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1. Introduction

The Special Issue has been completed with the publication of 13 review and research
articles. Throughout the content of the articles and their relevant literature, two major
themes emerged in our opinion.

Firstly, it is evident that the change in feeding protocols after the year 2000, especially
for very premature neonates (VPNs), and despite some ongoing discussions that these
changes generated, contributed significantly to improvements in survival and long-term
morbidity even of neonates on the “grey zone” of viability (22-24"® weeks) [1-3]. This
is a monumental positive change in the treatment of premature neonates post 2000 that
constitutes in our opinion a separate third era in Neonatology, rather than being a part of
the second era. The adoption of this definition by Perinatal Societies would help to focus
perinatal care on the growth and development of VPNs during hospitalization.

The second issue emerging in our opinion is that the time has come for the imple-
mentation of universal neonatal feeding protocols, based on the 2021 and 2022 ESPGHAN
guidelines [4,5]. Despite some valid criticisms from eminent colleagues regarding the
paucity of large-scale studies confirming the long-term outcomes of those policies, in our
opinion, the wealth of studies showcasing the integral role of improved nutrition for long-
term VPN prognosis should not be ignored by the scientific community. The choice to wait
for large-scale studies is not a neutral one, as it will further entrench the huge inequalities
in neonatal nutritional care currently observed between countries or even within neonatal
units of the same country, with the associated disparity of outcomes.

Two studies explored growth patterns with the monitoring of head circumference
(HC) and weight trajectory of VPNs. Lin et al. (contribution 1) showed an association
between feeding progress in the first 56 days of life and HC at term and corrected ages
of 6, 12 and 24 months, as well as neurodevelopment at 24 months corrected age. Infants
showing slow feeding progress had a high risk of stunted HC growth or even microcephaly
with associated neurodevelopmental disorders in early childhood. In the study of Peter
et al. (contribution 2), there was an evaluation of a group of very-low-birth-weight (VLBW)
infants that required surgical intervention and colostomy formation because of either
necrotizing enterocolitis (NEC), spontaneous intestinal perforation (SIP) or meconium-
related ileus (MI). It was found that the duration of inflammation and their growth velocity
during hospitalization, as evidenced by their HC and weight, had a significant impact on
the risk of cholestasis and adverse neurodevelopmental outcomes at 24 months irrespective
of the etiology of the enteral surgery. These two studies further confirm the prevailing
consensus that the delay of appropriate nutrition and growth in the neonatal period
and up to 40 weeks corrected gestational age is detrimental to neurodevelopment at
24 months of age [6-9]. In the cases requiring surgical intervention, aiming to reduce
ongoing inflammation, the early reintroduction of feeding and nutritional supplementation
to aid in catch-up growth will help minimize those observed adverse effects.

Nutrients 2024, 16, 218. https:/ /doi.org/10.3390/nu16020218 1 https:/ /www.mdpi.com/journal /nutrients
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Along the same vein, in a review article, Kosmeri et al. (contribution 3) collate and
present the current knowledge around the nutritional needs of fetal growth-restricted
(FGR)/small for gestational age (SGA) premature neonates of singleton and multiple
pregnancies. They note from the reviewed literature that premature FGR/SGA babies
experience cumulative nutritional deficiencies because of a multitude of factors: malnutri-
tion at the fetal stage, comorbidities in the first few weeks of life, delayed initiation and
slow advancement of enteral nutrition [10,11]. This finding is more common in neonates
born <29 weeks and is confirmed by the latest study of Séries et al. [6].

From those findings, the writers conclude that FGR/SGA VPNs require more aggres-
sive feeding in the neonatal period in order to make up for these nutritional deficits.

Two studies focus on the methods of monitoring and evaluating VPN growth dur-
ing their NICU stay. Kakatsaki et al. (contribution 4) compared the prevalence of SGA
and extrauterine growth restriction (EUGR) among extremely and very preterm neonates
(GA < 32 weeks) using the Fenton13 and Intergrowth-21 growth charts. They showed a
significant difference in the prevalence of neonates meeting the SGA and EUGR defini-
tions using these two different charts, something that has been confirmed by separate
studies [12-16] and that, in practice, hinders the implementation of more universal clinical
and feeding practices for VPNSs. It is necessary, according to the authors, to determine a
growth chart that enables the appropriate optimal monitoring of these neonates.

In an opinion piece, Gounaris et al. (contribution 5) argue that the variable definitions
of the terms intrauterine growth restriction (IUGR), extrauterine growth restriction (EGR)
and postnatal growth failure (PGF) in the international literature directly contribute to the
absence of a universally accepted feeding and growth strategy for this infant population. In
their opinion, the term EGR is more appropriate compared to PGF, as it focuses on a defined
period of growth, up to 40 weeks corrected gestational, age that usually corresponds with
the duration of hospital stay and during which nutritional interventions have maximum
impact. In contrast, PGF refers to growth during an ill-defined period that can be extended
up to the first year of life. Considering which growth paradigm should be considered safe,
they argue that based on studies [17] showing that VPN growth > 10th centile at 36 weeks
corrected gestational age (CGA) or at discharge did not increase neurodevelopmental risks,
and that aiming for growth above the traditional definition of growth restriction (<10th
centile for CGA) is both a safe and feasible target until a more precise one is determined
through large scale studies. In terms of the adoption of a universal feeding policy, in the
authors opinion the latest ESPGHAN guidelines from 2021 and 2022 can be used as a
blueprint and a stepping stone to that direction [4,5].

Over the last few years, multiple studies have highlighted the benefits of breast milk
for premature neonates, something reflected in the five studies focusing on breast feeding
and breast milk. Seliga-Siwecka et al. (contribution 6) did not find a significant difference
between targeted and standard breast milk fortification in terms of growth velocity during
NICU stay, as reflected in HC, length and weight gain. This goes on to show that even
if targeted breast milk fortification is not technically feasible, standard fortification has
similar effects on VPN growth.

In the study by Gialeli et al. (contribution 7), it was found that donor breast milk
(DBM) from mothers of premature neonates resulted in a significantly improved intake
of protein (p = 0.006) and improved weight gain (p = 0.019) compared to term DBM, a
finding that strengthens the argument that term DBM should be fortified in a targeted way
when administered to VPNs. The study of Sokou et al. (contribution 8) confirmed the
low levels of breast feeding among neonates hospitalized in NICUs, which are far lower
than the targets set out by the WHO and CDC [18,19], and defined the causative factors
behind them.

In a systematic review by Dimitroglou et al. (contribution 9), it was noted that
SARS-CoV-2 infection promotes an IgA immune response in breast milk, whereas COVID
vaccinations mainly caused an IgG response. In both cases, the levels of IgG immunoglobu-
lins in maternal blood are closely correlated with immunoglobulin levels in breast milk.
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The authors conclude that breast milk from mothers who have been infected or received a
vaccination against the virus could help protect their babies during the pandemic.

A review by Sokou et al. (contribution 10) explored the ability of women affected by
long-term conditions to breast feed. Cumulative evidence shows that women with long
term health conditions achieve lower levels of breast feeding compared to healthy controls
as a result of a multitude of contributing factors. This study examines in detail how each of
the main long-term health morbidities affects exclusive breast-feeding levels. Interventions
that support both maternal health and caregiving abilities will help reverse this trend.

Two reviews focus on the short- and long-term effects of BPD, one of the major
morbidities of prematurity. In a literature review by Karatza et al. (contribution 11), the
authors conclude that this population should receive sufficient calories and nutrients, both
during and after their NICU stay, in order to achieve an adequate level of growth that
will support lung alveolarization. The precise monitoring of growth both during and
after discharge from hospital is necessary according to the authors as minimizing growth
restriction will help improve lung function.

Likewise in their review, Briana and Malamitsi (contribution 12) examined the relation-
ship between the parameters of hospital stay of extremely/very premature neonates and
their long-term respiratory prognosis. Long-term observational studies have concluded
that extremely /very premature birth is significantly associated with Chronic Obstructive
Pulmonary Disease (COPD), something that respiratory physicians should be aware of. The
authors here infer that the recent data underscore the significance of beneficial nutritional
interventions in the neonatal period, for the long-term development of the lungs and their
capacity to recover from damage [20,21]. The above findings could positively contribute to
the long-term prognosis of extremely/very premature neonates.

The effects of prematurity on later life were explored in the study of Wood et al.
(contribution 13) by examining the correlation between gestational age (GA) and the
metabolic and muscle function during adolescence using 3IP-MRS. It was found that GA at
birth was predictive of oxidative skeletal muscle function (T1/2 PCr) in adolescence. This
finding demonstrates, according to the authors, the persistence of the metabolic impact of
prematurity on later life.

In conclusion, these 13 studies along with their literature provide enough support to
the argument for the more ‘intense’ nutrition of VPNs in the neonatal period, including
breast milk fortification and closely following ESPHGHAN guidelines. Especially in the
cases of neonates that are IUGR, SGA, born <29 weeks GA or affected by major morbidities
such as BPD, strict adherence to guidelines with nutritional deficit replacement is necessary
as it can make a positive difference in the lives of these neonates in years to come.

Author Contributions: Writing—original draft preparation, A.K.G. and R.S. All authors have read
and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Human milk (HM) of mothers infected with or vaccinated against SARS-CoV-2 contains
specific immunoglobulins, which may protect their offspring against infection or severe disease. The
time frame and duration after infection or vaccination, during which these immunoglobulins are
detected in HM, as well as the major factors that influence their levels, have not been fully elucidated.
This systematic review aimed to collect the existing literature and describe the immune response,
specifically regarding the immunoglobulins in HM after COVID-19 disease or vaccination in non-
immune women. We conducted a systematic search of PubMed and Scopus databases to identify
studies published up until 19 March 2023. In total, 975 articles were screened, and out of which
75 were identified as being relevant and were finally included in this review. Infection by SARS-
CoV-2 virus primarily induces an IgA immune response in HM, while vaccination predominantly
elevates IgG levels. These immunoglobulins give HM a neutralizing capacity against SARS-CoV-2,
highlighting the importance of breastfeeding during the pandemic. The mode of immune acquisition
(infection or vaccination) and immunoglobulin levels in maternal serum are factors that seem to
influence immunoglobulin levels in HM. Further studies are required to determine the impact of other
factors, such as infection severity, lactation period, parity, maternal age and BMI on immunoglobulin
level in HM.

Keywords: human milk; COVID-19; SARS-CoV-2 virus; immunoglobulin levels; milk-transferred
antibody; breastfeeding; immunology

1. Introduction

The global COVID-19 pandemic has resulted in more than 6.85 million deaths world-
wide with about 0.1% of incidents occurring in neonates and children under 5 years [1,2].
The widespread availability of vaccines has played a crucial role in controlling transmission
rates and reducing morbidity and mortality. The Center for Disease Control and Preven-
tion (CDC) recommends vaccination for individuals aged 6 months and older, including
neonates and non-vaccinated infants [3].

Younger or unvaccinated infants are defenseless against SARS-CoV-2 virus. Breast-
feeding could be a protective factor against severe infection for these infants. Human
milk (HM) contains various bioactive nutrients, such as immunoglobulins that block the
penetration of microorganisms into the endothelium [4]. Initial concerns regarding the
safety of breastfeeding during maternal infection led to previous recommendations for
infected women to avoid breastfeeding. However, since June 23, 2020, the World Health
Organization (WHO) strongly recommends breastfeeding, as the benefits outweigh the
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potential risks [5]. Recent studies indicate that maternal vaccination against SARS-CoV-2
virus reduces the risk of hospitalization in infants by approximately 60% [6].

SARS-CoV-2 virus is a single-stranded RNA virus, and its RNA is enveloped to a nu-
cleocapsid. Its genome encodes four structural proteins: N(Nucleocapsid), M(Membrane),
S(Spike) and E(Envelope) proteins [7]. The N protein is found in the virus core, and it
forms complexes with viral RNA. It is also found in infected cells, so it is a common target
for antigen tests [8,9]. The other three proteins are found in the viral envelope. The S
protein interacts with the Angiotensin-converting enzyme 2(ACE2) receptor and mediates
SARS-CoV-2 to be inserted into the host’s cells. The S protein consists of two subunits: the
S1 subunit which contains an exposed receptor-binding domain (RBD), the part of the S
protein that binds to the ACE2 receptor, and the S2 subunit for membrane fusion [10]. Tests
that are used to evaluate the immune response after the vaccination target S protein or a
subunit of it. Serology tests that are used in cases of COVID-19 disease, can target the N
protein as well.

Nicolaidou V. et al., in a recent systematic review, reported that the HM of vaccinated
lactating women contains neutralizing immunoglobulins against SARS-CoV-2 [11]. The
presence of specific antibodies against the virus in the HM of vaccinated women has also
been confirmed by another recent meta-analysis by Whited and Cervantes [12]. COVID-19
disease leads to an immune response in maternal organisms as well, and neutralizing
antibodies are detected in their HM [13]. However, the duration that these antibodies
remain in detectable levels, the time frame in which the immune response begins to wane,
the factors that influence their levels in HM and the differences in the immune response
between infected women and those who are vaccinated still remain unclear. We conducted
a systematic review of the current literature from the beginning of the pandemic until
March 19, 2023, in order to synthesize the current knowledge regarding the presence of
antibodies against SARS-CoV-2 in HM after COVID-19 disease or vaccination, among
non-previously immune pregnant or lactating women.

2. Materials and Methods

In order to perform this systematic review, we followed the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses guidelines” (PRISMA) recommendation
(presented as Supplementary Material) [14]. The systematic review was not registered in
Prospero. We searched the Pubmed and Scopus databases from 1 December 2019 to 19
March 2023. We searched the existing literature only written in the English language.

The keywords used for the literature search were as follows: “SARS-CoV-2”, “Covid

7 FY/A7i 77,

19”, “novel coronavirus”, “Immunoglobulin*”, “antibody”, “IgG”, “IgA”, “secretory
IgA”, “sIgA”, “immunological”, “immune system”, “immunogenicity”, “immunology”,
“milk transferred antibody”, “breast milk”, “maternal milk”, “human milk”, “breastmilk”,
“colostrum”, “breastfeeding”, “donor milk”, “lactating women” and “lactation”, combined
with Boolean logical operators (AND, OR).

Additionally, we searched all of the references of the relevant studies and of previous

corresponding systematic reviews in order to confirm the study saturation.

2.1. Study Eligibility Criteria

All selected studies examined the immunological response in the HM of pregnant or
lactating women after COVID-19 disease or vaccination. After the duplicates were deleted,
two investigators (M.D. and R.S.) independently checked the titles and abstracts of the
retrieved papers, and consequently studied the full texts to decide which of them were
eligible for the review. Any disagreements between the two researchers were analyzed and
resolved by a third researcher (Z.1.).

Studies included in the present review met the following eligibility criteria: (1) women
vaccinated against or infected by SARS-CoV-2 virus during pregnancy or lactating period
were the study population, (2) there was no history of previously confirmed COVID-19
disease or vaccination, (3) current COVID-19 disease was confirmed via a PCR positive test,
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serology test or other laboratory method and (4) data on HM-specific immunoglobulins
against SARS-CoV-2 were described in the studies that were included in the review as
well. Irrelevant or non-original studies, case reports or studies with indecisive data were
excluded from this review, as well as studies in any language other than English.

2.2. Data Extraction

The 2 researchers (M.D. and R.S.) separately studied the eligible studies and extracted
useful data in an electronical database (Microsoft Excel). Complete information included
the name of the first author, date of publication, country of origin, duration and pop-
ulation of the study, diagnosis method or vaccine type, time of HM collection, studied
immunoglobulins and main outcomes or results of the study. Any disagreement between
the two researchers was analyzed and resolved by a third researcher (Z.1.). Finally, the
selected studies were examined again by another investigator (N.I) to check for eligibility
and for duplication, and the extracted data were checked for their accuracy.

3. Results

A total of 975 articles were initially retrieved. After excluding duplicates and articles
with titles and abstracts not related to our review object, 122 studies were selected for their
full text to be studied. In these studies, the full text was comprehensively studied and
75 studies finally met the eligibility criteria. The searching and selection processes are
depicted in a PRISMA graph (Figure 1).
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Figure 1. Flow chart of the study selection process.

Seventeen studies out of the total included women infected for the first time during
pregnancy (Table 1) [9-26]. Another 17 studies examined women infected for the first
time during lactation (Table 2) [27—43]. Six more studies included vaccinated pregnant
women not previously immunized (Table 3) [22,25,27,29,44,45]. Finally, 40 studies examined
vaccinated lactating women not previously immunized (Table 4) [22,25,32,38,42,46-80]. Ten
studies included more than one participant group, and therefore they have been put into
more than one table [22,25,27,29,32,38,42,44,46,47].
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In total, 874 infected pregnant women, 537 infected lactating women, 196 vacci-
nated pregnant women and 1450 vaccinated lactating women were included in this sys-
tematic review. In the case of pregnant women, all samples were collected postpartum
and most of them were collected within the 1st week postpartum. In some cases, sam-
ples were collected later, even 6 months after delivery in one study [27]. HM samples
from lactating women were collected in variable time-points, with the longest being
6-10 months post infection or vaccination [43,51,54,56,62]. All studies detected specific
immunoglobulins against SARS-CoV-2. Infection mainly induces the production of spe-
cific IgA antibodies [17,30-43,46,47,83-86], while vaccination mostly elicits the IgG re-
sponse [22,25,27,29,32,38,42,44,46,47]. From the included studies, it seems that maternal
age and BMI do not influence antibody titers. Yet, the general immune response of the
mother and consequently the titers of some immunoglobulins in HM and maternal serum
seem to correlate with the levels of other immunoglobulins in HM [16,21].

SARS-CoV-2 virus was not detected in HM samples in any study [18,20,24,30,36,38,40],
and no study reported severe side effects after vaccination [42,53,63,65,66,72].

4. Discussion

Breastfeeding is the best dietary choice for infants [4]. HM contains specific im-
munoglobulins that are produced in response to exposure of the mother to pathogens.
These immunoglobulins maintain their structural integrity in the infant’s stomach, bind to
intestinal mucus and prevent pathogens from entering the bloodstream [89-91]. The pres-
ence of specific immunoglobulins against SARS-CoV-2 in the HM of infected or vaccinated
mothers could potentially shield neonates and infants from future infections or even from
severe disease.

4.1. Post Infection Immune Response

This systematic review affirms that specific immunoglobulins against SARS-CoV-2
virus were detected in the HM of women who were infected during pregnancy or lactation.
These immunoglobulins were mainly IgA, and specifically secretory IgA antibodies, and
less IgM and IgG were found [17,20,25,28,32,35,36,43,82], which is compatible with the
known proportion of antibody isotypes in human milk [92]. They also primarily (80%)
targeted the RBD domain of the S1 subunit [17].

4.1.1. Anti-SARS-CoV-2 IgA Immunoglobulins

IgA titers in HM increase one week after infection, and these titers are even higher
2 weeks post COVID-19 disease [40]. Many studies indicate that they remain high in HM
and detectable even 2-3 months after infection [27,31,34,35,38-40,42,43,83,85,86]. Pace RM
et al. reported that IgA remained positive in 77% of 64 lactating women 2 months after
infection [40]. Junker HG et al. found that HM conversion was observed after a median of
15 days and IgA levels peaked after 35 days. After 70 days, however, IgA was detectable
only in 33% of HM samples [42]. Conti MG et al. reported that IgA was detectable in all
HM samples of 28 lactating women even 2 months after delivery [23]. These women had
been infected during pregnancy, which indicates that IgA may persist for a longer period
of time. Indeed, other studies confirm their persistence in HM even 5-10 months post
COVID-19 disease [34,39,43]. Fox A. et al. reported that all of the 28 tested women in their
study had detectable IgA in HM 4-10 months after infection and 43% of them had even
higher titers than what they had at 1 month after the infection [43]. The presence of specific
IgA against SARS-CoV-2 in HM is optimal for infants. According to a recent cross-sectional
study in Brazil, the titers of IgA in the HM of women infected during pregnancy were
negatively correlated with the presence of clinical symptoms in their neonates [83].

Various factors influence anti-SARS-CoV-2 IgA levels in HM. The concentration of
specific IgA immunoglobulins in HM is positively correlated with the levels of total IgA,
IgM and IgG titers in HM [21]. Additionally, levels of specific IgG in maternal serum are
also significantly correlated with IgA levels in HM [16]. However, this is not the case for
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IgA titers in serum. There is no reported association between IgA titers in HM and maternal
serum [25,35,47]. This is logical as IgA in HM after natural infection is not of serum origin,
but of muscular origin [93].

As for the time from infection, the data are conflicting. Some report a negative
correlation with antibody titers [21,23], while others report a positive correlation [37].
Infection induces a humoral response and antibody titers begin to rise. After an unknown
period of time, they reach a peak, and then they begin to wane over time [94]. Therefore,
contradicting results in the studies may be due to different time-points of sample collection.

Additionally, not all types of antibodies have the same response over time. Bobik T.V.
et al. tested sIgA against specific epitopes of SARS-CoV-2 virus (N protein, linear NTD,
RBD-SD1 and RBD) and reported that the levels of sIgA against N-protein and against
linear NTD and RBD-SD1 were higher in women that were infected during the third
trimester compared to women infected during the first and second trimesters. Regarding
slgA against RBD, they found that their levels were similar, independent of the trimester of
pregnancy when infection occurred [19]. No correlation between time of infection during
pregnancy and anti-RBD antibodies was reported by Szczygiol, P. et al. either [28]. This
indicates that this kind of antibody is more stable over time. Interestingly, Wachman EM
et al. reported that anti-RBD IgA titers were not stable but significantly higher in women
infected during the first or second trimester of pregnancy [84].

The severity of COVID-19 disease is another factor, but its impact on antibody titers
has not yet been clarified. Pace, R.M et al. reported higher concentrations of antibodies in
the HM of women with symptomatic COVID-19 disease than in the HM of asymptomatic
women; yet, the difference was not significantly important [40]. In other relevant studies,
no association between the two parameters has been found [28,83]. Probably, the severity
of the disease has a positive impact on antibody levels. Many other studies on the general
population have reported that antibody titers are higher in people with severe/moderate
COVID-19 disease [94]. More studies are required to reach safe conclusions. From the
existing data in the literature, no correlation has been found between IgA levels in HM and
maternal age or infant gender [35,37].

4.1.2. Anti-SARS-CoV-2 IgM Immunoglobulins

IgM immunoglobulins are the second most abundant antibodies in HM, and yet their
titers are significantly lower than IgA titers. In a prospective study, Decenti EC detected
anti-SARS-CoV-2 antibodies in only 7.5% of milk samples [26]. Specific IgM against 2
SARS-CoV-2 was mainly detected in samples collected 1040 days after infection, and
after that, their levels declined [20,21]. In a relevant study by Luo QQ et al., a positive
correlation between IgM levels in HM and maternal serum was found [24]. The presence of
IgM antibodies against infectious diseases in HM can provide passive immunity to infants,
while simultaneously hindering the entry and transportation of viruses, such as HIV, to
the infant [95,96]. Given these findings, it is plausible that breastfeeding by SARS-CoV-2-
infected mothers offers postpartum protection to the infant through antibodies, reducing
the risk of viral transmission.

4.1.3. Anti-SARS-CoV-2 IgG Immunoglobulins

HM contains low titers of IgG immunoglobulins, and in some studies they were not
even detectable [20,24]. Decenti, E. C. et al. studied HM samples from 141 women, and
they detected IgG only in 3% of the study population [26]. Bauerl et al. reported low
IgG titers in HM, with an increase in these titers from Day 40 to Day 205 after COVID-19
disease [21]. Pullen KM et al. detected IgG in a low concentration, but they did not observe
any significant change in the titers over time (the mean time of sample collection was
66 days post infection). They also claimed that IgG was functionally attenuated compared
to IgA and IgM [35]. In another 2 studies, low titers of IgG 0-3 months after delivery
were reported [23,81]. Contrarily to the previous studies, Fox. A. et al. reported that they
detected anti-S IgG antibodies in 75% of participants, with 13% of them being present in
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high titers [43]. The factors that influence their titers in HM are not all clear, but there is a
positive correlation between IgG titers in HM and serum [29,35,47].

4.2. Post Vaccination Immune Response

The vaccination of pregnant or lactating women against SARS-CoV-2 also induces the
secretion of specific anti-spike antibodies in HM. However, there are some differences in
this immune response compared to the one after natural infection. First of all, vaccination
mainly induces an IgG response and less of an IgA response [22,25,32,38,42,46-79]. After
mRNA vaccination, a 10-fold and 100-fold increase in IgA and IgG titers was observed,
respectively [47]. Vaccination induces no significant increase in secretory antibodies’ titers.
IgA seems to be almost exclusively of systemic and not mucosal origin [55]. Pietrasanta
et al. measured two subtypes of specific anti-S IgA antibodies, IgA1, which has systemic
origin, and IgA2, which is mainly detected in mucosal secretions, and they observed that
the antibodies were mainly IgA1 [53]. These differences in immune response are probably
due to the intramuscular route of vaccine administration [50,67].

4.2.1. Anti-SARS-CoV-2 IgG Immunoglobulins

IgG titers were detected in 87-100% of women post vaccination [50,62,65,66,72,77].
Only in one study was a moderate IgG immune response (43% of women) observed [73].
IgG titers in HM increase after each dose [38,47,50,52,55,63,67,71,74,75]. The peak of anti-S1-
IgG titers occurs about 1-2 weeks after the 2nd dose and after that they
wane [48,51-53,56,62,65,66,71]. A recent longitudinal study reported that IgG antibod-
ies” half lives in HM are about 2 months [45]. In other relevant studies, no significant
difference in IgG titers was observed between 30 and 60 days post vaccination [57,80].
Even IgG levels wane over time, but remain in detectable levels 2 [57], 3 [38,53,72] and 6
months post vaccination [49,73]. Contrarily with total IgG levels, secretory IgG antibodies
continuously increase even 6 months after the first dose of mRNA vaccines [54]. The main
IgG subclasses in HM after 2 doses of mRNA-based vaccines are IgG1 and IgG3, which are
the main subclasses of IgG that emerge after viral infections [45,97]. Interestingly, Agostinis
C. et al., in a recent study, demonstrated that the presence of anti-S IgG in the HM of
vaccinated lactating women is capable of activating in vitro the complement [80]. All of
these data indicate that vaccinated mothers are capable of providing protective antibodies
to their offspring for a long time after their primary vaccination.

As for the factors influencing antibody levels in HM, numerous studies have confirmed
a significant positive correlation between IgG titers in HM and maternal
serum [25,29,45,47,48,51,56,62-64,69,75,77,79,80]. A positive correlation between the lac-
tation period and the total antibody titers was also reported in a study by Trofin F. et al.
(lactating period between 3 and 36 months) [57]. However, this was not confirmed in
other studies during the lactation period between 1.5 and 23 months [50,73]. A negative
correlation was reported with parity [57], while no correlation was confirmed between IgG
levels and maternal age or BMI [57,69,74].

4.2.2. Anti-SARS-CoV-2 IgA Immunoglobulins

IgA immunoglobulins in detectable levels are present in 75-95% of vaccinated women at
2 weeks after the 2nd dose [42,63,65,66,74]. In a prospective study, though, detectable levels
were present in just 36% of women post vaccination [73]. Yet, it is not clear if IgA rises mainly
after the 1st dose, without any additional increase after the 2nd dose [38,47,63,67,73,74], or
whether their titers present a biphasic model after vaccination [42,52,55,65,66,70,71]. Many
studies indicate waning IgA titers about one month after the 1% vaccine dose [44,49,51,56].
Contrarily, Juncker HG et al. reported that IgA titers peaked 2 weeks after the 15t dose, and
then they waned until the 2" dose, when they finally reached a second peak 5 days after
vaccination [70]. Ricciardi et al. studied secretory IgA and they observed peak titers at
3 weeks after the 2nd dose, while their concentration significantly decreased at 6 months
post vaccination [54]. Perez SE et al. detected IgA antibodies in about 50% and 25% of
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samples at 1 and 3 months post vaccination, respectively [62]. Finally, Narayanaswamy
et al. observed no difference in anti-RBD IgA median titers before and after vaccination [50].

A positive correlation was found between IgA titers in HM and IgG titers in maternal
serum [51,62,69,74]. A positive correlation may also exist between the IgA titers in HM
and the IgA titers in maternal serum [25,47,64]; however, this finding is not supported by
all studies [74]. The lactation period is also another factor which has an impact on IgA
titers, and is not clearly defined by the included studies. A positive impact (lactation period
between 3 and 36 months) [57] was reported in one study, while in others, either a negative
(lactation period <18 months) [63] or no impact (lactation period 1.5-23 months for in-
fants) [50] was reported. A negative correlation was found between antibody concentration
and parity [57], and there was no correlation with maternal age [57,74].

4.2.3. Anti-SARS-CoV-2 IgM immunoglobulins

Vaccination does not significantly influence IgM levels in HM. In the majority of
studies, they are not even detectable [50,51,64,69,73,79], and in others they are just poorly
detected [62,74].

4.3. Differences in Immune Response after Infection or Vaccination

Higher IgG titers were observed in the HM of vaccinated women compared to those
who were previously infected with SARS-CoV-2 [22,25,32]. In the case of IgA, the data
are ambiguous, with some studies reporting higher antibody titers after vaccination [27],
some reporting lower [52] and some reporting no significant difference after vaccination
or infection [42]. As has already been mentioned, infection mainly induces IgA and, to
a lesser extent, the IgM immune response, while vaccination primarily stimulates the
production of IgG antibodies. IgA and IgG are found mainly in secretory form and they
are released by mammary tissue to HM. After a natural infection with SARS-CoV-2, B-cells
stimulated in the lymphoid tissues of the respiratory tract migrate to the mammary gland
and release secretory antibodies into HM [93]. Contrarily, post vaccination antiSARS-
CoV-2 antibodies in HM are derived from maternal serum [11]. Secretory IgA antibodies
are attached to the gastrointestinal tract of breastfeeding infants, where they bind with
local microorganisms and block their penetration [4]. On the other hand, IgG antibodies
produced post vaccination have been found to be capable of activating the complement.
Therefore, infants can benefit from both types of antibodies in different ways [80].

As for the type of immunoglobulins, vaccination induces anti-spike protein antibodies.
Infection, on the other hand, mainly induces the anti-N protein. A relative study by Bobik
T.V. et al. reported significantly lower levels of the anti-RBD antibody compared to anti-N
antibodies in the HM of lactating women infected during the third trimester [19]. L.Bode
et al., in a recent study, reported that IgA antibodies in the HM of infected women are
mainly directed against the N protein (about 43%) and less against the S protein (about
24%), and there was heterogeneity in the type and quantity of antibodies.

4.4. Differences in Immune Response According to Vaccine Type

No difference between detected antibody titers was described in women vaccinated
with Moderna or Pfizer/BioNtech vaccines [32,52,57,63,68,88]. Only in one study of Gray
KJ et al. were higher IgA titers detected in the Moderna group after the 2nd dose [67].
However, compared to the adenovirus-vectored vaccines, mRNA vaccines induce higher
titers of antibodies [52,58,61]. Yang X. et al. reported that IgG and IgA levels were detectable
in 86-100% and 52-71%, respectively, in mRNA-vaccinated women, and in 33-38% and
17-23%, respectively, in the adenovirus-vector-vaccinated women [58]. The Moderna
vaccine also induces significantly higher titers of secretory antibodies compared with the
rest of the vaccines [58]. Yet, six months post vaccination, no significant difference in
antibody titers was observed among three types of vaccines [88].
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4.5. Neutralizing Capacity

Although specific antibodies against SARS-CoV-2 are present in HM after COVID-19
disease or vaccination, it is essential to clarify whether these antibodies have neutralizing
capacity. A neutralizing antibody binds with the viral surface and blocks its replication
cycle, and so it protects the subject from subsequent infection [98]. Both infection [18,27,30,
32,36,43,44,82] and vaccination [22,27,32,44,50,51,53,56,62,71,76,77] induce the production
of neutralizing antibodies in HM, more intense, though, post infection [38,44].

In a study of 38 infected lactating women, no correlation between specific anti-SARS-
CoV-2 antibody levels and the neutralization capacity of the HM was observed [31].
However, this is not in line with what other studies support. The neutralizing capac-
ity against SARS-CoV-2 seems to be greater in the HM of infected women compared to
the pre-pandemic controls, and it also seems to be positively correlated with antibody
titers [18,27,30,32,36,43,44,82]. In a relevant study, 62% of the samples had neutralizing
antibodies in vitro. Contrarily, the samples collected from the pre-pandemic controls had
no neutralizing capacity [36]. Pace RM et al. reported that the HM neutralizing capacity
post infection is significantly correlated with anti-RBD antibody levels [30].

Antibody titers also seem to influence the neutralizing capacity of the HM of vacci-
nated women [44,62]. As for variants, vaccination seems to be more beneficial against the
Wuhan-Hu-1 strain and less against the Beta, Gamma and Delta variants. The binding
capacity of antibodies is reduced by 30% to these strains [49]. In another study, less of a
neutralizing capacity was reported against the Beta variant compared to D614G, Alpha and
Gamma [50].

Our systematic review has some limitations. SARS-CoV-2 is a new virus. In the
early stages of the pandemic, many studies were conducted with small sample sizes and
lacked inclusion criteria. Furthermore, most of the tests used were homemade ELISA
assays, which lacked standardization in terms of measurement units. Due to the great
heterogeneity of the studies included, not only regarding the type of laboratory test, but
also the differences in the timing of sampling between studies and study subjects (pregnant
or lactating women), a meta-analysis was not deemed appropriate and instead we focused
on presenting a systematic review of the available literature.

5. Conclusions

Infection with SARS-CoV-2 and vaccination against the virus elicit a maternal immune
response in breastfeeding mothers with a short period of 1-2 weeks. Consequently, these
mothers can transmit specific immunoglobulins with neutralizing capacity to their infants
via HM. Therefore, it is recommended that breastfeeding is encouraged in mothers infected
or vaccinated, as their HM can provide infants with specific antibodies even months after
infection or vaccination.

Infection primarily induces an IgA-mediated immune response, while vaccination
mainly elevates IgG immunoglobulins. Our data suggest that both IgA and IgG im-
munoglobulins contribute to the neutralizing capacity of HM, indicating clinical benefits
for infants who receive HM from vaccinated or infected women. However, further studies
are required to determine whether factors such as infection severity, lactation period, parity,
maternal age and BMI have an impact on the levels of immunoglobulins in HM.
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Abstract: Over the last few decades, there has been an ongoing debate over both the optimal feeding
mode for very premature neonates (VPN) as well as what their optimal growth should be. Despite
the American Academy of Pediatric declaring since 1997 that the growth of VPN should follow the
trajectory of intrauterine fetal growth, differences of opinion persist, feeding policies keep changing, and
the growth and development of VPN remains extremely variable not only between countries, but even
between neighboring neonatal units. Even the appropriate terminology to express poor postnatal growth
(extrauterine growth restriction (EGR) and postnatal growth failure (PGF)) remains a subject of ongoing
discussion. A number of recent publications have shown that by implementing breast milk fortification
and closely following growth and adjusting nutrition accordingly, as per the consensus guidelines of the
major Neonatal Societies, we could achieve growth that closely follows birth centiles. A recent position
paper from EPSGAN recommending targeted nutritional support to cover the energy and protein deficits
sustained by VPN during periods of critical illness further strengthens the above findings. Conclusion:
We can promote better growth of VPN by ensuring a stable administration of sufficient calories and
protein, especially in the first 2 weeks of life, implementing breast milk fortification, covering energy
and protein deficits due to critical illness, and increasing feeding volumes as per the latest guidelines.
The adoption of universal protocol for nutrition and growth of VPN is essential and will enable better
monitoring of long-term outcomes for this population.

Keywords: very premature neonates; extrauterine growth restriction; postnatal growth failure;
optimal growth; nutrition; feeding policies

1. Introduction

The third pregnancy trimester is a period of rapid fetal growth and development.
The normal development of the fetus is disrupted during premature birth, and both in-
trauterine and extrauterine growth affect the long-term health of very premature neonates
(VPN). In the last three decades, there has been ongoing discussion on what constitutes
optimal growth for VPN. There are different opinions expressed and even different defi-
nitions/interpretations of the terms intrauterine growth restriction (IUGR), extrauterine
growth restriction (EGR), and postnatal growth failure (PGF), resulting in the absence of a
universally approved pathway for the nutrition and growth of this population.

Two recent major publications have put the issue of those definitions in the forefront,
declaring the terms EGR and PGF as misnomers that need to be replaced [1] and suggesting
new centile charts for VPN [2]. The esteemed authors of both articles cite multiple impor-
tant reasons for their approach and particularly the risks that may arise from providing
“excessive” nutrition in an effort for VPN to grow close to their birth centile at all costs.

Despite that, other recent publications [3,4] shed a different light on the issue as they
achieved a significant reduction in VPN less than 10th centile at 36 weeks corrected age,
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without administering calories or protein in excess of what is recommended in the neonatal
guidelines. It is evident from the above that it is important for the discussion on feeding
policy and VPN growth to include the utility or not of the term EGR. It is noteworthy
that although both the terms EGR and PGF are used to describe growth restriction, EGR,
which implies a cut-off value at a determined point in life, refers to growth restriction
until 40 weeks and is preferable to PGF, which implies a difference in growth velocity
during an unspecified period that may extend to 1 year of life. Looking through the
literature, it appears that the term EGR, defining neonates that are below the 10th percentile
of intrauterine growth expectation, is too broad and can include neonates for whom the
difference between birth and 36 weeks corrected gestational age (CGA) can range from
—0.55D or —1 SD up to —2 SD. Clearly, neonates in the extremes of the EGR spectrum
have vastly different risks of adverse outcomes. In this review, we will attempt to examine
the validity, usefulness, and adequacy of the term EGR, and what would be considered
optimal growth for VPN.

2. Feeding Policies Pre-2000 and Effect on VPN Growth and Prognosis

We need to remember that the term EGR was not commonly used prior to the year
2000. During that period, the initial enthusiasm from the widespread use of antenatal
steroids and postnatal surfactant started to wane on the realization that the huge increase
in survival, even at the extremes of viability, was not followed by an equivalent reduction
in VPN with neurodisability. On the contrary, it resulted in an increase of the percentage of
VPN surviving with significant neurodevelopmental abnormalities [5].

There were two further notable developments at that time. Firstly, it was established
that the feeding policies, especially in terms of the amount of protein given, resulted in
widespread growth restriction of VPN as demonstrated in the large NICHD/NNR study [6]
where 97% of VP neonates were below 10th centile at 36 weeks CGA. Secondly, in the late
1990s, large prospective and retrospective studies showed that IUGR increased the risk of
metabolic syndrome in later life [7]. Following those developments, the term EGR started
coming into widespread use.

Many articles looking at the effects of different feeding strategies in the first and second
era of neonatology found that prematurity and growth restriction before 40 weeks CGA
increased the risk of adverse neurodevelopmental and metabolic outcomes (Figure 1) [8-13].
The understanding that the main reason for EGR in VPN was that nutrients and especially
protein was less compared to the nutrients received through the placenta at different
gestational ages led to a reconfiguration of feeding policies.
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Figure 1. Clinical consequences of extrauterine growth failure on health and disease at adulthood.
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3. The Effect of Early “Aggressive” Feeding Strategies Post-2000

In 2002, Ziegler et al. first used the term “aggressive” feeding to describe a feeding
protocol that was in his opinion closer to the nutrition received by the mother through
the placenta [14]. In the following decade, more authors and pediatric societies adopted a
similar approach, suggesting feeding policies with more nutrients and focusing on protein
content. The outcome of these policies was the marked reduction in the percentage of VPN
with EGR, although it still remained high at around 50% [15]. In a more recent study, the
percentage of VPN with EGR at 36 weeks CGA in 11 European countries showed a wide
variation from 24% in Sweden to 60% in Portugal [16].

A large study of >90,000 VPN born between 2007 and 2018 showed that the mean value
for weight and head circumference (HC) at 36 weeks CGA was >—1 SD for all gestational
ages <32 weeks, and for neonates less than 28 weeks GA it reached —2 SD. It is clear that
there are big variations in practice between different countries and between NICUs within
the same country [2]. Embleton [17] asked in 2001 whether EGR is unavoidable, and this
question still remains relevant today: is EGR unavoidable and, if so, to what degree?

A meta-analysis [18] and studies looking at associations between EGR and long-
term prognosis of VPN born after 2000 have found a negative effect [19-22]. A recent
study (LEMON study) compared monochorionic diamniotic twins from uncomplicated
pregnancies that had differences in their intrauterine growth. Infants that had significant
growth restriction compared to their twins had statistically significant risk of having lower
IQ and exhibit moderate neurodevelopmental disorders [23].

In a very recent study, higher neonatal growth velocity in children born less than 29w
GA was associated with modestly higher cognition and language score at 18-22 months
CA [24]. These results were more profound among those born with the lower weight for
gestational age, emphasizing the importance of postnatal growth in this population. It is
clear that growth restriction of VPN either intrauterine or extrauterine can adversely affect
their outcome, and the question posed by Embleton requires an urgent answer.

4. Factors Influencing Nutritional Supply and Growth of Preterm Infants

Itis evident that prior to 2000, EGR of VPN was due to feeding policies with inadequate
calorie and protein intake. The question remains, though, why the subsequent increases
in nutrients provision did not solve the problem. In an effort to define the issue, some
recent studies and meta-analyses have looked in more detail into the energy and nutrients
provision of VPN. They found that infants with EGR were receiving fewer calories and less
protein than the recommended from the Neonatal Societies” guidelines for variable periods
of time and for a variety of reasons, mainly during the transition phase from the parenteral
to enteral feeding [25-27]. Another possible cause is the lack of breast milk fortification.

4.1. Breast Milk Fortification

Is breast milk fortification necessary throughout admission? This remains controver-
sial. A large study of over 45,000 VPN showed that of the VPN receiving breast milk, only
45.3% received fortification of some degree [28].

The results of some recent studies may aid decision making. Breast milk of mothers
of premature neonates contains extra protein compared to that of term neonates only for
the first month. The peak protein content is at 2 weeks (approx. 1.9 g/100 mL mean value)
with subsequent gradual decrease in the following 2 weeks and without birth gestational
age further affecting it [29,30]. In 2019, Li et al. [31], comparing VPN that received preterm
breast milk with ones that received preterm breast milk with preterm formula, showed that
the latter had better growth at 40 weeks CGA (mean difference 283 g; (95% CI: 121.6-445.6)
without difference in body fat content on whole body MRI at 37—44 weeks. These results
mean that the difference was down to the better growth of other vital tissues (lean tissue).
The fortification rate of preterm breast milk was almost similar in all groups. In a recent
paper, Perrin et al. [32] found that individualized fortification of human milk prevented
postnatal weight loss in most infants and supported HC growth.
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A 2023 study from Embleton et al. [33] showed that cow’s milk-based fortifier did
not adversely affect the gut microbiome when compared to human milk-based fortifier.
Reservations on the use of breast milk fortifier focusing on intolerance to cow’s milk and
the risk of NEC do not appear to be substantiated on a meta-analysis of the data, which
actually showed moderately better growth on VPN receiving fortifier [34], and a further
recent study considers breast milk fortification necessary for adequate growth of VPN [35].

In our opinion and in view of those results, fortification of breast milk is necessary, as
unfortified breast milk is not sufficient in the majority of cases, even in the first 4 weeks, to
cover the nutritional needs of VPN.

4.2. VPN with Major Morbidities and Growth

Major morbidities (BPD, IVH, NEC, ROP, etc.) are complications that increase the
risk of EGR. In the large study by Greenbury et al. [2], VPN with major morbidities
had significantly restricted growth compared to the ones without. A likely contributing
factor is the difficulty in administration of nutrients in this population. In a study by
Milanesi et al. [36], VPN that eventually developed BPD did not receive the correct ratio of
calories to protein for periods spanning from birth up to 4 weeks of age.

Ehrenkranz et al. [37] showed a correlation between major morbidities such as BPD
and the development of VPN, considering EGR as a major factor underlying both. In
another study, VPN with BPD that received an intense and targeted feeding regime and
had similar growth to VPN without BPD did not show significant difference in their
respiratory function at 8 years compared to VPN without BPD and term controls [38].
Groene et al. [39] showed that monochorionic twins with selective fetal growth restriction
had significant increase in the prevalence of BPD despite the lowest incidence of respiratory
distress syndrome compared to the larger co-twin, in spite of their identical genetic makeup
and maternal risk factors, essentially in a form of a “natural experiment” that showcases
the link between growth restriction and lung function. The above observations pose a
question. Is a different feeding protocol needed for VPN with major morbidity in order to
prevent further growth restriction and, if so, from what point in their disease?

Our opinion is that VPN with major morbidities should receive intense nutrition, to
minimize their postnatal growth difference to those without major morbidities [40].

5. Feeding Policies and Reducing the Percentage of VPN with EGR

Several neonatologists from different countries have implemented feeding policies
that have succeeded in reducing the percentage of VPN with EGR [3,4,41-43]. Some
have achieved that by monitoring growth and correlating it with number and duration of
interruptions in enteral feeding [41], others by providing higher protein content in the first
2 weeks of life [3,4], or by providing larger quantities of milk [42], with some giving more
than 200 mL/kg/day of milk [43-45]. A common thread in most of those publications
is breast milk fortification, close monitoring of growth at least on a weekly basis, and
adjusting nutrition, according to the guidelines of Neonatal Societies, in order to achieve
growth close to birth centiles.

In a 2022 publication from Rossholt et al. [46], close monitoring of growth resulted in
only 3% of VPN having >—1 SD deviation from their birth centile at 36 weeks CGA. None
of the above studies have recorded any instances of neonates receiving calories or protein
in excess of the recommended guidelines.

6. And Now What: Current and Future Demands

Despite many different feeding protocols that promote growth and reduce EGR, it
remains difficult to achieve that goal more broadly due to the absence of universally
accepted policies and the variability between different countries and different NICUs. A
characteristic example is a cluster of 10 different enteral feeding policies in one country
reported by Greenbury et al. [28].
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There are two distinct themes arising from the data above. Firstly, there is clear
evidence that growth restriction of VPN up to 40 weeks CGA, despite the changes in feeding
policies post 2000, increases the risk of metabolic syndrome and neurodevelopmental
disorders. Whilst correlation does not equal causation, this evidence should not be ignored.
Secondly there are NICUs that, by closely following the recommendations from the neonatal
societies, have achieved reducing the percentage of VPN with EGR to less than 10%.

Two recent position papers form ESPGHAN can help in providing some answers to
the questions we have posed above (Table 1) [47,48]. According to the 2021 EPSGHAN
position, premature neonates with critical illness should have the energy and protein
deficit sustained during that period replaced during the recovery phase in order to achieve
catch-up growth. This, according to the authors, can be achieved by increasing calories
during the recovery phase up to 160 kcal/kg/day, protein up to 4.5 g/kg/day, glucose
up to 12.5 g/kg/day, and fat up to 8 g/kg/day for as long as required in order to replace
nutrient/energy deficits sustained during the acute illness phase [47].

Table 1. ESPGHAN recommendations regarding energy and macronutrient requirements in preterm

neonates.
Energy/Nutrient Requirements in Critically I11 Neonates;
Enerev/Macronutrient ESPGHAN 2022 Recommendations for Moltu [47]
8y Enteral Nutrient Intake; Embleton [48]
Early Acute  Late Acute Recovery
Enteral 40-55 70-95 110-160
Energy (kcal/kg /day) 115-140 (160) Parenteral 4055 60-80 90-120
Fluid, mL/kg/d 135-200 (>200) _ _ _ _
Enteral 5-8 7-11 11-15 (18)
Glucose (g/kg/d) =15 Parenteral 5-8 (10) 7-10(12)  11-14 (17)
. Enteral 1.0-2.0 2.0-3.0 3.5-4.5
* —
Protein (g/kg/ day) 3540 (45) Parenteral 1.0-2.0 2.0-3.0 25-35
.. Enteral 2.0-3.0 3.0-6.0 5.0-8.0
Lipids (/ke/ day) 4.8-8.1 Parenteral 1.0-2.0 2.0-3.0 3.0-4.0

Data in brackets represent upper intake; * to facilitate protein utilization, a non-protein energy to protein ratio of
>25 kcal/g protein or a protein to energy ratio of 2.8-3.6 g/100 kcal is recommended.

The ESPGHAN position paper published in 2022 [48] alters previous guidelines
published in 2010 [49] and for the first time recommends increasing calories up to
160 kcal/kg/day, protein up to 4.5 g/kg/day and milk up to 200 mL/kg/day or higher in
some case of enterally fed VPN, in order to achieve improved growth. Those two ESPGHAN
positions acknowledge that the period of up to 40 weeks CGA is critical for neonatal devel-
opment and promote catch up growth following periods of growth restriction due to VPN
complications.

Coming back to the initial question regarding EGR, the issue is not whether the
term itself is correct. In our opinion, the issue is that this one term is too broad and can
encompass a very wide range of neonates (from Z score > —0.70 up to >—1.70) that are
likely to have vastly different risk profiles and sustain very different outcomes. We feel
that a more nuanced approach that takes into account the vastly different risks at different
points of the EGR spectrum is required.

What could be the target today? What level of VPN growth is both safe and realistic
to achieve?

Based on the recent ESPGHAN recommendations and other recent publications,
and using the traditional definition of EGR (<10th centile), it is achievable today for
neonatologists to aim to limit the percentage of VPN with weight < 10th centile at 36
weeks or at discharge to around 10% of total [3,4]. In a 2006 study, it was shown that
growth on the 10th centile for weight and HC at 36 weeks CGA did not increase the risk
of neurodevelopmental disorders [50]. On that basis, a growth for VPN to achieve weight
and HC > 10th centile at 36 weeks CGA is considered safe. Expressing EGR as a z score,
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this target would be a difference from birth weight centile of up to —0.70 or up —0.80 at 36
weeks CA [3,51]. For neonates born at less than 26 weeks GA, this difference could be a
little bit higher but less than —1 z score.

Regarding the question of a universal feeding policy, in our view, the close monitoring
of VPN growth and strict adherence to the latest ESPGHAN guidelines, especially the ones
concerning catch-up growth following acute illness (Table 1), will significantly contribute
to reducing neonates with growth restriction.

After all, in the era of constantly rising rates of extremely premature survivors, a
universal definition EGR and relevant robust guidelines on neonatal feeding are both
highly desirable.

In conclusion, we feel that the term EGR is useful, but it needs to be better defined in
order to express its real effect in the early and late neonatal prognosis. From the reported
data, it is obvious that very premature neonates require close monitoring of their growth
and adequate and reliable administration of nutrients based on the latest guidelines, both
via the parenteral and enteral route, including breast milk fortification and especially in
the first 2 weeks of life. Any energy or nutrient deficits sustained during periods of acute
illness or significant co-morbidities should be replaced within the 40 weeks GCA. Studies
with nutritional practices that succeeded growth of VPN close to the birth centiles could
today be the guide for the implementation of universal common feeding protocols and
growth for the VPN.
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Abstract: Bronchopulmonary dysplasia (BPD) represents a severe sequela in neonates born very
prematurely. The provision of adequate nutritional support in this high-risk population is challenging.
The development of the lungs and physical growth are closely linked together in infants with BPD.
Growth deficiency has been associated with pulmonary dysfunction, whereas improvement in
respiratory status results in growth acceleration. Currently, there is not enough data regarding
optimal nutritional strategies in this population. Nutrition in these infants should provide sufficient
calories and nutrients to establish growth, avoid growth retardation and assist alveolarization of the
lungs. Meticulous follow-up is mandatory during and after discharge from the Neonatal Intensive
care Unit (NICU) to minimize growth retardation and improve lung function. Despite the significant
literature supporting the contribution of growth and nutrition in the avoidance of BPD, there is
limited research regarding interventions and management of infants with established BPD. Our
aim was to review clinical strategies applied in everyday clinical practice and identify debates on
the nutritional approach of newborns with BPD. Well-organized interventions and clinical trials
regarding the somatic development and nutrition of infants with BPD are warranted.

Keywords: extremely preterm neonate; extremely low birth weight infant; bronchopulmonary
dysplasia; nutrition; feeding

1. Introduction

Bronchopulmonary dysplasia (BPD) represents a severe sequela in neonates born very
prematurely [1]. Bronchopulmonary dysplasia was defined in 1967 by Northway as a
disorder of the respiratory system in late preterm newborns who were supported for a long
time with artificial ventilation and required increased administration of oxygen [2]. In the
“Old BPD” cystic changes of the lungs and heterogeneous aeration have been documented,
whereas the “New BPD” has a different phenotype and presents in extremely preterm
neonates who have been exposed to antenatal steroids, have been given surfactant and
have been supported with gentle modern ventilator techniques [3]. The main feature of new
BPD is diffuse underdevelopment of the alveoli, which leads to a significantly diminished
lung substrate for the elimination of CO, and the accretion of O,, injury of the airways,
inflammation, and pulmonary fibrosis. The alterations in the lungs are less profound than
in old BPD [4]. BPD affects predominantly premature neonates born at a gestational age
which is less than 28 weeks with 67% of them affected by a moderate or severe form of BPD
resulting in a mortality of 19% [5]. The incidence of BPD remains stable despite the great
progress in perinatal care leading to improved survival of very premature neonates [1].

BPD takes place in neonates born at the developmental stage of the lungs in which
the transition from the canalicular to the saccular stage occurs. Its pathophysiology is
multifactorial involving several antenatal and postnatal adverse events which derange
lung development leading to severe disease with long-term consequences [6]. Chronic
deprivation of nutrients and oxygen in pregnancy may result in alterations in the structure
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of the airways and the lung parenchyma affecting lung function, not only in neonates
but also later in life. Deficient nutritional support in very premature infants deranges the
development of the respiratory system and may contribute to the evolution of BPD [7].
Prematurity affects lower respiratory tract embryogenesis which has been attributed to
unfavorable antenatal and postnatal events such as intrauterine growth retardation, inflam-
mation, resuscitation, oxygen demand, ventilatory support and systemic infections, all of
which can result in an arrest in pulmonary vascular development and alveolarization [3].
It is not known whether prematurity causes BPD or whether parameters that are associ-
ated with prematurity are its cause [6]. In children with severe BPD, the performance of
the respiratory system does not ameliorate with chronological age. In a recent study, in
two-thirds of the subjects enrolled, Forced expiratory volume at 1 s (FEV1) and the ratio to
forced vital capacity (FEV;/FVC) got worse over time. Lung function progress was better
in adulthood in the subjects that were born after 1990 in comparison with children born
before this period. This may be attributed to improved perinatal care in recent years [8].
Pulmonary hypertension has increased incidence in children with BPD. It is documented in
25% of children in the severe spectrum of BPD and represents a parameter that adversely
affects morbidity and mortality in this population [9]. Survivors with neonatal BPD also
have neurological sequelae, affecting motor and cognitive development and have lower
academic progress compared to premature infants without BPD [10].

The real incidence of BPD is difficult to identify as different definitions have been
used. This problem makes also difficult to identify variations in the incidence of BPD over
time [11,12]. In a study performed in the USA during the last 20 years, improvements
in pregnancy and neonatal management and minimization in overall morbidity have
been documented; however, the incidence of BPD increased. Increased survival was
documented for infants who were born at 23 to 24 weeks and survival without significant
sequelae was shown for neonates that were born between 25 and 28 weeks [13]. BPD
affects predominately neonates whose birth weight is less than 1500 g. There is an inverse
relationship between the prevalence of BPD and gestational age as well as birth weight [13].
In Europe, 10-20% of infants with a gestational age of 23-31 weeks manifest BPD [14].

Increased fluid provision and inefficient loss of weight occurring in the first 10 days
after birth have been linked to the augmented likelihood of BPD because of pulmonary
congestion and edema [15]. Furthermore, it has been shown that in neonates born at
less than 30 weeks, sodium provision should be deferred after 6% of birth weight is lost,
an intervention that decreases oxygen requirements without affecting growth [16]. To
avoid the development of BPD, extremely preterm and very preterm infants are often
fluid-restricted to 120 mL/kg/day [12,15]. Commonly diuretics are prescribed; however,
current information on the effectiveness of diuretics in the avoidance and therapy of
BPD has been questionable [17]. Fluid restriction can lead to deficient caloric provision,
compromised growth, and inadequate nutritional support, which are risk factors for
BPD development [12,18]. It should be noted that premature neonates with established
BPD have higher demands in calories because their work of breathing is higher and
they require caloric support to assist in the alveolarization of the lungs and overcome
pulmonary inflammation [19,20]. Preterm infants who develop BPD need medical support
and supervision beyond neonatal intensive care unit hospitalization, including nutritional
support and monitoring of growth status in the long term [6].

2. Growth of Neonates with Bronchopulmonary Dysplasia

The nutritional support of very preterm newborns was investigated in a cohort study
that reported that 20.5% developed BPD. At term equivalent anthropometric measurements
were smaller in the bronchopulmonary dysplasia group who initiated feeding by mouth and
achieved full oral feeds at a more mature postnatal age, requiring prolonged intravenous
nutritional support. The amount of protein given to both groups was the same, irrespective
of whether they had bronchopulmonary dysplasia or not, but fluid volume and proteins
given to those who developed BPD were lower after the fourteenth day. The ratio of calorie
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to protein (30 kcal/g protein) per day was achieved by almost 90% of the neonates that had
no bronchopulmonary dysplasia on their 21st day of life. The bronchopulmonary dysplasia
group received a lower amount until the fourteenth day and the deficiency persisted in
56.3% of them for one month. The authors conclude that an inadequate calorie/protein
ratio was a fact in neonates who established bronchopulmonary dysplasia, and adequate
nutritional support for this population is challenging. Somatic parameters were measured
at birth and at term equivalent postnatal age apart from the weight which was measured
every week for four weeks. Z-scores at birth were similar between the neonates who
developed BPD and those who did not develop BPD. However, at term equivalent, head
circumference and length Z-scores were significantly lower in infants with BPD. The
decrease in the weight Z-scores in both groups was similar during the first month, but
at term equivalent to postnatal age, the Z-scores of the weight of the premature neonates
with BPD showed further decrease, while the preterm infants without BPD started to catch
up [21].

Another study investigated the nutritional condition of neonates with BPD during
the first month after birth and the probability of acquiring malnutrition. The infants in the
BPD group received excessive fluids but fewer calories and proteins after the first 14 days
of life, required mechanical ventilatory support for more days and needed more days to
achieve oral feeding without the need for supplementation with parenteral nutrition, which
was thus administered for more days. These disorders were more prevalent in the group
of infants with malnutrition. Anthropometric measurements were significantly smaller
in the BPD in comparison to the non-BPD infants and they were lower in infants with
malnutrition than in those who were well nourished. The weight to length ratio, body mass
index, triponderal mass index, and the velocity of weight gain in the population with BPD
was significantly lower compared to the non-BPD group.

Days on artificial ventilatory support, provision of lipids at 4 weeks, time to achieve
full feeding by mouth and parenteral nutrition days were independent risk factors for
malnutrition [22].

Malikiwi et al. have investigated if there is a link between growth status, provision
of nutrients and fluids in the first month after birth and the probability to acquire bron-
chopulmonary dysplasia. Infants with BPD received fewer calories and fluids during the
first month of life. Z-scores of weight at birth and at one month were similar between
the BPD and non-BPD neonates. The percentage of infants with weights below the 10th
percentile and the mean weight velocity at one month also were similar between the groups.
However, the adverse effect of BPD on somatic growth was preserved during infancy, so
infants with BPD had significant growth retardation at 6 and 12 months of age.

The risk of establishing BPD was higher when infants were ventilator-dependent
during the first month and were lower when a higher first-month provision of calories
was achieved. The authors conclude that the BPD group received fewer calories and fewer
fluids during the first month. Only two independent predictors for BPD establishment
were identified and these were the dependency on an artificial ventilator and the provision
of low caloric intake during the first month [23].

Another study investigated whether there is a relationship between the provision of
nutrients during the first week of life and the severity of bronchopulmonary dysplasia in
neonates born extremely preterm. Out of the 226 infants that were enrolled in the study
67% developed moderate—severe BPD. Participants with moderate-severe BPD were more
immature, had a lower birth weight, and needed more prolonged ventilatory support
compared to the infants that did not develop BPD. During the study period, the provision
of nutrients was significantly less, whereas the provision of fluids was significantly more in
the group who developed moderate—severe BPD compared to those who did not. Taking
into consideration potential confounding factors, fluid provision, time on mechanical
ventilation and low caloric provision were significant determinants of increased risk of
moderate-severe BPD [24].
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Another study aimed to investigate the role of nutritional support either by mouth or
intravenously during the first 2 weeks of life to the risk of acquiring bronchopulmonary
dysplasia. The neonates who acquired BPD received fewer calories compared to the
controls. Carbohydrate and fat provision was also diminished in BPD patients. This study
showed that neonates with BPD are provided with fewer calories and lipids during the
first two weeks of life [25].

Preterm infants with BPD have growth retardation, with deficient total body fat and
free fat mass identified at 6 weeks post-term; free fat mass and total body fat remain low
compared with healthy term infants during the first year of life [26].

As already stated, premature neonates with BPD have an increased incidence of re-
striction in growth after birth. In a multicentered cohort study breastmilk feeding used
exclusively was related to diminished growth but a reduction in the probability of develop-
ing bronchopulmonary dysplasia, Furthermore, the incidence of necrotizing enterocolitis
and retinopathy of prematurity were decreased [27]. In a retrospective case-control study,
neonates with bronchopulmonary dysplasia were provided with fewer calories and fluids
in the first month of life. After adjustment for confounders, the requirement for mechan-
ical ventilation and low one-month provision of calories were independently related to
increased risk of BPD [23]. As previously mentioned energy requirements are increased in
infants with BPD [19,20]. Another study evaluated whether providing more oral calories in
preterm neonates with BPD can have a positive effect on growth. Growth was assessed in
a cohort of premature neonates who were born before 32 weeks of gestation, their birth
weight was less than 1500 g and needed oxygen support up to 28 days after birth who
were fed individually tailored fortified breast milk and/or preterm formula, and was
compared to a group of neonates with BPD who received fortified breast milk and/or
pre-term formula [28]. Days of parenteral nutrition and oral protein intake did not differ
between the two groups. However, the provision of oral calories was increased in the
infants in the first group with mild or moderate BPD and in those with severe BPD. Rates
of weight increase were higher in the neonates of the first group with mild or moderate
BPD and in those with severe BPD. The percentage of neonates with growth restriction
at 36 weeks was increased in the second group. The authors suggest that optimization
of nutritional support improves growth rates after birth in premature neonates having
bronchopulmonary dysplasia [25,28,29].

3. Nutritional Management in Infants with Established BPD, either in the Hospital or
after Discharge

Currently, few data describe the ideal nutrition strategy in neonates with BPD before
and after the exit from the NICU [30]. A recent meta-analysis with the use of PRISMA
guidelines with thirty articles selected for inclusion concluded that although there is a lot of
data supporting the significance of growth and nutritional support in the avoidance of BPD,
there is limited research regarding policies and treatment of infants with BPD. Therefore,
interventions and well-organized trials concerning growth and nutritional support in
subjects with BPD are warranted. These ideally have to be multicenter as cases with BPD
are few at each NICU [30].

Lung function and physical growth are interrelated in neonates developing bron-
chopulmonary dysplasia. Growth retardation is related to prolonged respiratory impair-
ment and conversely, amelioration in lung function results in increased growth rates [31].

Energy demands in infants with BPD are 15-20% higher compared with infants with-
out BPD [19,20]. This is probably due to laborious breathing, tachypnoea and oxygen
demands. Patients born extremely preterm may have difficulties with oral feeding and
experience gastroesophageal reflux, vomiting and other issues associated with discoor-
dinated sucking, swallowing dysfunction, poor swallow breath coordination, and poor
sucking endurance and performance [19,20]. Early recognition of feeding difficulties and
gastroesophageal reflux is crucial for the nutritional management of these infants. Chronic
stress and inflammation as well as the use of diuretics and corticosteroids may increase
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energy demands. Furthermore, necrotizing enterocolitis may require bowel resection and
may result in short bowel syndrome with resultant malabsorption and limited energy
intake orally or via intravenous nutritional support. Total parenteral nutrition is essential
at the initial age of all very premature infants but may be warranted for the treatment of
patients with short bowel syndrome in the long term [32].

Fluid restriction is essential for infants with BPD who should receive no more than
150 mL/kg/day and ideally 135 mL/kg/day [33-35]. The oral provision of energy should
be optimized at 120-150 kcal/kg/day [30,34]. However, it is not always easy to establish
satisfactory caloric provision by offering a restricted volume of fluids. A limited number
of studies have investigated the needs of neonates with BPD in proteins, therefore it may
be suggested that these are similar to the requirements of premature neonates that do not
have BPD according to ESPGHAN [36]. These subjects have altered body composition,
suggesting that the usual provision of protein may not be adequate [20]. Enteral protein
intake should be at 4.0-4.5 g/kg/day in infants having a birth weight of less than 1000 g
and at 3.5-4.0 g/kg/day in neonates with a birth weight of 1000-1800 g [36].

Lipids are an essential component for the growth of extremely premature neonates
because they include essential fatty acids and assist to achieve energy requirements [36].
Moreover, lipids play an important role in the absorption of fat-soluble vitamins [20].
Total lipid intake should be 4.8-6.6 g/kg/day with 12-30 mg/kg/day of Arachidonic
acid and 18-42 mg/kg/day of Docosahexaenoic acid [36]. Neonates should be provided
with long-chain polyunsaturated fatty acids (LC-PUFAs) in adequate amounts to assist
visual and cognitive development. For breastfeeding infants, LC-PUFA is provided by
maternal milk; however, when breastfeeding is not the case, dietary LC-PUFAs should
be supplemented during the first six months of life. Currently, there is not sufficient
information for quantitative recommendations regarding LCPUFAs provision [37]. The
results of a very recent meta-analysis were that provision with n-3 polyunsaturated fatty
acids cannot prevent BPD. Therefore, the increased use of n-3 polyunsaturated fatty acids
in premature infants to prevent BPD is not currently supported [37].

The recommended nutritional intakes for premature infants with bronchopulmonary
dysplasia are presented in the table.

A bone disease of prematurity is an issue in neonates with BPD and has been associated
with the use of postnatal steroids, diuretics and deficient intake of minerals [38].

Enteral feeding should provide a sufficient quantity of calcium and phosphorus;
however, it is usually deficient due to its low amount in oral feeds, which has been
attributed to the usage of breast milk without fortification, cholestatic liver disease or
disorders of absorption [39]. Moreover, bone mineral deposition is reduced in infants
with BPD who receive corticosteroids and diuretics usage increases the excretion of cal-
cium. As expected osteopenia of prematurity, a disorder that is due to the insufficient
nutritional provision of calcium and phosphorus is an important issue in neonates with
bronchopulmonary dysplasia [34,35,37]. Enteral calcium and phosphorus intake should
be optimized at 120-140 mg/kg/day of Ca or 150-220 mg/kg/day with 90 mg/kg/day
or 75-140 mg/kg/day of phosphorus and Ca/P ratio of 2 [38,39]. In order to avoid vol-
ume overload diuretics are often prescribed causing hyponatremia as a complication that
requires the provision of sodium which is necessary for optimal growth. Ideally serum Na
levels should be >135 mEq/L [40]. Vitamin A and Vitamin E should be supplied at 400-1000
ng/kg/day or 1320-3300 IU /kg/day and 2.2-11 mg/kg/day, respectively [40]. The role of
avoidance and therapy of anemia is also important and therefore iron supplementation
is required at 4 mg/kg/day, starting at 1-2 months after birth and up to the age of 12
months [41].

Preterm infants have low selenium levels as its transfer through the placenta occurs
mainly during the third trimester of pregnancy. The American Society for Clinical Nutrition
(ASCN) recommends a parenteral Se intake of 2 ug/kg/day and the American Academy of
Pediatrics Committee on Nutrition recommends enteral Se provision of 1.3-4.5 ng/kg/day
in preterm neonates [42]. Darlow et al. found an association between low plasma selenium
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levels and increased risk of lung disease in very premature infants, defined as oxygen
dependency on the 28th day of life [43]. A Cochrane review from 2003 showed that
low plasma Se was associated with increased complications of prematurity including
BPD, increased days of oxygen dependency, and increased risk of adverse respiratory
outcomes [44].

Zinc promotes epithelial development, participates in the enzymatic reactions underly-
ing the repair of tissue damage, protects against infection, and modulates the inflammatory
response of the respiratory system [45]. Thus, it is reasonable to hypothesize a potential
contribution of zinc in preventing bronchopulmonary dysplasia. However, clinical studies
demonstrating a clear relationship between zinc and BPD are not yet available [46].

4. Human Breast Milk

A recent meta-analysis tinvestigated the role of donor milk on the incidence of BPD in
comparison with feeding with formula and found that the incidence of BPD was signifi-
cantly lower in the donor milk-fed group [47]. Similar were the results of another study
that compared feeding exclusively fresh maternal breast milk compared to maternal breast
milk after pasteurization [48]. The participating infants were divided into two groups:
one group received their mother’s own fresh milk and another group was given their
mother’s milk post pasteurization. After controlling for confounding factors, the incidence
of bronchopulmonary dysplasia was lower in the group who received their own mother’s
fresh milk. The provision of human milk exclusively, preferably using fresh maternal breast
milk, is recommended in the treatment of neonates at the early stages of BPD [49]. The
results of a large study involving premature neonates born before 32 weeks showed that
maternal breastmilk used exclusively resulted in a decreased incidence of BPD, necrotizing
enterocolitis and retinopathy of prematurity, although it was associated with decreased
growth [50]. Furthermore, in infants with established BPD provision of breast milk for a
longer period of time was related to reduced visits to the hospital emergency departments,
less corticosteroid use, cough or chest congestion, and a lower incidence of admissions to
the hospital [49].

Maternal milk is generally accepted as the ideal feeding for infants in the first 6 months
after birth [51]. Breast milk has been proven to have short and long-term benefits and can
be considered a public health issue. Hospitals should routinely support and encourage the
initiation and continuation of breastfeeding exclusively during the first 6 months of life as
suggested by the American Academy of Pediatrics and WHO/UNICEEF [51].

In oxygen-dependent infants with BPD, a link has been documented between the
time of oxygen support and gestational age, duration of ventilator support, hemoglobin
concentration at the exit from the NICU, use of human milk exclusively and growth. An
ambulatory Kangaroo Mother Care Program with established protocols and close follow-up
showed that breastfeeding permits sufficient weight gain and assists stop of oxygen use in
a safe way. Anemia, growth, and oxygen weaning in oxygen-dependent premature infants
were significantly related to breastfeeding in this program [52].

Although breastfeeding should be supported and current evidence indicates its use
as the ideal form of feeding for all neonates has positive consequences for human health
both in infancy and childhood, human milk may not offer adequate nutritional support
for very premature neonates. Using volumes of 120-150 mL/Kg may lead to impaired
growth rates resulting in poor health outcomes including bronchopulmonary dysplasia.
Fortification of maternal milk with a commercial product containing protein, calcium, and
phosphate is suggested to achieve the higher nutritional needs of the very low birth weight
neonates [53].

Although fortified maternal milk is the preferred type of feeding, nutrients provided
by fortified breast milk often are insufficient to cover the nutritional requirements of
neonates with bronchopulmonary dysplasia. This can be attributed to the low protein
concentration of the fortifiers and changes in human milk’s nutritional values over time.
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Individualized human milk fortification has been suggested, such as adjusted fortification
and target fortification to overcome this issue [20].

Adjustable fortification consisted of standard fortification and the addition of more
quantity of fortifier and extra protein monitored by blood urea nitrogen measurements.
Infants receiving the adjustable fortification regimen had increased provision of proteins
during the first 3 weeks after birth and showed significantly greater anthropometric mea-
surements compared to neonates in which the standard fortification formula was used.
Anthropometric measurements were positively related to protein provision [54].

In another interventional cohort study, BPD infants were fed with specifically fortified
breast milk and/or preterm formula with the addition of Duocal and MCT oil and were
compared with a control group fed fortified breast milk and/or pre-term formula. The
intervention group showed improved growth suggesting that optimization of nutritional
support improves growth after birth in preterm infants with BPD [55]. Although the
increased provision of calories may result in increased CO; release, the favorable growth
outcome is more important in infants with BPD [20].

5. Premature Formulas and Caloric Supplementation

A study that enrolled 224 infants with BPD found that almost half started premature
formula before exiting the NICU. Neonates who stopped human milk before exiting
the NICU received human milk for a shorter period of time compared with those who
continued to breastfeed after discharge [55]. Following the cessation of maternal milk based
on the maturity of the infant and nutritional demands, feeding with a specific formula
is suggested. The commercially available preterm formulas which are used in the NICU,
contain increased amounts of energy, protein, calcium, and phosphorus, and the type of fat
added in the formula is a blend of vegetable oils including long-chain triglycerides and
MCT [56].

A nutrient-enriched formula containing high energy and micronutrients used on
neonates with BPD up to 3 months after birth results in improved growth in comparison to
neonates consuming an isoenergetic standard preterm formula. This implies that infants
with BPD have increased growth rates when formulas richer in nutrients compared to
standard ones are used [57].

Theile et al. have demonstrated that neonates with bronchopulmonary dysplasia born
in the current period have better growth compared with infants born 10 years ago. The
authors speculate that early parenteral nutrition including amino acids and caloric-dense
feeding policies have contributed to this result. They speculated that growth acceleration
depends on several factors; however, the administration of calorically dense (>24 kcal per
oz) milk products that optimize the uptake of proteins in infants in which liberal provision
of fluids is contraindicated plays an important role. Calorically dense milk contains about
3 g of protein/100 kcal compared to formulas given ten years ago, which provided about
2 g of protein/100 kcal. BPD patients in the current era BPD had improved growth and
required ventilator support for a shorter period of time [58].

A pilot study compared the nutritional status of patients with BPD who were provided
with either ready-to-feed formula having a caloric concentration of a 30 kcal/0z or a preterm
formula including nutritional supplementation. The authors found that the nutritional
supply of the two regimens was similar, whereas the 30 kcal/ oz formula provided increased
protein. Thus the 30 kcal/oz formula is a satisfactory choice for premature infants with
BPD [59].

Following cessation of breast milk after discharge from the NICU post-discharge
formulas improve growth rates. There is no sufficient information supporting the use of
certain formulas in neonates with bronchopulmonary dysplasia. As respiratory function
improves in parallel with growth velocity high caloric milk can be weaned and children can
follow a normal diet [20]. However, a percentage of children with BPD which is severe will
need high caloric supplementations in their childhood to maintain sufficient growth [20].
In addition, the introduction of solid foods may be different in term infants compared to

55



Nutrients 2022, 14, 3311

those with BPD. The initiation of solid foods should not be based on chronological age as
these children may be able to swallow solid foods at a later age as a result of prematurity
and feeding difficulties. Thicker foods may easier to swallow [19].

6. Feeding Issues

Gastroesophageal reflux is a frequent problem in neonates that have bronchopul-
monary dysplasia. A study of 131 infants with BPD assessed the occurrence of side effects
with a follow-up time of 1.5 years. pH-multichannel intraluminal impedance and gastric
sodium concentrations were assessed for 24 h in the study population when they reached
36 weeks and 18 months. The incidence of gastroesophageal reflux in BPD was about
40% and included both acid gastroesophageal reflux and duodenogastroesophageal re-
flux. Increased incidence of respiratory symptoms was documented in infants born before
30 weeks, having a birth weight less than 1500 g, those requiring mechanical ventilation
> 7 days, and those who had had acid and duodenal gastroesophageal reflux. Infants
with BPD and duodenal gastroesophageal reflux were at higher risk for late side effects
compared to the rest of the infants studied [60].

Swallowing dysfunction is also a common problem in BPD patients that may affect
respiratory function. Neonates that develop bronchopulmonary dysplasia have tachypnoea,
experience more episodes of low saturations, have poor coordination between sucking and
swallowing and have poor sucking endurance and performance. They also have recurrent
episodes of cough, wheezing, vomiting, difficulties with feeding and choking [61].

7. Alternatives to Oral Feeding

As infants with BPD have a high incidence of difficulties with oral feeding very often
alternative methods of feeding are applied, even after discharge home. Feeding by mouth
has been shown to affect respiratory function in very premature neonates with severe BPD
during NICU stay or even when they go home. This is a prolonged effect as these infants
experience significantly lower saturations during feedings even at 2-6 months after birth.
Another side effect documented in this population is that they also have growth restrictions
at the same chronological age [61].

Studies concerning feeding strategies after discharge from the NICU have demon-
strated that the use of nasogastric tube feeding is preferable to gastrostomy [62]. However,
different institutions use different feeding protocols post-discharge. Nasogastric tube use
in the population with established bronchopulmonary dysplasia seems to be a practical
approach with lower numbers of babies needing the insertion of a gastrostomy tube. Brain
magnetic resonance imaging abnormalities were more prevalent in infants in babies in
which a gastrostomy tube was placed postdischarge [63].

Analysis of very premature infants from 25 centers found that among the infants re-
quiring gastrostomy tube placement post-discharge, 77% had bronchopulmonary dysplasia.
The gastrostomy tube was related to altered anthropometric parameters, neurodevelop-
mental delay, and feeding and prolonged lung issues at follow-up [64].

8. Monitoring of Growth and Nutritional Status

While being in hospital weight is monitored every day and length and head cir-
cumference once a week. Iron status should be monitored with complete blood count
with reticulocyte count, serum ferritin levels, protein status with blood urea nitrogen and
metabolic bone disease with phosphorus and alkaline phosphate concentrations. Regular
electrolyte measurements should be measured in patients on diuretics and monitoring of
vitamins and trace elements should be performed if there is suspicion of deficiency [20]. A
similar plan should be employed after discharge with the general pediatrician and the aid
of specialists in nutrition and feeding. The implementation of a multidisciplinary approach
involving the consultation of specialists may be beneficial for these infants.
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9. Conclusions

Nutrition of infants with BPD should focus on the supply of adequate caloric support
and provision of nutrients to promote growth, prevent extrauterine growth retardation
and assist in alveolarization of the lungs. Meticulous follow-up is warranted before and
after discharge from the NICU to minimize growth deficiency and improve lung function.
Currently, there is limited data regarding the optimal feeding strategies for this population
of infants. Well-designed clinical studies are required to improve our practices regarding
feeding and nutrition issues of infants with BPD.
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Abstract: Data regarding the nutritional management of preterm small for gestational age (SGA)
infants are scarce. In the recent report of ESPGHAN, the recommended energy for very preterm
infants during hospitalization has been increased, yet this may not fit the needs of all preterm
infants. It is important to distinguish fetal growth-restricted (FGR) infants from constitutional SGA
infants, as well as preterm SGA from preterm AGA infants, since they may have different nutritional
needs. Preterm FGR infants, and specifically infants < 29 weeks’ gestation, accumulate nutrient
deficits due to intrauterine malnutrition, prematurity, morbidities, delayed initiation of feeding,
and feeding intolerance. Therefore, these infants may need more aggressive nutrition for optimal
catch-up growth and neurologic development. However, a balance should be kept between optimal
and excessive catch-up growth, since the combination of intrauterine malnutrition and excessive
postnatal growth has been linked with later adverse metabolic consequences. Furthermore, multiple
gestation is often complicated by FGR and prematurity. There is controversy in the definition of
FGR in multiple gestations, and it should be noted that FGR in multiple gestation usually differs
etiologically from FGR in singletons. The aim of this review is to summarize existing knowledge
regarding the nutritional needs of preterm FGR and FGR infants of multiple gestation.

Keywords: nutrition; preterm; small for gestation age; fetal growth restriction; multiple pregnancy

1. Introduction

Although there is plenty of guidance for the nutritional management of preterm
neonates, studies regarding the feeding of preterm small for gestational age (SGA) infants
are scarce. Moreover, the special nutritional needs of preterm infants of multiple preg-
nancies, often SGA, are also practically missing. The ESPGHAN Committee on Nutrition
of preterm infants has recently recommended to manage the nutrition of fetal growth
restricted (FGR) or SGA infants in the same way as appropriate for gestational age (AGA)
infants due to the paucity of data to propose specific recommendations. However, they
also recommended an individualization of intakes [1].

However, preterm SGA infants may have different nutritional needs from preterm
AGA infants, since preterm SGA infants often remain SGA at discharge, indicating accu-
mulative nutrient deficits and failure to catch-up [2]. All preterm infants have deficits of
important nutrients crossing the placenta mainly during the third trimester such as iron,
calcium, vitamin A, and long-chain polyunsaturated fatty acids [3]. A preterm infant that
is also FGR has experienced intrauterine malnutrition. Furthermore, comorbidities in the
first days of life in preterm FGR infants, such as necrotizing enterocolitis (NEC) or feeding
intolerance, often lead to delayed enteral feeding initiation [2,4]. Because of these factors,
preterm FGR infants accumulate more nutrient deficits compared to preterm AGA infants.
Furthermore, the combination of intrauterine malnutrition and excessive postnatal growth
has been linked with metabolic changes and later adverse metabolic consequences in FGR
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infants [5,6]. All these factors render preterm FGR infants a special population with unique
nutritional needs and a need for special nutritional management.

The two terms SGA and FGR should not be used as synonyms, since they refer to
different conditions [7]. Various fetal, placental, maternal and genetic factors regulate
intrauterine growth [8,9]. The definition of SGA includes infants with birth weight less
than the 10th percentile, or at least two standard deviations below the mean for the infant’s
gestational age, based on data derived from a reference population [10,11]. This can be the
consequence of a pathological process or can represent constitutionally small fetuses.

FGR defines a fetus that fails to reach his potential growth based on race and gender [9].
This term indicates that a neonate has undergone intrauterine malnutrition and growth
compromise irrespective of their birth weight percentile [9]. This means that an AGA
fetus can be also growth restricted if its intrinsic growth potential was higher [7]. These
definitions are shown in Figure 1.

FGR

Intrauterine
malnutrition and
growth compromise
irrespective of birt
weight percentileg

AGA
Birthweight
between 10t" and

90t percentile

SGA
Birthweight
<10t

percentile

Figure 1. The definitions of small for gestational age (SGA), appropriate for gestational age (AGA)
and fetal growth-restricted infants (FGR). Both SGA and AGA infants can be growth restricted.

It is challenging to assess the epidemiology of SGA and FGR infants, since some
studies use the term SGA to refer to both FGR and constitutionally small infants. The
incidence of SGA in well-resourced countries is 10% [12], while in low- and middle-income
countries, almost 20% of term infants are SGA [13,14]. A recent study from cities in China
found that the overall prevalence of SGA for 2014-2019 was 12.5% for term infants and 7.7%
for preterm infants [15]. The prevalence of FGR is higher in resource-limited countries [14]
and the incidence increases with decreasing gestational age [16,17]. Moreover, a significant
part of all FGR occurs in AGA infants [7].

Even though FGR is a common condition, clear guidance for feeding these infants is
lacking, and there is still debate on this subject. Studies addressing the optimal way of
feeding FGR infants are scarce, and the terms SGA and FGR are often used as synonyms,
despite referring to different conditions. Moreover, multiple pregnancies are often com-
plicated with intrauterine restriction, especially when growth charts for singletons are
used. This review will focus on existing knowledge and guidance regarding the different
nutritional needs of preterm FGR infants and FGR infants of multiple gestation.

A thorough PubMed and Google Scholar search was conducted using the following
terms: preterm infant, FGR, SGA, constitutionally small, multiple gestation, nutrition, and
feeding. Relevant studies written in English up to April 2023 were included in this review,
and specifically meta-analyses, systematic reviews, clinical trials and observational studies.
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The reference lists of the articles were also reviewed in the search for other relevant articles
that could have been missed in the initial search. The initial search retrieved 420 articles,
and after title and abstract screening, a total of 71 articles were used in this narrative review.

2. The Distinction between Constitutional SGA and FGR Infants

It is important to distinguish FGR infants from constitutional SGA infants, since these
two groups may have different nutritional needs. In the literature, SGA and FGR terms
are often used as synonyms based on the idea that a small fetal size is associated with
a higher possibility of growth restriction. However, the population is then diluted by
healthy SGA fetuses and does not include AGA fetuses that are growth restricted [7]. On
retrospective data, it is not possible to distinguish the two categories and exclude mature
SGA infants. This is only possible in prospective studies that are designed to detect fetal
growth deviations [18].

Ananth and Vitzileos hypothesized in their retrospective study that term SGA infants
are mostly constitutionally small, while the group of preterm SGA may be comprised
mainly by FGR fetuses, since biologic variability is not fully expressed at preterm ges-
tations [19]. Large observational studies suggested that customized growth charts that
adjust for the weight, height, ethnicity, and parity of the mother may be better com-
pared to population-based charts in differentiating between constitutional SGA and FGR
infants [20-23]. However, a Cochrane review in 2014 did not find randomized trials to
assess the benefits and disadvantages of population-based growth charts compared with
customized growth charts [24].

A 2016 consensus definition was established by experts in the field for the antenatal
diagnosis of FGR through a Delphi procedure [25]. They concluded that an antenatal
diagnosis of FGR includes an abnormal umbilical artery Doppler blood flow profile in
addition to reduced growth velocity during fetal life. This means that both SGA and AGA
fetuses can be diagnosed as FGR [25]. Furthermore, this consensus allowed for a distinction
between early and late-onset FGR.

Therefore, constitutional SGA and FGR terms should not be used as synonyms, and
studies in the literature have proposed effective ways to distinguish these two categories
of infants.

3. Why Do FGR Infants Have Different Nutritional Needs?

It is still unclear what is the optimal nutritional management of FGR infants. On one
hand, adequate catch-up growth is essential for the normal neurocognitive development of
infants with intrauterine growth restriction [26]. However, excessive catch-up growth in
the neonatal period and in infancy has been associated with later adverse cardiovascular
and metabolic disorders [5,6,27,28]. A systematic review found an association between
rapid infancy weight gain and higher absolute weight-for-length during the first 2 years of
life with later obesity [29].

As already mentioned, premature infants have been found to have deficiencies of
important nutrients acquired in the third trimester as well as deficiencies in zinc, copper,
water- and fat-soluble vitamins and carnitine stores [3]. Infants with FGR have additional
nutrient deficits, since they experience intrauterine malnutrition, resulting in chronic
growth failure [9].

Because of intrauterine malnutrition, in order to survive, the fetus adapts by redis-
tributing blood flow and nutrients to vital organs, mainly the brain, heart, and adrenal
glands, at the expense of other organs. There is also an alteration in the production of
placental and fetal hormones that affect fetal growth [9]. This developmental program-
ming can cause epigenetic modifications that occur during a critical period of growth
and maturation, resulting in long-term adverse effects. Retrospective studies comparing
SGA with AGA infants linked SGA with increased visceral adiposity, increased risk of
later hypertension, type 1 and 2 diabetes mellitus, and hyperlipidemia [5,27,28,30]. In
multivariate analysis of a retrospective study, FGR was a significant risk factor for increased
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systolic blood pressure, while prematurity was not. FGR was also associated with reduced
renal functional reserve, while prematurity alone was not [5]. A recent meta-analysis of 28
individual studies found that SGA children and adolescents had a 2.33-fold higher risk of
type 2 diabetes [6].

In addition to these prenatal modifications, the excessive caloric intake after birth
and a sedentary lifestyle later in life are associated with increased risk for metabolic
syndrome, insulin resistance, and cardiovascular disease [31]. FGR infants can have
increased appetite because they lack satiety due to an imbalance of their hypothalamic
orexigenic/anorexigenic neuropeptides [9]. This may be beneficial leading to catch-up
growth, but it may also contribute to later adverse metabolic effects.

Therefore, FGR infants may need special nutritional management, since neither ia-
trogenic malnutrition and insufficient catch-up growth nor excessive fat tissue gain are
acceptable practices. Furthermore, FGR infants may accumulate nutrient deficits in the
early postnatal life due to the higher risk of morbidities, the need for hospitalization,
and the hesitation to start early feeding or the intolerance of feeding [4,32]. This is more
prominent in preterm FGR infants.

One goal when feeding these infants is the administration of sufficient nutrients so
postnatal growth would be similar to that of a normal fetus of the same gestational age
or an infant with the same postmenstrual age. The intrauterine fetal growth is at least
15-20 g/kg/day. Tudehope et al. proposed in their review that a caloric intake of at
least 110-135 kcal/kg/day with additional energy may be necessary for SGA infants for
adequate catch-up growth to reach the rate of in utero growth [33].

On the other hand, constitutional SGA infants do not experience intrauterine malnu-
trition; therefore, they may have different metabolic needs. There are no studies focusing
mainly on constitutional SGA infants except a prospective study of 58 constitutional SGA
infants which found no increased risk for metabolic sequalae in the first 24 months of
age [34]. Therefore, constitutional SGA infants should receive normal newborn care [33],
although more prospective studies are needed.

4. The SGA Infant and Metabolic Consequences

The combination of poor fetal and accelerated postnatal growth rates in SGA infants
appears to act in synergy in later metabolic adverse events [31]. In most SGA infants,
catch-up growth occurs in the first 2 years of life and mostly in the first 6 months [35-37].

A systematic review of two randomized trials of term SGA infants concluded that
enriched infant formulas that promoted early growth and contained 28-43% more protein
and 6-12% more energy than the control formula increased fat mass, lean mass, and blood
pressure at the age 5-8 years [38]. The authors of the two RCTs recommended that higher
caloric intake and rapid weight gain are not optimal for these children, and therefore,
breastfeeding should be preferred, since it was associated with slower weight and height
gain [39,40]. However, a more recent systematic review of term SGA infants showed that
children receiving exclusive breastfeeding had no body composition alteration or increased
insulin resistance compared to children receiving a higher calorie formula [41]. Therefore,
it seems that breastfeeding should be preferred over enriched infant formulas in term
SGA infants.

Prospective and observational studies of term SGA infants showed that rapid weight
gain and length catch-up growth during early postnatal life, specifically in the first 3 months
of life, were associated with lower insulin sensitivity, lower HDL-cholesterol concentra-
tions, higher triglyceride concentrations, obesity, and markers of atherosclerosis in early
adulthood [42,43]. It is worth mentioning that these studies did not distinguish between
constitutional SGA infants and FGR infants. Furthermore, it is important to note that these
studies refer to term SGA infants, while similar data on preterm SGA infants are lacking.
Therefore, it is unclear whether these findings apply to preterm SGA infants as well.

A recent systematic review and meta-analysis that included either preterm or SGA
infants found that early macronutrient supplementation led to greater weight and length
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in toddlers without an increase in the risk for metabolic disease later in life. The data were
mostly for toddlers and older children, while data for older ages were limited [44]. In
a subgroup analysis, this study also found that supplementation decreased triglyceride
concentrations but increased cholesterol concentrations at age older than 3 years and
increased fasting insulin concentrations in adolescence only in SGA and not in AGA
children. However, due to the small sample, since the three trials included only 25 SGA
children, a safe conclusion about the effects of macronutrient supplementation on SGA
infants could not be drawn [44].

Therefore, data indicate that term SGA infants may experience later adverse metabolic
effects after excessive catch-up growth. However, available studies did not distinguish
between FGR and constitutional small infants, and there is a paucity of data regarding the
possible metabolic consequences in preterm FGR. Thus, future prospective and properly
designed studies in SGA preterm are necessary to answer this question.

5. Fetal Growth Restriction in Multiple Gestation

There is controversy in the definition of FGR in multiple gestations. Twin pregnancies
are often complicated with intrauterine growth restriction and prematurity. One or both
fetuses can be restricted, and FGR infants have increased morbidity. In the cohort study
LEMON of monochorionic diamniotic twins with selective FGR (sFGR), it was found
that smaller twins had mild neurodevelopmental impairment compared to the larger twin,
while no difference was found in children who had severe neurodevelopmental impairment
between the two groups [45].

The FGR in singletons usually etiologically differs from FGR in twins, and the defini-
tion of FGR in multiple pregnancies is different in the literature. The National Institute for
Health and Care Excellence (NICE, 2019) defines sFGR as the discordance of estimated fetal
weight (EFW) 25% and above or EFW of one fetus below the 10th centile for gestational
age [46]. The International Federation of Gynecology and Obstetrics (FIGO) recommends
using twin-specific growth charts to avoid the overdiagnosis of sFGR [47].

A 2019 consensus definition was established by experts in the field for the sFGR
through a Delphi procedure. The panel agreed that EFW of one twin < 3rd centile, irrespec-
tive of chorionicity, was adequate for a definition of sFGR. Moreover, at least two contribu-
tory parameters out of the following would define sFGR in monochorionic twin pregnancy:
EFW of one twin < 10th centile, abdominal circumference of one twin < 10th centile, EFW
discordance of >25%, umbilical artery pulsatility index of the smaller twin > 95th centile.
In dichorionic twin pregnancy, EFW of one twin < 3rd centile and at least two out of
three of the following contributory parameters was agreed to define sFGR: EFW of one
twin < 10th centile, EFW discordance of >25%, umbilical artery pulsatility index of the
smaller twin > 95th centile [48]. The Delphi definition recommends using singleton growth
charts to assess fetal growth in twin pregnancies.

In a case-control study of 313 twin pregnancies, FGR was defined as one twin having a
birth weight < 10th or <5th percentile for gestational age or a birth-weight discordance > 20%.
In this study, a twin with birth weight < 10th percentile was found in 47% of pregancies, at
least one twin with a birth weight < 5th percentile was found in 27% of pregnancies, and in
16% of patients, there was a birth-weight discordance of >20% [49]. In these tables, the 10th
percentile curve in singletons is similar to the 25th percentile curve in twins, demonstrating
that almost 25% of twins are below the 10th percentile for birth weight based on singleton
norms [49].

The incidence of FGR in twin pregnancies was reported 15 to 47% in the literature [49-51].
Selective FGR was found in 10-15% of all monochorionic pregnancies, and it was a cause
of significant perinatal mortality and morbidity [52].

There are limited data to guide the management of twins affected by FGR, including
optimal nutritional management, whereas the need for prospective nutritional studies
seems to be imperative. The nutrition of FGR infants of multiple gestation will be discussed
in this review together with the nutrition of preterm FGR infants due to a lack of studies.
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However, these infants are not similar to preterm FGR infants, since the pathophysiol-
ogy of small growth may be the consequence of limited intrauterine space and not of
intrauterine malnutrition.

6. The Preterm FGR Infant

Preterm and term FGR infants should not be comparable, since they are different
regarding their maturity, growth, and nutritional needs. It is unclear whether poor growth,
catch-up growth, and early nutrition have similar effects in preterm and term FGR in-
fants [53]. Data regarding the best feeding practices of preterm SGA and specifically
preterm FGR infants are lacking. Considerations when feeding the preterm FGR infants are
shown in Table 1.

Table 1. Considerations in nutritional management of preterm FGR infants.

Considerations in Nutritional Management of Preterm FGR Infants

e  Optimal catch-up growth is essential for proper neurocognitive development
e  Excessive catch-up growth may lead to adverse metabolic consequences later in life

° Increased nutrient deficits due to intrauterine malnutrition, prematurity, and morbidities in
the early postnatal life

e Increased risk of NEC due to postnatal impaired gut function secondary to intrauterine
malnutrition and a consequent reduction in gut perfusion

° Delayed feeding initiation due to fear of NEC
° Slow advancement of feeds, more time to reach full enteral feeds due to feeding intolerance

° Human milk is preferred over formula, since it was found to be protective against NEC and
later adverse metabolic consequences

In their recent report, the ESPGHAN authors have increased the recommended energy
for very preterm infants during hospitalization [54]. There are some concerns that even this
increased amount of energy does not fit the needs of all preterm infants [55-58]. This may
be the case, especially in SGA preterm infants with higher nutritional deficits whose needs
may be different than those of preterm AGA infants. As already mentioned, regarding FGR
and/or SGA infants, the ESPGHAN committee proposed the same nutritional management
as for AGA infants due to the paucity of data, although initial weight loss is often less
and acceptable up to 4-7% of birth weight [1,54]. There was no distinction between
constitutionally SGA and FGR infants.

The goal Is to optimize enteral nutrition in preterm FGR neonates without increasing
the risk of morbidities, such as NEC [2]. FGR infants are at increased risk of NEC due to
postnatal impaired gut function secondary to intrauterine malnutrition and a consequent
reduction in gut perfusion [4,16,32].

Another question in clinical practice is the optimal timing of starting enteral nutrition,
especially in infants with abnormal Doppler studies. In these infants, delayed enteral
feeding due to the fear of NEC can lead to additive nutrient deficits. For the immediate
postnatal period for preterm SGA, if the abdominal examination is normal, Dutta et al.
suggested starting feeding in the first day of life, with slow advancement of volumes
at the lowest end of the range [59]. A randomized trial of preterm FGR infants (SGA
preterm who had abnormal antenatal umbilical Doppler flows) found that an initiation
of minimal enteral feeding in the first 5 days of life or less did not affect the incidence
of NEC or feeding intolerance [60]. In another randomized trial of 404 infants younger
than 35 weeks’ gestation, it was shown that milk feed initiation on the second day of life
led to earlier full milk feed achievement by 3 days compared to feed initiation on day 6,
with no difference in NEC incidence. However, the group of preterm FGR infants younger
than 29 weeks’ gestation reached full enteral feeds at a median age of 9 days later than
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predicted from the study feeding regimen, and they also had an over three-fold increased
incidence of NEC compared to older infants. Feeding intolerance occurred at a younger age,
at lower milk volumes, and lasted longer in the group of infants younger than 29 weeks’
gestation [61]. Similarly no difference in the incidence of NEC was observed in an RCT on
preterm SGA infants that received minimal enteral feeding for five days compared to no
enteral feeding [62]. Another randomized trial on 133 IUGR infants comparing the effects
of an early versus late enteral feeding in preterm FGR infants had the same conclusion,
since the onset of feeding did not affect the incidence of NEC or feeding intolerance [63].

Most of these RCTs were included in a recent Cochrane review. This review included
1551 very preterm or very low birth weight infants, half of which were FGR or had reversed
end-diastolic flow velocities in the fetal aorta or umbilical artery. They found that there was
no reduced risk in NEC or all-cause mortality, but there was only a slightly decreased risk
of feed intolerance after the delayed introduction of progressive enteral feeds. However,
this was low-certainty evidence [64].

Dutta et al. proposed in 2015 that an advancement of feeds should be extremely
slow in preterm SGA babies with gestation < 29 weeks and absent/reversed end-diastolic
umbilical flow. Specifically, they suggested that an advancement of volumes in the first
10 days of life should be at the lowest end of the range [59]. This is due to the results of a
randomized trial that showed that these infants failed to tolerate even a slow advancement
of feeds. The median volume of milk tolerated in the first 10 days was <20 mL/kg/day.
The median age to reach full feeds (150 mL/kg/day) was 28 days compared to 19 days in
the group of infants 29 to 34 + 6 weeks gestational age with abnormal antenatal Doppler
studies [65]. This means that infants born < 29 weeks’ gestation may have additional
nutrient deficits, and therefore, they may need more aggressive nutrition later to catch-up.

The American Society for Parenteral and Enteral Nutrition guidelines recommended
early minimal enteral feeding within the first two days of life and advancement of feeding
volumes at 30 mL/kg/d in infants weighing > 1000 g [66]. It remains under question
whether this applies also to FGR preterm infants. The strength of the recommendation was
weak; therefore, larger multicenter prospective trials are mandatory to answer questions
regarding the initiation of enteral feeding and feeding volume advancement.

Human milk is preferred over formula [59]. In a retrospective study of 420 preterm
SGA infants, human milk was associated with a decreased risk of NEC and late-onset
sepsis [2]. Even in the very high-risk group of preterm infants < 29 weeks gestation, breast
milk was protective against NEC [65]. A Cochrane review in preterm and LBW infants
found that formula feeding led to greater weight gain, linear and head growth and a higher
risk of NEC compared with donor breast milk. This evidence was of moderate certainty.
There was no difference in mortality, long-term growth or neurological development [67].

As already mentioned, preterm FGR infants may accumulate nutrient deficits during
the first days of life due to the higher risk of morbidities, the need for hospitalization, and
the hesitation to start early feeding or to feeding intolerance. Cohorts of SGA preterm
infants showed a high incidence of postnatal growth failure [2,17,68]. In a cohort of 1776
SGA infants, 97% of them remained SGA at 36 weeks’ corrected age [17], and the same was
shown in a smaller cohort of 104 preterm infants of whom 21% were SGA and remained
SGA at 40 weeks postmenstrual age [68]. Growth restriction in preterm neonates was found
to be inversely related to younger gestational age and weight at birth [69]. A small study
of preterm SGA infants showed that an exclusive human milk-based diet led to weight
gain equal to the AGA group during a follow-up period of 12-15 months with no increased
adiposity or elevated insulin resistance at 2 years of age [70]. On the other hand, in a
retrospective cohort of 420 preterm SGA infants, growth failure persisted at discharge in
infants receiving either exclusive human milk or cow’s milk diet [2].

Senterre et al., in their prospective observational study of preterm SGA infants, demon-
strated that SGA infants were able to tolerate higher nutritional intakes during the first
weeks of life and had higher weight gain compared to AGA. Preterm SGA were started with
nutritional intakes of 40 =+ 6 kcal/kg/day, while enteral feeds were introduced at a mean age
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of 2.9 £ 4.2 days. In the third week, the mean nutritional intake was 130 &= 17 kcal/kg/day
and the enteral intake was 127 &+ 55 mL/kg/day. Parenteral nutrition was discontinued
at a mean age of 21.3 days [71]. The authors concluded that nutritional supply in the first
days of life is essential to improve growth in the first week of life and to limit postnatal
weight loss and growth restriction.

7. Conclusions

Available guidelines did not provide specific recommendations for SGA or FGR infants
due to the paucity of studies. Prospective studies are mandatory to assess the optimal
nutritional management of different groups of infants. Constitutional SGA infants, FRG
infants and specifically preterm FGR and FGR infants of multiple pregnancies should be
distinguished in future guidelines, and specific recommendations should be given for
each group.

In conclusion, in preterm FGR infants, a balance should be kept between the optimal
catch-up growth that is vital for normal neurologic development and excessive catch-up
growth that may lead to the development of cardiovascular and metabolic disorders later
in life. Preterm FGR infants have accumulative nutrient deficits due to prematurity, fetal
malnutrition, comorbidities in the first days of life, delayed initiation of enteral feeding,
slow advancement of feeds, and tolerance of lower feeding volumes. This is more evident
in infants < 29 weeks’ gestation. This means that they may need more aggressive nutrition
later to catch up, since data indicate that many preterm SGA infants remain SGA at
discharge. Breastfeeding is preferred over enriched infant formulas to reduce the risk of
NEC and later metabolic adverse consequences.
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Abstract: The prevalence of chronic maternal disease is rising in the last decades in the developed
world. Recent evidence indicated that the incidence of chronic maternal disease ranges from 10 to 30%
of pregnancies worldwide. Several epidemiological studies in mothers with chronic diseases have
mainly focused on the risk for adverse obstetric outcomes. Evidence from these studies supports a
correlation between maternal chronic conditions and adverse perinatal outcomes, including increased
risk for preeclampsia, cesarean section, preterm birth, and admission in the Neonatal Intensive Care
Unit (NICU). However, there is a knowledge gap pertaining to the management of these women
during lactation. This review aimed at summarizing the available research literature regarding
breastfeeding in mothers with chronic diseases. Adjusted and evidence-based support may be
required to promote breastfeeding in women with chronic diseases; however, our comprehension of
breastfeeding in this subpopulation is still unclear. The literature related to breastfeeding extends in
various scientific areas and multidisciplinary effort is necessary to compile an overview of current
evidence and knowledge regarding breastfeeding issues in mothers with chronic diseases.

Keywords: breastfeeding; maternal chronic disease; neonates; perinatal outcomes

1. Introduction

Breastfeeding is the best and most natural nutrition for infants. Through breastfeeding,
infants are offered all the necessary nutrients and elements for their optimal growth and
development. The World Health Organization, Unicef, and the American Academy of
Pediatrics recommend exclusive breastfeeding for the first 6 months of life and continuation
of breastfeeding (after introduction of solid foods at 6 months) until the first year of life and
for as long as the mother and child desire [1-3]. There is indisputable evidence in the litera-
ture regarding breastfeeding benefits for the infant, the mother, the family, and the society,
in general [4]. Maternal milk contains the ideal qualitative and quantitative composition
for optimal neonatal growth. Breastfeeding contributes to the smooth physical and psycho-
logical development of the infant, conferring short-term as well as long-term benefits. First
of all, breastfed infants have a decreased risk of childhood mortality [5-7]. Research has
revealed that infants who have been breastfed for less than two months and those who are
partially or not breastfed have a higher mortality risk compared to exclusively breastfed
infants [8,9]. Breastfeeding for more than six months protects against obesity, diabetes,
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asthma, cardiac conditions, and increases final height [10-14]. Rich-Edwards et al. [14]
investigated the association between breastfeeding and cardiac conditions and suggested
that breastfed infants may present a lower risk of ischemic cardiovascular disease in adult-
hood. Additionally, breastfed children seem to have lower risk of developing certain types
of childhood cancer, including leukemia and lymphomas [15,16]. Breastfeeding positively
impacts cognitive, emotional, and social development of the infant [17,18]. Neonatal mor-
tality and morbidity is reduced in breastfed neonates, in particular preterm newborns.
Breastfeeding fortifies the immune system, promoting immune maturation and protecting
infants against infections. Breastmilk interacts with gut microbiota and, to a degree, shapes
microbiome colonization, with possible effects on long-term programming [19,20].

Breastfeeding contributes to the regular physical and psychological development of
the infant, with short-term and long-term advantages. The majority of mothers are able
to breastfeed and entitled to it, providing they are offered accurate information and are
supported by family, healthcare system, and society.

The presence of a chronic disease is increasingly common in pregnant women, with
a frequency of up to 10-30% [21,22]. The prevalence of chronic maternal disease is rising
in the last decades in the developed world, with a reported increase from 4% in 1989 to
16% in 2013 [21]. This trend is possibly explained by the rise in disease rates in the general
population, the increase in mean childbearing age of women, and the medical progress in
assisted reproduction. Research in mothers with chronic diseases has mainly focused on
their risk for adverse obstetric outcomes. Evidence from these studies supports a correlation
between maternal chronic conditions and adverse perinatal outcomes, including increased
risk for preeclampsia, cesarean section, preterm birth, and admission in the Neonatal
Intensive Care Unit (NICU) [23-27]. However, there is a knowledge gap pertaining to the
management of these women during lactation. The aim of this review was to summarize
the available literature regarding breastfeeding in mothers with chronic diseases. Data from
published studies are analyzed below and summarized in a relevant table in Supplementary
Materials (Table S1).

2. Autoimmune Diseases and Breastfeeding

Advantages of breastfeeding in mothers with autoimmune diseases are outlined in
the literature. The high prevalence of autoimmune conditions among women indicates
the crucial role of gender and hormonal implication in the pathogenesis of these diseases.
Evidence suggests a relationship between prolactin and autoimmune diseases, in particular
systematic lupus erythematosus (SLE), rheumatoid arthritis (RA), and peripartum car-
diomyopathy (PPCM) [28-33]. Prolactin is mainly produced in the pituitary gland and its
role is not only to stimulate the growth of the mammary gland and the production of milk
during lactation, but also to modify the maternal behavior. Genes coding for prolactin are
located in chromosome 6, close to HLA-DRB1. Polymorphisms of the human prolactin gene
may affect the pathogenesis of autoimmune conditions [29,34]. Elevated prolactin levels
may interfere with B-cell tolerance through various mechanisms [28,35], while prolactin
induces the expression of IL-2 receptor and the production of IFN-y and IL-1 (Figure 1). It
modifies the maturation of dendritic and thymus cells, leading to IFN-o production and
enhancement of pro-B-cells generation.
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Figure 1. Interaction of prolactin with autoimmune system.

2.1. Systematic Lupus Erythematosus and Breastfeeding

Systematic lupus erythematosus (SLE) is a chronic, multisystemic, inflammatory
disease of autoimmune etiology, commonly presented in young women of reproductive
age. Prolactin has been found to be implicated in the pathogenesis of antiphospholipid
syndrome and the observed impaired fertility [36-38]. Recently, Song et al. [31], in a meta-
analysis, revealed a significantly positive correlation between prolactin and SLE activity. In
a large, cohort study by Orbach et al. [39], SLE patients with hyperprolactinemia presented
with significantly more episodes of pleuritis, pericarditis, and peritonitis, and had more
frequently anemia and proteinuria compared to patients with normal prolactin levels. The
authors concluded that dopamine agonists could be a potential treatment for SLE patients
with hyperprolactinemia. In other studies, treatment with bromocriptine has reduced
disease activity, and therapy cessation was associated with SLE flares [36,37]. Current
evidence supports the benefits of treatment with bromocriptine in refractory SLE or in the
prevention of flares after labor [37]. Conclusively, these findings question whether mothers
with SLE should breastfeed.

Contrary to the numerous prospective and retrospective studies published on pregnancy
outcomes of women with SLE [40,41], data regarding breastfeeding are currently scarce.
Breastfeeding rates and duration seem to be decreased in SLE patients. Orefice et al. [42]
in a cohort study reported that the vast majority of mothers with SLE (96.5%) were plan-
ning to breastfeed during pregnancy and 71.9% did breastfeed. However, half of these
patients ceased breastfeeding after 3 months. Additionally, factors including cesarean
section, preterm birth, intrauterine growth restriction (IUGR), and disease flares were
positively correlated with non-breastfeeding. Also, a relationship between treatment with
hydroxychloroquine (HCQ) and delayed breastfeeding cessation was reported for the first
time. In subsequent studies, HCQ has shown reduction in disease relapse risk during and
after pregnancy [43,44], decreased rates of recurrent neonatal lupus and improvement of
labor outcome [45,46]. In another study, Noviani et al. reported that 49% of participat-
ing SLE patients decided to breastfeed [47]. This rate was not significantly affected by
socioeconomic factors. Furthermore, disease activity after labor, full-term labor, breast-
feeding education and planning were positively correlated with breastfeeding. Transfer
of HCQ, azathioprine, methotrexate, and prednisone to maternal milk seems very limited
and all drugs are compatible with breastfeeding [47]. Acevedo et al. [48] recorded reduced
breastfeeding rates and duration in SLE patients: they breastfed their children half of
the time that the mothers without SLE did (6 months vs. 12 months, respectively). The
initiation of a new treatment was the main reason for breastfeeding cessation in spite of
the fact that these drugs were low risk for breastfeeding. Breastfeeding duration could
be improved by enhancing the level of information provided to patients. Complications
during the postnatal period were mainly responsible for not initiation of breastfeeding.
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HCQ is compatible with breastfeeding according to the American Academy of Pediatrics
(AAP), and most SLE specialists recommend continuation of breastfeeding in SLE patients
receiving antimalarial medicines [49,50]. Prednisone and ibuprofen in low doses are also
acceptable options during pregnancy, while data on the use of other medicines for the treat-
ment of SLE in pregnancy and lactation are limited. Current recommendations advocate
for the initiation of HCQ when pregnancy is scheduled and the continuation of the drug
throughout pregnancy and lactation [51].

2.2. Rheumatoid Arthritis and Breastfeeding

High prolactin levels may result either in autoimmune disease presentation in mothers
with predisposition or in flares in patients with existing conditions [52]. Risk for RA onset
increases during the postpartum period, particularly after the first pregnancy [53]. Women
who developed RA within 12 months of the first pregnancy were five times more likely to
have breastfed, while breastfeeding rates sharply declined in a subsequent pregnancy [54].
Barrett et al. [55] compared disease activity during and for 6 months after pregnancy
between 49 patients who did not breastfeed, 38 who breastfed for the first time and 50 who
had previous breastfeeding experience. Following adjustment for possible confounding
factor, including treatment, patients who were breastfeeding for the first time showed
increased disease activity 6 months after labor, indicated by self-reported symptoms,
number of affected joints, and C-reactive protein levels, suggesting that this flare could be
caused by breastfeeding. Brennan and Silman [54] investigated whether the presentation of
RA after labor could be attributed to breastfeeding. Through a media campaign, the authors
interviewed 187 women who presented RA within 12 months of labor and compared their
breastfeeding history with that of 149 women of similar age selected from the patient
registers of a nationwide group of general practitioners. In total, 88 women developed
RA after their first pregnancy, and 80% of them breastfed. This rate was higher than
the prevalence of breastfeeding (50%) in the 129 controls (adjusted odds ratio (aOR) 5.4,
95% confidence intervals (CI) 2.5-11.4). The risk for RA development was less increased
following breastfeeding in a second (OR 2.0) and not increased in a third pregnancy (OR
0.6). More recently, Eudy et al. [56] in a cross-sectional study reported that most women
with RA breastfed and were regularly receiving treatment during lactation. Disease activity
seemed to worsen, in particular for the patients who did not receive treatment during
lactation, while improvement was only observed in women who followed treatment during
breastfeeding. Ince-Askan et al. [57] in a prospective cohort study concluded that only
4% of mothers with arthritis exclusively breastfed until 26 weeks compared to 25% of the
general population.

2.3. Idiopathic Inflammatory Bowel Diseases and Breastfeeding

Idiopathic inflammatory bowel diseases (IBDs) are chronic intestinal disorders usu-
ally diagnosed during the second and third decades of life. The effect of pregnancy on
the course of disease varies; the majority of patients remain in remission, while a few of
them improve probably due to generalized immunosuppression during gestation. Con-
trarily, 1/3 of patients deteriorate [58,59]. Although the exact mechanisms explaining
aggravation in pregnancy are not known, it is speculated that the cause may be the lack of
maternal- fetal immunocompatibility [60]. Consequently, women with IBD may present
with disease activation and need treatment at conception, pregnancy, or labor. Women with
IBD are at increased risk for spontaneous abortions, preterm labor, and low birth weight
neonates [59,61]. Some researchers suggest an increased risk of chromosomal disorders
(although the role of disease activity relative to that of the drug exposures has not been
elucidated) and adverse perinatal outcomes in patients with IBD [59,62]. Breastfeeding
rates in women with IBD range among studies. Dotan et al. [62] reported that mothers
with IBD breastfed less frequently. Approximately 1/3 of them did not breastfeed at all
compared to 1/5 of healthy controls (p < 0.005), and short-term and long-term breastfeeding
were also less common in mothers with IBD. Moreover, mothers who received treatment
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with immunomodulators and steroids had significantly lower breastfeeding rates in com-
parison to women who were only administered 5-ASA. In a study by Moffatt et al. [63],
83.3% of IBD patients began to breastfeed compared to 77.1% of the general population
(p > 0.05). With regards to breastfeeding duration, 56.1% of IBD patients vs. 44.4% of the
general population breastfed for more than 24 weeks (p = 0.02) [63]. The rate of disease flare
during the first year after labor was 26% for breastfeeding and 29.4% for non-breastfeeding
patients with Chron’s disease (CD, p = 0.76) and 29.2% for breastfeeding vs. 44.4% (p = 0.44)
for non-breastfeeding women with ulcerative colitis (UC). The risk for disease flare was
independent of age, disease length, and socio-economic status. The authors concluded that
IBD does not seem to reduce chances of breastfeeding. Lactation is not associated with
increased risk of flares; contrarily, it could be protective during the first year after labor.
Kane et al. [64] studied 122 women with IBD who were asymptomatic during pregnancy.
Only 44% breastfed due to doctor recommendations, fear of drug interactions, and personal
choice. Of those who breastfed, 43% presented postpartum disease flare. Non-adjusted OR
for disease activity in women with breastfeeding history was 2.2 (95% CI 1.2-3.9, p = 0.004).
After risk stratification by disease type, OR for UC was 0.89 (95% CI 0.29-2.7, p > 0.05), and
for CD it was 3.8 (95% CI 1.9-7.4, p < 0.05). Following adjustment for treatment cessation,
statistical significance of OR was not retained. These results indicate that a significant
number of IBD patients do not breastfeed. A relationship between breastfeeding and
disease activity may be owing to IBD treatment cessation.

Breastfeeding has been associated with prevention of IBD in children [62,65,66], a
benefit which should be taken into serious consideration by mothers with IBD.

2.4. Multiple Sclerosis and Breastfeeding

Multiple sclerosis (MS) is an autoimmune inflammatory disease in which sclerotic
plaques are formed in the central nervous system causing neuronal demyelination and
damage. MS is usually encountered in women of childbearing age [67], and although
disease modifying treatments (DMTs) reduce relapse rates, none of these treatments are
recommended during pregnancy or breastfeeding [68-70].

MS relapse rates are decreased during the last trimester of pregnancy, but they rise
during the first 3 months after labor, with up to 30% of patients relapsing [71]. Postpartum
relapses are associated with high risk of disability [71] and deterioration of existing disabil-
ity [72]. Women are frequently faced with the dilemma of breastfeeding or not breastfeeding
and re-initiating DMT after labor. Despite the many observational studies, there is no con-
sensus to date as to whether there is a relationship between breastfeeding and postpartum
relapse control [72-75]. In 2012, a meta-analysis showed that non-breastfeeding women
had double the risk of postpartum relapse than breastfeeding mothers [76]. However, there
is great heterogeneity among studies included in this meta-analysis, and researchers did
not assess whether disease activity before pregnancy affected the findings of the study or if
the results were attributed to exclusive breastfeeding and its different hormonal impact
from non-exclusive breastfeeding. Krysko et al. [70], in a 2021 systematic review and meta-
analysis, demonstrated that breastfeeding was correlated with lower rate of postpartum
MS relapses, with this beneficial effect being greater in cases of increased disease activ-
ity and exclusive breastfeeding. For a mother with MS, and possibly mobility problems,
breastfeeding advantages may help improve her quality of life and health.

3. Epilepsy and Breastfeeding

Women with epilepsy often face unique problems and practical issues with pregnancy
and lactation, and their breastfeeding rate tends to be low [77-79]. The main concern seems
to be the possible risk to the child from the transfer of antiepileptic drugs (AED) in the ma-
ternal milk [80]. The 2009 guidelines on the management of pregnant women with epilepsy,
issued by the American Academy of Neurology, highlight the lack of evidence regarding
breastfeeding safety, which is stressful for both mothers and healthcare providers [81].
Reports of possible adverse events of AED, including suppression, irritability, hepatic
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dysfunction, or rash, in exposed infants are rare [82,83]. However, pharmacokinetic assess-
ments are complex and published studies investigating AED concentrations in maternal
milk and/or infant plasma are scarce [82]. Concerns have also been raised that the pro-
longed exposure to AED through breastfeeding might affect the developing brain, resulting
in behavioral or mental disorders. Nevertheless, data from the Neurodevelopmental Effects
of Antiepileptic Drugs (NEAD) indicated that breastfed children whose mothers received
lamotrigine, carbamazepine, valproic acid, or phenytoin during pregnancy had higher
intelligence quotient at 6 years compared to non-breastfed children [84]. Additionally,
some women with epilepsy fear that breastfeeding increases sleep deprivation and possibly
increases the risk of seizure episodes [79]. Studies have exhibited that mothers who breast-
feed during the first 3 months tend to sleep more and less disturbed at night compared to
non-breastfeeding mothers [85].

It seems that AED can be found in maternal milk; however, this exposure is limited
compared to that of the transfer through placenta during pregnancy. Most AED are
considered safe during lactation, and mothers with epilepsy should be encouraged to
breastfeed [79]. Despite the recommendations in the literature, breastfeeding rates in
mothers with epilepsy remain low [78].

4. Asthma and Breastfeeding

Asthma is the most common, severe, chronic respiratory disease, complicating 4%
to 8% of pregnancies [86]. Approximately 1/3 of pregnant women suffer from asthma
exacerbation during pregnancy, 1/3 remain stable, and 1/3 experience improvement [87].
This disease course variability is still under investigation [86,88].

There is evidence that asthma can negatively affect pregnancy outcome and that preg-
nancy may modify the clinical status of an asthmatic woman. Inadequately treated asthma
may cause maternal hypoxemia, which can complicate pregnancy and labor outcome.
Women with asthma are at increased risk of preterm labor, cesarean section, premature
rupture of membranes, chorioamnionitis, placenta abruption, low birth weight neonate (the
more compromised the pulmonary function, the lower the birth weight), extended hospital
stay, and perinatal mortality [86,87]. The impact of breastfeeding in children of asthmatic
mothers is unclear; some studies report a protective role against childhood asthma, while
others report ambiguous results [89-91]. Meghan et al. [92], using data of 2773 infants
from the Canadian Healthy Infant Longitudinal Development (CHILD), showed an inverse
correlation between breastfeeding of asthmatic mothers and infant wheezing, independent
of maternal smoking, education, and other risk factors (adjusted relative risk (aRR) 0.52,
95% CI 0.35-0.77 for >12 vs. <6 months of breastfeeding). Compared to non-breastfeeding,
wheezing was reduced by 62% with exclusive breastfeeding, and by 37% with breast-
feeding supplemented with solid foods at 6 months. Breastfeeding was not protective if
supplemented with formula. Harvey et al. [89] studied the prevalence of wheezing, as
reported by parents at 6 and 12 months of life. Breastfeeding for more than 6 months
was associated with lower aRR at 6 months compared to no breastfeeding (aRR 0.54, 95%
CI 0.30-0.96). Breastfeeding for more than 6 months was associated with lower risk for
bronchiolitis and healthcare utilization in high-risk infants due to maternal asthma, both
at 6 and at 12 months. The relationship between breastfeeding and asthma or recurrent
wheezing varied depending on the age of the child, as well as the presence of maternal
asthma or atopia in the child. In a study of 1246 children by Wright et al. [90], breastfeeding
was correlated with a lower risk of recurrent wheezing during the first 2 years of life, but
a higher risk of asthma and recurrent wheezing after the age of 6 years only for atopic
children of asthmatic mothers.

Differences in concentrations and activation of leukocytes and cytokines have been
described in the milk of mothers with and without asthma, differences which may alter the
immunologic response of the infant. Although the specific mechanisms of immunologic
alterations are yet to be elucidated, the relevant differences in the content of maternal milk
may help explain the beneficial role of breastfeeding in children of asthmatic mothers [93].
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Data demonstrate a lower breastfeeding initiation and duration and decreased rates
of exclusive breastfeeding in women with asthma compared to those in the general pop-
ulation [94]. Breastfeeding rates tend to be lower in case of drug-treated asthma during
pregnancy or postpartum [95].

Women with asthma should be assured that medical treatment is less dangerous for
the fetus/infant than a severe exacerbation. Breastfeeding should continue in women
receiving treatment, as only traces of the drugs are excreted in maternal milk. The decision
to change a successful therapeutic regimen must be weighed against possible adverse
effects of the drug continuation on the infant [96]. Breastfeeding does not impact the status
of maternal asthma and, if appropriately controlled, asthma does not affect the duration of
breastfeeding. Mothers should be encouraged to maintain a breastmilk stash that could be
used in case of hospitalization or severe exacerbation which would obstruct breastfeeding.

5. Congenital Heart Disease (CHD) and Breastfeeding

Pregnancy is complicated by maternal CHD in 1-4% of cases. Data regarding world-
wide prevalence of CHR in pregnancy are limited [97]. Sudden Adult Death Syndrome,
PPCM, aortic dissection and myocardial infraction (MI) were the most common causes of
maternal death in the UK during 20062008 [98,99]. The awareness of risk related to cardio-
vascular disease during gestation and the management of women with severe pre-existing
cardiac conditions are vital for scheduling of pregnancy and monitoring for probable fetal
and maternal morbidity and mortality [97]. Every treatment during pregnancy affects
the mother as well as the fetus, and therefore the optimal management for both should
be targeted. Scientific societies, including the American Heart Association (AHA), the
American College of Cardiology (ACC), and the European Society of Cardiology (ESC),
have published guidelines on the management of cardiac conditions during pregnancy [97].
Since there is lack of prospective or randomized clinical trials, recommendations and guide-
lines mainly correspond to level of evidence C [97]. Large registries and prospective trials
are necessary for the enhancement of current knowledge. The ESC Registry of Pregnancy
and Cardiac disease (ROPAC) and the EUROmediCAT registry of major congenital anoma-
lies provide data on the epidemiology and exposure to medicines in pregnancy [100,101].
Due to progress in the diagnosis and surgical management of patients with CHD, the
majority of these children grow up, and the number of pregnancies with underlying CHD
is rising [102].

Hormonal changes cause significant hemodynamic alterations from the beginning of
pregnancy, with increase in blood volume, heart rate, stroke volume, and cardiac output,
and decrease in vascular resistance [103]. After labor, maternal blood volume decreases
to gradually return to pre-gestation levels at 6 months postpartum. These hemodynamic
adaptations may lead to cardiovascular events, including cardiac failure and arrythmias, in
women with CHD [104].

Breastfeeding can also affect hemodynamic changes after labor; however, data on
its impact on cardiac output or clinical course of patients with CHD are scarce. A study
in rats exhibited significant increase in cardiac output in breastfed vs. non-breastfed
animals [105]. Similarly, circulating blood volume and cardiac output were found increased
during lactation in rabbits [106]. Lactating hormones, like prolactin and oxytocin, have
been associated with aggravation of maternal cardiac diseases, including PPCM and aortic
dissection in the context of Marfan syndrome [32,107]. Matsuzaka et al. [108] reported
that women with CHD tend to opt for formula feeding from the first month postpartum.
However, significant differences in postpartum cardiovascular events and levels of brain
natriuretic peptide (BNP) associated with breastfeeding were not observed.

ESC does not recommend breastfeeding for women with severe cardiac disease (class
of recommendation IIb). If a joint decision is made on continuation of breastfeeding (in
patients with mild to moderate cardiac disease), watchful use of medicines and assessment
of probable adverse effects on the infant are recommended [97].
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Breastfeeding does not increase arterial blood pressure. Anti-hypertensive agents are
excreted in breast milk, usually in low concentrations, with the exception of propranolol
and nifedipine, the levels of which are similar to maternal plasma [97,109].

6. Sickle Cell Disease and Breastfeeding

Sickle cell disease (SCD) in pregnancy is associated with a sixfold increase in maternal
mortality and increased risk of gestational hypertension, birth of a small for gestational age
(SGA) neonate, preterm birth, and stillbirth [110]. The risk for obstetric complications and
perinatal mortality is higher in pregnant women with SCD [111]. Complications related to
the disease, including painful crises prepartum and postpartum, pulmonary complications,
anemia, preeclampsia, and eclampsia, are also higher in women with SCD [112]. In
developed countries, pregnancies with SCD are actively monitored and managed, with
improved results [110]. In the United States, pregnancy-related complications have declined
during the last decades, despite the still elevated maternal mortality and the occurrence of
spontaneous abortions and perinatal deaths [112].

There is no evidence that lactation accelerates painful crises and patients with SCD
should be encouraged to breastfeed [113]. Hydroxyurea is the licensed treatment for
the management of SCD in adults and children over 9 months [114]. As an inhibitor of
ribonucleotide reductase, it has a potential teratogen and mutational effect, and its use
in pregnancy and lactation is contraindicated. Nevertheless, women with SCD have an
increased risk of morbidity and mortality during pregnancy and after labor; therefore,
cessation or modification of the optimal treatment could be harmful for both mothers and
infants. In women who breastfeed every 2-3 h, levels of hydroxyurea in the milk are 3.4%
of the relative infant dosage, which is below recommended safety levels. Also, if mothers
with SCD pump and discard the milk after administration of hydroxyurea, the percentage
of the drug transferred through breastmilk is further reduced by 50%. In this case, the
infant will be exposed to a drug dose of <1 mg/kg/day, much lower than the doses of
20-30 mg/kg/day used for the treatment of infants with SCD [114,115]. Therefore, and
due to the minimal amount of hydroxyurea transferred through human milk, it is safe
for lactating mothers to receive hydroxyurea [114]. Patients with SCD may need opioid
analgesics for effective pain management during pregnancy and lactation. Neonates of
mothers on chronic analgesic treatment should be monitored for symptoms of abstinence
syndrome [113]. In addition, as opioids are excreted in breastmilk, decision on their
long-term administration must be individualized [113].

7. Thalassemia and Breastfeeding

Current therapeutic management of patients with thalassemia has improved their
prognosis, survival and quality of life. Thus, pregnancies in women with thalassemia are
increasing, and awareness of the specific risk factors is vital for the proper monitoring and
management of these patients and their fetuses. Pregnancy with thalassemia is considered
to be high risk, and follow-up by a team of specialists is required.

Low rates of breastfeeding in women with thalassemia could be explained by the
necessity of re-initiation of treatments like chelates that are contraindicated during lacta-
tion [116,117]. Women with thalassemia who plan to breastfeed should begin deferoxamine
(immediately after the 24 h infusion of deferoxamine postpartum). Deferoxamine is ex-
creted in breastmilk but is not harmful for the neonate as it is not absorbed orally. Data on
the safety of breastfeeding with other chelates are scarce [117].

8. Malignancies and Breastfeeding

Preservation of fertility following cancer has become feasible. Breastfeeding is also
possible. In case of treatment, advantages of the drug over benefits of breastfeeding for the
mother and the infant should be considered.

Reliable evidence regarding breastfeeding in women with a history of breast cancer
is currently unavailable. Guidelines by the Society of Obstetricians and Gynecologists of
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Canada (SOGC) state that women should be encouraged to breastfeed since there is no
evidence that breastfeeding increases the risk of relapse or development of a novel tumor or
that it endangers infant health [118]. According to a study published in The Lancet, the total
incidence of breast cancer in developed countries could be reduced by half (2.7 from 6.3 per
100 women up to 70 years old) if women had the mean number of births and duration of
breastfeeding common in developing countries [119,120]. Breastfeeding represents almost
2/3 of the estimated decrease in breast cancer prevalence [118]. The observed protection
is related to hormonal changes during lactation, which delay menstruation and reduce
exposure to estrogens that are associated with risk of breast cancer [121]. Additionally,
during pregnancy and lactation, apoptosis of breast cells is frequent, helping remove cells
with possible DNA defects and decreasing risk of breast cancer [121,122].

However, a recent systematic review by Bhurosy et al. [123] reported that breastfeeding
is challenging among breast cancer survivors. Conservative surgical and irradiation therapy
may reduce but not eliminate the ability of the affected breast to produce milk. Other issues
faced by cancer survivors include uncertainty concerning breastfeeding, lack of support by
doctors and family members, lack of access to a certified lactation consultant (IBCLS), nipple
pain and discomfort. Social and clinical factors associated with successful breastfeeding
include breastfeeding motivation, consultation and support by a multidisciplinary team
of healthcare professionals, family members, or friends, the use of the other breast, and
lactation enhancement with appropriate diet and galactagogues [123].

Patients with chronic myelogenous leukemia (CML) who achieve optimal response
with tyrosine kinase inhibitors (TKIs) have high survival expectancy and concerns are
raised regarding family planning. TKIs are potentially teratogenic, classified as pregnancy
category D by the FDA, and their use in pregnancy is not recommended unless the treat-
ment benefits outweigh the possible risks [124]. The suggestion for TKI cessation and
breastfeeding for a short period of 2-5 days after labor is also acceptable [124,125].

Reduction in risk for breast and ovarian cancer is among the benefits of breastfeed-
ing. Specialists who follow-up pregnant and lactating cancer survivors should be aware
of the close monitoring necessary throughout this period [126]. Healthcare providers
need to reassure women that breastfeeding has not proved to increase the risk of relapse.
Galactagogues are often phytoestrogens in a concentrated form, which could promote
oncogenesis or decrease the efficacy of hormonal therapy [127]. Domperidone and other
drugs inducing prolactin release may be contraindicated due to an increased risk of breast
cancer development with elevated prolactin [126,128].

9. Diabetes Mellitus and Breastfeeding

Preexisting diabetes mellitus (DM) type I or II affects 1-1.5% of all pregnancies and
may lead to adverse maternal and neonatal outcomes [129]. Breastfeeding rates among
women with preexisting DM are very low; relevant studies mainly include women with
DM type 1[129-131]. Both exclusive and any breastfeeding rates are lower in women with
type I DM vs. non-diabetic mothers [132]. Herskin et al. [133] reported different rates of
breastfeeding between women with DM type I and type II, both at hospital discharge (76%
vs. 45%, respectively) and at 4 months after labor (49% vs. 23%, respectively). Decreased
prevalence of breastfeeding may be due to increased morbidity, hospital practices that
do not support exclusive breastfeeding, and issues with glycemic control of the mother.
Initiation of breastfeeding is frequently challenging for women with DM because of high
rates of pregnancy and labor complications, cesarean section and neonatal morbidity,
including prematurity, respiratory distress, IUGR, and congenital anomalies [134-136].
Neonatal hypoglycemia could also affect the mode of feeding. Hypoglycemia is related
to intrauterine hyperglycemia and subsequent fetal hyperinsulinism [137]. Moreover,
early mother—child separation can hinder breastfeeding [138]. Establishment of stage II of
lactogenesis is delayed by 24 h in mothers with DM type I; however, the milk production
at 7 days after labor is similar to that of non-diabetic mothers [139]. Neonates of mothers
with type I DM exhibit more immature breastfeeding reflex [140]. Early breastfeeding
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initiation could reduce neonatal borderline hypoglycemia and increase mean plasma
glucose levels [141]. Maternal diet and insulin dosing should be closely monitored due
to the postpartum change in glucose levels to ensure adequate control. Fluctuation of
plasma glucose levels can delay production of breastmilk and lead to poor supply. Milk
production depends on the proper development of breast during pregnancy. Insulin
metabolism controls milk secretion, supporting mammary gland differentiation [142].
Insulin upregulates genes related to mammary epithelial cell (MEC) proliferation and
downregulates genes responsible for MEC differentiation [143,144]. Insulin resistance
may be associated with decreased secretory differentiation and subsequent reduced milk
production [145]. The need for insulin of an exclusively breastfeeding mother is often
reduced in up to 50% of pre-pregnancy requirements [146]. For infants of mothers with
type I or II DM, breastfeeding possibly bears greater advantages. Breastfeeding protects
against infectious diseases contributing to the infant’s short-term immunity. Lately, a
long-term protective effect of breastfeeding against obesity and type Il DM has been
confirmed [147-150]. Longer duration of breastfeeding correlated with lower incidence of
type II DM in several studies globally [148-150]. Breastfeeding is estimated to reduce the
risk of type II DM by up to 50% [151].

10. Thyroid Disorders and Breastfeeding
10.1. Hypothyroidism

Maternal hypothyroidism is not a contraindication for breastfeeding. Treatment
with thyroxine continues throughout lactation. Thyroid hormones are essential for the
normal development of the mammary gland and initiation of lactation. T4 and T3 levels
are significantly correlated with milk production [152]. Thyroid insufficiency negatively
impacts breastmilk supply [153]. In a study in rats, oxytocin levels and milk production
were lower in breastfeeding mothers with hypothyroidism, while triglyceride concentration
was also reduced in their milk [154].

10.2. Hyperthyroidism

During pregnancy and lactation, hyperthyroidism is usually managed with anti-
thyroid drugs, which inhibit the synthesis of thyroid hormones. Treatment with radioactive
iodine and surgical removal of the thyroid gland are reserved for cases refractory to
medicines. Hyperthyroidism is not a contraindication for breastfeeding, but the drugs
administered to the mother should be taken into consideration [155]. Based on the lit-
erature, both propylthiouracil and methimazole in moderate doses (<300 mg/day for
propylthiouracil and 20-30 mg/day for methimazole) are safe during lactation, as their
concentration in breastmilk is minimal [156]. The drugs are preferably taken in divided
doses, immediately after breastfeeding, to avoid the period of maximum plasma drug
levels [155,157]. Close clinical and laboratory monitoring of the mother and the child are
necessary. Breastfeeding is contraindicated during treatment with radioactive iodine and
for at least 4 weeks after cessation of the therapy [156].

10.3. Postpartum Thyroiditis

Postpartum thyroiditis is an autoimmune thyroid condition, presenting within the
first year after labor, in women without clinical evidence of thyroid dysfunction before
pregnancy. Its incidence is estimated at approximately 7% of women and varies depending
on genetic background and iodine intake [158]. Women with type I DM are at increased
risk of postpartum thyroiditis. The hyperthyroidic period presents 2-6 months after labor,
often at 3 months, with 1/3 of affected women being asymptomatic. Otherwise, they could
have issues with the care of the infant due to anxiety and nervousness [158]. Lactation is
usually unaffected. The hypothyroidic period presents 3-12 months after labor, often at
8 months, with 20-64% of cases leading to permanent hypothyroidism. Symptoms like
tiredness, loss of concentration, memory problems, constipation, lack of interest in the
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infant’s care, and depression can easily be confused for postpartum depression in women
who have recently given birth [159,160].

Traces of maternal thyroid hormones are excreted in breastmilk. Thyroxin concentra-
tion was measured at 0.83 ng/L, which does not have a significant impact on the status of
infantile thyroid hormones [156]. In cases of other autoimmune diseases, hyperprolactine-
mia of lactation has been considered as a risk factor for disease exacerbation [161]. There
are no data regarding the effect of breastfeeding on the presentation or exacerbation of
thyroiditis [156].

11. Chronic Infectious Diseases and Breastfeeding
11.1. Human Immunodeficiency Virus (HIV) Infection and Breastfeeding

During the last decades, significant progress concerning mother-to-child transmission
of HIV has been observed [162]. The virus is excreted in breastmilk and can be transmitted
during lactation. Viral, maternal, and infant factors affect the risk of transmission. The viral
load in the breastmilk is a determinant factor. Lifelong antiretroviral therapy is currently
the gold standard for prevention of mother-to-child transmission in case of breastfeed-
ing. In addition to maternal antiretroviral treatment, neonatal post-exposure neonatal
prophylaxis is recommended. Initiation of antiretroviral therapy prior to pregnancy is
optimal. If sustainably undetectable viral load has been achieved, the risk of transmis-
sion is estimated to be up to 1%. Elimination of this risk requires formula feeding and
non-breastfeeding. In low- and middle-income countries, WHO recommends exclusive
breastfeeding in HIV-infected adherent to therapy women for six months followed by
complementary introduction of solid foods and continuation of breastfeeding for two years
or longer [163]. In high-resources settings, most organizations encourage patient-centered,
evidence-based counselling on infant feeding options [164].

Mothers with HIV should be offered constant access to antiretroviral treatment and
continuous support in their decision to breastfeed. Close viral monitoring is necessary
in lactating mothers to promptly identify any rise of viral load and appropriately modify
treatment. Antiretroviral treatment is considered safe during pregnancy and lactation, as
their excretion in breastmilk is negligible [165].

Women with HIV face additional barriers for exclusive breastfeeding, including
disease-related stigma and the burden of a chronic condition, compared to HIV-uninfected
mothers [166]. Exclusive breastfeeding is proposed by WHO as a strategy preventing
mother-to-child transmission of HIV, adding to the other well-known benefits of breast-
feeding. Results from a study in Kenya indicated that rates of breastfeeding initiation and
exclusive breastfeeding at six months were higher among HIV-infected women compared
to those of non-infected mothers [166].

11.2. Human T-Cell Lymphotropic Virus Type-1 (HTLV-I) Infection and Breastfeeding

Breastfeeding has been reported to be the main source of vertical transmission of
vertical transmission of HTLV-I accounted for approximately 95% of mother-to-child trans-
mission cases [167,168]. A meta-analysis conducted by Boostani et al. [167] showed that
a short period (less than 6 months) of breastfeeding does not increase the likelihood
of mother-to-child transmission of HTLV-I infection, while breastfeeding of longer than
6 months greatly increases the rate of HTLV-I transmission. A recent meta-analysis [168]
showed that there was no significant increase in the risk of mother-to-child transmission
when breast-feeding lasted for <3 months compared with exclusively formula-fed infants
(pooled relative risk (RR), 0.72; 95% confidence interval (CI), 0.30-1.77), but there was an
almost threefold increase in risk when breastfeeding was carried out for up to 6 months
(RR, 2.91, 95% CI, 1.69-5.03).

11.3. Hepatitis B Virus (HBV )-Infected Mothers and Breastfeeding

Vertical transmission of HBV is a prevalent cause of HBV spread, resulting in an
estimated 50% of the global chronic infections [169]. Routine screening of pregnant women
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and universal active and passive immunization of neonates have decreased mother-to-child
transmission by 95%. HBV has been detected in breastmilk and concerns for transmission
through lactation have been raised and investigated. Numerous studies, even before the
introduction of HBV vaccine, have not confirmed an increase in the risk of mother-to-child
transmission. Therefore, WHO recommends breastfeeding in case of maternal chronic
hepatitis B irrespective of the mother’s disease status and availability of the vaccine [170].
A 2011 meta-analysis reported that despite infectiousness of breastmilk, breastfeeding is not
associated with increased risk of infantile HBV infection [171]. This finding was consistent
even in mothers with high infectivity, probably due to vaccine protection and transmission
during delivery.

Antiviral treatment is recommended during pregnancy in selected cases of chronic
HBYV with high viral load in an attempt to minimize transmission during gestation and
delivery [165]. Treatment may need to continue postnatally, during lactation. Nucleoside
analogues are recommended during pregnancy; however, due to paucity of published
studies, their safety during breastfeeding is not established [172]. It has been confirmed
that fetuses in utero are exposed to significantly higher drug levels than infants through
breastmilk. Additionally, the same medicines are recommended for use in lactating mothers
with HIV. Cumulating evidence suggests that mothers with chronic HBV on antiviral
therapy should be encouraged to breastfeed.

11.4. Hepatitis C Virus (HCV)-Infected Mothers and Breastfeeding

Infection with HCV remains a public health concern and its incidence among women of
child-bearing age warrants screening during pregnancy. The risk of vertical transmission of
HCV is estimated at 6%, rising to 10% in case of maternal HIV co-infection [173]. Although
HCYV is detected in breastmilk, avoidance of breastfeeding does not seem to reduce the
risk of mother-to-child transmission [174]. Breastfeeding is recommended unless bleeding
or cracked nipples are present. Nevertheless, HCV-infected women breastfeed at lower
rates compared to the general population. Mothers with chronic HCV infection should be
informed and supported during lactation.

Safety of direct-acting antiviral medicine used for the treatment of HCV has not been
studied in lactating women [175]. Data from animal studies indicate that the drugs are
excreted into breastmilk but have not demonstrated adverse effects on the offspring. Cur-
rently, until published evidence becomes available, these medicines are not recommended
for use during pregnancy and lactation.

12. Discussion

Cumulative evidence suggests that women with chronic diseases present lower breast-
feeding rates compared with healthy women. Both exclusive and any breastfeeding du-
ration for women with preexisting DM is reduced compared to those of non-diabetic
mothers [132,176,177]. Furthermore, women with polycystic ovary syndrome (PCOS) [178],
IBD [64], arthritis [55], and epilepsy [78,79] breastfeed less often than non-affected women.
Adjusted and evidence-based support may be required to promote breastfeeding in women
with chronic diseases; however, our comprehension of breastfeeding in this subpopulation
is still unclear. The literature related to breastfeeding extends in various scientific areas
and multidisciplinary effort is necessary to compile an overview of current evidence and
knowledge regarding breastfeeding issues in mothers with chronic diseases.

Scime et al. [179], in a cross-sectional study using data from the 2015/2016 Canadian
Community Health Survey (CCHS), assessed the probable correlation between breast-
feeding and chronic maternal diseases after adjustment for possible socio-demographic
confounding factors. The prevalence of self-reported chronic diseases was 11.9% (95% CI
9.8-14.1); musculoskeletal problems and hypertension were the most common conditions.
Another study, conducted in the USA in 2008 reported 26.6% of pregnant women suffering
from a chronic physical or psychological disease, most frequently arthritis (6.3%), hyper-
tension (5.7%) and asthma (5.0%) [180]. A recent population study in Denmark exhibited

82



Nutrients 2023, 15, 2822

a 15.8% of pregnant women with chronic diseases [21]. Arterial hypertension remains
the main cause of non-infectious morbidity in the general population [181], which is also
reflected during pregnancy.

Women with chronic diseases seem to begin to breastfeed independently of the disease
status. This can be explained by the high intrahospital postpartum support of breastfeeding.
No correlation was found between pre-existing diabetes and initiation of breastfeeding
(adjusted odds ratio (aOR) 0.9, 95% CI 0.9-1.0) after adjusting for maternal and obstetric
complications [182] in a study from Ohio. Moffatt et al. [63] also reported that 83.3% of IBD
patients vs. 77.1% of the general population began breastfeeding (p > 0.05). No relationship
between PCOS and initiation of breastfeeding was recorded (aOR 0.9, 95% CI 0.6-1.4) [183].
Similarly, Scime et al. [179] highlighted comparable non-breastfeeding rates in women
with (10.4%) and without (8.7%) chronic disease after adjustment for confounding factors
(aOR 0.96, 95% CI 0.54-1.71). Women with chronic disease presented similar rates of
early (<6 months) cessation of any breastfeeding (aOR 1.40, 95% CI 0.82-2.40), but a more
than twofold risk of early cessation of exclusive breastfeeding (aOR 2.48, 95% CI 1.49-4.12)
compared to healthy women. A Swedish prospective cohort study resulted in a significantly
lower percentage of any breastfeeding at 6 months in women with type I DM compared to
non-diabetic mothers (61.5% vs. 76.7%, respectively, p = 0.025), but no difference in exclusive
breastfeeding at 6 months (44.4% vs. 40.5%, respectively, p = 0.729) [136]. Comparable rates
of any breastfeeding for more than 24 weeks were also reported between women with and
without IBD (56.1% vs. 44.4%, respectively, p = 0.02) [63].

The protective effect of breastfeeding is more powerful in case of exclusive nutrition
with maternal milk and is reduced with other supplemental feeding [184]. Findings of
various studies indicate that the presence of a chronic maternal disease may negatively
impact exclusive, but not partial breastfeeding rates at 6 months [57,179]. A probable
explanation for the lower exclusive breastfeeding percentages in mothers with chronic
diseases lies in the possible delay of stage II lactogenesis due to the condition itself or the
treatment [185,186]. Women with delayed milk production (more than 72 h after birth) are
faced with a higher risk of early exclusive breastfeeding cessation compared to mothers
without delayed milk production [187]. Labor via cesarean section or need for NICU
admission of the neonate are more common among women with chronic diseases and could
inhibit attempts to exclusive breastfeeding because of the early (or prolonged) mother-child
separation and the maternal stress [188,189]. Disease activity may be dependent on the
changes induced by lactation, including the fluctuations (as in endocrine conditions [146])
or recess (as in autoimmune conditions [63,74]) of symptoms, and could affect decisions on
breastfeeding. Although very few drugs are contraindicated during breastfeeding, women
often receive discouraging advice concerning safety of medicines in lactation [190,191].
Finally, mothers’ desire to “regain a sense of physical fitness”, tiredness and exhaustion
from neonatal care, and the feeling of physical or psychological unrest can also contribute
to breastfeeding cessation [192]. Mothers with chronic diseases are sensitive to the gift of
health and would choose the optimal feeding mode with short-term and long-term benefits
for their offspring at the beginning of their life.

13. Conclusions

In-depth knowledge of the pathology of systematic diseases and the characteristics of
the recommended treatments is vital when lactation is considered. Mothers with chronic
diseases should be offered the possibility to breastfeed their infants, along with the neces-
sary information, education, and support for this endeavor.

In case the therapeutic approach of the mother requires a drug possibly harmful for
the infant, the choice between the treatment and breastfeeding is imminent. The mother,
together with the healthcare professionals, needs to weigh the advantages of breastfeeding
over the drug for the maternal and neonatal health and relationship. Recent technological
advancements have helped analyze human milk, allowing for a better understanding of
the complex protective mechanisms with long-term consequences. Maternal decisions on
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breastfeeding are affected by multiple physiological, obstetric, and psychological factors.
Further research is necessary for a more effective comprehension of these determinants and
the optimal support of breastfeeding in mothers with chronic diseases. Studies indicate
that mothers with chronic conditions may benefit from the appropriate care and support in
the hospital and in the society that can contribute to the establishment and maintenance of
exclusive breastfeeding.
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Abstract: Birth occurring at <32 weeks’ gestation (“very preterm”) or at <28 weeks’ gestation
(“extremely preterm”) potentially poses considerable health problems for the neonate, including
respiratory sequelae, not only during the immediate newborn period, but throughout childhood
and into adulthood. With the progressive improvements in neonatal care, the survival of extremely
preterm and very preterm neonates has improved substantially. However, a considerable percentage
of these infants suffer dysfunctions that may trigger, at some stage later in life, the onset of respiratory
morbidities. The interruption of the normal development of the respiratory tract caused by preterm
birth, in combination with postnatal lung injury caused by various interventions, e.g., mechanical
ventilation and oxygen therapy, increases the risk ofthe development of long-term respiratory deficits
in survivors. Those infants that are most affected are those who develop chronic lung disease of
prematurity (also called bronchopulmonary dysplasia, BPD), but impaired lung function can develop
irrespective of BPD diagnosis. Apart from indicating abnormal lung function in survivors of extreme
prematurity, recent long-term follow-up studies also emphasize the crucial role of early nutritional
intake as an effective strategy, which promotes lung growth and repair. This article will update
the associations between extremely/very preterm birth with long-term respiratory outcomes. It
will also discuss the protective effect of nutritional interventions, focusing on recently published
follow-up data.

Keywords: extremely preterm neonate; very preterm neonate; bronchopulmonary dysplasia; nutri-
tion; respiratory sequelae; chronic obstructive pulmonary disease

1. Introduction

The continuous advances in perinatal care in the last few decades (including the use
of antenatal steroids and surfactant treatment), in combination with the less aggressive
ventilatory support practices, have resulted in the survival of an increasing number of
infants born at gestational ages (GA) < 32 weeks (very preterm) or <28 weeks (extremely
preterm). Preterm birth results in the interruption of prenatal lung development during
the canalicular and saccular/early alveolar stages [1]. Early exposure to infection and
inflammation, as well as mechanical ventilation and hyperoxia may cause additional
damage to the immature lung [2].

A large proportion of preterm infants will eventually develop bronchopulmonary
dysplasia (BPD), which is considered one of the gravest sequelae of preterm birth [3]. The
“old” BPD definition provided by Northway and associates [4] >50 years ago included
the characteristics of inflammation, airway smooth muscle hypertrophy, emphysema,
and parenchymal fibrosis as a result of exposure to high oxygen concentration and high
ventilation pressures. Since then, the cohort of premature infants, the treatment strategies
of neonates, and the consequent pulmonary damage have substantially changed. The
improved rates of survival among more immature infants, thanks to modern perinatal care,
have resulted in the occurrence of a new BPD phenotype (disrupted lung development),
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which has different disease pathogenesis compared to “old” BPD (acute lung injury) [5,6].
The “new” BPD phenotype is characterized by markedly more immature lung tissue,
as well as impaired alveolarization (reduced, large, thin-walled alveoli), dysmorphic
pulmonary microvessel growth and less fibrosis, as compared to the “old BPD” [7]. Lung
immaturity, as well as the disruption of alveolarization and the microvascular development
in BPD are clinically translated into abnormal gas exchange and lung mechanics [8]. This
new type of chronic lung disease of prematurity poses an additional demanding task to
clinicians and researchers besides preventing lung damage, i.e., preserving normal lung
tissue development.

The exact definition of BPD has been the subject of debate and is currently influenced
by the need for supplemental oxygen at 28 days of life, while the severity of the disease
is determined by assessing ventilator support and the fraction of the necessary inspired
oxygen at 36 weeks postmenstrual age [5,9,10]. Overall, about 30-68% of infants <28 weeks’
GA develop BPD [3,11]. This incidence is inversely related to GA and remained unchanged
(or even increased) among the most premature infants due to the significant reduction
in mortality and the substantial increase in the total number of infants with significant
prematurity [3,11]. Large variations in BPD incidence between NICUs reflect population
differences and differences in clinical treatment practices [12].

Previous longitudinal pulmonary function and long-term follow-up studies reported
that most extremely /very preterm neonates with BPD present with a low lung function
trajectory [13,14] and an increased risk for the future development of a chronic obstructive
pulmonary disease (COPD)-like phenotype [15-17]. Furthermore, former extremely /very
premature infants are predisposed to the development of other respiratory morbidities than
chronic lung disease, due to factors associated with prematurity [18]. These infants present
with a higher incidence of lower respiratory tract infections requiring re-hospitalizations,
impaired lung mechanics, and developmental abnormalities of the airways, leading to
recurrent wheezing and asthma. These sequelae may occur from early infancy throughout
childhood and until adulthood [18].

Long-term respiratory outcome studies of extremely/very preterm infants are in
need of constant updates due to alterations in patient population, rapid advances in
the areas of pulmonary physiology and pathophysiology, as well as improvements in
perinatal care practices, including nutritional interventions. In this respect, recent follow-
up data highlight the crucial role of nutrition in promoting favorable long-term pulmonary
outcomes in extremely /very preterm-born infants [19,20].

In the present manuscript, we review the associations between extremely/very pre-
mature birth with long-term pulmonary outcomes, with particular emphasis on the most
recent data on the topic, and discuss current evidence, which emphasizes the long-term
beneficial effect of nutritional interventions on lung growth and repair.

2. Long-Term Pulmonary Outcomes of Extremely/Very Preterm Birth

The lung function of prematurely born infants may be compromised during childhood
and adulthood; this applies, in particular, to extremely preterm infants, those experiencing
BPD or those who have been exposed to mechanical ventilation during the newborn
period [21]. As lung tissue grows postnatally, several parameters related to pulmonary
volumes may improve. Nevertheless, pathological changes in pulmonary flows may persist
throughout adolescence or into adult life [21].

2.1. Pulmonary Outcomes during Infancy

Several clinical/experimental studies document that preterm birth disrupts alveolar-
ization, leading to a decrease in the gas exchange surface area of the lung and thereby
causing BPD [7,8]. Furthermore, lung immaturity predisposes to respiratory morbidities
other than BPD [18]. Recent data demonstrate that following preterm birth, the airway
epithelium is both structurally and functionally impaired, with evidence of epithelial
thickening in addition to increased inflammation and apoptosis [22].
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Thus, primarily obstructive pulmonary abnormalities were demonstrated in extremely
preterm-born infants receiving contemporary intensive care at term-equivalent age, com-
pared with healthy full-term controls [23]. Irrespective of BPD, a strikingly abnormal
pulmonary function was present at the term-equivalent age, although this was observed
more intensely in the BPD group. It is, therefore, suggested that the evaluation of lung
morbidity only by diagnosis of BPD or not, is probably not adequate in predicting future
respiratory health [23].Similarly, in a multicenter, longitudinal birth cohort study, extremely
low GA neonates receiving ambient air or on low-flow nasal cannula support had abnor-
mal tidal breathing patterns, with no differences noted between infants with and without
BPD [24]. Neither prebronchodilator nor postbronchodilator tidal breathing patterns were
associated with post-discharge pulmonary disease [24]. The authors hypothesized that, be-
sides altered respiratory mechanics, other factors (e.g., respiratory tract viral infections) [25]
may be responsible for the occurrence of respiratory morbidities among preterms.

Infants born extremely/very preterm with BPD of either degree of severity were
followed-up in a longitudinal cohort study to 6 and 18 months of postnatal age. Respiratory
symptoms, such as recurrent/chronic cough and wheezing, were recorded [26]. Passive
lung mechanics and whole-body plethysmography, as well as tidal and raised volume rapid
thoraco-abdominal compression techniques, were used to examine respiratory function.
Infants with BPD presented with reduced airway function and respiratory compliance.
However, mild and moderate/severe BPD differed only in terms of lower respiratory
compliance in the latter, possibly as a result of delayed or altered alveolar formulation.
Thus, the value of the early classification of BPD severity in predicting future lung function
is considered to be very limited [26].

Gongalves et al. [27] reported an increased incidence of impaired respiratory function
in very preterm infants of 6-12 months of corrected age compared with same-aged full-term
ones, as evaluated by forced expiratory flows using the chest compression technique, and
volumes using total body plethysmography. Compromised lung function was associated
with the degree of prematurity, restricted fetal growth, mechanical respiratory support and
recurrent episodes of wheezing during infancy [27].

2.2. Pulmonary Outcomes during Childhood

Those infants who survive prematurity are at risk ofaltered pulmonary function
during childhood. Only a limited number of follow-up studies have investigated the
trajectories of respiratory function in extremely /very preterm-born children and showed a
considerable persistent lung function compromise, which warrants follow-up and treatment
consideration [28,29].

An earlier follow-up study investigated whether very preterm birth, BPD, and the
degree of BPD severity, are predictive of future lung function in school-aged children born
in the modern era, which is characterized by antenatal corticosteroids use and surfactant
administration [30]. Preterm children presented with significantly decreased spirometric
flow-volume parameters, as well as alveolar diffusion capacity compared with children
born at term. The diagnosis of BPD was related to a marked reduction in both spirometry
and diffusion capacity. Furthermore, very preterm birth and moderate/severe BPD pose
an additive reduction in spirometric parameters of individuals by school age [30]. Lon-
gitudinal data on lung function in a group of extremely premature children born in the
post-surfactant era also confirmed a significant airflow limitation, especially striking in
BPD survivors who also demonstrated an abnormal airway growth trajectory, followed by
a reduction in pulmonary function between 8 and 12 years of age [31].

Oscillatory mechanics, spirometry, multiple breath nitrogen washout, and diffusing
capacity of the lung for carbon monoxide were used to test pulmonary function at 9-11 years
of age in children born at term and at <32 weeks of gestation in the contemporary era [32].
In addition, preterm children underwent chest computed tomography (CT) and had their
respiratory symptoms recorded. Compared with term controls, preterm children presented
with pulmonary obstruction and hyperinflation, in addition to abnormal peripheral lung
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mechanics. Abnormalities in lung structure were seen in 92% of preterm children and were
associated with more intense respiratory obstruction and increased incidence of severe
respiratory symptoms, probably implying active lung disease [32].

A population-based cohort of children born at 22-26 weeks GA and controls born
at term between 2004 and 2007 were followed-up at 61/2 years of age with spirometry
and impulse oscillometry [33]. It was demonstrated that a large percentage of extremely
preterm-born children have impaired airway mechanics and a marked obstructive reduction
in pulmonary function. A total of 40% of extremely preterm children and 15% of controls
exhibited asthma-like disease. Furthermore, half of the children born at 22-24 weeks GA
demonstrated a lung function below the lower limits of normal. Interestingly, severe BPD
contributed to pulmonary outcomes only marginally [33].

Similarly, an earlier meta-analysis of follow-up studies including infants born preterm
at 24-36 weeks GA between 1964 and 2000 demonstrated average forced expiratory volume
in 1 s (FEV1) reductions of 16% in those with mild BPD and 19% in those with moderate
to severe BPD [14]. The marginally significant (or even non-significant) differences in pul-
monary function according to the severity of BPD in these studies suggest that respiratory
deficits during childhood are probably related to the degree of prematurity and that the
BPD classification is likely of limited value for the prediction of future pulmonary function
as evaluated by spirometric parameters [14].

A recent longitudinal cohort study documented data on lung structure and function,
as well as respiratory symptoms throughout childhood in a very preterm cohort born in the
contemporary era [34]. It was reported that preterm children with and without BPD have
declining pulmonary function trajectories from 4 to 12 years of age, with greater reduc-
tions reported in children with BPD, ongoing respiratory symptoms, and bronchial wall
thickening (on chest CT) indicative of inflammation. These children may be predisposed to
developing lung disease later in life [34]. Furthermore, there is evidence suggesting that
lung function does not improve over time in very preterm-born children diagnosed with the
severe form of either “old” or “new” BPD. By contrast, FEV1 and forced vital capacity (FVC)
deteriorate from childhood to adulthood [35]. In line with these findings, a very recent
study aimed to outline alterations in pulmonary function in a contemporary observational
group of children born preterm whowere subsequently followedup for post-prematurity
respiratory disease with pulmonary function testings [36]. Very preterm-born children
demonstrated worsening obstruction in pulmonary function throughout childhood [36].

2.3. Pulmonary Outcomes in Adolescence and Young Adulthood

Pulmonary function normally increases during childhood and adolescence, reaches
a peak in the mid-20s, and then gradually decreases with age [37]. This trajectory is
modulated by genetic factors, antenatal events, and exposure to multiple events early in
life [38].

A meta-analysis of cohort studies, mainly conducted during the pre-surfactant era,
demonstrated that infants born either very preterm or with very low birthweight are at
increased risk of not reaching their full lung growth potential during adolescence and early
adulthood, a finding which suggests an increased risk of COPD in later adulthood [39].

Similarly, long-term data obtained in the post-surfactant era showed that survivors
born either at a GA less than 28 weeks or with abirthweight less than 1000 g (particularly
those who had BPD) will not achieve the normal peak of expiratory airflow by their mid-
20s [40]. The authors conclude that since nowadays many more infants who were either
born at <28 weeks GA or with <1000 gbirthweight are surviving into adulthood since the
1990s, many of them will end up developing symptoms of airway obstruction later in life,
especially those who experienced BPD [40].

A very recently published population-based study [41] reported lung function trajec-
tories from 10 to 35 years of age in infants who were born extremely preterm. Persistent
airflow obstruction was reported in early adult life and throughout the onset of the age-
related decline from 25 to 35 years. Lung function after extremely preterm birth was tracked
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in parallel, but was significantly lower as compared to the trajectories of term-born from
10 to 35 years, including the starting age-related decline from 25 to 35 years. An existing
but diminishing long-term importance of BPD was recorded, probably reflecting the recent
improvements in perinatal care. However, 30% of these extremely preterm-born infants
met the post-bronchodilator spirometry criteria for COPD compared with 5% of term-born
infants (p < 0.001) [41].

Extremely preterm-born adolescents with “new” BPD presented with poorer lung
function compared with extremely preterm-born adolescents without BPD or moderate—
late preterm-born ones in a multicenter cross-sectional study [42]. Extremely preterm-born
adolescents with BPD had markedly lower FEV; and FVC, as well as significantly higher
bronchodilator response and air-trapping. However, BPD adolescents did not demonstrate
a higher incidence of asthma symptoms or a poorer quality of life, probably indicating
that progress in perinatal care has favored the predominance of milder forms of chronic
lung disease of prematurity [42]. In accordance, recent data demonstrated lower FEV1
in adolescents with BPD born extremely/very preterm, as compared to those without
BPD, with lower FEV1 values significantly related to BPD severity [43]. The results of
spirometry and impulse oscillometry measurements in the BPD compared with the non-
BPD group indicate airway obstruction including involvement of peripheral airways,
probably implying a predisposition to COPD in adult life in the group with severe BPD [43].

In line with these results, a recent prospective follow-up study reported poorer lung
function in adolescents and young adults born extremely premature who experienced BPD,
as compared to those without a BPD diagnosis [44]. Interestingly, 16% of subjects without
BPD presented with impaired pulmonary function, suggesting that prematurity by itself
has a negative impact on lung function [44]. Similar results were reported in another study
which showed that spirometric parameters were worse during adulthood in those born
prematurely without BPD vs. term controls [45].

Impaired alveolar development blocks lung-diffusing capacity. Disruption of alveolar
growth due to extremely preterm birth may lead to COPD in early adulthood [46]. One
controlled population-based report published in 2022 documented the longitudinal devel-
opment of lung-diffusing capacity after extremely preterm birth from mid-childhood to
adulthood [47]. Two cohorts born at <28 weeks GA or birthweight < 1000 g between 1982
and 1985, as well as between 1991 and 1992 were evaluated twice, at ages 18 and 25 years
and 10 and 18 years, respectively, and were compared with matched controls born at term.
Extremely preterm-born individuals had impaired lung-diffusing capacity. The deficits
tracked below (but in parallel) to matched full-term control groups from mid-childhood to
adulthood [47].

Finally, a study investigating the association between prematurity and lung function
with COPD in the sixth decade of life showed that severe prematurity is related to ob-
structive lung function deficits (including COPD) into middle age and that this effect was
further aggravated bysmoking [48].

Overall, there is a paucity of longitudinal respiratory follow-up data after extremely/
very preterm birth in the surfactant era, but existing evidence raises considerable con-
cerns about the long-term pulmonary status of survivors of extremely/very preterm birth.
Declines in pulmonary function are persistently observed in extremely/very preterm in-
dividuals during childhood, adolescence and adulthood and, therefore, a close targeted
life-long monitoring of lung health is warranted [28,29]. However, it should be noted that
premature birth is not included in authoritative statements, as a risk factor for COPD [49].
Furthermore, few pulmonologists consider early life factors in their clinical practice [49].

2.4. Differences in Pulmonary Outcomes at the Turn of the Millennium

Studies comparing respiratory outcomes in extremely preterm individuals born from
1980 to 2000 produced conflicting results, with most studies reporting improvements which
parallel the remarkable recent advances in perinatal care [14,41,50,51].
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Kotecha et al. compared findings from studies of pulmonary function conducted
in the pre- and post-surfactant era, in participants aged between 5 and 23 years. One
interesting finding was that the mean FEV1 for subjects with BPD had improved over time
from those born in the late 1960s to those born in the early 1990s, indicating that lung
impairment during the neonatal period might be less severe with ongoing improvements
in neonatal care practices [14]. Another study from Norway compared respiratory health in
extremely preterm-born children between 1991-1992 and 1999-2000 and showed that small
airway obstruction and bronchial hyperresponsiveness were still present in children born
preterm at the turn of the millennium, but outcomes were better than for children born
similarly preterm in 1991-1992, especially after BPD. These data imply that better neonatal
care practices improve both survival and long-term pulmonary outcomes [50].However,
in a subsequent longitudinal prospective follow-up of all survivors of extremely preterm
births in Victoria, Australia, during three periods (namely, 1991-1992, 1997, and 2005),
no significant reduction in oxygen dependence was seen at 36 weeks and no significant
improvement in lung function during childhood was detected over time, despite a marked
increase in the use of less invasive ventilation after birth [51].

Finally, a very recently published population-based study addressed possible co-
hort effects over a period of major advances in perinatal/neonatal care [41]. Spirom-
etry was repeated in three population-based cohorts born at <28 weeks GA or with
birthweight < 1000 g during 1982-1985, 1991-1992 and 1999-2000, and in full-term con-
trols matched for age and gender. The deficits of these cohorts compared with term-born
infants decreased with each decade of birth from 1980 to 2000 [41].

3. Nutritional Interventions and Long-Term Pulmonary Outcomes

Prematurity is a predisposing factor for the development of lung disease. BPD is
associated with high morbidity and mortality rates in survivors of severe prematurity [52].
Irrespective of BPD diagnosis, premature infants are characterized by lung immaturity
at birth and deficient control of breathing [18]. They face adverse pulmonary conditions
in the neonatal period and are at risk of pulmonary disorders both in the mid- as well as
in the long-term, such as respiratory tract infections during infancy, recurrent wheezing
and asthma during childhood and abnormalities of pulmonary function in adulthood [18].
Thus, it is imperative to identify how early exposures can be modified to decrease the risk
of developing BPD or other respiratory pathology before disease progression becomes
irreversible.

Compelling evidence suggests that the alveoli continue to be formed postnatally
throughout childhood and adulthood. Thus, current research should focus on further
elucidation of those mechanisms responsible for postnatal lung growth, as well as the de-
velopment of strategies to stimulate lung regeneration [7,53,54]. In this context, nutritional
interventions have been proposed to promote postnatal alveolarization and lung growth,
offering a unique opportunity to improve respiratory outcomes [19,55,56].

Intrauterine malnutrition is a common prenatal risk factor for BPD development
when preterm birth occurs [57,58]. Malnutrition may continue postnatally since extreme
prematurity poses several difficulties in providing adequate nutrient and energy intake.
Both intra- and extra-uterine malnutrition may have devastating effects on the developing
lung [59]. A recent study documented that very preterm infants who developed BPD
received a calorie/protein ratio below that recommended for optimal growth during the
first 4 weeks of life [60]. A retrospective cohort of very low birthweight infants also showed
markedly lower energy and lipid intake among those who developed BPD during the first
week of life [61]. Interestingly, an energy intake of less than 1778.2 kJ /kg in this time-period
was related to a twofold increase in the adjusted risk of developing BPD. The authors
emphasize the potential crucial role of early inclusion of lipids in parenteral nutrition, in
order to promote (in combination with optimal protein content) an adequate energy intake
and, therefore, to reduce the incidence of BPD [61]. Further retrospective data suggest that
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high fluid and low caloric intake in extremely preterm infants during the first week of life
are associated with BPD severity [62].

In accordance, several studies pointed out extrauterine growth restriction, secondary
to postnatal insufficiency in nutrient and energy intake, as a key risk factor for the develop-
ment of BPD [63,64]. Due to increased energy expenditure, infants with established BPD
have increased and often unmet caloric needs, compared with infants without BPD, which
continue after discharge from the hospital [65]. Therefore, older studies have documented
extrauterine growth restriction in BPD infants up to 12 months of age [66,67]. Interestingly,
recent prospective data demonstrated poorer growth of very low birthweight infants with
BPD until 36 weeks of corrected age but catch up growth accomplished by three months of
corrected age, probably due to the continued improvements in nutritional practices applied
to BPD infants [68].

Compelling data suggest a strong association between early nutrition and long-term
pulmonary outcomes. In a cross-sectional study of 4- to 8-year-old children who had been
born prematurely and were diagnosed with BPD, undernutrition at the age of 2 years was
documented as the only factor predisposing to the development of airway distension. It
was concluded that nutritional status at 2 years of age in children who were diagnosed
with BPD has a significant effect on respiratory outcomes in childhood [69].

Up to the early 2000s, nutritional policies, applied to hospitalized neonates born
with severe prematurity, resulted in significant extrauterine growth restriction [70]. In
2002, Ziegler et al. introduced a new era in the nutrition of the preterm, by reporting that
“aggressive” nutrition, with increased early provision of protein and calories, resulted in
better growth [71]. Nutrition of very preterm infants should ensure optimal growth as
reflected in increases in body weight and head circumference. However, a recent whole-
population study comprising infants born below 32 weeks of gestation in England and
Wales between 2008 and 2019 showed that early postnatal weight loss has decreased,
and subsequent weight gain has increased, but the weight at 36 weeks postmenstrual
age was consistently below the weight of babies born at full-term. Greater weight at
36 weeks postmenstrual age was dependent on enteral nutritional intake [72]. It seems that
despite significant changes in feeding policies after 2000, extrauterine growth restriction in
extremely/very preterm infants remains a considerable concern.

Current recommendations suggest an adequate nutritional strategy that includes
early “aggressive” parenteral nutrition, while initiating trophic feeding and advancing
to concentrated nutritive enteral feeding, i.e., providing high energy in low volume, as
soon as possible [19]. Priority is given to fortified mother’s own milk, followed by fortified
donor milk and preterm enriched formulas with a high density of energy and nutrients.
Although evidence regarding effectiveness is limited, functional nutrient supplements,
such as vitamins, zinc and iron, with a potential protective role against lung damage, are
being re-evaluated. Feedings highly enriched in energy and nutrients should be given
after discharge, i.e., either fortified breastmilk or enriched formula [19]. Very recently, the
European Society of Pediatric Gastroenterology, Hepatology, and Nutrition (ESPGHAN)
Committee of Nutrition (CoN) published an expert consensus on recommendations for the
nutritional management of preterm infants with a birth weight of <1800 g. The authors
emphasize the absence of strong scientific evidence in various topic areas and the need for
additional high-quality research, particularly studies that evaluate long-term outcomes [73].

Until this day, few recent long-term studies have studied the effect of the type of
early nutrition on lung function in children born preterm, but they produced interesting re-
sults [20,74,75]. In this respect, very encouraging findings regarding the impact of intensive
early neonatal nutritional support up to 40-44 weeks postmenstrual age (“aggressive nutri-
tion”) and early use of nasal continuous positive airway pressure (nCPAP) on pulmonary
function of very preterm neonates at school age were recently reported [20]. This study
documented no significant differences in FEV1 and FVC, as well as in the incidence of lower
respiratory tract infections and associated re-hospitalization up to 8 years of age either be-
tween very preterm cases and full-term controls or between the two subgroups of preterm
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infants with and without BPD. It was concluded that “aggressive” nutrition and early use
of early nCPAP and their beneficial effect on early postnatal growth probably contributed
to normal respiratory function in the study population [20]. In a 6-year follow-up study,
very preterm-born infants breastfed at hospital discharge were subsequently randomized
to receive either unfortified or fortified maternal milk, whereas those infants that were
not breastfed received a preterm formula until 4 months of corrected age [74]. Fractional
exhaled nitric oxide, airway resistance and occlusion measurements with reversibility were
performed at 6 years of age. The results of the study indicated that protein-enriched nutri-
tion after discharge may improve lung function in very preterm-born children [74]. In a
cohort study with a similar design, compared to exclusively breastfed, very preterm infants
supplemented with human milk fortifier or fed exclusively a preterm formula for 4 months
did not have an increased risk of developing recurrent wheezing during the 1st year of
life [75]. Furthermore, a study comprising infants with BPD aged less than 36 months,
demonstrated that a longer duration of breast milk intake is associated with a reduced risk
of acute and chronic pulmonary morbidities, such as episodes of cough or chest congestion,
a reduced need for systematic administration of steroids and fewer re-hospitalizations. The
authors highlight the crucial role of prolonged breast milk consumption among preterm
infants with a BPD diagnosis in terms of protection against respiratory morbidities [76].

Further long-term follow-up studies, with larger populations, are essential in order
to elucidate the potential modification of lung function in relation to early nutrition and
growth in extremely and very preterm-born children [77].Moreover, prospective research
is urgently needed to investigate whether better extrauterine growth of extremely/very
preterm infants achieved by application of the new ESPGHAN CoN consensus-based feed-
ing policies [73] will positively influence their respiratory outcome, as relevant retrospective
data have shown [20].

4. Conclusions

Although the respiratory consequences of preterm birth are well-known, they remain
poorly understood. BPD remains the most frequent adverse outcome for infants born <30
weeks of GA and the most common chronic lung disease in infancy. Accumulative evidence
indicates persistent abnormalities of lung function in survivors of extreme prematurity
throughout childhood and into adulthood, irrespective of BPD diagnosis. Long-term follow-
up studies suggest that extremely /very premature birth represents an important precursor
of chronic obstructive pulmonary disease that needs to be identified by pulmonologists
and targeted by researchers. Nutrient intake and nutritional practices seem to have a
major impact not only on short-term respiratory morbidities, but also long-term pulmonary
outcomes. Efforts should remain focused on the prevention of preterm labor, but novel
research should also aim at promoting postnatal alveolarization and lung regeneration.
In this context, further follow-up studies focusing on the effect of early nutrition on
respiratory health and lung function outcomes of extremely/very preterm individuals are
urgently needed.
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Abstract: Introduction: The admission of neonates to Neonatal Intensive Care Units (NICUs) has been
identified as a primary inhibiting factor in the establishment of breastfeeding. The aims of this study
were to (1) estimate the prevalence and duration of breastfeeding in infants/toddlers who had been
admitted to an NICU in Greece and (2) to investigate factors, associated with the NICU stay, which
affected the establishment and maintenance of breastfeeding in infants/toddlers previously admitted
to the NICU. Materials and methods: Data for this cohort study were retrieved from interviews with
mothers of infants/toddlers who had been admitted to our NICU as neonates during the period
of 2017-2019. Interviews were conducted based on a questionnaire regarding the child’s nutrition
from birth to the day of the interview, including previous maternal experience with breastfeeding.
Information related to the prenatal period, gestation age, delivery mode, duration of NICU stay, and
neonatal feeding strategies during their hospital stay were recorded. Results: The response rate to
the telephone interviews was 57%, resulting in 279 mother—infant pairs being included in this study.
The results showed that 78.1% of children received maternal milk during their first days of life. Of
all infants, 58.1% were exclusively breastfed during their first month, with a gradual decrease to
36.9% and 19.4% by the end of the third and sixth months of life, respectively. The prevalence of
breastfed children reached 14.7% and 7.5% at the ages of twelve and eighteen months, respectively.
In the multivariate analysis, prematurity emerged as an independent prognostic factor for the
duration of exclusive and any breastfeeding (aHR 1.64, 95% CI: 1.03-2.62; and 1.69, 95% CI: 1.05-2.72,
respectively; p < 0.05). Additionally, the nationality of the mother, NICU breastfeeding experience,
the administration of maternal milk during neonatal hospital stay, and previous breastfeeding
experience of the mother were independent prognostic factors for the duration of breastfeeding.
Conclusions: Although breastfeeding is a top priority in our NICU, the exclusive-breastfeeding rates
at 6 months were quite low for the hospitalized neonates, not reaching World Health Organization
(WHO) recommendations. Mothers/families of hospitalized neonates should receive integrated

psychological and practical breastfeeding support and guidance.

Keywords: breastfeeding; neonates; preterm neonates; breastfeeding support; lactation; hospital-

ized neonates

Neonatal Intensive Care Unit, “Agios Panteleimon” General Hospital of Nikea, 3 D. Mantouvalou Str., Nikea,

Neonatal Department, Aretaieio Hospital, School of Medicine, National and Kapodistrian University

1. Introduction

For optimal health outcomes, the World Health Organization recommends exclusive
breastfeeding for the first 6 months of life, followed by the appropriate introduction of
complementary foods with continued breastfeeding to two years and beyond [1-3].

Multiple recent publications report the short-term and long-term advantages of ma-
ternal milk for preterm neonates. Maternal milk contains the optimal immunologic, anti-

oxidative, and growth factors for various neonatal systems [4].
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Feeding with human milk (HM) from the neonate’s own mother reduces the risk
for short-term and long-term morbidity and, subsequently, the cost of care of ill preterm
and full-term neonates [5]. Regarding preterm neonates, higher HM doses are correlated
with a lower risk of enteral feeding intolerance, late sepsis, chronic pulmonary disease,
retinopathy of prematurity, neurocognitive impairment, and less hospital re-admissions by
the ages of 18-30 months [6-16].

Almost 10-12% of neonates born in the United States are preterm, and admission
to NICUs is necessary for many of them [17]. Approximately 10% of full-term neonates
require more-advanced-than-usual medical care, and a large proportion of them is also
admitted to NICUs. Hospitalized neonates represent a population with a higher risk
of adverse short-term and long-term outcomes than healthy full-term neonates [18-20].
Admission to NICU has been suggested as a primary inhibiting factor in establishing
breastfeeding, with neonates admitted to NICUs presenting lower rates of breastfeeding
than healthy neonates [21-25]. Probable causes of this phenomenon include the separation
of the mother and the neonate; the stress and anxiety of the mother, which may result in
depressive disorder; and the clinical status of the mother and/or the neonate [26-29]. Until
now, in Greece, the direct impact of postnatal mother-neonate separation in establishing
and maintaining breastfeeding in neonates admitted to NICUs is largely unknown and
needs to be further investigated.

The aims of this study were to (1) assess the prevalence and duration of breastfeeding
in infants/toddlers who had been admitted to a Greek NICU and (2) to assess the probable
effect of certain factors associated with the NICU stay on the rate, establishment, and
duration of breastfeeding in infants/toddlers previously admitted to the NICU.

2. Materials and Methods

Data for this retrospective study were collected from interviews with mothers of
infants/toddlers who were admitted to our NICU as neonates during 2017-2019. This
research study followed the STROBE checklist (Supplementary Table S1).

2.1. Definitions

Exclusive Breastfeeding (EBF): The Infant Only Receives Maternal Milk and No Other
Liquids, with the Exception of Vitamins, Rehydration Solutions, Minerals, and Medicines

The vast majority of neonates hospitalized in NICUs receive parenteral nutrition
during the first days of life. In this study, the breastfeeding status was assessed following
the achievement of full enteral feeding. Maternal milk during NICU stay was fortified in
very-low-birthweight neonates; however, these neonates were included in the exclusively
breastfed group if they had not received any formula milk.

Any Breastfeeding (BF): Breastfeeding, Either Exclusive or Partial Breastfeeding, Sup-
plemented with Formula Milk or Other Foods.

2.2. Breastfeeding Support and Promotion in NICU

The NICU of General Hospital “Agios Panteleimon” is a perinatal center of the 2nd
Health District, which includes West Attica areas and the Aegean Sea islands. A high
percentage of the neonates admitted to our NICU are transferred from remote areas, with
a significant impact on breastfeeding availability and establishment in this population.
Maternal milk is valuable for the care/treatment provided in an NICU; therefore, the
establishment of breastfeeding in hospitalized neonates is a primary target of our NICU.
With all neonatal admissions, as soon as possible following birth, parents are informed
by appropriately educated personnel on the advantages of breastfeeding, on ways to
maintain lactation, and on the storage and transfer conditions of maternal milk. Relevant
information materials with detailed instructions are handed out to the parents upon the
admission of their neonate. When the maternal-neonatal state allows it, skin-to-skin contact
is recommended and encouraged (twice daily for at least thirty minutes). All mothers are
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educated and supported to breastfeed throughout the day, provided this is permitted by
the neonatal state, safely and successfully, under the supervision of experienced personnel.

2.3. Inclusion Criteria

All neonates born during the time period from January 2017 until December 2019 who
were admitted to our NICU were included in this study.

2.4. Exclusion Criteria

Neonates of families residing in refugee camps were excluded from the study due to
difficulties in communication (in the Greek or English language) with the mother/father
and problems with the completion of the questionnaire.

Neonates with congenital anomalies directly affecting enteral feeding, neonates for
whom breastfeeding was absolutely contraindicated, and all the neonates who died in the
NICU were excluded from the study.

2.5. Measurement

A structured questionnaire was created in order to retrieve data with regards to the
nutrition of the child from birth to the interview, as well as maternal breastfeeding ex-
perience previous to this child. The percentage of breastfed infants, the percentage of
exclusively breastfed infants, and the percentage of infants who were still breastfed at
three, six, nine, twelve, and >eighteen months of age were documented. Furthermore, data
regarding demographic characteristics of the mothers, previous breastfeeding experience,
the timing of solid foods introduction, and breastfeeding experience during the NICU stay
of the neonate were recorded (questionnaire data are presented in detail in the Supplemen-
tary Materials). Information on the prenatal period, gestation length, delivery mode, the
duration of hospital stay, and the feeding of the neonates during their hospital stay was
retrieved from medical records.

2.6. Questionnaire Design

The questionnaire was designed to allow us to estimate the basic breastfeeding fre-
quency indexes suggested by the WHO [2].

The questionnaire was pilot-tested in 21 mothers to determine the time needed for
completion, the degree of participant comprehension, and the sequence of questions.
Subsequently, the questionnaire was revised based on pilot testing.

2.7. Interview

Contact details were retrieved through the medical files from the admission of neonates
to the NICU. The study primarily included data from interviews with mothers. In case
the mother did not speak Greek, the father could answer the interview questions in the
presence of the mother. A telephone interview was conducted when the study infants
were older than twelve months (March 2021-May 2021). The interview duration was
approximately six to ten minutes.

The study was conducted according to the guidelines of the Declaration of Helsinki
and was approved by the Institutional Review Board of Nikeaia General Hospital “Agios
Panteleimon” (3/11, 22 January 2020). The interview was conducted following the verbal
consent of the parent. Recruitment data are presented in a flow diagram (Figure 1).
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Neonates admitted to NICU (2017 - 2019)
n=746

237 ineligible neonates

Dicd during hospitalization n=33

Newborns with congenital anomalies with
a direct impact on enteral feeding n=13
Non-Greck/ Lnglish-speaking parents
n=209

489 eligible mother-infant pairs

Participants not included in the study
n=211(
Declined participation=123

Not identificd n=87

Finally included n=279

Figure 1. Flow chart of the study population.

2.8. Statistical Analysis

Before comparing the independent groups, data distribution was examined for the
determination of the most appropriate analysis. Initially, data were visually assessed by
comparing their histograms with the normal probability curve; then, the Kolmogorov-
Smirnov test for normality was performed. Both assessments demonstrated that the
data were not normally distributed. For the descriptive statistics of quantitative variables,
median values and interquartile range were used. Absolute (N) and relative (%) frequencies
were used to describe qualitative variables. The non-parametric Mann-Whitney U test
was applied for the comparison of the quantitative variables (which were non-normally
distributed) between two groups. For the comparison among more than two groups,
the non-parametric Kruskal-Wallis criterion was used. The duration of breastfeeding
was assessed using the Kaplan—Meier survival estimator, with the cessation of exclusive
and any breastfeeding being considered as the final events for the analysis. Infants who
were breastfed at the end of the study period were labeled as censored. The duration of
breastfeeding was defined as the number of months until the cessation of breastfeeding or
from birth until the final date of follow-up. A Cox proportional hazards regression analysis
was applied for the investigation of the simultaneous effect of several risk factors on the
duration of breastfeeding. Covariate effects were considered using hazard ratios (HRs) and
their 95% confidence intervals. A significance level of 0.05 was set (two-tailed significance
levels). The SPSS 22.0 statistical program (IBM SPSS Statistics for Windows, Version 22.0.
Armonk, NY, USA: IBM Corp.) was used for the statistical analyses.
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3. Results
3.1. Descriptive Results

The response rate to the telephone interviews was 57%, resulting in 279 mother—infant
pairs being included in this study. A total of 255 mothers responded, 24 of whom had
given birth to twins. Of all participating neonates, 56.3% were full-term, and 66.3% had
been delivered via cesarean section; in total, 31.5% were inborn, while 68.5% were outborn.
The median birthweight of our sample of infants was 2.700 g (1.960-3.250 g), and the
median gestational age was 37 (34-38) weeks. Of the participating neonates, 25 (9%) were
very-low-birthweight neonates; a total of 43 (15.4%) had a gestational age < 32 weeks, and
79 neonates (28.3%) were late preterm. A total of 21 neonates (7.5%) presented intrauterine
growth restriction (IUGR), and 137 neonates (49.1%) had respiratory distress syndrome;
in total, 67 neonates (24%) suffered from perinatal hypoxia, and 12 (4.3%) neonates were
admitted for surgical purposes. Forty-two (15%) of the admitted neonates presented early-
onset sepsis. Most of the participating mothers were Greek (72.4%), followed by Albanians
(17.9%). The median length of stay in the NICU was 12 (7-23) days. The median time
(months) to the initiation of infant formula or solids was 1 (0-5) and 6 (5-6) respectively.
Permanent residents of Attica accounted for 60.2% of our sample. Nearly half of the
participants (42.7%) had previous breastfeeding experience, and only 4.7% had attended
breastfeeding classes. Of the participating mothers, 144 (51.6%) were primigravidae, while
135 were multigravidae. Among the multigravid mothers, 119 (88.1%) had breastfeeding
experience with a previous child. Detailed demographic characteristics” data are presented
in Table 1.

Table 1. Characteristics of the study population and median duration of any and exclusive breast-
feeding (in months).

Duration of Any Duration of Exclusive
Breastfeeding (Months) Breastfeeding (Months)
Median IQR) p-Value Median IQR) p-Value
GA (weeks) 37 34-38 2 (1-6) 1(0-5)
BW (g) 2700 1.960-3.250
Greek 202 72.4% 2 (0-60 1(0-4)
Albanian 50 17.9% 4.5 (1-12) 2.5 (0-6)
Nationality, Nand % ~ Other Balkan 8 2.9% 4(125-21) 0.001 2 (0-5) 0.008
nationality
Indian 5 1.8% 9 (6-19) 5 (1.5-6)
Arab 7 5% 12 (0-120 6 (0-12)
Attica 168 60.2% 2 (1-6.75) 1(0-50
Perma‘;‘;ﬁ‘iﬁ‘deme' Mainland Greece 70 25.1% 2 (0.75-6) 0.998 1.5 (0-5) 0.422
Islands 41 14.7% 2 (1-7.5) 2 (0-5)
Delivery mode, Vaginal 94 33.7% 3 (0.75-8.25) ol 1.5 (0-5) 0195
N and % Cesarean section 185 66.3% 2 (1-6) ' 1(0-4) '
Yes 88 31.5% 2 (0-6) 1(0-4.75)
Outborn, 0.24 0.214
N and % No 191 68.5% 2 (0-6) 1(0-5)

Maternal milk in No 78 28% 0 (0-2) 0,000 0 (0-0.25) 0,000
NICU, N and % Yes 201 72% 4 (1-8.0) ' 2 (0-6) '
NICU breastfeeding, No 135 48.6% 1(0-3) 0.000 0(0-2) 0.000

N and % Yes 143 51.4% 6 (2.0-12) ' 3 (1-6) '
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Table 1. Cont.

Duration of Any Duration of Exclusive
Breastfeeding (Months) Breastfeeding (Months)
Median IQR) p-Value Median (IQR) p-Value
Breastfeeding classes, No 266 95.3% 2(1-6) 1(05)
> 0.19 0.327
N and % Yes 13 4.7% 3 (1-16.5) 2 (1-5)
No 145 51.6% 2 (0.5-6) 1(0-5)
Older child, N and % 0116 ——————— 0.197
Yes 136 48.4% 3 (1-8) 1(0-5)
Previous breastfeeding No 160 57.3% 2(0-6) 1(0-4)
; 0 0.000 ———(——— 0041
experience, N and % Yes 119 42.7% 4 (1-8) 2 (0-5)
Abbreviations: GA, gestational age; BW, birthweight; IQR, interquartile range; * Bulgarian and Romanian nationalities.
3.2. Prevalence of Breastfeeding
3.2.1. Exclusive Breastfeeding
The prevalence of exclusively breastfed infants was 58.1% for the first month of life
and reduced to 36.9% by the end of the third month. By the end of the sixth month, only
19.4% of the infants were exclusively breastfed, with a gradual drop during the next months
to reach 2.2% by the end of the eight month.
3.2.2. Any Breastfeeding
The breastfeeding rate during the first month of life was quite high, reaching 78.1%
and remaining at 47.7% until the completed third month of life. During the next months,
a gradual decrease in breastfeeding prevalence was observed, reaching 32.6% by the end
of the sixth month. The percentages of breastfed infants at the ages of nine, twelve, and
eighteen months were 17.9%, 14.7%, and 7.5%, respectively.
A shorter duration of exclusive breastfeeding was observed for preterm neonates com-
pared with full-term neonates, and this difference was statistically significant (p-value < 0.05).
The clinical characteristics of the study neonates are presented in Table 2.
Table 2. Clinical characteristics of preterm and full-term study neonates.
Term Neonates (N = 157) Preterm Neonates (N = 122)
. Percentile  Percentile . Percentile  Percentile
Mean Median 25 95 Mean Median 25 95 p-Value
GA 38 38 38 40 33 33 32 36 0.000
BW 3294 3190 2820 4000 1948 1950 1620 2850 0.000
Hospital stay (days) 11 8 6 32 32 21 14 115 0.000
Duration of any
breastfeeding 6 3 1 25 3 2 0 12 0.000
(months)
Duration of exclusive
breastfeeding 3 2 0 6 2 1 0 6 0.002
(months)

Abbreviations: GA, gestational age; BW, birthweight.

The data from the Kaplan-Meier survival analysis of breastfed preterm and full-term
neonates are presented in Table 3.
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Table 3. Data on breastfeeding preterm and full-term neonates.

Means and Medians for Survival Time—Breastfeeding Duration (Months)

Neonates Mean Median p-Value
95% Confidence Interval 95% Confidence Interval
Estimate  Std. Error Lower Upper Estimate  Std. Error Lower Upper
Bound Bound Bound Bound
Full-term o0 0.703 5.497 8.253 3 0.597 1.831 4.169
neonates 0.00
Preterm 3416 0.44 2.553 4279 2 0.22 1.569 2.431
neonates
Overall 5.35 0.45 4.468 6.233 2 0.283 1.446 2.554
Means and Medians for Survival Time—Exclusive-Breastfeeding Duration (Months)
Full-term 2.9 0.232 2.534 3.445 3 0.641 1.743 4257
neonates
Preterm 0.002
1.75 0.203 1.352 2.148 1
neonates
Overall 2.441 0.162 2.124 2.758 1 0.277 0.457 1.543
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The rates of exclusive breastfeeding and any breastfeeding at selected ages are pro-

vided in detail in Figures 2 and 3 for preterm and full-term groups.
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Figure 2. Probability of exclusive breastfeeding depending on duration (months, discrete survival
curves) according to prematurity.
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Figure 3. Probability of any breastfeeding depending on duration (months, discrete survival curves)
according to prematurity.

The statistical analyses (Table 1) indicated that neonates of Greek-origin mothers had
significantly shorter breastfeeding duration than neonates of mothers of other nationalities.
Neonates who had received maternal milk during their NICU stay or had been breastfed
in the NICU and those whose mothers had previous breastfeeding experience or had at-
tended breastfeeding classes had been breastfed for significantly longer than the remaining
neonates. The delivery mode (cesarean section) and transportation of the neonate affected
the duration of breastfeeding, as a shorter duration of exclusive and any breastfeeding was
observed in these neonates, but not at a statistically significant degree (p > 0.05). A multi-
variable analysis was conducted to investigate the impact of various factors on the duration
of exclusive and any breastfeeding. The duration (in months) of exclusive breastfeeding
and the duration of any breastfeeding were the dependent variables, while gestational
age, delivery mode, nationality (categorized as Greek and other), inborn/outborn, perma-
nent residence, prematurity, hospital stay, previous breastfeeding experience, feeding with
maternal milk during hospital stay, breastfeeding experience in the NICU, and maternal
attendance of breastfeeding classes were the independent variables. The multivariable
analysis indicated prematurity as an independent prognostic factor for the duration of
exclusive and any breastfeeding, with preterm neonates presenting a higher hazard ratio
of earlier breastfeeding cessation than full-term neonates (aHR 1.64, 95% CI:1.026-2.62;
and 1.69, 95% Cl:1.054-2.72, respectively; p < 0.05). Furthermore, NICU breastfeeding
experience, maternal-milk administration during hospital stay, and previous breastfeeding
experience were positively and strongly correlated with breastfeeding duration, as a lower
hazard ratio of breastfeeding discontinuation was noted (p < 0.05). The attendance of
breastfeeding classes by the mother was an independent prognostic factor strongly associ-
ated with the duration of breastfeeding (aHR 0.41, 95% CI: 0.218-0.77; p = 0.006) but did
not seem to affect the duration of exclusive breastfeeding (aHR 0.76, 95% CI: 0.424-1.375;
p = 0.37). The multivariable analysis did not reveal any statistically significant effect on the
duration of exclusive or any breastfeeding for the remaining factors under investigation
(Tables 4 and 5).
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Table 4. Prognostic factors associated with duration of exclusive breastfeeding (Cox proportional
hazards regression analysis, N = 279).

Variable in the Equation Duration of Exclusive Breastfeeding
B SE p-Value aHR 95.0% CI
Lower Upper
Preterm 0.494 0.239 0.04 1.64 1.026 2.62
Hospital stay (days) 0.003 0.003 0.32 1.00 0.997 1.01
Previous breastfeeding experience —0.192 0.08 0.02 0.83 0.705 0.97
Maternal milk in NICU —0.485 0.191 0.01 0.62 0.424 0.90
Breastfeeding in NICU —0.429 0.171 0.01 0.65 0.466 0.91
Breastfeeding classes —-0.27 0.3 0.37 0.76 0.424 1.375
Gravida (<I) 0.253 0.225 0.26 1.29 0.829 2.001
GA (weeks) 0.064 0.047 0.18 1.07 0.972 1.169
BW (g) 0.00 0.00 1.00 1.00 1 1
Nationality (non-Greek) —0.343 0.161 0.03 0.71 0.518 0.973
Permanent residence (Attica) —0.069 0.09 0.44 0.93 0.782 1.112
Delivery mode (caesarian section) 0.098 0.141 0.49 1.10 0.837 1.453
Abbreviations: B, beta coefficient; CI, confidence interval; SE, standard error; aHR, adjusted hazard ratio; GA, ges-
tational age; BW, birthweight.
Table 5. Prognostic factors associated with duration of any breastfeeding (Cox proportional hazards
regression analysis, N = 279).
Variable Breastfeeding Duration
B SE p-Value aHR 95.0% CI
Lower Upper
Preterm 0.527 0.242 0.03 1.694 1.054 2.722
Hospital stay (days) 0.003 0.003 0.425 1.003 0.996 1.009
Previous breastfeeding experience —0.228 0.088 0.009 0.796 0.67 0.945
Maternal milk in NICU —0.753 0.198 0.000 0.471 0.319 0.694
Breastfeeding in NICU —0.58 0.173 0.001 0.56 0.399 0.785
Breastfeeding classes —0.893 0.322 0.006 0.41 0.218 0.77
Gravida (<I) 0.088 0.244 0.718 1.092 0.677 1.763
GA (weeks) 0.042 0.048 0.385 1.042 0.949 1.145
BW (gr) 0.00 0.00 0.495 1 1 1
Nationality (non-Greek) —0.457 0.16 0.004 0.633 0.463 0.866
Permanent residence (Attica) —0.028 0.092 0.763 0.973 0.813 1.164
Delivery mode (cesarean section) 0.28 0.145 0.053 1.324 0.997 1.757

Abbreviations: B, beta coefficient; CI, confidence interval; SE, standard error; aHR, adjusted hazard ratio; GA, ges-
tational age; BW, birthweight.

4. Discussion

Breastfeeding practices in Greece have not been thoroughly investigated. This study
assesses breastfeeding status in a Greek NICU, contributing to the recognition of factors
that affect the prevalence, establishment, and maintenance of breastfeeding in neonates
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admitted to the NICU. The percentage of exclusive breastfeeding at the first and sixth
months of age in our study was lower than that recommended by the WHO [2] and
CDC [30]. This was consistent with findings of previous studies [22,31,32]. The exclusive-
breastfeeding rates in our study infants were similar to the respective rates of the general
Greek population [31,32]. Maternal nationality, breastfeeding during NICU stay, maternal-
milk administration during NICU stay, and maternal experience of breastfeeding older
children were significantly positively correlated with the duration of breastfeeding. Prema-
turity, on the other hand, was inversely correlated with breastfeeding duration, which is
consistent with data from other countries [5,33].

In our cohort, the prevalence of exclusively breastfed infants during the first month of
life was 58.1%. Dritsakou et al. [34] recruited 161 healthy pregnant women who attended
prenatal breastfeeding classes and assessed the effect of maternal diet, personal traits, and
the intention to breastfeed on the breastfeeding duration of neonates admitted to a Greek
NICU. The authors reported that 81% of the study neonates were exclusively breastfed
at discharge.

There is published evidence that preterm neonates tend to breastfeed less and for
a shorter period of time than full-term neonates [35,36], and our findings are also in ac-
cordance with this. Consistently with previous studies [33,37], prematurity emerged as
an adverse factor for exclusive and any breastfeeding in our study neonates. Preterm
neonates are generally transferred to the NICU immediately after birth and are separated
from their mothers, which results in the late initiation of breastfeeding [38]. The lower the
gestational age is, the longer the neonate’s hospital stay is. Most preterm neonates below
34 weeks need to be fed via nasogastric tube due to sucking-swallowing incoordination.
Neonates with respiratory distress, face anomalies, and central neural system disorders
also require tube feeding, and the pumping of breast milk is necessary in these cases. The
advantages of feeding preterm neonates with maternal milk, and especially colostrum, are
paramount. However, and despite the significant efforts by the mothers and healthcare
providers in NICUs, only around 30% of mothers giving birth to extremely low birthweight
neonates manage to exclusively support the newborn with their milk during the first days
of life [39,40]. The inability to ensure the required amount of milk to exclusively support
the neonate is a primary aggravating factor for the psychology of the mother and may
lead to the cessation of breastfeeding [41]. Medical personnel should focus on preterm
and ill neonates, educating mothers to monitor daily lactation by completing a lactation
diary, and intervene if needed for the optimization and promotion of breastfeeding in these
neonates. The transfer of maternal milk by mothers and their families in order to feed
the neonates during their NICU stay was associated with higher prevalence and duration
of exclusive breastfeeding. Formula-feeding preterm neonates in the NICU was shown
to affect the duration of exclusive breastfeeding following discharge [33]. In a national
study in Denmark, it was observed that when mothers were allowed to visit and feed
their preterm neonates in the NICU with a feeding cup or spoon, the hospital stay of these
neonates was decreased. Moreover, mothers of neonates who had breastfed during their
hospital stay continued breastfeeding for longer after discharge [42,43]. According to our
findings, maternal-milk administration during hospital stay and breastfeeding experience
in the NICU were prognostic independent variables for the duration of exclusive and any
breastfeeding. Studies in multicultural societies demonstrated that refugees of any national
group tended to maintain breastfeeding for longer than native mothers, even after the ad-
justment for socio-economic and demographic factors [44,45]. In our study population, the
mother’s nationality was found to be an independent confounding factor for the duration
of breastfeeding, with Greek mothers ceasing breastfeeding earlier than mothers of any
other nationality. Previous breastfeeding experience was positively correlated with the
duration of breastfeeding. In a large study in the Netherlands [46], a similar correlation
was noted, although shortly after birth, firstborn children were more likely to be breastfed.
This finding may be attributed to the fact that the reasons that led to the breastfeeding
of the older child still existed for the younger newborn. In addition, the mother is more
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confident, has already practiced breastfeeding, and may be more knowledgeable regarding
its advantages. It is well established that breastfeeding classes/seminars bear multiple
benefits for both the mother and the neonate, as they offer, before labor, important informa-
tion on the process and advantages of breastfeeding, leading to its successful initiation and
establishment [47,48]. Despite the low rate in our sample, the attendance of breastfeeding
classes seemed to have a positive effect on the duration of breastfeeding.

Multiple studies have investigated risk factors for breastfeeding practices. A Lancet
series in 2016 reported a wide range of historical, socioeconomical, cultural, and personal
prognostic factors for breastfeeding practices [49]. There is evidence that cesarean section
has a negative impact on the initiation and duration of breastfeeding, especially if it has
been performed under general or spinal anesthesia [50,51]. This finding was attributed
to the lower maternal prolactin levels, the post-operative pain and, particularly, to the
delayed contact of the mother with the neonate. The labor mode was not associated with
the duration of breastfeeding in our study. That could have been due to the fact that both
preterm and full-term neonates who had been admitted to the NICU had failed to achieve
the early skin-to-skin contact with their mothers and that the initiation of breastfeeding
was delayed compared with healthy neonates.

Recent studies focused on the association of inhibiting neighborhood factors on the
duration of breastfeeding. It was reported that the dependence on public transportation
and long distance commuting to the NICU negatively affected the frequency of maternal
visits and the pumping and transport of maternal milk [52,53]. A large proportion of our
NICU hospitalized neonates are transferred from distant areas of the country; however,
neonatal transfer and permanent residence did not seem to impact the establishment of
breastfeeding in our study. This could be explained by the practices of supporting and
promoting neonatal feeding with maternal milk that are applied in our NICU.

Maternal milk is the ideal nutrition for neonates and infants, protecting against in-
fections and facilitating long-term health. Furthermore, it is a crucial element of public
health, especially for preterm neonates (gestational age < 37 weeks) [54]. Breastfeeding
bears immunological, nutritional, and neurodevelopmental benefits for preterm neonates.
It is protective against necrotizing enterocolitis, bronchopulmonary dysplasia, and late
sepsis [55-58]. Maternal-milk effects are dose-dependent. The quantity of maternal milk
consumed by a neonate is inversely correlated with risk of death and necrotizing entero-
colitis during the first 2 weeks of life [10]. Studies showed that high HM doses during the
first 14-28 days of life are associated with a lower risk of various adverse outcomes in the
NICU [7,10-12]. A research line indicated that it is the presence of bovine products (and
not just the absence of feeding with HM) that negatively impacts intestinal permeability
and colonization, rendering the association between HM and neonatal morbidity more
complicated [6,16,59,60]. However, accumulating evidence suggests that bioactive HM
components provide specific protection against morbidity through various mechanisms
during different hospitalization periods in the NICU. Moreover, breastfeeding plays an
important role on cognitive development, leading to a productive adulthood. Maternal
milk includes long-chain polyunsaturated fatty acids, which promote brain growth. Re-
search demonstrated that early visual acuity and cognitive functions are better developed
in breastfed children [59,61,62]. Breastfeeding also appears to have a positive impact on
infants” emotional well-being. It helps establish mother—infant bonding, due to skin-to-skin
contact, which allows the infant to smell, touch, and feel their mother. Breastfeeding is
pivotal for both the mother and the infant, as their developing bond is critical for the
individual and reflects on the whole family. It has been shown that breastfed infants have
closer and more intimate relationships with other family members. All in all, breastfeeding
contributes to the smooth emotional and social development of the infant [28,60]. NICU
admission of the neonate results in physical and psychologic separation from the mother,
a key factor responsible for the failure of breastfeeding [63]. Rooming-in is extremely
fortifying for breastfeeding because it contributes to the development of a communica-
tion code, providing peace, protection, and safety to the neonate. Breastfeeding plays an
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important role in the prognosis of preterm and ill neonates. In addition to the optimal
nutrition that covers their substantial needs for growth and development, breastfeeding
is also therapeutic for preterm neonates [64]. Data on the benefits of HM use in NICUs
are intriguing, yet the incorporation of this evidence in practices, policies, procedures,
and parental educational materials is limited. HM feeding is still under-prioritized over
other therapeutic interventions implemented in the NICUs. Scarce information and lacta-
tion induction practices for the optimization of breastfeeding are available to healthcare
professionals in NICUs and to the families of the neonates [5].

This study had a few limitations. The study design did not contain extensive data
on the feeding status of the infant and/or the timing of breastfeeding initiation during
their NICU stay. In addition, other important factors possibly affecting the duration of
breastfeeding following the discharge of the neonate, including maternal age, educational
level, and socio-economic status, were not recorded. Feedback on the duration of breast-
feeding was provided by parents, making information bias possible; for example, mothers
could have responded based on social expectations rather than their actual experience. The
questionnaire was not validated in an extended Greek breastfeeding population. Sample
size was only 279 mother—infant pairs. The breastfeeding practices of participants in this
study may not be representative of regional or national practices. Probable systematic
bias deriving from these limitations should be taken into account. Further large-scale,
well-designed studies are necessary before the generalization of these study results.

5. Conclusions

Although breastfeeding support is a top priority in our NICU, the breastfeeding rates
at six months for previously hospitalized infants were quite low compared with the stan-
dards set by the WHO. NICUs should promote breastfeeding, providing mothers/families
with psychological support and comprehensive guidance on breastfeeding practices. The
NICU environment is appropriate for educational interventions, as mothers are in close
contact with healthcare professionals and have frequent access to lactation consultants
and other breastfeeding resources. To better leverage this opportunity for the promotion
of breastfeeding, healthcare professionals should identify mothers at a high risk of early
breastfeeding cessation. Subsequently, educational and supportive interventions would
need to be adjusted to overcome the obstacles impeding this subpopulation from breast-
feeding. Evidence-based quality indicators are required for the comparative assessment of
HM administration. The establishment of procedures that protect breastfeeding and the
incorporation of lactation technologies that facilitate milk transportation are essential. An
NICU is more than a treatment center for neonates; it is a living environment for newborns
and their parents, with a focus on family-centered care.
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Abstract: Whilst several studies have explored adolescent metabolic and cognitive function after
preterm birth, few have explored muscle function and physical activity. We set out to examine the
relationship between gestational age and muscle metabolism in a cohort of adolescents who were born
preterm. Participants were recruited from the Newcastle preterm birth growth study cohort. They
did not have severe neurological disease and were not on daily medication. Participants underwent
an assessment of oxidative muscle function using phosphorus magnetic resonance spectroscopy
that included the half-time for recovery of equilibrium of phosphocreatine, T,,PCr. In addition,
we measured key variables that might affect muscle function including physical activity levels
determined by 3-day accelerometry, body composition using air displacement plethysmography,
insulin sensitivity using the homeostatic model assessment/Matsuda index and serum vitamin D
concentrations. 60 adolescents (35F) median age 15.6 years (range 12.1-18.8) with a median gestation
of 31 weeks (range 24 to 34 weeks) underwent a single assessment. Males were more active and
spent less time in sedentary mode. Time spent in light activity was associated with insulin sensitivity
(IS) (Matsuda Index; p < 0.05) but there were no strong correlations between activity levels and
gestational age. Greater fat mass, waist circumference and body mass index were all associated with
lower IS. Gestational age was negatively associated with adjusted measures of oxidative muscle
function (11/,PCr). In a stepwise multivariate linear regression model, gestational age at birth was the
most significant predictor of oxidative muscle function (p = 0.005). Higher serum vitamin D levels
were also associated with faster phosphocreatine recovery time (p = 0.045). Oxidative function in
the skeletal muscle of adolescents born preterm is associated with gestational age and vitamin D
concentrations. Our study suggests that being born preterm may have a long-term impact on muscle
metabolism.

Keywords: preterm; muscle; vitamin D

1. Introduction

Preterm birth is associated with an increased risk of adverse outcomes in later life [1]
with higher rates of obesity, type 2 diabetes (T2DM), cardiovascular disease, and other
features of the metabolic syndrome [2]. The mechanisms are likely to be complex and may
include epigenetic effects as well as effects on organogenesis with altered tissue develop-
ment [1]. Prematurity may also impact on skeletal muscle development and function, which
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is important because skeletal muscle oxidative function is a key component of metabolic
health [3]. Preterm delivery results in less time spent in the muscle-conditioning intra-
uterine environment and can also be associated with lower rates of physical exercise in later
life [4]. Insulin resistance in adults with T2DM is more common following preterm birth
and limits the availability of glucose to the mitochondria with studies using phosphorus
magnetic resonance spectroscopy (*!P-MRS) showing this can compromise skeletal muscle
function [5]. Gentle regular exercise does not appear to improve substrate delivery in adults
with T2DM but enhances insulin sensitivity by increasing lipolysis in skeletal muscle [6].
Changes in organogenesis, conditioning and subsequent use of skeletal muscle following
preterm birth may therefore be important determinants of metabolic health outcomes. This
is important because targeted exercise can reduce obesity in teenagers including those born
preterm and offers potential strategies for reversing or ameliorating the adverse effects of
preterm birth.

3IP-MRS is a non-invasive technique for assessment of organ structure and metabo-
lite concentrations. The concentration of phosphorus nuclei (*!P) in chemically distinct
compounds within muscle, including high energy metabolites such as PCr and ATP, can
be quantified using a clinical MRI scanner with modified hardware. The use of a graded
exercise apparatus to perform plantar flexion exercises can be used to deplete PCr stores
while ATP homeostasis is preserved. Cessation of exercise permits oxidative phosphory-
lation of ATP and recovery of PCr concentrations. The rate of recovery to baseline PCr
concentrations within muscle (denoted as T, ,PCr) is used as a measure of mitochondrial
oxidative function.

Vitamin D is as steroid hormone partly acquired through dietary sources but mainly
generated by UV light passing through the skin and converting 7-dehydrocholesterol to
vitamin D3. This then undergoes hydroxylation in the liver and then kidney to produce
1,25 dihydroxyvitamin D3. Effects of vitamin D are mediated throughout the body by
vitamin D receptors in both bone and non-skeletal tissues such as muscle. Vitamin D
deficiency in adults has been shown to have an impact on mitochondrial oxidative function
when measured using the 3'P-MRS technique [7]. As vitamin D is primarily transferred to
the fetus in the third trimester, premature infants are at high risk of vitamin D insufficiency
and deficiency. Studies from the UK and Ireland have shown that at least two thirds of
premature infants are likely to have vitamin D deficiency at birth [8,9] In addition, current
neonatal nutritional strategies for early preterm infants may be insufficient to achieve
recommended vitamin D intake and target serum 25(OH)D concentrations [8].

Serum vitamin D levels correlate with insulin sensitivity and vitamin D supplementa-
tion improves peripheral muscle insulin sensitivity, therefore it is important to consider
vitamin D levels when investigating the association between preterm birth, insulin sensitiv-
ity and muscle function.

Few studies have explored the impact of preterm delivery on muscle metabolism and
function in later life. We aimed to examine the association between gestational age and
muscle function and metabolism using 3! P-MRS in late adolescence after adjustment for
likely confounders including insulin sensitivity, fat mass, vitamin D status and physical
activity levels.

2. Materials and Methods
2.1. Participants and Visit Schedule

This study was conducted in adolescents who were recruited from the Newcastle
preterm birth growth study (PTBGS) cohort [10]. Participants were preterm infants (ges-
tation range 24-34 weeks and mean birthweight ~1.2 kg) originally enrolled into one of
two randomised neonatal nutrition trials [11,12]. Participants were excluded from the
original studies if they had major neonatal morbidities such as severe neurological disease,
chronic lung disease at discharge or were on regular daily medication. Of the 247 children in
the PTBGS cohort, details were obtained for 235 using health care records, following confir-
mation from the general practitioner that children were alive and otherwise well. Families
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were contacted by letter, with one further follow up letter sent if no reply was received. The
parents of 62 adolescents/adolescents themselves responded, of whom 60 attended for a
half-day study visit at the Newcastle Magnetic Resonance Centre, Newcastle University
Campus for Ageing and Vitality, UK. Study visits were conducted following an overnight
(minimum 8-h) fast. Participants had the option of declining any of the study components.
The protocol for the study has previously been published [10].

2.2. Anthropometry including Body Composition Determination

Participants underwent standard anthropometry (height, weight, waist circumference)
by an appropriately trained clinician/researcher (RT). Each measurement was taken three
times and averaged. Body mass index (BMI) was calculated (weight in kg divided by height
in metres squared). Total body fat mass (FM) was measured by Air-Displacement Plethys-
mography (BOD POD™ system, COSMED, Concord California, USA) [13]. Tight-fitting
swimsuits and a swim-cap were worn in the BODPOD to minimise clothing/hair volume
interference with the measurement. Thoracic gas volume was not directly measured; in-
stead a standardised, software-generated estimate was used to minimise the length of time
in the BODPOD [14]. Standard deviation z-scores were calculated for birthweight, height,
weight and BMI using reference data [15,16]. Self-assessed pubertal (Tanner) stage was
recorded [17].

2.3. Biochemistry including Assessments of Insulin Sensitivity and Vitamin D Status

Oral glucose tolerance testing [18] was carried out and both Homeostatic model
assessment (HOMA) modelling [19] and Matsuda Indexing [20] were used to assess IS
based on Tomin and T1ppmin serum values. HOMA is a marker of hepatic IS and requires
only a baseline glucose and insulin concentration. The Matsuda index is a measure of
both hepatic and peripheral IS and is calculated following a glucose load. Vitamin D
concentrations were measured because of the potential association with fat mass and
oxidative muscle function [21,22]. Serum was stored frozen prior to assay for 25-OH
Vitamin D quantitation using an ABSciex 5500 tandem mass spectrometer (Warrington,
UK) and the Chromsystems (Munich, Germany) 250HD kit for LC-MS/MS (intra- and
inter-assay CV 3.7% and 4.8%, respectively) at Manchester University. Triglycerides were
measured using a colorimetric method (Roche Diagnostics GmbH, Mannheim, Germany)
with inter assay CV’s of 0.9-2.0%.

2.4. Assessment of Physical Activity Levels

Study participants wore a lightweight, uniaxial accelerometer (ActiGraph™ Pensacola,
Florida, USA) over 3 days following a study visit, which was pre-programmed to begin and
stop recording activity prior to being issued to participants. They measured acceleration
of different intensities in one (vertical) plane during sequential, pre-defined, short epochs
(10 s). During wearing, any displacement of the hip (i.e., pelvis tilt or changing body posi-
tion) during activity causes vertical displacement of the accelerometer which is recorded as
counts per minute (cpm) [23]. Analysis of the activity data were performed using the Actil-
ife program (version 5, MTI, Pensacola, Florida, USA) under the supervision of Dr Laura
Basterfield (Human Nutrition Research Centre, Newcastle University). Using pre-defined,
calorimetrically referenced cut-offs, the data recorded over three consecutive days was
classified into sedentary (<100 cpm), light (101-2295 cpm), moderate (2296-4011 cpm) or
vigorous (>4012 cpm) physical activity (MVPA) [24].

2.5. Magnetic Resonance Spectroscopy

A 3-Tesla Achieva MRI scanner (Philips) was used with a 14 cm 3!P surface coil placed
over the calf muscles (Figure 1B) to acquire phosphorus spectra [25]. 3!P spectra were
recorded over 3 min to assess resting mitochondrial function, then participants performed
plantar flexion against resistance (at 35% MVC loading, see Supplementary Materials) at
0.5 Hz for 3 min. Participants then rested and MR phosphorous spectra were recorded
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every 10 s. 3'P spectra were analysed using the AMARES algorithm in jMRUI and prior
knowledge [26]. From this, quantification of PCr, inorganic phosphate (Pi) and pH was
obtained (Figure 1A). A single exponential fit was used to estimate half-time to recovery
within the muscle (Figure 1D), represented by recovery of equilibrium of PCr (t,,PCr) and
ADP (1,/,ADP).

A

Chemical shift

ATP —> ADP + P, + Energy

PCr + ADP <—> ATP + Cr

C D

Chemical shift

0 100 200 300 400 500 600
Time (s)

Figure 1. (A) The phosphorus spectrum of the human gastrocnemius/soleus muscle at rest, showing
the resonances due to inorganic phosphate (Pi), phosphodiesters (PDE), phosphocreatine (PCr) and
the a and vy phosphorus nuclei of ATP. The area under each peak indicates the concentration of
that substance. (B) The apparatus used for the plantar flexion exercise showing the pedal, and the
radiofrequency coil used to acquire signals from phosphorus-containing high energy compounds
from the back of the leg during exercise and recovery. The pedal is attached to a weight within the
scanner bore to provide a fixed resistance of 35% of the maximum voluntary contraction of the subject.
(C) A dynamic series of phosphorus spectra acquired after the plantar flexion exercise has ceased,
showing the changes in the inorganic phosphate peak and the phosphocreatine peak, which recovers
to equilibrium. (D) Extracting the area under the curve of the phosphocreatine peak for each time
point as concentration, showing the initial concentration at rest, depletion during the exercise and
recovery by oxidative phosphorylation after exercise has ceased. The T,,,PCr is calculated by fitting a
monoexponential curve to the recovery. In this case, the 1, ,PCr was 33.2 s.

2.6. Statistics

The precise sample sized was linked to the number of respondents but according to
effect size data from the cohort at earlier assessments where fat mass index was related to
insulin sensitivity (R? = 0.12), 60 patients were sufficient to detect a within-cohort difference
with 80% power at the 5% significance level. However, the analyses in this paper included
more powerful linear regression methods, using mainly continuous data suggesting that
the numbers involved in this study were adequate. Stata™ (v11/13 StataCorp, College
Station, TX, USA) was used for all statistical analyses. Spearman correlation analysis was
used to examine potential associations between paired variables. Mann-Whitney U or
‘t’ tests indicated that the follow-up sample was broadly representative of the original
cohort for key variables including gestational age, birthweight and birth weight SDS.
No active selection process was used when contacting families (i.e., no discriminators
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based on previous cohort results) with all respondents included in the study. We are
not, therefore, aware of any recruitment bias. Multiple linear regression modelling was
used to examine interactions between variables using 1,PCr as the dependent variable.
Key variables that could impact on muscle function were considered when comparing
gestational age to muscle metabolism. Sex, birthweight, activity level, FMI, IS and vitamin
D concentration were all analysed separately in univariate models, then a manual forwards
stepwise approach used to inform the final variables for inclusion into the multivariable
regression model. Non-significant terms were removed until the minimum number of
significant variables remained. Age at follow-up was not included as it was felt that
including both pubertal stage and age in a model may lead to collinearity (Rho = 0.62,
p <0.001). Indices of insulin sensitivity were logarithmically transformed as residuals
deviated from homogeneity. Statistical significance was set at 5%.

3. Results
3.1. Baseline Characteristics and Recruitment Flowchart

60 adolescents (15.6 years old, range 12.1-18.8) attended a study visit, although not
all agreed to each component (Table 1). Participants were representative of the original
Newecastle PTBGS cohort and there was no difference between those consenting to each
component and the overall cohort in terms of age at study, gender, gestation at birth,
birthweight or body fat content recorded at previous visit.

Table 1. Subject characteristics at birth and time of follow-up and auxology, body composition and
biochemistry at study visit. BMI: body mass index, SD: standard deviation.

Variable Mean (SD) or Median (Range)
Sex (Male: Female) 25 (42%): 35 (58%)
Birth weight (kg), n = 60 1.37 (0.25)
Birthweight z-score, n = 60 —0.72 (—3.81, 1.37)
Gestation at birth (weeks), n = 60 31.0 (1.9)
Age (years), n = 60 15.6 (12.1-18.8)
Weight z-score, n = 60 0.02 (1.21)
Height z-score, n = 60 —0.19 (0.90)
BMI z-score, n = 60 0.16 (1.21)
Pubertal status by Tanner staging (1-5), n = 60 Stage 1—8%

Stage 2—3%
Stage 3—27%

Stage 4—40%

Stage 5—22%
25(0OH)D (nmol/L), n = 46 59.3 (21.9-102.6)
Systolic blood pressure (mm Hg), n = 60 116.1 (13.0)
Diastolic blood pressure (mm Hg), n = 60 73.1 (7.24)
Mean blood pressure (mm Hg), n = 60 83.5 (7.5)
Cholesterol (mmol/L), n =46 4.1 (3.2-6.5)
Triglyceride (mmol/L), n = 46 0.7 (0.4-2.6)
Total body fat mass from BodPod (kg/ m?), n =58 3.4 (0.4-15.1)
Total body fat-free mass from BodPod (kg/m?), n = 58 15.9 (13.2-20.1)
Waist circumference (cm), n = 60 71.7 (57.0-108.7)

3.2. Anthropometry

The height and weight of participants is shown in Table 1. Most (89%) were in mid
to late puberty (Tanner stage 3-5) at time of assessment. Body composition data were
consistent with UK age and sex-matched reference data. Median FMI for males was
1.93 (9th—25th centile) and LMI 16.55 (50th centile) and females FMI 5.45 (25th-50th centile)
and LMI 15.70 (50th—75th centile). Markers of adiposity were also analysed with respect to
the measured muscle kinetics and no significant correlation identified.
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3.3. Insulin Sensitivity
Measures of IS using HOMA and Matsuda index are shown in Table 2.

Table 2. Exercise and muscle function parameters assessed by accelerometery, oral glucose
tolerance test and magnetic resonance spectroscopy. HOMA: Homeostatic model assessment,
PCr: phosphocreatine.

. Mean (SD) or Median p-Value for Male v
Variable (IOR) Male Female Female
Moderate to vigorous physical activity 450 (22.8) 521 (21.5) 39.7 (22.7) 0.06
(mins/day) n = 44 ’ ’ ’ ’ ’ ’ ’
Sedentary activity (mins/day), n = 44 500.0 (84.2) 483.1 (93.2) 512.9 (76.0) 0.02
Light activity (mins/day), n = 44 143.3 (47.5) 154.7 (44.9) 134.7 (48.5) 0.02
Insulin sensitivity assessed by

Matsuda index. 1 < 50 49 (3.0-7.1) 5.6 (3.5-8.7) 4.0 (2.9-5.2) 0.13

Insulin se“S‘“(‘Q/”)y flszse:ged by HOMA 79.7 (65.9-114.1) 98.1 (66.9-118.4)  78.3 (62.6-111.0) 0.32
PCr recovery time, T1,,PCr (s), n = 50 33.8(7.3) 31.5(7.9) 34.2 (8.8) 0.28

Body composition and greater fat mass, waist circumference, and higher BMI z-score
were all associated with lower IS, but there was no correlation between gestational age or
birthweight z-score and IS (Table 3). Spearman correlation analysis of recorded minimum
pH during standardised exercise showed no correlation between minimum pH and IS
measured by Matsuda (Rho:0.07, p = 0.75). Serum triglyceride levels were also analysed
with respect to measured muscle kinetics and no significant correlation identified.

Table 3. Spearman’s correlation analysis for. (A) measures of physical activity, assessed by accelerom-
etry. (B) insulin sensitivity (* p < 0.05, ** p < 0.01). BMI: body mass index, FMI: fat mass index, MVPA:
moderate-vigorous physical activity.

(A)
. . Sedentary Activity Light Activity
Variable MVPA (Mean Mins) (Mean Mins) (Mean Mins)
Gestational age —0.26 0.02 0.04
FMI (Bodpod) —0.18 0.03 —0.21
Current BMI z-score 0.00 0.11 —0.14
Waist circumference (cm) —-0.15 0.12 —0.25
Matsuda Index 0.03 0.05 0.32*
(B)
Variable Matsuda Index HOMA %S
Gestational age —0.05 —0.06
Birthweight z-score —0.03 —0.16
FMI (Bodpod) —0.41 ** —0.39 **
Waist circumference (cm) —0.30 % —0.34 %
BMI z-score —0.41** —0.39 **

3.4. Accelerometery

Valid accelerometery results (>6 h/day wear-time) were obtained in 44 /60 participants.
Mean daily time spent in MVPA in the overall cohort was 45 min, 25% less than the
nationally recommended 60 min per day [27,28]. Average step count was also less than
the recommended 10,000 daily steps [29]. Males were more active than females (Table 2)
with a significantly higher proportion of their time spent in light activity (p = 0.02) and
a lower proportion in sedentary mode (p = 0.02), but there was no significant difference
in the time spent in MVPA. There were no strong correlations between activity levels
and gestational age or markers of adiposity. Time spent in light activity was significantly
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associated with the Matsuda Index of IS (Table 3). There was no correlation between
accelerometer-measured activity levels and muscle metabolism, and no measurable effect
of sex (Table 4).

Table 4. Univariable regression analysis for adjusted PCr recovery (./,PCr), showing the unadjusted
values for the variables that were considered for inclusion in the multivariable model. FMI: fat mass
index, * indicate variables that were included in final model, + indicates log transformation.

Independent Variable Co-eff 95% CI p-Value
Gestational age at birth (days) —0.21 —0.39, —0.03 0.03 *
Serum Vitamin D + —0.11 —0.21, —0.01 0.03 *
Fat mass index (measured by BodPod) —1.07 —4.36,2.21 0.52
Mean step-count/day 1.70 —3.86,7.26 0.54
Matsuda index of insulin sensitivity+ 3.01 —-1.32,7.35 0.17
Birthweight z-score 115 —1.46,3.75 0.38
Female sex 2.61 —2.23,7.45 0.28

3.5. Vitamin D (25-OHD) Concentrations

The median serum Vitamin D concentration was 59.3 nmol/L (range 21.9-102.6 nmol/L;
Table 1) and was deficient/insufficient in 12/46 (26%) participants. Levels were signifi-
cantly higher in visits occurring between March-September compared to October-February
(p = 0.001). Spearman correlation analysis showed a negative association between vitamin
D levels and BMI (Rho: —0.31, p = 0.046) but not fat mass (Rho: —0.27, p = 0.07) or waist
circumference (Rho: —0.28, p = 0.06). Vitamin D was positively associated with enhanced
IS when measured by Matsuda index (Rho: 0.41, p = 0.005) and HOMA (Rho: 0.34, p = 0.02).
The greater the vitamin D level, the shorter the half-time to recovery of equilibrium of PCr
(co-eff-0.11, p = 0.03).

3.6. Magnetic Resonance Spectroscopy

Magnetic resonance spectroscopy was performed in 50 participants. Spearman rank
correlation analysis and univariate linear regression modelling were used to determine
independent factors associated with oxidative muscle function (measured by T, ,PCr).
Gestational age was negatively associated with T,,PCr, i.e., the greater the gestational
age at birth, the shorter the half-time to recovery (Table 4). Birthweight z-score was not
associated with MRS kinetics.

3.7. Stepwise Linear Regression with T, ,PCr as the Outcome Variable

Multivariable linear regression modelling was undertaken, with 7, ,PCr as the out-
come variable. Because IS and activity levels were associated with vitamin D levels,
these parameters were tested for inclusion in the initial model. As anticipated, IS was
related to puberty stage: Matsuda Index was significantly higher in those who were
pre-pubertal (Tanner stage 1) compared to those who were Tanner stage 2-5; 8.83 v 5.16
(coefficient 1.21 (0.14, 2.25), p = 0.03). Pubertal staging was therefore considered in the step-
wise model. Variables tested for inclusion within the final model are in Table 4. In the
final regression model (data from 36 participants with MRS data and vitamin D levels
recorded) gestational age at birth remained the most significant predictive factor of oxida-
tive muscle function; those born more premature had longer phosphocreatine recovery
times (co-efficient —0.26, p = 0.005). Higher vitamin D levels were also associated with
faster recovery times (co-efficient—5.86, p = 0.045, p-value for overall model = 0.004, ad-
justed R? = 0.24. Testing for heteroskedasticity showed that the final terms (vitamin D and
gestational age) were independent. Inclusion of Tanner Staging was not significant by
likelihood ratio testing of this model with/without Tanner Staging included.
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4. Discussion

We have shown that gestational age at birth is predictive of skeletal muscle oxidative
function in later life as measured by T,,PCr. This demonstrates the life-long adverse
metabolic consequences of preterm birth. We detected the anticipated associations between
puberty stage, BMI, fat mass and activity levels with IS but, unlike gestational age, none
of these variables predicted skeletal muscle oxidative function. We found that lower
vitamin D concentrations were associated with worse skeletal muscle oxidative function as
has been described previously [20].

There are few similar studies. Work by Bertocci showed that infants who were born
preterm have a smaller PCr signal than their term born counterparts, using a similar
MRS technique to that used here [30]. They speculated that preterm infants may have
limited phosphate reserves such that when challenged by even a small increase in activity
they deplete their reserves very quickly and take a long time to recover. However, this
mechanism would not explain persistence of this effect in later life. Using other methods to
measure oxidative capacity (aerobic fitness score), Rogers and colleagues demonstrated
that at age 17, adolescents born preterm have reduced oxidative capacity and are more
likely to become fatigued [31].

We believe that the association that we have identified is biologically plausible be-
cause post-mortem specimens from the skeletal muscle of infants born preterm show a
predominance of type 2 (low-oxidative) muscle fibres which have a relatively low density
of mitochondria [32-34]. In these studies, which looked at muscle groups such as the
diaphragm and intercostal muscles, data suggest that typical development towards term
age involved an increase in the density of type 1 (high oxidative) fibres. Some preterm
infants may therefore experience an arrest or permanent alteration in the density of type
1 fibres associated with lower mitochondrial density that may then result in a prolonged
PCr recovery in later life. Habitual activity levels might be associated with the oxidative
capacity of the mitochondria if it was modifiable by muscle training, but we found no
evidence of a correlation between an objective measurement of daily activity and 3!P-MRS
spectroscopy. However, absence of such an association may reflect the fact that the test
standardised to MVC is designed to deplete the PCr stores substantially to measure ox-
idative function during recovery of PCr, and thus is perhaps more extreme than the more
usual low-level of aerobic exercise.

We noted a strong association between vitamin D concentrations and muscle kinetics
which is important as it is potentially modifiable [21]. The relationship between lower
serum vitamin D levels and longer T, ,PCr recovery time was independent of the relation-
ship between 1, ,PCr and gestational age at birth in our cohort. Vitamin D concentrations
tend to be lower in obese individuals and have been shown to be lower at birth in babies
born preterm [35]. In other populations there is also a well-documented association be-
tween lower vitamin D levels and markers of reduced IS [36-39]. Other data show that
vitamin D replacement improves IS [40,41]. Both FM and IS were therefore considered for
inclusion in the multivariable linear regression but were not significant variables in the
final model.

Vitamin D has a wide range of effects in tissues and cells, but there are no definitive
data to show that it has a direct effect on muscle at the myocyte membrane. It is possible that
it may act at the mitochondrial genomic level upregulating either the cellular mechanisms
needed to improve oxidative function, or more directly by influencing ATP synthesis [42].
Further studies could explore the potential for Vitamin D supplementation to improve
muscle function in this group with a particular focus on patients with vitamin D levels at
the lower end of the spectrum observed in this study.

Obtaining valid accelerometery data in the adolescent population is challenging and
only 44/60 completed >6 h wear-time. The directly measured activity data from this cohort
was similar to another cohort in our region which also noted that boys were more physically
active than girls [24,43,44]. Another striking feature from our data was that light activity
is most strongly associated with measures of IS. While there was no direct association
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between 1,,PCr and any of the activity measures, increasing light activity may have an
indirect effect on muscle oxidative function via either its positive association with IS or via
mechanisms that link IS with vitamin D. The association of body habitus with IS across
the cohort longitudinally [45] is in agreement with other published data describing the
increasing influence of body habitus on IS with increasing chronological age [46].

The association between light physical activity and improved glucose disposal reflects
the relationship between exercise and IS in muscle that has been observed in a range of
different settings. Light activity appears to have the most impact as observed in animal
models [47], older humans [48] and individuals at high risk of metabolic syndrome [49],
and promotion of this may be more acceptable in adolescents than attempts to increase
more vigorous forms of activity.

Limitations

This study has important limitations. The cohort is modest in size, however the group
studied appeared to be representative of the initial cohort with respect to key characteristics.
Our sample size was fixed by virtue of the size of the initial cohort and then the number of
willing respondents, but the study was sufficiently powered to detect a change in T, ,PCr
of 10%. It is of note that the overall t,,PCr values are not indicative of major defects in
oxidative function, as might be found in mitochondrial dysfunction, and indeed are similar
to a group of healthy young adults also tested under the same protocol [50]. The differences
may be relevant, however, in terms of an individual’s ability to participate competitively
in sporting activities and so should not be trivialised. Whilst the association between
gestational age and muscle metabolism in premature infants is not dependent on term
controls, future studies need to assess muscle function in the full spectrum of gestational
age. We also cannot rule out the fact that the study may have been underpowered for the
non-significant outcomes and similarly the sample size was too small to stratify by gender.

Assessing pubertal status in studies involving adolescents can be challenging although
a recent meta-analysis concluded that there is moderate or substantial agreement between
patient and clinician assessments [17]. The value of a clinician’s assessment of pubertal
stage needs to be balanced against the likelihood of a n associated reduction in participant
numbers. Importantly, self-assessed pubertal stage was related to IS and the relevance of
pubertal status in this study is primarily because of measured variables such as fat-mass
and fat-free mass. Reassessment of metabolic outcomes including muscle function in early
adulthood is important.

5. Conclusions

We noted a relationship between gestational age and muscle oxidative capacity deter-
mined using 3'P-MRS in adolescent children born preterm. This may be programmed by
differential development of muscle fibre type as a result of preterm birth. The relationship
between gestational age and muscle function in later life requires further investigation in a
larger study but in the interim we recommend optimising vitamin D status and encouraging
preterm-born children and adolescents to engage in regular light activity.
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Abstract: This randomized study investigates whether feeding very low birth weight (VLBW) infants
with mother’s own milk (MOM) supplemented with either preterm (PDM) or term donor milk (TDM),
when MOM is insufficient, has a positive impact on infants’ protein intake and growth. A hundred
and twenty VLBW infants were randomized into two groups. Group A (43 infants) received MOM
supplemented with PDM, whereas Group B (77 infants) was fed with MOM supplemented with
TDM, for the first three weeks of life (donor milk period). Breast milk fortifier was added when milk
feeds exceeded 50 mL/Kg/day. After the donor milk period, both groups were fed with formula
when MOM was not available or the milk bank was unable to provide TDM. Protein intake was
higher in Group A than in Group B at initiation of milk fortification (p = 0.006), as well as during the
3-week donor milk period (p = 0.023) and throughout hospitalization (p = 0.014). Moreover, Group A
presented higher Az-score for body weight (p = 0.019) and head circumference (p = 0.001) from birth
to the end of donor milk period, and higher mean body weight at discharge (p = 0.047) compared to
Group B. In conclusion, when donor milk is required, PDM positively impacts protein intake and
growth in VLBW infants (NCT05675397).

Keywords: preterm donor milk; mother’s own milk; growth; VLBW infants; protein; fortification

1. Introduction

Human milk is the best nutritional option for infants, especially those born preterm [1-7].
Feeding with mother’s own milk (MOM) is considered to be an important factor in in-
creasing the survival and improving outcomes of very low birth weight (VLBW) infants
(<1500 g) in the last two decades [8-11]. However, a considerable number of mothers
delivering preterm struggle to provide adequate milk the first days after delivery to meet
their infants’ requirements. When MOM is not sufficient, pasteurized donor milk (DM) is
the best alternative according to current recommendations [7,12-14].

Nowadays, many maternity hospitals have organized milk banks in order to cater
the needs of premature infants. Donor milk is primarily derived from mothers of term-
born infants for the first six months of lactation [15]. This term milk presents significant
differences compared to preterm human milk which has higher protein concentration and
more caloric energy [16]. According to Bauer et al., protein content in extremely preterm
human milk versus term human milk differs by 0.73 g/dl and provides almost 10 kcal /dl
more energy [17].

According to ESPGHAN guidelines, VLBW infants have high needs of protein intake
soon after birth [18]. For the first critical week of life, Stephens et al. have demonstrated
that an increase in protein intake by 1 g/kg/day is associated with better neurodevelop-
mental outcome [19]. After this short period, preterm MOM needs fortification in order to
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meet the nutrient requirements of VLBW infants whose needs are dynamic and related to
postnatal age, severity of illness, and need for catch-up growth [20-22]. In most neonatal
intensive care units (NICUs), fortification is initiated when the fed milk volume reaches
50-100 mL/kg/day [23,24]. However, for VLBW infants, this delay may result in signifi-
cant protein deficit during the first weeks of life. This is a primary concern in infants fed
with term donor milk given the fact that protein amounts in human milk tend to decrease
with postnatal age [25].

We hypothesized that feeding VLBW infants with preterm donor milk (PDM) in com-
bination with MOM may positively influence the protein intake and, consequently, the
infants” growth. The aim of the current study was to assess whether MOM supplemen-
tation with PDM has any beneficial effects on energy and protein intake and growth in
VLBW infants.

2. Materials and Methods
2.1. Study Design and Participants

This is a randomized, controlled, double-blind study conducted in a level III NICU,
at “Elena Venizelou” General and Maternal Hospital in Athens, Greece. VLBW infants
with birth weight <1500 g and born to mothers who had agreed to feed their babies with
donor milk for the first three weeks of life (donor milk period) if their own milk quantity
was insufficient were enrolled in the study from April 2017 to August 2021. Infants were
excluded if they had congenital anomalies, chromosomal disorders or metabolic diseases.
Also, any infant fed with formula at any point during the donor milk period was not
eligible to participate in the study.

The Ethics Committee of “Elena Venizelou” General and Maternal Hospital approved
the investigation and each infant’s parent provided written informed consent before partic-
ipating in the study.

2.2. Eligible Donor Mothers

Mothers who gave birth at <35 weeks of gestation could become donors of preterm
milk (PDM) until they reach 34" weeks of corrected gestational age and only during
their first four weeks of lactation. Also, the Milk Bank of “Elena Venizelou” hospital
provided term donor milk (TDM) from eligible mothers who expressed breast milk for
a period up to six months post-delivery. All eligible donor mothers were serologically
screened for infectious diseases including hepatitis B and C, Human Immunodeficiency
virus, Cytomegalovirus, and Syphilis [26]

2.3. Collection and Storage of Donor Human Milk

DM was collected in a special container and was processed by the “Elena Venizelou”
Milk Bank using the Holder Pasteurization method (human milk was heated to 62.5 °C
for 30 min) and quickly cooled down to 25 °C within 10 min in an ice water bath; it was
then stored in a refrigerator at a temperature of 0—4 °C for one to two days or frozen at
—20 °C for three to six months. Single donor expressed human milk was collected and
pasteurized separately.

2.4. Feeding Protocol and Analysis of Human Milk

Following enrollment, infants were randomly assigned using a sequentially numbered
sealed opaque envelope system with a ratio 1:2 to be fed with MOM supplemented, if
required, either with PDM (Group A) or with TDM (Group B). If MOM was completely
unavailable, the infant was fed with pasteurized PDM or TDM following randomization.
Neither the attending physicians nor the nurses were aware of the type of donor milk. Only
the principal investigator (not involved in the care of enrolled infants) knew the type of
donor milk provided.

Pasteurized PDM or TDM, as supplementary to MOM or for exclusive feeding, was
provided to the study population for a three-week period after birth (defined as donor
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milk period) during which time the milk was analyzed regularly for protein and calorie
content. After the donor milk period and until discharge, increasing demands were met
with formula supplementation if MOM was not available or the milk bank was unable to
provide TDM.

Parenteral nutrition was started immediately after birth for all infants. Feeding of
unfortified MOM or pasteurized DM from the hospital’s milk bank was initiated within
the first three days of life. Powder breast milk fortifier (BMF) was added to human milk
when milk intake reached 50-100 mL/kg/day. In all cases, a standard fortification with
BMEF (Nutricia Human Milk Fortifier) was applied (two sachets BMF per 100 mL of milk)
according to the manufacturer’s instructions. Each sachet of fortifier (2.2 g) provided 0.6 g
of protein in the form of extensively hydrolyzed bovine whey protein and 8 kcal of energy.
The fortifier was introduced at half dose (1 sachet per 100 mL) for two to three days and
then increased to full dose (2 sachets per 100 mL).

Since sampling and pooling of milk samples after a full breast expression at each feed
across a 24-hour period is considered the “gold standard” for human milk collection [16,27],
MOM was collected throughout the last 24 h. Frozen DM (PDM or TDM) was thawed
before it was administered to neonates within 24 h. A random representative sample of the
human milk pool (MOM or DM) was analyzed, before fortification, once a week using a
MIRIS Human Milk Analyzer (HMA™, Miris AB, Uppsala, Sweden). The Miris HMA is
based on semi-solid mid-infrared (MIR) transmission spectroscopy. A calibration check
was performed prior to analysis using the calibration solution provided by the supplier.
For the analyzer, a 2 mL sample of milk was required, which was heated at 40 °C in a
thermostatic bath before undergoing analysis. In this study, Miris HMA was used to record
the amount of protein and caloric energy content of milk samples.

2.5. Data Collection
The following parameters were recorded in all infants during hospitalization:

e  CRIB II score (Clinical Risk Index for Babies), a validated measure of initial mortality
risk and illness severity within the first hour of admission [28].

e  Anthropometric characteristics (body weight and length, head circumference) at birth,
at the end of donor milk period and at discharge. The anthropometric characteris-
tics were recorded as both absolute values and z-scores; z-scores were documented
according to the revised Fenton growth charts using the PediTools [29]. Small for
gestational age (SGA) status was defined as birthweight z-score less than —2 SD from
the mean. The difference (Az-score) of z-score for body weight, body length and head
circumference from birth to the end of donor milk period, as well as from birth to
discharge, was calculated.

Total protein and energy intake through parenteral nutrition, MOM, DM and fortification.
Neonatal/Infant Morbidity. In particular:

- Culture-positive sepsis (clinical signs of infection plus positive blood, urine or
cerebrospinal fluid culture).

- Necrotizing Enterocolitis (NEC) if fulfilling criteria compatible with Bell’s stage 2
or higher.

- Bronchopulmonary dysplasia (BPD) defined as need for supplemental oxygen for
more than 28 days.

- Retinopathy of prematurity (ROP)—if fulfilling criteria compatible with Stage 3
according to international classification of retinopathy of prematurity (2005) [30].

- Intraventricular hemorrhage (IVH)—any degree.

- Patent ductus arteriosus (PDA) (presence of clinical signs plus ductal left to right
shunt in echocardiography).

2.6. Statistical Analysis

Quantitative variables were expressed as mean values (standard deviation; SD) or as
median (interquartile range; IQR), while qualitative variables were expressed as absolute
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and relative frequencies. For comparison of proportions, chi-square and Fisher’s exact tests
were used. Independent samples Student’s t-tests or Mann-Whitney U tests were used,
as appropriate, for comparisons between Group A and Group B. Repeated measurements
analysis of variance (ANOVA) was applied to evaluate changes in total protein intake
between groups over the donor milk period. In order to evaluate the change in pasteurized
donor milk quantity received by the study population over the donor milk period, linear
mixed regression was applied and regression coefficients ((3) with standard errors (SE) were
computed. Sensitivity analysis was also run after excluding infants born to mothers with
multiple pregnancies. All reported p values are two-tailed. Statistical significance was set
at p < 0.05 and analyses were conducted using the SPSS statistical software (version 22.0).

3. Results

A hundred and thirty-eight VLBW infants were enrolled in the study. Of them, 18
infants were excluded after randomization due to transportation, death before discharge or
parental decision to withdraw the consent for their child participation. Finally, 120 infants
allocated to Group A (n = 43) or Group B (n = 77) were studied (Figure 1).

Preterm infants
(Birth weight <1500 g)

Exclusion criteria
-chromosomal disorders (n = 1)

-congenitalanomalies(n = 2)

Randomized (1:2)

Excluded after randomization

-transported (n =7)
-died (n =6)

-consent withdrawal (n = 5)

Preterm donor milk Term donor milk
(PDM; Group A) (TDM; Group B)

Figure 1. Flow chart of the study population.
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Table 1. Demographic and clinical parameters of the study population.

Maternal age, gestational age, multiple pregnancies, infants” gender, anthropometric
characteristics at birth, SGA status, CRIB II score and length of hospitalization did not
differ significantly between Group A and Group B (Table 1).

Group A

Group B

Total Population (N = 120) (N = 43) (N = 77) p-Value
Mean (SD) Mean (SD) Mean (SD)
Mother’s age (years) 33.8(5.1) 32.7 (5.0) 344 (5.0 0.233 +
Gestational age (weeks) 29.7 (2.5) 29.7 (2.4) 29.7 (2.5) 0.959 +
N (%) N (%) N (%)
Pregnancy
Single 88 (73.3) 30 (69.8) 52 (67.5) 0.484 1
Multiple 32(26.7) 13 (30.2) 25 (32.5) '
Gender
Females 47 (39.2) 14 (32.6) 33 (42.9) 0.268 1
Males 73 (60.8) 29 (67.4) 44 (57.1) '
SGA 10 (8.3) 3(7.0) 7(9.1) 0.489 £
Mean (SD) Mean (SD) Mean (SD)
Birth Weight (g) 1169.8 (234.1) 1182.9 (257.6) 1162.5 (221.3) 0.649 +
Birth Weight z-score —0.48 (0.98) —0.48 (0.93) —0.48 (1.01) 0.987 +
Body length at birth (cm) 38.0 (3.3) 38.2(3.1) 37.8 (3.3) 0.562 +
Body length z-score —0.20 (1.14) —0.13 (1.21) —0.24 (1.11) 0.598 +
Head circumference at birth (cm) 26.6 (2.0) 26.5 (2.1) 26.7 (1.9) 0.720 +
Head circumference z-score at birth ~ —0.24 (1.26) —0.38 (1.25) —0.16 (1.26) 0.362 +
CRIB II score 6.9 (3.1) 6.8 (3.1) 6.9 (3.2) 0.878 +
Median (IQR) Median (IQR) Median (IQR)
e 56.5 58.0 55.0
Length of hospitalization (days) (45.0-69.5) (47.0-68.0) (42.0-72.0) 0.465 ++
Group A: VLBW infants fed with MOM supplemented, if needed, with preterm donor milk (PDM);
Group B: VLBW infants fed with MOM supplemented, if needed, with term donor milk (TDM); + Student’s
t-test; ++ Mann-Whitney test, 1 Pearson’s chi-square test.
PDM and TDM for feeding were derived from 26 and 43 donor mothers, respectively.
As expected, gestational age was significantly lower in mothers who provided PDM
compared to mothers who provided TDM (p < 0.001). No difference was recorded in
maternal age (p = 0.130), parity (p = 0.100) and multiple gestation (p = 0.138) between
preterm and term donor mothers (Table 2).
Table 2. Characteristics of donor mothers.
Total Population PDM Mothers TDM Mothers Value
(N = 69) (N = 26) (N = 43) p-yaiu
Gestational age, weeks 34.7 (4.6) 29.8 (2.7) 38.0 (2.0) <0.001 +
Maternal age, years 33.7(3.7) 32.9 (4.0) 34.3 (3.4) 0.130 +
Parity, N (%)
1st 42 (60.9) 20 (76.9) 22 (51.2)
2nd 26 (37.7) 6(23.1) 20 (46.5) 0.138
3rd 1(1.4) 0(0)
Multiple gestation, N (%) 6 (8.7) 4 (15.4) 0.138 £
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PDM, preterm donor milk; TDM, term donor milk; + Student’s t-test; f Pearson’s chi-square test.

The proportion of pasteurized DM (PDM or TDM) diminished significantly over time
(B = —3.56; SE = 0.47; p < 0.001). However, the degree of change did not differ significantly
between the two groups (3 = —0.35; SE = 0.98; p = 0.719). Moreover, following the donor
milk period, no difference was recorded in the proportion of formula supplementation
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until discharge between groups [mean (SD): 27.9 (24.4)% in Group A vs. 21.7 (25.2)% in
Group B; p = 0.123).

3.1. Protein and Calorie Intake

Mean protein intake during the donor milk period was significantly higher in Group
A than in Group B (p = 0.023). When protein intake was assessed at each week separately, a
significant difference between groups was observed at week 3 after birth (p = 0.01).

Protein intake was also significantly higher in Group A than in Group B at initiation
of breast milk fortification (p = 0.006) and throughout hospitalization (p = 0.014) (Table 3).

Table 3. Protein intake (g/kg/day) of the study population.

Group A Group B

Total Population (N = 120) (N = 43) (N = 77) p-Value
Mean (SD) Mean (SD) Mean (SD)
During hospitalization 3.03 (0.57) 3.20 (0.60) 2.93 (0.54) 0.014 +
Donor milk period
1st week 3.35(1.05) 3.53 (1.10) 3.25(1.01)
2nd week 3.53 (1.13) 3.67 (1.05) 3.45(1.17) 0.023 ++
3rd week 3.36 (0.99) 3.67 (0.96) 3.19 (0.97)
At initiation of human milk
fortification 3.24(0.84) 3.57 (0.82) 2.92 (0.85) 0.006 +

Group A: VLBW infants fed with MOM supplemented, if needed, with preterm donor milk (PDM);
Group B: VLBW infants fed with MOM supplemented, if needed, with term donor milk (TDM); in bold: significant
p-values, p < 0.05; + Student’s t-test, ++ repeated measurements analysis of variance (ANOVA).

Calorie intake during the donor milk period [median (IQR): 115.4 (105.0-129.7) kcal /kg/
day in Group A vs. 114.0 (101.3-133.8) kcal/Kg/day in Group B] and during the en-
tire hospitalization [107.0 (96.0-116.5) kcal/kg/day in Group A vs. 102.3 (92.6-111.2)
kcal/kg/day in Group B] did not differ significantly between the two groups (p = 0.782
and p = 0.164, respectively).

3.2. Growth

At the end of donor milk period, no difference was recorded between Group A
and Group B in body weight z-score [-1.12 (0.87) vs. —1.28 (0.84); p = 0.309), body
length z-score [—0.41 (1.00) vs. —0.48 (1.06); p = 0.705) or head circumference z-score
[—0.13 (0.95) vs. —0.38 (1.14); p = 0.215). However, Az-score in body weight and head
circumference from birth to the end of donor milk period differed significantly between
Group A [—0.63 (0.34) and 0.26 (0.72), respectively] and Group B [—0.81 (0.39); p = 0.019
and —0.22 (0.72); p = 0.001, respectively]. No difference was found in Az-score for body
length between groups [—0.28 (0.66) vs. —0.25 (0.56); p = 0.720) (Figure 2).

At discharge, body weight was significantly higher in Group A [mean (SD): 2560.7 (423.4) g]
than in Group B [2411.8 (370.5) g; p = 0.047] (Figure S1). However, body weight z-score
[—1.61 (1.02) in Group A vs. —1.70 (0.94) in Group B] and Az-score from birth to discharge
[—1.13 (0.68) in Group A vs. —1.23 (0.86) in Group B] did not differ significantly between
groups (p = 0.627 and p = 0.542, respectively).

Body length z-score [—0.92 (1.39) vs. —0.97 (1.11); p = 0.814) and Az-score from birth
to discharge [—0.79 (1.02) vs. —0.73 (0.73); p = 0.708), as well as head circumference z-
score [—0.46 (0.98) vs. —0.55 (0.97); p = 0.643) and Az-score [—0.08 (1.24) vs. —0.39 (1.11);
p = 0.169) did not differ significantly between the two groups.

In the sensitivity analysis, after excluding infants from multiple pregnancies, the
results of the study did not change.
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Figure 2. Az-scores for body weight (p = 0.019), body length (p = 0.720) and head circumference
(p = 0.001) from birth to the end of intervention (donor milk period) between preterm (PDM) and
term donor milk (TDM) Group.

3.3. Clinical Characteristics and Morbidity during Hospitalization

No significant difference was found between groups in time to regain birth weight
[median (IQR): 8.0 (7.0-13.0) days in Group A vs. 10.0 (8.0-14.0) days in Group B; p = 0.09]
or in time to full enteral feeds of at least 150 mL/Kg/day [12.0 (9.0-18.0) days in Group A
vs. 14.0 (10.0-21.0) days in Group B; p = 0.245].

Morbidity during hospitalization did not differ significantly between groups (Table 4).

Table 4. Morbidity of the study population during hospitalization.

. _ Group A Group B
Total Population (N = 120) (N = 43) (N = 77) p-Value
N (%) N (%) N (%)
Sepsis
No 91 (75.8) 35(81.4) 56 (72.7) 0.288 +
Yes 29 (24.2) 8 (18.6) 21 (27.3)
Necrotizing enterocolitis
No 118 (98.3) 42 (97.7) 76 (98.7) 1.000 ++
Yes 2(1.7) 1(2.3) 1(1.3)
Retinopathy of
prematurity
No 116 (96.7) 41 (95.3) 75 (97.4) 0.617 ++
Yes 4(3.3) 2(4.7) 2(2.6)
Bronchopulmonary
dysplasia
No 75 (62.5) 24 (55.8) 51 (66.2) 0.258 +
Yes 45 (37.5) 19 (44.2) 26 (33.8)
Intraventricular
hemorrhage
No 116 (96.7) 42 (97.7) 74 (96.1) 1.000 ++
Yes 4(3.3) 1(2.3) 3(3.9)
Patent Ductus Arteriosus
No 73 (84.9) 23 (85.2) 50 (84.7) 1.000 ++
Yes 13 (15.1) 4(14.8) 9(15.3)

Group A: VLBW infants fed with MOM supplemented, if needed, with preterm donor milk (PDM);

Group B: VLBW infants fed with MOM supplemented, if needed, with term donor milk (TDM); + Pearson’s
chi-square test; ++ Fisher’s exact test.
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4. Discussion

Optimal growth of VLBW infants is a primary goal in NICU but not easy to achieve.
Growth failure was observed in 80% of VLBW infants in studies conducted under the
Neonatal Research Network between 2008 and 2010 [31]. In 2013, among infants cared for in
hospitals affiliated with the Vermont Oxford Network, 50.3% demonstrated growth failure
at the time of hospital discharge [32]. Similarly, according to data obtained from the Korean
Neonatal Network database from 2013 to 2014, the overall incidence of postnatal growth
failure in VLBW infants was 45.5% [33]. Providing adequate nutrition is of paramount
importance since growth failure has been associated with neurodevelopmental impairment.
Especially protein intake has been strongly linked to the accomplishment of optimal growth
and development in VLBW infants [34,35]. Stephens et al. have showed that an increase in
protein intake by 1 g/kg per day during the first week of life was independently associated
with more than an 8-point increase in Mental Developmental Index (MDI) at 18 months
of age [19]. Growth failure occurs when nutrient intake is inadequate over a period of
time. The exact timing and duration of this inadequacy has yet to be determined exactly
in the preterm population. According to ESPGHAN guidelines [18] based on the protein
needs and nitrogen utilization, the protein intake should be at least 3 g/kg/day for preterm
infants up to a weight of approximately 1800 g. Unfortunately, in most studies the exact
composition of human milk is unknown and clinicians estimate the nutrient content of
each mother’s milk according to specified references [16].

In this study, the composition of milk was accurately measured using a human milk
analyzer (Miris HMA); the analyzer was used to capture the exact composition of MOM
and DM at set time intervals. Miris HMA was not used as a tool for individualized fortifi-
cation since breast milk samples in both groups were similarly fortified per manufacturer
guidelines and regardless of measured protein concentration in order to fulfill the goals of
the study. It is well known that the protein concentration of milk from mothers delivering
preterm is initially higher than that from mothers delivering at term [36] but decreases
after the first weeks of lactation [17]. This is the reason why, in this study, preterm donor
milk was used only if expressed within the first four weeks after childbirth [37]. Maternal
age, parity and multiple gestations that might have also impacted the breast milk nutrients
composition [38,39] did not differ significantly between the two study groups.

The results of this study indicate that protein intake was greater in VLBW infants
when MOM was supplemented with preterm rather than term donor milk. These infants
fulfilled during the donor milk period the minimum protein requirements according to
both ESPGHAN guidelines (3 g/kg/day) [18] and EMBA working group recommendation
(3.5-4.5 g/kg/day) [24]. It is worth noting that on the day of initiation of human milk
fortification, protein intake was significantly higher in Group A compared to Group B
(3.57 g/kg/day vs. 2.92 g/kg/day, p = 0.006) which indicates the higher provision of
protein by preterm donor milk per se. Although both groups achieved over 3 g/kg/day
of protein intake during the first vulnerable week of life, as well as throughout the whole
donor milk period, only Group A surpassed the amount of 3.5 g/kg/day which is in
line with the most recent recommendations [24,40]. However, more studies are needed
to determine the exact protein requirement for this population and whether it should be
different in the extrauterine environment compared to the intrauterine one.

The above results demonstrate that feeding VLBW infants with PDM, when MOM
is not sufficient, and starting fortification when the quantity of enteral feeds reaches
50-100 mL/kg/day, protein intake surpasses the amount of 3.5 g/kg/day as ESPGHAN
(2022) recommends [40]. The precise time to commence fortifiers is not known. Few
data exist whether early (<40 mL/kg/day) versus delayed (>75 mL/kg/day) initiation
of fortification may be beneficial [41]. Current recommendations of ESPGHAN propose
starting a fortifier when enteral intakes reach 40-100 mL/kg/day [40]. An individualized
fortification strategy (i.e., adjustable or targeted) was also proposed [40].

Overall, there are great discrepancies in literature regarding the effect of early nutrition
on anthropometric parameters of VLBW infants, especially when pasteurized donor milk
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is used. It is important to note in previous studies whether the results were documented
before or after the practice of human milk fortification was initiated. Historically, before the
era of human milk fortification, studies showed that infants fed with MOM supplemented
with pasteurized DM exhibited growth retardation based on anthropometric measurements
of body weight, length and head circumference over a period of time [42]. In contrast,
studies conducted after the implementation of human milk fortification have shown that
VLBW infants fed with MOM supplemented with donor milk have similar or even faster
growth rates than the ones fed with MOM supplemented with preterm formula [43].
Ginovart et al. studied two groups of VLBW infants. The first group included 72 infants
born prior to the initiation of human milk fortification and fed exclusively with formula.
The second group included 114 infants born after the implementation of fortification of
MOM and DM. The conclusion of that study was that formula may not be appropriate
for initiation of feeding in preterm infants [44]. On the contrary, in a 2017 study by
Madore et al. [45], very preterm infants fed MOM supplemented with donor milk had
lower weight gain during the first month of life than those fed only MOM or MOM
supplemented with preterm formula. Thus, further studies on this issue are needed.

In 2014, Dritsakou et al. [15] compared two groups of VLBW infants; one fed with
MOM supplemented with term donor milk until discharge and the other fed exclusively
with donor milk for the first three weeks of life followed by formula, if necessary, until
discharge. Human milk was fortified in both groups. The first group showed greater
head circumference and body length, whereas there was no difference in body weight
between the two groups [15]. In the present study, donor milk is further categorized by
mothers’ length of gestation at birth (term versus preterm). No difference was found in
infants’ body length; however, Az-score of body weight and head circumference from birth
to the end of intervention differed significantly between groups. Moreover, body weight
at discharge was by 6.2% higher in Group A than in Group B; this fact indicates that the
nutrient composition of preterm versus term donor milk has a positive impact on infants’
growth. It is also worth noting that Group A infants reached full enteral feeding two days
earlier than Group B which is very important since it limits the use of indwelling catheters
and the associated risk of infection [31].

The novelty in the design of this study was the comparison of PDM with TDM. To
our knowledge, this is the first study that investigates the potential benefits of preterm
donor milk on protein intake and growth in preterm infants. Only Fang et al. [46] eval-
uated recently, in 2021, whether preterm donor milk might have any beneficial effects in
VLBW infants. However, in that study, preterm donor milk was compared to formula,
not to term donor milk. Moreover, preterm donor milk was firstly expressed from moth-
ers at 3.4 £ 2.2 weeks postpartum (when protein content naturally declines) whereas, in
our study, preterm donor milk was expressed from delivery throughout the first four
weeks postpartum.

Another strength of this study was the use of breast milk analyzer (Miris HMA) which
allowed for the direct measurement of the exact protein concentration in MOM, PDM and
TDM. In most studies, milk protein content is estimated using median calculated values
in term donor milk [40,47] whereas in our study protein content was measured in each
infant’s feeds separately. This is one of the first studies in which the protein content of
pasteurized preterm donor milk is determined. Landers et al. have also mentioned the
reported preterm donor human milk composition from Australian mothers in order to
provide evidence for the efficacy of feeding donor human milk to premature infants [48].

Limitations of this study were associated with the difficulty in recruiting mothers
delivering preterm. As a result, preterm donor milk was in limited supply and thus the
donor milk period was restricted to the first three weeks of life. The limited source of
preterm donor milk has also impacted the number of infants enrolled in the study:.
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5. Conclusions

This study showed that feeding VLBW infants with MOM supplemented (when nec-
essary) with pasteurized PDM has a positive impact on protein intake, as well as on body
weight and head circumference at the end of the three-week intervention. Although the
absolute value of body weight was also positively impacted at discharge, Az-scores of
anthropometric characteristics studied from birth to discharge did not differ significantly
between groups. Whether, in our study population, the positive impact of PDM on growth
during the initial vulnerable period of life might also have beneficial effects on neurodevel-
opment later in life remains to be further studied. Considering the unique nutritional needs
of VLBW infants, milk banks should prioritize feeding them with milk expressed from
mothers delivering prematurely when MOM is unavailable or insufficient. Efforts should
be made to match, if possible, the prematurity level of donor milk to that of the infant.

To our knowledge, this is one of the first studies where PDM was used and analyzed
for its nutritional content. Further research is required to establish the short- and long-term
effects of feeding VLBW infants with PDM if required.
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Abstract: Human milk is recommended for very low birth weight infants. Their nutritional needs
are high, and the fortification of human milk is a standard procedure to optimize growth. Targeted
fortification accounts for the variability in human milk composition. It has been a promising alter-
native to standard fixed-dose fortification, potentially improving short-term growth. In this trial,
preterm infants (<32 weeks of gestation) were randomized to receive human milk after standard
fortification (HMF, Nutricia) or tailored fortification with modular components of proteins (Bebilon
Bialko, Nutricia), carbohydrates (Polycal, Nutricia), and lipids (Calogen, Nutricia). The intervention
started when preterms reached 80 mL/kg/day enteral feeds. Of the target number of 220 newborns,
39 were randomized. The trial was interrupted due to serious intolerance in five cases. There was
no significant difference in velocity of weight gain during the supplementation period (primary
outcome) in the tailored vs. standard fortification group: 27.01 4+ 10.19 g/d vs. 25.84 +13.45g/d,
p = 0.0776. Length and head circumference were not significantly different between the groups. We
found the feasibility of targeted fortification to be limited in neonatal intensive care unit practice. The
trial was registered at clinicaltrials.gov NCT:03775785.

Keywords: breastmilk; fortification; preterm infant; targeted modification; neonatal intensive care
unit; macronutrients; supplementation

1. Introduction

Preterm birth results in a high risk of mortality and is a cause of several morbidities,
including extrauterine growth restriction [1-3]. Human milk (HM) is the optimal source of
nutrition for premature infants [4]. Despite numerous proven benefits, the concentration
of some nutrients in HM may be too low to meet the high nutritional needs of premature
infants. To ensure optimal growth and development, human milk fortification (HMF) is
recommended for all very low birth weight (VLBW, <1500 g birth weight) infants [4,5].

There are several modalities for fortifying HM. Standard fortification provides a fixed
dose of a compound fortifier added to breastmilk based on the predefined composition of
HM to achieve recommended nutritional values and is most widely used in the neonatal
intensive care unit (NICU) [6,7]. However, measurements of protein, glucose, and lipids
show interindividual and intraindividual variations; hence, other approaches have been
suggested [8]. In an adjustable fortification strategy, blood urea nitrogen concentrations serve
as a surrogate for the response to protein supplementation, and protein fortification is
adjusted accordingly. Tailored/targeted human milk fortification is achieved by adding only
nutritional components (protein, carbohydrates, and fat) to HM based on the results of
repeated breast milk composition bedside analyses [5].

While standard breastmilk fortification is the most feasible strategy in a NICU, it
does not account for the substantial variability in HM composition between mothers and
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between milk samples from the same individual [9]. Not accounting for this variability may
lead to inappropriate nutritional intake in one-third of all preterm infants [10]. The effects
of targeted (individualized) HMF, encompassing adjustable and targeted breastmilk fortifi-
cation, have recently been systematically reviewed by Fabrizio et al. [11]. The Cochrane
review and meta-analysis concluded that individualized HMF improves the short-term
velocity of weight, length, and head circumference [11]. However, the studies included in
these analyses were not uniform. Researchers have chosen multiple fortification regimes,
ranging from adding one to adding all three nutrients [12-14]. Furthermore, differences in
unit staffing and workload between healthcare systems and macronutrient products make
it difficult to draw a clear conclusion and implement the results worldwide.

To our knowledge, this is the first randomized controlled trial to evaluate whether
targeted HMF can optimize growth in infants born at a gestational age < 32 weeks us-
ing all three macronutrients in an Eastern European setting. The study protocol was
approved by the local ethics committee and was published [2]. The trial was registered at
clinicaltrials.gov (NCT03775785).

1.1. Objectives
Research Hypothesis

Tailored fortification of enteral nutrition improves weight gain velocity in preterm
infants born at <32 weeks of gestation.

1.2. Study Objectives
1.2.1. Primary Objective

The primary objective was to determine whether tailored compared to the standard
fortification of enteral nutrition improved weight gain velocity in preterm infants born at
<32 weeks of gestation.

1.2.2. Secondary Objectives

Key Secondary Objectives
The key secondary objective was to determine the following anthropometric parame-
ters in preterm infants born at <32 weeks of gestation at discharge and 4 months:

e feeding tolerance,
velocity of weight gain,
length and head growth

2. Materials and Methods
2.1. Trial Design

The trial was designed as a randomized observer- and patient-blinded controlled
multicenter superiority trial, with two parallel groups with a 1:1 allocation ratio.

2.2. Participants
2.2.1. Study Setting

The study was initially planned as a multicenter trial; however, two out of three centers
failed to randomize patients due to staff shortages. Finally, the study was completed at the
Neonatal and Intensive Care Department of the Medical University of Warsaw.

The study site was a level III teaching hospital with approximately 2500-3000
(100 < 32 weeks of gestation) deliveries per year. The local protocol was based on the
standard fortification of own mothers’ milk (OMM) and donor human milk (DHM).

2.2.2. Eligibility Criteria

All parents of infants born at less than 32 weeks of gestation and admitted to the
NICU were approached by one of the research team members within the first week of life
(as full enteral feeding is usually reached at a minimum of 7 days of life). Recruitment
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was conducted between June 2019 and June 2022. After obtaining written consent for
participation in the trial, the patient’s medical record number was immediately registered
on a secure web-based platform, and demographic data were recorded.

2.2.3. Inclusion Criteria

Patients eligible for the trial had to comply with the following criteria at randomization:
Gestational age at birth < 32 weeks

Enteral feeding of at least 80 mL/kg/day

50% donor or maternal milk-based enteral feeding
Parenteral /legal guardian consent

Ll

2.2.4. Exclusion Criteria

1.  Formula feeding

2. Small for gestational age (birth weight < 3rd percentile)

3. Presence of congenital abnormalities, which increase the risk of necrotizing entero-
colitis such as hypoplastic left heart syndrome, transposition of the great arteries,
omphalocele, gastroschisis

4. Necrotizing enterocolitis (NEC)
5. Withdrawal of feeding > 7 days
6.  Sepsis
7. Death

2.2.5. Obtaining Informed Consent

All parents of infants born at less than 32 weeks of gestation and admitted to the study
site were approached by one of the research team members within the first seven days of
life. They provided oral and written information about the study. Parents were allowed to
participate in an informed discussion with the attending physician and study personnel.
The research team members obtained written consent from parents willing to allow their
children to participate in the trial. Information consent forms and information sheets were
provided in Polish for all parents. Given the limited diversity of our population, we did
not recruit newborns of foreign parents unless they spoke Polish on a level that allowed a
full understanding of the study.

Regarding additional consent provisions for collecting and using participant data and
biological specimens, we did not plan to collect samples for ancillary studies.

2.2.6. Sample Size

The sample size required to compare two means in a two-sided equality test was esti-
mated based on results from a prior double-blind, randomized clinical trial, investigating
the effect of TG vs. SF of breast milk on the changes of anthropometric parameters and
body composition in preterm children [15,16]. It was determined that a mean difference of
weight gain of 1.9 g/kg/day between groups would be clinically important and feasible
during the intervention. The following assumptions were made for the calculation: type
I error () 5%, power 80%, equal sample sizes in both groups, the mean weight gain in
the standard fortification group 19.3 g/kg/day, and the mean weight gain in the target
fortification group 21.2g/kg/day. To account for the higher uncertainty in measured
weight gain due to differences between the studied and the quoted trial population, the
standard deviation value taken from the prior trial was increased by 50% to 3.75.

The estimated minimum size of each group was 68. Accounting for a presumed 20%
attrition rate due to potential dropouts, deviations from the protocol and loss to follow-
up, the minimum sample size required was estimated at 156 infants or 78 infants per
treatment arm.
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2.3. Interventions
2.3.1. Explanation for the Choice of Comparators

Standard fortification (SF) assumes that HM has a protein level of 1.5g/dL. HM,
however, is highly variable in nutrient content, both between mothers and between samples
from the same mother [10,11]. A recent study suggested that not considering this variability
leads to inadequate intake in approximately 25-40% of VLBW infants due to low protein
and energy content [12]. Nonetheless, it is the most widely used strategy for HMF, and
thus, its choice as a comparator is logical.

2.3.2. Intervention Description

After reaching 80 mL/kg/day of enteral feeding, patients were randomized to receive
SF (Bebilon HMF, Nutricia®) or targeted fortification (TF) (protein: Bebilon Suplement
Bialka, Nutricia®; lipids: Calogen, Nutricia®; carbohydrates: Polycal Nutricia®) [17]. The
macro-and micronutrient contents have been previously published [17]. Milk fortification
was routinely performed twice a day (at 8 am and 8 pm) for the following 12-h nursing
shift. For the study, TF was integrated into this schedule and performed by experienced
research nurses (RNs) [17].

One of the researchers (JSS) performed milk analysis in the NICU research laboratory at
Princess Anna Mazowiecka Hospital three times per week (Monday/Wednesday /Friday)
at 10:00 am and after protocol amendment twice per week (Tuesday/Thursday) from
batches collected from the two previous days. A 10 mL aliquot from each batch of native
breast milk was used for macronutrient analysis (Miris ® HMA) per the protocol [17]. The
remaining batch was fortified using a routine fortifier. Macronutrient analysis determined
the amount of extra fat, protein, or carbohydrate needed in the batch to obtain the final
target fortified breast milk (FBM).

The mean of three measurements per batch (3 x 2-3 mL) was used to calculate the
required amount of extra fat, protein, and carbohydrate for the following three days of
fortification using a predefined Excel spreadsheet (Microsoft Inc., Redmond, Washington,
USA). Milk analysis was performed for both treatment arms; however, only the intervention
group received TE.

The desired macronutrient concentration in breast milk was 4.4 g/100 mL of fat,
3 g/100 mL of protein, and 8.8 g/ 100 mL of carbohydrate to meet the European Soci-
ety for Paediatric Gastroenterology, Hepatology, and Nutrition (ESPGHAN) guidelines
(6.6 g/kg/d of fat, 4.5 g/kg/d of protein, and 13.2 g/kg/d of carbohydrate) assuming an
intake of 150 mL/kg/d.

Target fortification was conducted in three steps:

1. Determination of macronutrient concentration in OMM /HDM.
2. SF: Human milk fortifier, HMF Nutricia®.
3. TF: Adding fat, protein, or carbohydrates to achieve the target levels of macronutrients.

In cases where the macronutrient component after SF exceeded the target value, only
other deficient macronutrient components were adjusted.

The patients were fed every 3 h via a gastric tube by RNs. Starting at 33 weeks of post-
conceptional age (PCA), non-nutritive sucking stimulation was initiated by occupational
therapists. At approximately 34 weeks of PCA, infants transitioned to bottle feeding. When
breastfeeding was established, patients received TF as one or two bottled feeds.

As a safety assessment to ensure that an appropriate amount of fortifier was added, the
osmolality of unfortified and FBM samples was measured using a 3320 Micro-Osmometer
(Advance Instruments, Norwood, MA, USA). Bedside nurses were informed whether the
osmolality of fortified milk was within the acceptable target range (400-600 mOsmol/kg)
before milk was administered during the next 12-h shift. Osmolality lower or higher than
the defined target range was considered a sample preparation error of fortification, and the
single-nutrient fortification was omitted. TF prescription was completed before noon. The
attending physician approved this prescription. Subsequently, individual additives were
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provided by the nutrition services. Bedside nurses prepared batches of FBM, including
additives for target fortification, and divided them into single feeding portions to be
administered to infants [17].

The intervention continued until 37 weeks of PCA or hospital discharge. The parents,
attending physicians, and outcome assessors were blinded to the interventions.

2.3.3. Criteria for Discontinuing or Modifying Allocated Interventions

Criteria for discontinuing allocated intervention included

Sepsis

NEC

Withdrawal of parental/guardian consent

Poor feeding tolerance, defined as increasing abdominal distension >2 cm between
inter-observer measurement or regurgitations after feeding >3 feeds per day

2.3.4. Strategies to Improve Adherence to Interventions

The medical notes of the infants included in the study were visibly marked to promote
adherence to the study protocol. A flowchart explaining the inclusion, exclusion, and
discontinuation criteria is available for the patient’s medical notes.

2.3.5. Relevant Concomitant Care Permitted or Prohibited during the Trial

The participants continued to receive standard neonatal care. Interventions aimed at
improving weight gain, such as increased daily intake (>160-170 mL/kg/day) or increased
dosing of vitamin D (>1000 IU/L), or prescription of milk formula, were forbidden.

2.4. Outcomes
2.4.1. Primary Outcome

Weight gain velocity was measured starting from the day infants regained their birth
weight to 4 weeks and then weekly until discharge. Length and head circumference were
measured weekly until the patient was discharged.

2.4.2. Secondary Outcomes

1.  Growth (weight, length, and head circumference) was assessed at discharge and four
months of corrected age.

2. Feeding tolerance under the whole fortification period.

3. Morbidity: Incidence of NEC, retinopathy of prematurity (ROP), bronchopulmonary
dysplasia (BPD), intraventricular hemorrhage (IVH), periventricular leukomalacia
(PVL), sepsis, and pneumonia. The definitions are as follows:

The outcomes are defined as

e  Feeding tolerance was defined as hemorrhagic residuals or vomiting of bile until patho-
logical causes were ruled out (intestinal obstruction or ileus) [18]. Gastric residuals
and abdominal girth were not routinely assessed. Isolated green or yellow residuals
were considered unimportant.

e  NEC: Stage II or III. Stage II requires clinical manifestations of a distended abdomen
and radiological verification (intramural or portal gases). Stage III requires findings
like in Stage II and more severe clinical symptoms (shock, need for a respirator). In
surgically verified cases, radiological verification is not required [19].

e  ROP: Stages I to V, diagnosed by an ophthalmologist according to international crite-
ria [20].

e BPD: Need for oxygen, continuous positive airway pressure (CPAP,) or mechanical
ventilation at 36+0 weeks of gestational age [21].

IVH as defined by Volpe [18].
PVL as defined by Volpe [18].
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e  Early- and late-onset sepsis was defined as positive blood or cerebral fluid culture at

less and more than 72 h of age, respectively [22].

The schedule of enrolment, interventions (including any run-ins and washouts), as-
sessments, and visits for participants are presented in Table 1.

Table 1. Baseline characteristics of study groups.

Tailored (n = 18)

Standard (n = 21)

Variable (%) Mean + SD Median (Q1; Q3) (%) Mean + SD Median (Q1; Q3)
Gender, male 9 (50.0) - - 10 (47.6) - -
Gestational week - 29.22 £+ 2.02 29.50 (28.00; 31.00) - 28.24 £+ 2.62 29.00 (26.00; 31.00)
. . 1315.00 (1047.50; 1200.00 (1000.00;
Birth weight, g - 1361.11 + 454.30 1685.00) - 1250.95 + 429.68 1620.00)
Birth length, cm - 41.33 £5.69 43.00 (37.50; 45.00) - 38.88 £ 6.14 39.00 (35.00; 45.00)
Head circumference, cm - 25.89 +£7.21 28.25 (25.00; 30.00) - 2540 + 6.58 27.00 (24.00; 29.00)
Birth weight z-score - 0.39 +1.17 0.58 (-0.74; 1.13) - 0.62 +1.19 0.54 (—0.06; 1.21)
Birth length z-score - 142 +£1.63 1.79 (0.22; 2.67) - 1.03+£1.72 1.21 (—0.03; 2.14)
Head “Z‘fég:‘;ereme - 0.55 + 1.39 0.68 (-0.34; 1.64) - 0.68 + 1.09 0.98 (—0.05; 1.70)
80 mL/kg/day of maternal - 6.44 + 467 6.00 (4.00; 6.75) - 7.90 + 591 6.00 (5.00; 9.00)
or human donor milk, day
50% donor or maternal
milk-based enteral feeding 18 (100.0) } 21(1000) . )
Milk type/source-mother 17 (94.4) - - 21 (100.0) - -
Milk type/source—formula 1(5.6) - - 1(4.8) - -
Milk type/source-donor 13 (72.2) - - 13 (61.9) - -

2.5. Recruitment

We planned to continue until a minimum of 200 valid observations were collected from
every arm. As part of the antenatal consultation, women with threatened preterm labor
were scheduled for a short meeting with a member of the recruitment team. During this
appointment, they were offered to participate in the trial. To increase participant enrolment,
the medical staff carried out a second patient screen during admission to the NICU. The
enrolment period was extended from 2019 to 2022 (with intermittent withdrawals secondary
to equipment failure). Recruitment rates were monitored monthly. In return, women were
offered additional breastfeeding support by a certified lactation consultant, as reported
previously [17].

2.6. Assignment of Interventions: Allocation
2.6.1. Sequence Generation

The allocation sequence was computer generated. Block randomization was per-
formed with stratification by the delivery mode. Patients were randomly assigned to
standard or tailored enteral nutrition fortification groups in a 1:1 ratio. The block size was
varied and concealed until the primary endpoint analysis.

2.6.2. Concealment Mechanism

A member of the recruitment team approached caregivers within the infant’s first
7 days of life. They explained the study and obtained written consent for participation in
the trial. Subsequently, the patient’s medical record number was registered on a secure
web-based platform, and demographic data were recorded. The platform assigned a study
number, together with the allocated treatment.

2.6.3. Implementation

A member [a physician not involved in patient care] of the research team prescribed
the allocated fortification in the patient’s drug chart. Milk fortification was routinely
conducted twice a day (at 8 am and 8 pm) for each following 12-h nursing shift. For the
study, TF was integrated into this schedule and performed by experienced RNs [14]. The
intervention was performed by an RN blinded to the treatment allocation. Patient data,
along with the allocation results, were sent to the statistical team. The randomization list
remained with the statistical team for the entire study duration.
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2.7. Assignment of Interventions: Blinding
2.7.1. Who Was Blinded

Bedside nurses, treating physicians, and clinical psychologists were blinded to the
treatment allocation. Milk fortification was performed on a milk bank by an experienced
RN. The prepared milk portions were transported to the unit. The feeding portions from
both treatment arms did not differ in color or structure.

2.7.2. Procedure for Unblinding if Needed

The unblinding procedures were previously published. If unblinding was necessary,
the allocation was disclosed to the treating physician.

2.8. Plans for Assessment and Collection of Outcomes
Primary Outcome

Weight gain velocity was measured starting from the day infants regained their birth
weight to 4 weeks, then weekly until discharge using the Seca 336 Baby Scale®. Length
and head circumference were measured weekly until discharge using a Seca 336 baby
measuring rod®.

2.9. Plans to Promote Participant Retention and Complete Follow-Up

All randomized infants who prematurely discontinued the study intervention were
considered off-study drug/on-study. They followed the same participant timetable as the
infants who continued the study treatment.

Once an infant was enrolled or randomized, the study site made every reasonable
effort to follow the infant for the entire study period.

The participants could withdraw from the study for any reason at any time. The
investigator could withdraw the participants from the study to protect their safety.

2.10. Data Management

All data collection was completed electronically. Data integrity was enforced through
various mechanisms. Referential data rules, valid values, range checks, and consistency
checks against data already stored in the database (i.e., longitudinal checks) were supported.
Modifications to the data written in the database were documented through either a data
change or inquiry system. Data entered into the database were retrieved for viewing
through data entry applications. The type of activity an individual user may undertake is
regulated by the privileges associated with their user identification code and password.

2.11. Confidentiality

Complete patient and study information was stored on a secure, password-protected
web-based platform. Only the researchers involved in the study were provided with a
personalized login and password to access the study information. The statistical team did
not have access to sensitive data, such as date of birth, address, or contact details. All
records containing the patient details and relevant medical histories were stored separately
in a locked file cabinet.

There were no plans for the collection, laboratory evaluation, and storage of biological
specimens for genetic or molecular analysis in this trial /future use. We did not plan to
perform any genetic or molecular analysis in this trial.

2.12. Statistical Methods for Primary and Secondary Outcomes

Baseline characteristics are presented according to the treatment groups. Categorical
variables were presented as the number of counts and proportion of the group. Continuous
variables are described as mean and standard deviation or median with interquartile range.
Continuous variables were tested against the normality of distribution using the Shapiro—
Wilk test and verified with skewness and kurtosis. In the justified cases, a visual assessment
was performed. The equality of variance between groups was tested using Levene’s test. For
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continuous variables distributed normally with homogenous variances, the Student’s t-test
was used to verify the differences in means. For continuous variables that were not normally
distributed, comparisons were performed using the Mann-Whitney U test. Comparisons
of groups for categorical variables were performed using the Pearson Chi-square test or
Fisher’s exact test, as appropriate. In addition, the risk ratio and mean or median difference
(MD) are presented, along with 95% confidence intervals (Cls). Comparisons in time were
performed using the paired t-test or Wilcoxon test. All statistical calculations assumed
alpha = 0.05 and were performed with R statistical software, version R-4.1.2.

3. Results
3.1. Demographics

Between 2019 and 2022, 392 infants born below 32 weeks of gestation were admitted
to the NICU and screened for eligibility. Initially, 344 infants were excluded from the study
for the following reasons: declined consent (1 = 200), paused recruitment (n = 100), and
failure to meet the inclusion criteria (1 = 44). Fifty-five infants were initially randomized;
however, 16 did not receive the allocated intervention. Thirty-nine singleton (n = 25) and
twin (n = 7) births at a median age of 29 (range, 26-31) weeks and a mean birth weight of
1306 (£454.3) g were randomly assigned to SF (n = 21) or TF (n = 18) (Figure 1). Siblings
from multiple pregnancies were randomly assigned to different treatment groups.

Excluded (n = 344)
+ Not meeting inclusion criteria (n = 44 )
+ Declined to participate (n = 200 )

+ Otherreasons (n= 100 HMA' malfunction)

[ Allocation
\S

Tailored Standard
Allocated to intervention (n = 24) Allocated to intervention (n = 31)
# Received allocated intervention (n = 18) + Received allocated intervention (n = 21)
+ Did not receive allocated intervention (n = 6) + Did not receive allocated intervention (n = 10)
(HMA malfunction® n = 3) (HMA malfunction® n = 7)
v [ Follow-Up } Y
Lost to follow-up (n = 0) Discontinued intervention (n = 1)
Discontinued intervention (n = 1) Reason: Necrotizing enterocolitis
Reason: poor intervention tolerance

A4

M

Analysis J v

Analysed (n = 18) Analysed (n = 21)

1.  HMA- Human milk analyzer MIRIS®

Figure 1. Participant enrollment flowchart.
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The baseline characteristics did not differ between the groups (Table 1).

3.2. Milk Composition

The average nutritional content of the breast milk was similar throughout the trial.
There were no significant differences in baseline levels of macronutrients by the end
of the first week of supplementation between the two groups: protein (2.0 £ 0.34 vs.
1.91 £0.22 g/100 mL, p = 0.328), glucose (7.60 vs. 7.40 g/100 mL, p = 0.219), lipids
(3.48 £ 1.40 vs. 3.65 + 1.20, p = 0.417), calories (71.06 + 12.38 vs. 71.21 £ 12.04 kcal /100 mL,
p = 0.972) (Table 2). Within each group, we noted differences in milk composition over the
study period: protein concentration decreased significantly over the first four weeks [MD,
95% CI: —0.69 (—0.88, 0.50, p < 0.001 vs. —0.49 (—0.71, 0.27), p = 0.001], and the glucose
concentration decreased over time in the standard group [MD, 95% CI: 0.49 (0.21, 0.77),
p = 0.004] (Table 2).

Table 2. Milk composition during supplementation period.

Variable Tailored Standard MD (95% CI) p
Milk volume, mL
Day 0 - - - -
Week 1 (1/2) 241.60 + 78.80 220.39 + 65.79 21.21 (—30.10; 72.52) 0.406
Week 4 (2/2) 305.60 4+ 106.79 264.00 4+ 114.45 41.60 (—62.39; 145.59) 0.412
Last measurement 323.29 +114.93 313.60 &+ 127.25 9.69 (—71.86; 91.25) 0.811
No. of HMF pieces
Day 0 - - - -
Week 1 (1/2) 8.94 +9.33 8.55 +7.94 0.38 (—5.55; 6.32) 0.896
Week 4 (2/2) 20.00 £+ 7.48 17.20 £ 8.70 2.80 (—4.83; 10.43) 0.450
Last measurement 21.21 £743 16.50 + 8.45 4.71 (—0.65; 10.06) 0.083
Protein, g/100 mL
Day 0 2.02 +£0.34 - - -
Week 1 (1/2) 2.00 +0.34 191 £0.22 0.09 (—0.10; 0.29) 0.328
Week 4 (2/2) 1.37 +0.24 1.32 £0.15 0.05 (—0.14; 0.24) 0.582
Last measurement 1.34 +0.26 1.38 + 0.25 —0.04 (—0.21; 0.13) 0.640
Glucose, g/100 mL
Day 0 7.50 (7.10; 7.80) - - -
Week 1 (1/2) 7.60 (7.07; 7.80) 7.40 (7.05; 7.60) 0.20 (—0.10; 0.50) 0.219
Week 4 (2/2) 7.60 (7.53;7.77) 7.90 (7.67; 8.00) —0.30 (—0.50; 0.00) 0.039
Week 4 (2/2) (w/o one patient) 7.60 (7.60; 7.80) 7.90 (7.67; 8.00) —0.30 (—0.40; 0.00) 0.069
Week 4 (2/2) (w/o one patient) 7.67 £0.18 7.86 £+ 0.22 —0.19 (—0.39; 0.00) 0.051
Last measurement 7.70 (7.60; 7.80) 7.80 (7.60; 7.90) —0.10 (-0.20; 0.10) 0.348
Fat, g/100 mL
Day 0 3.36 +1.44 - - -
Week 1 (1/2) 3.48 +1.40 3.65 +1.20 8.00 (—17.00; 8.00) 0.417
Week 4 (2/2) 4.06 + 1.56 3.82 £ 0.56 —0.10 (—0.80; 0.80) 0.940
Last measurement 419 +£1.48 3.52 £1.05 0.68 (—0.17; 1.53) 0.113
Energy, kcal /100 mL
Day 0 - - - -
Week 1 (1/2) 71.06 + 12.38 71.21 +12.04 —0.15 (-8.57; 8.27) 0.972
Week 4 (2/2) 73.50 £ 12.20 73.10 £4.93 0.40 (—8.35;9.15) 0.925
Last measurement 75.35 +12.18 69.20 £+ 10.06 6.15 (—1.27;13.57) 0.101

HMF -human milk fortifier.

3.3. Nutritional Intake and Growth

Only one infant in each group received formula feeding. The rates of OMM and DHM
feeding did not differ between the groups. The mean achieving 80 mL/kg/d of enteral
feeding did not differ between the groups (SF 6.44 vs. TF 7.9, p = 0.21) (Table 1). All infants
in both groups received 1 g of HMF Bebilon Nenatal Nutricia® per 25 mL of HM with a
maximum dose of 6.6 g/kg. Forty-four percent (8 out of 18 newborns) required any type of
nutrient throughout the study period. In the first week of the study, one infant required
lipid supplementation only. Twenty-seven percent (5 out of 18) of patients required all
three supplements for the entire study (Figure 2.)
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Figure 2. Supplementation per patient.

The average weight gain in g/d was higher in the tailored group compared to the
standard group (27.01 + 10.19 g/d vs. 25.84 £ 13.45 g/d, respectively); however, no
significant difference was found (p = 0.776). No significant difference in weight gain in
g/kg/d between the tailored and standard groups was found (15.76 £ 3.10 g/kg/d vs.
16.84 £ 10.04 g/kg/d, respectively, p = 0.683). Differences between groups at the level of
statistical tendency were identified in the case of length and head circumference gain in
cm/wk (p = 0.056 and p = 0.074, respectively) (Table 3).

There was significant total weight gain in the tailored and standard groups over the
first 4 weeks of supplementation [MD = 632.11, 95% CI (359.94, 904.28), p = 0.001 and
MD = 601.78, 95% CI (414.70, 788.86), p < 0.001, respectively]. The change in the weight
z-score over the same period was not significant in either group (p = 0.947 and p = 0.723,
respectively) (Table 3).

3.4. Secondary Outcomes
Secondary outcomes, such as IVH (stages 1-4), late-onset sepsis, BPD, ROP, and PVL,
were similar between the targeted and standard fortification groups. Only one infant in the

control group developed necrotizing enterocolitis and was not fed enterally for seven days
(Table 4).
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Table 3. Weight, length, and head circumference development for the first 4 weeks.

Variable Week 1/at Birth Week 4/Study End MD (95% CI) p
Week 1 to week 4, tailored group (1 = 8)
Weight, g 1379.56 + 441.49 2011.67 + 647.56 632.11 (359.94; 904.28) 0.001
Weight z-score 0.00 +1.14 0.02 +0.89 0.02 (—0.72; 0.76) 0.947
Week 1 to week 4, standard group (1 = 8)
Weight, g 1264.56 + 365.98 1866.33 £ 570.42 601.78 (414.70; 788.86) <0.001
Weight z-score 0.24 £1.15 0.29 £ 1.06 0.05 (—0.26; 0.36) 0.723
At birth to study end, tailored group (n = 18)
Weight, g 1361.11 4 454.30 2253.22 + 838.63 8921';;5(5;6%76; <0.001
Length, cm 41.33 +5.69 48.50 + 6.02 7.17 (4.81; 9.53) <0.001
Head circumference, cm 25.89 +7.21 32.53 + 3.06 6.64 (3.34; 9.93) 0.001
Weight z-score 0.39 £1.17 —0.38 £ 1.35 —0.78 (—1.05; —0.50) <0.001
Length z-score 1.42 +1.63 1.30 £1.91 —0.12 (—0.88; 0.64) 0.749
Head circumference z-score 0.55 + 1.39 0.74 £ 1.51 0.19 (—0.55; 0.93) 0.592
At birth to study end, standard group (1 = 21)

Weight, g 1250.95 + 429.68 2041.48 + 843 51 7901’%5(‘;%5)'30; <0.001
Length, cm 39.42 £5.76 4490 +£7.10 5.48 (3.37;7.58) <0.001
Head circumference, cm 2542 +£6.75 30.70 £ 4.05 5.28(1.71; 8.84) 0.006
Weight z-score 0.62 £1.19 —0.35+1.21 —0.97 (—-1.32; —0.61) <0.001
Length z-score 1.21 £1.55 0.56 £+ 1.80 —0.65 (—1.13; —0.18) 0.009
Head circumference z-score 0.66 £ 1.12 —0.05+1.43 —0.72 (—1.15; —0.28) 0.003

Data presented as mean + standard deviation. MD-mean (week 4/study end vs. week 1/at birth), CI-confidence
interval. Measurements compared with Student’s t-test for dependent groups.

Table 4. Secondary outcomes.

. Tailored Standard
Variable (1 = 18) (o = 21) p
Poor feeding tolerance 6 (33) 3(14.3)

Sepsis 0(0.0) 0(0.0) -
Necrotizing enterocolitis 0(0.0) 1(4.8) >0.999
Intraventricular haemorrhage 1 0(0.0) 1(4.8) >0.999
Intraventricular haemorrhage 2 2 (11.1) 6 (28.6) 0.247
Intraventricular haemorrhage 3 0(0.0) 2 (9.5) 0.490

Periventricular leukomalacia 0(0.0) 0(0.0) -
Bronchopulmonary dysplasia 3(17.7) 8(38.1) 0.260
Retinopathy of premature 7 (38.9) 7 (33.3) 0.980

Death 0(0.0) 0(0.0) -
Late onset sepsis 0(0.0) 1(4.8) >0.999
Enteral feeding suspended for at least 7 days 1(5.6) 1(4.8) >0.999
>50% formula feeding 2 (11.1) 1(4.8) 0.586

Data presented as n (% of group). Groups compared with Fisher’s exact test or Pearson’s Chi-square test !, as

appropriate.

4. Discussion
4.1. Principal Findings

In this prematurely terminated randomized controlled trial, we did not find any
statistically significant difference in the velocity of weight gain during the supplementation
period in infants born before 32 weeks of gestation who received TF compared to those who
received SE. Changes in length and head circumference did not differ between the groups.

We ceased recruitment due to five cases of intolerance to feeds in the TF group,
such as significant abdominal distention (reported in two consecutive measurements),
regurgitation, and posseting. These adverse events were reported to the local bioethical
committee according to the study protocol, and the researchers decided to terminate the
trial [17]. Recruitment was interrupted after 39 infants were randomized. Consequently,
the power for detecting the difference in weight gain velocity between the groups (primary
outcome) decreased from 1.9 g/kg/day to 3.2 g/kg/day. Additionally, TF was found to be
labor-intensive and time-consuming for both mothers and medical personnel. This was the
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reason why mothers withdrew from the study. It is worth noting that most parents lived a
long distance from the hospital; given the epidemiological time (COVID pandemic), these
families were faced with the emotional burden of being away from their babies. Additional
obligations, such as participating in a study, are an additional source of anxiety. We noted
significant difficulties among the mothers in complying with the milk collection protocol.
Another confounder in the study was that weekly fortification was not compensated for
the dilutionary effect of omitting samples with high osmolarity (if osmolality exceeded the
safety range after adding all necessary supplements, the fortification was omitted for the
planned study period).

4.2. Comparison with Other Studies

Evidence confirming that TF using all three macronutrients improves growth in
preterm infants is limited. To date, ten studies have been published on TF [12] [10,19-25].
Three of the six randomized controlled trials evaluated the use of all three macronutri-
ents. A Cochrane review published in 2020 concluded that TF improves growth in the
preterm population. However, it included seven studies, of which only two evaluated
individualized target fortification as an intervention [11]. Pooled results from these trials
(72 participants) showed that the mean weight gain velocity in the TF group was higher by
2.49 g/kg/day (0.44-4.54) compared to adjustable fortification. Since then, only one new
study by Rochow et al. has been published, confirming previous findings. These studies
were performed at a Canadian academic center involving a large multidisciplinary research
team [13,26]. Furthermore, three members of the team performed the HM analysis, which
we found impossible to replicate in busy clinical settings. Our findings were confirmed
in an Australian study, where the authors concluded that TF was time-consuming and
labor-intensive and did not lead to growth improvement [12]. In Europe, dieticians are
not part of the clinical team, which significantly increases the workload of the rest of the
staff when it comes to TE. Studies conducted in Asian and European settings evaluated
the addition of only one macronutrient (in most cases, protein), and this was found to
be clinically feasible and improved growth [14,24,27,28]. It is also worth noting that, in
contrast to Rochow et al.’s study, the HMF used in our study did not contain lipids; thus,
in cases of low-fat HM concentrations, higher amounts of supplementation were required.
This probably led to higher osmolality results compared to the Canadian study and might
be the reason for the observed low tolerance to tailored supplementation [25].

In the study mentioned above by Rochow et al., weight gain velocity during the
first 21 days of intervention was higher in the TF group compared to the SF group (MD
1.9 g/kg/day, C10.9,2.9) [10]. The fact that we could not show the difference in the weight
gain velocity is probably due to a lack of power. With the 39 included patients, we only
had the power to detect differences as large as 3.2 g/kg/day. Regarding feasibility, the
difference may be accounted for by economic differences between the countries where
the study sites were located. In Canada, the GDP is more than twice as high as than in
Poland [29].

4.3. Strengths and Limitations

A randomized controlled trial design is the methodology of choice for studying the
effects of an intervention. Moreover, blinding of the parents, NICU staff, and outcome
accessors minimized bias related to allocation, intervention, and outcome assessment.
Transparency is an additional strength of our study; we registered the study on a public
research platform and published the complete protocol in a peer-reviewed journal [17].

Evidence on the effect of TF on outcomes other than weight gain velocity is lacking;
thus, we aimed to study whether neurodevelopmental scores will improve in the TF group
at 12 and 24 months of corrected age. However, due to the early cessation of the study, we
could not show the difference between the groups as calculated during planning.

The most important limitation of the current study was that it ceased before recruiting
the target number of participants. Another limitation is that we did not measure body
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composition according to the protocol (funds were not obtained). Consequently, despite
the effort and funds invested in designing and commencing the trial, we could not obtain
results that would add to the existing evidence in the field.

However, it is important to emphasize that we identified several potential obstacles
to introducing individualized fortification in clinical practice in the NICU. First, frequent
measurements of milk composition (twice per week) significantly increased the workload.
The potential solution might be to perform the measurement less often, for example, once a
week instead of twice a week. Rochow et al. showed that measurements twice weekly led
to a mean macronutrient intake within a range of £5% of the targeted levels [13].

4.4. Further Research

An ongoing randomized controlled trial designed by Belfort et al. will study the effect
of individualized fortification on growth, body composition, and development [30]. There
are important differences between this study, Rochow et al.’s 2021 study, and the current
trial [4,25]. The intervention will begin with achieving an enteral intake of 140 mL/kg,
compared to 80 mL/kg. Another difference is that protein and fat, but not carbohydrates,
will be added to HM in the experimental arm. Surprisingly, the target protein concentration
was set at 1 g/100 mL (compared with 3 g/mL in our trial, which aligns with the ESPGHAN
guidelines) [4]. Milk analysis will be performed daily. It is of value for research purposes,
but based on available evidence, it is not necessary to achieve desirable macronutrient
intakes [31]. The sample size (N = 130) will allow the authors to detect a moderate effect
of the intervention on growth. Still, it is probably too small to detect subtle differences in
developmental scores.

To date, only single-center studies have been conducted. Future research should focus
on generalizability and various clinical scenarios, as feeding protocols differ between units
and fortifiers differ between brands. The potential role of tailored enteral nutrition should
be confirmed in multicenter international trials.

5. Conclusions

Targeted milk modification is a strategy that may allow for the optimization of growth
in premature infants; however, feasibility and poor tolerance of feeds may be important ob-
stacles in introducing this strategy to NICU clinical practice. Further research should focus
on outcomes, such as body composition and development, and emphasize practical aspects.
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Abstract: Objective: To determine whether feeding progression patterns in the first eight postnatal
weeks, depicted by clustering analysis of daily enteral feeding volume, are associated with longi-
tudinal head-circumference (HC) growth and neurodevelopmental outcomes in extremely preterm
(EP) infants. Methods: 200 infants who were admitted at gestational ages 23-27 weeks between 2011
and 2018; survived to discharge; and underwent longitudinal HC growth measurements at birth,
term-equivalent age (TEA), corrected age (CA) 6-month, 12-month, and 24-month; and neurodevel-
opmental assessment using the Bayley Scales of Infant Development at CA 24 months were included
for analysis. Results: kmlShape analysis identified two distinct enteral feeding progression patterns:
fast progression in 131 (66%) infants and slow progression in 69 (34%) infants. Compared to the fast
progression group, the slow progression group showed significantly lower daily enteral volumes
after day 13, was older in postnatal age reaching full feeding, had a higher rate of Delta z scores of
HC (zHC) < —1 (p < 0.001) between birth and TEA, and displayed lower longitudinal zHC from TEA
to CA 24 months. The slow progression group also showed higher rates of microcephaly [42% vs.
16%, p < 0.001; adjusted odd ratio (aOR): 3.269, p = 0.001] and neurodevelopmental impairment (NDI)
(38% vs. 19%, p = 0.007; aOR: 2.095, p = 0.035) at CA 24 months. For NDI, the model including feeding
progression patterns showed a lower Akaike information criterion score and a better goodness of
fit than the model that did not include feeding patterns. Conclusion: Characterizing feeding pro-
gression pattern may help identify EP infants at high-risk of head-size growth faltering and NDI at
early childhood.

Keywords: enteral feeding progression patterns; clustering analysis; growth faltering; head circumference;
neurodevelopmental impairment; extremely preterm infants

1. Introduction

Extremely preterm (EP) infants with gestational age <28 weeks are at high risk of
adverse growth and neurodevelopmental outcomes at follow-up [1-3]. Poor or inadequate
nutritional support is associated with long-term neurodevelopmental problems [4,5]. In
early postnatal weeks, the advancement of enteral feeding in EP infants can not only be
affected by gastrointestinal morbidities but also be associated with non- gastrointestinal
risks, such as respiratory failure requiring mechanical ventilation [6,7]. Therefore, the
enteral feeding progression pattern may be associated with the well-being and neurodevel-
opmental outcomes of EP infants [6,8].
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Monitoring the growth trajectories of head circumference (HC) starting from birth
to discharge and periodically into early childhood is critical for neurodevelopmental
outcomes in EP infants [9-11]. Head-size growth is more related to cognitive outcomes
than bodyweight (BW) because head size is more relevant to brain volume and cortical
maturation before 24 months of age [12-14]. Poor postnatal head-size growth has been
associated with impaired neurodevelopmental outcome in EP infants [10,15-17]. Whether
the slow-feeding progression pattern is associated with inadequate longitudinal HC growth
and neurodevelopmental impairment (NDI) outcome at early childhood remains unknown.

kmlShape clustering analysis, a data partitioning method, allows the grouping of
individuals whose trajectories have similar forms but with shifted positions in time [18].
This study compared the feeding progression patterns in the first 56 days after birth in
EP infants using kmlIShape analysis, and explored the associations of different feeding
progression patterns with HC changes between birth and term-equivalent age (TEA) and
from TEA to corrected age (CA) 6, 12, and 24 months, as well as neurodevelopmental
outcomes at CA 24 months. We hypothesized that the early-life slow-feeding progres-
sion pattern is associated with longitudinal HC growth faltering and NDI outcomes in
early childhood.

2. Materials and Methods
2.1. Study Settings and Design

Among the 298 EP infants who were born and admitted with gestational age at
23-27 weeks, 226 infants survived to discharge from a tertiary university hospital from
January 2011 to December 2018. 213 (94%) infants received prospective longitudinal growth
follow-up assessments at TEA and CA 6, 12, and 24 months. After excluding 13 children
with congenital abnormalities, genetic syndromes, or perinatal or post-discharge brain
injuries, 200 children were included in the analysis (Figure S1). This study was approved
by the institutional review board of the University Hospital (approval code: ER-98-135;
date: 28 June 2022). Informed consent was obtained from the parents of each infant.

2.2. Nutritional Care Policy

Preterm infants were cared for using the similar protocol of enteral feeding and par-
enteral nutrition soon after birth [6,19]. HC was measured weekly, and BW was measured
daily. Soon after birth, infants were administrated with 3 g/kg/day of electrolyte-free
amino acids via peripheral or central intravenous routes. Once the central intravenous route
was established, lipid administration was initiated at 1 g/kg/day and gradually increased
to 34 g/kg/day. When the baby’s condition was stabilized, a tailor-made composited
parenteral nutrition was prescribed. A trophic feeding volume of 10-20 mL/kg/day was
started as soon as possible after birth, and maintained for 1 to 3 days or more, depending
on the clinical status [20-22].

The daily total protein intake was controlled at 3.5-4.0 g/kg/day, and the daily total
lipid intakes maintained at 3—4 g/kg/day. The glucose infusion was set at 7 g/kg/day
initially and then 13-17 g/kg/day according to glucose tolerance [21,22]. Total fluid was
targeted at 60-80 mL/kg in the first 24 h of life and increased with improving urine
outputs. After the diuretic phase after birth, the daily fluid intake was maintained at 130 to
150 mL/kg/day with caloric density of 80-100 Kcal/kg/day.

Increase in the feeding volume by increments of 10-20 mL/kg/day was prescribed and
evaluated daily. When the enteral feeding volume reached 100 mL/kg/day, feeding with
fortified human milk (0.74 Kcal/mL) was initiated and intravenous lipid administration
discontinued. Full enteral feeding was defined as the enteral feeding volume reaching
120 mL/kg/day [6,23-25] and intravenous parenteral fluids discontinued along with
removal of intravenous catheters. Full enteral volume was set at 120 mL/kg/day, which is
commonly used for preterm infants with balanced fluid maintenance without additional
intravenous fluid support. Further milk volume advancement might be required for higher
caloric requirement and growth [6,19].
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The postnatal ages at initial feeding and full enteral feeding (120 mL/kg/day) were
recorded. The daily enteral feeding volume in the first 8 postnatal weeks was calculated
as mL/kg/day. The daily parenteral nutritional intake (mL/kg/day), the daily total
nutritional fluid intake (mL/kg/day), and the daily total caloric intake (mL/kg/day) were
also calculated.

After discharge, infants were regularly followed up with for health surveillance and
growth and developmental supervision up to CA 24 months. Fortification of milk or the
use of the post-discharge formula was shifted to the regular infant formula or unfortified
human milk when the growth trajectories reached the adequate percentile [22,26].

2.3. Covariates

Small for gestational age (SGA) was defined as birth BW of less than the 10th percentile
for GA. Neonatal morbidities were recorded, including respiratory distress syndrome (RDS)
requiring surfactant therapy, hypotension requiring vasopressors, hemodynamically sig-
nificant patent ductus arteriosus (hs-PDA) requiring surgery, postnatal steroid use, sepsis,
intraventricular hemorrhage (IVH), cystic periventricular leukomalacia (cPVL), postna-
tal steroid, bacteremia, necrotizing enterocolitis (NEC), and non-NEC events requiring
surgery [6]. Non-NEC events requiring surgery included meconium ileus, spontaneous
intestine perforation, volvulus, and intestine adhesions [6].

2.4. Outcomes

The longitudinal growth of BW and HC was calculated from birth to TEA, and from
TEA to CA 6, 12, and 24 months. BW and HC at TEA were recorded at the postmenstrual
age of 37-42 weeks. A non-stretch tape was used and placed precisely at the broadest part
of the forehead above the eyebrow, above the ears, and at the most prominent part of the
occipital part of the head (https://www.cdc.gov/zika/pdfs/microcephaly_measuring.pdf,
accessed on 28 February 2023). Each measurement represented a single measurement
by experienced nurses. Re-measurement was required when obvious deviation from the
standard growth trajectory curve was noted. The anthropometric z-scores for BW (zBW)
and HC (zHC) at birth and TEA, respectively, were derived from Fenton’s postnatal growth
charts [27]. A delta z score (the zBW or zHC at TEA minus the zBW or zHC at birth) of —1
or less indicated growth delay in BW or HC during hospital stay [26,28-30]. The zBW and
zHC at each follow-up visit were based on the standards provided by the World Health
Organization [31]. Microcephaly was defined as a head circumference of < 10th percentile
for the age.

Neurodevelopmental outcomes at CA 24 months were assessed using the Bayley
Scales of Infant Development third edition (BSID-III) [32,33]. Child psychologists who
performed neurodevelopmental assessments were blinded to the early-life feeding status.
The severity of cerebral palsy was measured using the Gross Motor Function Classification
System (GMFCS) as mild (level 1), moderate (level 2 or 3), or severe (level 4 or 5). NDI
was defined as the presence of one or more of the following: cognitive composite score
or motor composite score < 85 by BSID-III, moderate or severe cerebral palsy (GMFCS
level >2), profound visual impairment, or profound hearing loss [32].

2.5. Statistical Analysis

The feeding patterns were analyzed using the “kmlShape” package in R to cluster
meaningful groups [6,18]. Demographics and risks were compared using chi-square or
Fisher’s exact tests for categorical variables and the independent ¢-test or Mann—-Whitney
U test for continuous variables. Repeated-measures analysis of variance was used to com-
pare the longitudinal anthropometric data between groups. For multiple comparisons at
each time point, Bonferroni adjustment as a post hoc test was used to explore pairwise
differences. A generalized estimating equation (GEE) was used to analyze the association
between repeated measurements and factors. The dependence of longitudinal anthropo-
metric variables on the risks, chosen a priori, and feeding pattern was first assessed using
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univariate analysis. Using logistic regression and adjusting for the risk factors selected
from the candidate factors in the univariate analysis, the association between feeding
patterns and NDI outcomes was analyzed. After univariate analysis, all candidate factors
were included in the multivariable analysis and chosen by a stepwise procedure using the
Akaike information criterion (AIC). AIC was used to identify better performance from the
candidate models. The likelihood ratio test was also used to determine the goodness of fit
of the two competing statistical models. Results were considered statistically significant if
the p-value was less than 0.05.

3. Results
3.1. Risks Associated with Slow Progression Feeding Pattern

Of the 200 EP infants included for analysis, the mean gestational age was 25.6 &= 1.3 weeks,
and the mean birth body weight was 839 & 199 g. Based on the daily enteral feeding
data from the first 56 postnatal days, the kmlShape analysis identified two distinct feeding
progression patterns: a fast progression pattern in 131 (66%) infants (Figure S2A) and a slow
progression pattern in 69 (34%) infants (Figure S2B). The slow progression pattern group
was older in the postnatal ages at initial feeding and reaching full feeding and showed a
significantly lower daily enteral feeding volume by postnatal day 13 (p < 0.05), and the
differences increased up to day 56 (all p < 0.05) compared to the fast progression pattern
group (Figure 1A).

A B C
Daily feeding volume ~ Fast progression Body weight ~ Fast progression Head circumference .o progression
200 ~ Slow progression i = Slow progression - Slow progression
04 fi 0
150 hk
g o o
kS o
£ § -1 8
= 1004 N N
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Postnatal age, days

Corrected age, months Corrected age, months

Figure 1. (A) Differences in the daily enteral feeding volumes in the first 56 postnatal days between
the fast progression feeding pattern group and the slow progression feeding pattern group in
extremely preterm infants. The statistical significances were observed from postnatal day 13 to day
56. Full feeding was defined as 120 mL/kg/days. Data were presented as mean + SEM. Bonferroni
adjustment was used for the multiple comparisons between the two different feeding progression
patterns at each time points. Differences in the longitudinal anthropometric z-scores of bodyweights
(B) and head circumference (C) from birth, term equivalent age (TEA), 6 months, 12 months, and up
to 24 months of corrected age between the fast progression and slow progression feeding pattern.
The blue line represents the fast progression pattern and the red line represents the slow progression
pattern. Data were presented as mean + SEM. Statistical significances: **: p < 0.01 and ***: p <0.001.

Compared to the fast progression pattern group, the slow progression pattern group
had significantly lower gestational age and birth zZBW and zHC, and had higher propor-
tions of hypotension, hs-PDA requiring surgery, late-onset sepsis, cPVL, and non-NEC
gastrointestinal events requiring surgery (Table 1).

The total nutritional fluid intakes were comparable between the two feeding progres-
sion groups except for a lower intake on days 26, 27, 32, and 41 (all p < 0.05) in the fast
progression group (Figure 2A). The slow progression group required a longer duration on
parenteral nutritional intakes from day 7 to day 56 compared to the fast progression group
(Figure 2B). In contrast, the fast progression group had higher total daily caloric intakes
from day 32 to day 56 (all p < 0.05) compared to the slow progression group (Figure 2C).
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Table 1. Differences of demographics, prenatal and neonatal risks, and exposures between the fast
progression and slow progression pattern groups in extremely preterm infants.

Feeding Trajectories Fast . SIOW.
Progression Progression
Risks and Exposures N =131 N =69 p Values
Demographics
Male, n (%) 64 (49) 40 (58) 0.237
Gestational age, weeks, mean (SD) 25.9 (1.3) 25.2(1.3) <0.001
Birth bodyweight z score, mean (SD) 0.10 (0.82) —0.24 (0.81) 0.006
Small for gestational age, n (%) 7 (5) 6(9) 0.377
Birth head circumference z score, mean (SD) —0.02 (0.96) —0.39 (0.95) 0.011
Maternal education level (<college), n (%) 50 (38) 29 (42) 0.649
Prenatal period
Antenatal steroid, n (%) 123 (94) 66 (96) 0.751
Multiple gestation, n (%) 39 (30) 21 (30) 1.000
Preeclampsia, n (%) 20 (15) 12 (17) 0.690
Gestational diabetes, n (%) 4 (3) 1(1) 0.661
Neonatal period
Respiratory/hemodynamics, n (%) 109 (83) 62 (90) 0.291
RDS requiring surfactant therapy, n (%) 64 (49) 36 (52) 0.766
Hypotension requiring vasopressors, n (%) 82 (63) 57 (83) 0.006
hs-PDA requiring surgery, n (%) 26 (20) 28 (41) 0.002
Postnatal steroid, n (%) 26 (20) 21 (30) 0.114
Infection events, n (%) 17 (13) 30 (43) 0.001
Early-onset sepsis, n (%) 54) 5(7) 0.318
Late-onset sepsis, n (%) 14 (11) 26 (38) <0.001
Severe brain injury, n (%) 10 (8) 11 (16) 0.089
IVH (>I00), n (%) 8 (6) 6(9) 0.563
cPVL, n (%) 4 (3) 9(13) 0.012
GI morbidities, n (%) 13 (10) 25 (36) <0.001
NEC > stage II, n (%) 10 (8) 12 (17) 0.055
Non-NEC events requiring surgery, n (%) 4(3) 16 (23) <0.001
Feeding progression
Postnatal age at initial feeding, days, mean (SD) 4.2 (3.9) 5.9 (5.3) 0.024
Postnatal age at reaching full feeding, days, mean (SD) 33 (9.5) 56 (20.6) <0.001
Growth differences between TEA and birth
Delta z score of bodyweight <—1, n (%) 60 (46) 59 (86) <0.001
Delta z score of head circumference <—1, n (%) 55 (42) 50 (73) <0.001

RDS: respiratory distress syndrome; PDA: hemodynamic significant patent ductus arteriosus; NEC: Necrotizing
enterocolitis; IVH: intraventricular hemorrhage; cPVL: cystic periventricular leukomalacia; TEA: term equivalent
age; EUGR: extrauterine growth restriction; Delta z scores: the differences in z scores of bodyweight or head
circumference between TEA and birth.

3.2. Slow Progression Feeding Pattern Negatively Associated with the Trend Changes of
Longitudinal Head-Size Growth

The slow progression group had significantly higher rates of delta z scores < —1 in BW
(86% vs. 46%, p < 0.001) and in HC (73% vs. 42%, p < 0.001) between TEA and birth than
the fast progression group (Table 1). The longitudinal anthropometric zZBW and zHC show
that the slow progression group was associated with significantly lower zBW (Figure 1B)
and zHC (Figure 1C) at TEA, and also at CA 6, 12, and 24 months compared to the fast
progression group. The zHC of the fast progression group was —0.7 at TEA but increased
to 0 at CA 6,12, and 24 months. In contrast, the zHC of the slow progression group was
well below —2 at TEA and remained persistently at —1 from CA 6 to 24 months.

Univariate followed by multivariate analysis by GEE for the risks associated with the
trend changes of zZHC showed that lower gestational age, SGA, RDS requiring surfactant
therapy, severe IVH, and slow-feeding progression pattern were significantly associated
with negative coefficients with repeated zZHC measurements from birth to CA 24 months
(Table S1).
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Figure 2. Differences of total nutritional fluid intake (mL/kg/day, (A)), the daily parenteral nu-
tritional fluid intake (mL/kg/day, (B)), and total caloric intake (Kcal/kg/day, (C)) in the first 56
postnatal days between the fast progression and slow progression enteral feeding progression groups.
Data were presented as mean £ SEM. Bonferroni adjustment was used for the multiple comparisons
between the two feeding groups at each time point. Significant statistical differences were observed
in the parenteral nutritional fluid intake from day 13 to day 56; the total nutritional fluid intake on
days 26, 27, 32, and 41; the total caloric intake from day 32 to day 56.

3.3. Microcephaly and Neurodevelopmental Impairment Outcomes at Corrected Age 24 Months
after Slow-Feeding Progression Pattern

We then compared the differences in the proportion of infants with microcephaly
(HC < 10th percentile) and NDI outcomes at CA 24 months between the two early-life
different feeding progression patterns. The slow progression group was associated with
significantly higher rates of microcephaly [42% vs. 16%, p < 0.001; adjusted odd ratio (aOR):
3.269, p = 0.001] and NDI (38% vs. 19%, p = 0.007; aOR: 2.095, p = 0.035) than the fast
progression group (Table 2).

Table 2. Differences in proportions of microcephaly and neurodevelopmental impairment outcomes
at corrected age 24 months between the fast progression and slow progression feeding pattern groups

in early life.

49

Early-Life Feeding Trajectories Slow Fast * Adjusted Odds Ratio (aOR)

Progression  Progression

Outcomes N =69 N =131 p Values aOR 95% CI

p Values

Head circumference < 10th percentile, n (%) 28 (42) 21 (16) <0.001 3.269 1.634, 6.54
Neurodevelopmental impairment, n (%) 26 (38) 25 (19) 0.007 2.095 1.052,4.171
Moderate to severe cerebral palsy, n (%) 8 (11.6) 6 (4.6) 0.082 2.507 0.799, 7.866
Cognitive impairment, n (%) 15 (22) 19 (15) 0.252 1.462 0.663, 3.223
Profound hearing/vision impairment, n (%) 7 (10.1) 6 (4.6) 0.142 1.923 0.597, 6.193

0.001
0.035
0.115
0.347
0.273

* Adjusted with gestational age and gender.

3.4. The Model including Feeding Patterns Better Predicted Neurodevelopmental Outcomes

Univariate and multivariate logistic regression analyses were performed to exam-
ine early-life medical risks and feeding progression patterns associated with NDI at CA
24 months (Table 3). The model that does not include feeding progression patterns
(Model 1) identified three risk factors, namely male sex (aOR 2.316, 95% CI [1.136-4.720],
p = 0.021), lower maternal education level (2.231, [1.124-4.431], p = 0.022), and severe brain
injury (4.331, [1.641-11.616], p = 0.004), as being significantly associated with NDI. After
adding feeding patterns to the multivariate model (Model 2), four risk factors, that is, male
sex (2.224, [1.078-4.575], p = 0.030), lower maternal education level (2.200, [1.098-4.406],
p = 0.026), severe brain injury (3.854, [1.408-10.550], p = 0.009), and slow progression feeding
pattern (2.232, [1.114-4.473], p = 0.024), demonstrated significantly negative impacts on
neurodevelopmental outcomes. The model including feeding progression patterns showed
a lower AIC score and had a better model goodness of fit using the log likelihood ratio test
(p = 0.024) than the model that did not include feeding progression patterns.
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4. Discussion

Under the similar enteral feeding and nutritional support protocol, we investigated
the impacts of two different early-life feeding progression patterns, established by the daily
enteral feeding volume in the first 8 postnatal weeks, on the longitudinal head-size growth
from birth to CA 24 months, and microcephaly and neurodevelopment outcomes at CA 24
months in EP infants. We found that the slow-feeding progression pattern occurred in one
third of EP infants who could be distinguished from the fast progression feeding pattern
as early as postnatal day 13. The slow progression group required a longer duration on
parenteral nutritional intakes from day 7, while the two feeding progression groups had
similar daily caloric intakes in the first postnatal weeks. Compared to the fast progression
group, the slow progression group showed growth faltering in zHC not only from birth
to TEA but also from TEA to CA 24 months. The slow progression group also had signifi-
cantly higher rates of microcephaly and NDI at CA 24 months. The model that included
early-life feeding patterns demonstrated more negative impacts on neurodevelopmental
outcomes than the model without including feeding progression patterns. Taken together,
these findings suggest that close monitoring of feeding progression patterns in the early
postnatal weeks provides important information on the longitudinal head-size growth and
neurodevelopmental outcomes in EP infants.

4.1. Characterizing the Patterns of Early-Life Feeding Progression

The goal to achieve normal growth and neurodevelopment for infants born extremely
preterm is to provide adequate nutritional supports through daily feeding. However, the
enteral feeding progression is largely affected by the degree of gut immaturity, and the
occurrence of gastrointestinal and non-gastrointestinal medical morbidities of these infants
in the NICU. On the enteral feeding progression, we found that two thirds of EP infants
showing the fast progression pattern had better head-size growth and neurodevelopmental
outcomes compared to the slow progression pattern group. Early full enteral feeding,
which appears to be feasible in these clinically stable EP infants, has been associated with
better short outcome in late-onset sepsis and reduced length of hospital stays [34-36].
However, in these stable infants, studies fail to establish a link between increased protein
and energy intakes of recommended levels and neurodevelopmental outcome at follow-up,
and the evidence between early protein supplement and reduced postnatal faltering growth
is weak [37—41]. A large, randomized trial also demonstrated a faster volume increment
of enteral feeding (daily increments of 30 mL/kg) compared to a slower increment (daily
increments of 18 mL/kg) failed to improve survival without NDI at CA 24 months [42,43].

Yet, very limited studies have investigated the underlying causes and growth and
neurodevelopmental outcomes of the EP infants who fail to follow the trajectory of feeding
progression [6,44]. We found that enteral feeding progression was very difficult to achieve
in one third of EP infants due to gut immaturity and the presence of medical morbidities.
The infants who followed the slow progression pattern and required prolonged parenteral
nutritional intakes could be identified by the first 2 weeks after birth. Despite the compara-
ble daily total nutritional fluid intakes and caloric intakes between the slow progression
and fast progression groups in the first 4 weeks after birth, the slow progression groups
showed long-term head-size growth faltering, and higher rates of microcephaly and NDI
at CA 24 months.

4.2. Early-Life Feeding Patterns, Extrauterine Head-Size Growth by TEA, and Longitudinal
Head-Size Growth from TEA to CA 24 Months

Studies on the risks for extrauterine growth restriction have included the risks, mor-
bidities, and nutritional feeding practices in the NICU [25,45-47]. Head-size growth in the
first two years after birth is associated with neurodevelopmental outcome in very preterm
infants [10,12,13,15-17,48]. We focused on the daily enteral feeding volumes in the first
8 postnatal weeks to depict early-life feeding progression patterns that might associate
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with the extrauterine head-size growth at TEA status as well as at follow-up. Studies
suggest that infants with extrauterine growth restriction at discharge/TEA frequently show
continued growth restriction at follow-up [49-51]. Head-size growth needs to be monitored
with longitudinal growth curves for the best result in EP infants [10,52,53]. We found that
the slow progression feeding group was not only associated with extrauterine growth
restriction in HC between TEA and birth but also with persistent head-size growth faltering
from TEA to CA 24 months. Gut microbiota is important for growth in young infants [54,55].
The specific gut microbiota that were involved with the faltering of head-size changes in
the slow progression feeding group remain to be elucidated.

4.3. Close Relationship between Early-Life Feeding Patterns, Longitudinal Head-Size Growth and
Neurodevelopmental Outcomes

The relationship between growth patterns and neurodevelopment outcomes in preterm
infants has been investigated [10,48,56,57]. In-hospital growth velocity in BW and HC
between birth and discharge/TEA shows significant effects on neurodevelopmental out-
come [12,15,48]. However, whether extrauterine growth restriction at discharge is associ-
ated with neurodevelopmental outcomes remains controversial [28,58,59]. The longitudinal
growth faltering in HC from birth to TEA and into early childhood may have a higher
negative predictive value for NDI than cross-sectional ones or just at TEA [10,26,28,59].
We found that slow progression feeding patterns were associated with a high rate of NDI
by persistently faltering in head-size growth curves from TEA to CA 24 months. These
findings indicate the close relationship between early-life feeding progression patterns,
longitudinal head-size growth, and NDI outcomes in EP infants.

4.4. Early-Life Slow Progression Feeding Pattern Depicted by Clustering Analysis as an Important
Risk for Head-Size Growth Faltering and NDI

In addition to the well-known neonatal risks that have been associated with NDI, our
study demonstrated the early-life adverse feeding patterns are also an important risk for
NDI. Monitoring the daily enteral feeding volume in preterm infants is a part of routine
care worldwide [42]. More than 90% of infants in our NICU were fully or partially fed with
human milk up to TEA [19,60,61]. kmlShape analysis stratified the heterogenic trajectories
within the study populations according to their shapes after examining their time series and
longitudinal data [18,62]. kmlShape clustering analysis has been applied to examine time
series and longitudinal data according to their shapes in order to capture the heterogenic
trajectories within the study populations. Using kmlIShape clustering analysis of respiratory
patterns based on the daily type of ventilation support in the first 8 weeks after birth in
preterm infants, one study had shown that early-life respiratory trajectories were associated
with neurodevelopmental outcomes in extremely preterm infants [32]. For the first time,
we established early-life feeding progression patterns by performing clustering analysis on
data from daily enteral feeding, and further linked the feeding patterns with the head-size
growth trajectory and NDI in EP infants.

4.5. Limitations

This prospective registration and follow-up cohort of EP infants has limitations in-
herent to observational studies from a single academic center. The generalizability of
the results to other centers needs to be validated through further prospective multicen-
ter studies. The macronutrients, energy, and protein intakes during hospitalization may
be associated with a free fat mass/fat mass at discharge, a potential marker for growth
and neurodevelopment outcomes in infants [63,64]. The evaluations of macronutrients,
energy, and protein intakes during hospitalization and free fat mass or fat mass at TEA and
follow-up were not available in this study. A single head circumference measurement at
designated time points instead of considering the average of consecutive measurements
and the lack of an interobserver agreement assessment of measurements could also be
study limitations.
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5. Conclusions

Early-life feeding progression pattern may serve as a risk factor for long-term head-
size growth faltering and neurodevelopmental outcomes. EP infants who followed the slow
progression feeding pattern were at high risk of longitudinal head-size growth faltering,
microcephaly, and NDI at early childhood. Characterizing the adverse feeding progression
pattern in the first two weeks after birth may help identify high-risk infants earlier for
further nutritional interventions to improve outcomes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu15051277/s1, Figure S1: A flowchart of the extremely preterm
infants included for analysis; Figure S2: The kmlShape clustering analysis characterizes the feeding
progression trajectories of extremely preterm infants; Table S1: The early-life medical risks and slowly
feeding progression pattern that are associated with the trend changes of head circumference z scores
from birth to 24 months of corrected age in extremely preterm infants: univariate and multivariate
GEE analyses.
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Abstract: Necrotizing enterocolitis (NEC), spontaneous intestinal perforation (SIP) and meconium-
related ileus (MI) requiring surgical intervention are associated with a high risk of severe short- and
long-term complications in very-low-birth-weight (VLBW) infants including poor growth, cholestasis
and neurodevelopmental impairment. This retrospective study aimed to identify risk factors for such
complications in a cohort of 55 VLBW preterm infants requiring surgery with enterostomy creation
due to NEC, SIP or MI. Long-term follow-up was available for 43 (78%) infants. Multiple regression
analyses revealed that the duration of inflammation and longitudinal growth determined the risk of
cholestasis and neurodevelopmental outcome at 2 years corrected age independent of the aetiology
of the intestinal complication. Direct bilirubin increased by 4.9 pmol/L (95%CI 0.26-9.5), 1.4 umol/L
(95%CI 0.6-2.2) and 0.8 umol/L (95%CI 0.22-1.13) with every day of elevated (Interleukin-6) IL-6,
(C-reactive protein) CrP and parenteral nutrition. The mental development index at 2 years corrected
age decreased by 3.8 (95%CI —7.3——0.36), 0.4 (95%CI 0.07-0.80) and 0.3 (95%CI 0.08-0.57) with
every day of elevated IL-6 and every 1 point decrease in weight percentile at discharge and 2 years.
These data stress the importance of optimal timing for the initial surgery in order to prevent pro-
longed inflammation and an early reversal of the enterostomy in case of poor growth or insufficient
enteral nutrition.

Keywords: childhood outcomes; cholestasis; enterostomy; intestinal complication; longitudinal
growth restriction; neurodevelopmental delay; parenteral nutrition; preterm infants

1. Introduction

Neonatal abdominal disorders such as necrotizing enterocolitis (NEC), spontaneous
intestinal perforation (SIP) and meconium-related ileus (MI) requiring surgical intervention
are associated with a high mortality in very-low-birth-weight (VLBW) preterm neonates.
Surviving infants face severe short- and long-term morbidities such as poor growth,
cholestasis and neurodevelopmental impairment [1]. The latter was reported to affect
up to 61% of surviving infants at a corrected age (CA) of 18 to 36 months [2]. The risk of
cholestasis increases significantly with prolonged parenteral nutrition and any cause of
systemic inflammation [3,4], which are both frequently present in infants suffering from
surgical NEC, SIP or ML In these infants, cholestasis is mostly transient and only rarely
accompanied by liver failure [3]. However, it is associated with poor growth [5], which in
turn is a predictor for an adverse neurodevelopmental outcome in preterm infants [6]. A
better understanding of risk factors associated with short- and long-term morbidities of
surgically treated NEC, SIP and MI is needed to guide treatment strategies for improved
outcomes and to reliably counsel parents.

This study aimed to identify risk factors that help to assess the probability for adverse
short- and long-term outcomes in VLBW infants suffering from surgical NEC, SIP or ML
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2. Methods
2.1. Study Design and Population

In a single-centre retrospective study, all in- or outborn preterm neonates treated at the
neonatal intensive care unit (NICU) of Hannover Medical School between January 2006 and
December 2018 were included when fulfilling the following criteria: birth weight < 1500 g
(VLBW) and surgery with the creation of an enterostomy due to NEC, SIP or MI. NEC,
SIP and MI were diagnosed at the presence of clinical criteria (including bowel distension,
abdominal tenderness and/or discoloration, feeding intolerance, regurgitation, bilious
or stool vomiting) by ultrasound and radiography as well as laboratory evaluation. The
indication for surgery was given in case of fulminant progress and/or signs of intestinal
perforation or suspected perforation. Clinical data of those infants were obtained from the
hospital information system. Infants with major congenital malformations or syndromes
were excluded from the analysis. Furthermore, infants who were either transferred to
another hospital for further treatment or died within 14 days after surgery were omitted
due to missing data on weight gain and nutrition after initial surgery as well as short-
term morbidity.

Data collection included baseline patient characteristics, details on the primary surgery
with enterostomy creation, any re-laparotomy if required and the reversal of the enteros-
tomy, as well as enteral and parenteral nutrition prior to and after surgery, number of
central-line-associated bloodstream infections (CLABSI) and blood transfusions. Further-
more, laboratory values to assess the occurrence of cholestasis (direct bilirubin) and the
inflammatory response (C-reactive protein (CrP) and Interleukin-6 (IL-6)) after primary
surgery were evaluated. The normal level for direct bilirubin is <5 pmol/L; therefore,
cholestasis was defined as a direct bilirubin > 35 umol/L [4] and infants were routinely
monitored until discharge. CrP and IL-6 serum levels were routinely measured at an
interval of 1 to 2 days until negative to guide antibiotic treatment. Only elevated levels
in association with the initial surgery or surgeries in case of the necessity of multiple
procedures were considered for the analysis. Values > 10 mg/L for CrP and >150 ng/L
for IL-6 were considered elevated [7,8]. In order to analyse weight gain after the initial
surgery, body weight measurements were collected on a weekly basis. Weekly weight gain
was expressed as a percentage of weight change relative to the weight at the time of initial
surgery. We did not adjust for any weight gain from oedema directly following surgery as
this to some extent was expected in all infants included in our study. Finally, data on growth
throughout the onward treatment as well as growth and neurodevelopmental outcomes
at 2 years of CA were collected. Growth was assessed using weight, head circumference
(HC) and corresponding percentiles according to Voigt et al. and Brandt preterm growth
charts up to 42 weeks postmenstrual age and beyond, respectively [9,10]. Any changes in
weight or HC percentiles over time were calculated against birth percentiles and expressed
as delta percentile (delta percentile = current percentile-birth percentile).

2.2. Long-Term Outcome Measures

According to the German National Neonatal Follow-up Program, infants were rou-
tinely invited at 2 years CA for the assessment of growth and neurodevelopmental outcome
by an experienced neonatologist or paediatric neurologist. All age-related outcomes were
corrected for prematurity. For the evaluation of cognitive development, the German ver-
sion of the Bayley Scales of Infant Development III (Bayley-1II) was applied [11]. If Bayley
was not feasible due to a lack of cooperation, language barrier or major disabilities, the
Griffiths Mental Development Scales edition Il was used [12]. Cognitive development was
expressed as Bayley-III score or Griffiths development quotient, which are age standardized
(MDI, mental development index, normal population mean 100, standard deviation 15).
Moderate or severe neurodevelopmental delay was defined as a Bayley-III score or Griffiths
development quotient < 85 [13]. Patients who were lost to follow-up were not considered.
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2.3. Statistical Analysis

Data were evaluated in the pseudonymised form using Excel 2016® (Microsoft Corpo-
ration, Redmond, WA, USA) and GraphPad® (GraphPad Prism Version 9.3.1 for Windows,
GraphPad Software, San Diego, CA, USA) and tested for Gaussian distribution using the
Shapiro-Wilk normality test. Continuous variables were presented as median and range,
and categorical variables as frequencies and percentages. For analyses, Mann-Whitney U
tests, Chi? tests and Kruskal-Wallis tests for multiple comparisons were applied. Spear-
man’s correlation coefficient was used to estimate the relationship between individual
variables. To identify influencing factors on the 2-year outcome or cholestasis, multiple
linear regression analyses were performed using the MDI or the maximum direct bilirubin
as the dependent variable and building linear models taking clinical characteristics of the
infants into account. As potential influencing factors, we included the gestational age, birth
weight, maximum inflammation values and duration of inflammation data and number of
CLABSIs in both models. In the cholestasis model, we additionally included duration of
parenteral nutrition, out-born status and number of transfusions and surgeries, and in the
2-year outcome model intraventricular haemorrhage and delta weight percentile data for
initial surgery, discharge and 2-year CA. In order to remove the insignificant variables, we
applied a backward elimination process to iteratively remove the least important variables
until only significant factors remained in the model. The significance level was set at 0.05.

3. Results
3.1. Patient Characteristics

Between January 2006 and December 2018, a total of 1251 VLBW preterm infants were
treated on the NICU of Hannover Medical School. Of those, 63 patients (5.0%) developed
NEC, with 45 infants requiring surgery. SIP was diagnosed in 53 infants (4.2%), and MI in
26 patients (2.1%), all of whom underwent surgery. All operated infants received an en-
terostomy. Sixty-nine of these surgically treated infants (55.6%) were excluded from further
analyses due to an early transfer to another hospital, death or major malformations (one con-
genital disorder of glycosylation (CDG) syndrome; one Cornelia-de-Lange-syndrome;
two complex cardiac defects). Figure 1 provides further details on patient recruitment.

Of the thirty-one infants who died within 14 days after the initial surgery, nineteen died
in the course of a fulminant NEC, eleven suffered from SIP and one from MI. Ten of those
infants died from septic complications caused by the SIP/MI, one infant suffered from a
fungal sepsis and one infant died from respiratory complications (pulmonary emphysema).
No further deaths occurred during in-house treatment. Of the fifty-five infants included
in the analyses, sixteen were treated for NEC, thirty-two infants for SIP and seven infants
received a surgical intervention for MI. None of the infants with MI were diagnosed with
cystic fibrosis. Ten infants required the creation of more than one enterostomy in the same
or a second surgical session (five infants received a jejuno- and an ileostomy, two an ileo-
and a colostomy and three infants two ileostomies each). In the remaining forty-five infants
a single enterostomy was created, with three infants received a jejunostomy, forty an
ileostomy and two a colostomy. Information regarding the neurodevelopmental outcome
at a CA of 2 years was available for 43 out of the 55 remaining infants (78.2%). Twelve
infants were lost to follow-up.

NEC was diagnosed at a median postnatal age of 16.5 days (range 3 to 50 days). SIP and
MI were diagnosed significantly earlier at a postnatal age of 9.0 days (range 2 to 40 days)
(p = 0.0071). All out-born infants (n = 20) were transferred to the Hannover Medical School
for the diagnosis of NEC (n = 7), SIP (n = 11) or MI (n = 3) prior to the initial surgery with a
median age of 9 days (range 1-55 days). Baseline characteristics of all patients are presented
in Table 1.
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VLBW infants
n=1251

n=124
requiring surgery for
NEC, SIP or Ml

n=31
death within 14 days
after primary surgery

n=34
transfer within 7 days
after primary surgery

n=4
major malformations or
syndrome

n=55
infants included in
analysis

Figure 1. Flow chart of infant recruitment.

Table 1. Baseline characteristics of infants included in the analysis (1 = 55).

Characteristic Median (Range) or 1 (%)
Gestational age, weeks 25.3 (23.1-32.3)
Birth weight, grams 710 (315-1450)
Birth weight percentile 30 (1-92)
HC at birth, cm 23 (19-29)
HC percentile at birth 30 (1-80)
Sex, male 36 (65.5)
Out-born 21 (33.2)
Age at primary surgery, days 12 (2-50)
Age at reversal of enterostomy, days 75 (37-280)
Bronchopulmonary dysplasia, moderate or severe 8 (14.5)
Intraventricular haemorrhage > 2° 7(12.7)
HC, head circumference.

No significant differences were found for gestational age, weight and head circum-
ference at birth, rate of cholestasis and neurodevelopmental delay at 2 years CA between
infants suffering from NEC, SIP or MI (Table 2).

3.2. Cholestasis

Cholestasis occurred in 20 patients (36.4%) and was diagnosed at a median age of
59 days (range 10-156) with a maximum direct bilirubin of 80 pmol/L (median, range
37-180 pmol/L). The characteristics and clinical parameters of infants with and without
cholestasis and their statistical analyses are summarized in Table 3.
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Table 2. Clinical characteristics and data availability of the infants included in the analyses stratified
for aetiology of the intestinal complication, shown as median and range or 1 and %.

NECn =16 SIP n =32 MIn=7 p Value ?
. 25.8 25.0 26.0
Gestational age, weeks (243-32.3) (23.1-30.4) (233-32.0) 0.26
. . 663 713 790
Birth weight, grams (380-1370) (315-1450) (645-1375) 0.69
Head circumference, cm 23.5 (19-29) 22.9 (20-28) 22 (22-28.5) 0.75
Cholestasis 9 (56.3) 10 (31.3) 1(14.3) 0.11
Data on neurodevglopmental 12 (75.0) 26 (81.3) 5(71.4) 0.80
outcome available
Neurodevelopmental delay at 2 years CA 8 (66.7) 15 (57.7) 2 (40.0) 0.60

@ Kruskal-Wallis test. CA, corrected age.

Table 3. Characteristics of infants (n = 55) with vs. without cholestasis, shown as median and range
or n and %. Significant differences are marked in bold.

Cholestasis n = 20 No Cholestasis n = 35 p Value
Gestational age, weeks 25.4 (23.1-31.7) 25.7 (23.3-32.3) 0712
Birth weight, grams 760 (315-1370) 695 (575-1450) 0.77 2
Birth weight percentile 25 (1-92) 30 (5-90) 0.63°
Sex, male 11 (55.0) 25 (71.4) 0.22"
Out-born 12 (60.0) 9 (25.7) 0.01b
. . . NEC 9 (45.0) NEC 7 (20.0)
Ae“‘;l;’iy 1‘1’({ ;Etoe;tmal SIP 10 (50.0) SIP 22 (62.9) 0.47"
P MI 1 (5.0) MI 6 (17.1)
CrP max, mg/L 145.5 (21-275) 75 (1.7-401) 0.03 °
Duration of CrP elevation, days 19 (2-104) 6 (0-20) <0.0001 @
IL-6 max, ng/L 2040 (18-15,900) 153.5 (30-11,000) 0.07 2
Duration of IL-6 elevation, days 4 (0-10) 0 (0-7) 0.0005 2
Enter'al 'n'utr1t1on prior to 18 (90.0) 31 (88.6) 087"
initial surgery
Duratlon. o.f Parenteral nutrition 24 (3-96) 10 (4-59) 0.001 2
after initial surgery, days
Type of enteral nutrition after
initial surgery, 11 (55.0) 22 (62.9) 0.57P
exclusive formula
Duration between creation and 63.5 (33-251) 58 (18-121) 0.50 2
reversal of enterostomy, days
Short bowel syndrome prlocr to 4(20.0) 2 (5.7) 0.10P
reversal of enterostomy
Number of CLABSIs 1(0-4) 0 (0-2) 0.042
Number of blood transfusions 9 (5-36) 5 (1-16) 0.0005 2
Number of laparotomies before 2 (1-9) 1(1-7) 0.03 3
reversal of enterostomy
Age at initial surgery, days 15 (7-40) 10 (2-50) 0.092

2 Mann-Whitney U test. ® Chi? test. © Malabsorptive condition caused by the lack of functional small intestine
due to a very proximal enterostomy and the subsequent continuous dependency on parenteral nutrition NEC,
necrotizing enterocolitis; SIP, spontaneous intestinal perforation; MI, meconium-related ileus; CrP, C-reactive
protein; IL-6, interleukin-6; CLABSIs, central-line-associated bloodstream infections.
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Of note, outborn infants showed a significantly longer duration of CrP elevation after
the initial surgery (median duration and range in days outborn 13 (0-104), inborn 7 (0-38),
p = 0.025). Infants with cholestasis showed a significantly poorer weight gain starting
3 weeks after the initial surgery (Figure 2).

100- :l**

Percent

50 -2~ cholestasis

-= no cholestasis

O T T T T T T
1 2 3 4 5 6 7 8
Weeks after initial surgery

Figure 2. Median weight gain per week after initial surgery in percent of weight at surgery for infants
with and without cholestasis. Paired f-test, ** p = 0.0011.

A multiple regression analysis including all 55 infants revealed that direct bilirubin
values were determined by the duration of IL-6 and CrP elevation and of parenteral
nutrition after the initial surgery. Every additional day of parenteral nutrition increased
direct bilirubin by 0.8 pmol/L (95%CI 0.22-1.13, p = 0.004). Furthermore, direct bilirubin
rose by 1.4 pmol/L (95%CI 0.6-2.2, p = 0.001) and 4.9 umol/L (95%CI 0.26-9.5, p = 0.039)
for every day with an elevated CrP and IL-6, respectively.

3.3. Outcome at 2 Years CA

In total, the follow-up data of 43 patients (78.2%) were available at a CA of 2 years. The

outcome parameters of neurodevelopment and growth for these infants are summarized in
Table 4.

Table 4. Outcome at 2 years CA (1 = 43).

Outcome Parameter Median (Range) or n (%)
Neurodevelopmental delay, moderate or severe 25 (58.1)
MDI 90 (50-120)
Body weight, grams 10,800 (8300-15,700)
Weight percentile 20 (1-83)
Delta weight percentile @ —6 (—70—+47)
HC, cm 46.8 (38.6-52)
HC percentile 4 (1-80)
Delta HC percentile ? —19 (—69-+50)

2 Delta percentiles were calculated against birth measurements. MDI, mental development index; HC, head
circumference.

Table 5 shows a comparison of the clinical parameters and characteristics of the initial
hospital stay and growth parameters up to 2 years CA between infants with and without
neurodevelopmental delay. Significant differences between both groups were found for
weight development at the initial surgery and at 2 years CA, as well as for the duration
but not the extent of IL-6 elevation after initial surgery as a marker for inflammation. A
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multiple regression analysis including all 43 infants revealed that poor growth during the
initial hospital stay and up to 2 years CA as well as a longer duration of IL-6 elevation after
the initial surgery significantly determined MDIs at 2 years CA. The MDI decreased by 0.4
(95%CI1 0.07-0.80, p = 0.021) and 0.3 (95%C1 0.08-0.57, p = 0.011) for every 1 point decrease
in weight percentile at discharge and 2 years CA, respectively. Furthermore, every day
with an elevated IL-6 reduced the MDI at 2 years CA by 3.8 (95%CI —7.3——0.36, p = 0.032).

Table 5. Clinical parameters and characteristics of infants (1 = 43) with vs. without neurodevelop-
mental delay at 2 years CA, shown as median and range or # and %. Significant differences are
marked in bold.

Neurodevelopmental =~ No Neurodevelop-
Delay mental Delay p Value
n=25 n=18
Gestational age, weeks 25.0 (23.1-32.3) 25.6 (23.3-32.0) 0.82°b
Aetclogy of intetinl P13 6010 SPUED o
phication MI 2 (8.0) MI 3 (16.7)

Outborn 7 (28.0) 5(27.8) 0.99 €

Sex (male) 19 (76.0) 11 (61.1) 0.29

Age at initial surgery, days 9 (2-50) 12 (2-37) 0.87P
Number of transfusions 7 (1-36) 6.5 (1-32) 0.93b
Number of CLABSIs 0 (0-3) 0.5 (0-4) 0.45b
Number of laparotomies before 2 (1-9) 1(1-5) 0.24b

reversal of enterostomy
Bronchopulmonary dysplasia, 5 (20.0) 1(5.5) 0.18°¢
moderate or severe
Intraventricular haemorrhage > 2° 5 (20.0) 2 (11.1) 0.44 ¢
Maximum CrP, mg/L 114 (7-474) 121 (1.7-327) 0.96 °
Duration of CrP elevation, days 9.5 (0-104) 9.5 (0-38) 0.62°
Maximum IL-6, ng/L 688.5 (18-15,900) 1889 (34-11,000) 0.99 0
Duration of IL-6 elevation, days 2 (0-10) 0 (0-5) 0.048 P
Growth percentiles at birth

Weight, grams 690 (315-1450) 788 (510-1375) 038P

Weight percentile 30 (1-90) 40 (9-90) 0.15°

HC, cm 22.5 (19-28) 23.3 (21-28.5) 0.53P

HC percentile 30 (1-80) 40 (15-70) 040"

Growth percentiles at initial surgery

Weight percentile 15 (1-50) 20 (1-50) 0.70°

Delta weight percentile ? —15 (—66-0) —9 (—45-5) 0.02°
HC percentile 8 (1-40) 9 (1-40) 0.70°

Delta HC percentile 2 —23.5 (—69-0) —15 (—55-0) 0.18°

Growth percentiles at discharge

Weight percentile 4 (1-85) 3.5 (1-30) 0.96°

Delta weight percentile ? —24 (—70-27) —23.5 (—80-—38) 0.15b
HC percentile 1 (1-98) 1 (1-50) 0.74"b

Delta HC percentile 2 —20 (—70-28) —23 (—69-10) 0.60°
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Table 5. Cont.

Neurodevelopmental =~ No Neurodevelop-

Delay mental Delay p Value
n=25 n=18
Growth percentiles at 2 years CA
Weight percentile 20 (1-60) 30 (1-83) 0.57°P
Delta weight percentile ? —18.5 (—70-45) 6.5 (—69-47) 0.03 b
HC percentile 2 (1-80) 4 (1-26) 0.89 P
Delta HC percentile ? —16 (—69-50) —27.5 (—66-0) 0.25b

 Delta percentiles were calculated against birth measurements. b Mann-Whitney U test. © Chi? test. NEC,
necrotizing enterocolitis; SIP, spontaneous intestinal perforation; MI, meconium-related ileus; CLABSIs, central-
line-associated bloodstream infections; CrP, C-reactive protein; IL-6, interleukin-6; HC, head circumference; CA,
corrected age.

4. Discussion

This study analysed a cohort of VLBW preterm infants requiring surgery with the
creation of an enterostomy due to NEC, SIP or MI. The aim of the study was to identify risk
factors for short- and long-term complications, in order to improve treatment strategies
and counselling of parents. We found that in these particular patients, the duration of the
inflammation and longitudinal growth determined the risk of cholestasis and neurodevel-
opmental outcome at 2 years CA independent of the aetiology of the intestinal complication.

The rate of cholestasis in preterm infants varied greatly with the degree of prematurity,
birth weight and the presence of additional risk factors. Previous studies identified those
infants at the greatest risk of developing a cholestasis with a birth weight below 750 g,
those lacking enteral feeding and receiving prolonged parenteral nutrition and those with
intestinal complications including NEC and SIP [4]. The risk of cholestasis continuously
increases with the duration of parenteral nutrition [4]. Accordingly, in our cohort, infants
with cholestasis presented with a longer duration of parenteral nutrition after the initial
surgery. Furthermore, infants without cholestasis showed a better weight gain in the first
weeks after the initial surgery. This might be due to the higher number of infants with
sufficient enteral nutrition among those patients [14]. Consequently, infants suffering from
insufficient enteral nutrition and developing cholestasis might benefit from an early reversal
of the enterostomy in order to enable enteral nutrition, avoid prolonged parenteral nutrition
and subsequent cholestasis and allow optimal growth [15]. Moreover, it has previously
been reported that next to prolonged parenteral nutrition, cholestasis itself is associated
with growth delay [5]. The risk of developing cholestasis is further aggravated by the
presence of any cause of a systemic inflammatory response [4]. Our study confirmed these
findings as infants with cholestasis showed a significantly higher incidence of CLABSIs, a
greater need for re-laparotomies, higher maximum CrP values and a longer duration of CrP
and IL-6 elevation after the initial surgery. However, regression analyses revealed that the
risk of cholestasis was not determined by the number of re-laparotomies or the maximum
elevation of CrP but by the duration of the systemic inflammation. Furthermore, infants
with cholestasis were more likely to be outborn with the need for transfer for the initial
surgical treatment. This might result in a significantly longer duration of inflammation, and
therefore a higher rate of cholestasis in these infants. The duration of IL-6 elevation showed
the strongest elevating effect on direct bilirubin levels. In this regard, the time between the
indication for surgery and surgery itself should be kept as short as possible. In our cohort,
gestational age and birth weight did not show a significant association with the risk of
cholestasis as reported previously [4]. This is most likely due to the very restricted patient
cohort included in our analyses. Furthermore, we did not find an association for the lack
of enteral feeds prior to the initial surgery with the later risk of cholestasis. Veenstra et al.
reported a decreased risk of later cholestasis if preterm infants received enteral nutrition
within the first week of life [16]. However, in our cohort, all but six infants received enteral
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feeds prior to the initial surgery, two of whom later developed cholestasis. Finally, in our
cohort, infants with cholestasis more frequently required a blood transfusion, a risk factor
that has previously been reported by other authors [17]. However, it might merely be an
indicator of the degree of illness in these infants as the regression analysis did not reveal a
significant effect on direct bilirubin values.

Preterm infants have long been recognized as a population at high risk for neurode-
velopmental impairment. Especially in the context of declining mortality rates, attention
has increasingly turned to the measurement of long-term morbidities and associated risk
factors [1]. Several factors have been identified as predictors of an adverse neurodevelop-
mental outcome including low gestational age and birth weight, sex, bronchopulmonary
dysplasia, intraventricular haemorrhage and growth restriction [1,18]. Furthermore, the
risk of severe neurodevelopmental delay is significantly increased in infants suffering from
NEC, SIP or MI [19,20]. Therefore, 25 to 61% of surviving infants showed severe impairment
at 18 to 36 months CA with the highest risks among extremely-low-birth-weight (ELBW)
infants requiring surgical treatment. The numbers vary widely as the definitions used
for neurodevelopmental delay and for NEC differ between studies [2]. In our cohort, the
proportion of infants with moderate or severe neurodevelopmental delay at a CA of 2 years
was at the upper range compared to other studies (58%) [2]. This could be explained by
our restricted inclusion criteria (VLBW infants with NEC, SIP or MI who required surgical
intervention). These criteria probably also masked the previously described association
of gestational age and low birth weight with the neurodevelopmental outcome in our
cohort [1,18]. Furthermore, we did not find significant correlations between severe intra-
ventricular haemorrhage or bronchopulmonary dysplasia and neurodevelopmental delay
most likely due to the low number of included patients. However, our analyses revealed a
significant association between adverse neurodevelopmental outcome and extrauterine
growth restriction not only during onward treatment but up to a CA of 2 years. Accordingly,
De Rose et al. recently reported that longitudinal extrauterine growth restriction is a pre-
dictor for adverse neurodevelopmental outcome in preterm infants born before 30 weeks
of gestation [6]. However, longitudinal growth does not differ between infants with NEC
or SIP or compared to infants without these complications at a CA of 2 or 6 years [19,21].

Finally, in our study, the duration of IL-6 elevation as a biomarker for systemic
inflammation was significantly associated with the neurodevelopmental outcome at a
CA of 2 years. Several clinical and animal studies identified inflammation as an im-
portant contributor to adverse neurodevelopment [22-24]. The mechanisms of systemic
inflammation-induced neuronal injury have not been fully elucidated, but systemic in-
flammation is known to disrupt the blood-brain barrier and incite a local inflammatory
response in the brain [23,24]. Several previous studies have assessed the relationship
between inflammation-related proteins in neonatal blood and subsequent neurodevel-
opmental outcomes [25-27]. They reported several significantly elevated cytokines and
chemokines (i.e., IL-6) in cord blood and blood samples of the first weeks of life in preterm
infants that later developed neurodevelopmental impairment [26,27]. An integrative re-
view of 37 studies identified an elevation of IL-6, IL-1f3, IL-8 and TNF-« during the first
3 weeks of life as potential, independent predictors of brain injury and neurodevelopmental
impairment [28]. In our study, only measures of IL-6 and CrP were available for analyses
as these were part of the routine work-up at expected inflammation/infection. Lee et al.
found an association between CrP and plasma TNF-« levels during systemic inflammatory
episodes induced by clinical infection or NEC with poor neurodevelopmental outcomes
among preterm infants born before 30 weeks of gestation [25]. IL-6 was not included in
their analyses. The ELGAN Study included repeated protein analyses during the first 4
weeks of life at weekly intervals and showed a stronger association when inflammation
markers were elevated on more than one time point [26,27]. However, it remained unclear
whether elevated inflammation markers on two or more time points reflected repeated
episodes or a sustained elevation. To our knowledge, this is the first study demonstrating
that it is not the extent but the duration of IL-6 elevation that determines the risk of neu-
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rodevelopmental impairment independent from the aetiology of the intestinal complication
in a patient group at exceptionally high risk.

Not surprisingly, none of the infants with MI were diagnosed with cystic fibrosis,
as the MI of the preterm infant must be distinguished from the meconium ileus of the
term-born infant which often is associated with cystic fibrosis.

The limitations of this study are the retrospective approach restricting available data
and the small number of included patients. This is due to the overall low incidence of NEC,
SIP and MI in preterm infants and our single-centre approach. However, a multi-centre
design carries the bias of treatment variabilities between centres and would have required
a treatment alignment before the study. Furthermore, a relatively high number of infants
had to be excluded from analysis due to early death or transfer after initial surgery. A
further limitation is the use of different test tools for the evaluation of neurodevelopmental
delay at 2 years CA, and the relatively short follow-up period, which is too short to gain
true insight into the long-term prognosis as specific deficits in neurodevelopment might
not emerge until later [19,20].

5. Conclusions

This study provides evidence of the high risk of cholestasis and neurodevelopmental
delay in VLBW infants requiring surgery with the creation of an enterostomy for NEC,
SIP or ML As risk factors for cholestasis, we identified prolonged parenteral nutrition
and sustained inflammation. The latter was also significantly associated with neurode-
velopmental delay at a CA of 2 years next to longitudinal growth failure. For the first
time, we demonstrated that it is not the extent but the duration of the elevation of the
inflammation-associated proteins CrP and IL-6 that determines the risk of cholestasis
and neurodevelopmental delay in this patient group regardless of the underlying dis-
ease, i.e., NEC, SIP or MI. These data stress the importance of optimal timing for the
initial surgery once the indication is given in order to prevent prolonged inflammation
as well as for an early reversal of the enterostomy in case of poor growth or insufficient
enteral nutrition. Furthermore, they provide guidance for parent counselling at the time of
initial diagnosis.
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Abstract: Monitoring the growth of neonates in the Neonatal Intensive Care Unit (NICU) using
growth charts constitutes an essential part of preterm infant care. Preterm infants are at increased risk
for extrauterine growth restriction (EUGR) due to increased energy needs and clinical complications.
This retrospective study compares the prevalence of small for gestational age (SGA) at birth and
EUGR at discharge in extremely and very preterm neonates hospitalized in the NICU of a tertiary
hospital in Greece, using different growth curves, and it examines the associated nutritional and
clinical factors. Fenton2013 and INTERGROWTH-21st growth curves were used to calculate z-scores
of birth weight (BW) and weight, length, and head circumference at discharge. The study includes
462 newborns with a mean BW of 1341.5 g and mean GA of 29.6 weeks. At birth, 6.3% of neonates
were classified as SGA based on Fenton2013 curves compared to 9.3% with INTERGROWTH-21st
growth curves. At discharge, 45.9% of neonates were characterized as having EUGR based on the
Fenton2013 weight curves and 29.2% were characterized based on INTERGROWTH-21st curves.
Nutritional factors such as the day of initiation, attainment of full enteral feeding, and the duration of
parenteral nutrition were associated with EUGR by both curves. The prevalence of SGA and EUGR
neonates differs between the two growth references. This shows that further evaluation of these
charts is needed to determine the most appropriate way to monitor infant growth.

Keywords: prematurity; restricted growth; EUGR; SGA; extremely preterm; very preterm;
INTERGROWTH-21st; Fenton2013

1. Introduction

Assessing and monitoring the postnatal growth of prematurely born infants is fun-
damental to Neonatal Intensive Care Units (NICUs). However, there is no standardized
approach among neonatologists regarding how the postnatal growth of preterm infants
should be monitored, and the optimum pattern of growth has yet to be determined [1,2].

Growth curves serve as monitoring tools for assessing the growth of preterm infants
at birth and in the postnatal period. In clinical practice, two widely utilized growth charts
are the Fenton 2013 and the INTERGROWTH-21st growth charts [3]. The 2013 Fenton
growth charts are one of the most commonly used reference charts and were created
based on the theory that the growth of a preterm infant should follow that of a normal
human fetus [4]. The use of these growth charts has been questioned in recent years
since the growth of a fetus in utero and the growth of an infant ex utero are different
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biological processes due to environmental and nutritional factors [5]. Later developed
growth monitoring tools, such as the INTERGROWTH-21st preterm postnatal growth
standards, are prospectively constructed standard curves based on a subpopulation of
preterm infants born from healthy mothers with no related complications in pregnancy
and no evidence of fetal growth restriction [6]

Feeding practices in NICUs have exhibited significant variation, particularly in pre-
vious times [7]. Traditionally, a conservative feeding approach involved fasting shortly
after birth, introducing feeds after four days, and gradually increasing feeding volume at a
maximum rate of 24 mL/kg/day. This approach aimed to minimize the risks of necrotizing
enterocolitis (NEC) and early onset sepsis [8,9]. Over time, a more liberal approach was
followed, which involves early trophic feeding within 2448 h after birth and gradual
advancement in an effort to achieve full enteral feed in a shorter period [10].

Preterm infants are at increased risk for extrauterine growth restriction (EUGR) due to
often being born small for gestational age (SGA), increased energy needs and prematurity-
associated morbidities [11]. The identification of EUGR and SGA neonates is crucial as it
carries significant implications to their health in the neonatal period and later in life [12-14].
Nonetheless, the prevalence of SGA and EUGR exhibits considerable variation across
studies, which is closely related to the choice of a specific growth chart for assessment [15].

The aim of this study was to compare the prevalence of SGA and EUGR in infants
born before the 32nd week of gestation, using the Fenton2013 and INTERGROWTH-21st
growth reference curves, and determine the nutritional and clinical factors associated with
restricted postnatal growth by both charts.

2. Materials and Methods
2.1. Study Setting and Population

This is a retrospective study conducted at the Department of Neonatology/Neonatal
Intensive Care Unit of the University General Hospital of Heraklion (PAGNI), a tertiary
referral hospital in Crete, Greece, with nearly 600 admissions annually. Preterm infants
born before 32 weeks admitted to the NICU from January 2008 to December 2022, who
survived until discharge to home, were considered eligible participants for the study.
Exclusion criteria were major congenital malformations and genetic syndromes. The final
study population consists of 462 extremely and very preterm infants. Ethical approval was
obtained from the Scientific Council of the Hospital (protocol number 23000).

2.2. Indicators of Growth and Development

Birth weight, gestational age, and child’s biological sex were recorded by hospital staff
within 1 h after delivery. Weight, length, and head circumference (HC) were measured at
discharge following standard clinical protocols. Birth and discharge weight were measured
using adapted patient incubator electronic and digital infant weighing scales.

Gestational age (GA) was determined according to the last menstrual period, an
early prenatal ultrasound or calculated directly in case of in vitro fertilization. Small for
gestational age (SGA) was defined when birth weight was below the 10th sex-specific
percentile for GA. Postmenstrual age (PMA) at discharge was calculated as gestational
age plus chronological age in weeks [16]. Extrauterine growth restriction (EUGR) was
defined as weight, length, or HC at discharge below the 10th sex- and postmenstrual
age-specific percentile. Percentile and z-scores of weight at birth were calculated using both
the Fenton growth charts and the INTERGROWTH-21st very preterm size charts [4,17].
Size at discharge was also calculated using the Fenton charts and INTERGROWTH-21st
postnatal growth standards for preterm infants [4,18].

2.3. Nutritional Data

Assessed nutritional factors included in our study were the day of life that enteral
and parenteral nutrition were initiated, the time to reach full feeds and the duration of
parenteral nutrition. It should be noted that in the studied period of 15 years, nutrition
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protocols have changed, adapting to current international recommendations regarding
enteral and parenteral feeding [19-26]. During the recent years, total parenteral nutrition
(TPN) was initiated on the first day of life, and enteral trophic feeding started as soon
as possible, either with expressed own mother’s milk, when available, or with formula
designed for premature infants [27]. Enteral feed volumes were gradually increased on a
daily basis for each infant, provided that they tolerated the feeding, while simultaneously
reducing the amount of parenteral nutrition [28].

2.4. Clinical Data

Additional information recorded for each infant included multiple gestation, duration
of hospitalization (days), and morbidity data such as pneumothorax [29], bronchopul-
monary dysplasia (BPD), early (<72 h) and late (>72 h) suspected and culture-proven
sepsis, anemia requiring at least one blood transfusion [30], necrotizing enterocolitis (NEC)
defined according to modified Bell’s criteria (stage IIIB) [31], hemodynamically significant
patent ductus arteriosus (hsPDA) determined by a combination of echocardiographic and
clinical criteria and requiring pharmacological treatment [32], retinopathy of prematurity
(ROP) (>Stage II) [33,34], cystic periventricular leukomalacia (PVL) and intraventricular
hemorrhage (IVH) grade I-IV based on ultrasound diagnosis [35,36]. Finally, the dura-
tion in days of respiratory support, mechanical ventilation, non-invasive ventilation, and
oxygen administration was recorded.

Different criteria were used to define some of the above morbidities over the years of
the study. BPD until 2018 was defined as the need for supplemental oxygen for 28 consecu-
tive days or supplemental oxygen at 36 weeks PMA; after 2019, according to Jensen et al.,
the definition of BPD was modified and included respiratory support plus oxygen versus
oxygen only in order to classify BPD at 36 weeks PMA [37]. Sepsis is a clinical syndrome in
a neonate characterized by a combination of clinical, biochemical, and microbiological data.
In our study, both suspected with negative blood culture and confirmed by blood culture
sepsis were assessed [38,39].

2.5. Statistical Analysis

Descriptive statistics are expressed as mean and standard deviation for continuous
variables and as frequencies and percentages for binary or categorical data. The paired
t-test was used to compare sex-specific z-scores at birth and discharge between the two
growth references (Fenton2013 and INTERGROWTH-21st). Cochran’s Q test was used to
compare the prevalence of SGA and EUGR in the study population based on the different
growth references. Bivariate comparisons of nutritional and clinical factors between the
EUGR and non-EUGR groups previously defined were conducted using the parametric
Student’s t-test or non-parametric Mann-Whitney for continuous variables, and Fisher’s
exact test was used for categorical variables.

We used multivariate linear regression models to explore the association of sex-specific
z-scores of weight, length, and HC at discharge with nutritional and clinical factors. Esti-
mations are presented regarding 3 coefficients and their 95% confidence intervals (CI). For
the binary outcomes of EUGR, logistic regression models were applied, and estimations
are presented in terms of odds ratio (OR) and their 95% confidence interval (CI). Possible
factors identified from the univariate comparisons were entered into the regression models
for the multivariate models. Due to highly correlated factors, some variables were excluded
according to the correlation matrix and the variance inflation factor (VIF), and only one of
the highly correlated variables was included in the model. Additional sensitivity analysis
was performed by stratifying admissions before and after 2018 in order to examine pos-
sible modification due to the change in nutritional feeding practices during the course of
the study.

All hypothesis testing was conducted, assuming a 0.05 significance level and a 2-sided
alternative hypothesis. All statistical analyses were performed using Stata Software, version
13 (Stata Corp LP, College Station, TX, USA).
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3. Results
3.1. Infant Characteristics

Perinatal, clinical, and nutritional characteristics of the study population are presented
in Table 1. The mean (£SD) gestational age was 29.6 (+1.7) weeks, and 17.5% of infants
were born extremely preterm (<28 weeks). Newborns had a mean BW of 1341.5 (£363.3)
grams, and 55.8% were male. The mean duration of hospitalization was 54 (£25.8) days. At
discharge, the mean PMA was 37.3 (£2.9) weeks, and the mean weight was 2415.9 (+406.7)
grams. Nutritional data indicate that parenteral feeding was introduced the first day, with
a median (IQR) duration of 9 (5-18) days. Enteral feeding starting age was 4 (2-6) days,
and full enteral feeding was achieved at 13 (9-22) days. The most common morbidities
among preterm infants were anemia (45.7%) and late-onset sepsis (26.4%). BPD and ROP
were present at 14.3% and 6.7% of cases, respectively. Mean (£SD) duration of invasive
mechanical ventilation was 3.3 (£7.6) days, and non-invasive ventilation was 9.7 (£13.2)
days, whereas oxygen administration was used 11.6 (£18.3) days.

Table 1. Perinatal, clinical, and nutritional characteristics of the study population (1 = 462).

Mean =+ SD or n (%)

Perinatal characteristics

Gestational age (weeks) 29.6 + 1.7
Extremely preterm (<28 weeks) 81 (17.5)
Birthweight (g) 1341.5 £ 363.3
Male sex 258 (55.8)
Caesarean section 406 (88.3)
Multiple birth 194 (43.6)
At discharge
Postmenstrual age (weeks) 373+29
Weight (g) 2415.9 + 406.7
Length (cm) 46 +2.8
Head circumference (cm) 33.1+1.38
Nutritional information
Parenteral feeding duration (days) 15+ 14.5
Enteral feeding starting time (days) 48+42
Full enteral feeding achieved (days) 164 +11.3
Clinical information
Duration of hospitalization (days) 54 +£25.8
BPD 66 (14.3)
hsPDA 43 (9.3)
Early-onset sepsis (suspected or culture proved) 49 (10.6)
Late-onset sepsis (suspected or culture proved) 122 (26.4)
NEC 8(1.7)
IVH (>Grade II) 53 (11.5)
ROP (>Stage II) 31(6.7)
Pneumothorax 21 (4.5)
Duration of respiratory support (days) 129 £17.0
Duration of mechanical ventilation (days) 33+76
Duration of non-invasive ventilation (days) 9.7 +£13.3
Duration of oxygen therapy (days) 11.6 £18.3
Anemia 211 (45.7)
Cystic PVL 30 (6.5)

Abbreviations: BPD, bronchopulmonary dysplasia; hsPDA, hemodynamically significant patent ductus arteriosus;
NEC, necrotizing enterocolitis; IVH, intraventricular hemorrhage; ROP, retinopathy of prematurity (>Stage II);
PVL, periventricular leukomalacia.

In the course of years of the study, nutrition protocols strain to adapt to international
recommendations regarding enteral and parenteral feeding, and this change is depicted in
Figure 1. A significant decline is observed after year 2018 (p < 0.001) for the median day of
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enteral feeding initiation (median (IQR) before 2018: 5 (3-7) days; after 2018: 2 (2—4) days)
and full enteral feeding achieved (before 2018: 14 (9-24) days; after 2018: 11 (8-17) days).

25
=mm=Fuill enteral feeding achieved

Enteral feeding initiation

@mm=Parenteral feeding duration

20

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Year

Figure 1. Median number of days of parenteral feeding duration, introduction of enteral feeding and
full enteral feeding achieved by year of study.

3.2. The Fenton2013 and INTERGROWTH-21st Growth References

Infant size at birth and at discharge was examined by applying the Fenton2013 and
INTERGROWTH-21st growth references, as previously described, and the results are
presented in Table 2 and Figure 2. The prevalence of SGA infants at birth is 6.3% based
on Fenton2013 curves and 9.3% based on INTERGROWTH-21st very preterm size at birth
reference charts. Extrauterine growth, assessed by means of weight, length, and head
circumference measured at discharge, was found to be significantly different between the
two growth standards. The Fenton2013 growth curves produced a higher prevalence of
EUGR compared to INTERGROWTH-21st for the weight (45.9% and 29.2%, respectively)
and length (36% and 34.4%, respectively). Regarding HC, our study revealed a higher
prevalence of EUGR when the INTERGROWTH-21st postnatal growth charts were used.

Table 2. Infant size at birth and discharge by the Fenton2013 and INTERGROWTH-21st growth references.

Fenton2013 INTERGROWTH-21st p-Value *
At birth
Birth weight z, mean + SD 0.1+0.9 01+1.1 0.001
SGA weight, n (%) 29 (6.3) 43 (9.3) <0.001
At discharge
Weight z score, mean + SD -124+14 —-074+15 <0.001
Length z score, mean £ SD —-09+15 —-0.7+2.0 <0.001
HC z score, mean + SD 01412 0.0=£1.6 <0.001
EUGR weight, n (%) 209 (45.9) 133 (29.2) <0.001
EUGR length, n (%) 165 (36.0) 158 (34.4) 0.039
EUGR HC, n (%) 50 (10.9) 70 (15.3) <0.001

Abbreviations: SGA, small for gestational age; HC, head circumference; EUGR, extrauterine growth restriction.
* p-values from paired -tests were used to compare sex-specific z-scores at birth and discharge, and Cochran’s
Q test was used to compare the prevalence of SGA and EUGR between growth references (Fenton2013 and
INTERGROWTH-21st).
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Figure 2. Prevalence of small for gestational age (SGA) and extrauterine growth restriction (EUGR)
by Fenton2013 and INTERGROWTH-21st growth references.

3.3. Nutritional and Clinical Factors Associated with EUGR

Bivariate comparisons between perinatal, nutritional, and clinical information with
EUGR (Table 3) showed that postnatal growth failure was more prevalent in extremely
preterm infants (by Fenton, p = 0.003 and by INTERGROWTH-21st, p < 0.001) and those
who had stayed longer in the NICU (p < 0.001, by both reference curves). Clinical conditions
associated with restricted postnatal growth by both growth references were BPD, late-onset
sepsis, anemia, hsPDA and ROP. In addition, EUGR infants needed more days of respiratory
support, mechanical or non-invasive ventilation and oxygen supply.

Table 3. Perinatal, infant nutrition and clinical factors ! by extrauterine restricted growth (EUGR)

based on weight at discharge by the Fenton2013 and INTERGROWTH-21st growth references.

Fenton2013 INTERGROWTH-21st
. Non 2 . Non 2
Restricted Restricted p-Value Restricted Restricted p-Value
Perinatal factors
Male sex 111 (53.1) 141 (57.3) 0.395 81 (60.9) 171 (53.1) 0.147
Gestational age (weeks) 292+ 1.8 300+15 <0.001 289+1.9 299+15 <0.001
Extremely preterm (<28 weeks) 48 (23.0) 30 (12.2) 0.003 38 (28.6) 40 (12.4) <0.001
Birth weight (g) 1144.3 +288.1 15109 4+ 334.6 <0.001 1064.2 +276.5 1457.5 4+ 331.3 <0.001
BW z-score —-0.3+£038 0.5+09 <0.001 —-07+14 04408 <0.001
SGA 26 (12.4) 3(1.2) <0.001 35 (26.3) 8 (2.5) <0.001
Caesarean section 186 (89.0) 213 (87.3) 0.663 116 (87.2) 283 (88.4) 0.751
Multiple birth 114 (56.4) 131 (55.5) 0.848 78 (60.0) 167 (54.2) 0.293
Duration of hospitalization (days) 66.3 £27.5 435+ 19.1 <0.001 75.1+£294 452 +18.2 <0.001
Nutritional factors
Parenteral feeding duration (days) 11.5 (6-24) 8 (4-13) <0.001 14 (8-30) 8 (4-13.5) <0.001
Enteral feeding initiation (days) 4 (2-8) 3 (2-5) <0.001 5(3-9) 3 (2-5) <0.001
Full enteral feeding achieved (days) 18 (11-27) 11 (8-16) <0.001 19 (12-30) 11 (8-18) <0.001
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Table 3. Cont.

Fenton2013 INTERGROWTH-21st
Restricted Rei\tllzlclte d p-Value 2 Restricted Re:tlr(;?te d p-Value 2
Clinical factors
BPD 38 (18.2) 28 (11.4) 0.045 29 (21.8) 37 (11.5) 0.008
Early-onset sepsis 29 (13.9) 20 (8.1) 0.068 16 (12.0) 33 (10.3) 0.619
Late-onset sepsis 74 (35.4) 46 (18.7) <0.001 64 (48.1) 56 (17.4) <0.001
Anemia 117 (56.0) 92 (37.4) <0.001 90 (67.7) 119 (37.0) <0.001
NEC 8 (3.8) 0(0.0) 0.002 7 (5.3) 1(0.3) 0.001
hsPDA 31 (14.8) 11 (4.5) <0.001 25 (18.8) 17 (5.3) <0.001
ROP 22 (10.5) 9 (3.7) 0.005 17 (12.8) 14 (4.4) 0.002
Respiratory support (days) 17.0 £ 20.5 9.5+ 125 <0.001 20.7 +21.1 9.7 £ 139 <0.001
Mechanical ventilation (days) 554+ 104 1.5+29 <0.001 70+ 116 1.8+44 <0.001
Non-invasive ventilation(days) 11.7 + 14.8 8.0+ 115 0.003 139 +£15.3 8.0 £11.9 <0.001
Oxygen administration (days) 16.8 + 23.0 72 +11.7 <0.001 21.0 £ 249 7.7+ 132 <0.001
Cystic PVL 18 (8.6) 12 (4.9) 0.130 13 (9.8) 17 (5.3) 0.096
IVH (Grade > 1II) 11 (5.3) 12 (4.9) 0.999 6 (4.5) 17 (5.3) 0.818

Abbreviations: BPD, bronchopulmonary dysplasia; BW, birth weight; hsPDA, hemodynamically significant patent
ductus arteriosus; IVH, intraventricular hemorrhage (grade > II); NEC, necrotizing enterocolitis; ROP, retinopathy
of prematurity (>Stage II); cystic PVL, cystic periventricular leukomalacia. ! Numbers represent mean + SD for
parametric continuous variables, median (IQR) for non-parametric continuous variables and # (%) for categorical
variables. 2 p-values obtained from independent samples t-test or Mann-Whitney non-parametric test, used to
compare continuous variables between two groups, and Fisher’s exact test, used to compare categorical variables.

All three nutritional factors accounted for were significantly related to postnatal
growth failure with parenteral supported feeding lasting longer and full enteral feeding
being achieved later by at least one week (p < 0.001). Further analysis revealed a significant
decrease in the prevalence of EUGR after the year 2018 when nutritional practices altered
toward international standards compared to previous years (36.6% compared to 51.2% by
Fenton2013 (p = 0.003); 21.3% compared to 33.7% by INTERGROWTH-21st (p = 0.005)).

3.4. Multivariate Analysis

In the multivariate analysis presented in Table 4, 1 SD change of weight at discharge
was increased for extreme prematurity by 0.53 (95% CI: 0.23 to 0.84) and 0.48 (95% CI: 0.17
to 0.80) based on the Fenton2013 and INTERGROWTH-21st growth references, respectively,
but no effect was observed on the prevalence of EUGR. Birth weight was positively asso-
ciated with weight at discharge and had a protective effect on EUGR (OR: 0.21 (95% CI:
0.14 to 0.31) by Fenton2013; OR: 0.27 (95% CI: 0.19 to 0.39) by INTERGROWTH-21st). On
the contrary, long-term hospitalization was a burdensome factor for decreased weight at
discharge, which was expressed in SD change by —0.04 (—95% CI: 0.04 to —0.03) and risk
of EUGR (OR: 1.05 (95% CI: 1.03 to 1.07).

Weight at discharge SD score was inversely associated with the number of days needed
to achieve full enteral feeding (EN), and the duration of parenteral feeding (PN) increased
infant size. The day of EN initiation was a risk factor for EUGR by INTERGROWTH-21st
reference (OR: 1.16 (95% CI: 1.05 to 1.25), whereas the risk of EUGR by Fenton2013 reference
was higher by 7% for each day that EN was delayed (OR: 1.07 (95% CI: 1.03 to 1.12).

Lastly, the clinical conditions that retained significance in the multivariate models
were anemia (f3: 0.33 (95% CI: 0.10 to 0.56) and {3: 0.31 (95% CI: 0.06 to 0.55)) and hsPDA
(f: —0.41 (95% CI: —0.75 to —0.07) and : —0.39 (95% CI: —0.75 to —0.04)) for Fenton2013
and INTERGROWTH-21st weight SD change, respectively. BPD was associated only with
weight SD change based on INTERGROWTH-21st curves (3: 0.37 (95% CI: 0.00 to 0.73)).
The risk of EUGR based on Fenton2013 curves was inversely related to anemia (OR: 0.49
(95% CI: 0.25 to 0.95)), whereas based on INTERGROWTH-21st curves, it was tripled for
infants developing late-onset sepsis (OR: 3.08 (95% CI: 1.56 to 6.08)).
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Table 4. Associations * of clinical and nutritional factors with extrauterine growth restriction based
on the Fenton2013 and INTERGROWTH-21st weight growth references.

Fenton2013 INTERGROWTH-21st
Weight z-Score EUGR Weight z-Score EUGR
B (95% CI) OR (95% CI) B (95% CI) OR (95% CI)
Perinatal factors
Extremely preterm 0.53 (0.23, 0.84) 0.49 (0.19, 1.27) 0.48 (0.17, 0.80) 0.67 (0.26, 1.76)
BW z-score 0.36 (0.26, 0.45) 0.21 (0.14, 0.31) 0.43 (0.33, 0.53) 0.27 (0.19, 0.39)

Hospitalization (days)

—0.04 (—0.04, —0.03)

1.05 (1.03, 1.07)

—0.04 (—0.04, —0.03)

1.05 (1.03, 1.08)

Nutritional factors

PN duration (days)
EN initiation (days)

Full EN achieved (days)

0.01 (0.00, 0.02)
—0.02 (—0.05, 0.00)
—0.02 (—0.03, —0.01)

0.97 (0.94, 1.01)
1.04 (0.94, 1.14)
1.07 (1.03, 1.12)

0.01 (—0.00, 0.02)
—0.03 (—0.06, 0.00)
—0.02 (—0.04, —0.01)

0.99 (0.95, 1.03)
1.16 (1.05, 1.28)
1.03 (0.99, 1.07)

Clinical factors

0.98 (0.33, 2.97)
3.08 (1.56, 6.08)
0.55 (0.25, 1.19)
1.67 (0.56, 4.95)
0.99 (0.25, 3.86)

BPD 0.28 (—0.07, 0.63) 0.81 (0.27, 2.40) 0.37 (0.00, 0.73)
Late-onset sepsis —0.07 (—0.30, 0.15) 1.33 (0.70, 2.52) —0.13 (—0.37,0.10)
Anemia 0.33 (0.10, 0.56) 0.49 (0.25, 0.95) 0.31 (0.06, 0.55)
hsPDA —0.41 (—0.75, —0.07) 2.59 (0.88, 7.61) —0.39 (—0.75, —0.04)
ROP 0.14 (—0.29, 0.57) 2.04 (0.52, 8.07) 0.08 (—0.36, 0.53)
Respiratory support (days) 0.00 (—0.01, 0.01) 0.99 (0.95, 1.02) 0.00 (—0.01, 0.01)
Oxygen administration (days) 0.00 (—0.00, 0.01) 1.00 (0.97, 1.03) 0.00 (—0.01, 0.01)

Abbreviations: SGA, small for gestational age; PN, parenteral nutrition; EN, enteral nutrition; BPD, bronchopul-
monary dysplasia; hsPDA, hemodynamically significant patent ductus arteriosus; ROP, retinopathy of prematurity
(>Stage II); cystic PVL, cystic periventricular leukomalacia. * Beta coefficients () and odds ratios (OR) and
corresponding confidence intervals (CI) obtained using linear and logistic regression models, respectively.

Sensitivity analysis by data stratification according to the year of admission (before
or after 2018) showed that the perinatal factors accounted for remained highly significant
for both growth references for weight z-scores (Supplementary Table S1). Similar effects
were observed for the nutritional and clinical factors, even if significance was not attained
for all predictors, which was possibly due to sample size reduction. The prevalence of
EUGR was lower for admissions after 2018 by both Fenton2013 (51.2% vs. 36.6%) and
INTERGROWTH-21st (33.7% vs. 21.3%) weight growth references (p = 0.003 and p = 0.005,
respectively). Estimates from the stratified analysis of predictors were not meaningfully
changed by the year of admission (Supplementary Table S2).

4. Discussion

The present study demonstrated a difference in the proportion of infants identified as
SGA at birth on the usage of INTERGROWTH-21st growth charts compared to Fenton2013,
with SGA being higher on INTERGROWTH-21st. This finding is in line with the study
of Tuzun et al. which revealed that one in four cases evaluated as SGA based on the
INTERGROWTH-21st curves fell within the normal range according to Fenton’s standards.
Notably, these SGA infants did not have an increased risk of early morbidities [40]. On the
contrary, in another study, Reddy et al. pointed out that neonates classified as SGA at birth
by INTERGROWTH-21st and not by Fenton2013 growth charts had a higher incidence
of morbidities such as sepsis and ROP [41]. In other studies, no significant difference
was observed for the classification of birth weight for GA in preterm neonates born before
33 weeks between the two assessment growth charts [42,43]. It is very essential to accurately
define SGA with appropriate charts, since being born SGA is associated with an increased
risk of higher mortality, postnatal growth failure, and neurodevelopmental impairment at
18-22 months of corrected age [44]. Also, it has been shown that increasing SGA severity
had a significant impact on neonatal outcomes among very preterm infants [45].

Our study revealed that extremely and very preterm neonates had a higher prevalence
of EUGR at discharge concerning weight, according to Fenton2013 charts compared to
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INTERGROWTH-21st charts. This is in accordance with other studies [46—48], and partic-
ularly, a recent study by Starc et al. reported a decreased prevalence of EUGR of weight
when INTERGROWTH-21st charts were used in comparison to Fenton. The differences
in outcomes between these two growth charts were expected and can be attributed to the
fundamental disparities in the way they were created. The INTERGROWTH-21st charts
were developed based on the growth of preterm infants developing in an extrauterine
environment, while the Fenton charts were based on the growth of fetuses developing
within the confines of the intrauterine setting. The extrauterine environment presents
a completely different context for preterm babies, exposing them to unique metabolic
responses and morbidities, which contrast significantly with the conditions experienced by
fetuses in utero. A retrospective study published in 2021 presented a lower percentage of
EUGR with respect to weight and length at discharge when INTERGROWTH-21st curves
were used, compared to Fenton2013 curves, and this was associated with poorer language
development assessed either at 12 or 24 months [43]. It is important to note that the main
limitation of the INTERGROWTH-21st preterm postnatal standards is the limited number
of infants born before 33 weeks’ gestation who contributed to the development of the
growth curves, which potentially affects the validity of the standards. Therefore, further
research with large multicenter population-based data is needed to investigate the implica-
tions and effectiveness of utilizing these preterm postnatal growth curves, especially for
monitoring growth in preterm infants at the earliest gestational ages [49]. In terms of HC,
our study revealed a higher prevalence of EUGR when the INTERGROWTH-21st postnatal
growth charts were used as the reference. However, other studies found no significant
difference in the prevalence of EUGR concerning HC at discharge between the Fenton2013
and INTERGROWTH-21st growth charts [40,50].

Enteral feeding of preterm neonates has undergone significant advancements over
time, and these progressions are evident in our study, which spanned fifteen years. Our
study findings indicate a substantial decrease, after the year 2018, in the time it took
to initiate enteral feeding and a notable reduction in the duration required to achieve
full enteral feeding. According to recent meta-analyses, the prompt initiation of enteral
feeding, preferably with mother’s own milk, combined with a faster increment in enteral
feed volumes, has been associated with a shorter duration to attain full enteral feeding,
decreased length of hospitalization, and a potential decrease in the occurrence of invasive
infections [51]. The previous assumption that gradually advancing milk feeds at a slow rate
effectively decreases the risk of necrotizing enterocolitis in very low birth weight infants
has been found to be ineffective [52].

In our study, statistically significant associations were observed between a higher
decrease in weight at discharge and specific factors, including delayed initiation of enteral
feeding, delayed attainment of full feedings by at least one week, and a longer duration
of parenteral feeding with both Fenton and INTERGROWTH-21st charts. Furthermore,
based on the Fenton 2013 reference, there was a notable 7% increase in the risk of EUGR for
each day of delayed enteral nutrition initiation. Since enteral feeding is insufficient, the
nutrients are delivered parenterally, and prolonged parenteral nutrition in combination
with long periods of interrupted enteral feeding can lead to decreased feeding tolerance
and increased risk of infection, which can negatively impact growth and development in
preterm infants, as demonstrated in our research findings and other studies as well [53,54].
Indeed, an early initiation of enteral feeding is important in reducing the risk of infections,
improving intestinal development and maturation, stimulating microbiome development,
and simultaneously promoting growth in preterm infants [55].

Our study investigated various clinical factors that are linked to EUGR using both
growth references. These factors included BPD, late-onset sepsis, anemia, hsPDA and
ROP. Notably, anemia and hsPDA were identified as risk factors, as they were associated
with decreased weight at discharge, according to both growth charts. Premature neonates,
specifically those with hsPDA, experience reduced blood flow in the superior mesenteric
artery, which raises the likelihood of developing feeding problems and consequently EUGR.
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Additionally, the administration of nonsteroidal drugs for PDA treatment can potentially
lead to gastrointestinal bleeding, causing these newborns to restrict their milk intake and
delay the progression of enteral feeding [56]. Moreover, it is noteworthy that infants who
experienced late-onset sepsis exhibited a threefold increased risk of developing EUGR
when evaluated using the INTERGROWTH-21st growth curves. According to other studies,
it was indicated that despite the lower prevalence of EUGR neonates based on weight
according to INTERGROWTH-21st growth charts compared to Fenton, these neonates
presented with a higher incidence of morbidities, and thus, these charts may be associated
with adverse clinical outcomes during hospitalization [50,57].

Our research concluded that the prevalence of SGA and EUGR neonates differs be-
tween the Fenton2013 and INTERGROWTH-21st growth charts, reinforcing the importance
of optimizing in-hospital and post-discharge nutritional support. Choosing an appropriate
growth assessment tool for monitoring the postnatal growth of preterm infants is crucial to
promote optimal neurodevelopmental outcomes and avoid excessive caloric intake that
is linked to increased cardiometabolic risk later in life [58,59]. Prematurity constitutes
an independent risk factor for the development of cardiovascular disease and metabolic
syndrome regardless of birth weight [60]. Indeed, children born SGA, especially those who
undergo rapid weight catch-up during early life, are prone to developing insulin resistance
and central adiposity since early childhood. Furthermore, they may also experience cardio-
vascular dysfunctions in their adulthood [61]. Therefore, the best approach to address this
barrier is implementing an evidenced-based enteral feeding protocol within each NICU
and individualized care meeting each patient’s medical needs.

Our study has several limitations. As only body sizes at birth and discharge were
registered in the database, information on growth patterns such as weight loss during the
first few days after delivery, body sizes at specified timing (i.e., PMA 36 weeks), or other
growth indicators such as growth velocity were not provided. This restraint of available
data pinpoints the importance of maintaining more comprehensive and detailed records,
which could be useful for future reference to the health professionals and researchers, who
can utilize this data to enhance the care and treatment offered to patients. Additionally, the
present study did not investigate long-term outcomes of growth and neurodevelopment.
Finally, regarding dietary data, our study did not include the advancement of enteral
feed volume, the type of enteral feeding (breast milk, formula feeding) and the content of
parenteral nutrition in protein, lipids, and energy.

5. Conclusions

In our study, despite the observed differences between the Fenton 2013 and
INTERGROWTH-21st growth charts, it is not possible to definitively conclude that one
graph is superior to the other. To evaluate the practical implications of the INTERGROWTH-
21st growth charts specifically for very and extremely preterm neonates, additional val-
idation using a large multicenter population-based dataset is necessary. It is crucial to
closely monitor the growth of preterm infants using an appropriate growth curve to ensure
optimal developmental and growth potential. Further research is warranted to deepen
our understanding of the intricate relationship between nutrition and growth outcomes
in preterm infants. By continuously refining dietary protocols and closely monitoring
growth parameters, healthcare providers can enhance their ability to guide the nutritional
management of them effectively. This ongoing effort is vital to improving the long-term
health and overall well-being of these vulnerable individuals.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu15153290/s1, Supplementary Table S1: Associations of perinatal,
clinical and nutritional factors with weight at discharge z scores based on the Fenton2013 and
INTERGROWTH-21st weight growth references, stratified by year of hospitalization (before or
after 2018); Supplementary Table S2: Associations of perinatal, clinical and nutritional factors with
extrauterine growth restriction, based on the Fenton2013 and INTERGROWTH-21st weight growth
references, stratified by year of hospitalization (before or after 2018).
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