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Abstract

Background

Recent nutrition guidelines for extremely-low-birth-weight infants (ELBWIs) recommend

implementation of high initial amino acid (AA) supplementation in parenteral nutrition.

Objective

We sought to evaluate the influence of AA intake on refeeding syndrome–like electrolyte dis-

turbances including hypophosphatemia in ELBWIs.

Study design

Medical records of 142 ELBWIs were reviewed. Demographic, nutritional, outcome, and

electrolyte data were compared between ELBWIs with initial low (1.5 g/kg/day) and high (3

g/kg/day) AA intake. Multivariate analysis was conducted to determine the odds ratio of

hypophosphatemia with high AA intake and small-for-gestational-age (SGA) ELBWIs.

Results

The incidence of hypophosphatemia and severe hypophosphatemia increased from 51%

and 8% in period I to 59% and 20% in period II, respectively (p = 0.36 and < 0.01). Specifi-

cally, SGA ELBWIs showed higher incidence of hypophosphatemia than appropriate-for-

gestational age (AGA) ELBWIs in period II, whereas there was no difference in period I. For

severe hypophosphatemia, SGA ELBWIs presented a 27% incidence versus a 2% inci-

dence in AGA ELBWIs, even with low initial AA intake. Despite no difference in phosphate

intake between infants with and without hypophosphatemia, serum phosphate level reached

a nadir at the sixth postnatal day and gradually recovered over the second week in infants

with hypophosphatemia. In multivariate analyses, the odds ratios for severe
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hypophosphatemia were 3.6 and 6.6 with high AA intake and SGA status, respectively, with

the highest being 18.0 with combined high AA intake and SGA status.

Conclusions

In summary, high initial AA intake significantly increased the risk of refeeding syndrome–like

electrolyte dysregulations including severe hypophosphatemia in ELBWIs. In SGA ELBWIs,

the risk of electrolyte disturbance was significantly higher, even with low initial AA intake.

Therefore, new tailored parenteral nutrition protocols starting with lower energy intake and a

gradual increase over the first week may be warranted for application in high-risk SGA

ELBWIs.

Introduction

Early nutritional support including higher calories and greater protein intake in the first week

of life for extremely-low-birthweight infants (ELBWIs) reduces mortality and the appearance

of morbidities such as bronchopulmonary dysplasia and late-onset sepsis and improves neuro-

developmental outcome [1,2]. Recent ESPGHAN/ESPEN/ESPR/CSPEN guidelines on pediat-

ric parenteral nutrition (PN) and Cochrane Database of Systematic Reviews on amino acid

intake on PN in newborns recommend implementation of early aggressive nutrition com-

posed of a PN regimen with high initial amino acid (AA) supplementation (2–3 g/kg/day) and

initiation of early enteral trophic feeding soon after birth to limit cellular catabolism and pro-

mote extrauterine growth [3–7]. However, some clinical data suggest that electrolyte imbal-

ances including hypophosphatemia, hypercalcemia, and hypokalemia might be triggered by

early aggressive PN during the first week of life with high AA intake in ELBWIs [8–12]. There-

fore, further studies are necessary to determine the safe and efficacious upper limits of initial

energy and AA intake necessary to promote postnatal growth without toxicities in ELBWIs.

Refeeding syndrome, characterized by hallmark electrolyte dysregulation of hypophospha-

temia along with hypokalemia and hypomagnesemia, is an uncommon but potentially fatal

phenomenon that occurs in undernourished patients receiving aggressive nutritional rehabili-

tation [13,14]. However, the incidence and risk factors of refeeding syndrome–like electrolyte

dysregulation in ELBWIs have not been elucidated. Several studies have reported that early

aggressive PN with high initial AA intake in micropreemies increased the risk of early refeed-

ing syndrome–like electrolyte disturbances such as hypophosphatemia and hypokalemia [15–

18]. Additionally, small for gestational age (SGA) micropreemies suffering from intrauterine

growth restriction due to chronic undernourishment during the fetal period have been

reported to develop refeeding syndrome–like severe hypophosphatemia and hypokalemia fol-

lowing initiation of PN soon after birth [10,11,15,16]. Beginning in October 2013, we changed

the PN protocol from low (1.5 g/kg/day) to high (3 g/kg/day) initial AA intake in ELBWIs. In

the present retrospective observational study, we reviewed the medical records of ELBWIs

with a 23- to 28-week gestational age to determine whether our PN protocol change from low

to high initial AA intake was associated with improved or worsened adverse refeeding syn-

drome–like hypophosphatemia, especially in SGA ELBWIs.

Materials and methods

Data collection was approved by the Institutional Review Board (IRB) of Samsung Medical

Center (SMC) in Seoul, Korea, which allowed for a waiver of informed consent requirements

for this retrospective chart review (IRB no. SMC 2016-09-112).
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Study population

The medical records of 142 ELBWIs with birth weight less than 1,000 g and gestational age

between 23 and 28 weeks who were admitted to the SMC Neonatal Intensive Care Unit

(NICU) from October 2012 to December 2014 were reviewed retrospectively. We arbitrarily

divided the study into Period I (October 2012 to September 2013; n = 55) and Period II (Octo-

ber 2013 to December 2014; n = 87) according to the PN protocol of our NICU with low and

high initial AA intake, respectively.

Definition of variables

The lower limit of the reference range of serum phosphate level is higher in premature infants

(5 mg/dL, 1.6 mmol/L) than in adults (3 mg/dL, 1.0 mmol/L) according to the ESPGHAN/

ESPEN/ESPR/CSPEN guidelines [3,4]. Therefore, we defined hypophosphatemia as one or

more episodes of serum phosphate level being less than 5 mg/dL. As mild hypophosphatemia

(2.5–5 mg/dL) is common in ELBWIs owing to the suboptimal phosphate supply during the

first one or two weeks of life regardless of SGA status or AA intake, we also investigated the

incidence of severe hypophosphatemia defined as one or more episodes of serum phosphate

level being less than 2.5 mg/dL during the first two weeks of life. In addition, the following cut-

offs were used to define electrolyte imbalance: hypercalcemia (serum calcium 10 > mg/dL),

hypokalemia (serum potassium < 3.0 mg/dL), and hypomagnesemia (serum

magnesium< 1.5 mg/dL). Demographic data comprised gestational age, birthweight, SGA sta-

tus, antenatal steroid, and preeclampsia/eclampsia. Gestational age was determined by mater-

nal last menstrual period and the modified Ballard test. SGA was defined as birthweight less

than the 10th percentile according to the intrauterine growth curve reported in 2010 [19].

Neonatal outcome data included mortality, intraventricular hemorrhage (grades III–IV),

retinopathy of prematurity requiring laser therapy, patent ductus arteriosus, bronchopulmon-

ary dysplasia, necrotizing enterocolitis, and blood culture–proven sepsis. The definition of

bronchopulmonary dysplasia used was oxygen or positive-pressure ventilator dependency at a

postmenstrual age of 36 weeks. Data of duration of invasive and noninvasive mechanical venti-

lation, insulin treatment, nosocomial infection, mortality during the first 2 weeks, and early

postnatal growth data were also collected.

For nutritional data, those on enteral feeding, energy intake of parenteral and enteral nutri-

tion, and nutrient (glucose, AA, lipid) intake were collected. Calcium and phosphate intake

within the first two weeks of life was also recorded. The data on the intake amount that we col-

lected were based on the administered daily intake, rather than the prescribed amounts. The

deficit of phosphate intake was obtained by subtracting the actual phosphate intake from the

estimated phosphate requirement. The estimated phosphate requirement was calculated based

on the following formula: P requirement = Ca intake/2.15 + (AA intake -1.3)�0.8�12.3 [7],

where, phosphate requirement and calcium intake were expressed in mg/kg/day and AA

intake was expressed in g/kg/day.

Blood urea nitrogen (BUN) level was additionally noted as a measure of nutritional status.

Nutrition protocol

The nutrition protocol of our NICU for ELBWIs was as follows: (1) a central line was placed

just after birth, and PN was initiated as soon as possible within the first 24 hours; (2) minimal

enteral feeding with human breast milk or preterm milk of 10 to 20 mL/kg/day was initiated

within the first hours of life; and (3) enteral feeding of 20 to 30 mL/kg/day was usually main-

tained during the first two weeks and increased to full enteral feeding with respiratory and

hemodynamic stability.

Hypophosphatemia in micropreemies
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The composition of PN on Day 1 during Period I was typically dextrose of 7.5 g/kg/day, AA

of 1.5 g/kg/day, and lipid of 1 g/kg/day. Then, AA administration was gradually increased to

maintain a nonprotein calorie-to-AA ratio of 30 to 40:1. Prompted by a literature review

[2,18], the PN protocol during Period II was changed to include high AA (3.0–3.5 g/kg/day)

within the first 24 hours of life from the previous low initial AA (1.5 g/kg/day) administration

during Period I. The amount of AA intake was subsequently adjusted according to BUN level

and urine output in both periods. Calcium gluconate and potassium phosphate were adminis-

trated at a molar ratio of 1:1 to 1.3:1. The summation of calcium (mEq/L) plus phosphate

(mM/L) was usually limited to 40 to 60 due to the concern of crystal formation. We monitored

the serum ionized calcium level and adjusted calcium and phosphate intake on a daily basis.

Blood sampling protocol

Blood samples to test chemistry and electrolyte profiles were obtained via umbilical arterial

blood in the delivery room or from the infant’s arterial or venous blood within the first 24

hours after admission to NICU. Subsequent sampling was usually done during the first 48 to

72 hours of life to test serum electrolyte levels. Then, the following sampling was done regu-

larly with an interval of five to seven days or urgently if necessary. Sodium, potassium, and ion-

ized calcium levels were obtained daily via a bedside point-of-care-test (i-STAT Analyzer;

Abbott Point Of Care Inc., Princeton, NJ, USA).

Incidence and risk factors of hypophosphatemia

The incidences of hypophosphatemia and severe hypophosphatemia were compared between

infants born during Periods I and II (Table 1). Due to the theoretical risk of hypophosphate-

mia, especially in SGA ELBWIs, infants were subdivided according to SGA status. Fig 1 illus-

trates temporal changes in serum phosphate, calcium, potassium, magnesium, glucose, and

BUN levels in ELBWIs with and without hypophosphatemia during the first two postnatal

weeks of life. To evaluate the risk factors of hypophosphatemia, clinical characteristics were

also compared between infants with and without hypophosphatemia (Table 2). The intake of

macronutrients and calcium/phosphate was compared between Periods I and II and in the

hypophosphatemia (+) and (−) groups in each period (Table 3). To investigate the effects of

high initial AA intake and SGA status on hypophosphatemia, adjusted odds ratios (aORs) with

95% confidence intervals (CIs) were calculated.

Statistical analysis

Statistical differences between SGA and appropriate-for-gestational-age (AGA) infants were

calculated using the Chi square test for categorical variables and a t-test or Mann–Whitney U

test for quantitative variables. Binary logistic regression was used for multivariable analysis,

testing the effects of early high AA, SGA status, and the combination of early high AA and

SGA status on hypophosphatemia. Gestational age was adjusted for each multivariable analy-

sis. A p-value less than 0.05 was considered statistically significant. Statistical analysis was exe-

cuted using STATA version 13.1 (StataCorp LP, College Station, TX, USA).

Results

Changes in incidence of hypophosphatemia and electrolyte abnormalities

The incidence of hypophosphatemia increased from 51% in period I to 59% in period II,

although the change was not significant (p = 0.36) (Tables 1 and 2). The incidence of hypopho-

sphatemia was higher in SGA infants than in AGA infants (78% versus 48%, p< 0.01).
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Specifically, SGA ELBWIs showed higher incidence of hypophosphatemia than AGA ELBWIs

in period II (81% versus 49%, p = 0.01), whereas there was no difference between SGA and

AGA infants in period I. However, for severe hypophosphatemia (< 2.5 mg/dL), the incidence

of 7% (4/55) during period I significantly increased to 20% (17/87) during period II (p = 0.04).

The SGA ELBWIs presented a 27% incidence of severe hypophosphatemia versus a 2% in

AGA ELBWIs, even with low initial AA intake during period I (p = 0.01).

Fig 1 illustrates temporal changes in serum phosphate, calcium, potassium, magnesium,

glucose, and BUN levels in ELBWIs according to the presence of hypophosphatemia, the peri-

ods, and the SGA status. While there were no significant differences in blood glucose and

BUN levels or significantly higher serum calcium and significantly lower serum potassium and

magnesium levels, serum phosphate level in the hypophosphatemia (+) group reached a nadir

at six days after birth and was significantly lower than that in the hypophosphatemia (−) group

throughout the first two postnatal weeks.

Table 1. Incidence of hypophosphatemia in Period I and II according to SGA status.

Total (n = 142)

Period I (n = 55) Period II (n = 87)

SGA

(n = 11)

AGA

(n = 44)

SGA

(n = 26)

AGA

(n = 61)

Hypophosphatemia, n (%) 8 (73) 20 (45) 21 (81)� 30 (49)

Severe hypophosphatemia, n (%) 3 (27)� 1 (2) 14 (54)� 3 (5)

Demographic characteristics
Gestational age, weeks 26.7 ± 2.4� 24.8 ± 1.5 27.0 ± 2.7� 25.2 ± 1.5

Birth weight, g 571 ± 151� 739 ± 125 618 ± 190� 783 ± 132

Male, n (%) 7 (64) 24 (55) 13 (50) 32 (53)

Cesarean section, n (%) 10 (90) 34 (77) 26 (100)� 45 (74)

Antenatal steroid, n (%) 8 (73) 37 (84) 22 (85) 53 (87)

Preeclampsia/eclampsia 5 (45)� 1 (2) 6 (23)� 1 (2)

Apgar score (1 min) 4.2 ± 1.4 4.3 ± 1.3 4.4 ± 1.4 4.7 ± 1.3

Apgar score (5 min) 6.0 ± 1.3 6.7 ± 1.4 6.8 ± 1.3 7.2 ± 1.3

Neonatal outcomes
Mortality, n (%) 4 (36) 6 (14) 4 (15) 3 (5)

Intraventricular hemorrhage (grade 3, 4), n (%) 2 (18) 8 (18) 1 (4) 4 (7)

Retinopathy of prematurity requiring laser, n (%) therapy, n (%) 1 (9) 11 (25) 3 (12) 9 (16)

Bronchopulmonary dysplasia, n (%) 2 (18) 20 (45) 9 (35) 19 (31)

Necrotizing enterocolitis (stage 2, 3), n (%) 4 (36) 6 (14) 4 (15) 9 (15)

Blood culture positive sepsis, n (%) 3 (27) 14 (32) 5 (19) 12 (20)

Clinical disorders related to hypophosphatemia
Duration of mechanical ventilation, days 39.6 ± 24.9 37.3 ± 22.2 32.4 ± 27.3 31.0 ± 36.4

Duration of noninvasive respiratory support, days 25.3 ± 19.7 28.8 ± 21.9 19.5 ± 21.9� 31.8 ± 23.5

Insulin therapy during the first 2 weeks, n (%) 4 (36) 16 (36) 10 (38) 24 (39)

Nosocomial infections during the first 2 weeks, n (%) 2 (18) 5 (11) 2 (8) 10 (16)

Mortality during the first 2 weeks, n (%) 1 (9) 1 (2) 1 (4) 1 (2)

Early postnatal growth data during the first 2 weeks
Days needed to regain birth weight 6.6 ± 5.2� 11.7 ± 5.1 7.3 ± 5.1� 12.9 ± 6.0

Weight gain, g/kg/day 12.8 ± 6.8 16.2 ± 4.8 15.7 ± 6.0 18.8 ± 4.0

Maximal weight loss, % 6.3 ± 2.9� 11.7 ± 4.9 5.7 ± 6.7 9.1 ± 7.5

SGA, small for gestational age; AGA, appropriate for gestational age

� P < 0.05 compared with AGA infants within the same period

https://doi.org/10.1371/journal.pone.0221042.t001
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Fig 1. Changes in serum phosphate, total serum calcium, ionized calcium, potassium, magnesium, and BUN levels during the first

two weeks of life.

https://doi.org/10.1371/journal.pone.0221042.g001
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Changes in demographic and outcomes data

While the rate of SGA was significantly higher and birthweights were significantly lower in the

hypophosphatemia (+) group versus the hypophosphatemia (−) group, there were no signifi-

cant differences in other demographic data including gestational age among the study periods

and groups (Table 2).

In period 2, the duration of invasive mechanical ventilation was longer in hypophosphate-

mia (+) than hypophosphatemia (-). Otherwise, there were no significant differences in out-

comes variables including mortality between study periods and groups (Table 2).

Changes in nutrient intake

Table 3 presents a comparison of macronutrients and calcium/phosphate intake in PN accord-

ing to period of hypophosphatemia (+) and (−). The AA intake from Days 1 to 3 during Period

Table 2. Demographic and outcomes data of the study population.

Period I (n = 55) Period II (n = 87) Total (n = 142)

HP (+)

(n = 28)

HP (−)

(n = 27)

HP (+)

(n = 51)

HP (−)

(n = 36)

HP (+)

(n = 78)

HP (−)

(n = 64)

Hypophosphatemia, n (%) 28/55 (51) 51/87 (59) 79/142 (56)
Severe hypophosphatemia, n (%) 4/55 (8) 17/87 (20) 21/121 (17)
Demographic characteristics

Gestational age, weeks 25.4 ± 2.1 24.9 ± 1.6 25.9 ± 2.0 25.5 ± 2.2 25.7 ± 2.1 25.3 ± 2.0

Birthweight, g 704 ± 140 708 ± 154 695 ± 167 787 ± 158 699 ± 162� 752 ± 156

Small for gestational age, n (%) 8 (29) 3 (11) 21 (41)� 5 (14) 28 (36) � 9 (14)

Male, n (%) 17 (61) 14 (52) 31 (61) 14 (39) 48 (62) 28 (44)

Cesarean section, n (%) 21 (75) 23 (85) 46 (90) 25 (69) 67 (86) 48 (75)

Antenatal steroid, n (%) 23 (82) 22 (82) 41 (80) 34 (94) 64 (82) 56 (88)

Preeclampsia/eclampsia 5 (18) 1 (4) 5 (10) 2 (4) 10 (13) 3 (5)

Apgar score (1 min) 4.4 ± 1.4 4.0 ± 1.3 4.5 ± 1.4 4.9 ± 1.3 4.5 ± 1.4 4.5 ± 1.3

Apgar score (5 min) 6.9 ± 1.4 6.3 ± 1.5 7.1 ± 1.3 7.2 ± 1.3 7.0 ± 1.3 6.8 ± 1.5

Neonatal outcome
Mortality during hospitalization, n (%) 6 (21) 4 (15) 3 (6) 4 (11) 9 (12) 8 (13)

Intraventricular hemorrhage (grades 3 and 4), n (%) 7 (25) 3 (11) 2 (4) 3 (8) 9 (12) 6 (9)

Retinopathy of prematurity requiring laser therapy, n (%) 4 (14) 8 (30) 4 (8) 8 (22) 8 (11) 16 (27)

Bronchopulmonary dysplasia, n (%) 11 (39) 11 (41) 19 (37) 9 (25) 30 (38) 20 (31)

Necrotizing enterocolitis (stages 2 and 3), n (%) 6 (21) 4 (15) 7 (14) 6 (17) 13 (17) 10 (16)

Blood culture (+) sepsis, n (%) 8 (29) 9 (33) 9 (18) 8 (22) 17 (22) 17 (27)

Clinical disorders related to hypophosphatemia
Duration of mechanical ventilation, days 40 ± 25 37 ± 22 38 ± 38� 23 ± 24 39 ± 34 29 ± 24

Duration of noninvasive respiratory support, days 25 ± 20 29 ± 22 27 ± 23 29 ± 24 27 ± 22 29 ± 23

Insulin therapy during the first 2 weeks, n (%) 9 (32) 11 (41) 24 (47) 10 (28) 33 (42) 21 (33)

Nosocomial infections during the first 2 weeks, n (%) 3 (11) 4 (15) 6 (12) 6 (17) 9 (12) 10 (16)

Mortality during the first 2 weeks, n (%) 1 (4) 1 (4) 0 (0) 2 (6) 1 (1) 3 (5)

Early postnatal growth data during the first 2 weeks
Days needed to regain birth weight 10.0 ± 6.3 11.3 ± 4.6 10.4 ± 6.5 12.6 ± 5.9 10.3 ± 6.4 12.0 ± 5.3

Weight gain, g/kg/day 15.3 ± 5.7 15.7 ± 5.1 17.5 ± 3.7 18.4 ± 6.2 16.7 ± 4.6 17.2 ± 5.9

Maximal weight loss, % 10.1 ± 5.4 11.3 ± 4.6 7.9 ± 6.8 8.3 ± 8.2 9.6 ± 7.0 8.6 ± 6.4

HP, hypophosphatemia

� P < 0.05 compared with HP (−) within the same period

https://doi.org/10.1371/journal.pone.0221042.t002
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II was significantly higher than that during Period I (1.6 ± 0.3 vs. 2.8 ± 0.5; p = 0.03) but was

not significantly different after Day 7. There was no difference in phosphate intake between

hypophosphatemia (+) and (-). Other variables including glucose and caloric intake were not

Table 3. Comparison of the nutritional characteristics between Periods I and II.

Total (n = 142)

Period I (n = 55) Period II (n = 87)

HP (+)

(n = 28)

HP (−)

(n = 27)

HP (+)

(n = 51)

HP (−)

(n = 36)

Parenteral nutrition
AA intake, g/kg/day

Day 1, 1.6 ± 0.3 1.6 ± 0.3 2.7 ± 0.6� 2.7 ± 0.7�

Day 3 2.1 ± 0.4 1.9 ± 0.4 3.0 ± 0.3� 3.0 ± 0.3�

Day 7 2.6 ± 0.5 2.5 ± 0.5 2.8 ± 0.6 3.0 ± 0.5

Day 10 2.5 ± 0.4 2.5 ± 0.5 2.8 ± 0.6 2.9 ± 0.5

Day 14 2.5 ± 0.4 2.4 ± 0.4 2.5 ± 0.5 2.8 ± 0.6

Glucose intake, g/kg/day
Day 1 7.6 ± 0.4 7.5 ± 0.4 7.8 ± 0.4 7.7 ± 0.3

Day 3 9.0 ± 0.9 9.1 ± 0.9 9.7 ± 1.0 9.7 ± 0.9

Day 7 11.3 ± 1.8 11.6 ± 1.4 12.3 ± 1.6 12.8 ± 1.5

Day 10 12.2 ± 1.4 12.3 ± 1.3 13.2 ± 1.5 13.4 ± 1.4

Day 14 13.0 ± 1.2 12.7 ± 1.7 13.8 ± 1.3 14.0 ± 1.1

Lipid intake, g/kg/day
Day 1 0.7 ± 0.2 0.7 ± 0.2 0.8 ± 0.2 0.9 ± 0.4

Day 3 1.2 ± 0.4 1.0 ± 0.4 1.4 ± 0.4 1.3 ± 0.4

Day 7 1.8 ± 0.6 1.7 ± 0.5 2.0 ± 0.6 1.9 ± 0.6

Day 10 1.9 ± 0.67 2.0 ± 0.7 2.2 ± 0.6 2.2 ± 0.6

Day 14 2.1 ± 0.6 2.0 ± 0.7 2.3 ± 0.7 2.2 ± 0.9

Calcium intake, mEq/kg/day
Day 1 1.2 ± 0.1 1.2 ± 0.1 1.3 ± 0.5 1.6 ± 0.6

Day 3 1.3 ± 0.6 1.6 ± 0.6 2.0 ± 0.9 2.7 ± 0.7

Day 7 1.2 ± 0.9 1.4 ± 0.8 1.4 ± 1.1 2.6 ± 1.0

Phosphate intake, mM/kg/day
Day 1 0.4 ± 0.2 0.3 ± 0.2 0.4 ± 0.3 0.7 ± 0.4

Day 3 0.6 ± 0.2 0.6 ± 0.2 0.9 ± 0.3 1.2 ± 0.3

Day 7 0.8 ± 0.4 0.6 ± 0.2 1.0 ± 0.4 1.2 ± 0.4

Deficit of phosphate intake (estimated need–actual intake), mM/kg/day
Day 1 0.5 ± 0.2 0.6 ± 0.2 0.8 ± 0.3 0.8 ± 0.4

Day 3 0.6 ± 0.5 0.7 ± 0.4 1.0 ± 0.3 0.9 ± 0.3

Day 7 0.4 ± 0.7 0.7 ± 0.4 0.5 ± 0.8 1.0 ± 0.6

Cumulative deficit (day 1–5) 2.5 ± 1.2 2.7 ± 1.3 3.7 ± 1.5� 4.2 ± 1.0�

Energy intake (parenteral), kcal/kg/day
Day 1 40.0 ± 3.7 40.0 ± 1.7 51.9 ± 3.5 52.5 ± 5.5

Day 7 67.7 ± 10.8 68.0 ± 8.1 72.0 ± 8.2 75.4 ± 9.8

Enteral nutrition, mL/kg/day
Day 1 5 ± 4 5 ± 4 5 ± 4 9 ± 9

Day 7 24 ± 10 20 ± 8 25 ± 14 31 ± 23

HP, hypophosphatemia; AA, amino acid

� P < 0.05 compared with Period I within the same hypophosphatemia group

https://doi.org/10.1371/journal.pone.0221042.t003
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significantly different between study periods and groups. The cumulative deficit of phosphate

intake during the first 5 days before the nadir of hypophosphatemia was higher in period II

than in period I (2.6 ± 1.3 versus 4.0 ± 1.3 mM/kg/day, p< 0.01).

Odds ratio of hypophosphatemia

In multivariate analysis, early high AA intake did not increase the risk of hypophosphatemia

(< 5 mg/dL) with OR of 1.2 (95% CI: 0.6–2.4). However, SGA and the combination of early

high AA intake and SGA increased the risk of hypophosphatemia, with ORs of 3.4 (95% CI:

1.5–8.0) and 3.5 (1.2–10.2), respectively. For severe hypophosphatemia (< 2.5 mg/dL), early

high AA intake, SGA, and the combination of early high AA intake and SGA increased the

risk, with ORs of 3.6 (95% CI: 1.3–10.4), 6.6 (95% CI: 3.4–12.9), and 18.0 (95% CI: 6.0–53.8),

respectively.

Discussion

Interruption of continuous placental nutritional flow after birth increases the risk of nutrient

deficiency in ELBWIs. The recent ESPGHAN/ESPEN/ESPR/CSPEN guidelines on pediatric

PN and also the recent Cochrane Database Systematic Reviews on amino acid supplementa-

tion on PN in newborns recommended initial amino acid supplementation with high AA (3g/

kg/day) and energy intake [3,4]. The recent introduction of an early aggressive PN in ELBWIs

has been shown to prevent early inadequate nutrition–induced metabolic disturbances such as

hyperphosphatemia, hypocalcemia, nonoliguric hyperkalemia, and hypoglycemia by inhibit-

ing cellular catabolism and promoting growth [9,20,21]. However, emerging evidence showed

that early aggressive PN also facilitated refeeding syndrome–like electrolyte disturbances such

as hypophosphatemia, hypercalcemia, hypokalemia, and hypomagnesemia, especially in SGA

ELBWIs, at the end of first postnatal week.[9,10] Moreover, the incidence and extent of hypo-

phosphatemia showed a significant association with AA intake amount in these infants [9–11].

In the present study, the difference of the incidence of hypophosphatemia (< 5 mg/dL)

between period I and II did not reach statistical significance. This result might be probably due

to the high incidence of mild hypophosphatemia in ELBWIs resulted from the cumulative defi-

cit of postnatal phosphate supply. However, the incidence of severe hypophosphatemia (< 2.5

mg/dL) was significantly increased in period II compared with that in period I. The high

amino acid intake, followed by transient hyperinsulinemia and accelerated cellular anabolism,

increased the requirement of phosphate and other intracellular ions. Our results showed that

the deficit of phosphate intake (estimated requirement–actual intake) during the first 5 days

before the nadir of hypophosphatemia was higher in period II than in period I (2.6 ± 1.3 versus

4.0 ± 1.3 mM/kg/day, p< 0.01). Because there was no difference in the phosphate intake

between the two periods, the increased cumulative deficit in period II might be a result of an

increased estimated requirement of phosphate due to augmented AA anabolism. The lower

phosphate supply since birth, combined with a scarce deposition of minerals in the bone and

higher protein anabolism led to early hypophosphatemia, which was severe in the undernour-

ished SGA infants.

However, the optimal amounts for AA and phosphate intake in high-risk infants remain

unclear. Bustos LG et al. reported that an intermediate dose of AA (2.0–2.5 mg/kg/day)

decreased the incidence of early hypophosphatemia in these patients [22]. In our study, even

the intermediate-risk infants, SGA infants in period I and AGA infants in period II, showed a

significant incidence of early-onset severe hypophosphatemia. The optimal doses of AA should

be set individually between low and intermediate doses according to the severity of preexisting

undernourishment.
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In the previous studies by Mulla S et al. and Bustos LG et al., the authors postulated that the

conventional Ca-to-P molar ratio of 1.3:1 might be insufficient to meet the phosphate require-

ment in infants with preexisting phosphate depletion [22,23]. Taken together, the low to inter-

mediate dose of AA at the initiation of PN along with high phosphate supply at the Ca-to-P

molar ratio of 1:1 or less might be necessary for SGA ELBWIs. The gradual increase in AA

intake according to a nonprotein calorie-to-AA ratio of 30 to 40:1 up to the end of the first

postnatal week should be accompanied by an increase in phosphate intake based on daily

phosphate requirement. Further randomized clinical trials are necessary to validate this

practice.

For the mechanism of refeeding syndrome–like electrolyte disturbances, abrupt introduc-

tion of high exogenous AA stimulates endogenous insulin secretion followed by intracellular

shifts of phosphate, potassium, and magnesium ions in the SGA ELBWIs with depleted body

stores of these ions [9,24]. As depletion of serum phosphate level would lead to failure of aden-

osine triphosphate (ATP) generation, infants with severe hypophosphatemia are at a higher

risk of respiratory muscle fatigue resulting in respiratory failure [18]. Moreover, as depletion

of ATP following severe hypophosphatemia can also lead to phagocyte dysfunction [12],

infants with severe hypophosphatemia might have an increased risk of sepsis. In this study,

hypophosphatemia that reached nadir at Postnatal Day 6 was transient, and infants recovered

in the second week of life. As most ELBWIs regardless of hypophosphatemia were ventilator-

dependent during the first two weeks of life, no significant differences in mortality or onset of

morbidities including BPD according to presence of transient hypophosphatemia were

observed in this study. However, in period II, the duration of invasive mechanical ventilation

was prolonged in infants with hypophosphatemia compared with those without hypophospha-

temia. More research is needed to confirm whether this result is due to refeeding syndrome-

associated hypophosphatemia. On the other hand, there were no difference in the incidence of

sepsis or nosocomial infection between infants with and without hypophosphatemia.

Limitations of this study include its retrospective observational study design and perfor-

mance in a single tertiary center NICU. Nutritional management was individualized; there-

fore, the type of milk and the amounts of AA, calcium, and phosphate intake in PN were not

controlled strictly in this study. As SGA infants were arbitrarily defined as those falling under

less than the 10th percentile of birthweight, the pathologic etiology due to a chronically under-

nourished intrauterine environment caused by various maternal or placental factors such as

preeclampsia, diabetes, or cigarette smoking could not be discriminated from constitutional

causes of SGA in this study.

Conclusions

In the present study, high initial AA intake of 3 g/k/g/day increased the risk of refeeding syn-

drome-like electrolyte dysregulation in SGA ELBWIs. Moreover, the risk of severe hypopho-

sphatemia (< 2.5mg/dL) was significantly higher even with a low initial AA intake of 1.5 g/kg/

day in SGA (< 10th percentile) ELBWIs. A new tailored PN protocol starting with lower to

intermediate AA (1.5–2.0 g/kg/day) and higher phosphate supply (Ca to P molar ratio of 1:1 or

less), and gradually increasing the AA and phosphate intake over the first postnatal week

might be necessary for high-risk SGA ELBWIs.

Supporting information

S1 File. Anonymized dataset.

(XLSX)

Hypophosphatemia in micropreemies

PLOS ONE | https://doi.org/10.1371/journal.pone.0221042 August 23, 2019 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0221042.s001
https://doi.org/10.1371/journal.pone.0221042


Author Contributions

Conceptualization: Se In Sung, Yun Sil Chang, Jisook Kim, Won Soon Park.

Data curation: Jin Hwa Choi, Yohan Ho.

Formal analysis: Se In Sung, Yohan Ho, So Yoon Ahn.

Funding acquisition: Yun Sil Chang.

Investigation: Jin Hwa Choi, Yohan Ho, So Yoon Ahn.

Methodology: Yohan Ho, Jisook Kim.

Software: Se In Sung.

Supervision: Yun Sil Chang, Jisook Kim, So Yoon Ahn, Won Soon Park.

Validation: Jin Hwa Choi.

Writing – original draft: Se In Sung.

Writing – review & editing: Se In Sung, Yun Sil Chang, Won Soon Park.

References
1. Ehrenkranz RA, Das A, Wrage LA, Poindexter BB, Higgins RD, Stoll BJ, et al. Early nutrition mediates

the influence of severity of illness on extremely LBW infants. Pediatr Res. 2011; 69:522–9. https://doi.

org/10.1203/PDR.0b013e318217f4f1 PMID: 21378596

2. Kotsopoulos K, Benadiba-Torch A, Cuddy A, Shah PS. Safety and efficacy of early amino acids in pre-

term <28 weeks gestation: prospective observational comparison. J Perinatol. 2006; 26:749–54.

https://doi.org/10.1038/sj.jp.7211611 PMID: 17024139

3. van Goudoever JB, Carnielli V, Darmaun D, Sainz de Pipaon M, nutrition EEECwgopp. ESPGHAN/

ESPEN/ESPR/CSPEN guidelines on pediatric parenteral nutrition: Amino acids. Clin Nutr. 2018;

37:2315–23. https://doi.org/10.1016/j.clnu.2018.06.945 PMID: 30100107

4. Osborn DA, Schindler T, Jones LJ, Sinn JK, Bolisetty S. Higher versus lower amino acid intake in paren-

teral nutrition for newborn infants. Cochrane Database Syst Rev. 2018; 3:CD005949. https://doi.org/

10.1002/14651858.CD005949.pub2 PMID: 29505664

5. Koletzko B, Goulet O, Hunt J, Krohn K, Shamir R, Parenteral Nutrition Guidelines Working G, et al. 1.

Guidelines on Paediatric Parenteral Nutrition of the European Society of Paediatric Gastroenterology,

Hepatology and Nutrition (ESPGHAN) and the European Society for Clinical Nutrition and Metabolism

(ESPEN), Supported by the European Society of Paediatric Research (ESPR). J Pediatr Gastroenterol

Nutr. 2005; 41 Suppl 2:S1–87. https://doi.org/10.1097/01.mpg.0000181841.07090.f4 PMID: 16254497

6. Thureen PJ, Melara D, Fennessey PV, Hay WW Jr. Effect of low versus high intravenous amino acid

intake on very low birth weight infants in the early neonatal period. Pediatr Res. 2003; 53:24–32.

https://doi.org/10.1203/00006450-200301000-00008 PMID: 12508078

7. Van Goudoever JB, Colen T, Wattimena JL, Huijmans JG, Carnielli VP, Sauer PJ. Immediate com-

mencement of amino acid supplementation in preterm infants: effect on serum amino acid concentra-

tions and protein kinetics on the first day of life. J Pediatr. 1995; 127:458–65. https://doi.org/10.1016/

s0022-3476(95)70083-8 PMID: 7658281

8. Bonsante F, Iacobelli S, Chantegret C, Martin D, Gouyon JB. The effect of parenteral nitrogen and

energy intake on electrolyte balance in the preterm infant. Eur J Clin Nutr. 2011; 65:1088–93. https://

doi.org/10.1038/ejcn.2011.79 PMID: 21587281

9. Bonsante F, Iacobelli S, Latorre G, Rigo J, De Felice C, Robillard PY, et al. Initial amino acid intake influ-

ences phosphorus and calcium homeostasis in preterm infants—it is time to change the composition of

the early parenteral nutrition. PLoS One. 2013; 8:e72880. https://doi.org/10.1371/journal.pone.

0072880 PMID: 23977367

10. Ichikawa G, Watabe Y, Suzumura H, Sairenchi T, Muto T, Arisaka O. Hypophosphatemia in small for

gestational age extremely low birth weight infants receiving parenteral nutrition in the first week after

birth. J Pediatr Endocrinol Metab. 2012; 25:317–21. PMID: 22768663

11. Mizumoto H, Mikami M, Oda H, Hata D. Refeeding syndrome in a small-for-dates micro-preemie receiv-

ing early parenteral nutrition. Pediatr Int. 2012; 54:715–7. https://doi.org/10.1111/j.1442-200X.2012.

03590.x PMID: 23005906

Hypophosphatemia in micropreemies

PLOS ONE | https://doi.org/10.1371/journal.pone.0221042 August 23, 2019 11 / 12

https://doi.org/10.1203/PDR.0b013e318217f4f1
https://doi.org/10.1203/PDR.0b013e318217f4f1
http://www.ncbi.nlm.nih.gov/pubmed/21378596
https://doi.org/10.1038/sj.jp.7211611
http://www.ncbi.nlm.nih.gov/pubmed/17024139
https://doi.org/10.1016/j.clnu.2018.06.945
http://www.ncbi.nlm.nih.gov/pubmed/30100107
https://doi.org/10.1002/14651858.CD005949.pub2
https://doi.org/10.1002/14651858.CD005949.pub2
http://www.ncbi.nlm.nih.gov/pubmed/29505664
https://doi.org/10.1097/01.mpg.0000181841.07090.f4
http://www.ncbi.nlm.nih.gov/pubmed/16254497
https://doi.org/10.1203/00006450-200301000-00008
http://www.ncbi.nlm.nih.gov/pubmed/12508078
https://doi.org/10.1016/s0022-3476(95)70083-8
https://doi.org/10.1016/s0022-3476(95)70083-8
http://www.ncbi.nlm.nih.gov/pubmed/7658281
https://doi.org/10.1038/ejcn.2011.79
https://doi.org/10.1038/ejcn.2011.79
http://www.ncbi.nlm.nih.gov/pubmed/21587281
https://doi.org/10.1371/journal.pone.0072880
https://doi.org/10.1371/journal.pone.0072880
http://www.ncbi.nlm.nih.gov/pubmed/23977367
http://www.ncbi.nlm.nih.gov/pubmed/22768663
https://doi.org/10.1111/j.1442-200X.2012.03590.x
https://doi.org/10.1111/j.1442-200X.2012.03590.x
http://www.ncbi.nlm.nih.gov/pubmed/23005906
https://doi.org/10.1371/journal.pone.0221042


12. Moltu SJ, Strommen K, Blakstad EW, Almaas AN, Westerberg AC, Braekke K, et al. Enhanced feeding

in very-low-birth-weight infants may cause electrolyte disturbances and septicemia—a randomized,

controlled trial. Clin Nutr. 2013; 32:207–12. https://doi.org/10.1016/j.clnu.2012.09.004 PMID:

23043722

13. Fuentebella J, Kerner JA. Refeeding syndrome. Pediatr Clin North Am. 2009; 56:1201–10. https://doi.

org/10.1016/j.pcl.2009.06.006 PMID: 19931071

14. Solomon SM, Kirby DF. The refeeding syndrome: a review. JPEN J Parenter Enteral Nutr. 1990;

14:90–7. https://doi.org/10.1177/014860719001400190 PMID: 2109122

15. Boubred F, Herlenius E, Bartocci M, Jonsson B, Vanpee M. Extremely preterm infants who are small for

gestational age have a high risk of early hypophosphatemia and hypokalemia. Acta Paediatr. 2015;

104:1077–83. https://doi.org/10.1111/apa.13093 PMID: 26100071

16. Igarashi A, Okuno T, Ohta G, Tokuriki S, Ohshima Y. Risk Factors for the Development of Refeeding

Syndrome-Like Hypophosphatemia in Very Low Birth Weight Infants. Dis Markers. 2017;

2017:9748031. https://doi.org/10.1155/2017/9748031 PMID: 29104345

17. Jamin A, D’Inca R, Le Floc’h N, Kuster A, Orsonneau JL, Darmaun D, et al. Fatal effects of a neonatal

high-protein diet in low-birth-weight piglets used as a model of intrauterine growth restriction. Neonatol-

ogy. 2010; 97:321–8. https://doi.org/10.1159/000260135 PMID: 19940515

18. Ross JR, Finch C, Ebeling M, Taylor SN. Refeeding syndrome in very-low-birth-weight intrauterine

growth-restricted neonates. J Perinatol. 2013; 33:717–20. https://doi.org/10.1038/jp.2013.28 PMID:

23538644

19. Olsen IE, Groveman SA, Lawson ML, Clark RH, Zemel BS. New intrauterine growth curves based on

United States data. Pediatrics. 2010; 125:e214–24. https://doi.org/10.1542/peds.2009-0913 PMID:

20100760

20. Iacobelli S, Bonsante F, Vintejoux A, Gouyon JB. Standardized parenteral nutrition in preterm infants:

early impact on fluid and electrolyte balance. Neonatology. 2010; 98:84–90. https://doi.org/10.1159/

000276979 PMID: 20090377

21. Poindexter BB, Langer JC, Dusick AM, Ehrenkranz RA, National Institute of Child H, Human Develop-

ment Neonatal Research N. Early provision of parenteral amino acids in extremely low birth weight

infants: relation to growth and neurodevelopmental outcome. J Pediatr. 2006; 148:300–5. https://doi.

org/10.1016/j.jpeds.2005.10.038 PMID: 16615955

22. Bustos Lozano G, Soriano-Ramos M, Pinilla Martin MT, Chumillas Calzada S, Garcia Soria CE, Pallas-

Alonso CR. Early Hypophosphatemia in High-Risk Preterm Infants: Efficacy and Safety of Sodium Gly-

cerophosphate From First Day on Parenteral Nutrition. JPEN J Parenter Enteral Nutr. 2019; 43:419–

25. https://doi.org/10.1002/jpen.1426 PMID: 30070716

23. Mulla S, Stirling S, Cowey S, Close R, Pullan S, Howe R, et al. Severe hypercalcaemia and hypopho-

sphataemia with an optimised preterm parenteral nutrition formulation in two epochs of differing phos-

phate supplementation. Arch Dis Child Fetal Neonatal Ed. 2017; 102:F451–F5. https://doi.org/10.1136/

archdischild-2016-311107 PMID: 28456753

24. Hakan N, Aydin M, Dilli D, Zenciroglu A, Okumus N. Transient hyperinsulinemia may be responsible

from electrolyte abnormalities of refeeding syndrome seen in very low birth weight infants with intrauter-

ine growth-restriction. J Perinatol. 2014; 34:247. https://doi.org/10.1038/jp.2013.181 PMID: 24573213

Hypophosphatemia in micropreemies

PLOS ONE | https://doi.org/10.1371/journal.pone.0221042 August 23, 2019 12 / 12

https://doi.org/10.1016/j.clnu.2012.09.004
http://www.ncbi.nlm.nih.gov/pubmed/23043722
https://doi.org/10.1016/j.pcl.2009.06.006
https://doi.org/10.1016/j.pcl.2009.06.006
http://www.ncbi.nlm.nih.gov/pubmed/19931071
https://doi.org/10.1177/014860719001400190
http://www.ncbi.nlm.nih.gov/pubmed/2109122
https://doi.org/10.1111/apa.13093
http://www.ncbi.nlm.nih.gov/pubmed/26100071
https://doi.org/10.1155/2017/9748031
http://www.ncbi.nlm.nih.gov/pubmed/29104345
https://doi.org/10.1159/000260135
http://www.ncbi.nlm.nih.gov/pubmed/19940515
https://doi.org/10.1038/jp.2013.28
http://www.ncbi.nlm.nih.gov/pubmed/23538644
https://doi.org/10.1542/peds.2009-0913
http://www.ncbi.nlm.nih.gov/pubmed/20100760
https://doi.org/10.1159/000276979
https://doi.org/10.1159/000276979
http://www.ncbi.nlm.nih.gov/pubmed/20090377
https://doi.org/10.1016/j.jpeds.2005.10.038
https://doi.org/10.1016/j.jpeds.2005.10.038
http://www.ncbi.nlm.nih.gov/pubmed/16615955
https://doi.org/10.1002/jpen.1426
http://www.ncbi.nlm.nih.gov/pubmed/30070716
https://doi.org/10.1136/archdischild-2016-311107
https://doi.org/10.1136/archdischild-2016-311107
http://www.ncbi.nlm.nih.gov/pubmed/28456753
https://doi.org/10.1038/jp.2013.181
http://www.ncbi.nlm.nih.gov/pubmed/24573213
https://doi.org/10.1371/journal.pone.0221042

