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A B S T R A C T

Parenteral nutrition (PN) has been a key component of neonatal care for preterm infants since the 1980’s and 
provides macronutrients for growth, along with electrolytes, minerals, vitamins and trace elements. In this article 
we consider common issues with routine provision to very preterm infants including estimation of nutrient re-
quirements, optimal starting doses of PN, rates of increase and maximum intakes. We consider monitoring 
strategies and outline common complications which may be serious and fatal. Finally, we consider risk-benefit 
ratios in different populations of preterm infants, and outline some of the major uncertainties in current practice.

Practice points
→ Parenteral nutrition (PN) can be started on admission to the 

Neonatal Intensive Care Unit (NICU) for most very preterm 
infants.

→ Starting doses of 1–2 g/kg/day of amino acids and 1–2 g/kg/day 
of intravenous lipid are usually well tolerated.

→ PN improves growth and lean mass accretion whilst enteral 
feeds are being established.

→ Enteral nutrition is always preferable to PN when milk feeding is 
safe and well tolerated.

→ PN requires biochemical monitoring and robust clinical gover-
nance to reduce risks, some of which can be serious or fatal.

Research agenda
→ Optimal PN macronutrient intakes for very preterm infants
→ PN needs during critical illness

→ Long term cognitive and metabolic outcomes of differing PN 
regimes

→ Cognitive impact of newer multicomponent intravenous lipids
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→ Benefits and risks of PN in moderately preterm infants

1. Historical development of parenteral nutrition

Good nutrition improves survival and outcomes of very preterm in-
fants (VPI). Before parenteral nutrition (PN) became available, VPIs 
unable to tolerate enteral nutrition died from malnutrition. Dudrick 
et al. (1968) was the first to report an infant with small bowel atresia 
maintained solely on PN for 44 days [1]. The PN mixture was composed 
of protein hydrolysates and glucose, but in the 1980s crystalline amino 
acid (AA) solutions became available and were better tolerated. Prac-
tical advances occurred in the late 1980s when fine-bore peripherally 
inserted central catheters (PICCs) became common. Since these early 
developments, nutrition science has developed rapidly, yet the optimal 
PN regime for preterm infants remains to be determined.

2. Estimating amino acid and protein needs in preterm infants

Various approaches are used to determine macronutrient re-
quirements and tolerance in VPIs, but all methods involve assumptions. 
Furthermore, whilst there is general agreement on intake recommen-
dations for many nutrients, AAs remain the subject of substantial debate.

PN solutions are composed of AA, yet intakes are often discussed in 
terms of ‘protein’. Most nitrogen containing molecules in humans are 
AA, but the interconversion of AA and protein introduces small differ-
ences to estimates. Moreover, many studies overlook the hydration 
factor of AA in PN, leading to an overestimation of actual protein intake. 
When AA in PN form protein polymers, about 15 % of their weight is lost 
as water [2]. Consequently, a certain amount of AA yields less mass as 
protein. Humans require essential AA (EAA) provided in the diet, though 
non-essential AA (NEAA) can be formed in the body if there is a source of 
nitrogen and other necessary substrates. However, even these NEAA can 
become essential if the metabolic capacity cannot synthesize adequate 
amounts, rendering them ‘conditionally essential’ and so must be at least 
partially provided in the diet.

In-utero the major nitrogen source are transplacental actively- 
transported AA, apart from for small amounts of desquamated cells 
swallowed in the amniotic fluid and fetal uptake of ammonia and urea. 
Calculation of transplacental AA flux is complex but estimates of 
transplacental AA delivery are around 3.5–4.0 g/kg/day protein- 
equivalent which is grossly similar to the estimated ‘protein’ need ex- 
utero after 24 weeks [3,4]. High in-utero AA supply may support 
metabolic flexibility, and excess plasma AA are catabolised as an energy 
source. Intrauterine caloric requirements are lower than ex-utero as only 
limited energy is required for breathing, anti-gravity movements, and 
heat generation for example.

3. Factorial approach and in-utero fetal body composition

Protein requirements can be calculated using the factorial approach 
based on estimating the body composition of a ‘reference fetus’ at spe-
cific gestations, and AA intakes required for lean mass accretion ac-
counting for any losses [5]. Ex-utero, protein may be lost in 
desquamated gut epithelial cells in the stool, blood withdrawals, and 
other secretions, but the major source of nitrogen loss is as urea in the 
urine. Protein accretion is approximately 2 g/kg/day in the third 
trimester, yet urinary losses ex-utero are ~1.0–1.5 g/kg/day; these data 
alone suggest that PN protein requirements are likely to be around 
3.0–3.5 g/kg/day [6].

The factorial approach can estimate needs for other nutrients but 
cannot be applied to energy requirements. A significant contributor to 
energy expenditure in-utero is from AA catabolism where there is 
removal of the amino group and oxidation to form an alpha-keto acid 
which enters the tricarboxylic acid cycle to produce ATP. Ex-utero the 

aim is to minimise AA catabolism by providing sufficient AA for tissue 
growth along with an adequate supply of energy from carbohydrates and 
fats. Only small quantities of carbohydrate are stored as glycogen mainly 
in muscles and liver, whilst significant amounts of fat are stored in the 
third trimester. Parenteral energy intakes are met by fat and carbohy-
drate, and more precise determination of the optimal ratio of carbohy-
drate:fat at different postnatal ages can be obtained by indirect 
calorimetry.

4. Provision of PN

PN has traditionally been provided using aqueous bags containing 
AA, dextrose, electrolytes, minerals, and trace elements, along with 
intravenous lipid emulsions (ILE) provided in a separate syringe or bag 
as a 20 % emulsion (1g lipid in 5 mL). Water-soluble and fat-soluble 
vitamins are added to the lipid syringe a few days before administra-
tion, to reduce oxidation of vitamins during prolonged storage. Most 
Neonatal Intensive Care Units (NICUs) keep a supply of aqueous bags 
and lipid syringes without vitamins in the fridge as “emergency bags” 
but these should not be used for more than 24 h as VPI have limited 
vitamin stores. PN preparation is complex and vitamins and other 
components should never be added at ward level. All PN preparation 
must be conducted under strictly controlled aseptic conditions in a 
pharmacy with robust governance measures.

An alternative to providing PN using separate aqueous and lipid 
solutions, is a 3-in-1 bag which contains separate ‘pouches’ for AA, 
dextrose with electrolytes, and lipids which can be mixed by rolling the 
bag to break internal seals. This has the potential advantage of reduced 
infectious contamination as the whole pack can be sterilised but has the 
potential disadvantage of having fixed macronutrient proportions. 3-in- 
1 bag solutions reduce the risk of compounding errors and may save 
hospital pharmacy costs [7], though they also lack trace elements and 
vitamins which need to be added separately prior to administration.

Studies show that PN solutions undergo photo-degradation and 
oxidation producing free radicals and other compounds and reduces 
nutritional quality [8,9]. Clinical studies associate this with develop-
ment of morbidities such as chronic lung disease (CLD) and retinopathy 
of prematurity (ROP). Whilst light protection increases costs there are 
no obvious clinical downsides. Hence, it is advised that infusion sets, 
syringes and tubing should be light protected using covers or special 
tubing during storage and administration [10]. As PN solutions can also 
contain particulate matter, either as a result of manufacturing or due to 
precipitation, it is important that PN is given through a suitable in-line 
terminal filter. Filters with a pore size of 1.2 μm are recommended by 
ASPEN [11] for both lipid containing and aqueous PN solutions, though 
smaller pore filters down to 0.22 μm can be used on aqueous-only so-
lutions if desired as they may also filter out bacteria.

5. Which groups of preterm infants should receive PN?

VPIs are heterogeneous in terms of gestation, morbidities and 
nutritional status, and PN is most commonly used as a ‘nutritional 
bridge’ whilst full enteral feeding is established in most around 7–14 
days after birth. VPIs of any gestation who are unable to tolerate enteral 
feeds for more than 2–3 days will also benefit e.g. following necrotising 
enterocolitis (NEC), or infants who are systemically unwell following 
major surgery. This paper focuses on routine use rather than specific 
situations.

All medical interventions, including PN, carry risks as well as ben-
efits. NICU settings vary in terms of available resources e.g. PICC 
availability, staff expertise, and other context-specific risks. Whilst a 24- 
week gestation infant unable to tolerate enteral nutrition will die 
without PN, provision to babies ω28 weeks’ is unlikely to affect survival 
but might impact on cognitive and metabolic outcomes. Many routinely 
provide PN to babies ε32 weeks or ε1500 g birth weight although 
practices vary. In the UK, NICE recommends routine PN commencement 
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within 8 h of birth only to those born ε31 weeks. Individual NICUs must 
use locally-applicable guidelines [12].

6. Late preterm infants

Most late preterm infants born at 34–36 weeks establish enteral feeds 
within 3–4 days and are unlikely to benefit from PN [13]. Infants born at 
32–34 weeks’ gestation have a brain that is about two-thirds the size of 
that at term, may take ε7 days to establish full enteral intakes and have 
worse longer term cognitive outcomes than at term, yet rarely receive 
PN in the UK, although many receive PN in the Netherlands. In a 
randomised controlled trial (RCT), n ↑ 92 preterm infants born at 
30–33↓6 weeks gestation received PN or i. v. glucose in addition to 
routine enteral feeds [14]. Weight gain to discharge was greater in those 
receiving even brief PN and there were few adverse effects or 
biochemical abnormalities. Moon et al. randomised n ↑ 60 late preterm 
and term infants to either early (day 1 or 2) or late (day 6) PN and 
showed less growth restriction in the early group, although there was a 
higher incidence of hyperglycemia [15]. Alexander et al. randomised n 
↑ 532 infants born at 32–35↓6 weeks gestation to either glucose or 
amino acids (but not necessarily other micro- or macronutrients of PN) 
whilst enteral feeds were established and showed no significant differ-
ence in key morbidities or body composition at term or at 4 months 
corrected age [16].

7. Aims of PN: what outcomes matter?

The gold standard outcome measure of nutritional interventions 
studied in RCTs would be cognitive and metabolic outcomes over the 
life-course. Longitudinal studies into later childhood are subject to un-
adjusted confounding and reverse causality. Whilst nutritional RCTs 
powered on developmental outcome at 2 years of age are possible, few, 
if any have shown any difference between study arms. Unfortunately, 
few large RCTs of PN macronutrient interventions powered on neuro- 
developmental outcome exist, and most focus on infant growth and 
body composition, and/or biochemical measures. The relationship be-
tween any of these short-term outcomes to longer-term functional out-
comes is unclear. Nevertheless, interventions that avoid growth failure, 
might be considered preferable as improved growth has been associated 
with improved neurodevelopment [17,18].

8. Starting PN: when to start and how much to provide?

Most guidance recommends starting PN within the first 6–8 h of life, 
and many NICUs start PN on admission, facilitated by having ‘emer-
gency’ or even fully complete PN solutions available in the NICU fridge. 
Previously, it was uncommon to start full PN including lipids and all 
electrolytes so soon after birth, but there is increasing evidence that 
infants tolerate this, and temporarily withholding certain electrolytes 
like potassium and phosphate may result in serious shortfalls with 
clinical consequences as discussed below.

The optimal AA intake on day 0 has been widely debated but appears 
to have little impact on important outcomes longer-term. There are no 
data to show that starting routinely at higher intakes (↔3 g/kg/day) is 
beneficial [19,20], and most NICUs will start with ~1–2 g/kg/day of 
AAs. Providing higher AA intakes without concomitant higher energy 
intakes does not promote lean mass accretion but leads to higher rates of 
protein catabolism reflected by higher concentrations of serum urea. A 
standard aqueous PN solution containing 3.0–3.5 g/protein in 130–150 
mL will provide 2 g/kg/day protein-equivalent when initiated at 
80–100 mL/kg/day. More limited fluid intakes of ~60–80 mL/kg/day 
are associated with higher rates of hypoglycemia. Infants born at 22–23 
weeks’ gestation have very high trans-epidermal water losses up to 
60–80 mL/kg/day in the first few days [21], and practitioners must 
consider water needs as distinct from PN requirements.

Sufficient energy is needed to meet resting energy expenditure (REE) 

requirements, which consist of basal metabolic rate (BMR), thermo-
regulation and physical activity. Only when REE is met, will there be 
energy available for growth. In the first 2–3 days most VPIs do not 
‘grow’, and metabolic stability is the primary aim. REE is approximately 
40–60 kcal/kg/day in early life and can be met with intravenous 
dextrose and lipids. Starting intakes of 6–9 g/kg/day carbohydrate 
(dextrose) along with ILE intakes of 1–2 g/kg/day are common. Energy 
requirements should be calculated as non-protein energy, with approx-
imately 60–70 % of the intake from glucose, and 30–40 % from lipid. 
This provides approximately 20–30 kcal non-nitrogen energy per gram 
of AA. See Table 1 for a summary of intake recommendations; required 
concomitant micronutrients are discussed below.

9. Compositions of parenteral amino acid and lipid solutions

Preterm infants have unique AA requirements due to their need for 
conditionally EAA; and different AA solutions are available although 
their composition has not changed since the 1990s. Primene® was 
modelled on cord blood AA concentrations, whereas Trophamine® and 
Vaminolact® were modelled on plasma AA concentrations in breast-fed 
infants. Cord blood AA concentrations reflect maternal concentrations 
and placental transport capacity and maybe considered both optimal for 
fetal growth. They may also be the minimum AA concentrations we 
should aim for postnatally, however the optimal AA composition in PN is 
unclear. In a small RCT, lower plasma methionine and higher plasma 
taurine concentrations in those receiving Primene® compared to 
Trophamine® may indicate a lower risk of PN associated liver disease 
(PNALD) [22].

ILEs provide energy and essential fatty acids (EFAs). In the absence 
of exogenous lipids, EFA deficiency may occur within days. ILEs also 
provide a vehicle for provision of fat-soluble and even water-soluble 
vitamins. Historically, ILEs were produced from soybean oil (Intra-
lipid®) and are still used. Soybean ILEs contain relatively higher intakes 
and ratios of n-6:n-3 fatty acids and may not provide the optimal balance 
of FAs for brain and body growth.

Multicomponent ILEs utilise various combinations of soybean oil, 
fish oil, olive oil and/or medium chain triglyceride (MCT). This results in 
more optimal intakes of n-3 FAs and may reduce some of the inflam-
mation associated with soybean ILE. Many use multicomponent ILEs 
especially if PN is prolonged PN, although systematic reviews don’t 
show advantages or reduced rates of PNALD. However, most studies on 
clinical benefits are observational or under-powered.

The EFAs linoleic acid (LA, n-6) and alpha-linolenic acid (ALA, n-3) 
must be supplied in the diet and PN solutions. The ability to produce n-6 
arachidonic acid (ARA) and n-3 docosahexaenoic acid (DHA) from LA 
and ALA in VPIs is limited, and both are considered conditionally 
essential. Although both ARA and DHA are present in human milk, these 
amounts are much lower than the rates of active transplacental transfer 

Table 1 
Summary of starting PN macronutrient intake recommendations in stable 
infants.

Nutrient Recommendations per kg/ 
daya

Notes

Amino acid 1–2 g increase to 3.0–3.5 g 
over 2–3 days

Commence on admission to 
NICU or within 6–8 h

Lipid 1–2 g increase to 3.0–4.0 g 
over 2–3 days

Measure TG to guide increases

Carbohydrate 6–9 g increase to 11–15 g over 
2–3 days

Regular measurement of 
glucose is essential

Total energy 
intake

40–60 kcal increase to 
90–110 kcal

Includes energy content of 
proteinb

a If enteral nutrition is quickly advanced in the first several days or week, then 
the high recommended ranges for PN are not required.

b Estimate energy as 4 kcal per g of AA; 4 kcal per g of carbohydrate; 10 kcal 
per g of fat; aim for 20–30 kcal of non-protein energy per g of protein.

N.D. Embleton et al.                                                                                                                                                                                                                            Seminars�in�Fetal�and�Neonatal�Medicine�xxx��������xxx�

3�



of ARA and DHA during pregnancy, so after preterm birth there is a gap. 
Recent RCTs from Sweden and Norway suggest that higher intakes of 
DHA ↓ ARA, supplied in both parenteral and enteral diets, may be 
beneficial for immune function and brain development, with lower rates 
of ROP [23–27].

10. Biochemical monitoring whilst PN nutrient intakes are 
increased

VPI on PN require regular biochemical monitoring until stable - see 
Table 2. Restricting early sodium intakes may improve pulmonary 
function, but electrolyte-free PN solutions are not recommended as they 
result in serious electrolyte shifts with demonstrated clinical effects. 
Phosphate as sodium glycerophosphate in PN has higher solubility. For 
potassium, several sources are available, including those with buffers 
like acetate, in order to reduce early chloride intake, which may 
otherwise easily cause hyperchloremic acidosis. Whilst there are clinical 
concerns about the risk of hyperkalaemia in newborn VPIs, early PN and 
amino acid administration improves potassium balance, reduces early 
weight loss and reduces the incidence of hyperkalemia [28–30].

Serum urea is often high but does not help guide PN AA intakes 
especially in first 2–3 days when fluid shifts are common, although high 
urea concentrations above 10–15 mmol/L may warrant AA intake ad-
aptations. Individual plasma AA profiles measured in research studies 
are often ‘abnormal’ but there is no consensus on optimal individual 
plasma AA concentrations when receiving PN. Plasma AA measurement 
is not useful in routine clinical practice nor are other measures of ‘pro-
tein adequacy’. Albumin has a long half-life of around 2–3 weeks, retinol 
binding protein has a relatively short half-life and is used in research 
studies but not clinically. Total plasma protein concentration provides 
limited information about nutritional status.

There is no consensus on whether serum triglyceride (TG) should be 
measured routinely, and although concentrations serve as a marker of 
effective plasma clearance, they may not indicate whether FAs are being 
oxidised optimally. Raised TG may also be secondary to lipogenesis from 
excess carbohydrate intakes, so both lipid and carbohydrate intakes 
need consideration. Fasting TG concentrations in breastfed infants are 
usually ε2.3 mmol/L, and many clinicians consider that TG ω 3 mmol/L 
during PN require a reduction in ILE infusion rates. A pragmatic 
approach is to start lipids at 1–2 g/kg/day, increase to 3 g/kg/day over 
the next 1–2 days, and then measure TG. At this stage, many VPI are 
tolerating some enteral milk and there is no need to increase ILE infusion 
rates higher. In infants requiring longer term PN, ILE infusions can be 
increased to 4 g/kg/day and TG measured every 1–2 days until stable 
and weekly thereafter.

11. Glucose & insulin

Hypoglycemia in VPI receiving glucose intakes of 4–6 mg/kg/min is 

uncommon, but although hyperglycemia (ω8 mmol/L) is common, there 
is no consensus at which glucose threshold treatment should be initi-
ated. Hyperglycemia is more common in the most immature infants, and 
those with in-utero growth restriction (IUGR) and is due to many factors 
including peripheral insulin resistance, inadequate insulin production, 
and excess glucose infusion rates, but may also be due to a shortage of 
phosphate which is required for adequate glycolysis [31]. Hyperglyce-
mia is more common in VPI who are critically unwell and is an early sign 
of sepsis. Many tolerate glucose concentrations of 8–12 mmol/L and 
only treat higher concentrations with insulin, whereas some aim to keep 
glucose ε10 mmol/L. Observational studies associate higher glucose 
concentrations with a range of worse short- and long-term outcomes, but 
many of these studies are confounded by illness severity.

In infants who are critically unwell with sepsis, a reduction in 
glucose infusion rates may be appropriate to manage hyperglycemia, but 
in hyperglycemic infants who are otherwise stable, insulin infusions may 
improve anabolism. Routine administration of insulin was not shown to 
be beneficial [32]. Tight glycemic control using insulin increases weight 
gain and head growth, but increased the risk of hypoglycemia and may 
reduce linear growth [33]. Infants on insulin infusions need more reg-
ular glucose measurements which are painful in the absence of arterial 
access. The balance of risks and benefits for insulin use in VPI is unclear, 
and local guidelines are needed.

12. Optimal PN regimes

Several RCTs of PN have been conducted and explored short term 
measures of growth, body composition and biochemistry. A 2x2 factorial 
design RCT in n ↑ 168 preterm infants ε31 weeks’ gestation, compared 
immediate high-AA intakes (3 g/kg/d) versus lower intakes, and a 
multicomponent ILE with pure soybean ILE [19]. There were no sig-
nificant differences in body composition at term, although VPI 
commencing on higher AA intakes had smaller head circumferences and 
a higher incidence of raised serum urea. However, there were no dif-
ferences in brain volumes or other biochemical measures. Similarly, the 
SCAMP trial randomised infants to a control PN (3.1 g/kg/d AA) or a 
more concentrated PN intervention product which delivered more AA 
(4.3 g/kg/d), lipid and glucose and resulted in improved head growth at 
28 days and 36 weeks postmenstrual age [34,35]. A Norwegian group 
compared ‘normal’ PN intakes (3.2 g/kg/day AA and 124 kcal/kg/day 
energy) with an enhanced regimen (4 g/kg/day AA and 139 kcal/kg/-
day energy) demonstrating an increased growth velocity at 36 weeks’ 
[36]. A Dutch group randomised infants to a range of intakes of AAs 
(2.4–3.6 g/kg/day) and types of lipid, with the high AA and mixed lipid 
emulsion group demonstrating greater weight gain at 2 years’ post-
menstrual age but no differences in neurodevelopment [37,38].

13. Minerals and refeeding syndrome (RS)

Minerals are poorly soluble in aqueous PN solutions, although 
organic forms such as sodium glycerophosphate and calcium gluconate 
have dramatically improved solubility. Yet, many VPIs on prolonged PN 
(PN ω 28 days) will develop bone mineral deficiency due to low intakes. 
Bone mineral status can be improved by ensuring adequate vitamin D 
intake, optimal macronutrient intakes, avoiding unnecessary paralysis, 
minimising steroid and diuretic use, and ‘nesting’. There are no RCTs of 
PN mineral intake, but most recommend starting calcium at 0.8–1.0 
mmol/kg/day and increase to 1.5–2.0 mmol/kg/day after 1–2 days. 
Phosphate can be initiated at 1 mmol/kg/day and increased to 2 mmol/ 
kg/day after 1–2 days. Preterm infants on prolonged PN need intakes of 
both minerals of 2.0–3.5 mmol/kg/day although achieving these higher 
intakes is practically impossible due to solubility issues [39,40].

Low serum phosphate concentrations are common in VPI in early 
life, especially those with IUGR, but are under-recognised. Nonetheless, 
it may result in muscle weakness, worse respiratory muscle function, 
sepsis, hyperglycemia, and even mortality. Several studies have shown 

Table 2 
Recommendations for PN biochemical monitoring in first week in stable preterm 
infants.

Measure Frequency Notes

Sodium, 
potassium, 
chloride

Daily in first few 
days, then every 1–2 
days

Sodium abnormalities common. Low 
potassium may indicate RS

Blood gas, 
glucose

2-3/day then daily Hyperglycemia common

Calcium, 
phosphate

Every 1–2 days until 
stable

Calcium often low but rarely requires 
treatment; high calcium may indicate 
RS. low phosphate common and may 
indicate RS

Urea (?) Generally unhelpful in first few days
Triglyceride (TG) (?) May guide ILE increases

*RS – refeeding syndrome; (?) indicates no consensus; ILE – intravenous lipid 
emulsion.
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VPIs, and especially those with IUGR, experience low phosphate con-
centrations similar to refeeding syndrome (RS) [28,29,41]. Classic RS 
describes a set of metabolic and electrolyte/mineral abnormalities that 
occur after the re-introduction of macronutrients following a period of 
starvation. Phosphate is the principal intracellular anion and an integral 
component of adenosine triphosphate (ATP). Low phosphate and po-
tassium concentrations together with elevated calcium are the hallmark 
feature, and occur as AA in PN promote anabolism and, along with in-
sulin, ‘drives’ phosphate and potassium into the cells. In an attempt to 
alleviate hypophosphatemia, phosphate and calcium are reabsorbed 
from the bones, explaining the observed hypercalcaemia, which some-
times is a first clue towards diagnosing RS.

Whilst serum phosphate concentrations ε1.0–1.5 mmol/L in adults 
are often considered normal, the optimal concentration in VPIs is 
~1.8–2.6 mmol/L. With earlier and higher AA than in the past, RS has 
become prevalent. The adverse effects of RS can be minimised by 
ensuring higher amounts and ratios of phosphate:calcium in PN solu-
tions commenced immediately after birth. Regular monitoring may 
indicate supplementation of extra phosphate and potassium when 
required. In extreme cases, temporary reduction of macronutrients in PN 
may be considered. In case of hypophosphatemia, phosphate supple-
ments starting at ~1 mmol/kg/day can be given intravenously, or 
enterally if some milk is tolerated. Early provision of human milk 
fortifier helps provide phosphate.

14. Trace elements

All trace elements are essential and routinely added to neonatal PN 
solutions with the exception of iron as it is highly reactive, and man-
ganese (discussed later.) Most VPIs who require prolonged PN receive 
blood transfusions, and rarely require parenteral iron supplementation. 
Zinc is an essential nutrient involved in multiple metabolic processes 
and especially immune function and wound healing. Zinc deficiency is 
more common in IUGR infants and those on prolonged PN. Serum 
concentrations are easily measured in any infant on prolonged PN, and 
those with poor wound healing or skin rashes.

Copper is involved in multiple metabolic processes. Deficiency is 
almost never reported in VPIs, but optimal intakes are not clear [42]. 
Selenium is important in immune function and epithelial health, sup-
plementation may reduce sepsis [43] and deficiency is rarely/ever re-
ported. Chromium improves glucose tolerance by potentiating the 
action of insulin and may improve glucose tolerance [44]. Deficiency in 
preterm infants has not been reported, and some report chromium 
contamination during PN manufacture. Iodine deficiency in VPIs has 
been reported along with hypothyroidism which may be harmful to the 
developing brain. However, excess iodine intakes occur secondary to 
iodine containing aseptic solutions and may explain why low intakes are 
not associated with harm [45].

15. Carnitine

Carnitine is a derivative of AA synthesised in the liver and kidneys 
but also present in breastmilk. Carnitine is a vital component of the beta- 
oxidation pathway for energy production from FAs, and carnitine stores 
and synthetic rates are significantly lower in VPIs. Prolonged use of 
carnitine-free PN may result in deficiency so periodic measurement 
might be important, although routine supplementation has not shown 
benefit.

16. Vitamins

All vitamins are essential nutrients involved in a vast array of 
metabolic processes. Water-soluble vitamin deficiency appears rare, 
although serum concentrations may not reflect functional activity. Case 
reports of thiamine deficiency presenting with lactic acidosis following 
prolonged PN which resolved with thiamine administration [46]. 

Fat-soluble vitamins are usually added to ILEs. Deficiency is uncommon, 
but optimal requirements are unknown, and concentrations should be 
monitored in VPI on prolonged PN especially where there is impaired 
liver function.

17. Contamination with manganese and aluminium

Aluminium has no known biological function despite being the most 
abundant metal in the earth’s crust, and toxicity may result in dementia, 
anemia and bone disease. PN solutions can be contaminated with 
aluminium especially when calcium gluconate or other acidic solutions 
stored in glass vials are used. Studies show that a significant proportion 
is retained by VPIs [47]. Limits on intake exist but contamination re-
mains a concern [48].

Manganese is an essential trace element, but high concentrations in 
VPIs have been reported for decades [49]. VPIs can regulate manganese 
absorption and excretion in the gut, but PN delivery circumvents normal 
regulatory mechanisms, and excretion may be further impaired by liver 
dysfunction. Manganese levels should be monitored in infants on long 
term PN. Although the highly paramagnetic manganese deposits are 
visible on MRI, long-term effects are unclear. Contamination of PN oc-
curs from components such as potassium phosphate and magnesium 
sulphate, and routine addition of manganese is not recommended.

18. Decreasing PN intakes as enteral feeds are established

Whilst PN is life-saving, and prolonged administration is safe with 
good clinical governance, enteral nutrition is always preferred. Enteral 
nutrition maintains gut epithelial health, promoting biliary flow and 
reducing cholestatic complications, and enables healthy gut microbiota 
colonisation. Breastmilk provides a range of functional components 
none of which are present in PN. Mother’s own milk (MOM) improves 
cognitive and metabolic outcomes, whereas no RCTs have shown 
consistent benefits for PN administration after infancy. Oropharyngeal 
colostrum is routinely practiced, and early enteral milk feeds are rec-
ommended for all VPIs except where gut blood flow may be compro-
mised. Increasing milk volumes from day 2–4 onwards is usually well 
tolerated, and PN intakes can be decreased when 20–30 mL/kg/day of 
milk is tolerated. Using PN solutions that provide ~3.0–3.5 g/kg/day AA 
in ~150 mL/kg/day, it is possible to decrease PN fluid rates as enteral 
intakes of MOM are increased ‘mL for mL’.

The period of transition from PN to enteral nutrition carries a risk of 
undernutrition, so nutrient intakes during this period should be carefully 
monitored, with consideration of early breastmilk fortification to 
maintain nutrient intakes as PN levels fall. When decreasing PN intakes, 
ensure that the ratio of energy from carbohydrate and ILE is maintained, 
along with the protein:energy ratio. Some discontinue PN when at least 
120 mL/kg/day of MOM is tolerated, whereas others maintain small 
amounts of PN until a larger volume is tolerated. Prolonged PN use in-
creases the duration of intravenous access and may be a risk for sepsis, 
although a large RCT showed no difference with slower enteral increases 
and longer duration central catheter placement [50].

19. Risks of PN

We have already described some important and potentially fatal 
complications of PN use Table 3).

Additional risks can be minimised at different operational levels. 

1. Hospital level: establish systems for the safe and reliable procure-
ment of high quality PN products, transport and storage; trained staff 
with expertise to compound PN with essential additives and 
supplements.

2. NICU level: safe storage for standard and bespoke bags, adequate 
training of NICU staff, vigilance for prescription and calculation 
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errors, and awareness of drug interactions when the same catheter is 
used.

3. Individual infant: safe and accurate placement of central venous 
catheters (CVCs), aseptic technique for connection of tubing and care 
with CVC dressings. Many CVCs ‘migrate’ or may have been mis-
placed, and continued vigilance is required to avoid potentially fatal 
risks such as pericardial tamponade. Extravasation, occlusion or 
thrombosis of both CVC and peripheral catheters is common and may 
be fatal, e.g. superior vena cava occlusion. The use of filters to 
remove particulate matter, bacteria (only with 0.22 μm), and fungi 
may reduce sepsis.

20. Risk-benefit assessment for routine PN

Given the extensive list of common and potentially fatal risks, it is 
important to consider whether routine use is justified. These risks are 
one important reason why PN may not be routinely used in more mature 
preterm infants. PN may improve survival in babies ε28 weeks in high- 
income settings, especially where enteral milk feeds are not established 
for prolonged periods. In resource-limited settings without PN, some 
babies born ε28 weeks still survive. Whether PN should be routinely 
recommended in resource-limited settings is uncertain but routine use 
might only be considered important where babies ε28 weeks or ε1000 
g are surviving on a regular basis.

21. PEPaNIC, ProVIDe and propensity studies suggest caution

The PEPaNIC multicentre RCT [51,52] in children and infants 
comparing immediate to delayed commencement of PN. Although no 
preterm infants were included, the study suggests that provision of nu-
trients in excess of metabolic capacity during critical illness, and espe-
cially for AA, are harmful. Whether this argues for delayed 
commencement of PN for otherwise stable VPI is uncertain, and of note 
infants in both arms of PEPaNIC received initial enteral feeds in amounts 
generally in excess of those achieved by VPIs. However, many NICUs 
now reduce PN macronutrient intakes during critical illness e.g. NEC or 
severe sepsis [53]. The ProVIDe study was an RCT in 434 VPIs exploring 
the impact of providing an extra 1 g of AA intakes over the first 5 days 
and showed no benefit on infant neuro-development at 2 years of age, 
whereas RS was more common in the intervention group [54]. However, 
the study design meant smaller infants received relatively higher intakes 
of AAs compared to larger infants, making interpretation complicated. 
Finally, in a large (n ↑ 65,033), population-based registry study in VPI 
ε31 weeks’ gestation, propensity matched scoring was used to explore 
the impact of early PN starting in the first 2 days [55]. Whilst there was 
higher mortality in preterm infants commencing PN after the first 2 days 
(3.4 %, late group) compared to 1.5 % in the early group, this may be 
due to survival bias, and after the first 2 days, the death rate was higher 
in the early group. Infants in the early group had higher rates of CLD, 
ROP, and sepsis but greater overall survival.

22. Conclusions

PN is life-saving and an integral component of care but associated 
with important risks. The lack of long-term follow up from adequately 
powered RCTs is a concern, especially as ω100,000 VPIs receive routine 
PN every year. We urgently need more well-designed RCTs with long- 
term outcomes to better understand the optimal balance of risks and 
benefits.
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