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Abstract

Purpose of the Review The aim is to examine data from clinical trials and prospective longitudinal studies that evaluate the
effect of infant formula supplements on the cognitive function of children.

Recent Findings A total of 300 articles from 2000 to 2021 were selected. The most researched IF supplements were initially
long-chain polyunsaturated fatty acids (LC-PUFA), some proteins and, recently, milk fat globule membrane (MFGM). Sup-
plementation of IF with LC-PUFA led to some positive effects on specific cognitive functions or no effect; however, there
was no consistent benefit for cognitive function. Modifying the amount of proteins did not affect the children’s neuropsycho-
logical tests. Supplementation of IF with MFGM and its components had beneficial effects on child cognitive development
in the short term, but no effect was observed in the long term.

Summary Further studies are needed to confirm the safety of supplementation on the development of cognitive function in
children fed with infant formula.

Keywords Infant formula - Infant neurodevelopment - Infant nutrition - Nutritional supplementation

Introduction

Research into nutrition provides an increasing amount of
evidence on its importance in childhood and long-term
effects in the growth and development of the child, specifi-
cally for the development of the central nervous system,
which begins in the prenatal stage and continues until the
first years of life.
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The preferred diet for a baby during its first months is
breast milk. However, for many children, infant formula (IF)
is the alternative feeding option. In Spain, the prevalence
of breastfeeding at hospital discharge is 85.3%. This fre-
quency drops to 53.4% at 3 months, 46.1% at 4 months and
7.2% at 6 months [1]. These values are similar to those of
other developed countries. Thus, a significant percentage of
children in our environment begin or are incorporated into
artificial breastfeeding in this critical period of the infant’s
physical and neurobehavioural development.
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The first objective of the research and industry has been
to approximate the nutritional composition of infant formu-
las to breast milk, which is considered the reference stand-
ard. This approach has since been expanded with the aim
to also transfer the functional benefits of breast milk to IFs,
such as the effect on the child’s neurodevelopment. The first
2 or 3 years of life are essential for the correct structural and
functional development (neuronal proliferation, myelination
and synapse formation) of the nervous system [2].

In order to promote neurodevelopment, the food industry,
endorsed by various studies and according to the regulations
of the Food Safety Agencies, which regulate the safety and
efficacy of IF components, has continued to modify IFs to
achieve the best effects on child growth and development.
The components initially most researched were long-chain
polyunsaturated fatty acids (LC-PUFA), protein supple-
ments, prebiotics and probiotics and more recently the mem-
brane of milk fat globules (MFGM) [3].

Interest in LC-PUFA, such as docosahexaenoic acid
(DHA) and arachidonic acid (ARA), began when it was
found that these fatty acids are the most abundant in the
structure of nervous tissue and continue to accumulate in
the baby’s nervous system during early infancy. Breast milk
contains higher amounts of LC-PUFA than cow’s milk [4,
5]. However, although there have been many studies on LC-
PUFA, its effect on the children’s medium- and long-term
cognitive function was found to be unclear in various sys-
tematic reviews dating from the early 2000s [6—8] until 2020
[9ee].

Other studies have focused on evaluating the effect of
prebiotics and probiotics incorporated in infant milk on the
baby’s gut microbiome and neurocognitive development in
the early stages of life. Intestinal microbiota seems to play an
important role in child’s development at immune, endocrine
and neurological level, although studies analysing the human
microbiome—gut-—brain axis are still few [10].

Similarly, in recent years, MFGM has aroused a grow-
ing interest in the scientific community due to its biological
activities that are potentially beneficial for human health.
MFGM is composed of a triglyceride-rich nucleus sur-
rounded by a three-layered membrane and comprises a mon-
olayer of polar lipids and a lipid bilayer. MFGM consists
of phospholipids such as sphingomyelins, phosphatidylcho-
lines, gangliosides and different proteins, including lactofer-
rin and mucins [11e]. Some recent studies have described
beneficial effects on neural development and defence against
infections in infants [11e, 12, 13]. Infant formulas tradition-
ally have not included the MFGM fraction, but dairy tech-
nology has now made adding bovine MFGM technically
feasible.

To our knowledge, no systematic review has compre-
hensively examined the effect of the different nutritional
components of IF on child neurodevelopment. Therefore,
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we propose carrying out a systematic review of the effect of
the different components incorporated into infant formula
on the cognitive development evaluated at different ages of
healthy term children.

Methods
Search Strategy

The PubMed electronic literature database was searched
until September 20, 2021. The search strategy included
terms related to the exposure and outcome of interest, as fol-
lows: ((“infant formula” [Mesh] OR “supplemented milk™)
AND (neurodevelopment* OR “neurodevelopmental dis-
orders” [Mesh] OR verbal OR language OR cognition OR
cognitive) AND infant). We used PubMed functions such as
truncation and MeSH heading. In addition, the reference lists
of related literature reviews were searched by hand.

Selection Criteria

We selected studies that were randomized controlled trials
(RCTs) and observational studies assessing the effect of sup-
plemented infant formulas on different aspects of the babies’
neurodevelopment. The study population of the research
included in the review was healthy term infants fed with
infant formulas. Studies carried out with preterm infants,
small-for-gestational-age babies or with other disorders, as
well as those that assessed other birth outcomes, physical
development or growth were excluded.

Data Extraction and Quality Assessment

The information from the studies, extracted and summarized
by two researchers independently, included the country, type
of study, sample, type of supplementation, duration and dif-
ferent groups of comparison, cognitive outcomes assessed
and psychological tests used. The data are not comparable
between different types of supplementation, and therefore,
the results are discussed in separate sections accordingly.
We used the revised CONSORT checklist [14] and the
STROBE checklist [15] to assess the quality of RCTs and
observational studies, respectively. The key elements that are
critical for good study design in the current analysis were
operationalized and a numerical score was assigned to deter-
mine how well the included articles met it. For the CON-
SORT checklist, items number 5 (interventions), 9 (alloca-
tion concealment method), 11a (blinding) and 12a (statistical
methods) received 0, 1 or 2 points depending on the degree
of compliance. Item number 7a (sample size) received 1
point if the authors indicated how sample size was calculated
and O points otherwise. Therefore, the quality score for RCT
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would range from 0 to 9 points. Articles were rated as “low
quality” if they scored O to 5 points, “moderate quality” if
they scored 6 to 7 points, and “high quality” if they scored 8
to 9 points. The same was done for the STROBE checklist:
items number 5 (setting), 6a (eligible criteria) and 9 (bias)
received 0, 1 or 2 points, while item number 10 (sample
size) received O or 1 points. In this case, the quality score
for observational studies would range from O to 7 points.
Articles were rated as “low quality” if they scored O to 3
points, “moderate quality” if they scored 4 to 5 points and
“high quality” if they scored 6 to 7 points. The quality of
the present systematic review was also assessed using the
PRISMA guide [16].

Results

We identified a total of 295 articles from the search in the
PubMed electronic databases. Based on title and abstract,
61 were eligible for full-text reading, out of which met the
inclusion criteria. In addition, five more studies were identi-
fied by hand searching the review reference lists. Finally, 25
studies (22 RCTs, seven prospective cohorts and one cross-
sectional study) were included in the present systematic
review. The most common reasons for excluding records
during the selection process were that the article was a sys-
tematic review or meta-analysis, a study that did not report
the population or outcome of interest, or an animal study

(Fig. ).

Characteristics of Included Studies

The studies reviewed were published between 2000 and
2021 and varied widely in size, location and type of infant
formula supplementation; however, they all focused on child
neurodevelopment. The characteristics of the studies are
shown in Table 1. In terms of location, 11 studies were con-
ducted in the United States (US), three in The Netherlands,
four in Spain, two in Sweden, two in the United Kingdom
(UK), one in China and one in Indonesia. Two other studies
were multicentred studies including subjects from different
European countries.

Based on the scores in the CONSORT and STROBE
checklists, 12 studies had a “high” quality and 12 were rated
“moderate”.

Infant Formula Supplementation

Half of the studies, especially the older ones, focused on LC-
PUFA, and mainly on docosahexaenoic acid (DHA) and ara-
chidonic acid (ARA). However, one study researched infant
formulas supplemented with different amounts of proteins.
More recent studies assessed the effect of new ingredients,
such as triglyceride sn-2 palmitate, gangliosides from com-
plex milk lipid and bovine MFGM.

In terms of the time and duration of using the supple-
mented infant formulas, seven studies researched the first
2-3 postnatal months, five studies researched the first 4 or 6
post-natal months, nine studies researched up to 12 months
and three studies researched up to 18 months.

Fig. 1 Flow diagram of selected

studies Records identified by searching

Additional records identified by hand

the PubMed database searching the review reference lists
(n=295) (n=5)
Total records identified Records excluded based on title and abstract
(n=300) (n=239)
o Systematic review or meta-analysis (n = 34)
e Not the outcome of interest (n=175)
o Not the study population of interest (n=25)
e Animal studies (n=2)
Articles eligible for full-text reading * Editorial/expert comment (n=3)
(n=61)
Records excluded based on full-text
(n=36)
e Systematic review/Meta-analysis (n= 5)
o Not the outcome of interest (n =24)
Studies included in this systematic review ® Not the study population of interest (n=7)
(n=25)
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Child’s Cognitive Assessment

The cognitive evaluation of the child was carried out at
different ages between 2 months and 9 years old, depend-
ing on the study, and in some cases, the authors repeated
the evaluation at successive ages. Thus, 11 studies per-
formed the cognitive assessment in children younger than
12 months, four studies at 12 months of age, six studies
when children were aged 18 months, six more at ages of
24 years, four studies in 5- to 6.5-year-old children and
three in children of 8 to 9 years of age.

The test used for assessing the child’s cognitive devel-
opment depends largely on the child’s age. Thus, the
second and third editions of the Bayley Scale of Infant
Development (BSID) were only used for children under
18 months of age. The BSID includes different aspects
of neurodevelopment, including mental, motor and lan-
guage development. The MacArthur-Bates Communicative
Development Inventory (MBCDI), the Ages and Stages
Questionnaire (ASQ-3), the Mullen Scales of Early Learn-
ing scores, the Hempel Scales, the General movements
(GM’s) test, the Griffiths Mental Development Scale
(GMDS) and the two-step means-end problem-solving task
were other tests used in very young children to evaluate
many different areas of cognitive function. From 2 years
of age onwards, the Wechsler Preschool and Primary Scale
of Intelligence-Revised (WPPSI-R), the Peabody Picture
Vocabulary Test (PPVT-III), the Developmental Neu-
ropsychological Assessment (NEPSY), Mullen Scales of
Early Learning and the Child Behavior Checklist (CBCL)
were the most commonly used tests to assess IQ and neu-
ropsychological functions.

In addition, three studies assessed the effect on behav-
ioural and socio-emotional development through the Child
Behavior Checklist (CBCL 18 months—5 years and CBCL
6-18 years) answered by parents. Other five studies meas-
ured the electroencephalographic (EEG) activity to check
physiological brain development. Four of them are in chil-
dren at 6 months of age or younger and the other study
with 5.5-year-old children.

Discussion

The composition of infant milk has been continually
improved to make it as similar as possible to breast milk,
so that formula milk offers the same physiological effects
as breastfeeding. Therefore, this review examined the
effect of the different nutritional components incorporated
into IF, including the most recent compounds, on different
assessments of child neurodevelopment.

Long-Chain Polyunsaturated Fatty Acids

It is known that the cognitive capacity of breastfed children
is superior to that of children fed IF and that there is a high
accumulation of DHA and ARA in the brain [42]. IF-fed
infants are also known to have lower levels of LC-PUFA in
the cerebral cortex than breastfed infants [43], suggesting
that the standard IF content may not be effective in meeting
all the fatty acid requirements of the infant. This occurred
when standard IF contained only the precursor fatty acids of
PUFA, that is, linoleic acid (precursor of ARA) and alpha-
linolenic acid (precursor of DHA). All of this has generated
substantial interest in determining the effects of these LC-
PUFA on the growth and development of the child’s brain
[Oee, 44e].

The first evidence that DHA improves cognitive func-
tion comes from studies conducted in 1992 in very low-
birth-weight premature infants [45]. Subsequently, several
clinical trials compared IFs supplemented with DHA and
ARA with IF without supplementation [17, 21, 22, 25, 26,
28, 32] and, on other occasions, also compared to breastfed
children [18-20, 23, 24, 27, 29, 31]. The data from these
studies, while showing some benefits for a specific func-
tion or no effect, did not demonstrate a clear or consistent
benefit of supplementing IF with LC-PUFA for full-term
infants in the later child cognitive function assessments.
These observations are consistent with the findings of the
first systematic reviews from the 2000s [6—8], and with oth-
ers published later in 2016 [44e] and 2017 [46]. Only a few
studies adjusted the results for several potentially confound-
ing variables [18, 19, 23, 24, 29, 31, 32].

Many of these studies researched the effect of different
doses of LC-PUFA, mainly DHA, because as it is more
dependent on intake, its value in breast milk was quite vari-
able in lactating mothers and at the population level. In con-
trast, the ARA in breast milk does not depend on intake. This
has made it difficult to determine the most optimal amount
of DHA for supplementing the IF. However, although the
optimal balance is not yet known, it has been suggested that
the amount of DHA in infant formula should not exceed the
amount of ARA [44e].

Recently, Verfuerden et al. [9ee], in addition to a system-
atic review, carried out a meta-analysis to evaluate the effect
of IF supplemented with LC-PUFA on the cognitive function
evaluated in children within a wide age range (2, 5-16 years),
compared to IF with no supplementation. Clinical trials con-
ducted with term infants from Europe and the United States
were included. The cognitive assessment was estimated for
children between 3.3 and 16 years of age. The first meta-
analysis included studies that assessed cognitive outcome in
children aged 4-6 years, using the WPPIr. The data come from
the Study of the six European countries [31, 47-51], from the
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DIAMOND study from the USA (Dalas and Kansas) [25,
26, 28, 32, 34ee 52-54], and two unpublished clinical tri-
als from England. These studies did not observe any differ-
ence between the supplemented and un-supplemented group
(mean difference — 0.04 points, 95% CI—5.94 to 5.85). They
also conducted a meta-analysis including studies with children
evaluated in a broader age range (4—16 years old) and using
different cognitive assessment tests. We included articles that
used the WPPIr, the PPVT at 3.5 years [18,28,32,], WPPSI
[20, 31, 32], Stanford-Binet at age 3.3 years [18, 55] and WASI
in children of 9 and 16 years of age [23, 29]. The observed
mean difference was not significant: —0.10 (95% CI—0.32 to
0.12). The results of these meta-analyses agreed with the previ-
ously observed lack of effect of LC-PUFA supplementation on
long-term cognitive development in full-term infants. Similar
negative results were obtained in a meta-analysis carried out
in premature infants. Other prospective longitudinal studies
[21, 24, 27] or clinical trials [22] not included in the previous
meta-analysis obtained similar results.

In addition to the use of these cognitive assessment tests,
the response to supplementation with DHA and ARA has
also been assessed by brain electrophysiology. In the DIA-
MOND cohort, the study measured the evoked response
potentials in 5.5-year-old children and observed that the
group supplemented with DHA and ARA during infancy
showed better responses than the non-supplemented group,
indicating a more mature inhibitory control. The children
were later evaluated at 9 years of age through structural,
functional and metabolic studies of the brain (magnetic
resonance imaging, magnetic resonance spectroscopy and
magnetoencephalography), and a more mature brain perfor-
mance was observed in the supplemented compared to the
non-supplemented group [34ee].

Considering this lack of evidence, some authors have sug-
gested that early measures of cognitive function in studies,
such as the Bayley Scales of Child Development, may not
be able to detect differences in cognition in young children
[9ee, 44e 56]. Likewise, the existence of genetic polymor-
phisms (1 FADS2), which modulate the ability to synthesize
ARA and DHA, can modify the effect of the supplementa-
tion study, which has not been considered in these clinical
trials [57]. Other authors have hypothesized that there are
undiscovered links between LC-PUFA and other fats, such
as cholesterol, or other nutrients or substances that influ-
ence brain development [44e]. It has also been suggested
that the potential harms of LC-PUFA may be related to their
food source, so that PUFAs from eggs, fish, algae and fungi
may not have the same functional effects as PUFAs from
breast milk. Furthermore, the DHA content of breast milk is
variable and is highly influenced by the mother’s diet, which
makes it difficult to clearly determine its optimal dose [58].
This uncertainty was reflected in the range of administered
LC-PUFA doses in clinical trials. Only a few studies in our

@ Springer

review adjusted the results for several potentially confound-
ing variables [18, 19, 23, 24, 29, 31, 32]. A possible bias in
conducting meta-analyses is the lack of studies with negative
results because these studies are not published, as well as the
very limited number of studies that assessed specific cogni-
tive tasks [9ee, 44¢]. Also, within the factors that may inter-
vene in the lack of positive results can be found that there
is no control of many other variables that may intervene in
neurodevelopment in the short and long term: child-maternal
figure link, genetic load (by IC), subsequent infant feeding
or level of stimulation, among others.

In the decision to supplement IF with LC-PUFA, it is
important to consider the absence of adverse effects on the
growth and development of children. However, although not
often, some negative effects have been described, such as
lower vocabulary scores at 14 months of age [55], or some
damage in other domains, such as an increased risk of bron-
chopulmonary dysplasia in preterm infants [59].

Therefore, given the lack of evidence of the benefits of
supplementing infant formula with LC-PUFA for cognitive
function in full-term infants, it seems sensible to be prudent
in endorsing the widespread supplementation, even more
so if we consider the lack of evidence on other functional
results, or on the exclusion of possible future damages, in
addition to considering the additional costs generated by
supplementation.

Proteins

Few studies have researched the effect of protein on neurode-
velopment. Escribano et al. [35] conducted a randomized
clinical trial with children from five European countries fed
with a higher or lower protein content formula during the
first year of life. Children were assessed at the age of 8 years
with a neuropsychological set of tests. None of these stud-
ies found an improvement effect on the child’s neurodevel-
opment, either in the short (12 months) [33] or long term
(6-8 years) [35, 40].

Probiotics, Prebiotics and Symbiotics

The intestinal microbiota can be modulated by the intake
of probiotics, prebiotics or a combination of both, symbiot-
ics. Gut microbiota has been related to the development of
neural networks and neurotransmitter response, So a correct
state of the gut microbiome in infants may be a key to good
neurodevelopment [60, 61].

In this review, we did not find any studies that exclusively
relate probiotic or prebiotic supplementation in infant for-
mulas to neurodevelopmental improvement; however, it has
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been confirmed that these components improve the intestinal
microbiome and are related to correct brain development.

Milk Fat Globule Membrane

An important component that is currently gaining attention
is milk fat globule (MFG). Increasing evidence suggests
that the structure of MFG and the bioactive components of
MFGM could benefit the paediatric population by assisting
in the structural and functional maturation of the brain [11e].

Infant formulas have traditionally not included the
bovine MFGM fraction. This explains one of the differ-
ences between the composition of IFs and that of breast
milk. However, in recent years, dairy technology has made
it possible to add bovine MFGM [62] to create formulas that
mimic breast milk and thus provide the infant with the pos-
sible benefits. Different studies have analysed the benefits
of adding MFGM to infant formulas for cognitive develop-
ment. Specifically, two double-blind, randomized controlled
clinical trials show that supplementation of infant formulas
with MFGM has promising effects on neurodevelopment. In
both studies, a sample of breastfed infants was used as the
reference group. Gurnida et al. [30e] evaluated the impact
on cognitive function of fortifying infant formula with gan-
gliosides from bovine milk in 30 infants using the Griffiths
Mental Development Scale at 6 months. After adjusting for
socioeconomic variables, they observed that the Hand—Eye
Coordination, Executive IQ and General 1Q tests were bet-
ter, and the study group had higher levels of gangliosides in
the blood than the control group with non-enriched formula.
Subsequently, Timby et al., with a sample of 80 infants, used
an experimental formula with a fraction of MFGM rich in
proteins that also had a lower energy and protein content
compared to a standard formula. At 12 months of age, a sig-
nificantly higher cognitive score was observed in the treated
group compared to the control group, according to the Bay-
ley scale [33]. There were no significant differences between
the treated group and the control group of breastfed infants.
However, after these results, these infants did not show a
better cognitive score at 6.5 years of age compared to the
infants who were fed standard formula [40].

In the randomized clinical trial by Li et al. [37], it was
observed in a sample of 223 infants, that adding MFGM
and bovine lactoferrin in supplemented formulas led to
better results at the cognitive, language and motor lev-
els, evaluated with Bayley’s scale at 12 months of age.
However, few differences were detected at the cognitive
level at 18 months of age, and better scores were only
observed in language. In the COGNIS cohort, the stud-
ies evaluated the effects of infant formula enriched with
components of the fatty globule membrane (MGG), LC-
PUFA and prebiotics and probiotics (n =85) on the neuro-
cognitive, immune development and growth of the child,

compared to babies who received a standard infant formula
(n=285) or were breastfed (n=150), at 18 months. When the
effect of the type of milk ingested on neurodevelopment
at 4 months was assessed, no differences were observed
between children taking standard formula or supplemented
formula [36]. Regarding the results obtained in the long
term (2.5 and 4 years of age) on psycho-emotional and
behavioural disorders (Child Behavior Checklist) and on
language development (assessed with the language test
(PLON-R)), respectively, it was observed that children fed
with the enriched formula had lower scores in affective
problems and higher scores in language than those fed
with the standard formula, respectively [38, 39]. In this
scenario, we cannot attribute these benefits exclusively to
MFGM, but rather to the combined effects of the symbiot-
ics with the MFGM and LC-PUFAs in the formula used in
the COGNIS cohort.

These observations lead to the conclusion that add-
ing MFGM and/or the complex lipids provided with the
MFGM fraction to infant formulas is beneficial to cog-
nitive development, although these benefits are observed
mainly in the short term and not in the long term.

Conclusions

This review examines the effect of the different nutritional
components incorporated into infant formulas on the cog-
nitive development of full-term infants and children. The
most researched supplements were initially and mainly
long-chain polyunsaturated fatty acids (LC-PUFA), some
proteins and recently, milk fat globule membrane (MFGM)
and its components. We did not find any studies that linked
probiotics and prebiotics with cognitive function. Stud-
ies of IF supplementation with LC-PUFA only observed
some positive effects on some specific cognitive functions
or no effect on overall cognitive function. Therefore, in
general, there is no evidence that there is a clear and con-
sistent benefit of supplementing IF with LC-PUFA for the
development of child cognitive function evaluated in the
short term, in infancy, in the stage of 4 to 6 years old, or
in children older than this age. The few studies that have
modified the amount of protein in IFs and determined the
effect on cognitive function also did not find any improve-
ment in neuropsychological tests in children.

Recent studies of IF supplementation with MFGM and/
or the complex lipids provided with the MFGM fraction
appear to have obtained a beneficial response for the cog-
nitive development of children in the short term, but no
long-term effects have been observed.

Further studies are needed to confirm the safety of
nutritional supplementation in IFs and to obtain more
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evidence to clarify the effects of these compounds on the
development of cognitive function in term children.
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