentration relationship graph of percentage leucine content with plasma leucine level 

 

 

Dose concentration relationship graph of absolute leucine intake with plasma leucine level 

 

Figure 3.4: Dose concentration graphs coded according to the chromatography method used for AA analysis. 

Refer to Table 3.8 to identify the article and treatment group for each data point. 
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3.4.5. Quality appraisal  

A customised quality assessment tool (QAT), designed for this systematic review, enabled the 

comparison of quality between differently designed studies. The percentage score ranged from 

61.4% to 91.1% for each paper, with a mean percentage score of 76.0%. The complete quality 

assessment findings are provided in Appendix 5. A scatterplot between the study size and 

percentage quality showed no significant relationship, confirmed by a Pearson’s correlation 

coefficient of 0.182 (p = 0.571). 

 

A summary of the risk of bias (RoB) assessment based on the ‘traffic light’ colour code (red for 

high risk, yellow for uncertain and green for low risk) is shown in Table 3.9 (236,237). The tool 

assesses the quality of evidence presented by the individual studies included in the systematic 

review. Even though it was designed for randomised trials, some bias domains apply to other 

study designs. Therefore, the tool was used for all the papers included in the systematic review. 

 

The GRADE assessment tool was also used to evaluate the certainty of the body of evidence 

presented concerning the primary outcome of the systematic review (238). Overall, the 

certainty would be categorised as low based on an assessment of the weaknesses in the five 

GRADE domains: risk of bias, imprecision, inconsistency, indirectness of evidence and 

publication bias.  
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Blanco et al. 
(2011) 

       

Bulbul et al. 
(2012) 

       

Chessex et al. 
(1985) 

       

Kalhan et al. 
(2005) 

       

Mayes et al. 
(2014) 

       

Mitton et al. 
(1993) 

       

Morgan and 
Burgess 
(2017) 

       

Ogata et al. 
(1983) 

       

Pineault et al. 
(1986) 

n/a n/a n/a n/a 
   

Poindexter et al. 
(2003) 

       

Thornton and 
Griffin 
(1991) 

n/a n/a 
   

  

Van Goudoever 
et al. 

(1994) 

       

Table 3.9: Risk of bias assessment using the Cochrane risk of bias tool. Red indicates high risk, yellow for 

uncertain and green for low risk. 
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3.5. Discussion 

3.5.1. Summary of main results  

This systematic review summarises the relationship between parenteral leucine intake, 

expressed as percentage content (%) or absolute amount (mg/kg/d), and plasma leucine level 

(µmol/L) in the PN-dependant VPN population. Although the included studies did not intend 

to investigate the link between leucine intake and plasma leucine level as a primary outcome, 

sufficient information could be extracted from each article to quantify the relationship 

between the two variables. This relationship has been clearly defined using intake and plasma 

AA data from 12 previous studies, which collectively studied 650 VPN. Moreover, this approach 

enables the estimation of a minimum leucine intake required to achieve an acceptable plasma 

leucine range.  

 

3.5.2. Evaluation of the dose-response relationship  

The correlation and regression analysis indicated that both percentage leucine content and 

absolute leucine intake predict plasma leucine level. It was essential to consider both aspects 

since there was no clear prior understanding of which was a stronger predictor of plasma level. 

It was also important to ensure that both AA composition (quality) and quantity effects were 

considered. The scatterplots in Figure 3.3 show a linear relationship for both independent 

variables. These dose-response relationships suggest that modifying the absolute intake of 

leucine and the proportion of leucine will change plasma levels. 

 

The higher R2 value for the simple regression equation and the statistical significance of 

absolute leucine intake in the stepwise multiple regression model indicates it was the stronger 

predictor of outcome. This effect can be illustrated using data points 7a and 7b as both study 

groups received Vaminolact, a solution which contains 10.7% leucine. However, infants in 

group 7a received the SCAMP regimen and a higher protein intake of 3.66 g/kg/d compared to 

the control infants (7b), who received 3.02 g/kg/d. The plasma leucine levels were lower for 

point 7b, reinforcing that a higher absolute leucine intake, determined by actual AA intake, 

results in a higher plasma level. 
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On the other hand, examining the points with an absolute leucine intake of approximately 350 

± 10 mg/kg/d (1b, 2a, 2b, 4a, 4b and 6b), the different studies have used various AA solutions 

(Aminosyn PF 10%, Primene 10%, TrophAmine 10% and Vamin, a solution identical to 

Vaminolact). Each solution contains a different percentage content of leucine ranging from 

9.9% to 14%, resulting in a range of plasma levels (100 to 342.4 µmol/L). This suggests that 

even though percentage content was not significant in the multiple regression model, changing 

the percentage of leucine in an AA solution would still affect the plasma leucine levels. 

Therefore, both aspects of intake should be considered in future formulation design studies as 

both can impact the plasma AA outcome. 

 

For this review, 112 µmol/L will be used for a worked example, to demonstrate how the 

regression equations could be used to predict leucine intake for a desired plasma leucine level. 

112 µmol/L was selected based of plasma leucine levels collected from a range of neonatal 

populations identified in published studies (Table 3.7). Eight data points (2b, 3b, 4a, 5b, 8a, 

10b, 12b and 12c) achieved a plasma leucine level within 10 µmol/L of the target concentration 

of 112 µmol/L. These points have been circled in Figure 3.3 to illustrate this finding. For this 

collection of study groups, the percentage leucine content ranged from 9.9% to 14.0%, and 

the absolute leucine intake ranged between 202.5 and 358.4 mg/kg/d.  

 

The linear regression equations and target concentration of 112 µmol/L can estimate the 

minimum absolute leucine intake and percentage content required to achieve an acceptable 

plasma leucine level. The intakes proposed here are based on speculation and assumptions 

due to the difficulties quantifying metabolic demand for individual AA. Defining these demands 

in a neonatal population is even more complex because metabolic requirements can differ 

based on gestational age at birth. Furthermore, VPN are a vulnerable and sick population with 

increased metabolic needs, which are a higher priority than protein synthesis. Consequently, 

the AA supply meets acute metabolic needs before being used for protein synthesis. Again, 

this is difficult to quantify, and it is unclear how the plasma AA concentration reflects the 

balance between intake, protein synthesis and utilisation in metabolic processes. 

 

According to the simple regression equation for percentage leucine content, the proportion of 

leucine required for a plasma level of 112 µmol/L was estimated to be 9.3%. Unsurprisingly, 
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this was lower than the leucine percentage in all the modern solutions studied, including 

Primene, Vaminolact and TrophAmine. This finding reiterates concerns that PN is imbalanced, 

delivering excess EAA and insufficient CEAA. The same imbalance is found in the three most 

widely used neonatal AA solutions (Primene (125), Vaminolact (124) and TrophAmine (126). 

 

We have previously shown how a systematic review of published plasma AA data can calculate 

the optimal neonatal PN content of a deficient AA, arginine (215). Adapting the methodology 

used by Premakumar et al. demonstrated that our approach also works for an AA provided in 

excess. While this approach has limitations, particularly the heterogenicity between studies, it 

offers a systematic approach to rebalancing parenteral AA formulations using already 

published data. Our approach could be used to optimise the remaining AA, although there 

remain solubility and stability issues that should be tackled first.  

 

Our data provide a methodology which may enable the concept of “rebalancing” PN, so the 

plasma AA profile more closely resembles that of healthy infants. Our group’s previous 

physiological studies found that this can partly be achieved using arginine supplementation. 

Increasing arginine content decreases the content of other AA, simultaneously reducing the 

mean plasma level of EAA and bringing plasma arginine closer to the reference range. 

Interestingly, a similar rebalancing effect was seen in the article by Poindexter et al. (126). 

Increasing the proportion of glutamine in the PN solution appeared to reduce plasma leucine, 

although the difference compared with the control was not significant. Rebalancing is the next 

step in a pathway necessary to design the next generation of neonatal AA formulations, 

specifically designed for early postnatal adaptation. Correcting the AA imbalance seems 

feasible, but further work is required to determine the optimum intakes before designing an 

RCT that tests for clinical benefit. The systematic review methodology offers a practical way to 

calculate these intakes and optimise the neonatal plasma AA profile.  

 

It could be argued that until a consensus is reached on the correct reference plasma AA profile 

for a PN-dependent VPN, there is no reason to alter the formulation as this is a lengthy and 

costly process. Defining a reference plasma AA profile should be a major focus of nutrition 

research, as AA toxicity and deficiency both have the potential to completely undermine the 

current high-protein strategies aiming to accelerate early growth. In the case of leucine, 
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toxicity could have harmful implications on immune function and development. Future studies 

using AA solutions with a lower leucine content of 8-9g/100g AA are required. However, it 

seems pragmatic to develop a formulation that can achieve a plasma AA profile matching the 

profile of a healthy breastfed preterm infant for the interim period. 

 

3.5.3. Analysis of bias factors 

It was important to consider whether individual study design aspects could affect plasma 

leucine measurement. The first factor was the overall study design, and the articles were 

analysed in two groups, RCT versus non-RCT design. The three non-RCT studies are indicated 

using an asterisk (*) in Table 3.8. Statistical tests indicated that the mean difference was not 

significant, meaning the overall study design did not impact the plasma leucine level. 

 

Another potential bias factor was the analytical method used for plasma AA analysis. Using 

Figure 3.4, the data points analysed by IEC tended to have a lower plasma leucine level 

compared with the six points analysed by HPLC, which cluster towards the higher plasma levels. 

However, a degree of variability was expected as literature findings suggested spectroscopy 

methods can vary in accuracy depending on the calibration of the instrument and reference 

method, resulting in slightly different measurements of plasma AA values (239,240) before you 

consider the differences between studies. Consequently, when designing a protocol for a PN 

formulation study, the methodology used for AA analysis should be selected carefully. The 

analytical method used may affect measurements, requiring adjustment to threshold values. 

 

3.5.4. Quality appraisal  

The quality assessment tool (QAT) highlighted substantial variation in the data collection and 

reporting between studies in this area, making data compilation and comparison more 

challenging. Other tools were considered for quality assessment, notably the Critical Appraisals 

Skills Programme (CASP) checklist for an RCT (241). However, 9 of the 12 articles in the 

systematic review were RCTs, and three had other study designs, including a non-randomised 

control trial and a crossover study. Consequently, the 12 papers could not be assessed using 

existing tools because these are usually tailored to a specific study design. A custom designed 

QAT enabled the assessment of the articles using the same set of questions. The QAT designed 
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for this review (attached in Appendix 4) appraises the study design, results and relevance of 

the paper in a similar manner to the CASP criteria. This QAT could guide protocol design for 

future neonatal PN studies. 

 

The QAT gave evidence of some critical areas of weakness; less than half of the included articles 

had a clearly stated hypothesis, and a third reported using a power calculation to determine 

the appropriate sample size. Only half of the articles reported the route of PN administration 

and the duration of study PN. Furthermore, five papers failed to describe the method of AA 

analysis in sufficient detail, including information on the techniques, instruments or equipment 

used. These are crucial details that ensure accurate interpretation of findings, especially in the 

fields of neonatology and nutrition. The absence of essential information regarding the 

methods used reduces the reproducibility of the studies. Consequently, these findings should 

guide other researchers in this field to ensure better reporting in future studies.  

 

The GRADE framework was used to rate the body of evidence presented by the systematic 

review at the outcome level. The risk of bias was serious, meaning the GRADE assessment was 

downgraded. Although 9 of the included studies were RCTs, 5 did not clearly explain the 

sequence generation and randomisation process in sufficient detail. Furthermore, allocation 

concealment and blinding were unclear in many studies.  

 

Publication bias was considered moderate as several studies did not include a statement on 

funding or conflict of interest. Also, two studies were funded by the pharmaceutical companies 

whose parenteral AA solution was being tested, increasing the risk of bias. Another source of 

publication bias may be studies that found null results that went unpublished and were not 

captured by the search process. Whilst unresolvable and challenging to quantify, unpublished 

studies should be recognised as a possible contribution to publication bias. 

 

The studies included had a variety of primary outcomes resulting in considerable inconsistency 

across the 12 studies. There was also a high level of heterogenicity from the different 

interventions and populations for each individual study. The mean gestational age for each 

study ranged from 25.7 to 31 weeks.  
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Similarly, the dataset demonstrates a low level of indirectness because whilst the articles 

included in the review studied the target population and reported the outcome of interest, the 

primary outcomes of many of the included studies were not in line with the primary outcome 

of the systematic review. This is most likely because few neonatal PN studies report plasma AA 

data as the primary outcome. Many studies included in this review focus on postnatal growth 

or the timing and advancement of AA in neonates, reporting plasma AA profiles as a secondary 

outcome analysis. Finally, the data also had high imprecision when assessing outcomes 

because of the wide range of reference values for plasma leucine concentration. 

 

On the other hand, finding a dose-concentration relationship (Figure 3.3) uprated the certainty 

of the evidence. The ability to produce scatterplots establishing a linear relationship between 

leucine intake and plasma levels increased confidence in the body of evidence presented. 

 

Due to crucial weaknesses in the GRADE domains discussed above, the certainty of evidence 

presented by this review would be categorised as low. Consequently, confidence in the effect 

estimate is limited, and the actual effect size may differ substantially from the estimation of 

optimal parenteral leucine intake presented by this review. The evidence is not robust enough 

to result in policy changes or changes to clinical practice. There is a requirement for further 

studies to increase the value of the evidence found.   

 

3.5.5. Strengths and limitations  

The main strength of this review was the ability to indirectly measure the relationship between 

leucine intake and plasma leucine level by calculating the absolute intake (total AA intake x 

percentage leucine content of AA solution). Consequently, estimating the threshold leucine 

intake required to achieve the desired plasma leucine level is possible. Premakumar et al. have 

already investigated the relationship between arginine intake and plasma arginine levels. This 

demonstrates that the approach works for excess AA provision in the case of leucine but also 

AA deficiency (215). Once a consensus is reached on the reference range for individual AA, this 

strategy could be replicated for the remaining AA, providing a practical way to rebalance PN 

formulation and optimise the neonatal AA profile using existing AA profile data. However, it is 
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unknown whether normalising the plasma AA will result in substantial clinical benefits, 

including optimised autophagy activation by reduced leucine intake.  

 

This review considered 112 µmol/L as a desirable plasma leucine level based on the mean of a 

wide range of levels reported from various neonatal populations in published studies (Table 

3.7). However, it is unknown whether this is the most appropriate target concentration. It is 

also important to remember that reference plasma leucine level should be reported as a range. 

Consequently, using only the mean value will exclude the many infants below the mean who 

are within the limits of the normal range, a limitation of this approach. However, 112 µmol/L 

was used to demonstrate how the regression equations could be used, rather than to make 

solid clinical recommendations. Furthermore, 112 µmol/L is close to the mean level of term 

breastfed infants (111.3 ± 27.3 µmol/L) (226), a substantially different population to VPN in 

terms of nutrition source and metabolic maturity. In reality, the target leucine level should 

perhaps have been closer to that of a preterm, human-milk-fed infant (87 ± 14 µmol/L) (228). 

These assumptions can only be tested and understood through further research. Consensus is 

required on the optimal plasma leucine before AA solutions could be reformulated. 

Nevertheless, the equations provided by this review allow those designing an AA formulation 

to modify their choice of target plasma leucine, an advantage of this approach.  

 

A significant limitation was the small number of studies eligible for inclusion. Consequently, 

the relationship between leucine intake and plasma leucine level described by this review was 

based on an estimate from only 12 articles, some with sample sizes as small as 15 VPN. The 

low number of eligible studies likely resulted from a lack of plasma AA monitoring in clinical 

practice. Unfortunately, plasma AA profiles are not included in many audit cycles or quality 

improvement projects (QIP), which could provide the large volumes of clinical data needed to 

drive the improvement of commercial PN solutions.  

 

The routine measurement of the plasma AA profile is not currently recommended in PN-

dependent VPN by international nutrition guidelines (113). Therefore, the only source of 

plasma AA data is from research studies, and even then, a surprising number of large RCTs do 

not include plasma AA levels as an outcome. Recent studies investigating the plasma AA profile 

have tended to focus on the first 72 hours of life (63,122) rather than the second or third week 
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when VPN remain PN-dependent. Most PN research has focused less on leucine than other 

AAs, such as glutamine, arginine, tyrosine and threonine. One recommendation by this review 

would be to increase awareness of the importance of plasma AA monitoring and reporting in 

clinical practice. Whilst plasma AA monitoring does not provide individualised nutritional safety 

data for a VPN due to the slow laboratory turnaround time, it allows monitoring AA profiles in 

different neonatal cohorts. Whether this approach is feasible or even justifiable in secondary 

neonatal centres is unknown. However, it is worth considering until a more practical option 

becomes available. 

 

A second drawback is that the review included neonates with gestational ages ranging from 23 

weeks to 33 weeks. Including a small number of neonates greater than 32 weeks’ gestation 

weakened the review further as not all the infants studied were very preterm. Furthermore, 

the metabolic and GI maturity of an extremely preterm neonate born at 23 weeks’ gestation 

differs significantly from a 32-week neonate (242). Infants at either end of this range are not 

comparable, potentially resulting in higher leucine levels in the comparatively more mature 

VPN. However, a wide range of gestational ages was accepted for this review to increase the 

number of articles and VPN eligible for inclusion. In addition, many neonatal studies use 32 

weeks as the upper limit of their inclusion criteria, meaning it was a pragmatic choice.  

 

As discussed in Chapter 1, plasma AA levels are not accepted as an exceptionally reliable 

measure of AA status. This was a limitation of the systematic review design, and arguably single 

AA isotope studies would have been a better, albeit less practical, parameter for measuring 

individual plasma AA values (207). On the other hand, one benefit of a plasma AA profile over 

an isotope study is that they simultaneously assess all AA. They are also more accessible in a 

clinical setting. However, there is an obvious need for new technologies capable of rapidly 

measuring plasma AA concentrations in clinical practice. Real-time monitoring of a patient’s 

nutritional status is essential when AA doses are increased. Infants may have rapidly changing 

AA requirements depending on gestational age, postnatal age, and illness severity (167). 

Nevertheless, the linear relationships shown by the dose-concentration graphs (Figure 3.3) 

suggest that plasma profiles may still be a clinically useful marker of adequate AA intake. 
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Finally, given the time-constraints of the MPhil project, it was not possible to complete a meta-

regression. A meta-regression would describe how plasma leucine level is predicted according 

to other characteristics of the studies that may influence effect size, such as gestational age 

and the AA intake at the time of sampling. Additionally, larger studies such as the article by 

Poindexter et al. (n = 141) would have more influence on the relationship than smaller studies 

including Thornton and Griffin (n = 15). Completing a meta-regression is one way by which this 

work could be extended, and because meta-analyses are placed at the top of the hierarchy of 

evidence, it would present the best evidence for the relationship between leucine intake and 

plasma leucine level. In order to account for variability in gestational age, the gestations 

reported as median (IQR) need to be converted into mean and SEM to enable meta-regression 

(243).  

 

3.6. Conclusion 

The systematic review presents two critical findings. Firstly, it provides evidence of positive 

linear relationships between parenteral leucine intake (absolute intake and percentage 

content) and plasma leucine level. Overall, absolute leucine intake is a better predictor of 

plasma leucine level. However, both measures should be considered when designing a PN 

regimen. Secondly, this review has provided equations that can predict the plasma leucine 

level based on absolute leucine intake (mg/kg/d) or the proportion leucine content of a PN 

solution (%). These equations could be rearranged to predict the threshold leucine intake 

required for a predetermined plasma leucine level.  

 

3.7. Implications for further research  

Despite the limited number of eligible articles, this chapter reports important findings 

regarding parenteral leucine supply, which could be applied to reformulate PN solutions. Our 

methodology offers a systematic approach to rebalancing PN formulations using the existing 

evidence base. However, it seems reasonable to ensure a consensus on the reference ranges 

is reached first. Once the optimum content for each individual AA is determined, there is a 

need for a well-designed series of studies that rebalance the AA composition of PN solutions 

and test for any resulting clinical benefit. The next chapter of this thesis investigates this 

concept using a pilot transcriptomic analysis.  
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3.8. Additional work 

An abstract for this systematic review of the literature was submitted to the Royal College of 

Paediatrics and Child Health (RCPCH) Conference 2022. It was successfully accepted for 

presentation as an e-poster. The abstract and corresponding poster can be seen in Appendix 6 

and 7.  

 

An additional abstract was submitted to the European Academy of Paediatric Societies (EAPS) 

Conference 2022 and was successfully accepted as an oral presentation. The abstract 

submitted is attached in Appendix 8.  
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Chapter 4: A Pilot Transcriptomic Analysis Exploring Changes in 

Autophagy-Related Gene Expression During Early Postnatal Life. 

 

4.1. Introduction 

Very preterm neonates (VPN) are PN-dependent for a bridging period whilst enteral feeding is 

established. For infants <29 weeks’ gestation, the median length of PN dependence (>75% of 

all nutrition) is 15.6 days (22,23). PN dependency coincides with a crucial postnatal immune 

development period as VPN adapts from the sterile, protective uterine environment to survive 

in the colonised external world. Neonates, especially those born preterm, are among the 

highest-risk patient groups for mortality and morbidity secondary to infection (244). 

 

The impact of different PN regimens on the risk of sepsis has been described in critically ill 

adults (143), as well as preterm (146) and term (145) infants. The latter, the PEPaNIC study, 

identified AA as the parenteral macronutrient most associated with poorer outcomes. The 

study authors speculated that the underlying mechanism might be improved autophagy 

activation following delayed PN. Given the proposed link between excess EAA provision, 

impaired autophagy through mTOR, and a deficient innate immune response, further and 

more detailed investigation is required to clarify the physiologic relationship between PN and 

early postnatal immune adaptation. 

 

There are many groups which are studying multiple aspects of nutrition, however, there 

remains inadequate understanding of the biochemical changes and metabolic needs after birth 

in VPN. Transcriptomics, coupled with a bioinformatic interrogation of the resultant data, 

provides a sensitive platform through which to develop an understanding of the postnatal 

changes underpinning the early development in these infants, highlighting critical processes in 

postnatal adaption. 

 

This thesis chapter examines existing transcriptomic data from the PAINT study to conduct a 

preliminary exploration of whether gene expression changes in mTOR-related genes between 

postnatal day 3 (D3) and day 10 (D10). The chapter also aims to evaluate the feasibility of 

transcriptomic analysis and multi-omics studies as an alternative methodology that can be 
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used in the future to understand the role of individual parenteral AA in immune system 

development. 

 

4.2. A brief overview of the developing immune system 

The developing immune system is a formidably complex topic. Fetal development begins at 

embryogenesis, with the haematopoietic system being amongst the first to emerge (245). 

However, like many other organ systems, the immune system is not fully functional at birth, 

placing neonates at an increased risk of infection compared to adults. Growing evidence 

suggests that the neonatal immune system is distinct and more dynamic than previously 

appreciated, not merely immature (246). Immune ontogeny during the early postnatal period 

is highly important given that severe infections cause significant neonatal mortality globally, 

accounting for 36% of neonatal deaths (247). Early postnatal immune adaptation is crucial for 

initial survival and shapes the immune response throughout life.   

 

The increased susceptibility of preterm infants to infection is multi-factorial. Firstly, prenatal 

immune responses are biased against the production of Th1 cell proinflammatory cytokines, 

an effect which persists into the neonatal period. Increased inflammatory cytokines such as 

IFN-γ can induce apoptosis in fetal cells, increasing the risk of spontaneous abortion and 

preterm birth (248). Ex-utero, the continued suppression of inflammatory cytokines is 

suspected to be a protective adaption to the potentially overwhelming exposure to large 

amounts of new antigens in early life (249). Nevertheless, the price of ensuring intrauterine 

survival is the skewing of the neonatal immune response towards suppression.  

 

During the period of greatest immune immaturity, neonates benefit from the placental 

transfer of maternal antibodies to the fetus, providing interim protection against vaccine-

preventable infections during the first months of life (248). Transplacental transport of IgG 

occurs via a neonatal Fc receptor (FcRn). VPN receive substantially less maternal IgG, given that 

antibody transfer predominantly occurs during the third trimester (250), partially explaining 

the increased susceptibility to infections in the preterm population.  
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In addition, IgA antibodies, cytokines, complement proteins and commensal bacteria are 

transferred via colostrum and breast milk (37,251). These bioactive factors assemble the infant 

microbiota, the communities of symbiotic and commensal microbes colonising the host. 

Arguably, the relative immaturity of the neonatal immune system enables the acceptance of 

the microbiota without being overwhelmed by simultaneous exposure to many inflammatory 

stimuli. Microbiota development is an essential postnatal adaptation as it has a fundamental 

role in gut epithelial health, barrier function and the induction and calibration of the immune 

system (252). Thus, human breast milk provides a vertically transmitted, milk-oriented 

microbiota that aids immune development (253). VPN are often fed parenterally during the 

early postnatal immune adaptation period, so they do not receive this additional passive 

protection. They also risk microbial deprivation, a risk factor for various inflammatory and 

autoimmune diseases in later life (254). 

 

A significant contributing factor to neonatal infection risk is the constant stream of medical 

interventions used extensively in neonatal units. IV lines, endotracheal tubes (ETT) and 

nasogastric (NG) tubes are routinely inserted, breaching the protective epithelial and mucosal 

barriers. Mucosal surfaces are a frequent entry point for pathogens meaning the development 

of mucosal immunity is a primary mechanism for infection prevention (255).  

 

VPN are subject to unique immunological challenges. Protection against invading pathogens is 

achieved by the coordinated and interweaving reactions of the innate and adaptive arms of 

the immune response. Deficiencies of both innate and adaptive immunity partly explain the 

impaired neonatal immune defence, and the more premature the neonate, the more severe 

and prolonged the immunodeficiency (256). The impact of prematurity on the two responses 

is discussed in short below. 
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4.2.1. The Innate response 

The non-specific, innate response is responsible for the primary immune defence mechanisms 

via the action of complement and phagocytosis-mediated killing of pathogens. Innate 

immunity involves inbuilt defence mechanisms, which do not require prior antigen exposure. 

Nevertheless, the innate immune system has reported significant quantitative and functional 

deficiencies. The general characteristics of neonatal innate immune cells are compared with 

their adult counterparts in Table 4.1. 

 

Cell Type Characteristics of neonatal cell type relative to adult cells References 

Neutrophils 

- Smaller storage pool 
- Initial reduction in phagocytic ability 
- Reduced recruitment to sites of infection 
- Delayed NET response 

(257,258) 

Monocytes 

- Higher levels in neonates than adults 
- Diminished capacity for antigen presentation 
- Lower cytokine production in response to stimuli  
- Reduced recruitment to sites of infection 

(258,259) 

Macrophages 
- Low number of alveolar macrophages at birth 
- Reduced antigen processing and presentation  
- Delayed recruitment of monocytes and neutrophils to infection site 

(260) 

Natural Killer 
(NK) Cells 

- Impaired ability to adhere to target cells 
- Reduced cytotoxic capacity 

(261) 

Dendritic 
Cells (DC) 

- Reduced capacity to stimulate other immune cells  
- Reduced ability to produce IFN-α/β, important immune regulators 

(262) 

Table 4.1: Deficiencies of neonatal innate immune cells. Adapted from Korir et al. (263) 

Likewise, the neonatal complement system is also underdeveloped. Complement proteins 

cannot be transferred across the placenta from mother to fetus. Therefore, levels of neonatal 

complement proteins are only 10-80% of those found in adults (264). Reduced complement 

levels are associated with impaired chemotaxis and deficient opsonisation.  
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4.2.2. The adaptive response 

In contrast, the adaptive arm of the immune response is designed to eliminate specific 

pathogens and develop protective immunological memory. Both lymphocyte types can 

develop into memory cells that respond quickly when exposed to the same pathogen. 

However, the neonatal adaptive immune system is “antigen inexperienced”, leaving infants 

highly susceptible to infection. Immune memory develops throughout life, and deficient levels 

of memory cells are detected in preterm neonates (265). Furthermore, deficiencies in the 

innate immune system can lead to a diminished adaptive immune response (263).  

 

As discussed above, the neonatal immune response is characterised by minimal Th1 cell 

activity but an excess of anti-inflammatory Th2 function (266). The reduced neonatal capacity 

to produce an inflammatory Th1 response increases vulnerability to infections, and the bias 

toward Th2 cytokines cells confers a risk of developing atopic conditions in childhood (267). 

Neonates also demonstrate reduced numbers of Th17 cells, which are important in developing 

immunity to bacterial and fungal infections at mucosal surfaces (263).  

 

Meanwhile, neonatal B cells are naïve, lacking antigen exposure with only a partially developed 

repertoire of surface Ig, part of the antigen receptor. Coupled with reduced B Cell receptor 

signalling, immature B lymphocyte function contributes to a significant deficiency in neonatal 

antibody production (245,263). In particular, the neonatal antibody response to 

polysaccharide antigens is weak, exemplified by the high infant mortality rate associated with 

infections caused by encapsulated bacteria (Streptococcus pneumoniae, Haemophilus 

influenzae and Neisseria meningitidis) (268).  

 

To summarise, neonatal immune function is dampened and suffers from inexperience because 

of limited pathogen exposure in-utero, impairing the ability to respond effectively to infections. 

In the face of a deficient and rapidly maturing adaptive immune system, the comparatively 

more developed innate response is critical for the survival of neonates (263). The postnatal 

adaption period is a “window of opportunity”, which, if utilised effectively, could induce a more 

potent immune response in vulnerable infants (269). 
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4.3. Autophagy, mTOR and the innate immune response 

The neonatal subgroup analysis of the PEPaNIC study revealed that late initiation of PN in a 

group of critically ill, term neonates reduced the risk of a PICU-acquired infection compared 

with early initiation of PN (145). These findings sparked renewed concerns about early AA 

provision to very preterm infants, the population that forms the bulk of paediatric patients 

receiving PN. Determining the underlying mechanism was beyond the scope of the study, but 

impaired autophagy following the early initiation of PN seems a plausible explanation.  

 

Autophagy is a mechanism of lysosomal-mediated protein degradation crucial in maintaining 

cellular homeostasis. In response to starvation, autophagy is accelerated to produce AA for 

gluconeogenesis (152). Given that autophagy is activated by fasting, including periods of 

anorexia induced by critical illness, it follows that delayed or insufficient neonatal PN would 

activate autophagy. Autophagy deficiencies have been documented in humans with a 

prolonged critical illness (161) and parenterally fed rabbits (162), the severity of the deficiency 

correlated with the amount of AA infused. 

 

Over the last few years, autophagy activity has been reported in several classes of immune 

cells, such as macrophages, DCs and lymphocytes (270). Specific roles for autophagy have been 

in the immune system, ranging from pathogen recognition (271), modulation of the 

inflammatory response (272), antigen presentation (273) and the regulation of T cell activation 

(270,274), all fundamental elements of the innate immune response. 

 

Autophagy is negatively regulated by the nutrient-sensing mTOR kinase, a master cellular 

growth and metabolism regulator (275). mTOR complex 1 (mTORC1) is associated with the 

regulation of protein synthesis and is activated in two ways: firstly, by insulin or growth factor 

signalling and secondly, by AA. The pathway through which insulin activates mTOR is well 

described and is outlined in Figure 4.1. The ultimate phosphorylation of ribosomal protein S6 

stimulates translation and protein synthesis (165). The mechanism by which AA stimulate 

protein synthesis through mTOR is less well understood, but it is widely accepted that the 

pathway is independent of the insulin signalling cascade (276,277).  
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Figure 4.1: Summary of the mTOR signalling pathway adapted from Columbus et al. (165) 
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4.3.1. Immunonutrition  

The potential to modulate immune system activity with specific nutrients is termed 

immunonutrition, and awareness of the importance of the concept is increasing. Previous 

studies have shown clinical benefits from optimising single immunonutrients, glutamine and 

arginine, both deficient in PN-dependent VPN. Enteral glutamine supplementation was 

reported to decrease the incidence of hospital-acquired sepsis in premature neonates (278)  

and pneumonia, bacteraemia, and severe sepsis in other critically ill patient groups (279,280). 

Evidence is also emerging that arginine metabolism is a crucial regulator of innate and adaptive 

immune responses (281).  

 

On the other hand, leucine is a potent activator of the mTOR pathway (169) but is provided 

in excess by PN solutions (124). An argument can be made that if the immune response can 

be augmented by supplementing deficient AA, reducing the plasma levels of overprovided EAA 

(including leucine) may have an unmasked effect on innate immunity through improved 

autophagy activation. Many questions remain unanswered, and more evidence is required to 

support this physiological explanation for the PEPaNIC study findings. Nevertheless, the 

proven influence of autophagy on critical aspects of innate immunity makes it an attractive 

target for attempts at nutritional therapies which enhance neonatal immunity. An improved 

understanding of the immunological mechanisms at play during the neonatal period may 

help develop nutritional strategies to manipulate the immune response and prevent VPN 

from being so vulnerable to infection.   



 

89 

4.4. The PAINT Study  

4.4.1. Background 

The PAINT (Preterm Arginine INTake) study was the first in a series of physiological studies 

exploring the effects of increased parenteral arginine intake on biological pathways affecting 

immune function in VPN. The study was designed to investigate the effect of supplementary 

arginine using a multi-omics approach that included transcriptomics, metabolomics, plasma 

AA levels, and blood ammonia testing to assess a nutritional intervention in relation to the 

developmental changes occurring in VPN over the first 10 days of post-natal adaption. 

 

Transcriptomics is the study of the transcriptome, the study of all the RNA transcripts, both 

coding and non-coding. This includes the transcription and expression levels, functions, 

locations, trafficking, and degradation (282). Microarray is a technique which permits the 

analysis of the expression of a large number of genes simultaneously. The measurements can 

then be compared between time points to identify changes in gene expression (283). 

Transcriptomics analysis could be used to understand the gene expression changes 

underpinning postnatal immune adaptation in VPN.  

 

The primary objective of the PAINT study was to determine alterations in gene expression 

between D3 and D10 in infants receiving additional arginine supplementation (12% versus 15% 

arginine) compared with unsupplemented infants. Arginine depletion has been shown to affect 

T cell function, and immune signalling may also be affected by reduced NO synthesis in 

response to hypoarginemia (197,284,285). Initial transcriptomic analysis of the PAINT data 

confirmed that the early days of life are a critical period of immune system development in 

VPN. Three immune processes were significantly upregulated: neutrophil signalling and 

activation, phagocytosis by monocytes and macrophages and T cell activation.  

 

In the context of the PEPaNIC study findings, it was appropriate to revisit the PAINT data to 

explore whether there was any evidence of gene expression changes specifically in mTOR-

related genes between D3 and D10. This preliminary analysis tested the hypothesis that high 

plasma EAA levels, indicating potential EAA ‘toxicity’, result in changes to mTOR gene 

expression, which may impair autophagy and innate immunity in VPN. 
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We also aimed to determine the feasibility of further transcriptomic analysis as part of future 

physiological studies in PN-dependent VPN. 

 

4.4.2. Methods  

The study received all the necessary ethical and regulatory approvals. This was a single centre, 

unblinded study with non-random allocation of standard treatment or arginine 

supplementation (PAINT). The infants received the standard PN at LWH, which uses Vaminolact 

(Fresenius Kabi), an AA formulation known to provide excess EAA, including leucine (124). 

 

Inclusion criteria: 

Infants were born <29 weeks’ gestation and/or <1200g. Infants were admitted to the NICU at 

LWH within 48 hours of birth in Autumn 2016.  

 

Exclusion criteria: 

a) Infants who are unlikely to survive the first week after birth 

b) Infants with early onset infections (<72 hours). 

c) Infants known (or suspected to have) a diagnosis of inborn error of metabolism or 

serious liver dysfunction. 

d) Parents who are unable to give informed consent. 

 

Eligibility and consent: 

The parent(s)/guardian(s) of each potentially eligible patient was approached when the baby 

was stabilised on the neonatal unit. Consent was sought within 72 hours of birth. When clinical 

circumstances permitted, parents were approached antenatally. The investigator explained 

the study fully to the patient’s parent(s)/guardian(s) using a patient information leaflet.   
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Blood sampling and processing:  

The first study-related blood samples were collected on D3, with the final samples taken on 

D10. 200µl of whole blood was collected for RNA extraction and microarray analysis alongside 

blood for routine biochemistry and plasma AA levels. Immediately following sampling 600µl of 

Blood RNA Buffer (ZR Whole-blood RNA MiniPrep™) was added, as per manufacturer’s 

instructions (Zymo Research, USA), and the sample was stored at -80°C. Samples were initially 

processed and stored at LWH prior to batch transport to the Institute in the Park, Alder Hey 

Children’s Hospital for RNA extraction. 

 

Following RNA extraction, microarray analysis was conducted by the Centre for Genomic 

Research at the University of Liverpool (UoL). Expression data were normalised, logged and 

analysed using Significance Analysis of Microarrays (SAM) within the statistical software R. 

Then, pathway analysis was conducted using Ingenuity Pathway Analysis (IPA) software 

(QIAGEN Inc.). The pathway analysis was used to identify gene expression changes related only 

to mTOR, focusing the huge volume of microarray data. The candidate, KD, did not contribute 

to the data collection for the first PAINT study. However, to gain an understanding of the 

sampling, storage and analysis techniques, KD contributed to the real-time data collection for 

the sister PAINT18 study.  
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4.4.3. Results 

Only the eight unsupplemented (control) infants were included in this secondary analysis, to 

introduce the statistical and metabolic pathway analyses required to interpret large 

transcriptomic data sets but in small patient numbers. The control infants received standard 

PN only. Infants who received supplementary arginine infusions were excluded from this 

analysis. Infants had a mean (SD) gestational age at birth of 26+4 weeks’ (± 1.8) and a mean 

birth weight of 871g (± 194). There were five male and three female infants in the group. All 

the mothers had received antenatal steroids.  

 

Table 4.2 shows the total parenteral leucine intake (mg/kg) for each infant in the 48 hours 

preceding the day 10 sample. The initial PAINT data collection only captured the arginine 

intakes from each infant. However, using the SCPC document in Appendix 1, a conversion 

factor of 1.7 was calculated. The mean (SD) parental leucine intake was 374.0 (112.7) 

mg/kg/72h.  

 

Infant Parenteral Arginine Intake (mg/kg/72h) Parenteral Leucine Intake (mg/kg/72h) 

1 253.0 430.2 

2 265.7 451.7 

3 156.6 266.2 

4 258.3 439.1 

5 80.8 137.4 

6 246.4 418.9 

7 238.4 405.3 

6 260.9 443.6 

Table 4.2: Parenteral leucine intakes for the eight control PAINT infants 

The PAINT study analysed 34,758 genes. The pathway analysis identified five genes that 

directly interacted with the mTOR pathway and were significantly upregulated on D10 with 

respect to D3 (Figure 4.2). The primary function of each gene was investigated using 

GeneCards, a searchable, integrative human gene database (286) alongside any available 

literature.  
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Figure 4.2: Representation of the direct interactions of mTOR with the transcriptomic data from the PAINT 

study. Red indicates the gene was upregulated on D10 with respect to D3. 
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Table 4.3 summarises the function of each gene, alongside the fold change, indicating the ratio 

of change between D3 and D10 samples and the q-statistic. Q-values are a widely used 

statistical method for estimating false discovery rate (FDR), a conventional significance 

measure in the analysis of genome-wide expression data (287). 

 

Gene Function Fold change Q value 

USP40 

Ubiquitin Specific Peptidase 40 
 

Modifying cellular proteins by ubiquitin is an 
essential regulatory mechanism controlled by 

ubiquitin-conjugating and deconjugating enzymes. 

2.10 4.90 

ARHGEF3 

Rho Guanine Nucleotide Exchange Factor 3 
 

Acts as guanine nucleotide exchange factor (GEF) 
for RHOA and RHOB GTPases, both of which have 

a role in bone cell biology. 

1.97 4.16 

NSUN2 

Encodes a methyltransferase that catalyses the 
methylation of cytosine to 5-methylcytosine 

(m5C) in the tRNA(Leu)(CAA) precursors. 
 

This modification stabilises the anticodon-codon 
pairing to translate the mRNA correctly.  

1.63 4.90 

GTF3C2 
Required for RNA polymerase mediated 

transcription. 
1.43 4.90 

FMR1 

Fragile X Messenger Ribonucleoprotein 1 
 

Codes for the FMRP gene, which is essential for 
cognitive development and synaptic protein 

synthesis. Suggested role in the 
nucleocytoplasmic shuttling of mRNA. 

 
Mutations of this gene can lead to fragile X 

syndrome 

1.26 4.90 

Table 4.3: Summary of the functions of the five mTOR genes that were upregulated between D3 and D10 in the                    

Summaries adapted from genecards.org (286). PAINT study. No genes were downregulated meaning the 

expression of an estimated 1160 mTOR genes was unchanged.  
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4.4.4. Discussion 

In the present study, the pathway analysis identified five isolated mTOR-related transcripts 

upregulated between D3 and D10 of life. We did not identify any transcripts which were 

significantly downregulated. As part of a different study, Yates et al. compiled a list of 1165 

mTOR-related genes (288), meaning an estimated 1160 mTOR genes demonstrated no change. 

This indicates that our analysis shows a minimal change in total mTOR-related gene expression, 

with many transcripts unchanged. In contrast, the currently unpublished pathway analysis of 

the initial, broader analysis of the PAINT transcriptomics showed that the affected genes are 

meaningfully clustered in key (adaptive) immune pathways. A rapid change in the adaptive 

response is expected given the colossal increase in antigen exposure and adaptive immune cell 

function gain that occurs soon after birth. Early postnatal innate immune system maturation 

is less dramatic, given that the mechanisms are developed antenatally and are functional by 

birth (141,245). 

 

The lack of significant change in mTOR, even when leucine is overprovided by Vaminolact, 

makes a leucine-based immunonutrition intervention in the early postnatal adaptation period 

less plausible. Finally, this analysis implies that the pathophysiological explanation for superior 

clinical outcomes following delayed PN (PEPaNIC) is unlikely to be improved autophagy 

activation by delayed AA initiation. However, this is a preliminary finding which requires further 

investigation.  

 

When considering immunonutrition, it is also important to consider the potential adverse 

effects of excessive innate immune system activation in VPN through immunonutrition-based 

intervention. In addition to a protective role against pathogenic organisms, the immune system 

also ensures tolerance to the microbiome and commensal bacteria. The neonatal period 

represents a critical window in which the immune system must balance efficient pathogen 

defence without being overwhelmed by exposure to a flood of commensal microbes and 

environmental antigens. Dampening the immune response ensures microbiota establishment 

occurs without overt inflammation and collateral damage to the body in response to benign, 

non-infectious antigens. Dysregulated innate immune responses contribute to the aetiology of 

multiple neonatal complications, such as bronchopulmonary dysplasia (BPD) and NEC 
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(289,290). Clearly, immunonutrition should be thoroughly researched using a range of 

methodologies (analysis of existing data and further multi-omics work) and approached 

cautiously in critically ill patients, particularly VPN, who may respond differently than older 

children and adults.  

 

Ultimately, the PEPaNIC study findings mandated better understanding of the impact of PN on 

the postnatal development of the immune system in VPN. This pilot PAINT study analysis has 

partly explored this. Further transcriptomic work would strengthen conclusions about using AA 

interventions as a form of immunonutrition. Once we understand the broader mechanisms 

better, PN formulations can be safely manipulated and tested to investigate the potential 

therapeutic benefits of AA as immunonutrients, hopefully reducing VPN vulnerability to 

infection. 

 

4.4.5. Strengths and limitations  

PAINT was a small exploratory physiological study with limitations, particularly the small 

sample size. Arguably, changes in gene expression from 8 relatively heterogenous infants with 

a similar patient phenotype and clinical course are insufficient to draw firm conclusions 

regarding the impact of PN on mTOR and autophagy. The changes in mTOR gene expression 

may have been part of a normal physiological adaptation process to extrauterine life, unrelated 

to PN. Additionally, because leucine was similarly provided to all infants, the analysis could not 

assess the extent to which different leucine levels modify transcripts. A potential avenue for 

further research would be detailed bioinformatics and systems biology work in a larger cohort 

of infants receiving different leucine intakes, enabling investigation of whether variable leucine 

intakes can affect transcripts directly or downstream. 

 

A second limitation was that all the participants' mothers had received a course of antenatal 

steroids. Antenatal steroid therapy is thought to have a short-term influence on the expression 

of a limited number of genes and gene pathways in preterm infants (291). However, 

administering maternal corticosteroids is standard care when preterm birth is anticipated. 

Therefore, the gene expression changes reported likely represents neonatal populations in 

other populations with developed healthcare systems.   
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Furthermore, by comparing D3 and D10, the transcriptomic analysis could only offer a 

snapshot, unable to capture all of the likely postnatal transformations occurring in VPN. Due 

to the complexity, cost and limitations in the volume of blood that can be safely collected from 

VPN, repeat transcriptomic analysis between other time points was not possible in this small 

study. Nevertheless, we still have much to learn about how PN affects VPN development. 

Further research is needed to extend our understanding of the relationship between nutrition, 

metabolic adaptation and the maturing immune system. 

 

On the other hand, a strength of this study is that through the pathway analysis, we could focus 

on a small subset of autophagy-related target genes. The analysis provided a deeper insight 

into the impact of AA on early postnatal immune adaptation compared with the simple 

infection incidence comparison made in the SCAMP data analysis (Chapter 2). 

 

Moreover, alongside the transcriptomics, the PAINT study conducted a metabolomic analysis 

of plasma, urine and faeces samples collected from the recruited infants. Metabolomics is the 

study of metabolites, the small molecule substrates, intermediates and products of cell 

metabolism. Metabolomic analyses enable the investigation of a wide range of metabolic 

pathways (for example, intermediates in the urea cycle in the context of arginine), providing 

data not available from routine biochemical analysis (292). Previously, research aiming to 

advance understanding of these fundamental metabolic processes has been highly 

problematic due to VPN's small size and fragility. However, transcriptomics and metabolomics 

analyses are now possible on micro-samples safely obtainable from VPN. Preliminary analysis 

of the metabolomic results suggest that infants who respond to arginine supplementation 

exhibit different metabolomic profiles than unsupplemented infants.  

 

These results highlight the feasibility and importance of using a multi-omics approach 

alongside clinical and biochemical outcomes. A multi-omics analysis offers an integrated and 

comprehensive insight into the broader effects of different AA interventions on biological 

pathways (metabolic, inflammatory and immune-related), which require investigation when 

modifying PN. These studies generate a plethora of data, which, when carefully integrated, can 

elucidate biological processes, molecular functions and interactions. The initial PAINT study 

directed us towards important immune pathways likely to change, enabling focus on these 
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pathways in future studies. Hence, the next PAINT study (PAINT18) was designed to investigate 

the hypothesis that arginine supplementation will result in changes in gene expression 

consistent with changes in T cell function and associated inflammatory pathways. This 

demonstrates how multi-omics analysis in VPN enables novel insight into critical processes in 

postnatal development and provides direction for future research.  

 

Further physiological studies in PN-dependent infants are required to establish the clinical and 

biochemical importance of optimising single AA immunonutrients to impaired immune 

function and suboptimal postnatal immune adaptation. However, only robustly designed 

studies can combine single-omics datasets in a meaningful manner and generate convincing 

conclusions. The challenges of multi-omics research are abounding and are discussed 

elsewhere (293,294). Nevertheless, multi-omics remains an important tool that should be 

applied to many areas of neonatal research, including understanding postnatal adaptation 

concerning nutrition. 

 

4.5. Conclusion 

Our pilot exploratory analysis showed minimal and isolated changes in five mTOR-related gene 

expression between D3 and D10 of life. Investigating PN with less leucine or other EAA is 

unlikely to affect mTOR gene expression, autophagy, and subsequently the innate immune 

system substantially, an important preliminary negative finding in the VPN population 

considering the PEPaNIC proposals. The evidence to support delaying PN in preterm neonates 

remains weak. For the field of neonatology, further investigation is required to improve 

understanding surrounding how inadequate nutrition affects susceptibility to infection. This 

could include a well-implemented multi-omics approach that fully explores the role of AA, such 

as leucine and arginine, in postnatal immune system development.  
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4.6. PAINT18 

PAINT18 is the latest in the series of physiological studies continuing to explore the effect of 

increased parenteral arginine intake on immune function in very preterm infants. The study is 

part of an effort to rebalance neonatal PN, correcting CEAA deficiency and simultaneously 

addressing the excess provision of EAA. The previous studies (PAINT and PAINT-NH4) found 

that even with a 15% arginine supplement, VPN do not achieve adequate plasma arginine 

levels, meriting further investigation. The primary objective of PAINT18 is to examine changes 

in gene expression in infants receiving 18% arginine supplementation between day 3 and day 

30 of life. The protocol for PAINT18 can be seen in appendix 9. 

 

The time constraints of an MPhil prevent a student from undertaking their own large clinical 

study. Hence, this thesis explored the effect of individual AA intakes on clinical infection risk 

and early postnatal metabolic adaptation in VPN using data from previous local neonatal PN 

studies. However, PAINT18 is currently recruiting at LWH. As part of this project, KD has 

observed the recruitment process, appreciating the unique challenges of obtaining informed 

antenatal or postpartum consent. KD witnessed the collection of blood samples for plasma AA 

analysis, noting the small volumes available alongside routine clinical blood samples and the 

methods used to extract and store RNA for analysis. 

 

Furthermore, KD contributed to real-time data collection for PAINT18, providing a practical 

understanding of the methodology used in the SCAMP study (the subject of Chapter 2), which 

used the same principles to calculate nutritional intakes from multiple sources. Obtaining 

accurate nutritional data requires detailed fluid data collection. Whilst parenteral AA and lipids 

only have one source, glucose has multiple fluid sources as most drugs are delivered in glucose. 

Finally, participation in PAINT18 enhanced KD’s understanding of biochemical and infection 

monitoring limitations during PN administration to VPN.  
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Chapter 5: General discussion 

 

5.1. Summary of findings 

As described in Chapter 1, PN is part of the standard care for a VPN. Despite extensive use, the 

optimal AA formulation for PN solutions has not yet been determined, a factor likely to 

contribute toward postnatal nutritional deficits and subsequent long-term growth and 

neurodevelopmental failure. A longstanding body of plasma AA evidence suggests an 

imbalance between EAA and CEAA provision by neonatal PN formulations. However, the 

commercial solutions used today have not been changed for more than 30 years to address 

this issue. The recent evidence from the PEPaNIC study associating parenteral AA with an 

increased risk of infection in term neonates creates further anxiety about early, high dose AA 

provision to VPN. The chapters of this thesis use different methodologies to explore these 

concerns, with a particular focus on leucine, an EAA known to inhibit autophagy through the 

mTOR pathway. Autophagy has an emerging role in the innate immune response. 

 

The SCAMP data analysis in Chapter 2 demonstrated no significant difference in total 

parenteral AA intake between infants who developed LOS and those who did not. Comparison 

of the plasma EAA levels between groups showed no evidence of greater leucine overprovision 

in infants who developed LOS or NEC. However, infection and NEC appear to be associated 

with aggravation of CEAA deficiency, including arginine and glutamine. Correcting the 

deficiency of these particular CEAA appears a bigger priority and would have the additional 

benefit of proportionally reducing plasma EAA levels.  

 

Thereafter, the systematic review in Chapter 3 collected existing plasma AA profile data to 

quantify the overprovision of leucine, providing dose-concentration gradients which could be 

used as a starting point to rebalance PN.  

 

Finally, Chapter 4 explored the development of the neonatal innate immune system regarding 

PN, mTOR and autophagy. A pilot transcriptomic analysis showed minimal and isolated mTOR 

gene expression changes during the early postnatal adaption period. Investigating PN with 
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reduced leucine and other EAA appears unlikely to have substantial clinical effects on the 

innate immune system following changes in mTOR gene expression. 

 

Overall, the preliminary evidence presented by this thesis does not support the hypothesis that 

EAA overprovision in PN-dependent VPN results in an increased risk of neonatal infection due 

to deficient autophagy. This is an important negative considering the anxiety generated by the 

PEPaNIC findings surrounding parenteral AA provision to VPN. The evidence to support 

delaying PN in preterm neonates remains weak. 

 

5.2. Implications for clinical practice  

One apparent recommendation for clinical practice would be to increase awareness of the 

importance of routine plasma AA monitoring and reporting, particularly in secondary centres. 

Establishing a larger dataset to assess average AA levels amongst the VPN population is 

especially important whilst a consensus is being reached on the appropriate reference ranges 

for designing an optimal neonatal PN solution. Hopefully, this thesis and later publications or 

presentations of our work will increase awareness of the issue. 

 

5.3. Implications for research 

This thesis has provided a good foundation in neonatal nutrition with multiple avenues for 

further study. Given that the composition of PN is modifiable, Chapter 2 indicates a need for 

future studies exploring the effectiveness of rebalancing deficient AA as a form of 

immunonutrition and defining the optimal composition. Regarding leucine, Chapter 3 suggests 

that the leucine content of neonatal PN should be reduced to 8-9g/100g AA to achieve 

reference plasma AA levels. Furthermore, the systematic review methodology offers a practical 

contribution toward rebalancing PN formulations using the existing evidence base, which could 

be replicated for the remaining AA. However, any formulation changes must account for 

solubility and stability issues that must be tackled early. 

 

Chapter 4 highlighted the feasibility and importance of using a multi-omics approach to 

rebalance PN. Similar to the PAINT study, future neonatal PN studies should include 

metabolomics and transcriptomics, alongside clinical and biochemical outcome analysis, to 
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determine whether normalising the plasma AA will result in substantial benefits. The multi-

omics analysis offers a sensitive platform for understanding the broader physiological changes 

(metabolic, inflammatory and immune) underpinning early postnatal adaptation. 

 

The findings from smaller, physiological PN studies (similar to the PAINT studies) could 

stimulate large-scale clinical trials to license the next generation of AA formulations, specifically 

designed for optimal early postnatal metabolic adaptation in VPN. However, a consensus is 

required first on the most appropriate reference ranges to determine the ideal balance of EAA, 

NEAA, and CEAA for the preterm infant while considering functional AA requirements. 

Researchers might use the quality assessment tool created for the systematic review to guide 

protocol design for future neonatal PN studies, ensuring better quality and reporting of 

outcomes.  

 

5.4. Limitations 

Inevitably, each chapter had a number of limitations due to the niche nature of the research. 

In Chapter 2, multiple statistical tests were used on the SCAMP data, given that 20 individual 

AA were analysed. In addition, the infection group had a significantly lower birth weight than 

the no-infection group, a potential confounding variable. Future studies investigating plasma 

AA levels should be designed to investigate one individual AA as the primary outcome to 

minimise the impact of multiple testing. 

 

Secondly, an important limitation of the systematic review (Chapter 3) was the small number 

of studies eligible for inclusion. Consequently, the review could not focus on a narrower and 

directly comparable range of gestational ages to accurately reflect the very preterm 

population. The data collected from the systematic review was also heterogeneous, preventing 

meta-analysis. As discussed above, increasing the awareness of the importance of plasma AA 

monitoring would expand the existing plasma profile dataset. Then, a meta-analysis could be 

conducted to strengthen the systematic review findings. 
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Chapters 1 and 2 also highlight the weaknesses of plasma AA profiles as a measure of AA status. 

Plasma levels represent a fine balance between AA intake, protein synthesis, degradation and 

excretion, and metabolic pathway activity for functional AA, including leucine. However, an AA 

profile remains the most clinically accessible measure of single AA deficiency or toxicity. 

 

The transcriptomic analysis conducted in Chapter 4 was limited by the small sample size, which 

prevented any firm conclusions regarding the impact of PN on mTOR and autophagy. Further 

and more detailed bioinformatics assessment would enhance this work.  

 

Finally, the overall project and participation in the PAINT18 study have highlighted the 

challenges and limitations of neonatal research. The complexity of designing an optimal 

neonatal parenteral AA formulation is also evident. However, this thesis and other ongoing 

work by our group provide a clear direction for research that will hopefully ensure VPN 

eventually receive an optimal AA formulation in terms of quantity and quality.   

 

5.5. Concluding remarks 

On the basis of this preliminary work, EAA overprovision does not confer an increased infection 

risk in VPN due to deficient autophagy, contradicting the suggestions made by the PEPaNIC 

study. However, the overall thesis has emphasised the potential clinical importance of 

designing a balanced parenteral AA solution, possibly using AA as immunonutrients to support 

postnatal immune development. We made important recommendations for future research, 

developing a neonatal parenteral AA formulation that maximises clinical benefits without 

causing metabolic or infection-related harm to VPN. Achieving this goal will require a sequence 

of systematic reviews followed by well-designed physiological studies that implement a multi-

omics approach.  
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Section/topic # Checklist item 

Information 
reported  Page 

number(s) 
Yes No 

ADMINISTRATIVE INFORMATION   

Title  

  Identification  1a Identify the report as a protocol of a systematic review   47 

  Update  1b If the protocol is for an update of a previous systematic review, identify as such   n/a 

Registration  2 
If registered, provide the name of the registry (e.g., PROSPERO) and registration number in the 
Abstract 

  
n/a 

Authors  

  Contact  3a 
Provide name, institutional affiliation, and e-mail address of all protocol authors; provide 
physical mailing address of corresponding author 

  Not applicable 
for thesis. 
Refer to 

abstracts in 
appendices. 

  Contributions  3b Describe contributions of protocol authors and identify the guarantor of the review   See above 

Amendments  4 
If the protocol represents an amendment of a previously completed or published protocol, 
identify as such and list changes; otherwise, state plan for documenting important protocol 
amendments 

  
See above 

Support  

  Sources  5a Indicate sources of financial or other support for the review   vi 

  Sponsor  5b Provide name for the review funder and/or sponsor   vi 



 

III 

Section/topic # Checklist item 

Information 
reported  Page 

number(s) 
Yes No 

Role of sponsor/funder 5c Describe roles of funder(s), sponsor(s), and/or institution(s), if any, in developing the protocol 
  

n/a 

INTRODUCTION  

Rationale  6 Describe the rationale for the review in the context of what is already known   46 

Objectives  7 

Provide an explicit statement of the question(s) the review will address with reference to 
participants, interventions, comparators, and outcomes (PICO) 

 

  
47 - 49 

METHODS 

Eligibility criteria  8 
Specify the study characteristics (e.g., PICO, study design, setting, time frame) and report 
characteristics (e.g., years considered, language, publication status) to be used as criteria for 
eligibility for the review 

  
53 - 54 

Information sources  9 
Describe all intended information sources (e.g., electronic databases, contact with study 
authors, trial registers, or other grey literature sources) with planned dates of coverage 

  
47 

Search strategy  10 
Present draft of search strategy to be used for at least one electronic database, including 
planned limits, such that it could be repeated 

  
49 - 52 

STUDY RECORDS  

Data management 11a 
Describe the mechanism(s) that will be used to manage records and data throughout the 
review 

  
55 

Selection process 11b 
State the process that will be used for selecting studies (e.g., two independent reviewers) 
through each phase of the review (i.e., screening, eligibility, and inclusion in meta-analysis) 

  
58 - 59 
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Data collection process 11c 
Describe planned method of extracting data from reports (e.g., piloting forms, done 
independently, in duplicate), any processes for obtaining and confirming data from 
investigators 

  
55 - 56 

Data items  12 
List and define all variables for which data will be sought (e.g., PICO items, funding sources), 
any pre-planned data assumptions and simplifications 

  55, 56, 
Appendix 4 

Outcomes and 
prioritization  

13 
List and define all outcomes for which data will be sought, including prioritization of main and 
additional outcomes, with rationale 

  
46 

Risk of bias in individual 
studies  

14 
Describe anticipated methods for assessing risk of bias of individual studies, including whether 
this will be done at the outcome or study level, or both; state how this information will be 
used in data synthesis 

  
66 - 67 

DATA 

Synthesis  

15a Describe criteria under which study data will be quantitatively synthesized   57 

15b 
If data are appropriate for quantitative synthesis, describe planned summary measures, 
methods of handling data, and methods of combining data from studies, including any planned 
exploration of consistency (e.g., I 2, Kendall’s tau) 

  
57 

15c 
Describe any proposed additional analyses (e.g., sensitivity or subgroup analyses, meta-
regression) 

  
46, 63-65 

15d If quantitative synthesis is not appropriate, describe the type of summary planned   n/a 

Meta-bias(es)  16 
Specify any planned assessment of meta-bias(es) (e.g., publication bias across studies, 
selective reporting within studies) 

  
n/a 

Confidence in cumulative 
evidence  

17 Describe how the strength of the body of evidence will be assessed (e.g., GRADE)   66 
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Appendix 3 - Completed data extraction sheet 

 

Article 
Title 

(First author) 
Location Study Design 

Sample 
size 

Groups 
Gestational 

Age 
AA solution 

AA 
intake at 
sampling 
(g/kg/d) 

Primary 
outcome 

Secondary 
outcome(s) 

Plasma 
Leucine 
(µmol/L) 

Reference 
Range 

Method of 
analysis 

Sampling 
time 

1 

Early Changes in 
Plasma Amino 

Acid 
Concentrations 

during Aggressive 
Nutritional 
Therapy in 

Extremely Low 
Birth Weight 

Infants 

C. Blanco et al. 
(2011) 

University 
Hospital, San 

Antonio, 
Texas 

Randomised, 
double-
masked 

prospective 
trial 

61 

Early and high AA 
protocol (n = 30) 

 
2 g/kg/d of 

intravenous AA 
soon after birth 

and advanced by 1 

g/kg every day to 
4 g/kg/d 

25.7 ± 2.0 

Aminosyn PF 
(Abbott 

Laboratories) 

3.7 ± 0.9 

Changes in 
plasma AA 

levels 
BUN, Ammonia 

a 202.6 

(136.8 - 
277.5)  

- 

Reverse phase, 
HPLC using 

Waters PICO-
Tag method 

Days 1,3 
and 7 of 

PN Standard AA 
protocol (n = 31) 

 
0.5 g/kg/d started 

between 23-36 
hours after birth 
and increased by 

0.5 g/kg every day 
to a maximum of 

3 g/kg/d 

26.3 ± 2.0 

a 192.5 

(156.0 - 
235.3) 2.9 ± 0.2 
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Article 
Title 

(First author) 
Location Study Design 

Sample 
size 

Groups 
Gestational 

Age 
AA solution 

AA 
intake at 
sampling 
(g/kg/d) 

Primary 
outcome 

Secondary 
outcome(s) 

Plasma 
Leucine 
(µmol/L) 

Reference 
Range 

Method of 
analysis 

Sampling 
time 

2 

Effect of low 
versus high early 

parenteral 
nutrition on 

plasma amino acid 
profiles in very 
low birthweight 

infants 
 

A. Bulbul et al. 
(2012) 

Sisli Children 
Hospital, 
Istanbul, 
Turkey 

Prospective, 
randomised 

clinical 
cohort study 

44 

Group 1: Early, 
low dose PN 

(n = 22) 
 

1.0 g/kg/d of AA 
and lipid, 

increasing by 1.0 
g/ kg/day, with an 

aimed intake of 
3.0 g/kg/d amino 

acids and 3 g/ 
kg/d lipid on the 

third day of 
postnatal life 

29.4 ± 1.8 

Primene 10% 
(Baxter/ 
Clintech) 

3.6 

Plasma AA 
concentrations 
in the first two 

weeks 

Blood 
ammonia, 

BUN, 
triglyceride 

concentrations, 
postnatal 
growth 

100.0 ± 
28.4 

Term, 
breast-fed 

infants 
(111.3 ± 

27.3) (226) 
 

Preterm, 
human-
milk-fed 

infants (87 
± 14) (228) 

 
LBWI 

receiving 
TrophAmine 

(101.5 ± 
36.4) (296) 

 
Cord blood 
of neonates 
at 29 weeks 
gestational 
age (153 ± 
36) (229) 

 
ELBW 

infants (63 
± 30.4) 
(126) 

HPLC with an 
automated 
amino acid 

analyser 
(Shimadzu 

CLASS-VP V 6.12 
SP1) 

Baseline 
(before 
PN), 7th 
and 14th 

postnatal 
day 

Group 2: Early, 
high dose PN  

(n = 22) 
 

3.0 g/kg/d of AA 
and lipid, starting 
on the first day of 

postnatal life 

29.1 ± 1.1 3.6 
109.0 ± 

72.4 
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Article 
Title 

(First author) 
Location Study Design 

Sample 
size 

Groups 
Gestational 

Age 
AA solution 

AA 
intake at 
sampling 
(g/kg/d) 

Primary 
outcome 

Secondary 
outcome(s) 

Plasma 
Leucine 
(µmol/L) 

Reference 
Range 

Method of 
analysis 

Sampling 
time 

3 

Effect of amino 
acid composition 

of parenteral 
solutions on 

nitrogen retention 
and metabolic 

response in very-
low-birth weight 

infants 
 

P. Chessex et al. 
(1985) 

Perinatal 
Service and 

Research 
Center, Ste. 

Justine 
Hospital, and 

the 
Department 
of Pediatrics, 
University of 

Montreal 

Crossover 
study, 

randomised 
design 

15 

Single group - 
Each infant was 

studied twice over 
two consecutive 6 
day study periods 
receiving the two 

different PN 
solutions 

 
Group 1: Started 

with Travasol  
(n = 7) 

 
Group 2: Started 

with Vamin  
(n = 8) 

28 ± 1 

Travasol 10% 
blend B 

(Travasol-
Baxter 

Laboratories) 

2.7 N balance 
Plasma AA 

concentrations, 
growth rate 

 
Group 

1:  
71 ± 18 

-  

IEC using a 
modified 

Beckman 121 
amino acid 

analyser 

Day 6 of 
each 

regimen, 
between 
9am and 

11am 

Vamin 7% 
(Pharmacia) 

Group 
2:  

106 ± 
23 

4 

Glutamine 
supplement with 

parenteral 
nutrition 

decreases whole 
body proteolysis 

in low birth weight 
infants 

 
S. Kalhan et al. 

(2005) 

Schwartz 
Center for 

Metabolism 
and Nutrition, 
MetroHealth 

Medical 
Center, 

Department 
of Pediatrics 

and 
Biochemistry, 
Case Western 

Reserve 
University, 
Cleveland, 

Ohio 

Randomised 
Control Trial 

20 

Glutamine group 
(n = 10) 

26.7 ± 1.6 

TrophAmine 
10% 

(McGaw) 

3.2 ± 1.1 
To examine 
the effect of 

supplemental 
glutamine on 
whole body 

protein/ 
nitrogen and 

glutamine 
kinetics 

 

Plasma AA 
concentrations, 

acid base 
status, blood 

ammonia, BUN 

 

109.1 ± 
21.4 

- HPLC 

After 3 to 5 
days of PN, 

tracer 
studies 
were 

performed. 
Blood 

samples 
were 

obtained 
at isotopic 

steady 
state 

between 
165 and 
300 mins 
of tracer 
infusion. 

Control group  
(n = 10) 

27.7 ± 2.0 2.5 ± 0.8 
124.6 ± 
22.17 
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Article 
Title 

(First author) 
Location Study Design 

Sample 
size 

Groups 
Gestational 

Age 
AA solution 

AA 
intake at 
sampling 
(g/kg/d) 

Primary 
outcome 

Secondary 
outcome(s) 

Plasma 
Leucine 
(µmol/L) 

Reference 
Range 

Method of 
analysis 

Sampling 
time 

5 

Effect of 
Hyperalimentation 

and Insulin-
Treated 

Hyperglycemia on 
Tyrosine Levels in 

Very Preterm 
Infants Receiving 

Parenteral 
Nutrition 

 
K. Mayes et al. 

(2014) 

Liverpool 
Women's 
Hospital, 

Liverpool, UK 

Randomised 
Control Trial 

142 
 

(118 AA 
profiles) 

Hyperalimentation 
group  

(n = 68) 
 

20% more energy 
(117 kcal/kg/d), 

proportional 
increase in 

dextrose (16.3 
g/kg/d), protein (4 
g/kg/d) and fat (4 

g/kg/d) 
 

PN increased over 
7 days 

26 ± 1.5 

Primene 10% 
(Baxter/ 
Clintech) 

PN 
protein 
the 2d 
before 

AA 
sampling 
= 5.6 ± 

1.7 
To compare 
plasma AA 
profiles on 

days 8-10 of 
life in preterm 

infants 
receiving 

intervention 
versus control 

regimen 

_ 

130 
(104-
156) 

97 (44–169) 
 

 Obtained 
from a 

multicentre 
U.K. study 
of infants 

<6 months 
using the 

same 
analysis 

technique 
(174) 

 
 
 

IEC 

Days 8-10 
of life 

Control group 
 (n = 74) 

 
3 kcal/kg/d with 
dextrose (13.5 

g/kg/d), protein (3 
g/kg/d), and fat (3 

g/kg/d) 
 

PN increased over 
5 days 

26.2 ± 1.5 

PN 
protein 
the 2d 
before 

AA 
sampling 
= 4.4 ± 

1.7 

111 (86-
129) 
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Article 
Title 

(First author) 
Location Study Design 

Sample 
size 

Groups 
Gestational 

Age 
AA solution 

AA 
intake at 
sampling 
(g/kg/d) 

Primary 
outcome 

Secondary 
outcome(s) 

Plasma 
Leucine 
(µmol/L) 

Reference 
Range 

Method of 
analysis 

Sampling 
time 

6 

Plasma amino acid 
profiles in preterm 
infants receiving 
Vamin 9 glucose 
or Vamin Infant 

 
S. Mitton et al. 

(1992) 

Charing Cross 
and 

Westminster 
Medical 
School, 

London, UK 

Open 
prospective 

study. 
Randomly 

assigned to 
PN solution. 

29 

Vamin 9 glucose 
(n =18) 

29 ± 3 

Vamin 9 
glucose 

(Kabi 
Pharmacia, 

UK) 

3.2 Unclear 
primary 

Plasma AA 
levels and N 

retention 

-  

b 125 

(51 -
204) 

Breast-fed 
infants 
(226) 

111 (53 – 
169) 

IEC using a LKB 
α-amino acid 

analyser and a 
lithium buffer 

system 

Between 
8-10am on 

day 5 of 
PN 

 
Vamin Infant 

(n = 11) 
29 ± 2 

Vamin Infant 
(Kabi 

Pharmacia, 
UK) 

3.2 

b 135 

(88 - 
195) 

7 

High Protein 
Intake Does Not 

Prevent Low 
Plasma Levels of 

Conditionally 
Essential Amino 

Acids in Very 
Preterm Infants 

Receiving 
Parenteral 
Nutrition  

 
C. Morgan and      

L. Burgess (2015) 

Liverpool 
Women's 
Hospital, 

Liverpool, UK 

Single-
centre, 

Randomised 
Control 
Study 

150 
 

(126 AA 
profiles) 

SCAMP  
(n = 74) 

 
Designed to 

provide 3.8 g/kg/d 
of protein (4.3 

g/kg/d of AA) and 
105 kcal/kg/day) 

 
26.8 ± 1.3 

Vaminolact 
(Fresenius-

Kabi) 

In the 48 
hours 

prior to 
sample, 

total 
protein 
intake 

was 3.66 
± 0.63) 
g/kg/d 

To compare 
plasma AA 
profiles at 

approximately 
day 9 in 

SCAMP versus 
control 

-  

156 
(131 - 
169) 

97 (44–169) 
 

 Obtained 
from a 

multicentre 
U.K. study 
of infants 

<6 months 
using the 

same 
analysis 

technique 
(174) 

IEC 

 
Median 

(IQR) age 
of 9 (8-10) 

days 

Control group 
(n = 76) 

 
Standardized, 
concentrated 
neonatal PN 

regimen used in 
current clinical 

practice. Designed 
to provide 

2.8g/kg/d of 
protein (3.3 

g/kg/d of AA) and 
85 kcal/kg/day 

energy 

26.6 ± 1.4 

In the 48 
hours 

prior to 
sample, 

total 
protein 
intake 

was 3.03 
± 0.33) 
g/kg/d 

136 
(122 - 
156) 
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Article 
Title 

(First author) 
Location Study Design 

Sample 
size 

Groups 
Gestational 

Age 
AA solution 

AA 
intake at 
sampling 
(g/kg/d) 

Primary 
outcome 

Secondary 
outcome(s) 

Plasma 
Leucine 
(µmol/L) 

Reference 
Range 

Method of 
analysis 

Sampling 
time 

8 

Clinical trial of a 
6.5% amino acid 

infusion in 
appropriate-for-
gestational-age 

premature 
neonates 

 
E. Ogata et al. 

(1983) 

Northwestern 
Memorial 
Hospital, 

Chicago, USA 

Randomised 
Trial 

17 

New solution 
(Neopham) with 

increased 
cysteine, tyrosine 
and histidine and 

reduced NEAA 
 

(n = 9) 

28.0 ± 1.6 
Neopham 

(Cutter 
Laboratories) 

2.56 ± 
0.39 

Plasma AA 
levels 

Body weight, 
length and 

skinfold 
thickness. 

Biochemical 
and 

hematologic 
monitoring 

111 ± 
39 

- 

Unknown, used 
the method of 

Heird and 
Winters 1986 

Before AA 
infusion, 

and after 1 
and 2 

weeks of 
infusion 

Standard solution 
(Aminosyn) 

 
(n = 8) 

28.2 ± 0.7 
Aminosyn 
(Abbott 

Laboratories) 

2.69 ± 
0.47 

91 ± 20 

9 

Total Parenteral 
Nutrition in Very 
Low Birth Weight 

Infants with 
Travasol 10% 

Blend C 
 

M Pineault et al. 
(1986) 

St. Justine’s 
Hospital, 

Montreal, 
Quebec, 
Canada 

Cohort study 10 Single group 27 ± 0.5 

Travasol 10% 
blend C 

(Travenol-
Baxter 

Laboratories) 

2.61 ± 
0.02 

Plasma AA 
levels 

Blood gas,  
electrolyte, 
glucose and 

BUN 

c 68 ± 4 - 

IEC with a 
modified 

Beckman 121 
amino acid 

analyser 

Between 
9-11am 

 
After 4.6 ± 
0.3 days of 
AA infusion 
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Article 
Title 

(First author) 
Location Study Design 

Sample 
size 

Groups 
Gestational 

Age 
AA solution 

AA 
intake at 
sampling 
(g/kg/d) 

Primary 
outcome 

Secondary 
outcome(s) 

Plasma 
Leucine 
(µmol/L) 

Reference 
Range 

Method of 
analysis 

Sampling 
time 

10 

Effect of 
parenteral 
glutamine 

supplementation 
on plasma amino 

acid 
concentrations in 

extremely low-
birth-weight 

infants 
 

B. Poindexter et 
al. (2003) 

14 
participating 

National 
Institute of 

Child Health 
and Human 

Development 
Neonatal 
Research 
Network 

centres (USA) 

Multicentre 
Randomised 
Control Trial 

141 

Glutamine group 
(n = 72) 

 
Isonitrogenous 

study amino acid 
solution with 20% 

glutamine; this 
solution consisted 

of TrophAmine 
and a 

nonpyrogenic L-
glutamine powder 

26.2 ± 2.0 

TrophAmine 
(B. Braun) 

2.40 ± 
0.91 

Effect of 
parenteral 
glutamine 

supplement 
on plasma AA 

concentrations 

Plasma 
ammonia 

100 (80 
- 126) 

Term, 
breast-fed 

infants 
(111.3 ± 

27.3) (226) 
 

Preterm, 
human-
milk-fed 

infants (87 
± 14) (228) 

 
Neonates at 

29 weeks 
gestational 
age (153 ± 
36) (229) 

LBWI 
receiving 

TrophAmine 
(101.5 ± 

36.4) (296) 

IEC with post-
column 

Ninhydrin 
detection and 
an automated 

amino acid 
analyser (model 
6300; Beckman 

Instrument, 
Fullerton, CA) 

Before 
initiation 
of study 
PN and 

after the 
infant had 
received 
study PN 
for about 
10 days 

Control group 
(n = 69) 

 
TrophAmine 

26.3 ± 1.8 
2.19 ± 
1.09 

118 (89 
- 142) 
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Article 
Title 

(First author) 
Location Study Design 

Sample 
size 

Groups 
Gestational 

Age 
AA solution 

AA 
intake at 
sampling 
(g/kg/d) 

Primary 
outcome 

Secondary 
outcome(s) 

Plasma 
Leucine 
(µmol/L) 

Reference 
Range 

Method of 
analysis 

Sampling 
time 

11 

Evaluation of a 
taurine containing 

amino acid 
solution in 
parenteral 
nutrition 

 
L. Thornton and E 

Griffin (1991) 

Coombe 
Lying-In 
Hospital, 

Dublin 

Non-
randomised 
trial (the 15 

infants 
receiving 

Vaminolact 
were 

compared to 
the 10 

previous 
infants who 

received 
Vamin 

glucose) 

25 

Single group 
relevant to this 
review (Vamin 
glucose infants 

excluded because 
the mean 

gestation >32 
weeks) 

 
(n = 15) 

29.7 ± 3.6 

Vaminolact 
(KabiVitrum, 

sold as 
Vamin Infant 

in the UK) 

2.3 ± 0.2 
Plasma AA 

levels 

Other 
biochemical 

data, nitrogen 
balance, body 

weight 

166 ± 
66 

-  

Ion-exchange 
chromatography 

with a Locarte 
amino acid 

analyser 

Before 
starting 

study PN, 
after 24 

hours of an 
intake of 

2g/kg/d of 
AA, and 

again after 
three days 

1on an 
intake of   

2-5 g/kg/d 
of AA 

12 

Amino acid 
solutions for 
premature 

neonates during 
the first week of 

life: the role of N-
acetyl-L-cysteine 
and N-acetyl-L-

tyrosine 
 

J. Van Goudoever 
et al. (1994) 

University 
Hospital 

Rotterdam 
and Sophia 
Children's 
Hospital 

Rotterdam 

Randomised 
trial 

20 

Aminovenos  
(n = 10) 

31 ± 2 

Aminovenös-
N-päd 10% 
(Fresenius 

AG) 

2.3 ± 0.2 

Compare 
different AA 
solutions by 
measuring 
plasma AA. 

Special 
attention on 
tyrosine and 

cysteine 

Nitrogen 
retention and 

urinary AA 

86 ± 19 

Breast-fed, 
term 

neonates 
(226) 

 
53 – 169 

IEC with LKB 
4151 Alpha+ 
Amino Acid 

Analyzer 
(Pharmacia LKB 
Biochrom Ltd, 

Cambridge, UK) 
and LC 5000 

Biotronic 
(Munich 

Germany) 

Postnatal 
day 7 

Vaminolact  
(n = 4) 

30 ± 2 

Vaminolact 
6.5%  
(Kabi 

Pharmacia) 

2.1 ± 0.2 
102 ± 

23 

Primene  
(n = 6) 

30 ± 2 
Primene 10% 

(Clintec) 
2.2 ± 0.3 

119 ± 
29 

 

Results are expressed as mean ± standard deviation (SD) or median (Q1 –Q3) unless indicated otherwise: 
a Median (10th to 90th percentile range) 
b Mean (95% confidence intervals) 
c Mean ± SEM 
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Appendix 4 - Quality Assessment Tool 

Title: 

Author: 

Question Descriptor n/a n/r Yes Further details 

1. Internal Validity   

1.1. Does the title summarise 
the study? 

     

1.2. Does the abstract provide 
a clear summary of the 
study? 

     

1.3. Introduction/background: 
- Population clearly defined 
- Incidence given of 

condition that caused PN 
dependency 

- Driver for this study 
identified 

VPN - Gestational age and 
postnatal age provided  

    

Describes the rationale behind the 
prescription of PN in study 
participants 

    

Explanation as to why this 
particular study is being 
undertaken  

    

1.4. Was the primary 
aim/objective clearly 
described? 

     



 

XIV 

Question Descriptor n/a n/r Yes Further details 

1.5. Were any secondary 
aims/objectives clearly 
described? 

     

1.6. Was the hypothesis clearly 
stated? 

     

1.7. Was a sample size 
determination calculation 
completed? 

     

1.8. Were the eligibility criteria 
for study participants 
clear? 

     

1.9. Were the rejection criteria 
for study participants 
clear? 

     

1.10. Clear rationale for choice 
of PN/AA solution given 

     

1.11. Was ethical approval 
obtained and described 
clearly? 

     

1.12. Was patient consent 
obtained and reported 
clearly? 

     



 

XV 

Question Descriptor n/a n/r Yes Further details 

1.13. Were any co-existing 
conditions in patients 
reported? 

     

1.14. Were any baseline data 
obtained and 
measurements reported? 

     

1.15. Were adverse events 
considered? 

     

1.16. Were adverse events 
clearly reported? 

     

1.17. Was there statement on 
funding statement?  
If so, were any funding 
sources disclosed? 

     

1.18. Was there a conflict of 
interest statement?  
If so, were any potential 
conflicts of interest 
identified and adequately 
explained? 

     

2. Randomisation  

2.1. Was the sequence 
generation explained? 
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Question Descriptor n/a n/r Yes Further details 

2.2. Was the allocation 
concealment described 
and adequate? 

     

2.3. Was the blinding of 
participants, clinical staff 
and outcome assessors 
appropriate?  

     

3. Crossover Studies 

3.1. Was the order of the 
treatments randomised? 

     

3.2. Was it clear how many 
treatments or study 
periods were used? 

     

3.3. Was a suitable wash-out 
period used? 

Needed to avoid bias from a 
possible carry-over effect when 

changing from a period of one AA 
solution to the next. 

    

3.4. Were drop-outs reported 
and considered 
acceptable? 

Possible risk of bias where 
participants received one 

treatment but not the second 

    

3.5. Was a paired analysis 
completed? 

Needed to account for within 
person differences 
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Question Descriptor n/a n/r Yes Further details 

4. Manipulation  

4.1. AA solution: 
- Brand name 
- Manufacturer/company 
- Strength 
- Composition provided  

     

4.2. Was the route of PN 
administration reported? 

Peripheral versus central     

4.3. Was the duration of PN 
described/ reported? 

     

4.4. Was the composition of 
the non-protein 
components of the PN 
solution described? 

Description of the source and 
intake potentially including the 

non-protein caloric intake. 

    

4.5. Were any other sources of 
nutrients reported? 
(Formula/oral feeds) 

     

4.6. Was the timing of plasma 
AA analysis clearly stated? 

     

5. MEASUREMENT METHODOLOGY 

5.1. Was the AA analysis 
method clearly reported? 
(IEC versus HPLC) 
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Question Descriptor n/a n/r Yes Further details 

5.2. Was the type of blood 
sample described?  

Plasma sample versus DBS     

5.3. Were the instruments used 
to measure plasma AA 
described? 

Sufficient explanation of the 
method to allow for replication. 

    

5.4. Was the data completely 
reported? 

No if high drop-out rates, 
outcomes reported only for some 

groups of participants, pre- 
specified outcomes not reported. 

    

5.5. Were any confounding 
factors identified? 

     

5.6. Were the confounding 
factors considered in the 
study design/analysis? 

     

5.7. Was the patient follow-up 
sufficient? 

The effects should have been 
monitored long enough to reveal 

themselves. 

    

6. External Validity  

6.1. Are the results and 
conclusions relevant to the 
aims/objectives for the 
study? 
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Question Descriptor n/a n/r Yes Further details 

6.2. Are the results critically 
appraised in relation to 
previous work? 

Previous studies that support or 
report similar findings 

    

6.3. Are the results applicable 
to the population of the 
systematic review? 

Are the findings applicable to  
other patients in the population of 

study (VPN)? 

    

6.4. Does the study 
demonstrate: 

- Proof of concept? 
- Efficacy? 

Taking account of design and 
achieved sample size 
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Appendix 5 - Quality assessment tool findings from articles in the systematic review 

 

QUESTIONS 

ARTICLE NUMBER PERCENTAGE 
SCORE PER 
QUESTION 1 2 3 4 5 6 7 8 9 10 11 12 

1. INTERNAL 
VALIDITY 

1.1. Does the title summarise the study? Y Y Y Y Y Y Y Y Y Y Y Y 100% 

1.2. Does the abstract provide a clear summary of the study? Y Y Y Y Y Y Y n/a Y Y Y Y 100% 

1.3. Introduction/background: 
- Population clearly defined 
- Incidence given of condition that caused PN 

dependency 
- Driver for this study identified 

Y Y Y Y Y Y Y Y Y Y Y Y 100% 

N N N N N N N N N N N N 0% 

Y Y Y Y Y Y Y Y Y Y Y Y 100% 

1.4. Was the primary aim/objective clearly described? Y Y Y Y Y Y Y Y Y Y Y Y 100% 

1.5. Were any secondary aims/objectives clearly described? n/a Y n/a n/a n/a n/a n/a n/a n/a Y n/a n/a 100% 

1.6. Was the hypothesis clearly stated? N Y N N Y N Y N N Y Y N 41.7% 

1.7. Was a sample size determination calculation completed? Y Y N N Y N Y N N N N N 33.3% 

1.8. Were the eligibility criteria for study participants clear? Y Y Y Y Y Y Y Y Y Y Y Y 100% 

1.9. Were the rejection criteria for study participants clear? Y Y N N Y Y Y Y N Y N N 58.3% 

1.10. Clear rationale for choice of PN/AA solution given Y N Y N N Y N Y Y N Y Y 58.3% 

1.11. Was ethical approval obtained and described clearly? Y Y N Y Y Y Y N Y Y N Y 75% 

1.12. Was patient consent obtained and reported clearly? Y Y Y Y Y Y Y Y Y Y Y Y 100% 
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1.13. Were any co-existing conditions in patients reported? N Y Y N N Y N Y Y N Y N 50% 

1.14. Were any baseline data obtained and measurements 
reported? 

N Y N N N N N Y N Y Y N 33.3% 

1.15. Were adverse events considered? Y Y Y Y Y Y Y Y N Y Y N 83.3% 

1.16. Were adverse events clearly reported? Y Y Y Y Y N Y Y N Y Y N 75% 

1.17. Was there statement on funding statement?  
 

If so, were any funding sources disclosed? 

N Y Y Y Y N Y N Y Y N N 58.3% 

n/a N Y Y N n/a Y n/a Y N N n/a 50% 

1.18. Was there a conflict of interest statement?  
 

If so, were any potential conflicts of interest identified and 
adequately explained? 

Y Y Y N N N N N N Y Y N 41.6% 

n/a n/a N n/a n/a n/a n/a n/a n/a N Y n/a 33.3% 

2. RANDOMISATION 

2.1. Was the sequence generation explained? N Y n/a N Y N Y N n/a Y n/a N 44.4% 

2.2. Was the allocation concealment described? Y Y n/a N Y N Y Y n/a Y n/a N 66.6% 

2.3. Was the blinding of participants, clinical staff and outcome 
assessors appropriate?  

Y Y n/a N Y N Y Y n/a Y n/a N 66.6% 

3. CROSSOVER 
STUDIES 

3.1. Was the order of the treatments randomised? n/a n/a Y n/a n/a n/a n/a n/a n/a n/a n/a n/a 100% 

3.2. Was it clear how many treatments or study periods were 
used? 

n/a n/a Y n/a n/a n/a n/a n/a n/a n/a n/a n/a 100% 

3.3. Was a suitable wash-out period used? n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a - 

3.4. Were drop-outs reported and considered acceptable? n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a - 

3.5. Was a paired analysis completed? n/a n/a Y n/a n/a n/a n/a n/a n/a n/a n/a n/a 100% 
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4. MANIPULATION 

4.1. AA solution: 
- Brand name 
- Manufacturer/company 
- Strength 
- Composition provided  

Y Y Y Y Y Y Y Y Y Y Y Y 100% 

Y Y Y Y Y Y Y Y Y Y Y Y 100% 

n/a Y Y Y Y n/a Y n/a Y n/a n/a Y 100% 

N N N N N Y Y Y Y Y Y Y 58.3% 

4.2. Was the route of PN administration reported? N Y Y N N N N Y Y N Y Y 50% 

4.3. Was the duration of PN described/ reported? Y Y Y N Y N Y Y N N Y N 58.3% 

4.4. Was the composition of the non-protein components of 
the PN solution described? 

Y Y Y Y Y Y Y Y Y N Y Y 91.7% 

4.5. Were any other sources of nutrients reported? 
(Formula/oral feeds) 

N Y N N Y n/a Y n/a N Y N n/a 44.4% 

4.6. Was the timing of plasma AA analysis clearly stated? Y Y Y Y Y Y Y Y Y Y Y Y 100% 

5. MEASUREMENT 
METHODOLOGY 

5.1. Was the AA analysis method clearly reported? (IEC versus 
HPLC) 

Y Y N N Y Y Y N N Y Y N 58.3% 

5.2. Was the type of blood sample described?  Y Y Y Y N Y Y Y Y Y Y Y 91.7% 

5.3. Were the instruments used to measure plasma AA 
described? 

N Y Y N N Y N N Y Y Y Y 58.3% 

5.4. Was the data completely reported? Y Y Y Y Y Y Y Y Y Y Y Y 100% 

5.5. Were any confounding factors identified? Y Y Y Y Y Y Y Y Y Y Y Y 100% 

5.6. Were the confounding factors considered in the study 
design/analysis? 

Y Y Y Y Y Y Y Y Y Y Y Y 100% 

5.7. Was the patient follow-up sufficient? Y Y Y Y Y Y Y Y Y Y Y Y 100% 
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6. EXTERNAL 
VALIDITY 

6.1. Are the results and conclusions relevant to the 
aims/objectives for the study? 

Y Y Y Y Y Y Y Y Y Y Y Y 100% 

6.2. Are the results critically appraised in relation to previous 
work? 

Y Y Y Y Y Y Y N Y Y Y Y 91.7% 

6.3. Are the results applicable to the population of the 

systematic review? 
Y Y Y Y Y Y Y Y Y Y Y Y 100% 

6.4. Does the study demonstrate: 
- Proof of concept? 
- Efficacy? 

Y Y Y Y Y Y Y Y Y Y Y Y 100% 

Y Y Y Y Y Y Y Y Y Y Y Y 100% 

Numerical Score 32 41 35 27 34 29 35 30 30 36 35 27 - 

Total Score 42 45 45 44 44 41 44 40 41 45 41 42 - 

Percentage Score Per Paper 76.2 91.1 77.8 61.4 77.3 70.7 79.5 75.0 73.2 80.0 85.4 64.3 76.0 



 

XXI 

Appendix 6 - RCPCH Conference Abstract 

 

Title: The relationship between parenteral leucine intake and plasma leucine in very preterm 

infants dependent on parenteral nutrition. A systematic review. 

 

Authors: K. Davies 1, C. Morgan 2 

Affiliations:  

1 Department of Women's and Children's Health, Institute of Life Course and Medical Sciences, 

University of Liverpool, Liverpool, UK 

2 Neonatal Intensive Care Unit, Liverpool Women’s Hospital, Liverpool, UK  

 

Aims: 

Very preterm neonates (VPNs) are dependent on parenteral nutrition (PN) from birth. Recent 

evidence from sick term infants indicates that immediate provision of parenteral amino acids 

(AA) may be harmful and increase the risk of infection (1). The inhibition of autophagy, a 

catabolic process important in the developing immune system has been proposed as a 

mechanism. Current parenteral AA formulations used routinely in VPN result in high plasma 

essential AA (including leucine) levels, well above the normal reference range (2). Leucine is 

known to be a potent activator of the mTOR pathway, which increases protein synthesis but 

inhibits autophagy. We have previously shown how a systematic review of published plasma 

AA data can be used to calculate the optimal (higher) neonatal PN content of a single deficient 

AA (3). We adapted this methodology to investigate the relationship between PN leucine intake 

and plasma leucine levels in VPN. The aim was to quantify the relationship between parenteral 

leucine intake and plasma leucine concentration to allow the optimal (lower) leucine content 

of neonatal PN to be calculated. This would also provide a methodology to correct the 

overprovision of the other essential AA in neonatal PN.  
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Methods: 

The four databases searched were Cochrane, PubMed, Scopus and Web of Science. The 

systematic review was prepared following PRISMA-P 2015 guidelines. The PICO format was 

used to develop the search strategy. The population of interest to this review was PN-

dependent VPNs; dependency was defined as requiring a minimum of 7 days of PN. The 

intervention and comparator are low versus high parenteral leucine intakes expressed as either 

the percentage leucine content of the AA solution (%) or absolute leucine intake (mg/kg/d). 

The outcome measured was plasma leucine concentration (µmol/L). All study designs were 

eligible for inclusion, except for review articles. Only articles which reported the actual 

parenteral AA intake and measured plasma leucine concentration after day 3 (72 hours) of PN 

were eligible. The data were obtained using a data extraction form designed for this review. 

Quality assessments using a custom-designed tool and the GRADE framework were performed.  

 

Results: 

Twelve articles met the inclusion criteria, which collectively studied 650 VPNs. The dose-

concentration relationships of leucine content (%) and absolute leucine intake (g/kg/d) with 

plasma leucine concentration (µmol/L) both showed significant, moderately positive 

correlations (p < 0.05), as shown in Figure 1. Regression analysis indicated that absolute leucine 

intake was the stronger predictor of outcome. Subgroup analysis indicated that neither the 

overall study design nor the analytical method used for AA analysis affected the plasma leucine 

level.  

 

Conclusions: 

There is a linear relationship between plasma leucine concentration and both percentage 

leucine content and leucine intake (mg/kg/d) in VPNs. This work indicates that the leucine 

content of future neonatal PN solutions should be reduced to 8-9g/100gAA to achieve plasma 

AA concentrations within the reference range. This methodology can be applied to all essential 

AA.   
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Figure 1: 

 

Dose concentration relationship graph of percentage leucine content with plasma leucine concentration 

 

 

Dose concentration relationship graph of percentage leucine content with plasma leucine concentration 

 

 

References: 

(1) Lancet Child & Adolescent Health, van Puffelen E et al. 

(2) JPEN, Morgan, C. & Burgess, L  

(3) Nutrition Reviews, Premakumar CM et al. 
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Appendix 7 - RCPCH Conference e-Poster 

 

  

AIMS METHODS

A linear relationship exists between plasma leucine 
concentration and both percentage leucine content 
and leucine intake in VPN.

Using the dose-concentration relationship, the 
leucine content of neonatal PN should be reduced 
to 8-9g/100g AA to achieve reference plasma AA 
levels.

Our methodology offers a systematic approach to 
rebalancing PN formulations using the existing 
evidence base which could be replicated for the 
remaining AA.

Databases:
Cochrane, PubMed, Scopus and Web of Science

Inclusion Criteria:
• Human subjects 
• Babies born ≤32 weeks (VPN), studied for the first 

28 days of life (neonatal period)
• Infants received a minimum of 7 days PN
• Named AA solution with known % leucine content 
• Actual (vs prescribed) protein/AA intake reported
• Plasma leucine reported after day 3 (72h) of PN
• All study designs, except for review articles. 

Quality assessment was performed using a custom 
quality assessment tool and the GRADE framework.

The relationship between parenteral leucine intake and plasma leucine in very 
preterm infants dependent on parenteral nutrition. A systematic review.

K. Davies, Department of Women’s and Children’s Health, University of Liverpool
C. Morgan, Department of Neonatology, Liverpool Women’s Hospital

Very preterm neonates (VPN) are dependent on 
parenteral nutrition (PN) from birth. Current parenteral 
amino acid (AA) formulations result in plasma essential 
AA levels (including leucine) above the reference range. 

Leucine is a potent activator of the mTOR pathway, 
increasing protein synthesis but inhibiting autophagy, a 

catabolic process important in innate immunity. 

1. Quantify the relationship between parenteral leucine 
intake and plasma leucine level to allow calculation of 

the optimal (lower) leucine content of neonatal PN

2. Investigate the effect of study design and different AA 
chromatography techniques

RESULTS

8 articles used ion-exchange chromatography (IEC) and 
3 used high-performance liquid chromatography (HPLC)

The difference in plasma leucine between analysis 
methods was not significant (Figure 2). 

12 articles met the inclusion criteria (n = 650 VPN)

• Nine RCTs, one non-randomised control trial, one cohort 
study and a cross-over study

• Studies were published between 1983 and 2017 
• Sample sizes ranged from 15 to 141 VPNs 
• Infants had a minimum and maximum gestational age of 

23.7 and 33 weeks

The dose-concentration relationships of % leucine 
content and absolute leucine intake (g/kg/d) with plasma 

leucine concentration (µmoles/L) showed significant, 
moderate, positive correlations (p < 0.01).

Regression analysis indicated absolute intake was a 
stronger predictor (p < 0.05).

Figure 1 - Dose concentration relationship graph of absolute leucine 
intake with plasma leucine concentration 

Morgan, C., & Burgess, L. (2017). High Protein Intake Does Not Prevent Low Plasma Levels of Conditionally Essential Amino Acids in Very Preterm Infants Receiving Parenteral Nutrition. JPEN
Premakumar CM et al. Relationship between arginine intake in parenteral nutrition and preterm neonatal population plasma arginine concentrations: a systematic review. Nutr Rev

CONCLUSION

Figure 2 – Simple error bar of mean plasma leucine concentration 

by AA chromatography method 

y = 33.83 + 0.3*x
p = 0.001
R2 = 0.409
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Appendix 8 - EAPS Conference Abstract 

 

Title: The relationship between parenteral leucine intake and plasma leucine in very preterm 

infants dependent on parenteral nutrition. A systematic review. 

 

Authors: K. Davies 1, C. Morgan 2 

Affiliations:  

1 Department of Women's and Children's Health, Institute of Life Course and Medical Sciences, 

University of Liverpool, Liverpool, UK 

2 Neonatal Intensive Care Unit, Liverpool Women’s Hospital, Liverpool, UK  

 

Keywords: Leucine, Parenteral Nutrition, Very Preterm Neonates 

 

Background and aims: 

Very preterm neonates (VPN) are dependent on parenteral nutrition (PN) from birth. Recent 

evidence from sick term infants indicates immediate provision of parenteral amino acids (AA) 

may increase infection risk. Inhibition of autophagy is a proposed mechanism. Leucine is a 

potent activator of the mTOR pathway, increasing protein synthesis but inhibiting autophagy. 

High plasma essential AA levels (including leucine) suggest overprovision by parenteral AA 

formulations. We have published systemic review methodology that calculates the optimal 

content of arginine, a deficient AA. This was adapted to investigate the relationship between 

parenteral leucine intake and plasma leucine levels in VPN. 

 

Methods: 

Cochrane, PubMed, Scopus and Web of Science were searched regardless of study design, 

excluding review articles. Articles reporting actual parenteral AA intake and plasma leucine 

concentration after day 3 were eligible. A data extraction form was designed for this review. 

Quality assessment used a custom-designed tool and the GRADE framework.  
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Results: 

Twelve articles met inclusion criteria (n=650 VPN). The dose-concentration relationships of 

leucine content (%) and absolute leucine intake (g/kg/d) with plasma leucine concentration 

(µmoles/L) showed significant, moderate, positive correlations (p<0.05). Regression analysis 

indicated absolute intake was a stronger predictor. Subgroup analysis revealed neither study 

design nor the analytical method used for AA analysis affected plasma leucine levels. 

 

Conclusions: 

In VPN, there is a linear relationship between plasma leucine level and both leucine content 

(%) and absolute intake. Leucine content of neonatal PN should be reduced to 8-9g/100g AA 

to achieve reference plasma AA levels. The methodology can be applied to all essential AA. 

 

 

Figure 1 - Dose concentration relationship graph of absolute leucine intake with plasma leucine concentration 
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1. Protocol summary 

Title 

The effect of increased Preterm Arginine INTake on biological pathways affecting immune function in infants 

requiring early parenteral nutrition (PAINT-18 ) 

Population 

Preterm infants <29 weeks gestation and/or <1200g 

Number of infants	 

24 infants (completing the study) will be recruited over approximately 12 months 

Number of sites 

One. Infants will be born at Liverpool Women’s Hospital (LWH) or transferred to LWH within 48 hours of birth. 

Study duration 

Informed consent will take place antenatally, where possible, or within 72 hours of birth. The first study related 

blood sample will be taken on day 3 of life with the last sample taken on day 30 of life. Other study assessments 

reflect those routinely performed in preterm infants receiving parenteral nutrition (PN). 

Study intervention 

All infants will receive standard clinical treatment.  8 infants will receive PN with Primene (AA-P) as the amino 

acid base, with 8.3% arginine content, and 16 infants will receive PN with additional arginine in the PN bag at a 

concentration of 18%. These 16 infants will be sub-stratified into two groups based on gestational age (23-26 

weeks and 27-29 weeks).  

Primary objective 

To examine the changes in gene expression present in arginine supplemented infants <29 weeks’ gestation and/or 

<1200g between day 3 and day 30 of life. The changes in gene expression will be compared with those seen 

between day 3 and day 30 in unsupplemented infants. The genes of interest are those involved in immune function 

and inflammatory pathways. 

 

Secondary objectives  

1. To explore other biological pathways 

 i) known to be involved in the pathogenesis of necrotising enterocolitis 

 ii) involved in arginine metabolism 

 iii) that are related to the insulin-IGF-I axis 

2. To determine the changes in metabolomic profiles of these infants during the first 30 days of life. 

3. Growth and body composition data during study period. 
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2. Background 

Amino acids (AA) are essential for the development of body structures and for growth. Babies born prematurely 

often have abnormal development and poor growth. Optimising amino acid intake following preterm birth is 

essential but understudied. AA can be categorised into essential, non-essential and conditionally essential. 

Individual AA requirements for preterm infants dependent on parenteral nutrition (PN) are not known except for 

tyrosine. cysteine, tyrosine, glutamine, arginine, proline, glycine and taurine are regarded as conditionally essential 

in the preterm infants1. Little work has been done on the optimal PN AA formulation for preterm infants, although 

individual AA deficiency and its potential impact on protein synthesis and growth, is well recognised1,2. Arginine 

plays a vital and versatile role in nutrition and metabolism. Preterm infants have underdeveloped arginine-synthetic 

pathways and reduced intestinal mass for arginine production3. The limited enteral synthetic pathway means 

arginine is an essential AA for the PN-dependent preterm infant4,5. Moreover, it has been suggested that preterm 

arginine requirements may be higher than healthy term infants. This reflects both increased growth (tissue proteins 

have a high arginine content - 14% AA3) and the central role of arginine in several metabolic pathways6. It is 

unclear how this relates to plasma arginine levels, but these are likely to represent a balance between arginine 

intake, AA intake and arginine synthesis and the demands of protein synthesis and the multiple metabolic pathways 

for arginine utilisation7. The latter includes providing substrate for nitric oxide (NO) synthase and is essential for 

ammonia detoxification through the hepatic urea cycle. Very high ammonia levels affect brain function but this is 

only seen during inborn errors of metabolism. Severe hyperammonaemia results from preterm arginine deficiency 

and is reversed by arginine supplementation8-10. Asymptomatic hyperammonaemia in the preterm infant is 

relatively common and also responds to supplementation11. High ammonia levels (>100µmol/l) are therefore 

associated with low plasma arginine levels and suggest a functional arginine deficiency rather than simply a 

biochemical derangement. 

 

Low plasma arginine levels may play a role in immune function12, necrotising enterocolitis13,14 (NEC), pulmonary 

disease15 and are associated with hyperglycaemia16. In animal models, arginine deficiency results in growth 

failure17-19Low plasma arginine levels have been reported in both adults and children with severe sepsis.20-22 A 

recent review of serious infection in neonates hypothesised that arginine plays a key role at the interface of the 

local and systemic immune responses to gut-derived sepsis.23,24 Arginine depletion has been shown to have effects 

on T-cell function and immune-signalling may also be affected by the consequent reduction in NO synthesis.25-27 

Low arginine levels result in downregulation of the T-cell receptor z-chain in addition to reduced T-cell 

proliferation and impaired cytokine secretion.25,26,28 One small randomised-controlled trial of arginine 

supplementation in preterm neonates has shown a reduction in the incidence of NEC and others have associated 

hypoarginaemia with NEC.13,14,23 

 

Insulin-like growth factor 1 (IGF-I) has also been suggested as a key regulator of neonatal immune responses in 

maturation processes and inflammation by suppressing proinflammatory Th1 responses.29 IGF-1 has also been 

shown to be involved in cord blood T-cell maturation and additionally demonstrates anti-apoptotic effects.30 

Postnatal IGF-1 levels are known to be correlated with neonatal protein and nitrogen balance31,32 and it is possible 

there is a mechanism where arginine effects T-cell function directly and also via the IGF-1-insulin axis. 
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Table 1: Arginine content of parenteral and enteral nutrition 

 

Amino acid source PN AA usage in  

UK level 3 NICU 

Arginine content 

(g/100gAA) 

Vaminolact (AA-V) 

Primene (AA-P) 

Trophamine (AA-T) 

Aminoplasmal-Paed (AA-A) 

Human milk 

Formula 

83% 

15% 

Unlicensed in UK 

Recently licensed in the UK 

- 

6.3 

8.3 

12.0 

9.2 

3.9 

3.8-4.0 

 

Arginine deficiency is common in preterm infants. The combination of reduced synthesis and higher demand leaves 

the PN-dependent preterm infant vulnerable to arginine deficiency. Table 1 shows that neonatal PN has a higher 

arginine content than human milk33 but optimal AA formulation is unknown34. We have shown that plasma 

arginine levels are critically low in very preterm infants receiving PN AA formulations licensed in the UK35. Table 

235 shows that the arginine deficiency remains even after hyperalimentation (optimising total protein/energy 

intake).  

Table 2: Control (C) and hyperalimentation (H) PN groups compared in two RCT: 

Daily protein and arginine intake and plasma arginine levels 

 

Study 

 

Group 

 

Birthweight 

(g) 

Protein intake 

(g/kg/day) 

Arginine intake 

(mg/kg/day) 

Plasma arginine 

(micromol/l) 

RCT1 

(AA-P) 

CPN (n=50) 

HPN (n=52) 

870 (167) 

858 (166) 

2.6 (0.4) 

3.0 (0.5) 

201 (44) 

230 (55) 

42 (26-61)* 

47 (29-75)* 

RCT2 

(AA-V) 

CPN (n=62) 

HPN (n=45) 

868 (174) 

917 (157) 

3.0 (0.2) 

3.6 (0.5) 

175 (14) 

215 (32) 

34 (21-45)** 

40 (25-53)** 

*p=0.19 **p=0.21 

Very premature infants are at particularly high risk of early postnatal growth failure36. The deficiency of a single 

AA may undermine strategies to improve growth by impairing protein synthesis. In addition, the current population 

of PN-dependent preterm infants are a very different population to that originally described with 

hyperammonaemia responsive to arginine supplementation11. Plasma ammonia levels have been related to arginine 

intake and plasma arginine levels13,14 in North American studies in very preterm infants. However, the PN 

formulation (AA-T) used in these studies has an arginine content twice that of current UK formulations (Table 1). 

The plasma levels of arginine were therefore much higher than reported in infants receiving UK formulations 

(Table 2).  Physiological studies in PN-dependent preterm infants are required to establish the importance of low 

plasma arginine levels (and therefore potential arginine deficiency) in impaired immune function and suboptimal 

postnatal metabolic adaptation. Given the urea cycle is a key metabolic pathway affected by arginine deficiency, 

measuring metabolites that indicate suboptimal urea cycle function may be a useful way of identifying clinically 
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important arginine deficiency. It is clear plasma ammonia levels are one example of an important metabolic marker 

of arginine deficiency but metabolomic profiles offer a further novel way to explore a whole range of intermediate 

metabolites in the urea cycle and other metabolic pathways. This will provide the biochemical markers to allow the 

PN arginine intake of very preterm intake to be optimised so that deficiency can be avoided.  

Metabolomics is the global analysis of endogenous and exogenous metabolites (<1.5kDa) within a biological 

sample37 with the potential to study the influence of plasma arginine on metabolism. Metabolomics has been 

applied to study complications of pregnancy38 and has shown the importance of another metabolite, myo-inositol, 

in IGF-1 signalling and growth in children born SGA39.  Comparing the metabolomes of very preterm infants with 

different plasma arginine levels would allow a wide range of metabolic pathways to be investigated (for example, 

urea cycle intermediates) providing data not available from routine biochemical analysis. The metabolomics 

analysis done by nuclear magnetic resonance (NMR) provides absolute measurements as opposed to mass 

spectrometry which provides relative values and the Slupsky Lab at the University of California, Davis, is one of 

few laboratories that have expertise in infant nutrition-related NMR data. 

In the first study of this series of physiological studies, (PAINT), we used the technique of microarray and complex 

bioinformatics analysis to assess the changes in gene expression seen between day 3 and day 10 of life in arginine-

supplemented and unsupplemented infants. The analysis of this data has directed us towards important immune and 

inflammatory pathways that are likely to be changing.  This enables us to focus on these pathways in future studies 

and to utilise multiplex gene expression panels that will focus on identifying changes in immune and inflammatory 

pathways.  

The previous physiological studies our group have undertaken (PAINT and PAINT-NH4) delivered additional 

arginine ranging from 12 to 15%, initially as a supplementary infusion and then within the PN bag.  We found that 

even with the 15% arginine supplement many babies still did not achieve adequate plasma arginine levels. The 

gene expression changes in infants with plasma arginine levels within the normal range compared to infants with 

low plasma arginine levels exhibited changes in certain immune function pathways similar to the changes seen over 

the first 10 days of life. This suggests a possible augmentation of the postnatal immune function development in 

infants with normal (versus low) plasma arginine levels and merits further investigation.  Recently, more units 

within the UK have been changing to Primene as their AA source as it has a longer shelf-life. We therefore need to 

examine if the changes seen in the previous PAINT study using Vaminolact as the AA source are replicated using 

Primene as our AA source and additionally whether further increasing the arginine content within the PN bag to 

18% can optimise the amino acid profile and result in similar gene expression profile changes. Alongside the gene 

expression work our group has been looking at the metabolomic profiles in plasma, urine and faeces in these 

infants in relation to arginine level to help in understanding the metabolic fate and consequences of arginine 

supplementation. Preliminary analysis of these metabolomics results suggest that those infants that improve their 

plasma arginine levels after supplementation exhibit different plasma metabolomic profiles than the 

unsupplemented infants. 
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Hypotheses 

The extent of arginine deficiency is not known in contemporary practice using PN regimens that have been 

optimised for macronutrients. Further development of PN requires an understanding of the extent and consequences 

of arginine deficiency. Physiological studies in PN-dependent preterm infants are required to establish the 

importance of low plasma arginine levels (and therefore potential arginine deficiency) in suboptimal postnatal 

metabolic adaptation. Given the urea cycle is a key metabolic pathway affected by arginine deficiency, measuring 

metabolites that indicate suboptimal urea cycle function may be a useful way of identifying clinically important 

arginine deficiency. Metabolomic profiles offer a novel way to explore a whole range of intermediate metabolites 

in the urea cycle and other metabolic pathways. The time course of ammonia, arginine and other analytes will 

indicate when any deficiency and altered metabolism occurs. This will provide the biochemical markers to allow 

the PN arginine intake of very preterm intake to be optimised so that deficiency can be avoided.   

Primary hypothesis: We hypothesise that arginine supplementation will result in changes in gene expression that 

are consistent with changes in T-cell function and associated inflammatory pathways. 

Because the immune/metabolic pathways of interest are clearly defined, the multiplex PCR panel analysis allows 

the exploration of secondary hypotheses: 

1. Arginine supplementation will alter gene expression that is consistent with changes in the inflammatory 

pathways known to be involved in the pathogenesis of NEC. 

2. Arginine supplementation will alter gene expression relevant to metabolic pathways involving arginine 

metabolism. 

3. Arginine supplementation will alter gene expression relevant to metabolic pathways involving the IGF-1-

insulin axis. 

Further secondary hypotheses in relation to metabolomics are: 

4. Arginine supplementation will alter the metabolomics profile for the urea cycle as well as other metabolic 

pathways in infants on PN during the first 30 days of life 

3. Study design  

This is a single centre exploratory physiological study. All participants will be managed in accordance with 

existing local protocols. The study intervention is administering a PN with a higher concentration of arginine and 

the study will involve the collection of additional blood samples for gene expression and metabolomic analysis, and 

urine and faeces samples for metabolomic analysis. The period of observation is 30 days and will include collection 

of all routine clinical data pertinent to the management of nutrition, metabolism and immune function including 

growth and body composition data..  Eight of the infants in the study will receive standard PN with Primene as the 

AA base and 16 infants (sub-stratified into two gestational age brackets) will receive the study intervention PN. 

The comparison of these formulations is considered in Table 3. All babies will have the same blood samples 

collected. 

 

Table 3: Composition of PN solutions – standard (control) and study intervention PN 
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Vaminolact 

6.3% Arginine 

[control PN]  

18% Arginine 

[intervention PN] 

Ingredient  Volume (mL) Volume (mL) 

Glucose 70% 51 51 

Water for Injection 20 39.8 

Vaminolact 196 168.5 

Sodium chloride 30% 0 0 

Sodium glycerol phosphate 21.6% 6 6 

Sodium acetate 30% 0 0 

Potassium salt 

3 (as Potassium 

Chloride 15%) 

1.2 (as Potassium 

Acetate 49%) 

Magnesium sulphate 10% 1.6 1.6 

Calcium gluconate 10% 20 20 

Peditrace 2.4 2.4 

Arginine hydrochloride 20% 0 9.5 

   

Total Volume 300 300 

 

3.1 Primary endpoint 

The pattern of alteration in gene expression between days 3, 10 and 30 in arginine deficient preterm infants after 

correction of their deficiency by supplementation with arginine. The changes in gene expression will be compared 

with those seen in unsupplemented infants. The genes of interest are those involved in T-cell function and 

associated inflammatory pathways. 

 

3.2 Secondary endpoints  

Secondary endpoints include: 

a) To explore biological pathways known to be associated with NEC. 

b) To explore biological pathways known to be involved in arginine metabolism. 

c) To explore biological pathways that are related to the IGF-1-insulin axis. 

d) Whether intermediates in arginine metabolism vary according to ammonia and arginine levels and arginine 

supplementation. 

e) The difference in blood ammonia and plasma arginine levels between days 3, 10 and 30 and the difference 

in metabolomic profiling particularly in relation to urea cycle intermediates. 

f) To assess if there is a link between low plasma arginine levels and other metabolic pathways that we have 

not anticipated in the original hypothesis. 

g) To explore growth and body composition changes during the study period. 

3.3 Study endpoint 

The final study endpoint, after which the study will be closed, is the completion of analysis of study-related data.  
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4. Study population 
 

4.1 Inclusion criteria 

Infants born <29 weeks’ gestation and/or with birthweight <1200g and who are admitted to the Neonatal Unit at 

Liverpool Women’s Hospital within 48 hours of birth. 

 

4.2 Exclusion criteria 

a) Infants who are unlikely to survive the first week after birth.  

b) Infants known (or suspected to have) a diagnosis of inborn error of metabolism or serious liver dysfunction 

c) Parents who are unable to give informed consent  

 

5. Enrolment and recruitment 

5.1 Eligibility and consent 

Eligible patients will be identified by the clinical team and highlighted to the research team. The parent/guardian(s) 

of each potentially eligible patient will be approached (ideally both parents/guardians if appropriate) antenatally, 

where possible, or postnatally when the baby has been stabilised on the neonatal unit. The Investigator will explain 

the study fully to the patient’s parent(s)/guardian(s) using the Patient Information Leaflet. The parent/guardian(s) 

will be able to ask the investigator questions to clarify what the study involves. They will then be given some time 

(minimum 1 hour) to discuss the information without the investigator present. The parent/guardian(s) will be 

requested to write any further questions down on the back of the information sheet. The investigator will then 

return and request written consent if the parents are willing for their infant to take part and the investigator is 

satisfied the parents understand the study. If more time is requested then the study information can be considered 

for a period up to 72 hours from birth. The Informed Consent Form will be signed and personally dated by both a 

parent/guardian and the investigator. A copy of the signed form will be provided to the parent(s)/guardian(s), 

another copy will be placed in the patient record, and the original retained with the research record. Nursing and 

medical staff may be involved in describing clinical aspects of the study to parent(s)/guardian(s), particularly where 

clarification of routine clinical management of PN delivery is required. 

 

5.2 Patient treatment and management 

The nature of this study will be explained as part of the consent process. The exact additional quantities of blood 

required for research purposes will be explained, as well as the process for collecting the blood, urine and stool 

samples. All additional blood sampling will be taken at the same time as routine clinical samples so as not to 

increase the number of episodes of blood sampling.  
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6 Assessments and procedures 

6.1 Study schedule 

Consent will be sought within 72 hours of birth. Following consent, all required study data for the period since 

birth will then be entered on the appropriate CRF including the growth measurements at birth. The study schedule 

is summarised in Table 4. The process of collecting large amounts of routine monitoring data has been evaluated 

and refined in a previous study.   

 

Table 4: Study schedule for the PAINT-18 study 

Day Study Nutrient and 

infusion data 

Study PN Plasma AA 

levels 

Blood for gene 

expression 

Metabolomics 

 

1 Consent • •*    

2 Consent • •*    

3 Consent • • • • • 

4  • •    

5  • •    

6  • •    

7  • •    

8  • •    

9  • •    

10  • • • • • 

11  • •    

12  • •    

13  • •    

14  • •    

15  •     

16  •     

17  •     

18  •     

19  •     

20  •     

21  •     

22  •     

23  •     

24  •     

25  •     

26  •     

27  •     
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28  •     

29  •     

30 End •  • • • 

 

* Study PN will be administered from time of consent (which may mean from Day 1 of life if antenatally recruited) 

and will stop on Day 14 or earlier if adequate enteral feeds achieved earlier 

 

6.1.1 Intravenous/enteral nutrition, fluid and drug infusion data 

The hourly volume of each component of the intravenous/enteral nutrition, fluid and drug infusions is captured on 

routine nursing charts and will be transferred onto a daily paper CRF. Each 24 hour period will start at the time of 

birth and data will be collected for 30 completed days after birth. 

 

6.1.2 Biochemical/nutritional monitoring 

Biochemical and nutritional monitoring will follow the protocol outlined in the LWH NICU PN guidelines. This 

will include routine growth measurements and body composition data measured by electrical impedance (Bioscan 

Touch i8 Nano, Maltron Ltd). Data will be collected from the electronic patient record and recorded on the 

appropriate paper CRF for 30 days. 

 

6.1.3 Infection monitoring 

Monitoring for infection will follow the protocol outlined in the LWH NICU guidelines for infection. Daily CRP, 

white cell count (and neutrophils) and platelet data will be recorded in medical record and transcribed to the 

appropriate CRF for 30 days from birth. Blood culture results will be recorded on the day of sample in the medical 

record and will be transcribed onto the CRF until day 30. 

 

6.2 Blood sampling and processing 

PN blood tests: Routine biochemical monitoring will take place in accordance with LWH PN guidelines. An 

additional plasma AA level (0.2ml) will be collected on day 30 of life. All routine blood samples will be processed 

according to standard practice and sent to the laboratories at the Alder Hey Children’s Hospital. These results will 

be entered into the medical record. Results will be transcribed onto the CRF. 

 

6.2.1 Blood ammonia analysis  

Blood ammonia levels (blood spot) will be performed using point of care (POC) testing device (PocketChem BA 

analyser) on days 3, 10 and 30. The timing of individual samples may be adjusted by +1 day if clinically indicated 

sampling (eg timing of AA sampling) dictates this is desirable. Blood ammonia levels >100µmol/l will require 

repeat testing and then laboratory verification (and clinical advice from Alder Hey Children’s Hospital) if 

confirmed. 

  

6.2.2 Blood for RNA extraction for gene expression analysis 
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Blood samples (0.2ml) will be taken on days 3, 10 and 30 of life for RNA extraction for gene expression analysis. 

The sample will be collected in conjunction with routine clinical AA levels. The timing of individual samples may 

be adjusted by +1 day if clinically indicated sampling (eg timing of AA sampling) dictates this is desirable. 

Samples will be processed and stored at Liverpool Women’s Hospital. 

 

6.2.3 Metabolomics 

A blood sample for metabolomics analysis will be collected on days 3, 10 and 30 of life, at the same time as the 

other study bloods, with a total blood sample volume of 3.45 ml/kg (split between all study samples and the three 

timepoints). The timing of individual samples may be adjusted by +1 day if clinically indicated sampling (e.g. 

timing of AA sampling) dictates this is desirable. Where possible (depending upon availability) urine and faeces 

samples will be collected on the same days. Samples will be stored and transported as a batch for analysis at 

Department of Nutrition laboratories (University of California, Davis, USA).  

 

6.3 Study PN containing 18% arginine 

The infants will receive study PN from the time of their recruitment until day 14 of life (most infants will be on 

mainly enteral milk feeds by this time). The amount of arginine delivered will not exceed that which has been used 

in a previous study of arginine supplementation and for which there were no reported side effects or safety 

concerns. 

 

7 Safety and adverse event reporting 

7.1 Safety assessments 

Adverse events are relatively common in this patient group due to immaturity and to concomitant disease 

processes. Routine clinical monitoring will be used to ensure that biochemical monitoring stays within limits 

defined within LWH clinical guidelines. Abnormal amino acid profiles are discussed with a biochemist. The levels 

of PN macronutrients are defined in standard protocols and have been used in several previous studies without 

safety concerns. Should an adverse event occur in a baby receiving the additional arginine infusion the details will 

be referred to a consultant neonatologist to act as an independent clinical assessor. 

7.2 Recording safety information 

High blood ammonia (>280µmol/l) can be a sign of rare inborn errors of metabolism. Given blood ammonia levels 

will be available from POC within minutes of testing there will be a SOP to follow for blood ammonia levels 

>100µmol/l to ensure appropriate clinical biochemical advice at the Alder Hey Children’s Hospital is obtained and 

further investigations are performed if required. 

 

 

8 Ethical Considerations 
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The study will abide by the principles of the World Medical Association Declaration of Helsinki (1964) and 

subsequent amendments. The study will be conducted according to ICH Good Clinical Practice and the NHS 

Research Governance Framework. 

 

 

 

8.1 Main ethical considerations  

a) Time at which consent is obtained. Clearly, obtaining informed consent antenatally or within the first 72 

hours of life from parents whose child will/has been born very prematurely requires experienced 

clinicians/nurse specialists who are experienced at imparting information to parents in times of extreme 

stress. It is expected that consent will be obtained by the dedicated clinical research fellow in all but 

exceptional circumstances. In these exceptional circumstances, informed consent will be obtained by the 

chief investigator or other experienced clinical/research worker specifically trained to take consent for this 

study. It will be clearly explained to parents that they may remove their child from the study at any time. 

b) Informed consent from a neonatal population. The parent or legal representative of the child will have an 

interview with the investigator (see above) during which they will be given time to understand the 

objectives, risks and inconveniences of the study and the conditions under which it is to be conducted. 

They will be provided with written information and contact details of the local study personnel should they 

require additional information. 

c) Additional blood sampling (0.05mL for ammonia blood spot, 0.2 mL for gene expression analysis, 0.6-

1.2mL for metabolomics (dependent on baby’s weight). Total study specific blood sampling will be 

equivalent to 3.45mL/kg over 30 days. There is no reason to think that this extent of blood causes any harm 

in the study population. Heidmets et al found that sampling 2.3 mL / kg over 12 hours during a 

pharmacokinetic study in this population did not have any effects on haemodynamic parameters or 

transfusion requirements.40 The European Medicines Agency guidelines for blood sampling suggest that 

reasonable limits for sampling are 2.4 mL/kg per 28 days.41  

d) Routine blood sampling. Most blood tests required for this study are taken in the course of routine clinical 

practice. While this study does require extra blood to be sampled, extra sampling episodes will be avoided 

by simultaneous study and routine blood sampling. 

e) Additional arginine content in PN. The arginine has been stability tested both within the PN bag and 

alongside other infusions to ensure compatibility with other routine neonatal infusions. Our previous work 

has delivered up to 15% arginine with no concerns of side-effects. There is no evidence that arginine 

supplementation at this level confers any safety concerns.  A published study in neonates delivered arginine 

of 20mg/kg/hour and did not report any adverse effects associated with that level of arginine 

supplementation.13 

f) Additional samples in the form of urine and faeces will be collected from the infants. This will be analysed 

for metabolomics. Collecting these samples will be at times of routine cares and will have no additional 

impact on the infant.  

 

8.2 Ethical approval 
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Ethical approval will be sought from the Local Research Ethics Committee (LREC) via the IRAS application 

system. 

 

8.3 Informed consent 

This process is outline in section 5.1 

9 Statistical analysis 

9.1 Sample size 

A sample size of 24 is based on similar scale physiological studies that indicate that this sample size provides 

sufficient information on alterations in gene expression and amino acid metabolism in very preterm infants. 

9.2 Primary analysis 

The primary outcome of the study is looking at gene expression in infants receiving increased arginine content. The 

control group of patients will enable the changes in gene expression to be interpreted by excluding confounders, 

such as routine changes in gene expression in the first 30 days of life.  

9.3 Secondary outcomes 

Alterations in gene expression between days 3, 10 and 30 of life in the same patients will be explored and 

alterations in gene expression between those babies with low and normal arginine levels. Primary and secondary 

analyses will be further interpreted using the accompanying nutritional intake data (arginine, protein and energy 

intake).   

The secondary outcomes of the study related to metabolomics will be assessed by stratifying infants according to 

plasma arginine level and postnatal age to allow variation in metabolomics profiles to be explored (e.g. comparing 

the urea cycle intermediates between the 1st and 4th quartiles of plasma arginine levels and also between days 3, 10 

and 30). 

 

10 Study Monitoring  

 

10.1 Risk Assessment 

In accordance with The Sponsor’s requirements this study will undergo a risk assessment completed in partnership 

between LWH R&D department and the Principal Investigator. In conducting this risk assessment, the contributors 

consider potential patient, organisational and study hazards, the likelihood of their occurrence and resulting impact 

should they occur. 

 

10.2 Source documents 

The source documents will be either the medical record or the case record forms (CRFs). The medical record has 

several components: 

a) written records made at the bedside by nursing staff (medication administration, fluid administration); 
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b) written records made by medical staff or advanced neonatal nurse practitioners (prescriptions for 

medication and PN); 

c) the unit patient data management system (BadgerNet) (all other observations made by the clinical team 

including the results of laboratory and imaging investigations); 

The source data for the study will be held in the medical record with the exception of the following pieces of 

information for which the CRF will be the source document: 

i) Blood ammonia levels 

ii) Metabolomic profiles 

iii) Gene expression data 

The date(s) of conducting the informed consent process including the date of provision of parent information, date 

of written consent and the fact that the patient is participating in a research study will be added to the patient’s 

medical record chronologically.  

 

10.3 Data capture methods 

A paper case report form is the primary data collection instrument for the study. The CRF will have several 

components. All data requested on the CRF will be recorded. All missing data will be explained. If a space on the 

CRF is left blank, N/D will be entered. If the item is not applicable to this case then N/A will be entered. All entries 

will be printed legibly in black ink. If any entry error has been made, to correct such an error, a single line will be 

drawn through the incorrect entry and the correct data entered above it. All such changes will be initialled and 

dated. Errors will not be erased (or whited out).  

 

Data will be transferred to a database using a front-end designed to minimise data entry error.  

 

10.4 Site monitoring by the sponsor 

The R&D Department, Liverpool Women’s Foundation Trust will receive copies of the patient consent form within 

one week and regular checks of consent records in patient notes will be made. CRF data will be checked for 

adherence to the study protocol, missing or unusual values (range checks) and consistency within participants over 

time. Discrepancies that have been raised will be queried. 

 

The Principal Investigator will review rates of recruitment, missing outcome data, SAEs, ADR, study withdrawals. 

The Sponsor’s Standard Operating Procedures for protocol breaches and urgent safety measures will be adhered to. 

 

10.5 Confidentiality 

Individual participant medical information obtained as a result of this study is considered confidential and 

disclosure to third parties is prohibited with the exceptions noted below. Case report forms (CRF) will be labelled 

with the study identification number. Medical information may be given to the participant’s medical team and all 

appropriate medical personnel responsible for the participant’s welfare. 

 

10.6 Quality assurance, quality control and audit 
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Quality assurance for the study will be provided by the R&D Department at LWFT in line with its policies and 

SOPs. Where independent audit is required this will be commissioned by the R&D Department, Liverpool 

Women’s Foundation Trust.  

 

 

 

 

10.7 Records retention 

The Chief Investigator will make arrangements to store the essential study documents including the Investigator 

Site File for 20 years. LWFT will be responsible for archiving the medical record. The R&D Department at LWFT 

will store completed CRFs for the same period. 

 

10.8 Data governance 

Data collected from the babies involved in the study will be anonymised and thereafter shared with collaborators at 

the University of California for the laboratory analysis work of the metabolomics. This would mean that 

anonymised data of the participants of the study will leave the European Union (EU).   

 

11 Regulatory approval 
 

The study will be submitted for ethical approval via IRAS. All further substantial amendments will be submitted to 

the LREC. We have considered carefully whether this study is a Clinical Trial of an Investigational Medicinal 

Product (CTIMP).  The purpose of the study is to examine the effects of arginine on gene expression. We are not 

examining the clinical efficacy or the safety of arginine or its pharmacological effects or disposition.  Having 

consulted the MHRA’s algorithm 

(https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/317952/Algothrim.pdf)  

we believe that this study is a study about the physiological effects of arginine and that this study is not a CTIMP.  

This has been confirmed in an email from the MHRA. 

 

12 Indemnity 

The co-sponsor Liverpool Women’s Hospital NHS Foundation Trust has insurance coverage for liabilities relating 

to harm caused by negligence in the design or management of the study under the terms of the NHS Clinical 

Negligence Scheme for Trusts. The sponsor does not provide cover for liabilities relating to non-negligent harm.  

 

13 Publication policy 

Primary responsibility for preparing publications for the study will lie with the Principal Investigator. It is expected 

that all other investigators will contribute at all stages of project design, execution, analysis and interpretation so 
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that all investigators named in section 1 will be authors on all publications relating to the aspects of the project with 

which they are associated. This does not preclude other authors from being involved. 

14. Amendments 

Proposed amendments to version 1.0 (changes in red in the protocol): 

1. Change of PI from Dr Laura Burgess (now co-investigator) to Dr Frances Callaghan  

2. Addition of new co-investigators: Diane McCarter, Keziah Davies and Lauren Williams (the latter replaces Sarah Murray) 

3. Parenteral amino acid source changed back to Vaminolact (to be consistent with previous PAINT and PAINTNH4 studies): 

Table 3 

4. Growth and body composition measurements specified as a secondary outcome (sections 1, 3.2 (g) and 6.1.2) 
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