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Abstract
Background: Refeeding syndrome (RS) following preterm birth has been linked to high intravenous (IV) protein intake in the
presence of low electrolyte supply. In extremely low-birth-weight (ELBW) babies, we aimed to determine the incidence of RS
and associations with birth characteristics and clinical outcomes. Method: Prospective cohort study of ELBW ProVIDe Trial
participants in 6 New Zealand neonatal intensive care units. RS was defined as serum phosphate < 1.4 mmol.L−1 and total calcium
> 2.8 mmol.L−1. Relationships between RS and other factors were explored using 2-sample tests and logistic regression adjusted
for sex, gestation, and birth-weight z-score. Results: Of 338 babies (mean [SD] birth-weight, 780 (134) g, gestational age, 25.9
[1.7] weeks), 68 (20%) had RS. Mortality was greater in babies with RS (32% vs 11%; P < .0001). More small- than appropriate-
for-gestational-age babies developed RS (22% vs 8%; P = .001). Growth from birth to 36 weeks’ corrected age was not different
between babies who did and did not have RS. In logistic regression, the odds of RS decreased by 70% for each 1 mmol per kg−1.d−1

IV phosphate intake (odds ratio [OR], 0.3; CI, 0.1–0.6;P= .002) and increased by 80% for each 1 g.kg−1.d−1 IV protein intake (OR,
1.8; CI, 1.3–2.7; P = .002). Conclusions: Neonatal RS is common in this cohort of ELBW babies and is associated with increased
morbidity and mortality. Optimizing phosphate and calcium intakes in IV nutrition solutions may reduce RS and its consequences.
(JPEN J Parenter Enteral Nutr. 2021;45:65–78)

Keywords
amino acids; fluids-electrolytes/acid-base; hypophosphatemia; intraventricular hemorrhage; mortality; neonates; parenteral nutri-
tion; preterm; proteins; refeeding syndrome

From the 1Liggins Institute, University of Auckland, Auckland, New Zealand; and the 2Newborn Services, Auckland City Hospital, Auckland,
New Zealand.

Financial disclosure: The ProVIDe (Impact of protein intravenous nutrition on development) study was funded by the New Zealand Health
Research Council (http://www.hrc.govt.nz 14/174), Cure Kids (www.curekids.org.nz; 3550 and 3580), Lotteries Grants Board
(http://www.communitymatters.govt.nz; 3705291), A+ Trust (www.adhb.govt.nz; A+5854), Gravida: National Centre for Growth and
Development, and the Nurture Foundation STF 13–19. B. E. Cormack was supported by a Gravida: National Centre for Growth and
Development scholarship, the Neige Todhunter Award, the Yvonne A M Smith Charitable Trust grant, philanthropic donations to Liggins
Institute, and the Starship Foundation. The funding sources had no role in the design and conduct of the study; collection, management, analysis,
and interpretation of the data; preparation, review, or approval of the manuscript; and decision to submit the manuscript for publication.

Conflicts of interest: None declared.

Received for publication April 9, 2020; accepted for publication May 19, 2020.

This article originally appeared online on July 4, 2020.

Corresponding Author:
Frank H. Bloomfield, PhD, Liggins Institute, University of Auckland, 85 Park Rd, Grafton, Auckland 1023, New Zealand.
Email: f.bloomfield@auckland.ac.nz

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

https://orcid.org/0000-0003-2329-8287
https://orcid.org/0000-0002-7663-9164
https://orcid.org/0000-0003-2697-1422
https://orcid.org/0000-0002-9079-4451
https://orcid.org/0000-0001-6424-6577
http://www.hrc.govt.nz
http://www.curekids.org.nz
http://www.communitymatters.govt.nz
http://www.adhb.govt.nz
http://creativecommons.org/licenses/by-nc/4.0/


66 Journal of Parenteral and Enteral Nutrition 45(1)

Clinical Relevancy Statement

This study shows refeeding syndrome (RS), which has
been linked to high intravenous (IV) amino acid intake
in the presence of low electrolyte supply, is common in
extremely low-birth-weight babies and especially in babies
who are small-for-gestational-age. In this cohort, RS was
associated with a 3-fold increase in mortality, and severe
hypophosphatemia with increased odds of intraventricular
hemorrhage. Optimizing the phosphate and calcium content
of IV solutions may decrease RS and its consequences.

Introduction

Extremely low-birth-weight (ELBW, birthweight < 1000 g)
babies are born with very low stores of key nutrients,
such as calcium, phosphate, iron, zinc, and vitamins, and
little or no subcutaneous fat and glycogen stores because
fetuses lay down these important nutrient stores during
the third trimester of pregnancy.1 Many preterm babies
also are growth-restricted compared with their gestational
age–matched intrauterine peers who go on to be born at
term because of a suboptimal intrauterine environment
that often accompanies preterm birth.2 At any other stage
of life, this physical state would be described as severe
malnutrition. For these tiny babies, the immediate provision
of appropriate intravenous (IV) and enteral nutrition is
vital in preventing further depletion of nutrient stores and
supporting rapid growth and development until they can
breastfeed, but it also to brings potential dangers.

The presence of malnutrition followed by enteral or IV
refeeding predisposes adults and children to a potentially
fatal cluster of fluid and electrolyte disturbances known as
refeeding syndrome (RS).3 In preterm babies, it is proposed
that this cluster of electrolyte disturbances is precipitated
by the sudden supply of IV amino acids and glucose
following a period of low nutrition, such as occurs with
placental insufficiency or inadequate IV energy and protein
intake for several days after birth. The supply of IV amino
acids and glucose stimulates endogenous insulin secretion
and the transfer of phosphate from bones into cells for
energy and protein production.4-6 Insufficient intake of
electrolytes and vitamins to support the increased demand
for phosphate, sodium, potassium,magnesium, and thiamin
in particular then results in the characteristic biochemical
disturbances of RS, usually within 2–5 days of refeeding.3,7

These are hypophosphatemia, hypercalcemia, hypokalemia,
hypomagnesemia, hyperglycemia, and thiamin deficiency.
Hypercalcemia occurs because calcium is released from
bone along with the phosphate needed to maintain serum
phosphate concentrations. The first reports of associa-
tions between enhanced IV nutrition, hypophosphatemia,
and hypercalcemia in preterm babies emerged in 2012–
2013.4,6,20 A series of cohort studies and case reports

followed describing hypophosphatemia and other biochem-
ical disturbances consistent with RS in preterm babies
who were small-for-gestational-age (SGA) and/or born fol-
lowing maternal preeclampsia and who were thought to
be triggered by early aggressive IV nutrition in the first
week after birth,6,8-17 including in randomized controlled
trials.18,19 The definition of hypercalcemia in these reports
(>2.8 mmol.L−1) is reasonably consistent4,16,17,20; however,
the definition of hypophosphatemia varies between <1.1
to <1.6 mmol.L−1 4,9,12,14,16,17,21-23 and severe hypophos-
phatemia between<0.7 and<1.0mmol.L−1.4,9,12-14,16,22,24 A
clear, consistent definition of neonatal RS has not yet been
established.

Neonatal RS has been associated with metabolic aci-
dosis, hypernatremia, hypovolemia, ischemia, respiratory
alkalosis, delayed full enteral feeding,9,11 and clinical prob-
lems, such as sepsis6 and chronic lung disease.9 Possible
mechanisms are shown in Figure 1. The hypernatremia that
has been reported may be due to hypertonic dehydration
accompanying the hypovolemia, a risk for all ELBW babies
due to high rates of transepidermal water loss.

For many years, international-consensus preterm nutri-
tion guidelines recommended the early initiation of high IV
amino acid and energy intakes in combination with little or
no sodium, potassium, calcium, and phosphate for the first
24–48 hours after birth.25 The rationale for giving higher
amino acids and energy was to prevent early nutrient deficits
and subsequent growth faltering. Delayed electrolyte sup-
plementation until after the onset of extracellular fluid
contraction was thought to help prevent hyperkalemia and
reduce the incidence of chronic lung disease. In fact, this
combination may promote the subsequent development of
neonatal RS (Figure 1). Recent 2018 European Society
for Paediatric Gastroenterology Hepatology and Nutrition
(ESPGHAN) preterm IV nutrition guidelines26,27 now rec-
ommend sodium, phosphate, and potassium supplemen-
tation in IV nutrition solutions from birth, although the
authors acknowledge this recommendation is not based
on level 1 evidence. Further investigation is needed to
determine how common neonatal RS is and whether it
influences important neonatal health outcomes.

The ProVIDe (impact of protein intravenous nutrition
on development) Trial randomized 434 ELBW babies in
6 New Zealand (NZ) and 2 Australian neonatal intensive
care units (NICUs) between 2014 and 2018 to receive either
1 g.d−1 of IV amino acids or placebo (saline) in the first 5
days after birth, in addition to standard nutrition support.
The primary outcome of the trial is survival free from neu-
rodevelopmental disability at 2 years’ corrected age (CA),
expected to be available in 2021. Baseline nutrition intakes
were not mandated, meaning that participants in both the
intervention and placebo groups received a range of nutrient
intakes because of the differences in nutrition policies and
composition of IV nutrition solutions at each site. The
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Figure 1. Proposed mechanisms for neonatal refeeding syndrome and effects on clinical outcomes.
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aim of this blinded cohort analysis was to investigate the
incidence of RS and relationships between RS and clinical
outcomes, birth characteristics, growth, and nutrient intake.

Aims

To determine, in a cohort of ELBW babies cared for in
NICUs with varied nutrition practices, the following:

1. The incidence of neonatal RS in the 5 days after birth
2. The associations between RS and

a clinical outcomes
b maternal and birth characteristics
c growth to 36 weeks’ CA
d nutrition intakes

Participants and Methods

The cohort comprises ELBW babies participating in the
ProVIDe trial (Australian New Zealand Clinical Trials
Registry: ACTRN12612001084875), a multicenter, 2-arm,
double-blind, parallel, randomized controlled trial. The
Northern B Health and Disability Ethics Committee gave
ethical approval for the study (No 13/NTB/84). Each par-
ticipating site received institutional approval through local
institutional review processes. Informedwritten consent was
obtained for all participants from their parents or caregivers.

The ProVIDe study protocol has been published
elsewhere.28 Briefly, 434 participants were recruited from
6 NZ and 2 Australian sites and randomized at 1:1 ratio to
receive either 1 g.d−1 amino acid solution (TrophAmine, B
Braun Medical, Irvine) or placebo (saline) via the umbilical
arterial catheter (UAC) for the first 5 days after birth, in
addition to standard IV nutrition. Inclusion criteria were
placement of a UAC and birthweight < 1000 g. Exclusion
criteria were admission to the NICU >24 hours after
birth, congenital disorder affecting growth, inborn error of
metabolism, danger of imminent death, multiple births of
>2 babies, and known chromosomal or genetic abnormal-
ity. Survival that is free of neurodevelopmental disability at
2 years’ CA is the primary outcome. Secondary outcomes
are growth from birth to 36 weeks’ at NICU discharge and
at 2 years’ CA; body composition at 36–42 weeks’ CA and
at 2 years’ CA; and neonatal morbidity, length of stay,
and nutrition intake. Protein intakes in both arms of the
study were within current internationally reported ranges in
observational studies.29-31

A subgroup of participants admitted to NZ recruiting
centers had an additional arterial blood sample collected
24 hours after the intervention commenced (ie, 24–48 hours
after birth) and again within 1 hour of the intervention ceas-
ing, irrespective of the actual duration of the intervention.
The blood sample (0.5 mL) was transported immediately to
the site laboratory for analysis of serumurea, calcium, phos-
phate, total protein, and albumin concentrations. Routine

daily biochemistry (pH [lowest], bicarbonate [lowest], base
excess [most negative], lactate [highest], potassium [lowest],
urea [highest], calcium [daily serum albumin concentration
adjusted], and phosphate [lowest]) for the first 5 days after
birth was collected for all trial participants at the 6 NZ and
2 Australian sites, either from blood gas analysis or from ve-
nous blood analyses. As the ProVIDe Trial is ongoing with
a primary outcome at 2 years’ CA, this cohort analysis was
conducted without unblinding group allocation.We defined
hypophosphatemia as serum phosphate < 1.4 mmol.L−1,
severe < 0.9 mmol.L−16 and hypercalcemia as serum al-
bumin concentration–adjusted calcium > 2.8 mmol.L−1.32

The formula used by all laboratories for serum albumin
concentration–adjusted calcium was [Ca adjusted] = [Ca
total] + 0.012 × (39.9 - [serum albumin concentration]).33

Biochemistry consistent with neonatalRSwas defined as the
presence of both hypophosphatemia and hypercalcemia in
the blood sample taken at the end of the intervention.

Data Collection

Nutrition intake and weight data were collected prospec-
tively and used to estimate mean daily IV intakes of energy
(kcal.kg−1.d−1), macronutrients (protein, fat, and carbohy-
drate, g.kg−1.d−1), electrolytes and thiamin (unit.kg−1.d−1),
and enteral volume (mL.kg−1.d−1) from birth until 5 days
of age. Intakes on the day of birth and, where relevant, day
of death were excluded, as they did not represent a full 24-
hour intake. Fluid and nutrient intakes included fluids from
medication and serum albumin infusions but not from other
transfused blood products. Weight-based nutrient intakes
per day were calculated using the birth weight until the birth
weight was surpassed, then calculated using the weight on
the day nutrition information was collected or the most
recent weight. Full enteral feeds were defined as the day
when no further IV nutrition was given or 150 mL.kg−1.d−1

enteral feeds was reached. Protein intake was calculated
from protein equivalent for IV amino acids.34 Some of
the standard IV solutions commenced after birth at each
site contained no phosphate, potassium, magnesium, and
chloride (Table 1). After 48–72 hours, a variety of other
standard solutions of differing composition was given at
varying volumes. Only 2 sites used the same standard solu-
tions. Nutrient intakes were calculated using recommended
values34 and manufacturers’ composition data.

Weight, length, and head circumference were measured
at birth and at 36 weeks’ CA and discharge (±10 days).
Measurements were by trained staff using validated, re-
peatable methods: nonstretch, teflon measuring-head tapes
(Seca, Protec Solutions Ltd, Wellington), and a Harpenden
(Holtain Ltd, Dyfed, Wales) or similar neonatometer.

Fenton normative data were used to calculate z-scores.35

As there are currently no birth length and head circum-
ference data for babies born at <23 weeks in the Fenton
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Table 1. Nutrition Composition Data Used for Calculations.

Site
Protein,

g
Glucose,

g
Energy,
kcal

Sodium,
mmol

Calcium,
mmol

Phosphate,
mmol

Potassium,
mmol

Magnesium,
mg

Chloride,
mg

1 2.7 12.5 53 2.3 1.0 1.2 2.5 4.2 30.4
2 3.5 10.0 48 1.2 0.7 0.5 Nil 7.3 24.8
3 4.0 10.0 54 2.0 1.0 1.0 Nil 9.8 27.1
4 6.2 13.6 70 0.4 1.5 Nil Nil Nil 53.6
5 6.8 15.0 78 0.4 1.6 Nil Nil Nil Nil
6 6.8 15.0 78 0.4 1.6 Nil Nil Nil Nil

Composition per 100 mL of standard intravenous nutrition solutions used following admission at each site.

dataset, we examined INTERGROWTH fetal ultrasound
data on head growth and determined relatively linear growth
through 20–24 weeks’ CA.36 The rate of change in the
Fenton length data was examined for 23–28 weeks and
found to be less at the lower ages.35 To extrapolate head and
length measures to 22 weeks, the linear and decreasing rates
of change trends were continued. SGA was based on the
same dataset.35

Outcome Measures

Clinical outcome definitions were patent ductus arteriosus
(diagnosed by echocardiography andwith a clinical decision
to treat); late-onset sepsis (>7 days after birth and defined as
a positive bacterial culture in cerebrospinal fluid, urine, or
blood with clinical signs of infection and with antibiotics
for ≥5 days, with the intention of treating an infection
or treatment for a shorter period if the patient died; if
after 10 days of appropriate antibiotic therapy there was
demonstration of sterile culture and then the same organism
was cultured or if a different organism was cultured from
a subsequent culture, this was considered an additional
episode); severe intraventricular hemorrhage (IVH, grade
3 or higher, defined using the grading system from Papile
et al)37; periventricular leukomalacia; chronic lung disease
(need for oxygen at 36 weeks’ postmenstrual age or 28 days
after birth, if born after 32 weeks’ gestation); retinopathy of
prematurity (ROP, grades as per the International Classifi-
cation of ROP)38; necrotizing enterocolitis, Bell stage 2 or
higher),39 and death prior to discharge from neonatal care.

Statistics

Participants’ data were stored in a secure study database and
imported to SAS version 9.4 (SAS Institute Inc, Cary, NC,
USA) for analysis. Assignment to intervention or placebo
remained blinded, but actual total nutrient intakes were
used and included amino acid intake from the intervention.
To calculate nutrient intakes, only babies who had
survived for ≥3 days after birth were included. Descriptive
summaries are presented using median (interquartile range
[IQR]) ormean (SD) as appropriate for continuous variables

and number (%) for categorical variables. Two-sample
t-test or Wilcoxon test was used to compare the distribution
of continuous variables between groups, and the χ2 test
was used for categorical variables. Relationships between
serum biochemistry and early nutrient intakes were tested
using Spearman correlation coefficients. Logistic regression
analysis was conducted for babies with and without RS,
adjusted for gestational age at birth, birth weight z-score,
and sex. The results were compared with and without site in
the model. Statistical tests were 2-sided at a 5% significance
level.

Results

For the 434 babies randomized in the ProVIDe Trial, mean
(SD) gestational age at birth was 25.9 (1.7) weeks, birth
weight was 780 (134) g, and 48 (11%) were SGA (Table 2.)
Routine blood data were collected for all 434 trial babies,
including 382 babies admitted to NZ hospitals. Additional
samples, before and after the intervention, were collected
on 371 and 356 NZ babies, respectively (Figure 2). Of
these, 338 babies had both serum phosphate and serum
albumin concentration–adjusted calciummeasured after the
intervention, and 68 (20%) babies met the RS criterion
(Tables 3 and 4).

Mortality was 3-fold higher in babies with RS than in
those without (22/68 (32.4%) vs 29/270 (10.7%); P = .001)
and also differed widely amongst sites (range, 7%–27%, P<

.01) (Table 5). Themedian (IQR) age at deathwas 28 (15, 67)
days. There were no other differences in clinical outcomes
in unadjusted or adjusted analyses between babies who did
and did not have RS.

Development of RS was not associated with gestational
age at birth, multiple birth, or maternal characteristics.
Significantly more SGA than appropriate-for-gestational-
age babies developed RS, and birth weight z-score was
significantly lower in babies who developed RS (Table 2).
More boys than girls met RS criteria, but this difference was
not statistically significant (24.4% vs 16.5%; P = .08).

There were no differences between babies who did and
did not haveRS in z-score change for weight, length, or head
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Table 2. Birth Characteristics and Neonatal Outcomes.

Total Cohort NZ Cohort NZ Cohort
a

Characteristics n = 434 n = 338

Refeeding
Syndrome
n = 68

No Refeeding
Syndrome
n = 270 P

For baby n n n n
Gestational age, wk 434 25.8 (1.6) 338 25.9 (1.6) 68 25.7 (1.8) 270 25.9 (1.6) .42
Birthweight, g 434 775 (135) 338 780 (134) 68 713 (132) 270 796 (129) <.0001
Birth weight z-score 434 −0.1 (0.9) 338 0.0 (0.9) 68 −0.4 (0.9) 270 0.1 (0.8) .0002
Small-for-gestational-age 434 48 (11) 338 37 (11) 68 15 (22) 270 22 (8) .001
Sex (male) 434 212 (49) 338 156 (46) 68 38 (56) 270 118 (44) .07
Singleton 434 340 (78) 338 279 (83) 68 54 (79) 270 225 (83) .45

For mother
Cesarean delivery 434 234 (54) 338 181 (54) 68 39 (57) 270 142 (53) .48
Antenatal corticosteroids (any) 434 410 (94) 338 320 (95) 68 63 (93) 270 257 (95) .40
Maternal diabetes 434 24 (6) 338 20 (6) 68 5 (7) 270 15(6) .57

Neonatal outcomes
IVH ≥ grade 3 423 46 (11) 336 32 (10) 68 10 (15) 268 22 (8) .10
Periventricular leukomalacia 418 9 (2) 333 7 (2) 66 2 (3) 267 5 (2) .56
Patent ductus arteriosus 410 197 (48) 327 153 (47) 62 31 (50) 265 122 (46) .57
Necrotizing enterocolitis 423 54 (13) 336 41 (12) 68 10 (15) 268 31 (12) .48
Chronic lung disease 363 264 (73) 292 220 (75) 50 41 (82) 242 179 (74) .23
ROP ≥ grade 3 376 60 (16) 300 45 (15) 54 9 (17) 246 36 (15) .70
Culture-proven early onset sepsis 422 13 (3) 336 8 (2) 68 0 268 8 (3) .15
Probable early onset sepsis 422 112 (27) 336 95 (28) 68 16 (24) 268 79 (29) .33
Culture-proven late-onset sepsis 422 142 (34) 336 111 (33) 68 29 (43) 268 82 (31) .06
Probable late-onset sepsis 422 182 (43) 336 156 (46) 68 30 (44) 268 126 (47) .67
Death before NICU discharge 434 77 (18) 338 51 (15) 68 22 (32) 270 29 (11) <.0001
Severe adverse outcome

b
434 350 (81) 338 278 (82) 68 60 (88) 270 218 (81) .15

Length of NICU stay, d 357 110 (35) 287 112 (34) 46 118 (39) 241 111 (33) .21
Feeding

Days to full enteral feeds
c

388 21 (20) 314 21 (21) 58 25 (23) 256 21 (21) .20
Growth
Mean z-score change from birth to 36 weeks’ corrected age

Weight 344 −0.6 (0.8) 277 −0.6 (0.8) 48 −0.4 (0.9) 229 −0.6 (0.8) .13
Length 323 −1.2 (1.1) 262 −1.2 (1.1) 42 −1.2 (1.4) 220 −1.2 (1.1) .90
Head circumference 339 −0.9 (1.0) 273 −0.9 (1.0) 46 −1.0 (1.0) 227 −0.9 (1.0) .90

Number of babies (%) or mean (SD), P-values in bold are <.05.
IVH, intraventricular hemorrhage; ROP, retinopathy of prematurity; NICU, neonatal intensive care unit; NZ, New Zealand.
aRefeeding syndrome was defined as hypophosphatemia (serum phosphate <1.4 mmol.L−1) and hypercalcemia (calcium [total] >2.8 mmol.L−1).
bSevere adverse outcome was defined as death; severe intraventricular hemorrhage (≥ grade 3 defined using the grading system from Papile et
al)37; periventricular leukomalacia; chronic lung disease (need for oxygen at 36 weeks’ postmenstrual age or 28 days after birth if born after 32
weeks’ gestation); retinopathy of prematurity grades 3 and 4, as per the International Classification of Retinopathy of Prematurity [13]; and
necrotizing enterocolitis (defined as Bell stage 2 or higher) [11].
cFull enteral feeds were defined as the day when no further intravenous nutrition was given or 150 mL.kg−1.d−1 enteral feeds was reached.

circumference from birth to 36 weeks’ CA, days to reach
full enteral feeds, or length of NICU stay in unadjusted or
adjusted analyses. Mean IV nutrient intakes for the first 5
days varied widely (Tables 1 and 6). Phosphate, calcium, and
magnesium intakes were ≈50% of the 2018 ESPGHAN–
recommended range in most sites (Figure 3). Mean week
1 IV amino acid intakes were negatively correlated with
serum phosphate and positively correlated with serum
calcium concentrations. These associations were stronger
for phosphate than calcium (Figure 4). Serum calcium

increased and phosphate decreased each day in the first 4
days after birth (Figure 5) and differed by site (Figure 6).

There was no significant association between RS and
severe IVH in adjusted logistic regression. However, when
also adjusted for site, babies in the lowest quintile of serum
phosphate concentration (0.1–0.8 mmol.L−1) had 5 times
the odds of severe IVH (odds ratio [OR], 5.3; CI, 1.4–21.0;P
= .02), and those in the highest quintile of serum phosphate
concentration of 1.7–2.6 mmol.L−1 had 90% lower odds of
severe IVH (OR, 0.1; CI,< 0.1–0.6;P= .02) compared with
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Figure 2. ProVIDe STROBE flow diagram. ProVIDe, impact of Protein intravenous nutrition on development; STROBE,
Strengthening The Reporting of Observational studies in Epidemiology.

Table 3. Serum Biochemistry in the First Week After Birth.

Parameter First blood
sample
n = 371

Last blood
sample
n = 356

Calcium, adjusted for serum
albumin, mmol.L−1

2.2 (0.2) 2.7 (0.3)

Phosphate, mmol.L−1 1.7 (0.5) 1.3 (0.5)
Total protein, g.L−1 40.5 (4.9) 42.9 (3.5)
Serum albumin, g.L−1 21.5 (3.0) 22.2 (3.6)
Urea, mmol.L−1 10.8 (3.6) 11.5 (6.0)
Time after birth sample taken, d 1.3 (0.4) 4.9 (1.0)

Mean (SD).

babies who had a serum phosphate in the middle quintile
of 1.2–1.4 mmol.L−1, although these confidence intervals
are wide. In logistic regression across quintiles (adjusted
for gestational age at birth, birth weight z-score, and sex),
babies with a serum phosphate concentration in the lowest
quintile of 0.1–0.8 mmol.L−1 were more likely to die before
NICU discharge (OR, 2.7; CI, 1.0–7.3; P= .047) compared
with those in the middle quintile of 1.2–1.4 mmol.L−1.
Babies with a serum calcium in the highest quintile of 2.9–
3.9 mmol.L−1 had nearly 5 times the odds of death before
NICUdischarge (OR, 4.9; CI, 1.8–13.3;P= .002) compared
with babies in the middle quintile of 2.7–2.7 mmol.L−1.

When also adjusted for site, only serum calcium remained
significant (OR, 4.2; CI, 1.5–11.9; P = .007).

Babies who developed RS had significantly higher in-
takes of energy, amino acid, glucose, and lipid and lower
intakes of phosphate, calcium, and sodium (Table 6). In
adjusted logistic regression (without site), the odds of RS
increased by 60% for every 10 kcal.kg−1.d−1 higher IV
intake of energy (OR, 1.6; CI, 1.1–2.1; P = .005) and also
increased for each 1 g.kg−1.d−1 of IV amino acid (OR, 1.8;
CI, 1.3–2.7;P= .002), IV fat (OR, 2.1; CI, 1.2–3.9;P= .02),
and IV carbohydrate (OR, 1.2; CI, 1.1–1.4; P = .01). How-
ever, the odds of RS decreased by 30% for each additional
1mmol.kg−1.d−1 of sodium (OR, 0.7; CI, 0.5–0.9;P= .002)
and by 70% for each additional 1 mmol.kg−1.d−1 phosphate
(OR, 0.3; CI, 0.1–0.6; P = .002) and calcium (OR, 0.3; CI,
0.1–0.8;P= .01).When also adjusted for site, only IV amino
acid intake remained significant (OR, 2.1; CI, 1.3–3.4; P =
.001). The IV phosphate intake in the first 2 days was lower
in babies who hadRS than in those who did not (mean [SD],
0.3 [0.5] vs 0.4 [0.4] mmol.kg−1.d−1); P= .08), although not
significant. In adjusted analyses (without site), each extra
1 mmol.kg−1.d−1 phosphate in the first 2 days after birth
reduced the odds of RS by 50% (OR, 0.5; CI, 0.3 to <1.0;
P = .04).

In adjusted regression analyses (without site), the odds
of developing RS decreased by 70% for babies withmean IV
protein intakes for the first 5 days in the lowest quintile of
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Figure 3. Intravenous nutrition intakes from days 1–5 at each New Zealand site. Data are mean and SD. The dotted black lines
and shaded area show ESPGHAN 2018–recommended intakes for day 1 and week 1, respectively.26,27,54,55 Site 1, n = 70. Site 2,
n = 53. Site 3, n = 14. Site 4, n = 73. Site 5, n = 40. Site 6, n = 88. European Society for Paediatric Gastroenterology Hepatology
and Nutrition (ESPGHAN).
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Table 4. Last Blood Sample Serum Biochemistry in the First Week After Birth.

Parameter Neonatal refeeding syndromea

Yes n = 68 No n = 270 P

Last blood sample n n

Calcium, adjusted for serum albumin, mmol.L−1 68 3.1 (0.3) 270 2.6 (0.2) <.0001
Phosphate, mmol.L−1 68 0.8 (0.3) 270 1.4 (0.4) <.0001
Total protein, g.L−1 68 40.4 (5.3) 267 42.5 (5.3) .004
Serum albumin, g.L−1 68 21.0 (3.3) 270 22.7 (3.5) .0002
Urea, mmol.L−1 66 11.0 (6.4) 269 11.4 (5.9) .62
Ammonia, umol.L−1 62 69.4 (31.9) 252 69.7 (77.2) .96

Mean (SD). P-values in bold are <.05.

Table 5. Last Blood Sample Serum Biochemistry in the First Week After Birth, by Site.

Last blood sample Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 All
n = 70 n = 53 n = 14 n = 73 n = 40 n = 88 n = 338

Hypophosphatemia
a

22 (31%) 41 (77%) 4 (29%) 68 (93%) 27 (64%) 45 (51%) 207 (61%)
Severe hypophosphatemia

b
5 (7%) 13 (25%) 3 (21%) 41 (56%) 6 (15%) 10 (11%) 78 (23%)

Hypercalcemia
a

12 (17%) 9 (17%) 2 (14%) 34 (47%) 6 (15%) 14 (16%) 77 (23%)
Refeeding syndrome

a
9 (13%) 9 (17%) 1 (7%) 32 (44%) 6 (15%) 11 (13%) 68 (20%)

IVH ≥ grade 3 8 (12%)c 2 (4%)d 3 (21%) 8 (11%) 7 (18%) 4 (5%) 32 (10%)e

Died before discharge 5 (7%) 9 (17%) 3 (21%) 20 (27%) 6 (15%) 8 (9%) 51 (15%)
Proportion of babies who died before

discharge who had RS in the first week
0/5 (Nil) 2/9 (22%) 1/3 (33%) 17/20 (85%) 2/6 (33%) 0/8 (Nil) 22/51 (43%)

Number of babies (%) or mean (SD).
IVH, intraventricular hemorrhage.
aRefeeding syndrome was defined as hypophosphatemia (serum phosphate < 1.4 mmol.L−1) and hypercalcemia (calcium [total] > 2.8 mmol.L−1).
bSevere hypophosphatemia < 0.9 mmol.L−1.
cIVH ≥ grade 3 (denominator site 1, n = 69).
dSite 2, n = 52.
eAll, n = 336.

Table 6. Early Intravenous Nutrition Intake in Babies Who
Did and Did Not Have Neonatal Refeeding Syndrome.

Neonatal refeeding syndrome
a

Nutrients in 5 days
Yes

(n = 68)
No

(n = 270) P

Energy, kcal.kg−1.d−1 66 (9) 63 (10) .01
Glucose, g.kg−1.d−1 10.0 (2.2) 9.3 (2.0) .01
Amino acid, g.kg−1.d−1 3.3 (0.8) 3.0 (0.7) .001
Lipid, g.kg−1.d−1 2.1 (0.4) 2.0 (0.5) .02
Phosphate, mmol.kg−1.d−1 0.8 (0.4) 1.0 (0.4) .002
Calcium, mmol.kg−1.d−1 0.9 (0.3) 1.0 (0.3) .01
Sodium, mmol.kg−1.d−1 3.0 (1.4) 3.5 (1.5) .01
Potassium, mmol.kg−1.d−1 1.5 (0.6) 1.5 (0.6) .22
Magnesium, mmol.kg−1.d−1 3.0 (1.3) 3.2 (1.1) .14
Chloride, mg.kg−1.d−1 58 (22) 55 (24) .35
Thiamin, ug.kg−1.d−1 224 (41) 227 (43) .49

Mean (SD). N = 338. P-values in bold are <.05.
aNeonatal refeeding syndrome was defined as hypophosphatemia
(serum phosphate < 1.4 mmol.L−1) and hypercalcemia (calcium
[total] > 2.8 mmol.L−1).

1–2.4 compared with the middle quintile of 2.8–
3.2 g.kg−1.d−1 (OR, 0.3; CI, 0.1–0.9; P = .03) and tripled
for IV phosphate intakes in the 2 lowest quintiles of 0–
0.6 mmol.kg−1.d−1 (OR, 3.2; CI, 1.2–8.3; P = .02) and 0.7–
0.8mmol.kg−1.d−1 (OR, 3.0; CI, 1.2–7.9;P= .03) compared
with the middle quintile of 0.9–1.0 mmol.kg−1.d−1.

Serum total protein and albumin concentrations were
significantly lower in babies with RS than in those without
RS (Table 4). Those with severe hypophosphatemia also had
significantly lower concentrations of total protein (mean
[SD], 40.0 [0.6] vs 42.4 [0.3] g.L−1; P = .0007) and serum
albumin (21.1 [0.4] vs 22.5 [0.2] g.L−1; P = .002) than those
with serum phosphate concentrations ≥0.9 mmol.L−1.
Patent ductus arteriosus was more common in babies with
serum protein concentrations <40 g.L−1 (70.1% vs 29.9%;
P < .0001) and hypoalbuminemia (<25 g.L−1) (54.7% vs
45.4%; P < .0001).

In routine blood tests in the total cohort, median
serum calcium concentration increased and phosphate
concentration decreased each day in the first 4 days after
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Figure 4. Correlation between mean week 1 intravenous
protein intake and (A) serum phosphate and (B) serum
calcium (serum albumin adjusted).

birth (Figure 6). Potassium, pH, lactate, base excess, and
bicarbonate concentrations all fell in the first 4 days after
birth and urea concentrations increased. Serum phosphate
and calcium were not routinely measured in some sites.

Discussion

We report, in a large prospective cohort, that RS is common
in ELBW babies (particularly in SGA babies), varies by
hospital and nutrition practice, and is associated with a 3-
fold greatermortality rate compared with babies who do not
develop RS. Death mostly occurred some weeks later, rather
than RS being a marker of imminent death.

Our finding that RS was more likely in SGA babies
and those with a LBW z-score (as found previously by
others9-12,40) is not surprising, as some SGA babies are
growth-restricted because of inadequate placental trans-
port of nutrients, including amino acids, glucose and
phosphorus, leading to chronic fetal malnutrition.2,41,42

Umbilical artery resistance index, a marker of placen-
tal function in preterm babies, has been associated with

hypophosphatemia.11 If followed by generous amino acid
and energy supply in the absence of adequate electrolyte
intake, thismay lead toRS (as seen inmalnourished children
and adults43) because amino acid intake increases endoge-
nous insulin production and the demand for electrolytes
because of the transfer of phosphate and potassium into
cells for energy production and synthesis of glycogen, fat,
and protein.29

Electrolyte disturbances consistent with RS have been
described previously in smaller preterm cohorts and re-
ported to be associated with sepsis,6 hyperglycemia,23

chronic lung disease,23 enhanced nutrition intakes,6 and
lower phosphate intakes.24,44 Similarly, intrauterine growth–
restricted piglets fed an enteral feed containing 50% more
protein than standard sow milk without additional elec-
trolytes developed RS symptoms, and 32% died.45

We found that severe hypophosphatemia was associated
with a 5-fold increased rate of severe IVH. It is possible that
this association is a consequence rather than cause, with
IVH inducing a sudden intracellular shift of phosphate.
However, severe hypophosphatemia also causes thrombo-
cytopenia and impaired clotting processes.46 Although the
potential role of coagulopathy in the development of IVH
is unclear, a recent study in 122 preterm babies reported
that concentrations of factor V (a coenzyme needed for
coagulation) at birth correlated with IVH and were lower
in hypophosphatemic babies.47 In ELBW babies, 1 small
study found twice the rate of severe IVH in those with
severe hypophosphatemia (<0.7 mmol.L−1) compared with
those without (37% vs 18%; P = .48, n = 82), although
this was not significant.24 In the same study, there was also
a trend towards higher mortality in the babies with severe
hypophosphatemia compared with those without severe
hypophosphatemia (42% vs 18%; P = .06, n = 82).

We did not find convincing evidence of increased sepsis
in babies with RS, with no difference in rates of early onset
sepsis in babies with and without RS. However, there was
a trend for higher rates of late-onset sepsis in babies with
RS (29/68 (43%) vs 82/268 (31%); P = .06), consistent
with a previous report.6 Severe hypophosphatemia leads to
depletion of adenosine triphosphate (ATP) and phagocyte
dysfunction, thereby increasing the risk of sepsis.6,48 The
mean phosphate intakes in our cohort were similar to those
in the trial of increased protein intake from birth (3.5 vs
2 g.kg−1.d−1 amino acid) by Moltu et al, in which a higher
incidence of septicemia was observed in the intervention
group (63% vs 29%), but amino acid intakes on the day
after birth in our cohort were closer to those of the control
group in Moltu’s trial, potentially explaining the lower rate
of severe hypophosphatemia and sepsis in our cohort.

We also report that serum total protein and albumin
concentrations were significantly lower in babies with severe
hypophosphatemia, and hypoalbuminemia and hypopro-
teinemia previously have been reported to be associatedwith
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Figure 5. Biochemistry in the first 5 days after birth in babies with and without refeeding syndrome (RS). The black square shows
participants with RS, and the open circle shows those without. Data are the median and interquartile range of the highest or
lowest recorded value in each baby on each day (see Methods) from samples collected routinely for clinical care rather than from
samples at prespecified times, according to the trial protocol. The shaded area shows the local laboratory normal reference range.
For phosphate and calcium, the dotted line shows the criterion used in the definition of neonatal RS.
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Figure 6. ProVIDe study serum phosphate and calcium
concentrations at each site. Data are mean and SD. Serum
phosphate: open box, first sample (n = 336); closed box, last
sample (n = 348); Serum calcium: open box, first sample (n =
351); closed box, last sample (n = 342). The shaded area
shows the local laboratory normal reference range. The dotted
line shows refeeding syndrome criteria. Sites not sharing the
same letter were significantly different. Black letters relate to
first sample, gray letters to last sample. ProVIDe, Impact of
protein intravenous nutrition on development.

higher rates of death and/or severe IVH in very preterm
babies and very LBW babies.49,50 However, although statis-
tically lower, themean concentrations of serumalbumin and
protein in babies with RS were only ≈2 g.L−1 lower than in
those without RS.

Mean IV phosphate, calcium, and magnesium intakes in
our cohort were significantly lower than 2018 ESPGHAN–
recommended intakes at most sites but broadly similar
to intakes reported by others,6,8,11,12 even in more recent
studies.16,23 The IV amino acid intakes in our cohort are
higher in the first 2 days than those reported in simi-
lar cohorts6,8,11,12,16,20,40,51 but similar to intakes in more
recent reports on this topic.13-15,17,21,23,24 We found RS
was more likely in babies with IV amino acid intakes
close to the ESPGHAN 2018–recommended range of 2.5–
3.5 g.kg−1.d−1 52 but 3 times more likely when mean IV
phosphate intake was lower than recommended.27 For

rapidly growing preterm babies, an estimated 0.33 mmol
of phosphate is needed for every 1 g amino acid be-
cause phosphate is an essential component of the nu-
cleic acids, ATP, and membrane phospholipids needed
for lean tissue accretion.53 Therefore, ≈0.7 mmol.kg−1.d−1

phosphate would be needed for 2 g.kg−1.d−1 amino acid
on the day of birth. In our cohort, only 2 sites sup-
plied ≥0.6 mmol.kg−1.d−1 phosphate on day 1, and these
were also the only 2 sites where mean serum phosphate
concentrations were >1.6 mmol.L−1. Our study adds to
accumulating evidence that high IV amino acid intake,
combined with low electrolyte intake in the first few days
after preterm birth, is associated with RS.3,4,6,7,9-18,22 Our
findings support the ESPGHAN 2018 recommendation of
0.8–2.0 mmol.kg−1.d−1 IV phosphate on day 1 followed by
1.6–3.5 mmol.kg−1.d−1 IV phosphate in week 1 and also the
routine monitoring of calcium and phosphate in the first 5
days after birth, especially for SGA ELBW babies.27

Strengths and Limitations

The main strengths of our study are this is the first large
multicenter prospective cohort study to report the incidence
of neonatal RS and severe hypophosphatemia in ELBW
babies receiving different IV standard nutrition solutions
and a range of IV amino acid and electrolyte intakes. Data
collection was prospective, and blood samples were taken
as part of a randomized trial with standardized processes.
Although causality cannot be inferred from these data, they
provide useful information to help guide the composition
of early neonatal IV nutrition. This is an ELBW cohort
for whom the clinical team elected to insert a UAC, and
a potential limitation is the extent to which findings in
this cohort are generalizable. Other limitations are that we
did not measure serum magnesium and thiamin, and the
documentation of exact intakes of additional IV electrolytes
was not part of the ProVIDe Trial protocol. Additionally,
routine blood sampling was not consistent across sites.

Conclusions

Neonatal RS is common in this cohort of ELBW babies
and is associated with substantially increased mortality.
Severe hypophosphatemia is associated with substantially
increased IVH. SGA babies are at greatest risk. Enhanced
monitoring of phosphate and other electrolytes in the first
week after birth may be advisable. The composition of
IV nutrition solutions is related to RS rates, indicating
that optimizing the phosphate and calcium content of
these solutions may reduce neonatal RS, severe IVH, and
mortality throughout the NICU course.
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