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Very preterm infants are at high risk of growth failure. Poor weight gain is a prominent risk factor for retinopathy of prematurity
(ROP) and optimizing nutrition could potentially promote growth and reduce ROP. Most infants at risk of ROP need parenteral
nutrition initially and studies of enhanced parenteral provision of lipids and amino acids have suggested a beneficial effect on ROP.
Higher amino acid intake was associated with lower incidence of hyperglycemia, a risk factor for ROP. For very preterm infants,
providing unpasteurized fortified raw maternal breast milk appears to have a dose-dependent preventive effect on ROP. These
infants become deficient in arachidonic acid (ArA) and docosahexaenoic acid (DHA) after birth when the maternal supply is lost.
Earlier studies have investigated the impact of omega-3 fatty acids on ROP with mixed results. In a recent study, early enteral
supplementation of ArA 100 mg/kg/d and DHA 50 mg/kg/d until term equivalent age reduced the incidence of severe ROP by 50%.
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IMPACT:

® Previous reviews of nutritional interventions to prevent morbidities in preterm infants have mainly addressed
bronchopulmonary dysplasia, brain lesions and neurodevelopmental outcome. This review focusses on ROP.

® Neonatal enteral supplementation with arachidonic acid and docosahexaenoic acid, at levels similar to the fetal accretion rate,
has been found to reduce severe ROP by 50% in randomized controlled trials.

INTRODUCTION

Retinopathy of prematurity (ROP) is a neurovascular disease of
preterm infants and a major cause of childhood blindness
worldwide.! Extremely preterm infant survival rates are increasing
and, unfortunately, so have morbidities such as ROP. In Sweden,
the proportion of screened infants treated for ROP increased from
2008 to 2017 and over time, more very immature infants and
fewer with higher gestational age (GA) were treated.” In the US,
the incidence of ROP doubled from 2003 to 2019, and the increase
was most pronounced in low-income areas.?

ROP has two phases. In the first phase, starting directly after
birth, increased and fluctuating oxygenation, oxidative stress and
inflammation, as well as insufficient nutrient supply contributes to
post-natal weight loss and impaired retinal blood vessel growth.**
A sharp demarcation line between vascularized and avascular
retina develops. Later, body weight gain velocity increases.® At this
stage, retinal vascularization either develops relatively normally or
the second phase of ROP occurs, with extra-retinal neovascular-
isation and risk of retinal detachment. Low GA and poorly
controlled oxygen supplementation are well-known risk factors for
ROP. In addition, poor weight gain and low circulating concentra-
tions of insulin-like growth factor-1 (IGF-1) are strong risk factors.
Tools for the prediction of severe ROP based on these variables
have been developed for very preterm infants and are used

worldwide to optimize screening.”'® Circulating IGF-1, mainly
produced in the fetal/infant liver, is a signal of nutritional status
and health. IGF-1 stimulates growth and maturation and acts as a
permissive factor for VEGF-induced normal retinal vascularization.
Serum IGF-1 levels are partly nutrition dependent but are also
downregulated by infections, hypoxic episodes, corticosteroids
and other factors. Measures to prevent ROP include optimizing
nutrition and preventing inflammation to increase IGF-1 and
improve growth.

The aim of this narrative review is to discuss nutritional
interventions evaluated for their possible ability to reduce ROP.

METHODS
We searched PubMed for articles in English up to August 2023
addressing the association between nutrition and ROP.

Nutritional interventions to prevent ROP

Parenteral nutrition (PN) nutrition is recommended for very
preterm infants starting at birth. Minimal enteral feedings are
provided in increasing amounts as tolerated. Fortified maternal
breast milk is preferred, but donor human milk (DHM) or preterm
formula (PF) is used when the mother's own milk (MOM) is
unavailable in sufficient amounts. This regimen follows the
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recommendations of the American Academy of Pediatrics and the
European Society for Pediatric Gastroenterology Hepatology and
Nutrition (ESPGHAN).'"""?

Nutritional interventions to prevent ROP include early enhanced
nutrition to increase IGF-1 levels and growth. We will address PN
as well as alternative for enteral nutrition. We will also discuss trials
evaluating parenteral and enteral supplementation with LCPUFAs
and other supplements.

Enhanced nutrition. Several studies have shown a strong
relationship between poor weight gain and ROP.'>'3'* Weight
gain is multifactorial. Immaturity, infections, hypoxic episodes, and
other factors affect nutrient assimilation and utilization and
contribute to low circulating IGF-1 and poor growth. About half
of neonatal growth retardation in preterm infants is estimated to
be related to nutritional intake.'® It can be speculated that
increased amounts of energy, fat, carbohydrates, and protein as
well as improved compositon of provided nutrition might
promote normal retinal growth and vascularization. This may
lead to reduced avascular retinal area and in turn, the resulting
hypoxia known to stimulate abnormal neovascularization.

PN and formulas for preterm infants lack the variety of bioactive
factors normally transferred via the placenta and ingested in
amniotic fluid and breast milk, which vary according to the
developmental stage and needs of the fetus and newborn infant.

Nutritional regimes for very preterm infants over the past two
decades have not eradicated postnatal growth failure. However, in
more recent studies early postnatal weight loss has decreased and
subsequent weight gain has increased.® Studies on the association
between higher nutrient intake and outcome have mainly
addressed neurodevelopment. Two systematic reviews from
2022 reported that enhanced enteral but not parenteral nutrition
had a positive impact on neurodevelopment.'®'” Unfortunately, in
most studies the two routes of administration are not presented
separately. A longer duration of PN has been associated with
severe ROP.'®' Inclusion of PN for more than 14 days as a
variable in the algorithm of the DIGI-ROP clinical decision support
tool improved ROP prediction.?®?" Interestingly, an inverse
association between the amount of PN given in the second week
of life and circulating IGF-1 has been reported in infants with GA
between 24 and 32 weeks.?

In a meta-analysis of five studies, with different ROP definitions,
initiation of parenteral lipids (= 1.5 g/kg/day within the first 24 h of
birth) showed a favorable effect on ROP compared to lower initial
doses and/or later initiation.?* Very low-quality evidence suggested,
according to a Cochrane review, that higher amino acid intake in
parenteral nutrition reduces ROP, but not severe ROP. It was pointed
out that high amino acid intake may not be tolerated by all
infants.2* In the Extremely Low Gestational Age Newborn (ELGAN)
study of 1180 infants with GA <28 weeks, total (parenteral and
enteral) intake of calories, lipids, and carbohydrates in the lowest
quartile but not protein on postnatal days 3, 7, 14, and 21 was
associated with increased risk of ROP needing treatment to prevent
blindness. A growth velocity in the lowest quartile was associated
with an increased risk of any ROP.>® In that study the nutritional
goals for protein and fats were reached, whilst those for
carbohydrates and total energy were not.*> Higher energy intake
days 7 to 27 was associated with less ROP but not severe ROP in the
Extremely Preterm Infant in Sweden Study (EXPRESS).”® Whether
infants with the lowest energy intake would tolerate increased
intake and in doing so, reduce their ROP risk is unknown. Can et al.
found that infants on aggressive PN had increased IGF-1 levels from
the third postnatal week and less ROP compared to infants on
conventional nutritional management. However, included infants
were relatively mature with a mean GA of approximately 29 weeks
and therefore at less risk of ROP than ELGANs.?”

Oxidative stress is a major risk factor for ROP and shielding
parenteral solutions from light reduces the amount of peroxides
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infused.?® No effect of this intervention on ROP was found in a small
study of infants with GA < 37 weeks.*®

Maternal and donor human milk and preterm formula: Breast
milk is the preferred nutrition for all infants, especially those born
very preterm.’”? Unprocessed MOM contains nutrients and a
variety of multifunctional bioactive factors involved in nutrient
absorption, immune system maturation, antioxidant, and anti-
inflammatory defense, gut microbiome establishment, food
tolerability, and metabolism. However, energy and protein content
is insufficient to sustain growth in very preterm infants, meaning
that fortification is needed. Suboptimal early nutrition affects boys
more than girls with respect to neurodevelopmental outcomes.*

Breast milk content is modified in relation to maternal nutrition
and infant characteristics such as BW, GA, stage of lactation, and
sex, among others.3' The mothers of boys produce milk richer in
energy and lipid content than mothers of girls, indicating a natural
personalized process.>

If sufficient MOM is not available, pasteurized DHM is
recommended."” DHM differs from MOM, as it usually comes
from mothers of healthy, more mature infants at a different stage
of lactation and can come from a single donor or be pooled from
multiple donors. It contains less protein, energy, and fat than
MOM.?* Exclusive DHM feeding compared to fresh preterm milk
resulted in a lower intake of DHA (10.6 vs. 16.8 mg/d) and ArA
(17.4 vs. 252 mg/d) and in lower total fat intake than recom-
mended by the ESPGHAN (3.7 vs. 6.7 g/d).>* In addition, DHM had
higher lipid peroxidation than both preterm and term breast
milk.3* DHM is commonly exposed to multiple freeze-thaw cycles
which affect content. For microbiological safety the milk is heated
to 62.5°C for 30 min (Holder pasteurization), which reduces or
destroys several of the bioactive factors. Other sterilization
methods affect bioactive proteins differently.3> Unprocessed
MOM contains beneficial bacteria and maternal immune cells as
well as a number of various hormones and factors with multiple
physiologic functions, which are destroyed or reduced with
pasteurization. One example is bile salt stimulated lipase, which
is involved in the digestion of fat and inactivated by pasteuriza-
tion. Fat absorption was reduced by approximately one-third in
infants fed pasteurized compared to raw milk3® Lactoferrin is a
component of the immune system with anti-microbial as well as
anti-inflammatory properties and acts against bacteria, viruses and
fungi. It is found in various secretory fluids and is especially
abundant in human colostrum and raw breast milk and reduced
by approximately 80% with pasteurization.>” In a Cochrane review
of enteral lactoferrin supplementation, some preventive effect on
threshold ROP was found but with low certainty of evidence.*®

In comparison with PF, MOM?3° but not DHM*® protects against
severe ROP. In a randomized trial in 243 preterm infants (<
30 weeks GA at birth) of DHM versus PF as substitutes for MOM
when supply was insufficient, infants exclusively fed MOM (MOM
group) were compared to infants who received MOM plus DHM
from women who had preterm infants (DHM group) or MOM plus
PF (PF group). All infants received a bovine milk-based fortifier. In
the DHM group, 17% of infants switched to PF due to poor
growth, compared to none of those receiving exclusively MOM.
Proliferative ROP stage 3 was found in 5.6% of the MOM group
compared to 19% in the DHM group and 14% in the PF group,
suggesting a protective effect of MOM against severe ROP.*! In
addition, the quantity of MOM but not DHM or PF correlated
negatively with infection related events such as NEC and late-
onset sepsis.*’ Therefore, efforts to promote the provision of MOM
to infants at risk for ROP might be the most important preventive
intervention.

Long chain polyunsaturated fatty acids: LCPUFAs are structural

and functional components of cell membranes. The brain is a
lipid-rich organ. DHA and ArA are the principal, (highly conserved
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LCPUFA) components of brain lipids. ArA is especially enriched in
endothelium and immune system membranes and is essential for
vascularization, growth and other processes during development.
ArA is abundant in the retina and in retinal and choroidal blood
vessels*? and associated with growth and development in animals
and humans, including preterm infants.** DHA is abundant in
neuronal tissue with the highest concentrations in retinal
photoreceptor outer segments. Both fatty acids are the bases of
a variety of bioactive metabolites involved in a variety of
processes, such as metabolism, inflammation, and angiogenesis.
An optimal balance between Omega-6 and omega-3 LCPUFA is
important for proper function.

During gestation, the placenta selectively transfers certain fatty
acids to the fetus. Among the LCPUFAs, the transfer of ArA and its
omega-6 allies di-homo-gamma-linolenic acid (DHGLA), adrenic
acid and docosapentaenoic acid is the most facilitated. Omega-3
DHA transfer is also favored but to a lesser extent. DHA precursors
including eicosapentaenoic acid (EPA) as well as the ArA precursor
linoleic acid (LA) and oleic acid are rejected by the placenta.** While
the proportion of ArA in umbilical cord blood fatty acids is constant
and exceeds maternal values throughout gestation, the level of DHA
increases above maternal levels from around 33 weeks, concomi-
tant with increased lipid accumulation in the central nervous system
and adipose tissue.** Currently used parenteral soy- or olive- based
lipid solutions have insufficient levels of DHA and ArA, but newer
fish oil containing solutions contain more DHA and EPA although
they were not developed specifically for preterm infants. In breast
milk, DHGLA, ArA and adrenic acid have been found in proportions
almost twice those of EPA and DHA** In addition, DHA and ArA
levels in breast milk were linked and higher DHA levels were
associated with higher ArA levels.*®

Very preterm infants are born with low LCPUFA reserves and
they accumulate a deficit in ArA and DHA in the neonatal period.*’
At term equivalent age ArA and DHA content in adipose tissue,
plasma and erythrocyte membranes is reduced and LA increased
in these infants.”® While much research has focused on
supplementation with omega-3 LCPUFAs to preterm infants, few
studies have addressed the role of ArA in neonatal development.
Scant evidence of this role has resulted in recommendations by
the European Commission without a lower limit for ArA
supplementation to infant formula, which has been questioned
by experts in infant nutrition.*®

There is evidence that girls and boys may have different
LCPUFA requirements.** LCPUFAs are prone to peroxidation and
girls have been reported to have increased antioxidant activity
and less oxidative stress than boys.>

LCPUFA and ROP: Clinical trials supplementing preterm infants
with omega -3 fatty acids or pure DHA to prevent ROP have been
somewhat inconsistent. In a mouse model of ROP, omega-3
LCPUFA supplementation suppressed TNFa and reduced patho-
logic retinal neovascularization.®'

Parenteral administration of fish oil rich in omega-3 LCPUFAs
has yielded inconsistent results. In a randomized study, infants
receiving an intravenous fat emulsion containing fish oil had less
ROP requiring laser treatment.>? In a cohort study and in an RCT,
significantly fewer infants in the group that received fish oil
developed any stage ROP.>** In extremely preterm infants with a
median parenteral nutrition duration of 8 days no effect of fish oil
on ROP incidence was observed.> A systematic review and meta-
analysis in 2017 concluded that the use of fish-oil lipid emulsions
may reduce the incidence of severe ROP or the need for laser
therapy in preterm infants.>® However, in 2019 a Cochrane review
found no support for the use of fish oil containing lipid emulsions
compared to non-fish oil emulsions to reduce ROP.>’ Enteral DHA
supplementation may reduce severe ROP.>®

There is a delicate balance between different fatty acids in the
body, and the provision of one LCPUFA might influence the
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concentrations of others, because the metabolic pathways of
omega-3 and omega-6 LCPUFA are competitive. Administering
omega-3 LCPUFAs to extremely preterm infants has resulted in
increased levels of circulating DHA and EPA but also in reduced
ArA levels>>* In a trial comparing PN with and without fish oil,
lower serum fractions of ArA were associated with ROP.®
Interestingly, it has been demonstrated in one cohort, that higher
mean daily serum levels of DHA during the first 28 postnatal days
were associated with lower frequency of severe ROP even after
adjustment for known risk factors, but only in those infants with
sufficiently high ArA levels (mean daily minimum level of 7.8 to 8.3
molar percent).®’

In the Mega Donna Mega trial, infants with GA < 28 weeks were
randomized to receive enteral ArA (100 mg/kg/d) and DHA
(50 mg/kg/d) or no supplementation from within 3 days after
birth until 40 weeks’ PMA. The supplement increased circulating
fractions of both ArA and DHA and reduced severe ROP by 50%
(Fig. 1).22 In a later Norwegian study of infants with GA < 29 weeks,
a similar intervention demonstrated reduced incidence of severe
ROP from 12.7% in the control group to 5.4% in the supplemented
group. This difference was not statistically significant, possibly due
to the low rate of severe ROP in the study population. In the
Norwegian study, supplemented infants had less oxygen demand
and fewer days with respiratory support than controls.®®

Therefore, enteral supplementation with both ArA and DHA
appears to be a simple intervention that can prevent ROP. The
optimal dosage has not been determined, though it has been
proposed that the ratio of ArA/DHA should be higher than 2/1,
thus reflecting fetal levels, especially in infants with GA < 29 weeks
since fetal ArA levels are constant throughout gestation while DHA
levels increase from around 33 weeks*®*. In cord plasma, the
ratio of ArA/DHA has been reported to decrease from 4.9 at
24-27 weeks to 2.5 at term.”” ESPGHAN recommends the
provision of 30-65mg/kg/d of DHA if ArA intake is sufficient
and 30-100 mg/kg/d of ArA to preterm infants with BW <1800 g."?
Overall, whether LC-PUFAs affect the incidence or severity of ROP
requires further investigation.

Micronutrients: Vitamin E is a strong antioxidant that has been
studied decades ago for its proposed preventive effect on ROP.
However, trials of vitamin E supplementation in the 1990s were
ended due to reports of adverse events such as necrotizing
enterocolitis, sepsis and intraventricular hemorrhage as reviewed
by Ogihara.®® Few recent studies are available, but in 2021 a
Mexican RCT reported lower levels of oxidative damage markers,
increased antioxidant capacity, and a reduced ROP rate without
adverse effects in infants who were orally supplemented with 25
IU vitamin E compared to placebo.®®

Vitamin A downregulated VEGF and reduced neovascularization in
a rat model of ROP.®” Of two recent meta-analyses of studies on
vitamin A supplementation to preterm infants with BW < 1500 g, one
found a preventive effect while the other found no effect on ROP.53%°

Zinc is a trace element involved in growth, immune defense,
and other functions. Very preterm infants start out with a smaller
zinc pool than term babies and zinc content in breast milk may
not be sufficient to match fetal accretion rates. Enteral zinc
supplementation resulted in a non-significant reduction in ROP in
the one study analysed in a Cochrane review.”°

The carotenoids lutein and zeaxanthin are antioxidants
transferred to the fetus during the third trimester. Supplementa-
tion of these carotenoids to the mother reduced retinal avascular
area and neovascularization in a mouse model of ROP.”' In
humans, postnatal administration did not reduce threshold ROP
but the progression rate from early stages to threshold ROP was
reduced by 50%.”2

Blood glucose management: Transient hyperglycemia, related to
insulin resistance and excessive glucose infusion rates in

SPRINGER NATURE
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359-367 (2021)).

parenteral nutrition, is a common complication of prematurity. It is
associated with increased morbidity and mortality in very preterm
infants, in particular severe ROP, after adjustments for its main risk
factors.”>”* Hyperglycemia also impairs retinal neurovascular
development in neonatal animal models.”>’® The impact of
strategies to avoid or reduce hyperglycemia on preterm birth-
associated morbidity, including ROP, has not been evaluated as a
primary outcome in clinical trials. However, published data
support limiting the frequency and intensity of hyperglycaemic
episodes in very preterm infants, as the combined severity and
duration of hyperglycemia in the first three weeks of life is more
important than the average or maximum value of glycemia in
determining the risk of severe ROP.* In line with these
observations, the ESPGHAN recommends that hyperglycemia >
8 mmol/L (145 mg/dL) should be avoided and that repeated blood
glucose levels >10 mmol/L (180 mg/dL) should be treated with
insulin therapy if a reasonable adjustment of the glucose infusion
rate has been insufficient.””

A recent review and meta-analysis concluded that insulin
therapy may not improve outcomes of very preterm infants with
hyperglycemia’® The gluconeogenesis initiated within the first
days of life in preterm infants on PN is not regulated by either
glucose or insulin.”? Early enteral feeding and early provision of
amino acids have been shown to reduce hyperglycemia in very
preterm infants and may promote growth and possibly reduce
ROP.24'80'81

DISCUSSION

While several risk factors for ROP are linked to nutritional practices,
such as impaired postnatal growth and inadequate nutrient intake
or low plasma IGF levels, few nutritional interventions have
suggested a preventive effect on ROP. When a nutritional
intervention is implemented its effects may differ depending on
whether the subjects treated are deficient, at risk of deficiency, or
not deficient in the targeted nutrient. The definition of deficiency
and standard requirements for many nutrients are poorly known
in very preterm infants and may vary according to factors such as
gestational age, sex, intrauterine growth restriction, or metabolic
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Cumulative incidence functions for severe retinopathy of prematurity (intention to treat population) (Hellstrom et al. JAMA Pediatr 175,

stress; this is a barrier to demonstrating the effectiveness of
nutrition interventions. In addition, as ROP, like most complica-
tions of prematurity, is a multifactorial disease, the effectiveness of
nutritional interventions in preventing ROP will depend on the
balance of exposure to its different risk factors within an individual
NICU, and, therefore on management practices, including satura-
tion targets policy, parenteral and enteral nutrition protocols,
availability of lipid emulsions, glycaemic management or transfu-
sion policy.

The reason for parenteral nutrition as a risk factor for ROP is
currently unknown but may be linked to inadequate composition
of nutrients, lack of proper enteral stimulation and of initial
hepatic passage.

The most important nutritional intervention to reduce ROP is to
encourage and support the provision of MOM. The establishment
of optimal milk production after extremely preterm birth is
challenging and milk production is often delayed. Prenatal
information about MOM as “a medicine” for preterm infants and
its dose-dependent positive effects on the infant may help to
motivate mothers to initiate lactation.® In the NICU, proper
lactation support with early initiation of breast milk pumping,
frequent pumping and kangaroo care may help to establish
lactation.

Since very preterm infants miss the third trimester transfer of
LCPUFAs, micronutrients, and other factors from the mother,
supplementation to correct or prevent deficiencies may reduce
ROP and other morbidities. For the newborn, ArA and other
omega-6 fatty acids are essential drivers of organogenesis, growth,
and development, and the importance of a proper ArA/DHA
balance has become increasingly recognized.** The ArA needs of
preterm infants are not well known and at present doses of
30-100 mg/kg/d per day of ArA and 30-65 mg/kg/d of DHA are
recommended.'? The commonly used parenteral lipid emulsion
Clinoleic® contains insufficient amounts of ArA and DHA.2® In the
Mega Donna Mega trial, enteral administration of an additional
100 mg/kg/d of ArA and 50 mg/kg/d DHA reduced severe ROP by
50%, which makes it a promising, easily administered nutritional
intervention to prevent ROP.>? In future studies, different doses
may be tested. The ArA/DHA ratio in umbilical cord blood
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decreases from 24-27 weeks to term since the transfer of DHA via
the placenta increases in the third trimester.** Boys and girls
appear to have different needs and react differently to nutrition in
general and also with regard to LCPUFA supplementation 8486
The potential impact of adjustments of doses and exposures in
relation to PMA and sex needs further study.

CONCLUSIONS

For the newborn preterm infant, the most important nutritional
intervention is early enteral feeding of MOM, which appears to
have a dose-dependent protective effect of ROP and other
morbidities. Significant support is needed to help mothers of
extremely preterm infants to initiate and sustain lactation.
Optimizing lipids and amino acids in parenteral nutrition may
have a beneficial effect on ROP. Supplementation with enteral ArA
and DHA from birth to 40 weeks has the capacity to significantly
reduce severe ROP.

DATA AVAILABILITY
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REFERENCES

1. Blencowe, H., Moxon, S. & Gilbert, C. Update on blindness due to retinopathy of
prematurity globally and in India. Indian Pediatr. 53, S89-592 (2016).

2. Holmstrom, G. et al. New modifications of Swedish ROP guidelines based on 10-
year data from the SWEDROP register. Br. J. Ophthalmol. 104, 943-949 (2020).

3. Bhatnagar, A, Skrehot, H. C, Bhatt, A, Herce, H. & Weng, C. Y. Epidemiology of
retinopathy of prematurity in the US From 2003 to 2019. JAMA Ophthalmol. 141,
479-485 (2023).

4. Hellstrom, B. E. Experimental approach to the pathogenesis of retrolental fibro-
plasia. V. The influence of the state of nutrition on oxygen-induced changes in
the mouse eye. Acta Paediatr. 45, 43-57 (1956).

5. Smith, L. E,, Hard, A. L. & Hellstrom, A. The biology of retinopathy of prematurity:
how knowledge of pathogenesis guides treatment. Clin. Perinatol. 40, 201-214
(2013).

6. Greenbury, S. F. et al. Birthweight and patterns of postnatal weight gain in very
and extremely preterm babies in England and Wales, 2008-19: a cohort study.
Lancet Child Adolesc. Health 5, 719-728 (2021).

7. Hellstrom, A. et al. Postnatal serum insulin-like growth factor | deficiency is
associated with retinopathy of prematurity and other complications of premature
birth. Pediatrics 112, 1016-1020 (2003).

8. Lofquvist, C. et al. Longitudinal postnatal weight and insulin-like growth factor |
measurements in the prediction of retinopathy of prematurity. Arch. Ophthalmol.
124, 1711-1718 (2006).

9. Hellstrom, A. et al. Early weight gain predicts retinopathy in preterm infants: new,
simple, efficient approach to screening. Pediatrics 123, e638-e645 (2009).

10. Athikarisamy, S. et al. The use of postnatal weight gain algorithms to predict
severe or type 1 retinopathy of prematurity: a systematic review and meta-
analysis. JAMA Netw. Open 4, e2135879 (2021).

11. Moro, G. E. et al. Xll. Human milk in feeding premature infants: consensus
statement. JPGN 61, S16-5S19 (2015).

12. Embleton, N. D. et al. Enteral nutrition in preterm infants (2022): a position paper
from the ESPGHAN Committee on Nutrition and invited experts. J. Pediatr. Gas-
troenterol. Nutr. 76, 248-268 (2023).

13. Hellstrom, A. et al. New insights into the development of retinopathy of
prematurity-importance of early weight gain. Acta Paediatr. 99, 502-508 (2010).

14. Biniwale, M. et al. Early postnatal weight gain as a predictor for the development
of retinopathy of prematurity. J. Matern. Fetal. Neonatal. Med. 32, 429-433 (2019).

15. Corpeleijn, W. E., Kouwenhoven, S. M. & van Goudoever, J. B. Optimal growth of
preterm infants. World Rev. Nutr. Diet. 106, 149-155 (2013).

16. De Nardo, M. C., Mario, C. D., Laccetta, G., Boscarino, G. & Terrin, G. Enteral and
parenteral energy intake and neurodevelopment in preterm infants: a systematic
review. Nutrition 97, 111572 (2022).

17. Chan, S. H., Johnson, M. J,, Leaf, A. A. & Vollmer, B. Nutrition and neurodeve-
lopmental outcomes in preterm infants: a systematic review. Acta Paediatr. 105,
587-599 (2016).

18. Vanhaesebrouck, S., Vanhole, C., de Zegher, F. & Allegaert, K. Influence of duration
of parenteral nutrition on retinopathy of prematurity. Arch. Dis. Child. Fetal.
Neonatal. Ed. 93, F170 (2008).

Pediatric Research

A. Hellstrom et al.

19. Kong, M. et al. Retinopathy of prematurity in infants born before 25 weeks
gestation in a Korean single neonatal intensive care unit: incidence, natural
history and risk factors. J. Korean Med. Sci. 27, 1556-1562 (2012).

20. Pivodic, A. et al. Validation of DIGIROP models and decision support tool for
prediction of treatment for retinopathy of prematurity on a contemporary
Swedish cohort. Br. J. Ophthalmol. 107, 1132-1138 (2023).

21. Pivodic, A. et al. Prognostic value of parenteral nutrition duration on risk of
retinopathy of prematurity: Development and validation of the revised DIGIROP
clinical decision support tool. JAMA Ophthalmol. 141, 716-724 (2023).

22. Yumani, D. F. J,, Calor, A. K. & van Weissenbruch, M. M. The course of IGF-1 levels
and nutrient intake in extremely and very preterm infants during hospitalisation.
Nutrients 12, 12030675 (2020).

23. Kim, K, Kim, N. J. & Kim, S. Y. Safety and efficacy of early high parenteral lipid
supplementation in preterm infants: a systematic review and meta-analysis.
Nutrients 13, 1535 (2021).

24. Osborn, D. A, Schindler, T., Jones, L. J., Sinn, J. K. & Bolisetty, S. Higher versus
lower amino acid intake in parenteral nutrition for newborn infants. Cochrane
Database Syst. Rev. 3, Cd005949 (2018).

25. VanderVeen, D. K. et al. Early nutrition and weight gain in preterm newborns and
the risk of retinopathy of prematurity. PLoS ONE 8, 64325 (2013).

26. Klevebro, S. et al. Early energy and protein intakes and associations with growth,
BPD, and ROP in extremely preterm infants. Clin. Nutr. 38, 1289-1295 (2019).

27. Can, E. et al. Early aggressive parenteral nutrition induced high insulin-like growth
factor 1 (IGF-1) and insulin-like growth factor binding protein 3 (IGFBP3) levels can
prevent risk of retinopathy of prematurity. Iran J. Pediatr. 23, 403-410 (2013).

28. Chessex, P., Laborie, S., Lavoie, J. C. & Rouleau, T. Photoprotection of solutions of
parenteral nutrition decreases the infused load as well as the urinary excretion of
peroxides in premature infants. Semin. Perinatol. 25, 55-59 (2001).

29. Clauss, C. et al. Light protection of parenteral nutrition, cholestasis, and other
prematurity-related morbidities in premature infants. Front. Pediatr. 10, 900068
(2022).

30. Lucas, A., Morley, R. & Cole, T. J. Randomised trial of early diet in preterm babies
and later intelligence quotient. BMJ 317, 1481-1487 (1998).

31. Samuel, T. M. et al. Nutritional and non-nutritional composition of human milk is
modulated by maternal, infant, and methodological factors. Front. Nutr. 7, 576133
(2020).

32. Thakkar, S. K. et al. Dynamics of human milk nutrient composition of women from
Singapore with a special focus on lipids. Am. J. Hum. Biol. 25, 770-779 (2013).

33. Perrin, M. T. et al. The nutritional composition and energy content of donor
human milk: a systematic review. Adv. Nutr. 11, 960-970 (2020).

34. Nessel, |, De Rooy, L., Khashu, M., Murphy, J. L. & Dyall, S. C. Long-chain poly-
unsaturated fatty acids and lipid peroxidation products in donor human milk in
the United Kingdom: Results from the LIMIT 2-Centre Cross-Sectional Study. JPEN
J. Parenter. Enter. Nutr. 44, 1501-1509 (2020).

35. Liang, N. et al. Structural and functional changes of bioactive proteins in donor
human milk treated by vat-pasteurization, retort sterilization, ultra-high-
temperature sterilization, freeze-thawing and homogenization. Front. Nutr. 9,
926814 (2022).

36. Williamson, S., Finucane, E., Ellis, H. & Gamsu, H. R. Effect of heat treatment of
human milk on absorption of nitrogen, fat, sodium, calcium, and phosphorus by
preterm infants. Arch. Dis. Child. 53, 555-563 (1978).

37. Zhang, J. et al. The results of different heating temperatures on activities of
bioactive proteins in human milk. J. Hum. Lact. 39, 300-307 (2023).

38. Pammi, M. & Suresh, G. Enteral lactoferrin supplementation for prevention of
sepsis and necrotizing enterocolitis in preterm infants. Cochrane Database Syst.
Rev. 3, CD007137 (2020).

39. Taylor, S. N. et al. Exclusive maternal milk compared with exclusive formula on
growth and health outcomes in very-low-birthweight preterm infants: Phase Il of
the Pre-B project and an evidence analysis center systematic review. Front.
Pediatr. 9, 793311 (2021).

40. Cristofalo, E. A. et al. Randomized trial of exclusive human milk versus preterm
formula diets in extremely premature infants. J. Pediatr. 163, 1592-1595 (2013).

41. Schanler, R. J, Lau, C, Hurst, N. M. & Smith, E. O. Randomized trial of donor
human milk versus preterm formula as substitutes for mothers’ own milk in the
feeding of extremely premature infants. Pediatrics 116, 400-406 (2005).

42. Kulkarni, P., Cai, J. & Hurst, H. E. Lipids and nitric oxide in porcine retinal and
choroidal blood vessels. J. Ocul. Pharmacol. Ther. 18, 265-275 (2002).

43. Carlson, S. E, Werkman, S. H., Peeples, J. M., Cooke, R. J. & Tolley, E. A. Arachidonic
acid status correlates with first year growth in preterm infants. Proc. Natl. Acad.
Sci. USA 90, 1073-1077 (1993).

44. Crawford, M. A. et al. The imperative of arachidonic acid in human reproduction.
Prog. Lipid Res. 91, 101222 (2023).

45. Bernhard, W. et al. Developmental changes in polyunsaturated fetal plasma
phospholipids and feto-maternal plasma phospholipid ratios and their associa-
tion with bronchopulmonary dysplasia. Eur. J. Nutr. 55, 2265-2274 (2015).

SPRINGER NATURE



A. Hellstrom et al.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Hopperton, K. E. et al. Docosahexaenoic acid and arachidonic acid levels are
correlated in human milk: implications for new European infant formula reg-
ulations. Lipids 57, 197-202 (2022).

Lapillonne, A. Eleni dit Trolli, S. & Kermorvant-Duchemin, E. Postnatal doc-
osahexaenoic acid deficiency is an inevitable consequence of current recom-
mendations and practice in preterm infants. Neonatology 98, 397-403 (2010).
Bockmann, K. A. et al. Fatty acid composition of adipose tissue at term indicates
deficiency of arachidonic and docosahexaenoic acid and excessive linoleic acid
supply in preterm infants. Eur. J. Nutr. 60, 861-872 (2020).

Koletzko, B. et al. Should formula for infants provide arachidonic acid along with
DHA? A position paper of the European Academy of Paediatrics and the Child
Health Foundation. Am. J. Clin. Nutr. 111, 10-16 (2020).

Vento, M. et al. Antenatal steroids and antioxidant enzyme activity in preterm
infants: Influence of gender and timing. Antioxid. Redox Signal 11, 2945-2955
(2009).

Connor, K. M. et al. Increased dietary intake of omega-3-polyunsaturated fatty
acids reduces pathological retinal angiogenesis. Nat. Med. 13, 868-873 (2007).
Pawlik, D., Lauterbach, R, Walczak, M., Hurkala, J. & Sherman, M. P. Fish-oil fat
emulsion supplementation reduces the risk of retinopathy in very low birth
weight infants: a prospective, randomized study. JPEN J. Parenter. Enter. Nutr. 38,
711-716 (2013).

Hill, N. S., Cormack, B. E., Little, B. S. & Bloomfield, F. H. Growth and clinical
outcome in very low-birth-weight infants after the introduction of a multi-
component intravenous lipid emulsion. JPEN J. Parenter. Enter. Nutr. 44,
1318-1327 (2020).

Beken, S. et al. The influence of fish-oil lipid emulsions on retinopathy of pre-
maturity in very low birth weight infants: a randomized controlled trial. Early
Hum. Dev. 90, 27-31 (2014).

Najm, S. et al. Effects of a lipid emulsion containing fish oil on polyunsaturated
fatty acid profiles, growth and morbidities in extremely premature infants: a
randomized controlled trial. Clin. Nutr. ESPEN 20, 17-23 (2017).

Vayalthrikkovil, S. et al. Parenteral fish-oil lipid emulsions in the prevention of
severe retinopathy of prematurity: a systematic review and meta-analysis. Am. J.
Perinatol. 34, 705-715 (2017).

Kapoor, V., Malviya, M. N. & Soll, R. Lipid emulsions for parenterally fed preterm
infants. Cochrane Database Syst. Rev. 6, CD013163 (2019).

Bernabe-Garcia, M. et al. Enteral docosahexaenoic acid and retinopathy of pre-
maturity: a randomized clinical trial. JPEN J. Parenter. Enter. Nutr. 43, 874-882
(2019).

D’Ascenzo, R. et al. Higher docosahexaenoic acid, lower arachidonic acid and
reduced lipid tolerance with high doses of a lipid emulsion containing 15% fish
oil: a randomized clinical trial. Clin. Nutr. 33, 1002-1009 (2014).

Lofqvist, C. A. et al. Association of retinopathy of prematurity with low levels of
arachidonic acid: a secondary analysis of a randomized clinical trial. JAMA Oph-
thalmol. 136, 271-277 (2018).

Hellstrom, A. et al. Association of docosahexaenoic acid and arachidonic acid
serum levels with retinopathy of prematurity in preterm infants. JAMA Netw. Open
4, €2128771 (2021).

Hellstrom, A. et al. Effect of enteral lipid supplement on severe retinopathy of
prematurity: a randomized clinical trial. JAMA Pediatr. 175, 359-367 (2021).
Wendel, K. et al. Effect of arachidonic and docosahexaenoic acid supplementa-
tion on respiratory outcomes and neonatal morbidities in preterm infants. Clin.
Nutr. 42, 22-28 (2023).

Bernhard, W., Poets, C. F. & Franz, A. Parenteral nutrition for preterm infants:
correcting for arachidonic and docosahexaenoic acid may not suffice. Arch. Dis.
Child Fetal Neonatal Ed. 106, 683 (2021).

Ogihara, T. & Mino, M. Vitamin E and preterm infants. Free Radic. Biol. Med. 180,
13-32 (2022).

Romero-Maldonado, S. et al. Efficacy of water-based vitamin E solution versus
placebo in the prevention of retinopathy of prematurity in very low birth weight
infants: a randomized clinical trial. Medicine 100, e26765 (2021).

Ozkan, H. et al. Inhibition of vascular endothelial growth factor-induced retinal
neovascularization by retinoic acid in experimental retinopathy of prematurity.
Physiol. Res. 55, 267-275 (2006).

Ye, Y. et al. Early vitamin A supplementation for prevention of short-term mor-
bidity and mortality in very-low-birth-weight infants: a systematic review and
meta analysis. Front. Pediatr. 10, 788409 (2022).

Manapurath, R. M. et al. Enteral low-dose vitamin A supplementation in preterm
or low birth weight infants to prevent morbidity and mortality: a systematic
review and meta-analysis. Pediatrics 150, 057092L (2022).

Staub, E., Evers, K. & Askie, L. M. Enteral zinc supplementation for prevention of
morbidity and mortality in preterm neonates. Cochrane Database Syst. Rev. 3,
CD012797 (2021).

Arunkumar, R, Li, B.,, Addo, E. K,, Hartnett, M. E. & Bernstein, P. S. Prenatal car-
otenoid supplementation with lutein or zeaxanthin ameliorates oxygen-induced

SPRINGER NATURE

retinopathy (OIR) in Bco2—/— macular pigment mice. Invest. Ophthalmol. Vis. Sci.
64, 9 (2023).

72. Manzoni, P. et al. Lutein and zeaxanthin supplementation in preterm very low-
birth-weight neonates in neonatal intensive care units: a multicenter randomized
controlled trial. Am. J. Perinatol. 30, 25-32 (2013).

73. Rath, C. P., Shivamallappa, M., Muthusamy, S., Rao, S. C. & Patole, S. Outcomes of
very preterm infants with neonatal hyperglycaemia: a systematic review and
meta-analysis. Arch. Dis. Child. Fetal. Neonatal Ed. 107, 269-280 (2022).

74. Kermorvant-Duchemin, E. et al. Thresholds of glycemia, insulin therapy, and risk
for severe retinopathy in premature infants: a cohort study. PLoS Med. 17,
e1003477 (2020).

75. Kermorvant-Duchemin, E. et al. Neonatal hyperglycemia inhibits angiogenesis
and induces inflammation and neuronal degeneration in the retina. PLoS ONE 8,
e79545 (2013).

76. Fu, Z. et al. Photoreceptor glucose metabolism determines normal retinal vas-
cular growth. EMBO Mol. Med. 10, 76-90 (2018).

77. Mesotten, D., Joosten, K, van Kempen, A. & Verbruggen, S. ESPGHAN/ESPEN/
ESPR/CSPEN working group on pediatric parenteral nutrition ESPGHAN/ESPEN/
ESPR/CSPEN guidelines on pediatric parenteral nutrition: carbohydrates. Clin.
Nutr. 37, 2337-2343 (2018).

78. Patidar, N., Rath, C. P, Rao, S. & Patole, S. Outcomes of very preterm infants with
hyperglycaemia treated with insulin: a systematic review and meta-analysis. Acta
Paediatr. 112, 1157-1164 (2023).

79. Chacko, S. K., Ordonez, J., Sauer, P. J. & Sunehag, A. L. Gluconeogenesis is not
regulated by either glucose or insulin in extremely low birth weight infants
receiving total parenteral nutrition. J. Pediatr. 158, 891-896 (2011).

80. Tottman, A. C. et al. Relationships between early nutrition and blood glucose con-
centrations in very preterm infants. J. Pediatr. Gastroenterol. Nutr. 66, 960-966 (2018).

81. Mahaveer, A, Grime, C. & Morgan, C. Increasing early protein intake is associated
with a reduction in insulin-treated hyperglycemia in very preterm infants. Nutr.
Clin. Pract. 27, 399-405 (2012).

82. Rodriguez, N. A, Miracle, D. J. & Meier, P. P. Sharing the science on human milk
feedings with mothers of very-low-birth-weight infants. J. Obstet. Gynecol. Neo-
natal. Nurs. 34, 109-119 (2005).

83. Deshpande, G. et al. Fish Oil (SMOFlipid) and olive oil lipid (Clinoleic) in very
preterm neonates. J. Pediatr. Gastroenterol. Nutr. 58, 177-182 (2014).

84. Makrides, M. et al. Neurodevelopmental outcomes of preterm infants fed high-dose
docosahexaenoic acid: a randomized controlled trial. JAMA 301, 175-182 (2009).

85. Collins, C. T. et al. Neurodevelopmental outcomes at 7 years' corrected age in
preterm infants who were fed high-dose docosahexaenoic acid to term equivalent:
a follow-up of a randomised controlled trial. BMJ Open 5, e007314 (2015).

86. Tottman, A. C, Oliver, C. J., Alsweiler, J. M. & Cormack, B. E. Do preterm girls need
different nutrition to preterm boys? Sex-specific nutrition for the preterm infant.
Pediatr. Res. 89, 313-317 (2021).

ACKNOWLEDGEMENTS

ESPR Nutrition council members: Miguel Saenz de Pipadn, Alexandre Lapillonne’,
Sissel J. Moltu®, Gitte Zachariassen®'®, Mark J. Johnson, Christoph Fusch'"'? & Silvia
lacobelli’®, “Department of Neonatology, APHP, Necker-Enfants Malades University
Hospital, 4EHU 7328 PACT, Paris Cite University, Paris France, France, and CNRC,
Baylor College of Medicine, Houston, Texas; ®Division of Paediatric and Adolescent
Medicine, Department of Neonatal Intensive Care, Ullevél, Oslo University Hospital,
Norway; °Hans Christian Andersen Children’s Hospital, Department of Neonatology,
Odense University Hospital, 5000 Odense, Denmark; '°Department of Clinical
Research, University of Southern, 5000 Odense, Denmark; ''Department of Pediatrics,
McMaster University, Hamilton, Ontario, Canada; 12Department of Pediatrics,
Nuremberg General Hospital, Paracelsus Medical School, Nuremberg, Germany;
3Department of Neonatal Intensive Care, CHU La Réunion, Saint Pierre, France.

AUTHOR CONTRIBUTIONS

AH. and A.LH. authored the first draft and EK, M.J., MSP.,, AL, G.Z, SJM., CF, S.J.,
and L.S. critically reviewed and edited the manuscript. All authors approved the final
version of the manuscript for submission.

FUNDING

The Swedish Medical Research Council #2020-01092, The Gothenburg Medical Society,
Government grants under the ALF agreement ALFGBG-717971 and ALFGBG-971188, De
Blindas Vanner, Knut and Alice Wallenberg Foundation - Wallenberg Clinical Scholars,
the National Institute for Health Research Biomedical Research Centre Southampton,
University Hospital Southampton NHS Trust and University of Southampton, South-
ampton. Open access funding provided by University of Gothenburg.

Pediatric Research



COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to Ann Hellstrom.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

ON BEHALF OF ESPR NUTRITION COUNCIL MEMBERS

A. Hellstrom et al.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Christoph Fusch”?, Silvia lacobelli®, Mark J. Johnson*'%, Alexandre Lapillonne'"'?, Sissel J. Moltu'®, Miguel Sienz de Pipaén' and

Gitte Zachariassen'1®

"Department of Pediatrics, McMaster University, Hamilton, ON, Canada. ®Department of Pediatrics, Nuremberg General Hospital, Paracelsus Medical School, Nuremberg,
Germany. Réanimation Néonatale et Pédiatrique, CHU La Réunion, Saint-Pierre, France. '°Department of Neonatal Medicine, University Hospital Southampton NHS Foundation
Trust, Southampton, UK. '"Neonatal Intensive Care Unit and EA7328-PACT, Necker-Enfants Malades University Hospital, Paris, France. '>CNRC, Department of Pediatrics, Baylor
College of Medicine, Houston, TX, USA. 3Division of Paediatric and Adolescent Medicine, Department of Neonatal Intensive Care, Ulleval, Oslo University Hospital, Oslo, Norway.
"Neonatology, Instituto de Investigacion Sanitaria del Hospital Universitario La Paz — IdiPAZ, (La Paz University Hospital — Universidad Auténoma de Madrid), Madrid, Spain.
"®Hans Christian Andersen Children’s Hospital, Department of Neonatology, Odense University Hospital, Odense, Denmark. '®Department of Clinical Research, University of

Southern Denmark, 5000 Odense, Denmark.

Pediatric Research

SPRINGER NATURE


http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Nutritional interventions to prevent retinopathy of prematurity
	Introduction
	Methods
	Nutritional interventions to prevent�ROP
	Enhanced nutrition
	Maternal and donor human milk and preterm formula
	Long chain polyunsaturated fatty�acids
	LCPUFA and�ROP
	Micronutrients
	Blood glucose management


	Discussion
	Conclusions
	References
	Acknowledgements
	Author contributions
	Funding
	ACKNOWLEDGMENTS
	Competing interests
	ADDITIONAL INFORMATION




