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Sex-specific relationships between early nutrition and
neurodevelopment in preterm infants

Anna C. Tottman’, Frank H. Bloomfield'?, Barbara E. Cormack'?, Jane E. Harding’, Janice Taylor® and Jane M. Alsweiler®>*

BACKGROUND: Although early nutrition is associated with neurodevelopmental outcome at 2 years’ corrected age in children born
very preterm, it is not clear if these associations are different in girls and boys.

METHODS: Retrospective cohort study of infants born <30 weeks’ gestational age or <1500 g birth weight in Auckland, NZ.
Macronutrient, energy and fluid volumes per kg per day were calculated from daily nutritional intakes and averaged over days 1-7
(week 1) and 1-28 (month 1). Primary outcome was survival without neurodevelopmental impairment at 2 years corrected age.
RESULTS: More girls (215/478) survived without neurodevelopmental impairment at 2 years (82% vs. 72%, P = 0.02). Overall,
survival without neurodevelopmental impairment was positively associated with more energy, fat, and enteral feeds in week 1, and
more energy and enteral feeds in month 1 (P = 0.005-0.03), but all with sex interactions (P = 0.008-0.02). In girls but not boys,
survival without neurodevelopmental impairment was positively associated with week 1 total intakes of fat (OR(95% Cl) for highest
vs. lowest intake quartile 62.6(6.6-1618.1), P < 0.001), energy (22.9(2.6-542.0), P = 0.03) and enteral feeds (1.9 x 10°(9.5-not

estimable), P < 0.001).

CONCLUSIONS: Higher early fat and enteral feed intakes are associated with improved outcome in girls, but not boys. Future
research should determine sex-specific neonatal nutritional requirements.

Pediatric Research (2020) 87:872-878; https://doi.org/10.1038/s41390-019-0695-y

INTRODUCTION

Infants born very or extremely preterm (<32 weeks' gestational age),
or of very low birth weight (VLBW, <1500 g birth weight), are at high
risk of faltering growth in the neonatal period.' Supplying adequate
nutrition to allow approximation of in utero growth trajectories is a
recommended objective for neonatal practitioners,? and under-
nutrition in the neonatal period, in preterm and VLBW infants is
associated with adverse outcomes.>* However, the optimal amount,
composition, and method of delivery of nutrition for preterm babies
is not yet clear. Boys born preterm or VLBW are consistently
reported to have worse outcomes than girls, including neonatal
morbidity,>® mortality,” and long-term neurodevelopment.>®°
Nutrition provided to the fetus may impact upon the risk of adverse
long-term metabolic outcomes,’® and a number of studies, both
human'" and animal,'? have shown intriguing differences in female
and male responses to altered neonatal nutrition. It is therefore
possible that sex-specific responses to early neonatal nutrition may
explain some of the differences in outcome between girls and boys
born preterm. The aim of this retrospective, observational cohort
study was to determine whether relationships between neonatal
nutritional intakes, neonatal growth and survival without neurode-
velopmental impairment at 2 years of age are different in girls and
boys born very preterm.

METHODS

In 2007, the Newborn Intensive Care Unit (NICU) at National
Women’'s Health, Auckland, NZ introduced a new nutritional
protocol. The aim of this protocol was to reduce early fluid intake,

increase protein intakes and standardize parenteral nutrition
prescribing practices for very preterm infants. A previously
published audit of 80 surviving infants suggested that the new
protocol was successful in achieving these aims, but was not
associated with any differences in postnatal growth or 18-month
neurodevelopmental outcomes.'®> The change in nutritional
protocol also affords the opportunity to examine the relationships
between early nutrition and outcomes in a larger cohort of infants
with wide variation in their nutritional intakes.

Ethics (NTY/09/98/EXP/AMO02) and institutional
approvals were obtained for this study.

(A 4 4984)

Participants

Infants born from 2005 to 2008 at <30 weeks’ gestation or <1500 g
birth weight, and admitted to the NICU were identified from unit
records. This included the 80 infants previously audited.”® Infants
with significant congenital anomalies, those transferred into the
unit later than 24 h after birth, and those transferred on or before
the seventh postnatal day were excluded.

Neonatal data

All recorded enteral and parenteral fluid intakes (excluding blood
products) from birth until the end of postnatal day 28 were
collected from the medical records. Intakes from the calendar day
of birth were excluded due to its variable duration. Parenteral,
enteral and total macronutrient and energy intakes were
calculated using reference data (Supplemental Table S1 (online)),
and the current, highest recorded daily weight was used to
calculate intakes per kg, which were then averaged over days 1-7
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(week 1) and days 1—28 (month 1). The days on which 10 and 50%
of total fluid intakes were via the enteral route were identified, as
was the day 100% (full) enteral feeds were achieved.'® If full
enteral feeds were not established by day 28, or the infant died
before full feeds were reached, enteral feeding was reported as
not established.

Antenatal steroid exposure, birth plurality, sex, maternal
ethnicity,'® place of birth and the presence of prolonged rupture
of the fetal membranes (>24 h) were collected from the neonatal
record and CRIB-Il score was calculated.'® Weight, head circum-
ference and length measures at birth and at 36 weeks’
postmenstrual age were converted to z-scores.'”” Growth velocity
was calculated using the exponential method.'®

Neonatal outcomes

Neonatal morbidities included length of stay (from birth to
discharge from a neonatal facility), intraventricular hemorrhage
grade IIl or grade IV,' retinopathy of prematurity stage 3 or 4,%°
chronic lung disease (oxygen or mechanical ventilation at
36 weeks' postmenstrual age), sepsis (a positive blood, urine or
cerebrospinal fluid culture necessitating antibiotic treatment),?'
and necrotizing enterocolitis Bell Stage = 2.2 Deaths between
birth and 2 years were recorded.

Neurodevelopmental outcomes at 2 years

Children underwent routine neurodevelopmental assessment at 2
years' corrected age (+6 months) using the Bayley II, Bayley Il or
nonstandardized assessment. The primary outcome, survival without
neurodevelopmental impairment, includes children who were alive
and had no neurodevelopmental impairment on assessment at 2
years. Children with neurodevelopmental impairment were further
categorized as having mild (motor score<—1 SD), moderate
(cognitive score —1 to —2 SD, or mild-moderate cerebral palsy
without cognitive impairment, or impaired vision requiring correc-
tion, or conductive hearing loss requiring aids) or severe impairment
(cognitive score<—2 SD or severe cerebral palsy or bilateral
blindness or sensorineural hearing loss requiring aids).*>

Statistical analysis
Analysis was performed in JMP v11.2.0 (SAS Institute Inc.).
Descriptive data are presented as number (%), mean (SD) or
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median (IQR) as appropriate. Between girls and boys, continuous
data were compared using ANOVA, or Wilcoxon’s test for non-
normal distributions. Categorical data were compared using chi-
squared or Fisher's Exact tests. The level of significance was
taken as 0.05 throughout, with no correction for multiple
comparisons. The associations between nutrition parameters,
sex and the selected outcomes were explored using multiple
logistic regression analysis. Gestational age and birth weight z-
score were included in models a priori as confounders that may
influence neonatal nutrition, growth, and outcome at 2 years.
Analyses were additionally adjusted for neonatal morbidities
found to be different between girls and boys (P<0.05), and
outcomes at 2 years were also adjusted for the type of
assessment (Bayley I, Bayley lll, other). Nutritional components
found to have significant associations with both outcome and
sex were further explored by estimating the odds ratios for the
outcome for quantiles of nutritional intake separately in girls
and boys.

RESULTS

A total of 536 infants were admitted to the NICU July
2005-October 2008, of whom 478 (89%) were included in this
study and 263 (55%) were boys (Fig. 1).

Girls and boys were similar in gestational age at birth, birth
weight, birth weight z-score, CRIB-Il score, ethnicity, antenatal
steroid exposure and birth plurality (Table 1). Girls were less likely
than boys to have necrotizing enterocolitis (3(1%) vs. 16(6%), P =
0.009) and sepsis (22(10%) vs. 46(17%), P=0.02), but not other
neonatal illnesses. Average protein, fat, carbohydrate and energy
intakes were lower during week 1 than during month 1, and were
similar in girls and boys (Table 1). Girls and boys achieved enteral
feeds at similar ages, with breastmilk comprising the majority of
enteral feedings for all infants (Table 1).

All infants lost weight in the first week after birth, reflected in an
average growth velocity of —4.0 (—9.0-0.9) gkg 'd ™' from birth
to day 7 (Table 2). Growth velocity was similar in girls and boys
from birth to day 7 and to day 28. Z-score change from birth to
36 weeks' postmenstrual age could be calculated for weight in
374/478 (78%), head circumference in 332/478 (69%), and length
in 312/478 (65%). The cohort as a whole did not achieve

Infants < 1,500 g < 30 weeks gestation
born July 2005-October 2008
n=536

Excluded n =58
+ Congenital anomaly

> n=21
« Transferred out
before day 7 n=35

Included in study
n=478

+ Transferred in after
24hn=2

Girls
n=215

Boys
n=263

No 2 year outcome
available n =35

A

- Assessed outside age

No 2 year outcome
> available n = 46

- Assessed outside age

window n=8

2 year outcome
* Not assessed n =27

available
n=180

. Died n=13
. Assessed n= 167

window n=6

2 year outcome
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available
n=217

Died n=25
« Assessed n=192

Fig. 1

Pediatric Research (2020) 87:872 - 878

Flow diagram of participants in the neonatal period and at 2 years.

SPRINGER NATURE

873



Sex-specific relationships between early nutrition and neurodevelopment...
AC Tottman et al.

874

Table 1. Perinatal characteristics and nutrition received by girls
and boys.
Girls Boys P value
n=215 n=263

Gestational age (weeks) 28 (26-30) 28 (26-29) 0.76
Any antenatal steroids 196 (91) 245 (94) 0.26
Outborn 5(7) 8 (7) 0.96
Prolonged rupture of membranes 1 (28) 7 (25) 053
Multiple birth 1 (24) 9 (26) 0.51
Maori/Pacific Islander 3 (34) 9 (34) 0.98
CRIB Il score 7 (5-11) 8 (5-10) 0.29
Birth weight (g) 1059 (278) 1107 (269) 0.06
Birth weight z-scores —0.19 (0.94) —0.20 (1.00) 0.94
Birth length (cm) 36.5 (3.5) 366 (3.2) 072
Birth length z-score —0.07 (1.15) —0.19 (1.06) 0.27
Birth head circumference (cm) 259 (2.3) 26.2 (23) 0.19
Birth head circumference z-score 0.16 (1.02) 0.10 (1.07) 0.52
Length of neonatal stay (days) 9 (28) 0(30) 0.78
Hyperglycemia treated with insulin 6 (17) 5 (21) 0.29
Stage 3/4 retinopathy of prematurity 7 (5) 6 (9) 0.28
Grade IlI/IV intraventricular 12 (6) 9 (3) 0.25
hemorrhage
Chronic lung disease 32 (15) 48 (18) 0.34
Home oxygen 26 (12) 35(13) 0.51
Sepsis 22 (10) 46 (17) 0.02
Necrotizing enterocolitis 3 (1) 16 (6) 0.009
Day enteral feeds achieved

10% 3 (2-4) 3 (2-4) 097

50% 6 (5-8) 7 (5-9) 0.71

100% 9 (7-11) 9 (7-11) 0.59
Enteral feeds not established at d28 13 (6) 22 (8) 0.33
Total protein intake (kg™ 'd™")

Week 12 2.7 (0.4) 27 (04) 071

Month 1° 3.4 (03) 34 (03) 008
Total fat intake (gkg 'd™")

Week 12 3.8 (0.8) 3.7 (09) 040

Month 1° 6.2 (0.8) 6.0 (0.9) 007
Total carbohydrate intake (gkg~'d ")

Week 12 10.9 (1.7) 11.0 (1.7)  0.57

Month 1P 14.7 (1.8) 147 (1.4) 094
Total energy intake (kcalkg™'d™")

Week 12 85 (11) 85(11) 082

Month 1° 127 (14) 125 (14) 0.07
Week 1 enteral intakes®

Total enteral feeds (mlkg™'d™") 48 (31) 46 33)  0.57

Breastmilk (mlkg~'d™") 44 (30) 43 (30) 0.87

Protein (kg 'd™") 0.8 (0.6) 0.8 (06) 073

Fat (gkg™'d™") 1.8 (1.2) 1.7 (13) 059

Carbohydrate (gkg™'d ™) 34 (2.3) 33(26) 066
Month 1 enteral feeds (mlkg™'d™")® 128 (32) 125 (35)  0.25
Data are number (%), median (IQR) or mean (SD)
Due to missing data: 2girls n = 206 (96%), boys n = 256 (97%). Pgirls n = 194
(90%) boys n =241 (92%)

intrauterine-equivalent growth rates, with negative changes in z-
scores for all growth parameters from birth to 36 weeks’
postmenstrual age (Table 2). In adjusted models, no nutritional
component was associated with change in weight, head
circumference or length z-scores from birth to 36 weeks’
postmenstrual age.
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Table 2.  Growth and 2-year outcomes in girls and boys.
Girls Boys P value
n=215 n=263
Growth velocity
Birth to day 7 (gkg 'd ™) —42(94) —42(87) 094
Birth to day 28 (gkg™'d™")° 12.0 3.9) 11.7 3.3) 047
Z-score change birth to 36/40
Weight© —1.04 (0.69) —1.07 (1.43) 0.84
Lengthd —1.05 (0.99) —1.19 (1.53) 0.37
Head circumference® —0.90 (1.03) —0.89 (1.47) 0.95
Assessed at 2 years n=167 n=192
Assessment type
Bayley I 26 (16) 28 (15)  0.58
Bayley Il 126 (75) 152 (79)
Other 15 (9) 12 (6)
Neurodevelopmental impairment 20 (12) 36 (19) 0.08
Mild 5@3) 3(2)
Moderate 13 (8) 28 (15)
Severe 2(1) 5(3)
Died before 2 years 13 (6) 25 (10) 0.16
Survived without 147 (82) 156 (72)  0.02
neurodevelopmental impairment
Data are number (%), median (IQR) or mean (SD). Due to missing data:
2girls n=173, boys n=212. girls n=133, boys n=161. girls n=175,
boys n = 199. 9girls n = 142 boys n = 170. ¢girls n = 154, boys n =178

By 2 years of age, 38(8%) of the cohort had died, and 81(17%)
did not have a neurodevelopmental assessment, so the composite
outcome of survival without neurodevelopmental impairment
could be determined in 180/215(84%) girls and 217/263(83%)
boys (Table 2). Neurodevelopmental impairment occurred in 56/
359(16%) children assessed at 2 years, was similar in girls and
boys, and was moderate in the majority of cases. Girls were more
likely than boys to achieve the composite outcome of survival
without neurodevelopmental impairment (147(82%) vs. 156(72%),
P=0.02) (Table 2).

In unadjusted, multivariate logistic regression analysis, there
was a positive association between the odds of survival without
neurodevelopmental impairment and week 1 fat intake (OR
(95%Cl) 1.56(1.14-2.15), P=0.005), but no associations with
week 1 protein (1.51(0.83-2.75), P =0.17) or carbohydrate (0.97
(0.83-1.13), P=0.71) intakes. Similar relationships were seen in
girls where week 1 fat (5.36(2.59-12.60), P<0.001) was
associated with survival without neurodevelopmental impair-
ment, but not protein (2.96(0.92-9.52), P=0.06) or carbohy-
drate intake (0.82(0.62-1.09), P =0.18). In contrast, there were
no significant relationships between week 1 intakes of any of
the three macronutrients and survival without neurodevelop-
mental impairment in boys (fat 1.00(0.70-1.44), P = 0.98, protein
1.17(0.57-2.42), P=0.68, carbohydrate 1.05(0.86-1.27), P=
0.66).

In adjusted models, energy, fat, and enteral feed volumes in
week 1, and energy and enteral feed volumes in month 1, were
each associated with survival without neurodevelopmental
impairment at 2 years and had significant sex interactions
(Table 3). These relationships were similar when the outcome of
neurodevelopmental impairment only was examined (Table 3). In
girls, week 1 fat, energy and enteral fluid intakes were all positively
associated with survival without neurodevelopmental impairment
at 2 years, but there were no associations between these
nutritional intakes and outcome in boys (Fig. 2). Similarly, month
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Fig.2 Odds of survival without neurodevelopmental impairment at 2 years in girls and boys for quartiles of nutrient intakes in week 1
and month 1. Adjusted odds of survival without neurodevelopmental impairment at 2 years in girls (gray) and boys (black) in association
with quartiles of nutrient intakes, where the reference values is the first quartile. Circles denote quartile 2, squares quartile 3 and triangles
quartile 4. a Week 1 energy intake (reference value is energy intake <77 kcal kg =" d~") Girls X*> = 8.84, P = 0.03. Boys X* = 4.00, P = 0.27. b Week
1 fat intake (ref. is fat intake <3.1gkg™'d™"). Girls X*=18.91, P<0.001. Boys X*=4.20, P=0.24. ¢ Week 1 enteral feed volume (ref.
is enteral feed volume <21 mlkg™" d™"). Girls X*> = 15.96, P=0.001. Boys X*> =0.70, P=0.87. d Month 1 energy intake (ref. is energy intake
<120kcalkg~'d~"). Girls X*>=12.82, P=0.005. Bogs X?>=12.14, P=0.007. e Month 1 enteral feed volumes (ref. is enteral feed volume

<116 mlkg™'d™"). Girls X* =10.99, P = 0.01. Boys X’

1 enteral feed volumes were positively associated with survival
without neurodevelopmental in girls but not boys (Fig. 2).
Although energy intake in month 1 was associated with survival
without neurodevelopmental impairment in both girls and boys,
significantly increased odds of this outcome were seen for the
highest quartile of energy intake in girls but only for the second
quartile of energy intake in boys (Fig. 2).

DISCUSSION

Neonatal nutrition is an important modifier of short- and long-
term outcomes of infants born preterm, but unlike for all other

age groups,®* current recommendations for neonatal nutritional

intakes do not differ by sex.?> In our cohort of infants born very

preterm or at very low birth weight, we observed that associations
between neonatal nutrition, growth and neurodevelopmental
outcomes are different in girls and boys. These data support the
hypothesis that preterm infants may have sex-specific nutritional
requirements in the neonatal period.

Such an hypothesis is supported by evidence from animal,?

and human,”’~%° studies that maternal breastmilk composition

differs by offspring sex, providing higher concentrations of lipid
and energy to boys. There is also evidence that supplementation
of enteral feeds after preterm birth leads to sex-specific
differences in growth and neurodevelopmental outcomes, with

preterm boys who receive supplemented feeds showing bigger

changes in short- and long-term growth,'"® and improvements in
verbal and overall IQ scores,>' compared to girls.

In our study, fat intake in the first postnatal week was strongly
associated with survival without neurodevelopmental impairment
in girls but not boys. The reason for the association between fat

intake and outcome in girls, and the absence of this association in

boys, is not clear, but could be due to differences in the
requirements for, and metabolism of, fatty acids in early life. At
1 month of age, term-born girls have a higher percentage body fat
and less fat-free mass than boys.>? Healthy infant girls have higher
serum concentrations of triglycerides, cholesterol and low density
lipoproteins than boys,** and also different lipid compositions of
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=3.02, P=0.39.

the vernix (which is dissolved into the amniotic fluid by surfactant
proteins then swallowed by the fetus***®), with girls tending
towards longer-chain hydrocarbon components.® Further, a long-
term study of docosahexaenoic acid supplementation to preterm
neonates showed improved executive function only in girls,”
whereas fish oil supplementation to lactating mothers of term
infants was associated with increased diastolic blood pressure and
delayed puberty at 13 years only in boys.3® Together, these
findings suggest sexual dimorphism in lipid requirement and
metabolism, and hence potentially nutritional fat requirements in
early life.

We observed an association between week 1 energy intake and
survival without neurodevelopmental impairment in girls but not
boys; findings similar to those recently reported in a cohort of 112
two-year olds born very preterm and exposed to high or low
protein and energy intakes in the first 2 postnatal weeks.>? As this
association mirrors the association between week 1 fat intake and
outcome, it is difficult to distinguish whether energy or fat (which
is the most energy-dense macronutrient) has the more important
effect. We did not find any associations between week 1 or month
1 protein intakes and survival without neurodevelopmental
impairment; an unexpected finding as increased early amino acid
provision has previously been reported to improve survival
without major disability in boys, but reduce cognitive scores in
surviving girls.*

Enteral feed volumes in week 1 and month 1 were strongly
associated with survival without neurodevelopmental impairment
in girls but not boys. Achievement of enteral feeds may be
delayed in infants who are small and sick, but given the similarities
in gestational age, birth weight, and CRIB-Il score between the
sexes, delays in enteral feeding would be expected to affect girls
and boys equally, and our data show that there were no
differences between girls and boys for time to achieve 10%,
50% and full enteral feeds. Most of the enteral feed provided to
infants in our cohort was maternal expressed breastmilk, and it is
possible that sex-related differences in maternal breastmilk
composition resulted in differential outcomes between preterm
girls and boys.
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Weight is the variable most commonly used to estimate
adequacy of neonatal nutrition, yet the change in weight z-score
between birth and 36 weeks was not associated with any
component of nutritional intake in either sex. In term infants,
weight is sensitive to relative lean mass, and weight may also
change in response to hydration status. The use of weight as a
marker for nutritional status also may be confounded through the
presence of hypoalbuminaemia, resulting in edema in under-
nourished infants. Crown-heel length is difficult to measure
accurately, especially in infants who are unable to tolerate
significant handling. Thus, length measures in preterm infants
may not accurately reflect body composition.*'

It is possible that the interactions we have described between
sex, fat and energy are secondary to our use of standard values to
estimate enteral macronutrient intakes, and if actual, sex-specific
breastmilk composition was known, these associations may no
longer be observed. The volumes of enteral feed received by the
cohort in the first week represent less than 50% of infants’
nutritional intakes, but enteral feeds provide the majority of
nutrition in the first month; thus any disparities between
estimated and actual enteral macronutrient intakes are likely to
be most important during this time period. Our findings in this
retrospective study may reflect reverse causation, and the
associations described may merely reflect that infants with good
outcomes grow better and feed better in the neonatal period, but
this seems an unlikely explanation for our findings of sex-specific
relationships with outcome. Further, although this is a relatively
large cohort, the number of infants with poor outcome at 2 years
is small. However, we prespecified an analysis plan specifically
searching for sex-specific interactions and our findings are
statistically robust.

CONCLUSIONS

Infants born very preterm have sex-specific associations between
nutrition and outcomes. We found that higher early fat and
enteral feed intakes were associated with improved outcome to 2
years in girls, but not boys. Prospective trials of neonatal nutrition
should consider that outcomes may diverge by infant sex, and
should therefore be adequately powered to report outcomes
separately in girls and boys and examine sex interactions. Future
recommendations for nutrition of preterm infants may need to be
sex-specific.
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