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This book presents the proceedings of the 99th Nestle Nutrition Institute 
Workshop, held in February 2023 in Riyadh, Saudi Arabia. The workshop 
brought together experts in the field of pediatric nutrition to discuss the latest 
trends and future directions.

Although the impact of early nutrition on short- and long-term health is 
widely accepted, the mechanisms of early nutrition programming are not yet 
fully understood. However, human milk stands out as a model for any compar-
ison, highlighting the importance of breastfeeding, which should be effectively 
protected, promoted, and supported.

Significant research is focused on the pathways through which nutrition can 
influence development and health. One of the primary mechanisms of early nu-
trition programming is epigenetic modification. Nutrition during critical peri-
ods of development can induce epigenetic modifications, which can alter gene 
expression and affect long-term health outcomes.

COVID-19 and nutrition have a bidirectional relationship where COVID-19 
and related lockdown restrictions, by various pathways, increase the prevalence 
of both, under- and overnutrition, which can negatively affect disease severity. 
Optimal nutrition interventions can help reduce COVID-19 severity and sup-
port recovery. Public health strategies promoting healthy eating habits and ad-
equate nutrient intake can reduce infection risk and improve health outcomes.

In many settings, the prevalence of food allergies has been increasing in re-
cent years, and researchers are exploring ways to reduce the burden of food al-
lergies. While guidelines on food allergy prevention may differ in their specific 
recommendations for the age of introduction and target populations, overall, 
the paradigm has shifted from allergen avoidance to early introduction to po-
tentially allergenic foods based on evidence showing that this approach can low-
er the risk of developing allergies to these foods. However, the discussion on the 
most effective strategies continues.

Preface
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While the gut microbiota was once called “the forgotten organ,” it is no lon-
ger forgotten. It is increasingly recognized as a potential key player in the patho-
genesis of various chronic diseases. Diet is a key factor that has a substantial 
impact on the composition and function of the gut microbiota. A better under-
standing of how the early-life gut microbiota impacts our immunity could po-
tentially lead to strategies modifying the risk of diseases later in life.

The title of this Workshop also embraces the “future directions,” and there-
fore, the presenters also looked into the prospects ahead. Personalized pediatric 
nutrition is a rapidly growing field that aims to provide tailored nutrition inter-
ventions to optimize health outcomes for individual children. While there have 
been significant advances in this area in recent years, there are still more ques-
tions than answers. Digital health, which encompasses the use of technology and 
digital tools to improve health outcomes, has the potential to transform health-
care delivery and improve patient outcomes. However, there are both benefits 
(e.g., improved access to care) and challenges (e.g., privacy and security con-
cerns) associated with digital health.

The workshop took place at a time when artificial intelligence (AI) and Chat-
GPT were addressed with increased frequency. It is becoming evident that AI, 
including machine learning and deep learning algorithms, can analyze large da-
tasets and identify complex patterns that may not be apparent using traditional 
statistical methods. For example, AI can be applied to multiomics data to iden-
tify new biomarkers and develop predictive models (e.g., for prematurity risk). 
The rapid growth of AI is creating new and exciting opportunities for advancing 
the field of pediatric nutrition. We need to stay tuned!

We hope that this book will be a valuable resource for researchers and clini-
cians interested in pediatric nutrition. As the co-chairs of the workshop, we 
would like to extend our gratitude to all the speakers who contributed to the 
workshop and the Nestle Nutrition Institute teams in Saudi Arabia and Switzer-
land for their exceptional support, which made the workshop possible.

Hania Szajewska, MD
Department of Paediatrics, Medical University of Warsaw, 
Warsaw, Poland

Sanja Kolaček, MD
Department for Pediatric Gastroenterology, 
Hepatology and Nutrition, 
Children’s Hospital Zagreb, 
University of Zagreb Faculty of Medicine, 
Zagreb, Croatia
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The past years have brought about big changes in the nutritional landscape 
of pediatric nutrition and health. Transitions in global health have greatly af-
fected children, but with this comes significant advances in research to prevent 
illnesses and maximize overall health and wellness. These range from novel 
studies that have unlocked new information on human milk, metabolic pro-
gramming, microbiome, allergy prevention, and immunomodulation, to practi-
cal applications that have allowed a shift in eating habits for better immunity and 
sustainability. The pandemic years ushered in challenges in infection control 
and prevention of diseases, and highlighted areas of immune health, supplemen-
tation, and child nutrition. This shifted the focus once again to what children eat 
and how to best protect the health of the child.

The 99th Nestle Nutrition Institute Workshop, The Changing Landscape of 
Pediatric Nutrition: The Latest Trends and Future Directions, held in Riyadh, 
KSA, explored some of the latest updates in child nutrition, dietary trends, the im-
pact of early nutrition on long-term health, and breastmilk research. Also dis-
cussed were allergy prevention, diet and microbiome, immunomodulation, and 
new research on human milk oligosaccharides and multiomics in prematurity. To 
further address the changing scenario of clinical practice, the workshop also fea-
tured discussions on digital health and how engagement with patients in this new 
environment can be more effective. The learnings from the lectures and discus-
sions in this workshop are truly beneficial for our healthcare professionals and 
support their efforts to improve the health of the children now and in the future.

We gratefully acknowledge the two Chairpersons Hania Szajewska and San-
ja Kolaček, who assembled this outstanding scientific program. We would also 
like to thank all speakers and experts in the audience who have contributed to 
the content of the workshop and scientific discussions.

Josephine Yuson-Sunga, MD
Global Head of the Nestlé Nutrition Institute, 
Switzerland
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Abstract
Accumulated scientific evidence demonstrates that environmental cues, including nutrition 

during sensitive time periods of developmental plasticity, induce long-lasting programming 

effects on later health, performance, and disease risks. A particularly sensitive period com-

prises the “First 1,000 Days of Life” including pregnancy and the first two postnatal years. 

Powerful effects of early life nutrition and growth on later health, physical and mental per-

formance, and risk of noncommunicable diseases (e.g., obesity, diabetes, cardiovascular dis-

orders, allergy, asthma, and some cancers) have been demonstrated. Proposed mechanisms 

include modification of growth, body composition, epigenome, metabolome, hormones, 

and microbiome. In this chapter, we provide examples without discussing the microbiome 

as it is addressed in another contribution. Understanding underlying mechanisms of early 

nutrition programming is of paramount importance to establish better strategies for effec-

tive health promotion. This could facilitate more targeted interventions in susceptible sub-

groups, aiming at greater efficacy, efficiency, and cost-benefit ratios. Close trans-disciplinary 

collaboration between clinicians, scientists, and bioinformatics specialists is needed to link 

clinical characterization with biomarkers and large dataset evaluation utilizing artificial intel-

ligence. The results may provide major benefits for scientific understanding, opportunities 

for future research, promotion of public health, nutrition recommendations, and develop-

ment of improved food products. © 2024 S. Karger AG, Basel
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Introduction

A convincing body of scientific work demonstrates that environmental cues act-
ing during sensitive periods of developmental plasticity induce long-lasting pro-
gramming effects on later health, performance, and disease risks [1]. The term 
“First 1,000 Days of Life” refers to a particularly sensitive time, comprising both 
the 290 days of pregnancy and the first two postnatal years (2 × 365 days). Dur-
ing this period, environmental factors, specifically maternal and infant nutri-
tion, have marked and long-lasting effects on health. Initial indications of early 
programming of later health stem from retrospective epidemiological studies. 
Further evidence was provided by experimental animal studies, prospective ep-
idemiology, and some controlled human intervention trials with long-term fol-
low-up [2]. The available data demonstrate powerful effects of early life nutri-
tion and growth on later health, physical and mental performance, and the risk 
of noncommunicable diseases (NCDs) such as obesity, diabetes, cardiovascular 
disorders, allergy and asthma, some forms of cancer, and others. Exploration of 
underlying mechanisms is crucial to fully utilizing the preventive potential of 
programming effects. This should lead to developing more targeted and more 
effective intervention strategies. A variety of potential mechanisms has already 
been proposed, including effects on growth, body structure and composition, 
epigenome, metabolome, hormones, and microbiome (Fig. 1). In this work, we 
provide a few examples, though we do not discuss the microbiome as this is spe-
cifically addressed in other chapters of this publication.

Growth Trajectories

Growth and development are the key characteristics of childhood. Rapid weight 
gain during the first 2 years of life has been consistently associated with an in-
creased risk of obesity and associated disorders in later childhood, adolescence, 
and adulthood [3, 4]. Weight gain velocity during the first 6 months of life in 
healthy infants is also closely correlated to infant body fat mass, as assessed by 
the deuterium dilution method, but not to lean body mass [5]. Populations of 
breastfed infants tend to have a lower weight gain from birth to 1 year than those 
that are bottle-fed [6, 7]. A systematic review and meta-analysis of 15 studies 
examining body composition in healthy infants showed that breastfed infants 
had a lower body fat mass at age 1 year than formula-fed infants [6]. In a large 
cross sectional study with more than 9,000 children in Germany, we found less 
overweight and obesity in children at early school age if they were previously 
breastfed, compared to those that had been bottle-fed [8]. In this study, we also 
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found an inverse dose-response relationship between breastfeeding duration 
and the adjusted odds ratios (OR) for obesity. These findings were subsequent-
ly replicated in numerous but not all other cohort studies.

To further investigate the impact of early growth patterns, we analyzed lon-
gitudinal growth trajectories of more than 6,700 children from Europe and Aus-
tralia. Only 50% of these children had a body mass index (BMI) evolution along 
reference values, with a BMI z-score remaining near 0 over time [3]. Almost 
another half of the children studied (48.5%) had an increase of the BMI z-score 
from about standard deviation score (SDS) 0 at birth to about SDS +1 at 2 years, 
with a subsequent slight decrease of the BMI z-score that remained elevated at 
about SDS +0.5 at early school age. This “early rapid growth trajectory” was as-
sociated with later increased overweight and obesity, as well as an increased 
BMI, fat mass, and fat mass index in adulthood at the age of 20 years [3]. In this 

Fig. 1. Proposed mechanisms of early metabolic programming of later health and disease 
risk, linking nutritional exposures before and during pregnancy, and during early childhood, 
with later health outcomes. Adapted with permission from Child and Family Health Acade-
my at Stiftung Kindergesundheit – Child Health Foundation (www.kindergesundheit.de).
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study, early growth was also related to infant feeding: the odds of having the 
risky “early rapid growth trajectory” were doubled (OR 1.96, 95% CI: 1.51, 2.55) 
in children that had not been breastfed, or breastfed for less than 3 months, com-
pared to those who were breastfed for longer. This is consistent with results of 
meta-analyses of numerous observational studies, showing breastfeeding associ-
ated with a consistent albeit moderate risk reduction for later obesity [9]. Inter-
estingly, a longer duration of breastfeeding is associated with greater risk reduc-
tion, whereas exclusive and nonexclusive breastfeeding had a similar protective 
effect, suggesting that the total dosage of breastfeeding rather than breastfeeding 
exclusivity matters [9]. However, residual confounding is likely, since most of 
the available studies are from high-income countries. In high-income countries, 
higher socioeconomic status is associated with both greater likelihood of breast-
feeding and longer breastfeeding duration, as well as with health-promoting be-
haviors, better overall health, and lower obesity risk. Nonetheless, the available 
data indicate that the mode of infant feeding and related patterns of weight gain 
may modulate subsequent obesity risk. Differences in substrate supply are a 
likely causal factor. However, we need a better understanding on how exactly 
infant feeding modulates growth and body composition, which substrates are 
major growth modulators, and which infants or population subgroups are most 
susceptible to infant feeding effects on later obesity and related NCDs.

Epigenetics

An intriguing question is how the body can remember early life cues over sub-
sequent decades. Epigenetic modifications may be the missing link between nu-
tritional and metabolic exposures and subsequent alterations in gene expression 
that induce persistent later effects. Epigenetics is the study of heritable changes 
in gene expression not caused by changes in the DNA sequence, but by biochem-
ical modifications of DNA. Epigenetic mechanisms control modifications in 
chromatin, regulate its accessibility to transcription factors (TFs), and thus con-
tribute to determining the expression of different genes. Mechanisms of epigen-
etic modification include the addition of methyl groups to DNA cytosine bases, 
the addition of methyl and acetyl groups to proteins (histones) around which 
DNA is folded, and interfering miRNA.

Addition of a methyl group to the 5′ carbon of a cytosine base in the context 
of CpG is the most frequent and stable form of epigenetic modification. Genes 
tend to be expressed when TFs bind to DNA and activate the gene. DNA meth-
ylation (DNAm) prevents TF binding while it favors the binding of transcription 
inhibiting proteins. Thus, enhanced DNAm is mostly associated with switching 
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genes “off.” The degree of activation of a given gene generally depends upon its 
degree of methylation.

Differentially methylated regions may result from environmental triggers 
acting in sensitive or critical early periods of life, which can lead to alternative 
pathways of cell and organ development. The role of epigenetics is supported by 
both numerous animal studies, as well as human observational studies that dem-
onstrated, for example, associations of DNAm with body size, body fatness or 
adiposity, and disease markers or disease endpoints [10–12]. Large interindi-
vidual variation has been described. For example, diet effects on DNAm can 
markedly vary with genotype variation and infant sex [13]. Moreover, uncer-
tainties remain as to the fluidity or persistence of DNAm with increasing age. 
Thus, exploring epigenetic markers over time may be an important path for ex-
ploring future strategies of individual disease prevention, and perhaps even 
treatment. Also, more studies are needed to characterize the exploration of func-
tions and pathways that are altered by diet imprinted genes, and to substantiate 
causal epigenetic effects on clinical endpoints, for example, by corroboration in 
randomized controlled trials (RCTs).

Metabolic Regulation

Early nutrition affects metabolite concentrations in the child’s body fluids and 
tissues, which modulate growth, tissue function, and health outcomes. Progress 
in analytical methodology now enables high throughput and precise analysis of 
infant metabolomic profiles from minimal sample volumes, for example, by us-
ing high-performance liquid chromatography and triple quad mass spectrom-
etry, which is extremely powerful [14, 15]. Application of these sophisticated 
tools bears the very promising potential to detect relevant, but still unidentified 
regulatory metabolic mechanisms involved in the modulation of growth and 
body composition. For example, among 726 infants in the European Childhood 
Obesity Project Trial (CHOP trial), we found weight gain from birth to age 6 
months, which predicts later health and obesity risk, significantly related to the 
plasma metabolome at age 6 months. In particular, the amino acids tyrosine and 
citrulline, diacyl-phosphatidylcholine PCaaC34:4, and the lysophosphatidyl-
choline LPCaC14:0 were positively associated with weight gain in the first 6 
months of life [16]. LPCaC14:0 at age 6 months also predicted obesity at early 
school age (6 years; OR 1.33; 95% CI: 1.04–1.69). However, there was consider-
able interindividual variation in metabolic response.

It was previously established that metabolic status of males and females dif-
fers in adults and in adolescents after puberty [17]. Of interest, we also found sex 
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differences in more than 700 neonates regarding the relationship between cord 
blood metabolites and birth weight. Several lysophosphatidylcholines, glycero-
phospholipid fatty acids, and nonesterified fatty acids were highly associated 
with birth weight. However, these associations of nonesterified omega-3 fatty 
acids and of lysophosphatidylcholines containing omega-6 fatty acids with birth 
weight were stronger in females than males [18].

We also found variation in metabolic status among 183 breastfed infants who 
presented with 20 separate plasma metabolome clusters. The four major me-
tabolite clusters predicted BMI evolution up to age 6 years [19]. Thus, breast-
feeding exposure is not homogeneous. Rather, different effects evolve within 
breastfed populations. One predictive factor appears to be the variation in hu-
man milk protein content. Breast milk protein predicted the infant plasma con-
centration of LPCaC14:0, the metabolite that we previously identified as an ear-
ly predictor of both rapid weight gain and later obesity [20].

This observation is in line with the Early Protein Hypothesis. It suggests high 
protein supply in infancy to increase plasma and tissue concentrations of amino 
acids, which can stimulate an enhanced secretion of the infant growth factors 
insulin-like growth factor-1 (IGF-1) and insulin, subsequently resulting in in-
creased weight gain, enhanced body fat deposition, and increased long-term risk 
of later obesity and associated disorders [7]. We tested the Early Protein Hy-
pothesis in a large, multicenter RCT funded by European Commission Frame-
work Programmes, the CHOP trial [21, 22]. We enrolled 1,678 healthy term 
infants born with appropriate gestational age that were either exclusively breast-
fed for at least the first 3 months of life (nonrandomized reference group) or 
formula fed. If parents chose to formula feed, infants were randomized double 
blind at a median age of 2 weeks to isocaloric formulas with either convention-
ally high protein content or reduced protein content, more comparable to hu-
man milk levels. We found a marked effect of infant feeding on BMI, obesity 
prevalence, and body fatness at school age [22, 23], with lasting effects until 
early adolescence [24]. Children who had been fed reduced protein in infancy 
had a body weight and body fat mass similar to those who had been breastfed 
after birth. However, the effect sizes were quite different in subgroups. The effect 
size of the intervention was much greater in children with a high BMI at the 90th 
and the 95th percentile, as compared to children at a median BMI (Fig. 2) [22]. 
Therefore, the dietary intervention had a very large effect on obesity prevalence 
at school age (6 years). A reduced protein supply in infancy lowered the risk for 
obesity at early school age 2.43-fold (unadjusted; 95% CI: 1.12, 5.27; p = 0.024) 
or 2.87-fold (adjusted; 95% CI: 1.22, 6.75; p = 0.016), respectively, compared to 
conventionally high protein supply [7, 22].
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Fig. 2. Effect of infant feeding on BMI evolution from infancy to early school age. Higher 
protein supply with infant formula, compared to lower protein intakes, has a relatively mod-
est effect on the mean BMI (mean BMI difference at the 50th percentile 0.29 kg/m2), where-
as there is a very large effect at the upper percentiles (mean BMI difference at the 95th per-
centile 2.50 kg/m2). If the particularly susceptible subgroup with high obesity risk and large 
responsiveness to infant feeding can be identified early on, a targeted intervention (preci-
sion nutrition) could be applied with potentially much greater effectiveness. Modified with 
permission from Weber [22].
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We hypothesize that alterations in amino acid metabolism may be a key factor 
for triggering this very large effect on obesity. Higher protein intakes significant-
ly elevated plasma concentrations of the branched chain amino acids (BCAA) 
leucine, isoleucine and valine (total BCAA 572.9 ± 173.2 µmol/L with higher vs. 
413.5 ± 111.3 µmol/L with lower protein intake, p < 0.0001), along with an in-
crease of other indispensable amino acids [25]. However, plasma concentrations 
of most other amino acids were unchanged, and they were even reduced for glu-
tamine and glycine. Elevated concentrations of BCAA in response to protein sup-
ply may be causative for inducing excessive weight gain and higher body fat mass, 
as they can induce cellular anabolism, protein and fat deposition, and cell growth 
through activation of mammalian target of rapamycin (mTOR) [14]. However, 
again we found very marked interindividual variation of BCAA concentrations 
even within the same feeding group, which is not yet well explained.

The available data demonstrate that metabolic modulation of early growth 
can have a considerable impact on later obesity and health. Therefore, it is im-
portant to explore underlying mechanisms, key drivers, and predictors through 
which early metabolic exposure modulates child growth and health, as well as 
the observed interindividual variation in metabolic response to infant feeding, 
both in breastfed and bottle-fed babies. The relative roles of protein quantity and 
quality in modulating early growth and later obesity and the most sensitive time 
windows for preventive interventions need further exploration. The central 
pathways involved and the possibilities for best modulating them should be in-
vestigated and informative biomarkers characterized and evaluated. These ele-
ments may help develop and better evaluate targeted, preventive interventions 
(precision nutrition), as well as benefits and cost-effectiveness.

Endocrine Regulation

In the CHOP trial, higher protein intake notably increased the secretion of in-
sulin and IGF-1, the key mediators of infant growth (Table 1) [25]. Insulin and 
IGF-1 contribute to activating mTOR. However, full activation of mTORC1 is 
only achieved with synergistic action of both insulin, IGF-1 and amino acids, 
while a low energy supply downregulates mTORC1 [14, 26].

We found IGF-1 to be the strongest predictor of BMI at age 1 year [25]. The 
effect size of diet in predicting IGF-1 is far greater than the impact of genotype 
variation. In 1,090 formula-fed infants in the CHOP trial, we assessed the degree 
of variation of IGF-1 axis parameters explained by eight single nucleotide poly-
morphisms of the IGF-1 and two of the Insulin-like Growth Factor Binding Pro-
tein-3 (IGBP3) genes. The combined genotype had a much lower effect com-
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pared to that of the infant diet, which proved to be the predominant regulating 
factor (Table 2) [27].

Infant sex also played a distinct role in modulating the IGF-1 axis response 
to protein intake. Female infants had significantly higher concentrations of total 
and free IGF-1 and IGFBP3 than males. Higher protein supply increased total 
IGF-1 by 24.36 ng/mL (p < 0.001) compared to lower protein in females, but only 
by 11.22 ng/mL (p = 0.140) in males [28]. IGFBP2 differed between feeding 
groups by 410.84 ng/mL (p < 0.001) in females but only by 271.07 ng/mL in 
males (p < 0.001). Thus, infant females appear more sensitive to the effects of 
protein supply on endocrine response than males, although the effect on growth 
was not significantly different [28]. Also, females showed higher leptin concen-
trations which are correlated to IGF-1 axis parameters.

Table 1. Serum concentrations of free and total IGF-1, IGFBP2 and IGFBP3, glucose and urea, 
and urinary C-peptide (median, IQR) in infants aged 6 months randomized to lower protein 
or conventional higher protein formulae, or being in a nonrandomized breastfed reference 
group

Parameter Lower protein Higher protein p, lower vs. 
higher protein

Breastfed

IGF-1 free, ng/mL 0.43 (0.27, −0.77)1 0.60 (0.34, 1.11)2 <0.001 0.31 (0.21, 0.48)

IGF-1 total, ng/mL 34.7 (17.7, 57.5)1 48.4 (27.2, 81.8)2 <0.001 14.1 (5.1, 33.2)

IGFBP2, ng/mL 1,090 (865, 1,438)1 765 (575, 1,013)2 <0.001 1,370 (1,055, 1,740)

IGFBP3, ng/mL 2,908 (2,449, 3,440)1 2,969 (2,538, 3,483)2 0.248 2,454 (1,984, 2,794)

C-peptide/creatinine, ng/mg 107.3 (65.2, 194.7)1 140.6 (80.0, 203.8)2 0.030 57.0 (27.3, 119.3)

C-peptide, ng/mL 19.5 (9.4, 34.6)1 26.9 (13.3, 45.6)2 0.002 9.3 (3.5, 20.1)

p values were computed using Kruskal-Wallis rank test. 1p < 0.001 lower protein versus breastfed. 2p < 0.001 higher 
protein versus breastfed. Modified with permission from Elsevier [25].

Table 2. Degree of variation of IGF-1 axis parameters explained by eight single nucleotide 
polymorphisms (SNPs) of the IGF-1 and two of the IGFBP-3 genes, infant sex, and infant diet 
in 1,090 formula-fed infants in the European CHOP trial; nutritional regulation of IGF-I and 
IGFBP-3 is by far predominant

Total IGF-1 
(log10, R2), %

Free IGF-1 
(log10, R2), %

IGF-BP3 (R2), % IGF-1/IGF-BP3 (R2), %

Genotype only 3.8 3.6 0.78 5.0
Sex only 1.5 2.0 1.2 1.1
Diet only 15.1 6.8 10.4 13.1
Total R2 explained with 

covariates 27.9 22.3 22.6 24.9

Modified with permission from Rzehak [27].
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The effects of dietary animal protein intake on the IGF-1 axis and subsequent 
health may also be relevant beyond early childhood. In adult organisms, diets 
high in protein are the most effective in increasing growth hormone signaling 
and IGF-1 levels, and in shortening lifespan [29]. Higher IGF-1 and lower IGFB-
3 levels have been associated with the development of malignant diseases, in-
cluding breast, prostate, and colorectal cancer [30]. Among participants aged 
50–65 years of the NHANES III study, those reporting a high dietary protein 
intake had a 75% increase in overall mortality and a fourfold increase in the risk 
of cancer-associated deaths during the following 18 years. These associations 
were either abolished or attenuated, if the proteins were derived from plants. In 
contrast, study participants aged 65 years and older with a high protein intake 
showed reduced cancer and overall mortality, but a fivefold increase in diabetes 
mortality. Interestingly, high protein intake increased IGF-1 concentrations in 
subjects up to the age of 65 years, but not in the older age group. This observa-
tion suggests that the adverse effects of high protein diets on mortality at young-
er ages may be mediated via IGF-1 regulation.

To further evaluate the metabolic and endocrine response to dairy protein 
intake and the postprandial kinetics, we performed a randomized crossover 
study, examining the effects of toddler milk protein content on postprandial re-
sponse in adult subjects. We found that higher protein supply markedly elevates 
plasma BCAA for at least 5 h after the formula meal, but again with very prom-
inent inter-individual variation, also in plasma concentrations of insulin, glu-
cose, urea, and triglycerides [31].

A better understanding of individual differences could pave the way to more 
targeted and efficient precision prevention. In addition, the development of 
strategies for early identification of susceptible subgroups, such as high risk in-
fants, and those that respond most to dietary modifications, could be highly 
beneficial in establishing effective interventions.

Understanding Mechanisms Is Important

The description and analysis of growth patterns and their regulation through 
diet are of major relevance for public health and policy. We think this has the 
potential to contribute greatly to promoting population health and well-being. 
Improved awareness of underlying mechanisms of early nutrition programming 
is pivotal to establishing improved methods of effective health promotion. Ef-
fectiveness could be enhanced by precise interventions in susceptible subgroups, 
in order to achieve greater efficacy, efficiency, and cost-benefit ratios of early 
nutrition approaches. To reach these goals, close trans-disciplinary collabora-
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tion of clinicians, basic scientists and bioinformatics specialists is required. This 
can facilitate linking clinical characterization with state-of-the-art biomarkers 
and large dataset evaluation utilizing machine learning and artificial intelligence 
methodologies. One such attempt is the European BiomarKid collaboration that 
explores the body’s response to the interplay of diet, activity, environment, and 
genetic predisposition. The project surveys metabolome and proteome, along 
with endocrine, genetic and epigenetic measures as well as biological and life-
style assessments, physical activity and sedentary behavior, sleep habits, and 
their interplay in children and youth that participate in early life dietary inter-
vention studies with long-term follow-up. The BiomarKid consortium aims to 
enhance the understanding of programming mechanisms, and to bring complex 
biomarker identification technology closer to practical application, including 
improved early-life prevention strategies. We need to invest further in ground-
breaking research with novel and sophisticated methodology. Research collabo-
ration of academic investigators and researchers from private sectors may help 
enhance outputs and translational application. If successful, the results of such 
endeavors could provide fundamental information on the regulation of growth. 
This should lead not only to great benefits for scientific understanding and op-
portunities for future research, but also to promotion of public health, nutrition 
recommendations, and the development of improved food products.
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Abstract
The rapid spread of severe acute respiratory syndrome coronavirus 2 causing a pandemic of 

human coronavirus disease 2019 (COVID-19), due to which most world countries instituted 

a lockdown, created conditions that could in many ways negatively affect population health 

besides the infection itself. The aim of this chapter is to present the latest data on the trends 

and possible causes of under and overnutrition occurring in children during the pandemic. 

Furthermore, the evidence on how the changes in nutrition status impair the prognosis of 

COVID-19 and the most recent recommendations on nutrition treatment strategies are em-

phasized. Undernutrition and nutritional deficiencies were expected to increase in less de-

veloped countries, but also in underprivileged societal groups in well-developed countries, 

due to an increase in poverty, unemployment, and food insecurity. On the other end of the 

spectrum, social distancing, a decrease in physical activity, an increase in screening time, and 

negative changes in eating habits are also fostered during the COVID-19 pandemic, and all 

of them are well-known causes of pediatric obesity. Both undernutrition and obesity, per se, 

negatively affect the severity of COVID-19, closing the bidirectional vicious circle of causes 

and consequences. © 2024 S. Karger AG, Basel
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Introduction

In December 2019 in Wuhan, China, the severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) was identified as a cause of COVID-19, spreading 
so quickly worldwide that on March 11, 2020, the WHO declared a pandemic 
which officially ended in May 2023 [1]. Soon after, 186 of 193 world countries 
adopted a lock-down policy which varied from almost complete movement re-
striction to a set of restrictive measures with quarantine and isolation of affected 
persons. By the time of finishing this manuscript, there were 761,071,826 con-
firmed cases of COVID-19 recorded, as well as 6,879,677 deaths [2]. Data on 
children are not as precise, and it is generally accepted that around 5% of in-
fected cases are subjects below 20 years of age. This percentage is significantly 
higher in the COVerAGE database, in which from February 2020 to October 
2022, 367 million COVID-19 cases were recorded from 105 countries, and 
among them were 75.3 million affected children with over 17,400 deaths which 
constitute 0.4% of the 4.4 million deaths reported in the same database [3]. This 
clearly shows that children are relatively spared by the infection itself, and the 
disease is often asymptomatic and of mild course.

Yet, the COVID-19 pandemic negatively impacts children’s health in a wide 
array of indirect modes. Economies of even the most developed countries were 
affected in multiple ways, with the losses projected to be worse in fragile coun-
tries and vulnerable groups. At the beginning of the COVID-19 crisis, the pro-
jection of the relevant United Nations (UN) agencies was a 7.9% decrease in the 
gross national income relative to pre-COVID-19 projections for low- and mid-
dle-income countries (LMICs), resulting in a 14.3% increase in the prevalence 
of moderate and severe wasting in children younger than 5 years, which trans-
lates into 6.7 million of wasted children in 2020 more compared to pre-COV-
ID-19 projections. Furthermore, an increase in the number of malnourished 
children and the expected 25%–30% reduction in nutrition and health coverage 
can translate into 128,605 additional deaths in children younger than 5 years – 
all that in a moderate case scenario [4, 5]. The projections of the expert team 
from Johns Hopkins University were even worse [6].

The potentially severe negative effect of the pandemic on child nutrition sta-
tus and health in the LMIC is just one side of the coin. In more affluent societies, 
during the COVID-19 pandemic lockdown, a decrease in physical activities, an 
increase in screening time, and negative changes in eating habits and food intake 
could be expected, and all of them are well-known causes of pediatric obesity. 
Finally, both undernutrition and obesity might have life-long negative health 
consequences, and in that respect, children are the most vulnerable population 
group.
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The projections presented above are hypothetical; however, it is now 3 years 
since the pandemic was proclaimed – a period that might be sufficient for rele-
vant data to be published on the effect of the pandemic in general, and of the 
infection itself on the nutritional status of children. To summarize and present 
those data is the first aim of this chapter. The second goal is to investigate how 
both ends of the nutrition spectrum – undernutrition and obesity – per se, influ-
ence the severity of COVID-19 in children.

COVID-19 Pandemic and Obesity in Children (Fig. 1)

Closure of schools and kindergartens due to the COVID-19 pandemic lockdown 
occurred worldwide; instead of balanced school meals and a structured program 
of exercise, children were confined indoors. In the last 2 years, many studies 
were published on physical activity and screening time, comparing the periods 
before and during the pandemic lockdown, the majority of which consistently 
showed a significant decline in exercise time, physical performances, and an in-
crease in the screening time [7–10]. However, this was not found in all studies 
[11] and was less present in LMIC compared to developed countries, and in 
younger children [12].

Equally well studied were changes in food selection and intake. Being at 
home, with family, could improve food quality and eating behavior, which was 
indeed shown in some studies [13, 14], but an overwhelming majority of evi-

Hypertension
Metabolic syndrome

Type 2 diabetes mellitus

Increased prevalence of overnutrition/obesity

Severe COVID-19
Increased mortality

Decreased physical activity
Increased screening time

Increased caloric intake, unhealthy food choices

Closure of schools/kindergartens, lack of school meals
and exercise

Restricted movement
Decreased access to different food choices

COVID-19 PANDEMIC

Fig.  1. Bidirectional rela-
tionship between the CO-
VID-19 pandemic and obe-
sity.
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dence, originating mainly from developed countries, has shown an increase in 
the number of meals and unhealthy food choices such as sweet snacks, soft 
drinks, and bakery products [9, 10, 15–17]. Furthermore, using the national rep-
resentative data on the quality of school-prepared and home-prepared lunches, 
with the latter having more calories and fewer valuable nutrients, and by com-
paring the number of school meals served from March to November 2020 with 
the same period in 2019, Hecht et al. found that 27–78 million fewer luncheons 
were served per week in the lockdown period. This huge number of missed 
school meals could be translated into the estimated increase of 3–10 billion ad-
ditional calories per week consumed by students at the national level, and 640 
calories per person per week [18].

Eight of ten studies included in the recently published systematic review re-
ported that the changed pattern of food intake, increased screening time, and 
decreased physical activity resulted in a significant increase in BMI, body weight, 
and/or body fat [19]. The only two that did not detect the increase in obesity also 
reported improved adherence to healthier food choices during the pandemic 
[13, 14]. Finally, the multivariate regression analysis of Korean investigators 
identified changes in sedentary time and fast food consumption as the most im-
portant lifestyle variables associated with increased BMI in children and adoles-
cents during the lockdown [10].

At the beginning of the COVID-19 pandemic, it has been hypothesized that 
the expected increase in the prevalence of obesity might have life-long conse-
quences such as increased risks for metabolic syndrome and type 2 diabetes mel-
litus (T2DM). The above-cited Korean study, besides increased BMI, has already 
detected increased systolic and diastolic blood pressure and insulin resistance 
[10], and similar findings on the increased blood pressure were found also in 
Chinese school-aged children [20]. The narrative review of Capra et al. summa-
rized results of several studies – all from the United States of America, reporting 
on the increased incidence of newly diagnosed T2DM in children during the 
pandemic in comparison with the prepandemic years [21].

The final issue in the possible bidirectional relationship between obesity and 
COVID-19 is whether children duplicate the well-documented risk of the worse 
clinical outcome in infected obese adult patients [22]. Early studies such as the 
one from China [23] already indicated that obesity in children could be associ-
ated with an increased risk of mortality, but much more evidence was provided 
by the systematic review and meta-analysis by Tsankov et al. who investigated 
the effect of comorbidities on the clinical outcome of COVID-19 in pediatric 
patients [24]. Summarizing the evidence from 42 pediatric case-control studies 
with 285,004 pediatric patients with laboratory-confirmed SARS-CoV-2 infec-
tion among which 9,353 (3.3%) had at least one comorbidity, the authors ob-
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tained the following results: (a) significantly increased risk for severe clinical 
presentation (RR 1.79, 95% CI: 1.27–2.51, p < 0.001) in COVID-19 patients with 
comorbidities; (b) significantly increased risk of mortality in children with co-
morbidities relative to pediatric patients without them (RR 2.81, 95% CI: 1.31–
6.02, p < 0.001); (c) obesity was the most frequent comorbidity, and the obese 
infected children were more prone to develop severe COVID-19, although this 
difference was not significant (RR 2.87, 90% CI: 1.16–7.07, p = 0.17) [24]. Dis-
cussing the causal relationship between obesity and more severe clinical out-
comes in COVID-19 patients, Steenblock et al. underlined the superposition of 
acute COVID-19–related inflammation on the obesity-driven chronic proin-
flammatory status, pulmonary consequences of adiposity resulting in reduced 
respiratory function, and the predisposing changes in SARS-CoV-2 entry recep-
tors, namely at angiotensin-converting enzyme two domains [25].

In conclusion, dramatic changes in the daily routines of children during the 
COVID-19 pandemic, which affected feeding habits, food choices, and total en-
ergy intake, paralleled by a decrease in physical activity and an increase in 
screening time, are the most probable causes for the already detected increase in 
obesity prevalence. Further longitudinal studies will answer whether this will 
result in increased long-term consequences such as hypertension and T2DM/
metabolic syndrome, but regrettably, the first published data indicate this sce-
nario. Furthermore, the already published data do relate obesity to the worse 
clinical outcome of COVID-19 in children and this negative relationship is 
shown in Figure 1.

COVID-19 Pandemic and Undernutrition in Children (Fig. 2)

In the year 2020, all major UN agencies issued grave projections for the impact 
of COVID-19–related lockdowns on the nutrition status of children, mainly 
through its negative effects on the countries’ economies and therefore reduced 
nutrition and health coverage [4–6]. Now – 3 years later – the relevant scien-
tific data are expected to be available. Yet, authors of the systematic review on 
the impact of the COVID-19 pandemic on food security and quality, whose pri-
mary research goal was to investigate how it affected the nutrition status of chil-
dren below 5 years and women/girls of childbearing age, could not find a single 
study designed to monitor this in LMIC (literature search done until January 
2021) [26]. However, despite important heterogeneity of 35 included studies, the 
authors were able to summarize the detrimental effects of pandemic conditions 
on food security and diet quality across a wide range of LMIC, mainly associ-
ated with diminished income and purchasing power, unemployment, and failed 
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harvests, but also through lack of physical access and availability of foods. In 
countries where the prepandemic data were available, food insecurity increased 
from 51% to 77% in Nigeria, from 50% to 88% in Kenya, 43% to 87% in Uganda, 
and 6% to 36% in Bangladesh (summarized in Picchioni et al. [26]). Since then, 
a longitudinal study was recently published comparing the sanitation, hygiene, 
health, and nutrition status of 490 children 0–10 years from two different remote 
regions in Nepal, before the pandemic and during it (March–May 2018 and No-
vember–December 2021) [27]. The results have shown a significant improve-
ment in sanitation/hygiene practices and water quality in the COVID-19 period, 
and a significant reduction in infectious diseases including diarrhea (19.6% to 
9.5%, p = 0.01), respiratory illnesses (14.3% to 4.3%, p = 0.002), fever (41.1% to 
16.8%, p = 0.01), and Giardia lamblia infection (34.2% to 6.5%, p = 0.01). Despite 
those positive results, data on the nutrition status in comparison to the prepan-
demic period were particularly grave: severe stunting increased from 26.6% to 

Unemployment, loss of
income, failed harvest,

lack of purchasing power

Decreased access to
food, food insecurity

Impaired immunity

Impaired intake

Disease-related anorexia
Abdominal pain

Anosmia
Ageusia

Increased losses/requirements

Diarrhea, vomiting
Hypermetabolism

Inflammation
Increased respiratory work

Undernutrition ± micronutrients deficiencies

COVID-19 PANDEMIC

Increased severity and mortality of COVID-19

Lack of school meals

Fig. 2. Vicious circle of COVID-19 pandemic and undernutrition.
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48.5% (p = 0.01), underweight increased from 19.0% to 54.9% (p = 0.01), fre-
quency of Bitot’s spots from 26.7% to 40.2% (p = 0.01), hair depigmentation 
from 13.3% to 41.1% (p = 0.01), dry cornea from 19.4% to 36.7% (p = 0.01), and 
bleeding gums increased from 17.8% to 66.7% (p = 0.01). The identified under-
lying causes were an increase in poverty and a lack of purchasing power due to 
inadequate harvests, unemployment, and loss of wages which occurred in 94.2% 
during the pandemic in comparison to 35% in the year 2018 [27]. Although this 
study is one of the first published and more results are awaited, it seems that the 
worst-case scenarios, predicted at the beginning of the pandemic, might be true. 
A further “brick in the wall” is the problem of missing school meals due to school 
closure; 369 million children missed meals only in April 2020, while in June 2021 
the same occurred in 154 million children from 79 countries [28]. In contrast to 
fostering obesity development in developed countries where meals at home tend 
to be more caloric, in the LMIC the school meal might be the only proper food 
children are consuming during the day.

The next relevant question is, whether malnourished patients have an in-
creased risk of acquiring infection with SARS-CoV-2 and if their clinical out-
come is further impaired. It is very plausible to positively answer both questions 
as it is scientifically well established that undernutrition negatively affects im-
munity, particularly the cellular arm [29], increasing, therefore, the risk of ac-
quiring infections [30] including those nosocomial [31], morbidity, mortality, 
length of hospital stay, and costs of health care [32]. With respect to the clinical 
outcome of COVID-19, Kurtz et al. retrieved data for 103,099 COVID-19 inpa-
tients from 56 hospitals in the United States between March and June 2020 and 
found higher odds for severe outcomes for children between 6 and 17 years with 
a history of malnutrition: 1.5% of children with mild COVID-19 were malnour-
ished compared to 7.5% among those with severe COVID-19 [33]. In the retro-
spective study of 1,024 children hospitalized in a tertiary care setting in Kerala, 
India, from March 2020 to September 2021, the most important comorbidities 
significantly associated with severe COVID-19 were neurological conditions 
(OR = 8.73), malnutrition (OR = 3.01), and prematurity (OR = 6.8) [34]. Review-
ing the literature on the effects of malnutrition on the thymus and immunity in 
COVID-19 patients, it was suggested that malnutrition-induced thymic atrophy 
and immune dysfunction may increase the risk of progression of COVID-19 to 
more severe forms, slow the recovery, and increase the risk of other infections 
[35]. Furthermore, once the child acquires COVID-19, there are several path-
ways by which the disease itself initiates and/or further increases the risk of un-
dernutrition [36] which are depicted in Figure 2.

In conclusion, the COVID-19 pandemic with the imposed restrictive mea-
sures affects the economic power of the country and the purchasing power of 
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individual households. This inevitably results in food insecurity and decreased 
nutrition and health coverage in the LMIC, further impairing the nutrition sta-
tus of vulnerable groups such as children and women of childbearing age. Un-
dernutrition increases the risk of severe COVID-19 clinical presentation, while 
the disease itself in various ways increases the risk of further nutritional deterio-
ration, closing thereby the vicious circle of causes and consequences as shown 
in Figure 2.

Nutrition Approach to Children with SARS-CoV-2 Infection, and during the 
COVID-19 Pandemic

Awareness of the negative immediate and long-term effects of malnutrition in 
children (both under, and overnutrition) and the necessity for an early evalua-
tion of the nutritional status have a pivotal role, irrespective if this is during the 
COVID-19 pandemic or any other health condition [37]. This is also the initial 
step in the European Society for Clinical Nutrition and Metabolism (ESPEN) 
guidelines for the nutritional management of individuals with SARS-CoV-2 in-
fection, followed by the recommendation for stepwise nutritional interventions 
with respect to the severity of the disease: (a) advice for optimization of oral nu-
trition intake; (b) supplementation with vitamins and minerals in subjects with 
malnutrition; (c) regular physical activity; (d) addition of oral nutrition supple-
ments if nutrition intake is still suboptimal; (e) enteral nutrition in subjects with 
a functioning gut who cannot have adequate oral intake; (f) addition of paren-
teral nutrition in cases when oral/enteral access is insufficient, which further 
varies with respect to the severity of COVID-19 ( ICU patients ± intubated pa-
tients ± patients with dysphagia) [38].

With respect to children, the cited ESPEN recommendations do not differ 
from the “pyramid of nutrition interventions” recommended to pediatric pa-
tients in general [39], which can therefore also be applied to children infected 
with the SARS-CoV-2. In addition, public health measures such as age-appro-
priate physical activity, restriction of the screening time, and a balanced diet 
should be applied to all, otherwise “healthy” children, particularly those who are 
overweight/obese [40].

A special issue in the nutrition approach to the COVID-19 pandemic is 
whether to suggest supplementation with micronutrients, particularly those 
with antioxidant properties, and if yes, to whom – all exposed, only to diseased 
individuals or just for malnourished deficient pediatric patients? Micronutrients 
are involved in literally every arm of innate and adaptive immunity, and there is 
already a wealth of literature on their potential role in the pathogenicity of 
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SARS-CoV-2 infection [36, 41]. However, randomized controlled trials on their 
use in the treatment of COVID-19 are scarce, and the scientific evidence for 
children is nonexistent. Authors of the systematic review on the role of nutrients 
in general, and vitamins and minerals in particular in COVID-19 treatment, 
concluded that the evidence for the use of high-dose supplementation of micro-
nutrients for either prevention or treatment is too limited to be recommended 
[41]. It is therefore prudent to continue “Doing what we know, and doing it 
well,” which is, to continue with the public health measures to prevent micro-
nutrient deficiencies and to diagnose and treat them early, particularly in mal-
nourished children. With respect to nondeficient children, there is no evidence 
that the supplementation can improve the clinical outcome of COVID-19 [36, 
38, 41].

There are also global nutrition strategies proposed for exceptional situations 
such as the COVID-19 pandemic, created to prevent further deterioration in 
food insecurity and food shortage, but their presentation is beyond the scope of 
this review [42, 43].

Conclusion

The COVID-19 pandemic set the stage that fosters the development of under-
nutrition and obesity in children, depending on the economic power of the 
country and the socioeconomic strata of the individual patient. Furthermore, 
both obesity and undernutrition through different pathogenic mechanisms in-
crease the risk of more severe clinical presentation of COVID-19, closing there-
fore a vicious circle of causes and consequences (Fig. 1 and 2). Awareness of the 
importance of nutrition status in children, early nutrition assessment, and time-
ly instituted nutrition support at a more general population level, and also in 
individual patients with COVID-19, is the therapeutic milestone, while the fu-
ture scientific evidence will indicate more detailed nutrition approaches.
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Abstract
Human milk is the optimal food for the growing infant and breastfeeding has been associ-

ated with short- and long-term benefits for both infant and mother. Human milk composi-

tion is adapted to stages of infant development from the immunologically rich colostrum to 

energy dense mature milk. Recent studies have shown that the time of lactation, circadian 

rhythm, maternal diet, genetics, and even presence of maternal or infant infection can influ-

ence milk composition. Human milk, however, is not just a sum of single nutrients but a 

complex biofluid rich and organized in potentially functional and not just nutritive structures 

like exosomes, bacteria, and eukaryotic cells. The complexity of human milk, its importance 

for infant health, and development call for future research investments to characterize deep-

er milk composition beyond single nutrients to understand their function. Building global 

and regional references for human milk will also enable a better insight in nutrition require-

ments, inform guidelines, and provide recommendations adapted to lactating mothers.

© 2024 S. Karger AG, Basel

Introduction

Human milk is the optimal food for the growing infant as recognized by the 
World Health Organization and global recommendations aim to guide health 
practitioners and the public to adopt exclusive breastfeeding for at least the first 
6 months of life and optimally continue breastfeeding until at least 2 years of age 
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[1]. Exclusive breastfeeding is defined as infant feeding that includes only breast 
milk and no additional water, other liquids, and foods (excluding medications) 
during the first 6 months of life. Several health benefits have been associated 
with breastfeeding for both child and the lactating mother [2]. Breast milk is 
recommended food for optimal growth during infancy and beyond and several 
studies have reported a benefit in preventing overweight or obesity later in life 
[3, 4]. Heterogeneity exists among the published results due to differences in 
study design, time-points for samples, and data collection, while the observa-
tional nature of the studies needs to account for the role of confounders, effect 
modifiers, or reverse causality. Most recent meta-analyses confirm a protective 
effect against overweight or obesity even among those studies that are suscep-
tible to positive confounding accounting for socioeconomic status [5]. Breastfed 
infants have less risk to common pediatric infections, like pneumonia, ear infec-
tions, and diarrhea compared to nonbreastfed [6]. Breastfeeding also confers 
short- and long-term health benefits for the lactating mother, reducing the risk 
for postpartum depression, both breast and ovarian cancer, and type 2 diabetes 
[7]. Breastfeeding can have an impact on behavioral components beyond deliv-
ery of infant feeding with recent epidemiological studies pointing out that 
breastfed infants develop healthier choices later in life than formula fed having 
more opportunities for flavor learning and preference development via expo-
sure to maternal dietary flavors during breastfeeding. These effects may partly 
explain the protective role of breastfeeding against overweight and obesity [8].

Human milk carries probably thousands of nutrients or metabolites with a 
specific bioactivity defined by maternal exposures and infant developmental 

Beyond single milk components 

External & internal stimuli

Examples:

Examples:

Complex structures & lactation

• Cells, vesicles & membranes
• Mechanics of lactation and
   sucking and impact on
   managing hunger cues & satiety

• Presence of infection
• Season

Examples:
• Protein concentration reduction in
   mature milk
• Foremilk versus Hindmilk
• Circadian changes: melatonin

Timing
Chronobiology, feeding occasions, stage of
lactation

Health status of the mother & infant, external
environment

Fig. 1. Breast milk is a complex fluid reflecting mother and infant interaction and it is adapt-
ed to baby needs.
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needs [9], transforming mother-milk-child as an active and dynamic triad de-
livering health benefits for both mother and infant. In order to better understand 
the biology and the functionality of human milk components, we need to look 
beyond single nutrients and concentrations and consider human milk as a bio-
active system consisting of complex structures like macrovesicles, milk fat glob-
ules, and living cells (Fig. 1) [10]. Then, we need to account for human milk 
composition changes over the day, between feeding occasions and across lacta-
tion. Finally, considerations of both health status of the mother and infant as 
well as the external environment will inform the relationship between milk pro-
duction, delivery, and perceived benefit by the growing infant. In the next sec-
tions, evidence on the role of these specific components will be discussed, as well 
directions for future research.

Time Defines Human Milk Composition

Temporal changes are clearly described in the literature for human milk com-
position per feeding occasion, during the day and along lactation. Differenc-
es between foremilk (the first fraction of milk after flow initiation, usually 2–3 
min) and hindmilk (the remainder of the milk until breast emptying) have 
been described for the fat content and vitamins A and E [11, 12]. As milk is 
produced, milk fat globules aggregate and attach to the walls of the alveoli 
resulting in foremilk having a low-fat content. Breast emptying results into 
milk fat globules detaching and moving down milk ducts making hindmilk 
rich in fat. Recent studies have shown that hindmilk contains higher number 
of unique peptides compared to foremilk possibly due to longer exposure to 
intramammary gland proteolytic activity although total peptide abundance 
remains similar [13].

Human milk changes in relation to circadian, ultradian, or diurnal rhythms 
sometimes follow maternal hormonal variation. The most well-studied exam-
ples are hormones melatonin and cortisol. Milk melatonin peaks at night match-
ing maternal serum levels [14], while cortisol is over 300% higher in morning 
milk (2.97 ng/mL) compared to late afternoon and evening milk (0.69 ng/mL) 
likely reflecting concentrations in maternal circulation [15, 16]. Exogenous mel-
atonin administration in preterm infants has been studied to compensate for the 
reported deficiency and to protect from oxidative stress injury commonly re-
ported in this population [17]. These large differences in melatonin concentra-
tion between day and night should be considered in both clinical and feeding 
protocols for infants, especially preterm, as providing mistimed milk may not 
deliver the full benefits for the growing infant.

Szajewska H, Kolaček S (eds): The Changing Landscape of Pediatric Nutrition: Latest Trends and Future 
Directions. 99th Nestlé Nutrition Institute Workshop, February 2023. Nestlé Nutr Inst Workshop Ser. 
Basel, Karger, 2024, vol 99, pp 25–33 (DOI: 10.1159/000534947)



28 Binia

Changes in milk composition over lactation are the ones most commonly and 
comprehensively described. Fat content has been described to slightly increase 
over lactation, while protein concentration sharply decreases after colostrum 
and remains stable after 4 months of lactation [18–20]. Lactose remains stable, 
while human milk oligosaccharides (HMOs) present with specific trajectories 
influenced by maternal genetic polymorphisms on the fucosyltransferase 2 and 
3 (FUT2 and FUT3) genes [21].

The studies discussed above can be used to highlight the limitations of cur-
rent literature where absence of common or standardized milk collection proto-
cols impacts results and their application on maternal and infant recommenda-
tions for staged-matched or circadian-matched milk feeding. Variability in milk 
composition over time established across multiple observational studies reflects 
infant developmental needs that may not be understood or met by not account-
ing for time and process of milk sampling.

More than Single Nutrients or Bioactives, Human Milk Includes Complex 
Structures

Human milk contains living cells both from bacterial and host origin [22]. Most 
eukaryotic cells consist of distinct epithelial lactocyte subpopulations, then 
blood cells mainly immune cells like monocytes, T and B cells, myoepithelial 
cells, and a proportion of progenitor and stem cells. A recent study by Nyquist 
et al. [23], using single-cell RNA-sequencing, identified how different cell popu-
lations evolve over lactation. Analyzing associations with maternal and infant 
meta-data showed that a specific group of lactocytes are increased over time and 
are associated with daycare attendance and the use of hormonal birth control. 
These first results are key to understand how mammary gland changes with time 
and what may be the influence of external stimuli to the milk production.

Another complex structure found abundantly in the milk are extracellular 
vesicles (approximately 100–1,000 nm) and specifically exosomes (approxi-
mately 40–150 nm) [24]. These are lipid bilayer particles secreted by predomi-
nantly mammary gland epithelial cells into extracellular space as a means of 
transport of cargos including lipids, proteins, and nucleic acids to recipient cells. 
Their importance for cellular communication and impact on physiological and 
cellular processes is studied in different biological aspects. Milk exosomes func-
tions are not well understood; however, considering the bioactive component 
cargos renders them possibly as one of the functional structures found in human 
milk. One of the most prominent groups of molecules found in the exosomes 
are microRNAs, small, single stranded, noncoding RNA molecules (21–23 nu-
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cleotides long), known as major epigenetic regulators controlling posttranscrip-
tional regulation of gene expression. A recent study has extracted and analyzed 
the profile of human milk exosomal miRNAs content from the second week 
until the third month after birth, reporting that they change over lactation and 
are mainly associated with innate and adaptive immunity pathways regulation 
[25]. Interestingly in this study, a stable core of 35 miRNAs consistently highly 
expressed was identified as well as a set of miRNA with a very dynamic and vari-
able expression. The coauthors did not report any associations with maternal 
and infant meta-data.

Maternal and Infant Factors Modify Milk Composition

The impact or association of maternal characteristics and infant outcomes on 
human milk composition have been investigated and reviewed in recent publi-
cations [26]. Maternal diet can affect at least the fatty acid composition of human 
milk with omega-3 intake during lactation having a positive association with 
milk fatty acid profile across studies even with different design and method-
ological approaches. Maternal intake of certain vitamins and minerals like vita-
mins B1, B2, B3, B6, B12, C, A, D, and selenium and iodine, respectively, seems 
to influence their concentration in human milk. On the other hand, certain min-
erals like sodium, potassium, phosphorous and zinc, folate, and macronutrients 
like lactose remain stable and unaffected by dietary changes.

Body mass index, typically defined before pregnancy, the maternal age, par-
ity, as well as gestational age and infant sex are common factors considered in 
most observational studies on human composition with little consistency on 
either the direction or strength of association with milk composition. Results 
from these reports may be challenging to interpret in light of study design, meth-
odological differences, and also temporal changes described earlier in this re-
view. Wherever possible, cell numbers, nutrients, or bioactive molecule concen-
trations need to be interpreted together with maternal and infant health meta-
data.

A study that aimed to describe the dynamics of leukocytes present in human 
milk discovered that both maternal and infant infection can modulate the num-
ber and profile of the cellular population [27]. The study reported that leukocyte 
number is higher in colostrum (13%–70% out of total cells) compared to mature 
milk (0%–2%) unless there is an infection for either mother or infant during 
which the number increases as expected (up to 94% leukocytes out of total cells, 
p < 0.001). Using maternal meta-data, a trend toward a specific leukocyte profile 
was seen in the presence of mastitis compared to other types of infections. With 
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the resolution of the infection, cell numbers returned to baseline. Exclusive 
breastfeeding was also associated with a greater number of leukocytes in mature 
breast milk.

Geography has not been systematically used to compare human milk com-
position or concentration of milk components [28]. McGuire et al., reported 
that specific HMO like disialyllacto-N-tetraose and 3-fucosyllactose were sig-
nificantly different in milk from Swedish mothers compared to milk of mothers 
living in rural Gambia [28]. Geography however may be a proxy for genetic vari-
ability, dietary differences and abundance of food, cultural practices during lac-
tation, and even climate adaptation. Whereas in well-nourished populations of 
lactating mothers, seasonal differences seem to play little role in milk composi-
tion, in geographies with very distinctive climatic influence on food abundances 
this may not be the case. Human milk of Gambian mothers nursing during the 
wet season, characterized by reduced food availability, had significantly lower 
concentration of total measured HMOs compared to milk from mothers nurs-
ing during the dry season, when food abundance is higher [29]. These results 
show that the role of external factors human milk may be geography or popula-
tion specific and it can definitely not be generalized.

Future Research Directions to Understand How Milk Adapts to Infant 
Needs via Maternal Interventions

Current literature on human milk provides with an overview of consistent and 
well-described milk composition variation over lactation mainly for macronu-
trients. Circadian, ultradian, or diurnal rhythms are studied for a limited num-
ber of milk components like hormones or sometimes minerals and macronutri-
ents with limited consistency among studies. There is, therefore, a general lack 
of systematic approaches to assess or consider all types of temporal dynamics in 
human milk composition. Then, there is an evident heterogeneity among stud-
ies, protocols for milk collection, and methods used to analyze milk composi-
tion, making it hard to interpret the totality of evidence across different studies. 
Standardization among study protocols and perhaps proposition or at least rec-
ommendations for specific methodologies would reduce inconsistencies for re-
sults interpretation and favor a more systematic overview of human milk com-
position among researchers.

Observational studies on human milk composition remain, in most of the 
times, on the simple descriptive analyses of nutrient or bioactives concentra-
tions without integrating available maternal and infant meta-data. Reporting on 
single molecules and single time-point associations does not allow to under-
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stand how these compositional changes likely reflect developmental needs of the 
growing baby or maternal health status. Dedicated studies with clear and well-
captured maternal and infant health outcomes, as well as other epidemiological 
factors, may be more suitable to enable data mining exercises considering groups 
of nutrients or complex. In contrast, caution is needed when such approaches 
are used for analyses on limited or inadequately defined phenotypic data from 
studies with little power.

Most of the literature is based on studies with well-nourished, healthy moth-
ers and infants recruited from limited geographies. Evidence, however, indicates 
that milk dynamically changes in the presence of infections, metabolic status of 
the mother, and in response to food scarcity, a prominent condition in certain 
parts of the world. As breastfeeding is the optimal and most affordable solution 
for infant feeding, understanding the compositional specificities in different 
health subgroups can inform better the recommendations for lactating mothers.

Future studies need to consider standardized approaches for the design, col-
lection, and sample and data analyses for the deep characterization of both com-
position and function of milk components. Milk reference values, if feasible to 
construct considering limitations in study heterogeneity, need to account for 
expected variability across lactation stages, geographies, heath, and ethnic back-
ground. Ultimately, strong compositional evidence will facilitate the design of 
maternal interventions to further understand the impact on infant growth and 
development. The clinical significance of advancing the field of human milk re-
search could be immense and applicable for children who are breastfed, infant 
formula fed, and human milk bottle fed. Refined nutritional needs for lactating 
mothers, adapted per stage and need, can be developed. Support to safe and ef-
ficacious human milk substitutes or infant supplements and an optimized use of 
donor and banked milk will be achievable. Overall, the knowledge will be used 
across for improved infant feeding and breastfeeding support.
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Abstract
Food allergies pose a significant burden on individuals and families due to dietary restric-

tions, which carry the risk of nutritional deficiencies, social restrictions, and impacts on qual-

ity of life. Thus, prevention is critical. This chapter provides a brief overview of the magnitude 

of the food allergy problem and identifies factors contributing to this rising epidemic. It also 

reviews the current guidelines for preventing food allergies in children. Recently, there has 

been a clear shift in guidelines, which now emphasize the early introduction of potentially 

allergenic foods instead of avoidance. Findings from selected articles published between 

2021 and 2023 are also briefly reviewed to complement these guidelines. There is a discus-

sion about whether this shift in guidelines will lead to meaningful reductions in the preva-

lence of food allergies. Recent data on peanut allergies will be presented, as well as the ra-

tionale for the early introduction of peanuts in various risk groups, rather than focusing 

solely on the high-risk population. The relevance of the early introduction of cow milk protein 

(within the first weeks of life) for reducing the risk of cow milk allergies will also be discussed. 

However, many questions remain unanswered and further high-quality studies are needed.

© 2024 S. Karger AG, Basel

Can Food Allergies in Children Be 
Prevented?

Hania Szajewska    
Department of Paediatrics, Medical University of Warsaw, Warsaw, Poland

Published online: April 18, 2024

Szajewska H, Kolaček S (eds): The Changing Landscape of Pediatric Nutrition: Latest Trends and Future 
Directions. 99th Nestlé Nutrition Institute Workshop, February 2023. Nestlé Nutr Inst Workshop Ser. 
Basel, Karger, 2024, vol 99, pp 34–47 (DOI: 10.1159/000534957)



Prevention of Food Allergy 35

Introduction

Food allergies are often a long-term condition affecting children and adults. 
While some allergies such as cow milk allergy or egg allergy, especially non-IgE-
mediated, usually resolve gradually over time, allergy to peanuts and tree nuts 
may persist into adulthood (or develop only later in life). Regardless of the pos-
sible resolution over time, food allergies pose a significant burden on the indi-
vidual and their family; this burden includes dietary restrictions, with a risk of 
nutritional deficiencies, social restrictions and impact on the quality of life, a 
financial burden for families, and limitations on healthcare resources [1]. Thus, 
prevention is crucial. This chapter discusses the problem of food allergies and 
factors contributing to its rise. It also reviews current guidelines for preventing 
food allergies in infants and children and briefly summarizes selected recent re-
search.

Magnitude of Food Allergies 

The prevalence of food allergies is difficult to determine and varies with the 
method used to diagnose food allergies and the population studied [2]. In high-
income countries, a 2023 systematic review and meta-analysis found a threefold 
increase in the point prevalence of self-reported food allergies in 2012–2021 
(14.9%) compared to 2000–2012 (5.9%) [3]. The most common allergens in chil-
dren in the United States are peanuts, milk, shellfish, and tree nuts [4]. Australia 
has the highest worldwide rates of food allergies, with peanuts, egg, and sesame 
being the most prevalent allergens in children [5]. In low- and middle-income 
countries, data on the prevalence and trends of food allergies are limited. A 2022 
meta-analysis of studies from China found that the self-reported prevalence rate 
of food allergies was higher than the hospital-diagnosed food allergy rate and 
that the prevalence of food allergies is increasing [6]. Overall, self-reported food 
allergy rates tend to overestimate the prevalence compared to diagnoses made 
using rigorous methods. The prevalence of allergic disease is higher in high-in-
come countries, but it is also increasing in low- and middle-income countries. 

Food Allergy Risk Factors and Hypotheses

The risk factors for food allergies can have a genetic component, and many ge-
netic loci, genes, and gene variants have been associated with food allergy devel-
opment [7]. However, the rise of food allergies cannot be explained by genetics 
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alone – genetic predisposition might be permissive rather than decisive (criti-
cal). Thus, several hypotheses have been proposed to explain the rise [8]. These 
include: 
•	 the hygiene hypothesis (Improved hygiene and reduced exposure of the im-

mune system to microbial and parasitic stimuli during early life may lead to 
impaired immunoregulation in later life and an increased risk of developing 
Th2 diseases, such as allergies, or Th1 diseases, such as type 1 diabetes. This 
is because the immune system does not receive the necessary stimulus to de-
velop tolerogenic responses.) [9];

•	 the biodiversity hypothesis (Biodiversity loss leads to immune dysfunction 
and disease.) [10];

•	 the vitamin D hypothesis (Vitamin D has been shown to affect several mech-
anisms that promote immunologic tolerance, including T regulatory cell 
function and the induction of tolerogenic dendritic cells. However, the rela-
tionship between vitamin D deficiency and the development of food allergies 
is contradictory, with lower exposure to sunlight associated with food aller-
gies in some studies but higher vitamin D levels linked to allergic sensitiza-
tion and food allergies in others.) [11]; 

•	 the short-chain fatty acid (SCFA) hypothesis (SCFAs such as butyrate, ace-
tate, and propionate, which are the main bacterial metabolites, have been 
proposed as key mediators in microbiota-induced effects on the host contrib-
uting to food allergy protection.) [12, 13];

•	 the dual-allergen exposure hypothesis (The route of sensitization matters; 
early-life exposure to allergens through the skin, especially in the presence of 
eczema, promotes IgE sensitization and food allergy via T-cell skewing to-
ward allergic type Th2 cells producing cytokines such as IL-4, IL-5, and IL-13. 
Conversely, early oral exposure to allergens through food consumption may 
induce oral tolerance via T-cell skewing toward Th1 cytokine production and 
tolerance [8]. This hypothesis is based on the need for oral tolerance to re-
place cutaneous (or possibly also respiratory, as recently proposed [14]) sen-
sitization, and suggests that consistent and regular oral ingestion of potential 
allergens is necessary to induce and maintain tolerance).

Prevention of Food Allergy: Statements from Professional Societies

A 2021 systematic review (search date; August 2019) analyzed food allergy pre-
vention guidelines and recommendations [15]. Additionally, the guidelines 
were evaluated using the Appraisal of Guidelines for Research and Evaluation 
(AGREE II) tool. As there is no established quality threshold, it was subjectively 
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defined by the reviewers. Twenty-eight food allergy prevention documents, in-
cluding 10 guidelines (8 met the reviewers’ quality threshold) and 18 advice 
documents (none met the quality threshold) were identified. Overall, earlier 
documents (i.e., those published before two landmark trials, i.e., the Learning 
Early About Peanut [LEAP] [16] and the Enquiring about Tolerance [EAT] 
Study [17] were published) recommended avoidance of common food allergens 
during pregnancy and breastfeeding and delayed introduction of allergenic 
foods after the age of 1–3 years. Only more recent guidelines, including a 2019 
American Academy of Pediatrics position paper [18], recommended the early 
introduction of allergenic foods such as peanuts or eggs. For a table comparing 
the guidelines published from 2020 to 2022 [19–22] (see Table 1). There is a clear 
paradigm shift in the guidelines for food allergy prevention. While some differ-
ences in the specific recommendations exist, overall, the guidelines emphasize 
the early introduction of potentially allergenic food. 

Guideline Adoption

As the major change relates to peanut and/or egg allergy, studies have focused 
mainly on these foods. However, data are limited and come from countries 
where peanut allergy is a significant problem. In a 2020 survey of 1791 US pe-
diatricians, only 30% reported implementing peanut allergy guidelines, whereas 
allergists were more likely to implement them [23, 24]. Adoption rates of guide-
line changes were low in a 2022 US survey, with almost half of caregivers not 
introducing peanuts by 1 year and a third not introducing eggs [25]. However, 
earlier introduction of peanuts and eggs was associated with a greater likelihood 
of introducing other food allergens. In contrast, Australia reported an increase 
in early peanut introduction following guideline changes [26, 27]. Adherence to 
evidence-based guidelines is necessary to improve outcomes, and further data 
on guideline adoption for peanuts and other allergens in various settings and 
populations are needed.

Impact of Updated Guidelines on Peanut Allergy Prevalence

At the time of the writing of this manuscript, only one study has evaluated the 
impact of the new guidelines on peanut allergy prevalence. Data from two large 
population-based studies conducted 10 years apart (i.e., 2007–2011 and 2018–
2019) in Melbourne, Australia, using the same sampling frame and methods, 
were analyzed [28]. Over 7,000 participants (5,276 infants in the 2007–2011 

Szajewska H, Kolaček S (eds): The Changing Landscape of Pediatric Nutrition: Latest Trends and Future 
Directions. 99th Nestlé Nutrition Institute Workshop, February 2023. Nestlé Nutr Inst Workshop Ser. 

Basel, Karger, 2024, vol 99, pp 34–47 (DOI: 10.1159/000534957)



Prevention of Food Allergy 39

group and 1,933 infants in the 2018–2019 group) were evaluated. These two co-
horts represented populations advised in line with the old guidelines (i.e., avoid-
ing allergenic foods until children reach 1–3 years of age) and the new guide-
lines, respectively. Despite a large increase in parents introducing food early to 
infants [26, 27], the prevalence of peanut allergy among infants at 12 months did 
not change. After standardization for ancestry and other demographics, peanut 
allergy prevalence decreased among all infants in 2018–2019 compared to 2007–
2011. However, the difference was not statistically significant (2.6%, 95% CI 
1.9–3.4 vs. 3.1%, 95% CI −1.4 to 0.4, respectively). In 2018–2019, among infants 
of Australian ancestry, an earlier age of peanut introduction was associated with 
a lower risk for peanut allergy compared with 2007–2011. For infants of East 
Asian ancestry, no significant association between earlier introduction of pea-
nuts in 2018–2019 compared with 2007–2011 was found. 

The disappointing findings may prompt researchers and clinicians to ques-
tion current advice, but the lack of information makes it hard to draw definitive 
conclusions. The exact dose and frequency of allergen exposure and why the ef-
fect of early peanut introduction differed among certain families remain un-
clear. The lack of an effect in the general population suggests that other factors 
may be at play, highlighting the complexity of the issue and the need for further 
research. Nevertheless, clinicians should still follow current guidance recom-
mending early peanut introduction for infants, as the potential benefits out-
weigh the low risk of harm [29]. 

The Early Introduction of Peanuts in Various Risk Groups (High-Risk 
Groups or the General Population) 

Current recommendations on the early introduction of peanuts are based on UK 
study data mainly from high-risk children (i.e., those with severe eczema, egg 
allergy, or both, which are well-known risk factors for peanut allergy [30]). How-
ever, it is still unclear whether the UK findings can be extrapolated to other 
populations and nonrisk groups. At least two recent reports suggest that the 
early introduction of peanuts is relevant to the general population and should 
not be limited to infants at high risk. 

One of the recent reports comes from the PreventADALL (Preventing Atop-
ic Dermatitis and Allergies) study in the general population from Norway and 
Sweden [31]. This factorial, cluster-randomized trial found that exposure to al-
lergenic foods (peanut, cow’s milk, wheat, and egg; n = 641) from age 3 months 
(once a week) reduced the risk of documented food allergies at age 36 months 
compared to the no intervention group (n = 596) (risk difference: −1.6%, 95% 
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CI −2.7% to −0.5%). However, the number needed to treat was 63. On average, 
63 children would have to receive early complementary feeding (early exposure 
to allergenic foods) for 1 additional child to not have food allergies. The effect 
was seen only for peanut allergy (risk difference: −1.2%, 95% CI −2.1 to −0.3), 
but not for other allergens. 

Second, findings from an integrated meta-analysis [32] using individual pa-
tient data from a study in a high-risk population (the LEAP study) [16] and a 
study in a normal-risk population (the EAT study) [17] revealed that the early 
introduction of peanuts in infancy effectively reduces the risk of peanut allergy. 
This is true regardless of the presence or severity of eczema, sensitization to pea-
nuts, and ethnicity (Caucasian and non-Caucasian). An intention-to-treat anal-
ysis of pooled data from the LEAP and EAT studies showed a 75% reduction in 
peanut allergy (risk difference: −5.65%, 95% CI −3.7 to −7.6; p < 0.0001) in the 
intervention group (consumption of peanuts from early infancy) compared to 
the control group (avoidance of peanuts). Furthermore, the timing of peanut 
introduction was found to be important, with earlier introduction of peanuts 
before 6 months of age being more effective in preventing peanut allergy than 
later introduction. As a result, the authors suggest that recommending the early 
introduction of peanut-containing foods for the primary prevention of peanut 
allergy could be considered for the entire population, regardless of the identifi-
able allergy risk. However, it is still unclear whether this is applicable to other 
food allergens. The authors also indicate that, except in resource-poor countries 
with high morbidity and mortality from infections, it is time to reappraise the 
recommendation that infants should be exclusively breastfed for 6 months. Im-
portantly, at least two trials [31, 33] found that breastfeeding rates at 6 months 
were not affected by early food introduction and were higher than commonly 
reported. 

The additional data support early peanut introduction as a safe and effec-
tive way to prevent peanut allergies in all infants, and not limited to high-risk 
infants. However, more evidence is needed in regard to the amount, formula-
tion, timing, and duration of consumption. In real-world settings, the impact 
may be smaller or absent compared to that in UK studies, as previously dis-
cussed. 

The Early Introduction of Cow Milk Protein 

There is ongoing debate over the significance of brief exposure to or avoidance 
of cow milk proteins during early life, within hours or days after birth, and its 
relationship to the risk of cow milk protein allergy (CMPA) later in life. Table 2 
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provides an overview of current recommendations on the early introduction 
(within the first few days of life) of cow milk proteins (cow milk-based infant 
formula, CMF) in infants who could not be breastfed for the prevention of 
CMPA. The inconsistent recommendations result from a lack of clear evidence, 
which is summarized in Table 3, including data from both observational (non-
randomized) studies [34–40] and randomized controlled trials [41–46]. Be-
tween 2021 and 2023, three studies were published after guideline publication 
that contribute to current knowledge. 

The first study is an additional analysis of data from the SPADE (The 
Strategy for Prevention of Milk Allergy by Daily Ingestion of Infant For-
mula in Early Infancy) trial. This was an open-label randomized controlled 
trial conducted in a general infant population in Japan [41]. The study 
found that daily ingestion of CMF at a minimum of 10 mL (equivalent to 
150 mg of cow milk protein per day) between 1 and 2 months of age sig-
nificantly reduced the risk of CMPA (risk difference: 6.0%, 95% CI 2.7–
9.3). Most infants (431 out of 462, or 3%) received CMF within the first 3 
days of life and were further evaluated. The follow-up observation revealed 
that early exposure and subsequent discontinuation of CMF, especially in 
the first month of life, was associated with the development of CMPA [be-
fore age 1 month: 7/17 (41.2%); between age 1 and 2 months: 3/26 (11.5%); 
between age 3 and 5 months: 7/69 (10.1%)] [46]. On the other hand, con-
tinuous intake of CMF over the first months of life (up to 6 months) was 
associated with the lowest number of children with CMPA: 2/319 (0.6%) 
[46]. It is important to note that, except for the latter group, the number of 

Table 2. Early introduction of cow milk protein for prevention of cow milk protein allergy: 
current recommendations [20, 21, 48, 49]

AAAAI/ACAAI/CSACI 2021 [20] No clear statement 

EAACI 2021 [21] For infants who need a breastmilk substitute, EAACI 
suggests: 
In the 1st week of life 
Avoiding supplementing with CMF in breastfed infants
After the 1st week of life 
No for or against the use of regular CMF

S3 Guideline Allergy Prevention 
Germany 2022 [48] 

As EAACI

Spanish Association of 
Paediatrics 2022 [49] 

Not possible to draw clear conclusions 

CMF, cow milk-based formula.
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children in other groups was small, the groups were not randomized, and 
the diagnosis of CMPA was not confirmed with an oral food challenge. 
Nevertheless, these findings highlight the importance of the continuous 
intake of CMF once it has been started. 

The second study – a questionnaire study on nearly 1,300 US children (part 
of the Project Viva Cohort) – points to the importance of the timing of CMF 
administration [40]. The risk of a cow milk adverse reaction in early childhood 
(2–5 years) was highest in infants who were introduced to cow milk protein at 
or after 6 months of age or before 2 weeks of age. A neutral response seemed to 
be the result of the introduction of cow milk protein sometime between 2 weeks 
and 6 months of age. In infants who received CMF in the hospital, soon after 
birth, the intake of CMF at the age of less than 2 weeks contributed to the lower 
risk of a later adverse reaction to cow milk. The findings from this observation-
al study suggest that both timing and likely regular intake matter. However, the 
lack of randomization and parental reporting of adverse reactions are among the 
study limitations and preclude the formation of firm conclusions. 

The third study, the COMEET (Cow’s Milk Early Exposure Trial), found that 
early and consistent exposure to CMF in the first 2 months of life is associated 
with a lower risk of developing IgE-mediated CMPA compared to exclusive 
breastfeeding. This nonrandomized study enrolled 1,992 newborns and divided 
them into two groups based on their parents’ feeding preferences. The group 
who was exclusively breastfed until 2 months of age had a higher prevalence of 
IgE-mediated CMPA compared to the group who received at least one meal of 
CMF daily (17/1,073, 1.58% vs. 0/919, 0%, respectively, p < 0.001, RR 30 [95% 
CI 1.8–500]). Post-hoc analysis showed that the risk of IgE-mediated CMPA was 
higher among breastfed infants who were exposed to small amounts of CMF 
compared to exclusively breastfed infants. These results suggest that early and 
consistent exposure to CMF has the potential to prevent the development of IgE-
mediated CMPA, but occasional exposure increases the risk and should be 
avoided. A propensity score analysis was used as randomization was not feasible 
[39].

Overall, these recent studies contribute to the ongoing debate about the ear-
ly introduction of cow’s milk as a means of preventing CMPA. However, the 
conclusions drawn from these studies are limited due to a lack of randomization 
and/or the absence of a confirmed diagnosis of CMPA using strict criteria. De-
spite the trend toward using the early introduction of CMF to prevent CMPA, 
more data are needed to determine the optimal approach. At this point, it is pre-
mature to make specific recommendations.
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Quantity of Allergenic Foods 

The data from the EAT study suggest that the amount of allergen consumed is 
important [17]. The study found that consuming 2 g of peanut protein or 4 g of 
egg protein per week was associated with a significantly lower prevalence of pea-
nut or egg allergies, respectively, compared to consuming less. The Prevent
ADALL study also found that increased adherence to peanut intake was associ-
ated with a lower incidence of peanut allergy [31]. While more research is need-
ed on the optimal doses of allergens [21], these findings point to the significance 
of food allergen dose in preventing food allergies. New guidelines for preventing 
food allergies have led to the availability of products containing allergenic foods, 
but a 2021 study found significant variability in allergen levels and composition 
of these products, highlighting the need for more stringent quality control [47]. 

Conclusions and Future Research 

Food allergies pose a significant burden on individuals, families, and society, 
making prevention crucial. 

Assessing the exact prevalence of food allergies can be difficult. However, 
there are reports of an increase in food allergies in some regions. Accurate esti-
mates of food allergy prevalence, based on well-established criteria, are essential 
for promoting prevention and evaluating current strategies. 

The increase in food allergies is likely due to a combination of genetic and 
environmental factors, but the exact cause is still unknown. Further research is 
needed to better understand the environmental risk factors that may contribute 
to the development of food allergies. 

Guidelines on food allergy prevention may differ in their specific recommen-
dations for the age of introduction and target populations. However, overall, the 
paradigm has shifted from allergen avoidance to the early introduction of po-
tentially allergenic foods such as egg and peanut (in an age-appropriate format) 
based on evidence showing that this approach can lower the risk of developing 
allergies to these foods.

Data on the adoption of these guidelines are limited. However, in settings 
with high guideline adoption rates, such as Australia, recent evidence indicates 
that earlier introduction of peanuts may not lower peanut allergy risk at the 
population level. Further research is needed to gain a better understanding of 
why this is the case and what additional factors may be necessary to minimize 
the risk of food allergies. 
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Many research questions about specific food allergens remain unanswered. 
To address these questions, further research should focus on a wider range of 
populations with regard to their risk of allergy and/or ethnicity. The optimal 
(minimal) amount of allergenic foods, as well as the importance of regular ver-
sus irregular ingestion of food allergens, needs to be clarified. In addition to pea-
nuts, eggs and cow’s milk proteins, which have been studied but require more 
data, other food allergens should be evaluated as well. 
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Abstract
Over the past century, there has been a rapid rise in the prevalence of allergic disorders in 

parallel with industrialization and urbanization. The development of allergic disorders is now 

known to be the end result of complex interactions between host genetic factors and expo-

sure to various environmental factors. Among them, dietary factors and exposure to mi-

crobes have been found to be pivotal. Dietary fiber intake and exposure to microbes in the 

environment will affect the intestinal microbiome which in turn produces metabolites inter-

acting with different components of our immune system. Short-chain fatty acids produced 

by beneficial microbes are some of the most important candidates which can interact with 

G-protein-coupled receptors leading to modulation of the immune system and enhanced 

intestinal integrity. Such interactions result in a lower risk of future development of allergies. 

Early prospective trials are encouraging in showing the benefits of such intervention includ-

ing the use of minimally processed milk or bacterial lysate. With the development of safe 

and effective primary prevention, we may be able to reverse the increasing trend of allergic 

disease worldwide. © 2024 S. Karger AG, Basel
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Introduction

Over the past century, we have witnessed a gradual increase in the prevalence of 
different allergic conditions such as allergic rhinitis, asthma, atopic eczema, and 
food allergy in parallel with industrialization and urbanization. The rapid in-
crease in the prevalence of food allergies in Western countries has been observed 
in the past 20 years. Although the exact reasons for the rise in allergic conditions 
are not known, it appears that the changes in our diet and our exposures to mi-
crobes are likely to be crucial players in the process. Over the past 3 decades, 
there have been significant advances in the understanding of the early develop-
ment of the human immune system and its relationship with various allergic 
conditions. It is now known that the manifestations of allergic disorders are the 
results of complex interactions between host genetic factors and a variety of en-
vironmental factors including dietary factors, environmental microbial expo-
sure, drug or chemical exposures, as well as environmental air pollutants [1]. 
Figure 1 shows the complex relationship of genetics, the environment, and the 
immune system. Recent hospital data from Australia and other parts of the 
world clearly documented a dramatic increase in food-induced anaphylaxis 
leading to hospitalization and the highest increase was found in children [2, 3]. 
No effective curative treatments are available for most allergic conditions. One 
of the most consistent epidemiological findings is that children growing up in a 
rural environment are protected from developing allergic diseases [4]. Such pro-
tection has been attributed to exposure in a traditional environment which in-
cludes dietary exposure and microbial stimulation starting at an early age. These 
factors may shape the early maturation of the immune system mediated by var-
ious active microbial metabolites such as different short-chain fatty acids (SC-
FAs) [5]. In this chapter, we review the potential role of diet and microbial ex-
posure and discuss how these factors may link to the development of various 
allergic disorders. Understanding the underlying mechanisms will lead to the 
development of effective primary preventive strategies against the development 
of allergies.

In the 60s and 70s, allergens were believed to be the major factors resulting 
in the manifestations of different allergic conditions. For example, exposure to 
a higher level of house dust mite allergens was believed to be a major factor caus-
ing asthma, while early exposure to food allergens might lead to food allergies 
[6]. Therefore, avoidance has been the recommendation as one of the strategies 
for the prevention of allergic conditions [6]. Similarly, nonevidence-based rec-
ommendations of avoidance of food allergens early in life might have contrib-
uted to the increase in the prevalence of food allergies in the 80s to the turn of 
the century. Research directions started to change with comparative epidemiol-
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ogy studies especially those from the rural areas showing other possible causes 
for the rise in allergies. Children born and raised in a rural or farming environ-
ment have much a lower prevalence of allergies [7, 8]. At the same time, a better 
understanding of the immune response regarding the roles of T-helper 1 and 
T-helper 2 response in the manifestations of allergic disorders leads to further 
mechanistic studies of how rural exposure may protect against the development 
of allergies [9]. Subsequently, there have been many landmark birth cohort stud-
ies and large cross-sectional studies investigating the effects of allergen expo-
sures, rural exposure, and microbial exposures on the subsequent development 
of allergies [10–13]. 

The Tucson Children’s Respiratory Study was a longitudinal birth cohort re-
cruited over 1,200 subjects from the community to investigate the role of early 
viral respiratory infections in the subsequent development of asthma. Children 
were evaluated by their pediatrician whenever they developed symptoms sug-
gestive of lower respiratory infections. Not surprisingly, those who had attended 
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Fig. 1. Interactions between genetics, environmental factors, microbiome, and the manifes-
tations of allergies.
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daycare or exposure to other older children at home were more likely to have 
frequent episodes of wheezing in the first 2 years of life [10]. However, they were 
less likely to have frequent wheezing episodes compatible with allergic asthma 
by 6 years of age. Strachan evaluated a large British birth cohort with 17,414 sub-
jects born in 1958 and they were evaluated for symptoms of allergic rhinitis 
within the past 12 months at age 23 years. Those with one or more older siblings 
were less likely to have symptoms of allergic rhinitis at the age of 23 years [14]. 
These studies demonstrated that early unhygienic contact with older siblings or 
other children at daycare was associated with protection against the subsequent 
development of allergic asthma. Further studies in rural Bavaria, Germany, 
demonstrated that exposure to environmental microbes and consumption of 
unpasteurized farm milk were the main factors conferring protection against al-
lergies. These early studies have led to a plethora of studies across the world in 
search of the relationship between exposure to environmental microbes and the 
development of allergies. 

Among the studies performed in rural central Europe, exposure to microbes 
through contact with large farm animals and consumption of unpasteurized 
farm milk were suspected to modulate the early immune system such that exces-
sive immune responses to innocuous proteins were suppressed [11, 12]. Inter-
estingly, the increase in diversity of dietary food intake in the first year of life was 
found to be protective against the subsequent development of asthma in a dose–
response effect [13]. An early observational study suggested early intake of pea-
nuts might be associated with protection against peanut allergy later on [15]. 
Such observation has led to the LEAP (Learning Early About Peanut) trial which 
demonstrated early consumption rather than avoidance leading to the develop-
ment of tolerance to peanuts. Infants consuming peanuts regularly from 6 
months of age had an 80% reduction in their risk of having peanut allergy by 5 
years of age when compared with those who avoided peanuts [16, 17]. A similar 
subsequent EAT (Enquiry About Tolerance) study evaluating a similar early in-
troduction strategy in standard-risk infants in the United Kingdom employed a 
very ambitious protocol [18]. Infants were fed six allergenic foods including pea-
nuts, cow’s milk, boiled hen’s egg, sesame, white fish, and wheat starting at 6 
months of age. Compared to the control group, a significant reduction of any of 
the six allergenic foods between 1 and 3 years of age was observed in the per-
protocol group. Less than half of the parents or guardians were able to adhere to 
the very ambitious protocol of feeding young infants so much food on a regular 
basis. Both the LEAP and EAT studies clearly demonstrated avoidance is harm-
ful and would not result in the reduction of subsequent food allergies. 

Although exposure to large animals in Europe was found to be an important 
protective factor, the prevalence of allergies was equally low in rural Chinese 
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children and these farms are primarily agricultural in nature [8]. Detailed epi-
demiological analyses in rural China revealed that domestic exposure to poultry 
was a strong factor explaining protection against the development of allergy 
[19]. Dust extracts from such rural environments were tested in an asthma mu-
rine model and showed exposed mice in the early-life period resulted in a marked 
reduction of airway eosinophilia and bronchial hyperreactivity. Such protective 
effects appeared to be mediated through modulation of the gut microbiome [20]. 
Understanding the biological mechanisms explaining the relationship between 
microbial exposure and the host microbiome leading to protection against de-
velopment is crucial if we were to develop effective primary prevention against 
allergies. One possible mechanism is that alternation in the host gut microbiome 
may result in a proliferation of certain beneficial organisms which in turn pro-
duce specific metabolites with important biological functions. The diet in the 
rural environment is characterized by higher fiber content and increased diver-
sity as compared to the typical urban diet [21]. The link between dietary intake, 
microbiome, and the development of allergy may be mediated by specific me-
tabolites produced by specific microbes, and these metabolites in turn interact 
with the immune system leading to protection against the development of aller-
gies. Figure 2 illustrates how diet and microbiome exposure may lead to chang-
es in the intestinal microbiome and related metabolic changes which results in 
allergy protection.
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Fig.  2. Dietary and environmental microbial exposures affect the intestinal microbiome 
leading to the production of metabolites such as SCFAs which interact with the intestinal 
mucosa and immune system leading to protection against the development of allergies.
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The higher fiber intake together with exposure to various environmental mi-
crobes may facilitate higher production of various SCFAs such as acetate, butyr-
ate, and propionate [21]. Among the SCFAs, butyrate has been extensively stud-
ied. Observational studies have confirmed that reduced levels of SCFA butyrate 
in stool samples early in life are associated with increased food allergy and food 
sensitizations [22]. These SCFAs are known to influence gut mucosal immunity 
such as stimulation of G-protein–coupled receptors (GPCRs); inhibition of his-
tone deacetylases; and induction of various intracellular metabolic changes; all 
would lead to enhanced gut epithelial integrity and regulatory T-cell activities as 
well as reduction of inflammatory cytokines [23]. Studies from the PASTURE 
study revealed that children who had the highest levels of butyrate and propio-
nate in their feces at 1 year had significantly less atopic sensitization and had a 
lower risk of asthma between 3 and 6 years [24]. SCFAs are produced in the co-
lon where the concentration of microbes is the highest. These compounds are 
released following the fermentation of dietary fibers or other complex carbohy-
drates. The human gut microbiome represents the largest portion of microbes 
inside or on our body and the most common phyla are Bacteroidota and Bacil-
lota. Species from the Phylum Bacteroidetes are responsible for degrading di-
etary fibers to yield various SCFAs. SCFAs have been found to interact with a 
variety of GPCRs [25]. These receptors are found in many cell types within the 
intestinal tract and immune cells including eosinophils, basophils, mast cells, 
neutrophils, monocytes, dendritic cells, T and B cells, and innate lymphoid cells 
[25–28]. Interaction with these immunoactive cells through GPCRs results in 
multiple downstream protective effects including modulation of inflammation 
and promotion of gut barrier function. 

Studies of the link between the diet, microbiome, and the subsequent mani-
festations of allergies have provided us a deeper understanding of the role of 
various factors in the environment which may interact with the early immune 
system. It is now clear that there may be a window of opportunity to reduce the 
future risk of allergies through effective early interventions. There are ongoing 
trials using minimally processed milk and bacterial lysate as early intervention 
strategies to protect against subsequent allergies [29, 30]. The Milk Against Re-
spiratory Tract Infections and Asthma (MARTHA) trial was a prospective study 
comparing the consumption of minimally processed full cream milk compared 
against ultrahigh heat-treated milk. Infants will be fed with these milk prepara-
tions at 11 months to 3 years of age and they will be assessed for the frequency 
and respiratory illness and asthma at 5 years of age. The use of bacterial lysates 
has also been documented to reduce wheezing episodes in preschool children 
and asthma exacerbations in school children. Studies will be needed to define 
the dosage and timing of the use of these dietary manipulations. 
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Conclusion

As we begin to understand clearly the underlying biological mechanisms linking 
these dietary factors and microbiome with the modulation of the immune sys-
tem, we will be able to develop effective primary preventive treatment to reverse 
the increasing trend of allergic disease on a population basis. 
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Abstract
Personalized nutrition describes the adaptation of general dietary principles to the traits and 

state of a group or individual. Single gene polymorphisms can mandate specific dietary al-

terations while multiple genes, with more subtle effects, may combine to justify tailored ap-

proaches. Such combined effects can be measured with polygenic risk scores. The microbi-

ome, genetic material present in microorganisms (microbiota) colonizing the gut, confers 

traits relevant for nutrition but also adapts during the life course and may be a modifiable 

factor in digestive function. Microbiome features are associated with variable responses to 

diet, but it is not yet clear how to harness this association to improve health. Microbiome 

variation in carbohydrate digestion capability (CAZymes) represents an opportunity to en-

hance health effects through dietary choices. In early life, this capability is immature so di-

etary glycan intake may influence microbiome development. Forming actionable recom-

mendations from multiple complex biological parameters requires data integration. 

Appropriate capture and characterization of dietary data is a key challenge. Digital tools can 

enhance standard dietary assessment. Ultimately, personalized nutrition complements hu-

man expert judgement to advise an individual on their specific needs. New technologies can 

improve information synthesis and accessibility to support better judgements and dietary 

choices. © 2024 S. Karger AG, Basel
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Introduction

Personalization of nutrition can be expressed as a cycle: dietary and health data 
are evaluated and interpreted to formulate a recommendation for behavior such 
as choices of food item, meal composition, or supplement use. Effects on diet 
and health are then re-measured. Adoption of such recommendations will de-
pend on how well they align with consumers’ motivations and preferences, and 
how continuing cycles of personalization can reinforce adherence.

Just as personalized medicine aims to move beyond the “one-size-fits-all” ap-
proach to treatment, personalized nutrition can be understood in a hierarchy. The 
term “personalized” and related terms are used differently in different settings, 
sometimes with overlap. Table 1 provides definitions of some key terms as they are 
used in this chapter. The first level of personalization reflects approaches for spe-
cific populations or subpopulations, as might be referenced in a subsection of gen-
eral guidelines. “Personalized nutrition” is more often taken to consider variation 
between individuals within a population such as demographic, lifestyle, and behav-
ioral factors. “Precision nutrition” proposes to incorporate molecular data beyond 
current standard clinical testing such as genetic polymorphisms, gut microbiota 
and the genes within the bacterial ecosystem, and the metabolites produced by di-
etary interactions with both the genome and the “metagenome” in the microbiome.

Table 1. Definition of key terms used in this chapter

Personalized The overarching concept of adapting general recommendations 
to an individual’s traits, state, circumstances, and priorities. This 
can be based on clinical inquiry, physiological measurement, or 
laboratory evaluation

Precision The area of personalization that focuses on new and advanced 
measurement of factors, such as the genome and metagenome, 
to achieve greater suitability of recommendation for the indi-
vidual concerned

Genome The totality of genetic material in an individual. Human cells 
contain distinct genomes in the nucleus and the mitochondria

Metagenome The totality of genetic material in microorganisms colonizing an 
individual. Characteristic subsets of the metagenome occur in 
distinct ecological niches (gut, lung, skin, etc.) 

Single-nucleotide poly-
morphism (SNP)

A specific point in the genome where the coding base (A,C,T,G) 
varies between individuals with measurable frequencies across 
the population. Variation may, or may not, affect RNA coding, 
protein formation, and physiological function

Polygenic risk score An expression of the cumulative effects of SNPs affecting the 
same physiological trait 
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This chapter will consider some of the challenges and the opportunities for 
analysis of genetics and/or the gut microbiome to add value to nutrition person-
alization, and also how digital approaches can make dietary recommendations 
more accessible and easier to adopt.

Personalization through Genetics

A sufficient supply of nutrients is essential to ensure the maintenance of health 
in an individual. Regulatory authorities in most countries have established di-
etary reference values (DRVs) or recommended dietary allowance (RDA) as es-
timates of the average amount of a nutrient that a person needs to maintain their 
health. As averaged values, based on dietary intake data in a population assumed 
to be healthy, RDAs can properly be used to assess intake inadequacies in a pop-
ulation. They cannot, however, be used to evaluate a specific individual for mi-
cronutrient deficiency or to provide individual recommendations for nutrient 
intake thresholds.

Figure 1 demonstrates this point by plotting data from the US National 
Health and Nutrition Examination Study (NHANES) on vitamin B12 intake 
against vitamin B12 blood concentrations (data from NHANES). Thirty percent 
of the people sampled do not reach sufficiently high vitamin B12 blood levels 
despite intake levels at the national RDA level and above. The effort required for 
any one individual to identify their own nutrient intake requirements through 
recurrent testing at various doses is cumbersome and unrealistic. This raises the 
opportunity to identify methods to support such an individual in choosing a 
relevant level of intake.

One such method is genetic testing, where genetics are known to influence 
nutrient bioavailability through digestion, absorption, metabolism, or excre-
tion. In rare cases, a single gene defect can be sufficient to disrupt a nutrient’s 
metabolism and cause serious clinical effects. An example is phenylketonuria 
(PKU) where a single mutation in the phenylalanine hydroxylase gene is suffi-
cient to disrupt the conversion of phenylalanine to tyrosine. This leads to a steep 
increase in phenylalanine in the blood and, if untreated, to the development of 
cognitive disabilities in early childhood. The condition can be treated with a low-
protein diet that decreases the intake of phenylalanine.

Borel and Desmarchelier provide a theoretical framework on how to adjust 
RDAs for vitamins based on different genetic backgrounds [1]. The genetic con-
tribution to bioavailability of most micronutrients is more complex than for 
PKU: many genetic variants in multiple genes contribute to each micronutri-
ent’s bioavailability in an additive fashion. Gene loci that contribute to the ge-

Szajewska H, Kolaček S (eds): The Changing Landscape of Pediatric Nutrition: Latest Trends and Future 
Directions. 99th Nestlé Nutrition Institute Workshop, February 2023. Nestlé Nutr Inst Workshop Ser. 

Basel, Karger, 2024, vol 99, pp 56–66 (DOI: 10.1159/000534951)



Personalized Nutrition: Genetics, Microbiome, and Digitalization 59

netic effects can be identified using large-scale genome-wide association studies 
(GWAS). Many such studies have identified genetic variants, usually single-nu-
cleotide polymorphisms (SNPs), associated with changes in blood concentra-
tion of nutrients such as vitamins, fatty acids, and minerals.

While PKU can result from a variety of mutations in the single phenylalanine 
hydroxylase gene, for most nutrients the effects of each relevant SNP, both di-
rection and magnitude, must be combined to establish a polygenic risk score 
(PRS) [2]. PRSs are currently the gold standard for estimating the genetic effect 
on a trait of interest and estimate (predict) an individual’s risk for that trait. Just 
as such a combination of gene effects can be used to prognosticate the severity 
of early-onset Crohn’s disease [3], so the combined score can inform on the 
relative likelihood of low or high nutrient levels.

The polygenic effect size for a quantitative trait such as vitamin blood levels 
is the change in blood concentration of that trait due to the risk alleles present 
in an individual. Publicly available databases like the GWAS catalogue provide 
access to summary statistics of these data that can be used to calculate PRS. This 
genetic predisposition can then be accounted for when calculating a recommen-
dation for an individual’s nutrient requirements, thus establishing a “personal-
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Fig. 1. Distribution of blood concentrations of vitamin B12 (after log transformation, pg/mL) 
according to reported daily intake (micrograms) in data from the National Health and Nutri-
tion Examination Survey. The vertical line indicates the recommended daily intake of B12 in 
the United States. Red data points to the right of this line represent individuals with sub-
optimal levels of B12 despite meeting intake recommendations.
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ized RDA,” as recently demonstrated in school-age children in Brazil by Fuzo et 
al. [4].

In order to calculate the actual intake needs of a vitamin for an individual, 
one needs to establish the dose–response relationship between intake of said vi-
tamin and factors that influence its bioavailability, including the genetic effects 
to achieve a specific blood threshold (i.e., nutrient sufficiency). As with all tests, 
the result of such genetic profiles should be considered in combination with, not 
isolation from, clinically observable features. Figure 2 provides an example for 
the calculation of intake needs based on a PRS for vitamin D. Figure 2a shows 
the average decrease of vitamin D blood concentration for each additional SNP, 
with stratification of the PRS into “low-,” “medium-,” and “high”-risk catego-
ries. The horizontal line delineates blood levels considered to reflect vitamin D 
sufficiency. Figure 2b then shows the interaction between the genetic stratifica-
tion and the known effect of skin pigmentation on vitamin D requirements. 
Propositions of personalized advice on intake will then need validation to con-
firm that they support the achievement of adequate intake.

The proliferation of publicly available genetic profiling services is rapidly in-
creasing the feasibility of applying PRS for nutrition applications, along with 
others. The next challenge for consumers and clinicians will be to ensure that 
advice based on the results provided by such services is reliable and relevant.

Personalization through Microbiome Characterization

As with the human genome, “the metagenome” of the gut microbiota is now 
recognized to influence health. Large observational studies have identified as-
sociations between variations in the microbiome and variations in health status 
according to diet [5, 6].

Proof of concept studies have shown how diet can change the microbiota and 
its metabolite output in a manner that should influence health, and that domi-
nant features of habitual diet can determine how the microbiome responds to 
such specific dietary inputs [7]. One of the most cited examples is the variation 
between meat consumers and excluders in the production of tri-methylamine 
N-oxide, a microbial metabolite associated with cardiovascular complications, 
following ingestion of L-carnitine [8]. It remains challenging, however, to dem-
onstrate that dietary alteration based on personal microbiome characterization 
can clearly impact hard health outcomes. For instance, recent efforts have aimed 
to identify associations between microbiome profiles and the impact of sweeten-
ers on responses to glucose challenge but the interpretation is complicated by 
the within-individual test-retest variability of response to a standard challenge, 
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illustrating that separation of the factors that influence individual responses will 
require huge sample sizes of exquisitely characterized subjects [9].

The example of carbohydrate digestion demonstrates the issues well. It is es-
tablished that individuals vary in the number of copies of the amylase gene that 
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Fig.  2. Representative data illustrating the interaction between genetic and phenotypic 
characteristics in the example of vitamin D requirements, using Nestlé internal data [unpub-
lished]. a Blood vitamin D levels of adult subjects according to the number of single-nucle-
otide polymorphisms known to influence vitamin D absorption. The horizontal dashed line 
indicates a low threshold of blood levels considered to indicate vitamin sufficiency. b Aver-
age and distribution (box and whiskers plot represents median and interquartile range) of 
recommended intake according to the degree of skin pigmentation, adjusted for polygenic 
risk score.
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they carry, and that this alters the expression of amylase in the saliva and most 
likely digestive tract. Such variation will influence the ease of digestion of starch-
es and glucose absorption kinetics. Maldigested carbohydrates, starch or other-
wise, represent a significant nutrient source for the microbiota of the colon. 
Bacteria within the microbiota vary in their ability to use different carbohydrates 
as sources of energy according to their expression of carbohydrate-active en-
zymes, or CAZymes. Genetic variation in carbohydrate digestion has been 
shown to influence microbiome composition and functional capacity for carbo-
hydrate metabolism when diet intake is standardized [10]. Variation in the ex-
pression of lactase with geography and age may have similar effects.

Nevertheless, there are good reasons to believe in the importance of matching 
carbohydrate intake to an individual’s microbiome. While dietary fiber can sup-
port optimal gastrointestinal transit, many of the benefits of fiber derive from its 
fermentation in the colon. Metabolites such as short-chain fatty acids not only 
act as an energy source for the gut epithelium but also signal to the immune sys-
tem and, through entry into the systemic circulation, modulate various physi-
ological functions including insulin secretion. A mismatch between CAZymes 
in the microbiota and dietary carbohydrate intake risks losing these benefits and 
increasing discomfort through colonic bulk. We recently investigated how diet 
can be used to predict patterns of carbohydrate metabolism in the microbiome, 
reducing the need for fecal testing (manuscript in preparation).

The concept of matching carbohydrate intake with digestion capabilities has 
even greater relevance in early life when children’s microbiomes are still devel-
oping. Bhattacharya et al. identified CAZyme pattern differences between in-
fants under 1 year of age, children between one and five, and adults [11]. This is 
consistent with the recognized sequential development of the microbiome in the 
first 3 years of life. The first exogenous glycans to reach the gut microbiota are 
the human milk oligosaccharides, the breastmilk profile of which is recognized 
to vary over time after parturition. The subsequent introduction of a comple-
mentary diet represents the first exposure to plant glycans, stimulating further 
diversification of the species present.

The concept of a standard trajectory for microbiome maturation against 
which to benchmark a child’s progress is attractive, but will rely on advanced 
modelling methods [12]. There is increasing evidence that variations in early 
microbiome development are associated with later health outcomes, either re-
duced growth through delayed maturation or increased risk of immune-medi-
ated disorders through premature maturation. Where individuals are diverted 
from the standard trajectory, for instance through caesarean section delivery, 
antibiotic exposure or other factors, supplemental probiotics may have a role in 
supporting appropriate early establishment of keystone species such as Bifido-
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bacteria. It remains to be clarified whether microbiome testing, to confirm pro-
biotic engraftment or persistence of desirable resident strains, can help to guide 
individual use of such supplemental support.

Personalization of Recommendations through Digital Technology

Digital platforms can be an effective medium through which to enable effective 
personalization. Their success relies on careful attention to the user experience 
so that interactions are easy and relevant data are readily accessible through per-
sonal devices. These interactions include data recording/capture, and expres-
sion of any resulting recommendations in a form that is engaging and motivat-
ing for adoption.

Nutrition and lifestyle changes take time so solutions or programs offered 
through digital platforms must engage users, and remain relevant to them, 
throughout their health journey. An ideal situation occurs with the creation of 
a virtuous cycle of data sharing, evaluation, interpretation, updated recommen-
dations, and renewed adoption. Successful measurement is crucial to establish 
such improvement cycles. Measuring nutrition and lifestyle can increase the 
personalization of advice on how to improve, in any particular aspect of health. 
It should be noted that it may be possible to provide useful advice without per-
fect accuracy in measurement; rather, recommendation to adopt one of several 
possible regimens can be driven by a few key prognostic features.

Distinguishing between accurate measurement and relevant measurement 
may be particularly important for the evaluation of the role of digital sensors in 
nutrition personalization. Parameters such as physical activity, sleep, heart rate, 
and others are measured using smartphones and smartwatches. The increasing 
accessibility of such sensors enables research in free-living settings – the “lab at 
home” approach – and increases their assimilation into everyday life. Neverthe-
less, the measurement performance of each such sensor is still being estab-
lished. Each parameter they measure needs validation, along with characteriza-
tion of precision, trueness, and variation between similar sensors and other 
factors.

Of the relevant factors to measure, nutritional intake remains one of the 
hardest. People’s eating behavior is intrinsically complex, including the interac-
tions between levels of analysis such as nutrient, ingredient, food, meal, and diet. 
The consensus for the gold standard of dietary data capture still defaults to tra-
ditional methods such as 24-h recalls, food frequency questionnaires, or multi-
ple-day food diaries. These should be administered and reviewed by a trained 
nutritionist or dietitian, as is common practice in nutritional epidemiology. Fur-
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ther complexity arises when considering the impact of diet on the microbiome, 
where novel approaches such as food-tree analysis may be needed [13].

Digitalization of food logging has significantly progressed through popular 
self-assessment applications like MyFitnessPal, Noom, Insidetracker, or the 
Tibay Calculator used by parents in the Philippines to assess their child’s nutri-
tion status (https://www.bearbrand.com.ph/tibay-calculator). Evaluation of one 
application showed that its measurements are comparable to those of the 24-re-
call gold standard [14]. Digitalization may also assist standardization of subjec-
tive measures such as portion size estimation. Predictive models for recognizing 
foods based on e.g., MyFoodRepo data [15] as well as models for automatic por-
tion size estimation from food images are active areas of research.

Data acquisition requires interpretation to add value. This relies on databas-
es of food composition and diet characteristics. Public food composition data-
bases can be connected to compile isolated sources of knowledge. Additional 
data from other sources can supplement these compilations and then machine 
learning models can enrich and standardize the interactions between datasets. 
One such example is the food and nutrition data platform managed by Nestlé 
Research [16].

Communicating the output of data interpretation requires a translation step: 
to make the message usable and useful for users. Summary terms can help; ex-
amples include healthy diet scores, risk scores, and different biological age con-
cepts. Healthy eating scores make it simple for the user to understand how they 
can improve their situation by following dietary advice [17]. Such scores are 
based on precise knowledge of food nutrient composition, precise food intake 
data, and dietary reference values for a relevant set of nutrients (e.g., RDAs, 
DRVs). In some cases, the dietary reference intakes can be personalized using 
genetic data or adapted using recommendations based on a medical condition. 
Generally, healthy eating scores need validation to prove their sensitivity and 
utility in guiding any health status change. Further work is needed to determine 
the format and narratives that most effectively balance information precision 
with an attractive “call to action.”

Recommendation systems ultimately require clinical evidence of efficacy and 
impact. An example of such a system is the recent launch of “Gut Friendly Reci-
pes,” an activity led by the Crohn’s and Colitis Foundation (www.crohnscolitis-
foundation.org/gutfriendlyrecipes), to offer a large choice of recipes that can be 
filtered and browsed according to dietary restrictions adopted by people living 
with inflammatory bowel disease. Recipes can be assembled into a weekly meal 
plan that ensures nutritional balance and dietary diversity according to individ-
ual taste. Usage, users’ nutritional status, and symptom burden can all be consid-
ered as patient-centered outcome measures for future evaluation of efficacy.
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Beyond efficacy, maintenance of privacy and equity of access are key consid-
erations for digital health applications, along with clear routes of liability once 
they are implemented in care pathways. Many operational, technical, and clini-
cal challenges remain to be tackled to ensure that digital applications add value 
for users. Nevertheless, the mounting interest in the sector will drive continued 
integration of evolving datasets, underpinned by parallel development of the 
relevant decision algorithms and user interfaces.

Conclusion

The goal of nutritional advice tailored to an individual’s dynamic requirements 
remains highly attractive. Integrating factors such as an individual’s genomic 
profile, and the metagenomic profile of their microbiome, may improve evalu-
ation of dietary needs; wearable sensors may facilitate time-sensitive adjustment 
of advice. The more that relevant data can be collected without conscious action 
by the individual, the more such advice systems could be managed automati-
cally. Such systems will need to account for two other sources of innovation. 
Firstly, the digestive tract has evolved over 550 million years to harvest nutrients 
according to the organism’s requirements. Secondly, expert clinical judgement 
has developed to integrate information on a person’s situation and needs, and 
produce a coherent, actionable message for the individual concerned. This 
judgement includes emotional and human factors and is a key component of the 
relationship between clinical practitioners and patients that may not be easily 
recreated with technology. Thus, personalized nutrition extends and broadens 
the classic model of expert consultation, offering new opportunities to support 
health through diet.
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Abstract
Our gut harbors a highly dense community of microorganisms which play an important role 

in the maintenance of human health. Perturbation of this microbial community is believed 

to cause or influence the risk of development of diseases, including noncommunicable dis-

eases such as those of the gastrointestinal tract. This review presents recent literature on the 

role of the gut microbial community and its interaction with diet in the etiology, progression, 

and outcomes of gastrointestinal diseases in children. We allude that even though the gut 

microbiome is commonly altered in pediatric conditions like inflammatory bowel disease, 

celiac disease, intestinal failure, and necrotizing enterocolitis, it is still unclear the implica-

tions these findings have for the underlying etiology of these conditions or in informing 

clinical and nutritional practices. It is possible that in the future, the gut microbiome may 

help in disease diagnosis, prediction of clinical outcomes, or comprise a target for dietary 

therapy. © 2024 S. Karger AG, Basel

Introduction

The human gut is home to a complex microbiome which is composed of a mul-
titude of different fungi, viruses, and archaea with bacteria representing the 
dominant kingdom [1]. Under normal, healthy, conditions, the microbiome in 
our gut is predominantly comprised of bacteria belonging to the Firmicutes and 
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Bacteroidetes phyla such as Clostridium, Ruminococcus, and Bacteroides. How-
ever, in certain diseases, the composition of the microbiome shifts from the 
usual profile, which we normally see in healthy people, to a state commonly re-
ferred to us as microbial dysbiosis, which is believed to be a major contributing 
factor toward noncommunicable disease. This microbial dysbiosis in many gas-
trointestinal diseases arises due to one of two shifts: a decline in beneficial mem-
bers of the microbiome or an increase in potentially pathogenic or pathobiont 
organisms [2]. It is also important to note that this microbial dysbiosis does not 
refer only to compositional shifts but also to changes to the functionality of the 
microbial community which also have considerable implications for human 
health [3].

This dense microbial community is of crucial importance to human health. 
Bacteria, in particular, are capable of producing a myriad of metabolites the ma-
jority of which our human eukaryotic cells do not bear the genes to encode for. 
The most typical class of these metabolites are the short-chain fatty acids (SC-
FAs) originating from the fermentation of indigestible carbohydrates and fiber 
by specialized bacterial enzymes such as glycoside hydrolase. Other microbial 
metabolites that are important for human health include conjugated linoleic 
acid, which some Bifidobacterium spp. have shown an ability to produce and 
trimethylamine, the precursor of trimethylamine-N-oxide which is derived 
from the metabolism of choline, and choline-containing compounds present in 
the dietary food by gut bacteria [4, 5]. The gut microbiome also produces vita-
mins for the host, regulates local and whole-body inflammatory responses, fa-
cilitates absorption of electrolytes and calcium at the distal colon, and produces 
an array of metabolites which can both protect us from diseases, or cause it.

The role of diet in the modulation of the gut microbiome is well-documented 
whereby individuals following diets rich in animal products and processed 
foods, such as we see in the modern Western diet, have microbiome composi-
tions different from those who eat other diets such as the Mediterranean diet 
which is more focused on whole grains, nuts, and vegetables [6].

The diet we consume can be utilized in several different ways to address the 
onset or progression of gastrointestinal disease (Fig.  1). This can be through 
complete or partial replacement of habitual diet such as the administration of 
exclusive enteral nutrition (EEN) in Crohn’s disease (CD) or through diet sup-
plementation with fiber or prebiotics and probiotics [7] (Fig. 2). As the role of 
the gut microbiome in health and disease becomes more apparent, methods to 
restore microbial dysbiosis and revert the microbiome back to its normal state 
are of great interest. Herein, we aim to provide a synopsis of current affairs in 
ways that the dysbiosis of the gut microbiome can be addressed via dietary in-
terventions and how this can influence our gut microbiome in the context of 
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noninfectious, noncommunicable gastrointestinal diseases in children. We fo-
cus on four important gastrointestinal conditions, namely inflammatory bowel 
disease (IBD), celiac disease (CoD), intestinal failure (IF), and necrotizing en-
terocolitis (NEC).

Diet

Improve response to 
drug therapies

Improve disease symptoms 
and gut inflammation

Promote dysbiosis and
drive inflammation

Modulation
of the GI

microbiota

Improve GI disease

Improve GI disease

GI disease exacerbation

Fig. 1. Schematic displaying the complex interplay between diet and the human microbi-
ome in the onset and management of gastrointestinal disease.

Dietary Interventions

Probiotics
۰ Lacticaseibacillus spp.
۰ Bifidobacterium spp.

Food-based
Therapies
۰ CD-TREAT
۰ Mediterranean Diet

Prebiotics
۰ Fibre
۰ Oligosaccharides

Synbiotics

Disease Health

Parenteral
Nutrition

Exclusive
or Partial
Enteral 
Nutrition

Fig. 2. Microbiota modifying dietary interventions with relevance to the management of 
gastrointestinal diseases and their potential effect on the gut microbiota.

Szajewska H, Kolaček S (eds): The Changing Landscape of Pediatric Nutrition: Latest Trends and Future 
Directions. 99th Nestlé Nutrition Institute Workshop, February 2023. Nestlé Nutr Inst Workshop Ser. 
Basel, Karger, 2024, vol 99, pp 67–78 (DOI: 10.1159/000534950)



70 Gerasimidis/Short

Inflammatory Bowel Disease

Ulcerative colitis (UC) and CD both fall under the umbrella of IBD. Both are 
chronic inflammatory conditions where CD can affect any part of the gastroin-
testinal tract from the mouth to the anus, whereas UC is confined to the colon 
only. Both conditions are characterized by extensive microbial dysbiosis; how-
ever, these differences are less apparent in UC compared to CD [2]. Most com-
monly seen in IBD are increases in the abundance of Proteobacteria and de-
creases in Firmicutes, a large number of which are fiber-fermenting organisms 
[2]. To date, one of the largest studies investigating the microbiome in CD, per-
formed by Gevers and colleagues, in pediatric patients, observed enriched levels 
of Neisseriaceae, Gemellaceae, Fusobacteriaceae, Veillonellaceae, Pasteurellace-
ae, Enterobacteriaceae, and a decrease in Bacteroidales, Clostridiales, Erysipelo-
trichaceae and Bifidobacteriaceae in feces and mucosal biopsies of patients with 
CD [8]. Escherichia coli strains with adherent and invasive properties have also 
been implicated in IBD cause, particularly in ileal CD [9]. Despite our deep 
knowledge from studies profiling the composition of the gut microbiome in IBD 
and how it differs from that of health, the extent to which microbial changes 
arise because of the disease itself or if it is a driving factor behind disease onset 
is yet unclear. However, what is clear is that the dysbiotic nature of the gut mi-
crobiome in IBD is accompanied by a shift in the functional profile as well, with 
studies reporting alterations in SCFA concentrations and other metabolites [10].

Prebiotics and probiotics have gained interest within the field of IBD research 
and therapy over the past 3 decades and promising results have been reported 
mainly with animal models and in vitro [11]. However, these encouraging re-
sults do not commonly translate to clinical research in humans except for certain 
pre- and probiotics mixtures in UC, albeit the quality of evidence remains low 
[12, 13]. The effectiveness of intestinal material transplantation from healthy 
donors has produced mixed results from patients with CD and in general posi-
tive signals in patients with UC [14] but what remains to be addressed is if com-
bining intestinal material transplantation with dietary therapies aiming to en-
hance gut colonization can improve overall treatment response rates.

Diet is a major modulator of the gut microbiome with differences in micro-
bial composition observed across countries and different dietary habits [15]. 
EEN, the treatment of choice in pediatric CD, improves symptom severity and 
induces clinical remission [16]. Therapy with EEN involves the intake of a com-
plete nutritional formula as a replacement for a person’s habitual diet and has 
been shown to induce clinical remission in patients at a rate equal to that of cor-
ticosteroids as well as promoting mucosal healing [17]. The way in which EEN 
induces remission is thought to occur through the modulation of the gut micro-
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biome [18]. Previous evidence shows that the use of EEN decreases bacterial 
diversity and reduces microbial load [19]; yet the evidence remains inconsistent. 
This may seem counterintuitive as reduced bacterial diversity is often associated 
with disease; however, this decrease in diversity along with reductions in benefi-
cial bacteria and metabolites such as Faecalibacterium prausnitzii and butyrate, 
respectively, aligned with decreases in intestinal inflammation and the onset of 
clinical remission [19]. Nonetheless, what remains unclear is if these microbial 
shifts are brought on as a direct result of the dietary therapy or due to inflam-
mation reduction from successful EEN therapy. To address this, a recent study 
showed that EEN targets a specific panel of microbes in the gut and acts more as 
a means to disrupt the dysbiotic and harmful microbiome in CD [20]. This study 
identified a population of organisms being suppressed, allowing another to grow 
into a new niche. These findings suggest that EEN prompts the gut microbiome 
in CD to transition away from its stable, harmful state where it is composed of 
organisms that have adapted to survive in the CD gut, causing a shift in the host–
microbe interactions and therefore reducing the inflammatory profile of the 
host.

Despite the well-documented efficacy, treatment with EEN is accompanied 
by some limitations, particularly regarding compliance and palatability issues. 
This has led to greater interest in the use of food exclusion diets such as the 
Crohn’s Disease Exclusion Diet (CDED) plus partial enteral nutrition (PEN) 
which allows patients to eat certain types of foods while ameliorating intestinal 
inflammation and reducing exposure to presumably dietary triggers that may 
cause dysbiosis and interact with the innate and adaptive immune system [21]. 
Other mechanisms include the modulation of the intestinal microbiome by re-
ducing bacterial adhesion and translocation and increasing intestinal permea-
bility [21]. CDED is coadministered with five daily mandatory foods, and 50% 
of a person’s energy requirements from PEN [21]. In their flagship study, this 
combination approach resulted in an increase in Ruminococcus, Roseburia, An-
aerotruncus, and Oscillibacter [21] and both dietary interventions (CDED + 
PEN and EEN) induced a decrease in the abundance of Proteobacteria, suggest-
ing that targeting this phylum might be key in effectively reducing intestinal in-
flammation. This observed decrease in Proteobacteria, in theory, provides a 
niche for the recovery of Firmicutes, indicating that the microbiome is transi-
tioning toward a less dysbiotic state. A follow-up report from the same study 
showed that not only does dietary therapy with CDED + PEN and EEN correct 
dysbiosis in CD microbiome through decreasing Proteobacteria, but also influ-
ences the functionality of the microbiome. This was demonstrated through the 
identification of a metabolomic phenotype of the microbiome during EEN being 
associated with that of healthy patients [22].
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The observation that EEN extensively modifies the gut microbiome of pa-
tients with CD parallels with a reduction in gut inflammation contributed to the 
development of the CD treatment-with-eating (CD-TREAT) diet [23]. The diet 
aims to address CD symptoms through the use of a real food diet with a similar 
nutritional composition to the EEN formula, tailored to the food preferences 
and nutrient requirements of patients. In preclinical data in animal models and 
healthy individuals, CD-TREAT produced similar results to EEN, including a 
reduction in the abundance of beneficial taxa such as Faecalibacterium and Bi-
fidobacterium [23]. These microbial effects observed in animal models of IBD 
were paralleled with the improvement of histopathological scores of ileitis and 
downregulation in the mucosal expression of inflammatory cytokines. Although 
microbiome composition was not assessed, CD-TREAT induced remission in 
60% of children which was accompanied by significant decreases in fecal calpro-
tectin levels, an objective marker of gut inflammation. To date, this is the only 
study whereby direct dietary modification of the gut microbiome ameliorated 
gut inflammation in children with CD.

Thus far, the ineffectiveness of treatment strategies to establish a healthy mi-
crobiome, and in contrast, the effectiveness of dietary therapies aiming to sup-
press the gut microbiome, as well as antibiotics, support the doctrine that sup-
pression of inflammatory members of the gut microbiome may be required to 
alleviate gut inflammation in CD. In contrast, strategies aiming to promote a 
normal gut microbiome composition such as probiotics and prebiotics hold bet-
ter promise in UC.

Intestinal Failure

Patients with IF require intravenous feeding with parenteral nutrition (PN) to 
survive and grow as their peers. The microbiome in people with IF is probably 
the most extensively dysbiotic microbiome ever described in the literature [24]. 
Consistent data from various studies show that patients with IF present with 
significant reductions in microbial diversity and excessively high increases in 
Enterobacteriaceae family members, a normally subdominant family of the hu-
man gut microbiome [24]. The reduced flux of nutrient substrates from the host 
diet to the distal gut is likely to be the driving influence for this increase in En-
terobacteriaceae which is accompanied by marked decreases in Bacteroidetes 
and Firmicutes due to a deficiency in fermentable substrates to support their 
growth. Overgrowth of aerotolerant anaerobic bacteria, such as Lactobacillus 
spp., in the small intestine in IF is also common. In patients with compromised 
gut barrier function, such as in IF, this leads to increased production of D-lactic 
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acid, which the human body is unable to metabolize. In turn, this can result in 
the patient developing D-lactic acidosis which can have life-threatening down-
stream effects such as altered mental status and ataxia [25].

Early data from low-quality studies with dietary supplementation of fiber, 
SCFAs, or probiotics showed promising results [26]. However, some of these 
results can be conflicting, with results from a randomized control trial with pro-
biotic combinations of Lacticaseibacillus rhamnosus and Lactobacillus johnsonii 
did not observe any notable changes in microbiome composition [27]. Despite 
this, the use of synbiotics in IF produced more efficacious results [28]; however, 
replication in additional high-quality studies is needed. Authors reported that 
synbiotic supplementation increased the levels of butyrate, propionate, and ac-
etate in feces as well as restoring the microbiome by increasing Bifidobacteria 
abundance and decreasing that of Enterobacteriaceae. Nonetheless, the implica-
tions of these effects on the clinical outcomes of patients are unclear.

Use of PN is a life-saving treatment for infants and children affected by IF, 
and recently, interest in the effects of PN on the composition and functionality 
of the gut microbiome has increased. However, as IF is a rare condition, many 
studies have small sample sizes or have been performed in animal models rather 
than in pediatric patient populations [29]. Some studies have described the dif-
ferences in the microbiome of patients who successfully weaned off PN com-
pared to those still on PN [30]. These previous studies showed that patients who 
had not successfully completed PN had a significantly less diverse microbiome 
compared to those who were weaned off, and this microbiome was dominated 
by Enterobacteriaceae [24]. Another study observed similar results where pa-
tients receiving PN a over long duration were associated with increased abun-
dances of Enterobacteriaceae, and Lactobacillus abundance correlated with 
short PN durations [31]. Taken together, these results show that patients with 
IF who end up successfully weaning off PN have a less dysbiotic gut microbiome, 
suggesting that the gut microbiome in IF patients could be used as a biomarker 
to determine PN outcome. Future research is now exploring whether microbial 
dysbiosis in patients with IF is predictive of adverse disease outcomes, including 
small intestinal bacterial overgrowth, liver disease, and D-lactic-acidosis.

Coeliac Disease

CoD, a condition that more commonly occurs in children, is an autoimmune 
disorder triggered by an abnormal immune reaction to gluten from cereals in 
food. Although approximately 30%–40% of the general population have a ge-
netic predisposition to CoD, the disease only develops in approximately 1%–2% 
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of individuals [32]. Much like IBD, the prevalence of CoD has increased in re-
cent years with a particular increase in Western countries, suggesting that an 
environmental trigger is at play.

It is well established that the gut microbiome plays a crucial role in digestion 
along the gastrointestinal tract as well as in the development, regulation, and 
homeostasis of innate immune cells in the gut. Therefore, it is perhaps unsur-
prising that there is evidence of microbial dysbiosis in the gastrointestinal tract 
of individuals with CoD. Overall, the microbiome in children with CoD presents 
with a higher microbial diversity than that of healthy children and this increased 
diversity is associated with higher abundances of Bacteroides and Prevotella, 
whereas Clostridium spp. and F. prausnitzii are found in higher abundances in 
healthy controls [32]. CoD is typically managed with a gluten-free diet (GFD). 
Studies have shown that the duration of GFD negatively correlates with the 
abundance of the opportunistic pathogens Haemophilus parainfluenzae and 
Streptococcus sanguinis while altering host–microbe cross-talk by influencing 
miRNA expression [33].

Current and recent evidence found a reduction in Bifidobacterium abun-
dance in CoD, most likely due to reduction of fiber from exclusion of gluten-
containing food from the diet. This genus, Bifidobacterium, has gained attention 
as a potential microbial culprit for modulating the aberrant immune response 
to gluten in CoD-afflicted individuals. Studies investigating the efficacy of pro-
biotics in CoD in humans have been limited; however, one study sought to ex-
plore the effect of supplementing CoD patients with Bifidobacterium breve com-
pared to placebo [34]. The results of this study showed that the gut microbiome 
of CoD patients receiving the probiotic underwent a shift toward a more bal-
anced composition with an increase of Actinobacteria as well as restoring a 
healthy Firmicutes–Bacteroidetes ratio.

Despite some promising results arising from studies investigating the role of 
probiotics in the management of CoD, a large-scale, multicenter study which 
enrolled 6,000 participants that were genetically susceptible to developing CoD 
found no difference in CoD risk following administration of probiotics in the 
form of L. rhamnosus and Limosilactobacillus reuteri [35].

In CoD, it currently remains unclear whether a perturbed gut microbiome is 
causal to CoD development, or if this is an effect of changes in gastrointestinal 
physiology and motility, increased luminal substrate availability from nutrient 
malabsorption, and in those with diagnosed disease, the effect of dietary altera-
tions during GFD.

In a recent study, using next-generation sequencing of the gut microbiome 
and targeted metabolomics, authors identified 11 bacterial taxa which com-
posed a unique microbe signature distinctive of CoD with high diagnostic ac-
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curacy [36]. Nonetheless, most of the microbial alterations observed in children 
with CoD on treatment with GFD were attributed to differences in their dietary 
intake compared with the diet of healthy children on an unrestricted diet. In the 
same study, patients with GFD had a reduced production of beneficial fecal bu-
tyrate which is most likely explained by the reduced intake of fermentable fiber 
from gluten-containing cereals and not substituting them with other sources of 
fiber (e.g., fruits, vegetables, pulses).

Necrotizing Enterocolitis

NEC is a debilitating disease seen in preterm neonates [37]. Infants with NEC 
typically present with feeding intolerance, abdominal distention, and bloody 
stools which commence shortly after birth. The exact cause of NEC is not 
fully understood; however, an abnormal microbiome composition is thought 
to be a major contributing factor as the disease is commonly seen in preterm 
infants who are often fed with infant formula and low breast milk, which is 
rich with human milk oligosaccharides (HMOs) [7]. HMOs possess prebiotic 
and antimicrobial properties; however, they are absent from preterm milk 
formulas; albeit some synthetic analogues have entered the market in the last 
decade.

It is believed that lack of HMO intake by preterm infants results in them de-
veloping an abnormally colonized gastrointestinal tract which is less diverse 
than healthy controls and dominated by Staphylococcus, Klebsiella, Escherichia, 
Enterobacter, and Enterococcus. In preterm infants, disialyllacto-N-tetraose 
alone could predict the risk of NEC with 90% sensitivity/specificity, whereas the 
gut microbiome of preterm infants receiving high levels of this specific HMO in 
mothers’ milk was more likely to transition into a Bifidobacterium-rich gut mi-
crobiome [38]. A recent randomized controlled trial (RCT) showed that HMO 
supplementation (2′-fucosyllactose and lacto-N-neotetraose) was safe and well-
tolerated in preterm infants [39].

The use of probiotics in the treatment of NEC has been gaining attention as 
increased levels of Bifidobacteria have been associated with lower disease sever-
ity and lower risk of NEC development. The European Society of Paediatric Gas-
troenterology, Hepatology and Nutrition provides advice on which specific 
strains might potentially be used and which strains should not be used for pre-
term neonates, considering safety profiling is met [39]. It is crucial to determine 
the optimal probiotic strains, concentrations, and delivery methods to best im-
plement their use in NEC management. The use of prebiotics and less so HMOs 
in preterm milk formulas has exhibited some, encouraging data, indicating that 
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the use of such prebiotics increases the abundance of beneficial bacteria such as 
Bifidobacterium [40, 41].

Oral administration of Bifidobacterium has subsequently increased the abun-
dance of both Bifidobacterium and Enterococcus in recipient stool samples, con-
tributing to colonic acetic acid production [42]. This shift in microbiome com-
position could result in increased growth of SCFA-producing bacteria as seen in 
an RCT where supplementation with probiotics caused an increase in butyrate 
and propionate [43].

With prebiotics and probiotics providing exciting targets for therapeutic in-
tervention in infants, it is important that selection of health care professionals is 
driven by strong evidence, which is unlikely to be the same for all infants, sug-
gesting a precision nutritional therapy approach may be required.

Conclusion

More recently, food and dietary therapy have become a focal point in people’s 
lives with this being particularly true for those with gastrointestinal diseases, 
such as those discussed above. With the prevalence of these noncommunicable 
conditions increasing worldwide, particularly in areas following a Western diet, 
affected individuals and clinicians continue to search for alternative methods to 
aid in their management. Dietary interventions offer a promising alternative 
with the option to easily tailor these to the needs of the individual and are often 
free of negative side effects. Herein, we described recent evidence on the role of 
gut microbiome and its interaction in pediatric gastrointestinal diseases. Al-
though it is not yet apparent if the shifts observed in gastrointestinal diseases are 
the cause of these conditions, there are various dietary treatments and supple-
ments, such as prebiotics and probiotics with microbiome-modifying diets, 
which can influence the microbiome and disease outcomes in those with dis-
eases such as IBD, IF, and CoD. It is also possible that several of these microbi-
ome-modifying therapies may be used in conjunction with pharmacological 
agents to improve overall patient treatment outcomes and their quality of life.
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Abstract
In the past, studies linking diet to health have mainly concentrated on individual nutrients 

and specific health outcomes. However, humans consume food as a whole, not just isolated 

nutrients. Since the early 2000s, there has been a shift in assessing dietary exposures, mov-

ing away from singular nutrients or foods and toward analyzing dietary patterns. This ap-

proach aims to capture the entirety of the diet and its nutrient profiles. Identifying dietary 

patterns may reveal stronger associations with specific health indicators and provide a more 

comprehensive understanding of how nutrients and other bioactive substances in food are 

consumed, and how consumption patterns affect health outcomes. Consequently, dietary 

patterns that include foods and beverages associated with improved health and reduced 

risk of chronic diseases are often considered indicators of a high-quality diet. Dietary patterns 

can also be influenced by environmental, cultural, and social factors. However, with chang-

ing times, new dietary patterns have emerged, some of which have spread globally due to 

factors such as immigration, technology, and media. Unfortunately, some of these patterns 

come with misleading health claims. This chapter aims to identify current trendy dietary pat-

terns and examine their effects on the growth and development of children.
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Introduction

Since nutrients are related to one another, the center of interest of nutrition 
studies is more focused lately on the types of foods we eat, the interactions be-
tween the nutrients in meals, the diversity of foods, amount of food consumed 
over a day, a week, a month, or a year, as well as how this might affect an indi-
vidual’s health outcomes [1–4]. Apparently, the changes between the first Di-
etary Guidelines for Americans in 1980 and the guidelines in 2015 demonstrate 
that nutritional epidemiology has gradually shifted from focusing on nutrients 
to focusing on dietary patterns [4].

Dietary patterns are defined as “The quantities, proportions, variety, or com-
bination of different foods, drinks, and nutrients in diets, and the frequency with 
which they are habitually consumed” [3, 5, 6]. Indeed, dietary patterns have been 
linked to environmental, cultural, social, as well as health consequences [3]. In 
addition, they are used as an evaluation tool for diet quality which is a useful 
bridge for spreading messages meant to encourage high-quality diets [7]. There-
fore, dietary patterns allow researchers to analyze and understand how people 
are eating besides examine the relationship between diet and the risk of chronic 
diseases.

The following sections will detail the impact of diet patterns on children’s 
development, standard global guidelines for addressing their dietary needs, the 
benefits of a plant-based diet, and considerations for administering such diets to 
children. 

Modern Shift toward Dietary Considerations

Since Paleolithic times, humans’ dietary and physical activity patterns and body 
composition have undergone major changes. In the past 3 decades, these chang-
es accelerated in different regions worldwide due to many factors including the 
globalization of food processing, marketing, and distribution techniques, most 
commonly linked to westernization of the world diets. Also, technology innova-
tions such as transportations affect activities and energy expenditure. Last but 
not least is the spread of the global mass media which can have either negative 
or positive impact in health outcomes [8].

However, as education expands and information becomes more accessible, 
there has been a notable rise in interest in diet and nutrition. People are now 
better equipped with knowledge about the impact of food choices on their 
health, leading to a growing desire for healthier eating habits. From nutrition 
courses in schools to the influence of media and social platforms, the awareness 
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of the importance of diet has increased significantly. This expanding interest 
reflects a societal shift toward prioritizing well-being and making informed di-
etary decisions. There are various reasons for this, but the advent of the Internet 
is a big one [9]. The Internet can offer users a good way to access content for free 
through blogs, YouTube, magazines, websites, and academic literature.

As such, there has been new evidence on the prevalence of different diet 
types, such as vegan, plant-based, and paleo, while people are becoming increas-
ingly interested in such dieting “fads” for their children, there are mixed reviews 
on whether these diets are productive or healthy for children.

Diet and Impact on Children

Nutritional intake has a massive impact on children. According to Proia et al. 
[10], who conducted a literature review on the requirements for children’s bone 
health and the long-term impacts that good or bad nutrition may have on chil-
dren, food intake uniquely influences bone tissue formation. To adapt to various 
mechanical stresses and compensate for bone loss, bones expand in cross-sec-
tion even after they cease growing in length. Physical exercise and adequate diet 
are two external factors that lead to the development of good bone mass during 
childhood growth, contributing to the growth of skeletal mass and foundation. 
The consumption of carbohydrates, fat, and protein is important for this goal.

Furthermore, Wilson et al. [11] revealed how breakfast consumption affected 
the nutritional intake of 5- to 14-year-old New Zealand youth. Children received 
only 16.2% of their daily energy intake from breakfast, but it still accounted for 
significant portions of iron, zinc, calcium, folate, riboflavin, and thiamin. Nutri-
tionists consider breakfast the most important meal of the day that can posi-
tively impact children’s cognitive functioning and development.

Healthy Dietary Patterns

According to Mayo Clinic, certain foods and food types are important for chil-
dren to consume, and that promote healthy living. The ideal nutrition schedule 
for a child’s growth and development considers the child’s age, degree of exer-
cise, and other aspects. Parents can cater diets according to the child’s needs and 
preferences if they meet key standards [12].

There are controversies surrounding milk intake and other nutritional com-
ponents that many view as “common sense.” According to Verduci et al. [13], 
there are controversies surrounding which milk parents should feed toddlers. 
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While protein consumption typically exceeds the required level, iron, zinc, and 
vitamin D intake are frequently inadequate. Between the ages of 1 and 3, 35%–
40% of the daily recommended energy intake should come from fat. The best 
sources of lipids are polyunsaturated fatty acids and monounsaturated fatty ac-
ids. At 12 months of age, children should be adapting to a diet with diverse foods 
that can include ingredients other family members also consume, this includes 
cow’s milk, whereas year two for children is a transitional period regarding nu-
trition, and children begin to change dietary patterns [13].

Parents should prioritize some nutritional categories over others while main-
taining nutrient-dense or rich foods in their children’s diets. Protein-rich foods 
include seeds, nuts, seafood, eggs, peas, soy, beans, and poultry. Parents should 
ensure that their children eat fruits, including dried, frozen, canned, or fresh. 
Optimal canned fruits are labeled as “light” or are packed in their own juice 
which indicates that there would be very little or no sugar added. ¼ of dried fruit 
would count as a fruit serving, which is important to understand for parents 
[12]. 

In addition, children should consume vegetables, dairy, and grains. Vegeta-
bles should be frozen, dried, canned, or fresh. Parents should choose beans and 
vegetables that are high in color. They should seek out products that have a low 
amount of sodium. Parents can choose oatmeal, popcorn, quinoa, whole-wheat 
bread, pasta, and brown or wild rice for grains. They may urge their kids to con-
sume minimal or no-fat dairy products like yogurt, milk, and cheese. Dairy 
drinks that have been fortified also qualify [12]. Nutrient-dense foods are those 
that have very low saturated fat and salt, with limitations on sugar. They would 
be nutrient dense because the concentration of nutrients is higher than the num-
ber of harmful ingredients. 

Guidelines for Children

Table 1 from the U.S. Department of Agriculture (USDA) shows approximately 
what types of food groups and subgroups children should eat between the ages 
of 2 and 8, including weekly and daily amounts. The chart shows that based on 
a 2,000-a-day calorie diet (closer to the age of 8), children should eat 2½ cups of 
vegetables daily. This should involve a combination of orange and red vegeta-
bles, starchy vegetables, dark greens, beans, lentils, and peas. Children should 
also be getting a minimum of 2 cups of fruit per day and 6 ounces of whole grains 
or refined grains. Children should consume 2½ cups of dairy and 5½ cups of 
protein-rich foods such as seafood, poultry, and meat [14]. 
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Providing balanced food to children is mostly the responsibility of the par-
ents. Parents may encourage wholesome and healthy eating habits by emphasiz-
ing food categories, including vegetables, whole grains, and dairy products as 
seen in Figure 1. A well-rounded diet may benefit from including whole grains, 
a range of colorful vegetables, and canned or frozen foods with reduced salt. En-
couragement of the intake of low-fat or fat-free dairy, products, as well as con-
sideration of fortified soy drinks, might help provide vital nutrients. These deci-
sions allow parents to assist their children’s general well-being by promoting the 
development of wholesome eating habits. Figure 2 shows an example of healthy 
plate suggested by USDA. 

New Dietary “Fads” for Children

There are now many new diet fads for kids, such as plant-based, gluten-free, pa-
leo, ketogenic, Atkins diet, detox, or cleanse diets. In fact, there are a growing 
number of parents who are adopting alternative dietary patterns and behaviors. 
Actually, about 80% of people who choose to follow one of these dietary patterns 
relay on the internet as the main source of information [15]. While some of these 
tendencies could be beneficial, parents should proceed cautiously. Before imple-
menting restricted or imbalanced diets, it is crucial to ensure that kids get enough 
nutrients and speak with medical specialists. Children’s growth, development, 
and general health are supported by a balanced, diverse diet that contains foods 
high in nutrients.

Table 1. Healthy US-style dietary pattern for children ages 2 through 8 years, with daily 
amounts from food groups (from the U.S. Department of Agriculture [USDA])

Calorie 1,000 1,200 1,400 1,600 1,800 2,000
Female 2–4 years

5–8 years
Male 2–4 years

5–8 years

Food groups Daily amount of food from each group
Vegetables (cup eq/day) 1 1½ 1½ 2 2½ 2½
Fruits (cup eq/day) 1 1 1½ 1½ 1½ 2
Grains (ounce eq/day) 3 4 5 5 6 6
Dairy (cup eq/day) 2 2½ 2½ 2½ 2½ 2½
Protein (ounce eq/day) 2 3 4 5 5 5½
Oils (g/day) 15 17 17 22 22 24
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Gluten-Free Diet 

Over the last 30 years, gluten-free foods have grown significantly in popularity, 
showing strong economic growth in this sector where a wide and varied range 
of products are available. A gluten-free diet has been shown to be effective for 
treating gluten-related disorders, but there is no evidence that gluten-free diets 
are superior to a standard diet for the general population. In fact, celiac disease 
patients following gluten-free diets have been found to have deficiencies of fiber, 
iron, calcium, vitamin D, magnesium, folate, niacin, vitamin B12, and riboflavin 
[15]. 

Fruits
Grains

Dairy

Protein
Vegetables

Fig.  1. MyPlate.gov from 
“U.S. Department of Agri-
culture” that supports 
healthy dietary patterns 
(U.S. Department of Agricul-
ture).

Vegetables 1/4 cups

1/4 cups

2 1/2 ounces

1/2 ounces

MyPlate Food Groups
Pasta Bolognese

Grains

Protein Foods

Dairy

Fig. 2. An example of healthy plate suggested by USDA (U.S. Department of Agriculture).
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Ketogenic Diet 

Recently, ketogenic diets have gained a lot of popularity. It is a strict diet that 
consists of high fat, low protein, and minimal carbohydrate intake. Following 
such a diet will induce ketosis by using fat as the primary energy source [15]. 
Diets low in carbohydrates may lack phytochemicals, vitamins, minerals, fiber 
that affect the microbiota, as well as other nutrients, like vitamin A, vitamin E, 
and vitamin B6. Moreover, the high ingestion of certain foods in ketogenic diets 
such as red meat, processed meat, and saturated fat may cause some health is-
sues. There is no evidence on the use of a ketogenic diet on healthy children; in 
fact, it may impact their future health by increasing the risk of developing chron-
ic diseases [15].

Plant-Based Diets

Plant-based diets – which focus on solely consuming fruits, vegetables, nuts, and 
seeds while excluding animal products, such as dairy, fish, poultry, meat, and 
eggs – are becoming popularized for younger populations, while there may be 
justified concerns about this phenomenon. There has been a growing fad among 
some parents to adopt a plant-based diet for their children. This trend involves 
feeding children a diet primarily of plant-derived foods while excluding or lim-
iting animal products. Parents may believe this dietary choice promotes better 
health, environmental sustainability, and ethics.

Cultural Considerations
With increased cultural and global diversity, according to Kiely [16], plant-
based diets have been considered healthy practices for millennia in different 
parts of the world. Up to ½ of the Indian population in India does not eat fish 
or meat for spiritual reasons. They are also influenced by Greek philosophers, 
who believed that humans are there to offer animals protection rather than eat 
them. Along with health, environmental and animal protection are key causes 
for the current increase in vegetarianism and veganism. 

Health Benefits
An important study against administering a vegan diet to children comes from 
Kiely [16], who published his findings in a symposium, which raises some con-
troversies. According to the author, the debate over whether vegetarian and veg-
an diets are suitable for kids has persisted for a long time. Increased diet restric-
tion and the child’s younger age generally contribute to poorer nutritional and 

Szajewska H, Kolaček S (eds): The Changing Landscape of Pediatric Nutrition: Latest Trends and Future 
Directions. 99th Nestlé Nutrition Institute Workshop, February 2023. Nestlé Nutr Inst Workshop Ser. 
Basel, Karger, 2024, vol 99, pp 79–90 (DOI: 10.1159/000534949)



86 Alabdulkarim

overall health outcomes. Nutrients of potential concern are protein quantity and 
quality, essential fatty acids, vitamins A, D, and B12, calcium, riboflavin, iron, 
zinc, and selenium. Although children tend to exhibit deficiencies in iron and 
vitamin D, vegan children may have even poorer supplies of these vitamins and 
nutrients. They may excessively consume fiber – as a supplement food – which 
could limit other foods’ bioavailability. Controversies emerged between Euro-
pean and North American guidelines. European guidelines strongly advise par-
ents to only administer a vegan diet to children with medical supervision [16]. 
Kiely iterates and warns that there have been histories of B12 deficiency-facili-
tated neurological damage for vegan children who were not adequately supple-
mented.

The German Society also raised concerns for Pediatric and Adolescent Med-
icine. This organization proposed caution for restrictive childhood diets, sug-
gesting “the stricter the diet, the greater the risk” [16]. Recommendations were 
for a balanced and omnivorous diet that includes plant foods and others. Care-
givers were advised to pay attention to the intake of nutrients like iodine, DHA, 
protein, calcium, zinc, and iron in children to prevent neurological damage, 
anemia, and faltering or stifling growth. In addition, pregnant women were ad-
vised to supplement B12.

On the other hand, plant-based diets have many benefits, including eradica-
tion or mitigation of chronic illnesses. According to a study by Craig et al. [17], 
plant-based diets are more ecologically sustainable than meat-based diets and 
have a lower environmental effect. Observational studies show that vegans and 
those who eat a plant-based diet have lower BMI (body mass index) than omni-
vores, a positive impact on the gut microbiome and decreased risk of developing 
type 2 diabetes and decreased heart and circulatory ailments like stroke, hyper-
tension, and ischemic heart disease. 

While Kiely presents evidence “against” plant-based and vegan diets for chil-
dren, this seems to be a problem only insofar as inadequate supplementation is 
available. In contrast, plant-based diets still confer many benefits, even for chil-
dren. The possible exposure to a broad range of plant foods, decreased risk of 
obesity, and increased intake of vegetables and fruits are all health advantages of 
vegetarian diets in childhood and adolescence. Vegan children tend to have low-
er total and saturated fat and cholesterol consumption than nonvegan children. 
Craig et al. [17] present a study indicating that low-fat vegan diets have been 
used to combat childhood obesity.

Environmental Impacts
There may be cultural reasons why someone would want to retain or follow a 
vegan, vegetarian, or plant-based diet, particularly with new considerations for 
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the impacts of climate change on the environment. Plant-based diets are gener-
ally considered more sustainable [17]. 

Plant-based diets are also praised for their lower impact on climate change. 
In today’s world, much land is required for livestock growth and development. 
In addition, animals expel certain gasses, like carbon dioxide, into the air, further 
exacerbating greenhouse gas emissions. There are many harmful consequences 
of large-scale agricultural corporations. Veganism and plant-based diets offer an 
alternative to the kind of agribusinesses that tend to harm the environment. 
Children are increasingly entering the political playing field through education 
and increased awareness of changing global circumstances. With this, there is a 
natural inclination to want to involve them in alternative diets [17].

Supplementation for Children
There are opportunities for supplementing children’s diet if they eat a vegan, 
vegetarian, or plant-based diet. Craig et al. [17] note that some nutrients that 
may present as deficient for younger vegetarians include calcium, vitamin D, 
iodine, zinc, B12, and iron. Protein requirements for vegan children/adolescents 
may be somewhat greater than normal guidelines due to considerations such as 
protein digestion and amino acid content. Zinc supplements may be needed if 
supplemented meals are predominantly zinc deficient. Infants, children, and 
adolescents should be monitored for iron and zinc levels and given fortified 
foods and supplements. Parents may also need to supplement iodized salt for 
iodine and B12. Children should consume plant-based milk, dairy products, and 
leafy greens for calcium. In addition, the authors recommend keeping children 
under medical supervision to monitor their nutritional intake and needs [17].

The nutrients mentioned by Craig et al. [17] are of vital importance to chil-
dren because of the functions they conduct where red blood cells need B12; vi-
tamin D facilitates calcium absorption in the gut, bone mineralization regula-
tion, and bone differentiation. Iodine is necessary for thyroid hormones, which 
control metabolism, while zinc is a coenzyme associated with cognitive func-
tionality, gene expression regulation, immunity, bone functioning, and growth. 
This zinc deficiency can cause alopecia, dermatitis, slow growth, and poor ap-
petite [16]. It is thus vital that caregivers supplement these as much as possible.

Supplementation is important because evidence shows that vegan diets can 
be effective and safe [18]. According to a response to a BMJ study about vegan-
ism for children, the vegan children (participants) from Poland are within the 
predicted age range despite their shorter height and reduced bone density. The 
author’s response details that almost no evidence shows that vegan children have 
stunted height. Regarding the issue of bone health, only about 1/3 of this sample 
used vitamin D supplements, and 1/3 did not use B12 supplements. The median 
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calcium consumption was 376 mg per day, compared to 550 mg recommended 
in the United Kingdom for this age range. Vegan diets, like any diet, must be 
planned [19]. Here, the author responds to challenges by another author about 
the lack of nutrients that emerges with vegan diets. Some benefits of the vegan 
diet for children include lower blood cholesterol, glucose levels, and fat. They 
also consumed more vitamin C, magnesium, carotenoids, fiber, and folate. At 
the same time, omnivorous children were eating high amounts of sugar and fat, 
with insufficient fiber [19]. Table 2 summarizes some parameters associated 
with a vegan/vegetarian diet.

Recommendations and Conclusions

The analysis of the most popular diets worldwide indicates that their use in 
healthy children has no evidence, and their use should be limited to specific 
therapeutic cases, such as celiac disease or intractable epilepsy, where their ef-
ficacy is more clearly demonstrated.

Table 2. Some parameters associated with a vegan/vegetarian diet

Factor Vegan children Omnivorous children

Height Within the predicted age range N/A

Bone density Reduced (only 1/3 using Vitamin D  
supplement)

N/A

Vitamin B12 1/3 not using B12 supplement N/A

Calcium intake Median consumption 376 mg/d  
(compared to 550 mg recommended)

N/A

Diet planning Must be planned N/A

Blood cholesterol Lower Higher

Glucose levels Lower Higher

Fat Lower Higher

Vitamin C Higher Lower

Magnesium Higher Lower

Carotenoids Higher Lower

Fiber Higher Lower

Folate Higher Lower

Sugar Lower Higher
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According to the available data, it would be prudent to approach a vegan diet 
for kids with care and under qualified medical supervision. While eating a plant-
based diet may be good for one’s health and the environment, there may be is-
sues with nutritional deficiencies, especially in the areas of iron, iodine, vitamin 
B12, zinc, and vitamin D. To avoid developmental problems and guarantee 
healthy development and well-being, supplementation and careful attention to 
dietary demands must be paid. As a result, it is crucial to coordinate closely with 
medical experts and trained dietitians to produce a well-planned and balanced 
vegan diet that covers any possible nutritional deficiencies and promotes the 
child’s general health and development.
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Abstract
The last 5 decades have witnessed major reductions in hunger, child mortality, wasting, and 

stunting, despite the exponential growth of the world population. Technological advances 

in food production outpaced population growth, and together with socio-economic chang-

es led to increases in energy supply and a decrease in the time cost of food. Thus, the evolu-

tion of how we produce and procure food was accompanied by an inflection in energy intake 

and expenditure, and a dietary transition that profoundly impacts health. Thus, this period 

was marked by an accelerated increase in body mass index worldwide, first evident in high-

income countries and now globally ubiquitous, which disproportionally affects lower-in-

come populations. While undernutrition persists, diet excesses and imbalances are increas-

ing, and nutritional factors are now most of the leading causes of global death and 

disability worldwide, further widening global disparities. Moreover, these changes have sig-

nificantly affected Earth’s land, water, and atmosphere, threatening the gains made thus far. 

In particular, animal food sources disproportionally impact the environment. Food systems 

will need to evolve to decrease and protect resources. And diets will need to improve, in 

ways that make them both healthy and sustainable. Correcting course will require reorient-

ing and collectively focusing efforts on social, economic, technological, and educational 

changes that simultaneously promote adequate nutrition, human health, and the health of 

the planet. © 2024 S. Karger AG, Basel
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Introduction

We are living longer than at any time in human history, with a life expectancy of 
about 70 years. However, of those living now, more than 10% (around 820 million) 
go to bed hungry every night, 4% of children (about 15,000 children a day) die before 
their fifth birthday, and 14% cannot read. This seems a far from desirable global 
situation. However, today is a product of our past; only 200 years ago, 84% of the 
world’s population lived in extreme poverty, 88% of people could not read, 43% of 
children died before 5 years of age, and life expectancy was about 30 years [1]. So 
even if today’s situation may appear gloomy, by almost any measure related to glob-
al nutrition, morbidity, mortality, and wealth, today is the best time for a child to be 
born. Nevertheless, despite this progress and having the tools to improve people’s 
health and well-being, we are far from what could or should be accomplished.

Since the beginning of humankind, available food and population growth 
have been intrinsically linked. For the first 200,000 years following the appear-
ance of Homo sapiens, only a few hundred thousand humans populated the 
world. These numbers changed very little until the advent of agriculture about 
10,000 years ago. Estimates place the world population at about 190 million in-
habitants at the beginning of the Common Era, reaching 1 billion by 1800. It 
took hundreds of thousands of years to reach 1 billion, but only 200 more years 
to reach 8 billion [2, 3]. The 1800s witnessed the beginning of this exponential 
population growth and the advances of the Industrial Revolution, including 
technological progress that allowed for producing enough food for the world’s 
inhabitants and for improving nutrition and health.

However, the advances in how we produce and procure food were also accom-
panied by changes in our diets and health. These changes are now challenging our 
health itself and widening disparities among people. Furthermore, these changes 
have significantly affected Earth’s land, water, and atmospheric composition in 
ways that may alter the planet’s ecological balance, threatening the gains made thus 
far. This chapter takes a historical look at how global diet and nutrition have 
changed and examines our current diets, their effect on human health, and how the 
food systems that support these diets impact the health of our planet. 

Changes in Nutrition over Time

Child Mortality
It is impossible to directly assess children’s nutritional status decades or hun-
dreds of years ago. Child mortality, however, could be used as a proxy. Using 
data from a wide range of geographic locations, cultures, and times, it is esti-

Szajewska H, Kolaček S (eds): The Changing Landscape of Pediatric Nutrition: Latest Trends and Future 
Directions. 99th Nestlé Nutrition Institute Workshop, February 2023. Nestlé Nutr Inst Workshop Ser. 

Basel, Karger, 2024, vol 99, pp 91–102 (DOI: 10.1159/000534960)



Sustainable Children’s Diets Today 93

mated that in hunter–gatherer and early agricultural societies, about 30% of in-
fants did not survive their first year. Moreover, about 47% did not survive till 
adulthood. These numbers appear remarkably constant for the last 10,000 years, 
up to the 1850s. Estimates show that whether in ancient Greece, the Roman Em-
pire, Medieval Japan or England, Imperial China, or Pre-Columbian America, 
one in four newborns died in their first year, and one in two died in childhood 
[4, 5].

In the last two centuries, all this changed. From 1850 to today, child mortal-
ity under 5 years of age has decreased from about 46.2% to 4.6%, and infant 
mortality from 29.9% to 2.9%. Examining a shorter time window, in the last 30 
years alone (1990–2020), the number of under 5 child deaths decreased from 
9.3% (12.6 million or 1 in 11 children dying before age 5) to 3.7% (5 million or 
1 in 27 dying before age 5). This is a remarkable accomplishment, in great part 
related to improved maternal and child nutrition and antenatal and perinatal 
care; however, it remains distant from the target of 2.5% mortality for children 
under 5 years, set as a sustainable development goal (SDG) by the United Na-
tions for 2030. More importantly, the difference in mortality rates between high-
income countries (0.49%) and low- and middle-income countries (LMICs) 
(3.98%) remains regrettably large [4, 6].

Height
Height can also serve as a good proxy for nutrition. Estimates of the average 
height of multiple populations over the last 2,000 years show that, with regional 
variations, global height remained relatively unchanged [7]. Through most of 
this time, height likely reflected changes in environmental factors (climate, in-
fectious disease, food availability, and population density) which influenced 
physical growth, which were not optimal nor consistent for extended periods; 
thus, height rarely approached individuals’ maximal genetic potential [8].

However, the 1800s marked a major inflection point, and global height trends 
started increasing significantly. In just the last 150 years, the average global 
height has increased in every population and every country. Today’s average 
young adult is 8–9 cm taller than his ancestors [9]. Gains in height are very 
strongly correlated with living standards, in particular food security. Histori-
cally, height gains are associated with access to increased energy and protein, 
especially animal protein availability [7]. 

Nevertheless, continued height gains may be coming to an end. While most 
country populations today are still gaining in height, gains in high-income 
countries have slowed down, and some have stopped gaining height altogether. 
In the Netherlands, the tallest population in the world, after 150 years of height 
increases, the Dutch have not gotten taller for the last 25 years. Nutrition and 
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health delivery may have allowed them to reach their maximum genetic poten-
tial [10]. 

Height reflects current differences in populations’ social, economic, and nu-
tritional standards. Today, the difference between the tallest population (the 
Netherlands) and the shortest populations (e.g., Guatemala) is 19 cm for men to 
20 cm for women. That is, while all populations have gained height, the differ-
ence between the tallest and the shortest today is still more than what we as a 
species have gained in the last 100 years [9, 10]. 

Children’s Nutritional Status Today: Progress and Disparities

While still suboptimal, we have better data on the changes in children’s nutrition 
over the last few decades. Severe undernutrition and wasting of children under 
5 years of age have decreased but remain at 6.7% or 45.4 million children. Glob-
al stunting of children under 5 years has decreased by 66%, or 54 million less 
stunted children in just the last 20 years (2000–2020), standing today at 21% 
prevalence. These figures are still far from the SDG targets of 3% wasting and 
12% stunting by 2030 and remain unevenly distributed. Today, more than 90% 
of stunted children and 97% of children with severe undernutrition under 5 
years of age live in Asia and Africa. In addition, overweight and obesity in chil-
dren under 5 have increased to 6% in the same time frame, far from the SDG 
target of 3%. Today, we have 5.4 million more overweight young children under 
5 than 20 years ago; of these, more than 75% of children live in Asia and Africa 
[11].

Overweight and obesity prevalence in infants and toddlers is increasing, but 
school-age children, 5–19 years of age, show even more dramatic increases, from 
10.3% to 18.4% in the last 20 years [11]. While the increase in overweight chil-
dren appears to be plateauing in some high-income countries, the increase in 
overweight continues to rise in low-income countries. It was estimated in 2017 
that if trends continued, child and adolescent obesity would be expected to sur-
pass moderate and severe underweight by 2022 [12, 13]. The intervening effect 
of the COVID pandemic, which may have increased both overweight and un-
derweight prevalence, is yet to be determined.

Anthropometric markers of nutrition over time, and in the present, reflect 
disparities associated with social and income inequality and living standards, 
which are also reflected in people’s diets. The highest gains in decreasing under-
nutrition and height in the last few decades have been seen in rapidly emerging 
economies. As mentioned above, the difference between the tallest and the 
shortest populations in the world today is about 20 cm, equivalent to a 6- to 
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8-year growth gap between them, reflecting a huge lag in living standards be-
tween countries. In 19-year-old adolescents today, the country difference be-
tween the highest and lowest BMI is about 10 kg/m2, which is more than two 
standard deviations in the reference BMI curves [12, 13].

Moreover, the great majority of stunted and overweight children live in low-
income countries and regions. Furthermore, recent trends show a widening of 
these disparities in the overall picture of nutritional health. As an example, over 
the last 3 decades, the populations of most countries have seen simultaneous in-
creases in both height and BMI; however, school-aged children in Sub-Saharan 
Africa and Oceania have seen dramatic increases and BMI and overweight with 
significant stagnation in height gains compared to the rest of the world [13].

In summary, the world population has seen a substantial decrease in child 
mortality and undernutrition and gains in height in just the last 200 years. The 
last 50 years have seen an acceleration in these improvements, with a dramatic 
increase in overweight and obesity prevalence, which will soon overtake under-
nutrition. Most children with wasting, stunting, overweight, obesity, and nutri-
ent deficiencies live in lower-income countries or in disadvantaged communi-
ties within a country. And all forms of malnutrition can coexist at a country, 
community, and household level, even in the same child. Thus, the world bears 
today a double burden of undernutrition (caused by a lack of macro and/or mi-
cronutrients) and overnutrition (an excess in energy intake versus expended), 
which, as in past centuries, are reflective of social and economic disparities. 
These global disparities persist and, in some cases, may be worsening [14].

Changing Diets and Their Consequences

At the most basic level, nutritional status is reflected in the human body’s so-
matic growth, function, and energy storage. This depends on the intake of en-
ergy and nutrients: our diets.

A myriad of factors will, directly and indirectly, influence such diets, and it is 
beyond the scope of this chapter to discuss the relative contribution of each of 
the multiple factors that influence individuals’ diets (individual, social, econom-
ic, environmental, etc.). However, it is ultimately the diets of individuals and 
populations, in relation to their biological needs and energy expenditure over 
the life cycle, that underpin nutritional markers, such as anthropometry (wast-
ing, stunting, overweight, obesity), that we see over time in individuals and pop-
ulations. 
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Diets Today and Their Consequences

Globally, diet patterns today are far from ideal. It is estimated that 48% of the 
global population eats too many or too few calories. And dietary intake of key 
foods (food groups) is far from the recommended targets. With significant re-
gional variations, global consumption of fruits, vegetables, and legumes is less 
than 50% of the recommended intake, while excessive consumption of sugar and 
sweetened beverages is prevalent everywhere, and the global intake of red meat 
is about 200% of the recommended intake [15, 16].

The dietary patterns of children today reflect the global and regional social 
and economic variables, as well as the effect of prevalent food systems and food 
security: energy and protein insufficient diets in some populations, coexisting 
with dietary excesses, and an obesogenic environment in most of the world. 
More importantly, the diets of children today, starting with complementary 
feeding, reflect that of adults. This is particularly concerning, given that dietary 
patterns are set very early and persist for life. Recent studies suggest that the 
relative energy intake from each major food group becomes well established by 
20 or 24 months of age [17, 18]. In most countries today, too many infants and 
young children consume diets with excess calories, starting with bottle feeding 
instead of breastfeeding, and very low intake of fruits and vegetables with high 
intakes of sugar, sweetened beverages, and saturated fat. Less than half of chil-
dren globally are even close to the recommended intakes of fruit and vegetables, 
both in high- and low-income countries. Furthermore, in high-income coun-
tries, micronutrient intakes are marginal or adequate, while in LMICs, micro-
nutrients, particularly iron, are significantly deficient [14, 16, 18].

The consequences of inadequate diets, particularly the excesses in energy in-
take in relation to energy expenditure, are reflected in the global burden of dis-
ease (GBD). By 2010, more than half of the top 20 leading factors associated with 
early death or disability were nutrition related (e.g., high intake of sodium and 
high blood pressure, diets low in fruits, high body mass index, high fasting glu-
cose, low intake of nuts and seeds, iron deficiency, high cholesterol, low whole 
grains and vegetables, and suboptimal breastfeeding) [19]. Remarkably, all these 
leading dietary factors in GBD are already present in most toddlers by 2 years of 
age [16–18]. By 2019, all these same dietary factors in the GBD remained; how-
ever, the fastest growing and highest risk factors for death and disability are now 
high body mass index, high fasting plasma glucose, high cholesterol, and elevat-
ed blood pressure. At the same time, in many places, undernutrition remains 
unresolved. Among children (birth to 9 years), the three leading risk factors for 
death and disability were all related to malnutrition, and iron deficiency remains 
the leading risk factor for children 10–24 years [20]. The evolution in the GBD 
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reflects the dramatic increase in overweight, obesity, and related noncommuni-
cable diseases, and is evidence of the profound global dietary transition that has 
occurred in the last 50 years.

The Global Dietary Transition

As discussed above, using height as a proxy for nutrition, there was no apparent 
change in global height in the last 2,000 years. Only after the Industrial Revolu-
tion in the mid-1800s did human height begin to increase in all regions of the 
world. The most important factor explaining this temporal increase in height 
and the differences between world regions appears to be dietary, in particular 
the availability and intake of high-quality protein and specifically the ratio be-
tween intake of high-quality animal protein and low-quality cereal sources of 
proteins. There is increasing evidence of an association between childhood 
stunting and animal source food consumption. And animal protein intake is also 
correlated with a country’s GDP per capita, health expenditure, and level of ur-
banization [8, 21].

Global height gains have been significant and consistent for the last 150 years, 
mirroring increased global energy and protein supply. The last 50 years saw a 
gradual and accelerated increase in BMI worldwide, first evident in high-income 
countries and now ubiquitous. Changes in BMI respond to energy intake in re-
lation to expenditure; therefore, they can be roughly associated with long-term 
estimates of energy intake. Variations in energy intake can, in part, be gleaned 
from variations in energy supply (food available for consumption at the end of 
the supply chain), even if they do not indicate actual calories consumed. Global 
estimates show that the daily supply of calories per person accelerated signifi-
cantly after 1960 in practically all countries. Estimates from the Food and Agri-
culture Organization (FAO) indicate that after a relatively flat global energy sup-
ply for many decades, in the 1960s, there was an inflection point, with a signifi-
cant and steady increase that continues today. Between 1960 and 2018, the 
global average increase of energy supply was +740 calories per capita. This in-
crease varied widely by country and region, e.g., from +512 in Africa to +763 cal 
per day in the Americas, and +1,112 in Asia [22]. This coincides with changes in 
mechanization and transportation, which decreased energy expenditure. How-
ever, offsetting such energy increases with additional exercise is not realistic. 
Therefore, even if decreased activity and exercise play a role, the main driver for 
the obesity epidemic today remains a temporal dietary transition in the world’s 
population. 
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Swinburn et al. [23] document that during the first half of the 20th century, 
increased mechanization and motorization were accompanied by a decreased 
food energy supply, indicative of some decrease in consumption: lower intake 
of calories followed by a corresponding decrease in energy expenditure. How-
ever, starting in the 1960s, various factors, primarily technological advances, 
intervened and drastically increased food availability. Thus, starting in high-
income countries, the 1960s to 1970s marked a “flipping point” with increased 
food energy supply which pushed up energy intake and population weight. 

Many factors increased food availability. As only one example, the change in 
global cereal production from 1961 until the present has increased by 280% (e.g., 
150% increase in the United States, 500% increase in China), mostly from im-
provements in crop yield. This increase in agricultural yields, as an outcome of 
the technology-driven “green revolution,” far outpaced the rate of population 
growth in the world [24]; and changes in technology, agriculture, industry, and 
commercialization reduced the time cost of food. At the same time, global per-
capita income also grew. By some estimates, global GDP per capita in 1850 was 
$1,225 (international dollars). This grew to $4,386 in 1960; and to $15,212 in 
2018. All world regions saw this accelerated economic growth; however, the 
fourfold difference between the poorest and wealthiest countries in 1850 grew 
to a 15-fold difference by 2018 [25].

In summary, over the last 5 to 6 decades, food systems (the complex networks 
that link agricultural and food production to consumption) underwent a dra-
matic change, primarily driven by technology. Food supply increased, time cost 
of food decreased, incomes increased, and food processing, storage, distribu-
tion, and preparation improved, also partially driven by technology. All these 
changes increased food availability and enabled this dietary transition. In addi-
tion, changes in mass media, including airwave and digital media, transporta-
tion, and regional and global commercialization, contributed to the growing 
demand for increasingly processed, less healthy food choices, and decreased ex-
ercise and energy expenditure. Globalization, as well as domestic “nutrition 
transitions” (responding to economic development, urbanization, and women’s 
empowerment at country and regional levels), further facilitated food access and 
affordability, leading to dietary shifts from a primarily plant-based diet to a pri-
marily more energy-dense, meat and processed food diet. With varying levels of 
contribution, all these factors led to an obesogenic environment, changes in di-
etary behaviors, and our current epidemic of obesity and noncommunicable 
diseases [23, 26, 27].

This dietary transition, driven by the transformation of food systems, began 
in more developed societies but is now globally ubiquitous, and is responsible 
for the global epidemic of obesity and its multiple health consequences. The 
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transition began later in LMICs but is advancing at faster rates, worsening the 
double burden of malnutrition in many populations. The increase in rates of 
obesity now seems to be decreasing in high-income countries, while accelerating 
in LMICs [26, 27]. Furthermore, acceleration of the transition in low-income 
populations may disproportionally worsen long-term health outcomes. For ex-
ample, a faster diet transition in populations with persistent stunting, as ob-
served in school-age children in Africa, may lead to even greater adiposity, with 
little improvement in linear growth, and more significant health consequences 
in the long term [13].

The Benefits and Challenges of Today’s Food Systems

The remarkable advances in food systems, tied to global economic growth, al-
lowed for enough food to support the exponential growth of the world popula-
tion, improving survival rates and decreasing global undernutrition. This prog-
ress, however, has come at a price. Today, food systems are a major, if not the 
most, direct contributor to the global transition to less healthy diets and its nu-
trition outcomes, which threaten the health of populations. And in the process, 
it has also widened disparities in food security, nutrition, and health [28]. 

Moreover, food systems also contribute to an even larger threat: the health of 
our planet. Today, about 50% of all habitable land and 70% of fresh water are 
used for agriculture, and agriculture is responsible for 78% of ocean water pol-
lution (eutrophication). Of particular concern is the amount of land used for 
animal feed: 77% of all agricultural land is used for animal-based foods (meat 
and dairy), which provide only 18% global calorie supply and 37% of protein 
supply. Meanwhile, only 23% of the land is used for plant-based foods, which 
provide 82% of energy and 63% of protein [29, 30].

Of even greater concern is that around 26% of all greenhouse gases emitted 
today, contributing to climate change, come from food production. Agriculture 
is not only a major factor in deforestation, but greenhouse gases are produced at 
every step of the current modern food systems. Furthermore, what we produce 
and consume matters: of all food produced today, animal-based foods (e.g., beef, 
lamb, and dairy) produce 10–50 times more greenhouse gases than all fruit, veg-
etables, and cereals. In addition, 40% of all global food production is lost or 
wasted. One-half is lost at the farm and on route to market, and one-half is wast-
ed at retail, food services, and households, further adding to greenhouse gas 
emissions [30–32]. Thus, the food systems that support today’s current diet hab-
its globally are also a major contributor to environmental threats and the health 
of the planet. 
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The effects of climate change on human health and well-being cannot be un-
derstated. Climate change can dramatically affect food systems themselves and 
therefore threaten food security at local, regional, and global levels. It also in-
creases populations’ exposure to extreme events, with environmental changes 
that enable food-borne and infectious disease transmission, and alter population 
movements, livelihoods, and mental health. And these stresses on health and 
social systems disproportionally affect more vulnerable populations and am-
plify inequalities [33]. 

Toward Healthy, Sustainable Children’s Diets

Today’s nutrition, health, and environmental changes are linked in a complex 
interaction, recently termed “the global syndemic” of obesity, undernutrition, 
and climate change. Addressing this “syndemic” will require reorienting and 
collectively focusing our efforts on systems that simultaneously promote ade-
quate nutrition, health, and environmental sustainability, while fostering eco-
nomic prosperity in all sectors of society, including the agricultural sector [34].

Improving nutrition and health will require a dietary shift to healthier diets, 
to improve food and nutrient deficits (particularly fruits, vegetables, whole 
grains, and micronutrients) and to decrease excesses (sugar, refined cereals, 
meat and animal proteins, and sodium). Of relevance will be improving the diet 
of infants and young children, the future consumers of food systems outputs. 
Early diet is not only a major determinant of long-term health, but it sets a child 
on the path to healthy eating habits and behaviors for life. Thus, improving the 
education of parents and caregivers remains critical and necessary to achieve 
dietary change [35].

It is imperative that diets be not only healthy but sustainable. Food systems, 
which can help shape and reorient the current dietary transitions, need to be 
transformed to deliver on both counts. Some of the changes needed are syner-
gistic: increasing plant foods and decreasing animal food consumption supports 
both health and sustainability – a win-win effort [36].

Global action and engagement of all sectors of society will be needed to re-
verse dietary, nutritional, and environmental trends. Almost 10 years ago, the 
FAO Report “Food Systems for Better Nutrition” called for a multisectoral ap-
proach that includes complementary food systems, public health, and education 
interventions. Several efforts have begun, increasingly bringing together all pub-
lic and private stakeholders to advance these objectives [28, 37, 38]. In keeping 
with the world’s SDGs, the recent UN Food Systems Summit put forth key action 
tracks, the first three of which included ensuring access to safe and nutritious 
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food for all, shifting to healthy and sustainable diets, and optimizing food pro-
duction, processing, and distribution – addressing planetary boundaries [39].

As a species, we have transformed the planet and used its resources success-
fully to improve the world population’s nutrition, health, and well-being. How-
ever, the work remains unfinished, and this progress now threatens our future 
health and the health of our planet. Nonetheless, opportunities remain. Global 
food production is the single largest human pressure on Earth, so changing what 
we eat and how we produce it is also the single strongest lever to optimize hu-
man health and the environment [36]. 
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Abstract
Breastfeeding protects the infant against diseases, although the mechanisms are not fully 

understood. Besides macro- and micronutrients, breast milk contains a range of bioactive 

components such as immunoglobulins, hormones and growth factors, cytokines, and anti-

microbial compounds. In addition, breast milk contains a variety of human milk oligosac-

charides (HMOs), which are small indigestible oligosaccharides that together comprise the 

third most abundant solid fraction of breast milk. HMOs directly enhance the gastrointestinal 

barrier function, protect against invading viral or bacterial pathogens by coating them and 

acting as decoys for receptors located on the gut epithelium, and suppress inflammatory 

signaling in intestinal epithelial cells. They also provide indirect effects by stimulating the 

growth of beneficial bacteria in the gastrointestinal tract. HMOs are strong contributors to 

the establishment of a healthy gut microbiota in early life, as they promote a community rich 

in specialized Bifidobacterium species, capable of consuming HMOs and in turn producing 

immune-regulatory metabolites, which may protect the infant against infectious and im-

mune-related diseases. The use of this knowledge to support breastfeeding, but also de-

velop Bifidobacterium-based probiotics and/or HMO-based formula milk may hold great 

promise to prevent infectious, inflammatory, and immune-related diseases in infants that 

cannot be breastfed or are lacking Bifidobacterium species in the gastrointestinal tract.
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Introduction

The beneficial effects of breastfeeding are well established and first and foremost 
include protection of the infant against infectious diseases and reduction of the 
mortality rate during infancy [1]. Further, although still controversial, breast-
feeding may confer some protection against asthma and allergic diseases, in-
flammatory bowel diseases, and some autoimmune diseases [2–4]. Besides es-
sential macro- and micronutrients, breast milk contains a plethora of bioactive 
compounds, including immunoglobulins, hormones and growth factors, cyto-
kines, and various antimicrobial compounds, as reviewed in detail elsewhere [5], 
as well as human milk oligosaccharides (HMOs). The beneficial effects of breast-
feeding are likely to be mediated by the combined effects of these aforemen-
tioned compounds. While it is out of scope to review individual and combined 
contributions of all of these complex components of breast milk to disease risks, 
this review focuses on the contribution of HMOs. Indeed, in recent years, con-
siderable attention has been given to the HMOs, as they comprise the third most 
abundant solid fraction of human milk, after lactose and lipids, and because they 
exhibit both direct and indirect beneficial effects on infant gastrointestinal func-
tion and the immune system and may be key to prevent diseases [6]. Total HMO 
concentrations in breast milk range from 5 to 20 g/L, but concentrations can 
vary over the lactation period according to geographical population and human 
genetics [6, 7]. HMOs are composed of five mono-saccharide units: glucose 
(Glu), galactose (Gal), sialic acid (SiaAc), fucose (Fuc), and N-acetylglucosamine 
(GlcNAc), which in various combinations represent the more than 200 different 
oligosaccharide structures found in breast milk. Core structures are composed 
of a lactose (β1,4 linked Gal-Glu) unit, which may be extended with either lac-
to-N-biose (β1,3 linked Gal-GlcNAc, termed type 1) or N-acetyllactosamine 
units (β1,4 linked Gal-GlcNAc, termed type II) and/or decorated with either or 
both Fuc and SiaAc [6]. Although great interindividual variation in HMO com-
position exists, on average 2′FL, LNT, LNFP I and LNFP II, and DFLNT repre-
sent the most abundant structures across populations [7]. The strongest deter-
mining factor of HMO composition seems to be the FUT2 and FUT3 genotypes 
(also termed “Secretor” and “Lewis” genotypes, respectively). The FUT2 and 
FUT3 genes encode fucosyltransferases responsible for the decoration of the 
core HMO units with fucose residues either α-1,2-linked or α-1,3/4-linked. 
Therefore, individuals with defects in the FUT2 gene (termed “nonsecretors”) 
present much lower abundances of α-1,2 fucosylated HMO in breast milk, espe-
cially 2′FL being close to undetectable in nonsecretors. Likewise, individuals 
with defects in FUT3 (termed “Lewis negative”) have reduced levels of α-1,3/4 
fucosylated HMOs such as LNFP II [8]. A key feature of HMOs is that they are 
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poorly digested in the upper gastrointestinal system of the infant. It has been 
estimated that less than 5% of all ingested HMOs are digested in the small intes-
tine [9], and only a fraction is absorbed from the gut into systemic circulation 
[10]. In the gastrointestinal tract, the HMOs can interact directly and indirectly 
(through our gut microbiome) with our intestinal epithelium as well as gut-as-
sociated immune cells, which may serve as the basis for understanding their 
disease-preventive effects. 

HMOs and Associations with Disease

By assessing maternal secretor status, quantifying the breast milk concentrations 
of specific or total HMOs, as well as performing intervention studies using for-
mula supplemented with selected HMOs, several studies have investigated if 
HMOs are linked with parameters of infant health/disease risks.

Individual HMOs have been associated with infant growth and risk of obe-
sity in numerous studies, but results do not appear consistent across cohorts 
[11]. The potential of HMOs to regulate neuro-development has also been ex-
plored in several observational studies, suggesting that concentrations of indi-
vidual and/or total HMOs are positively associated with cognitive, language, and 
motor skill development assessed at 18–24 months of age [12]. Most evidence is 
found for the prevention of respiratory infectious diseases and gastrointestinal 
infectious diseases such as Campylobacter-associated diarrhea, Escherichia coli 
stable toxin-associated diarrhea, rotavirus infection, and well as general gastro-
intestinal tract symptoms such as diarrhea and vomiting [13]. A handful of stud-
ies have linked secretor status and breast milk abundance of specific HMOs to 
the prevention of necrotizing enterocolitis (NEC), a devastating inflammatory 
disease in preterm infants [14]. HMOs have also been suggested to protect 
against the development of inflammatory bowel diseases later in life [15], but the 
evidence is currently lacking. Almost nothing is known about the potential in-
fluence of HMOs on the risk of developing autoimmune diseases, such as type 1 
diabetes and multiple sclerosis, which have been inversely linked with breast-
feeding [3]. There is limited and conflicting evidence regarding the potential 
protective effects of HMOs against allergic diseases and asthma [16]. However, 
recent studies suggest that HMOs may significantly contribute to an infant’s im-
mune system development via their effect on the infant’s gut microbiome [17, 
18]. Focusing on infectious, inflammatory, and immune-related diseases, poten-
tial mechanisms of direct as well as indirect effects of HMOs are reviewed below 
and summarized in Figure 1.
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Direct Effects of HMOs

A range of studies have demonstrated that HMOs can provide direct protection 
against viral and bacterial pathogens (Fig. 1, A1). One mechanism of this is by 
acting as decoy receptors for the receptors situated on the intestinal surface that 
pathogens normally use for adhesion and invasion. For example, the sialylated 

1

(For legend see next page.)
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HMOs, 3′SL and 6′SL, directly inhibit the binding of rotavirus to host epithelial 
cells, and fucosylated HMOs, 2′FL and 3FL, block norovirus from interacting 
with histo-blood group antigens on the surface of epithelial cells [13]. However, 
this may be virus-strain dependent, as some HMOs, such as LNT, have been 
shown to increase the infectivity of a specific rotavirus strain [19]; in that case, 
HMOs were not acting as decoy receptors. Various HMOs, such as 2′FL, 3FL, 
and 6′SL, inhibit the adhesion of several bacterial pathogens such as Campylo-
bacter jejuni, E. coli and Salmonella enterica to intestinal cell lines [13]. Animal 
studies, as well as ex vivo studies using cultured human intestinal mucosa, have 
shown that this, at least for C. jejuni, occurs by 2′FL mimicking histo-blood 
group antigens, covering the bacterial surface to prevent its adhesion to the in-
testinal epithelium [20]. Indeed, prevalence of C. jejuni-associated diarrhea is 
lower among breastfed infants whose mothers contained high levels of 2′FL in 
the breast milk [21]. Preincubation of Enteropathogenic E. coli (EPEC) cells with 
a pooled mixture of purified HMOs blocks the pathogen’s adhesion to intestinal 
cells in vitro and pretreatment with the mixture protected against EPEC coloni-
zation in newborn mice [22]. A range of HMOs can also bind toxins produced 
by bacterial pathogens, such as E. coli and Vibrio cholera, and studies suggest 
that this protects against the toxic effects. However, the extent to which the mere 
binding of HMOs to toxins interferes with the toxic effects has been questioned 
[23]. Although direct growth inhibitory effects of HMOs on many common bac-
terial pathogens have not been found, inhibitory effects on growth and biofilm 
formation have been observed for group B Streptococci [24], such as Streptococ-
cus agalactiae, a leading cause of neonatal infection and sepsis. Thus, HMOs 
provide protection against infectious pathogens by direct interactions at multi-
ple levels. 

Fig.  1. Direct and indirect effects of human milk oligosaccharides in the gastrointestinal 
tract. A1: Direct anti-infective effects of HMOs acting as decoy receptors for (A1.1) viral and 
(A1.2) bacterial pathogens or (A1.3) exhibiting anti-biofilm effects. A2: HMOs increase bar-
rier function by (A2.1) stimulating tight-junction proteins, intestinal epithelial integrity, and 
(A2.2) promoting secretion of mucin and antimicrobial peptides from goblet cells. A3: Anti-
inflammatory effects of HMOs on intestinal epithelial cells. A4: Immune-regulatory effects of 
HMOs mediated via dendritic cells resulting in altered CD4+ T-cell populations. B1: HMO-
facilitated adhesion of Bifidobacterium species on intestinal epithelium, resulting in anti-
inflammatory responses and increased intestinal integrity. B2: Production of acetate and 
lactate as main fermentation end-products of HMO metabolism, resulting in inhibition of 
bacterial pathogens, increased intestinal epithelial integrity, and immune-regulatory effects 
on T-cell populations after absorption from the gut. B3: Production of aromatic lactic acid as 
HMO-stimulated metabolic products of aromatic amino acid fermentation, resulting in anti-
inflammatory effects on the intestinal epithelium and upon absorption from the intestine 
showing immune-regulatory effects on monocytes as well as CD4+ T-cell populations.
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A range of in vitro studies have provided evidence that HMOs can also con-
tribute to the barrier function of the gut epithelium in various ways (Fig. 1, A2). 
Multiple studies have demonstrated that HMOs affect the maturation of intes-
tinal cell lines in vitro [25]. Stimulation of intestinal cell differentiation has been 
shown for mixtures as well as individual HMOs, although effects seem to be cell-
line and HMO-type specific. Mixtures of HMOs, and especially 2′FL, increase 
intestinal cell integrity, after challenge with proinflammatory cytokines and 
2′FL as well as 3FL stimulate the development of intestinal epithelial glycocalyx, 
a protective layer of glycoproteins on the surface of the gut epithelium [13, 25]. 
Selected HMOs, such as 3FL and LNT-2, promote mucin expression and secre-
tion from goblet cell lines under inflammatory conditions [26]. Neonatal mice 
are protected against NEC, when treated with a mixture of HMOs compared 
with a treatment using infant formula, via improved mucus secretion and intes-
tinal integrity [27]. Preterm infants born by nonsecretor mothers have a higher 
risk of NEC and sepsis-related death compared with infants born by secretor 
mothers, suggesting an important role of α-1,2 fucosylated HMOs, such as 2′FL 
[28]. However, the mechanisms are not clear and may in addition to effects on 
barrier function and direct interaction with the pathogens, also include suppres-
sion of inflammatory signals from the gut epithelium and associated immune 
cells. While a porcine model of NEC failed to demonstrate significant improve-
ments of 2′FL supplementation [29], other rodent and porcine models of NEC 
have shown that 2′FL supplementation results in protection against NEC [30] 
and indicated that it occurs via inhibition of inflammation mediated by Toll-
Like Receptor-4 (TLR-4) signaling [31]. Remarkably, a protective effect of an-
other single HMO, DSLNT, against the development of NEC has been demon-
strated in animal models and also indicated in several human studies [14]. The 
human studies, despite representing different populations from South Africa, 
America, and the United Kingdom, all found lower concentrations of DSLNT in 
breast milk of mothers whose preterm infants developed NEC [14]. As recently 
demonstrated in a rodent model of NEC, the mechanism may involve DSLNT-
induced inhibition of the mast cell-mediated gut inflammation observed in NEC 
tissue [32]. Thus, in addition to enforcing gut epithelial integrity, HMOs may 
also contribute to mucosal homeostasis by affecting the intestinal epithelium’s 
response to inflammatory conditions as well as immune cell responses. Indeed, 
various HMOs have been shown to exert direct anti-inflammatory effects on 
intestinal epithelial cells (Fig. 1, A3). For example, colostrum-derived HMOs at-
tenuate inflammatory responses ex vivo in immature intestinal mucosal cells 
after stimulation with common microbial pathogen-associated molecules, 
termed Pathogen-Associated Molecular Patterns [33]. 2′FL reduces the proin-
flammatory response (as measured by the cytokine IL-8), induced by the TLR-4 
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ligand lipopolysaccharide in epithelial cell lines and inhibits invasion of these 
with pathogenic E. coli strains [34]. 3′SL has been shown to reduce the secretion 
of the proinflammatory cytokine IL-12 from Caco-2 cells (an intestinal cell line) 
via distinct pathways [35]. HMOs may also directly affect immune cell function 
(Fig. 1, A4). Several in vitro and ex vivo studies have demonstrated that HMOs 
have modulatory effects on macrophages and peripheral blood mononuclear 
cells [25]; however, the concentrations required in these studies to observe ef-
fects may not reflect the low amounts absorbed from the intestine. However, one 
study [36] used cord blood mononuclear cells and ex vivo tested different puri-
fied HMO fractions at concentrations similar to those detected in breastfed in-
fants [10] and found significant effects on T-cell populations. Of note, the acid-
ic HMO fractions stimulated INF-γ producing T-cells, which is suspected to 
drive the immune system away from allergy- (Th2) and autoimmune- (Th17) 
associated phenotypes. Furthermore, HMO mixtures in vitro directly modulate 
the maturation of gut sampling monocyte-derived dendritic cells and their in-
teractions with the T-cells of the adaptive immune system via promotion of 
regulatory T-cells (Treg), inducing tolerance [37]. In a randomized controlled 
trial, interventions with 2′FL supplemented formula milk in exclusively formu-
la-fed infants lowered the infant plasma levels of inflammatory cytokines, com-
pared with non-2′FL supplemented formula [38].

Thus, in addition to affecting innate immune responses of the intestinal epi-
thelium, HMOs may directly interact with immune cells and affect immune de-
velopment, but further research is required to establish to what extent this oc-
curs via direct HMO-immune cell interactions given the very poor absorption 
of HMOs across the epithelial barrier. Perhaps effects on the immune system are 
more likely to result from the indirect effects of HMOs via the gut microbiome.

Indirect Effects of HMOs

A majority of ingested HMOs reach the colon intact and here they stimulate the 
growth of specific bacterial taxa in the infant gut (Fig. 1). Although studies have 
shown that HMOs can be consumed to some extent by Bacteroides species (and 
other gut bacteria), this appears to be unspecific and largely due to their ability 
to degrade host mucins, the glycosylated part of which is structurally similar to 
HMOs [39]. Highly specific HMO-degraders are found within the genus of Bi-
fidobacterium and confined to specific infant-type species such as Bifidobacte-
rium longum subsp. infantis (B. infantis), Bifidobacterium longum subsp. longum 
(B. longum), Bifidobacterium bifidum and Bifidobacterium breve [40]. These bi-
fidobacteria encode a range of transporters and saccharolytic enzymes necessary 
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for the import and degradation of the HMOs [40]. This efficient HMO utiliza-
tion has the consequence that the gut microbiota of breastfed infants is highly 
dominated by infant-type Bifidobacterium species often accounting for 80%–
99% of the total microbiota [17]. B. infantis is a highly efficient and broad-range 
HMO utilizer [40], and some breastfed infants display almost sole colonization 
with this bacterial taxon [17]. Several studies imply that HMOs affect the adhe-
sion of infant-type Bifidobacterium species to intestinal epithelial cells and affect 
their cytokine release and permeability (Fig. 1, B1). As compared with lactose, 
mixtures of HMOs increase adhesion of B. infantis to intestinal cells in vitro [41, 
42]. When grown in vitro on a HMO mixture, compared with lactose, B. infantis 
and B. bifidum induce the expression of the anti-inflammatory cytokine IL-10, 
reduce the expression of proinflammatory chemokines, and alter the expression 
of tight-junction proteins in intestinal cell lines [41, 43]. In a rodent model of 
NEC, B. infantis supplementation improves the compromised barrier function 
and ameliorates inflammation [44]. Data from a human study suggest that high-
er concentrations of DSLNT in mothers’ own milk couple with higher abun-
dances of infant-type Bifidobacterium species in corresponding preterm infants’ 
guts and together protect against the development of NEC [45]. When infant-
type Bifidobacterium species grow on HMOs, they produce acetate, lactate, for-
mate, and 1,2-propanediol as fermentation end-products, with the former two 
being the main products detected in feces [46]. Some of these metabolites may 
significantly contribute to the beneficial indirect effects of HMOs (Fig. 1, B2). 
Indeed, acetate and lactate reduce proinflammatory response in intestinal epi-
thelial cells [47]. Further, acetate and lactate reduce the luminal pH, which may 
suppress the growth of opportunistic pathogens [25]. In addition, acetate pro-
duced by orally administered B. longum inhibits EPEC infection in a mouse 
model, by maintaining intestinal epithelial integrity [48]. Acetate can also pro-
mote the colonic pool of Treg [49], which may protect against colonic inflamma-
tion. 

Infant-type Bifidobacterium species also produce aromatic amino acid-de-
rived metabolites when consuming HMOs [17]. In essence, they convert the 
aromatic amino acids, tryptophan, phenylalanine, and tyrosine, contained in 
breast milk into indole lactic acid (ILA), phenyl lactic acid, and hydroxyphenyl 
lactic acid (Fig. 1, B3). These metabolites interact with the aryl hydrocarbon re-
ceptor (AhR), expressed in most tissues including enterocytes and immune cells 
and the Human Carboxylic Acid 3 receptor (HCA3), expressed in some immune 
cells such as neutrophils, monocytes, and macrophages [17, 50]. One of these 
metabolites, ILA, shows anti-inflammatory and immuno-regulatory effects on 
intestinal cells and immune cells, at least partly mediated via receptors AhR and 
HCA3 [17, 51, 52]. For example, under inflammatory conditions, ILA decreases 
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intestinal epithelial production of the proinflammatory cytokine IL-8 in a man-
ner that depends on the nuclear receptor AhR [51, 52]. This may limit the exces-
sive inflammation occurring when the intestinal epithelium is challenged by 
microbial pathogens, as in the case of NEC. ILA may also have local and sys-
temic immune effects upon absorption from the gut, as it decreases monocyte 
production of the proinflammatory cytokine IL-12 (AhR and HCA3 dependent) 
[17]. In addition, ILA has been shown to regulate T-cell activation, reducing the 
activity of the autoimmune-associated Th17-cells and allergy-associated Th2-
cells [18]. An early-life intervention in breastfed infants with a HMO-degrading, 
ILA-producing B. infantis strain demonstrated reduction in markers of intesti-
nal inflammation and modulated immune profiles away from the aforemen-
tioned allergy and autoimmune associated immune phenotypes. An effect that 
is at least partly dependent on ILA-mediated regulation of T-cell responses [18]. 
Interestingly, in populations with a low prevalence of atopic diseases (such as the 
old order Mennonites practicing a traditional farming lifestyle), B. infantis colo-
nization is prevalent and abundant among breastfed infants. By contrast, in ur-
ban populations, with a high prevalence of atopic diseases, low prevalence and 
abundance of B. infantis is found among breastfed infants [53]. Furthermore, 
several interventions with HMO-consuming infant-type Bifidobacterium spe-
cies in term and preterm breastfed infants show reduced colonization with op-
portunistic pathogens and reduced abundance of antimicrobial resistance genes 
in the gut [54]. 

In summary, HMOs stimulate the growth of beneficial bacteria in the infant 
gut and promote the production of beneficial metabolites, which is likely to ex-
plain some of the anti-infective, anti-inflammatory and immune-regulatory ef-
fects of HMOs. However, multiple studies have demonstrated the lack of or de-
layed colonization with infant-type Bifidobacterium species in preterm infants 
as well as infants born by caesarean section. In addition, Bifidobacterium colo-
nization is drastically reduced by many types of antibiotics administered in ear-
ly life. Furthermore, in some American and European populations, B. infantis, 
which is considered the most efficient HMO utilizer, is almost extinct from the 
infant gut microbiome, despite a relative high current breastfeeding prevalence. 
This has been suggested to be due to a historic, very low breastfeeding prevalence 
in these populations, leading to reduced B. infantis colonization, followed by 
compromised interindividual transmission and loss of B. infantis over genera-
tions [55]. Nonetheless, recent interventions with infant-type Bifidobacterium 
species in breastfed infants have shown that it is possible to promote the estab-
lishment of these important taxa in the gut of individuals with disrupted/com-
promised colonization [56–58], and such interventions can positively affect 
markers of intestinal inflammation and immune development [18]. For infants 
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that cannot be breastfed, supplementation of HMOs into formula milk may re-
capitulate some of the microbiota-mediated health benefits. At least, addition of 
2′FL and LNnT to infant formula has been shown to promote a Bifidobacterium-
rich gut microbiota, more similar to that of breastfed infants [59].

Conclusion

In summary, HMOs seem to confer direct and indirect protection against infec-
tious diseases. There is also evidence to suggest that specific HMOs can protect 
preterm infants against developing NEC. The role of HMOs in immune-related 
diseases is currently not clear, but recent studies suggest that HMOs, likely via 
effects on the gut microbiome, could play an important role in immune system 
development. The beneficial effects of HMOs are first and foremost an addi-
tional argument to support breastfeeding. But, our increasing knowledge of 
these milk oligosaccharides and their direct and microbiome-dependent effects 
encourage the development of HMO-based formula milk and/or Bifidobacteri-
um-based probiotics, which may contribute to prevention of infectious, inflam-
matory, and immune-related diseases in infants that cannot be breastfed or are 
lacking infant-type Bifidobacterium species in the gastrointestinal tract.
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Abstract
Novel technologies such as artificial intelligence and multiomics are being applied in the 

fields of medicine including perinatology and neonatology as research tools. They are also 

being used to augment our abilities to improve patient care. This review provides a brief 

background as to how these are being applied in perinatal and neonatal research and how 

they are and will be increasingly useful for patient care. To accomplish this, a brief historical 

background will be provided, and we will summarize some perinatal and neonatal problems 

such as preterm birth, intestinal injuries, retinopathy, and precision nutrition that may ben-

efit from the application of these technologies. © 2024 S. Karger AG, Basel

Introduction

Novel emerging technologies are dramatically changing the landscape for care 
of the pregnant mother and newborn, just as they are in many other fields of 
medicine. This review provides a brief background on artificial intelligence (AI) 
and multiomics and how we can integrate these to improve care for mothers and 
neonates. These are broad areas thus for purpose of this review will need to be 
limited to a few examples.
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Historical Perspective

Artificial Intelligence
If we split the eras of medicine into the past, present, and future, we see interest-
ing trends. In the past, physicians relied on intuition-based medicine where they 
evaluated a patient based on physical signs and symptoms and their previous 
knowledge, made a diagnosis, and prescribed a treatment.

The current era continues to use intuition-based approaches but is expanding 
toward greater evidence-based approaches focused on what is best for a popula-
tion average given a certain set of patient data. These can lead to guidelines for 
patient care that may not provide the best approaches for all individuals and may 
in fact be harmful for certain susceptible individuals.

In the future, knowing that the “one-size-fits-all” approach is not optimal, we 
will continue to rely on intuitive individual physician judgement and evidence-
based approaches but will also utilize newly developed technologies that include 
AI and multiomics-derived causal mechanisms and tools such as prognostic and 
diagnostic biomarkers to enhance our ability to provide precision-based preven-
tative and therapeutic strategies for individual patients.

AI has become a part of everyday life. Our cell phones, smartwatches, shop-
ping, and transportation are just some examples of how many aspects of everyday 
life have changed in the past decade with AI. The same holds true for the medical 
sciences, where great advances are being made in patient diagnosis as well as 
prognosis [1]. Interpretation of clinical imaging data for dermatologic and retinal 
conditions and radiographs enhance the diagnostic capabilities of clinicians. AI 
predictive analytics provide automated grading of diabetic retinopathy and other 
eye conditions and are engendering advances for screening programs that will 
reduce barriers to access [2, 3]. AI has also been used in the prediction of contact 
tracing during an epidemic and may eventually mitigate exposure to infectious 
diseases [4]. New platforms such as GUID Partition Table are progressing where-
by they can pass sophisticated professional examinations [5]. Various forms of 
AI are being utilized in perinatology and neonatology as listed in Table 1.

Multiomics
AI can be used for personalization of treatment options based on human ge-
nomic data. This can be extended to the evaluation of previous environmental 
exposures that are capable of modulating the expression of our inherent genom-
ic template resulting in different phenotypes [6]. These interactions between our 
inherent genomic template and extrinsic environment can now be evaluated us-
ing integrated multiomics, which also rely on AI for the analysis of huge data 
sets [6].
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In the fields of fetal–maternal medicine and neonatology, the research and 
clinical care of the future will extensively utilize these newly developed tools. The 
rest of this review will provide a brief overview with examples of their applica-
tion.

Preterm Birth Prediction

Preterm birth is one of the leading causes of newborn deaths and long-term dis-
abilities. It has emotional and challenging financial consequences for families 
and society. Early prediction of preterm birth could lead to closer monitoring 
and preventative strategies so that many of these premature births could be 
avoided.

Several studies have utilized AI techniques for the prediction of preterm 
birth. A systematic review that included 22 publications suggested that large da-
tasets are needed for accurate prediction [7]. Several algorithms have been eval-
uated and their predictive accuracy has been determined using area under the 
curve measurements [8]. Types of data such as imaging versus clinical features 
provided different levels of accuracy depending on the algorithms used [9].

Table 1. The various categories of AI being applied to medicine, perinatology, and neonatol-
ogy

Supervised learning Algorithms that learn to predict outcomes associated with a 
given set of input features and known outcomes

Unsupervised learning Without knowledge of an outcome or label, will define hid-
den structure from the data

Machine learning An application of artificial intelligence that provides the abil-
ity to learn and improve from experience without being ex-
plicitly programmed

Deep learning Artificial neural networks, with algorithms modeled to work 
like the human brain, earn from large amounts of data

Neural networks Computer systems modeled on the human brain and ner-
vous system. There are interconnected nodes with multiple 
layers that connect via weighted links. Learning is accom-
plished by adjusting the weights to perform the task at hand 
with maximum accuracy
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Neonatal Intensive Care

Neonatal care is becoming increasingly complex with large amounts of rich, 
routinely recorded physiological, diagnostic, and outcome data. AI has the po-
tential to harness this vast quantity of information and is becoming a powerful 
tool to support clinical decision-making, personalized care, precise prognostics, 
and enhanced patient safety. Current AI approaches in neonatal medicine in-
clude tools for disease prediction and risk stratification, neurological diagnostic 
support, and novel image recognition technologies. The following are examples 
where AI and multiomics may be applied in neonatal intensive care.

Clustering of Preterm Neonates Using Unsupervised AI
An example of how neonatal outcomes can be more precisely defined is by phe-
notypic differentiation using AI. A study by Matsushita et al. [10] was able to 
utilize unsupervised machine learning, which involves agnostic evaluation of 
numerous clinical and laboratory characteristics to cluster and classify different 
types of patients. In this study, six different clusters with clinical and laboratory 
characteristics were identified.

Of the six different clusters, there was a mature, mechanically ventilated with 
adequate ventilation, mechanically ventilated with poor ventilation, extremely 
immature, intensive resuscitation in the delivery room, and early septic group 
[10].

In an analogous manner, several poorly defined entities in neonatal intensive 
care which require further refinement can be addressed. These include late-on-
set sepsis, bronchopulmonary dysplasia, and necrotizing enterocolitis (NEC). 
Here we will focus on what has been termed “NEC” and how clustering may aid 
in better defining intestinal injuries that we are calling “NEC.”

Poorly Defined Intestinal Injuries
We are beginning to recognize that NEC is not a distinct disease. We do not have 
an adequate definition for this diagnosis [11, 12]. Because of the lack of refine-
ment of the different problems that have been termed NEC, the field has made 
little progress in terms of preventative or therapeutic strategies [13].

NEC is an ambiguous and poorly defined diagnosis. Examples include “stage 
1, 2, and 3 NEC” [14]. This is highly confusing because as we care for more im-
mature infants, most extremely low gestational age infants exhibit signs and 
symptoms that would fit “stage 1 NEC.” Stage 1 involves feeding intolerance, ab-
dominal distention, signs, and symptoms of overall clinical instability, which 
represent immaturity rather than a distinct disease entity. Stage 2 is based on ra-
diographic criteria such as pneumatosis intestinalis and portal venous gas, which 
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may be subtle or not even present even when the infant has intestinal necrosis. 
All too often, a reading of “bubbly lucencies” by the radiologist leads to prolonged 
periods of not feeding these babies using the intestinal tract, prolonged antibi-
otic use, and prolonged hospital stays. These bubbly lucencies all too often are 
simply stool in the intestinal lumen which may mimic pneumatosis intestinalis.

Several intestinal pathologies have been termed “NEC.” Spontaneous intesti-
nal perforations (SIPs), for example, are perforations in the distal small intestine 
involving minimal or no necrosis, hence should not be diagnosed as “NEC.” 
However, many of these infants who have SIP end up being recorded in medical 
records as having “NEC.” This is largely because no direct visualization is made 
when the widespread practice of placing a perineal drain secondary to a radio-
graph that shows pneumoperitoneum is provided. Without direct visualization 
of the intestine, it is difficult to discern whether this was actual necrosis of the 
intestine or SIP. This problem complicates the datasets upon which studies of 
NEC are based rendering them unreliable for accurate studies.

We recently employed supervised machine learning technologies using two 
commonly utilized techniques of Ridge Logistic Regression and Random Forest 
Regression placing several features into the models and determining whether 
these learning model algorithms could perform accurately. Both models per-
formed accurately with high precision and accuracy [15]. This was done in one 
institution and whether this will apply to other institutions as well using these 
same features needs further evaluation.

Clustering of Intestinal Injuries in Neonates
There are several other forms of intestinal injury that are labeled as NEC that 
continue to contaminate our research bases. These include cardiac-induced 
mesenteric hypoperfusion syndrome, food protein–induced enterocolitis syn-
drome, infectious enteritis, general feeding intolerance, and immature gastroin-
testinal motility.

Currently studies are underway that will test the hypothesis that neonatal in-
testinal injuries commonly diagnosed as NEC are not a single disease process 
with a specific pathophysiology and anticipated clinical course, but they are 
rather a conglomeration of poorly understood acquired pathologies. It is likely 
that unsupervised machine learning techniques will reexamine and reclassify 
these acquired neonatal intestinal pathologies into unique clusters of injury in a 
manner analogous to the study by Matsushita et al. [10] described above. Once 
these clusters are better delineated, they can be characterized more specifically 
utilizing newly developed multiomic integration technologies.

There are numerous forms of omic technologies including genomics metage-
nomics for microbes, transcriptomics, metabolomics, epigenomics, ex-
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poseomics, etc. Many of the recent studies have been done using single omics. 
An example of application of one of these includes the use of microbiome eval-
uation in preterm neonates’ feces who subsequently developed NEC versus con-
trol infants. In a study that evaluated sequence data from several different insti-
tutions, Pammi et al. [16] demonstrated differences in the intestinal microbial 
colonization prior to the development of NEC in these infants. However, such 
an evaluation shows only an association, providing sparse information in terms 
of causality or mechanisms.

To achieve a better understanding of causality and mechanisms, an integra-
tion of various omic technologies will yield better information than the associa-
tion of a disease to a single omic evaluation. Such an analysis is being applied to 
inflammatory bowel disease where the interaction between these different omic 
is termed the “interactome,” which is designed to build a comprehensive mo-
lecular map of the mechanistic interactions that lead to the pathogenesis of in-
flammatory bowel disease [17].

Retinopathy of Prematurity
Retinopathy of prematurity (ROP) is a leading cause of decreased vision/blind-
ness in children worldwide [18–20]. Currently, serial ophthalmologic examina-
tions are done, and if severity progresses to advanced stages, laser therapy [21] 
and/or bevacizumab (an antivascular endothelial growth factor antibody) [22, 
23] are used to prevent further progression to retinal detachment and blindness. 
These are both invasive procedures associated with significant complications 
and could be circumvented if progression of retinopathy could be prevented ex-
ceedingly early in the infant’s postnatal life.

In the first weeks after birth, in many infants born at <30 weeks gestation, 
there is a lag period during which diagnosis of ROP is exceedingly difficult. This 
period is one that may be highly amenable to pharmacologic or nutritional in-
terventions, but we currently do not have a scoring system that shortly after birth 
predicts which patients would be candidates for such early interventions.

Investigations are underway to develop a predictive tool using AI. In addition 
to better defining timing for providing preventative strategies, this also may de-
crease the need for invasive screening exams, which by itself, will be an espe-
cially important advance in this field.

Precision Nutrition
Precision nutrition challenges and opportunities have become increasingly ap-
parent [24]. In a study of adult human postprandial responses to food and the 
potential for precision nutrition [25], a large interindividual variability was ob-
served even in twins when provided with the same meals. Blood triglycerides, 
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glucose, and insulin responses varied following identical meals. The gut micro-
biome in each person had a greater influence on these parameter variances than 
did meal macronutrients. Thus, factors beyond dietary intake need consider-
ation when providing precision-based nutrition.

Preterm infants are a highly heterogeneous group, where 22-week gestation 
preterm nutritional requirements are quite different than those of a 32-week 
gestation preterm and pose significant challenges in providing precision nutri-
tion. Infants born with intrauterine growth restriction, preeclampsia, maternal 
use of antibiotics, maternal obesity, and sex of the infant are all potentially im-
portant determinants of their individual nutritional needs and where certain 
nutrients may be potentially toxic if given in inappropriate quantities.

Thus, we are moving from the evidence-based Gaussian type of statistics that 
rely on providing what is thought to be best for the average of the population to 
individualized precision-based evaluations and therapies. Nutrition is currently 
being monitored with the use of growth curves and certain metabolic parame-
ters such as blood urea nitrogen and total protein. However, when these show 
aberrations such as faltering on a growth curve, it may already be too late to pre-
vent long-term adverse consequences. Proactive strategies based on accurate 
predictive analytics will provide major advances for these rapidly growing indi-
viduals who are highly sensitive during these windows of development where 
small perturbations may have lifelong consequences.

Recent studies have integrated longitudinal clinical and microbiome data to 
predict growth faltering in preterm infants and have been shown to provide a 
high level of accuracy with clinical measurements that have been augmented 
with the integration of microbiome data [26]. It is anticipated that in the future, 
similar studies utilizing larger datasets, different AI techniques, and multiomics 
will provide a better understanding of mechanisms and causality of not only 
growth failure but also more short-term adverse outcomes such as bronchopul-
monary dysplasia ROP and late-onset sepsis. Utilizing the knowledge gained 
from these multiomic integrations, biomarkers can be found that provide pre-
dictive accuracy for the development of some of these problems and will aid in 
preventative as well as therapeutic strategies.

Conclusion

The rapidly emerging fields of AI and multiomics are highly applicable to vari-
ous problems we see in perinatology and neonatal intensive care. Predictive an-
alytics using supervised and unsupervised machine learning techniques, as well 
as closely related neural network technologies, will help in the categorization of 
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infants with specialized needs and who may be on a path toward either early or 
late-onset pathologies. With such recognition, we should be able to intervene 
early to prevent these problems from occurring.

Similarly, we are beginning to make significant strides in precision nutrition. 
Previous studies show interesting associations between giving or withholding 
certain nutrients and clinical outcomes. However, the mechanisms and causal 
nature of these associations are not well understood. These are amenable to 
analysis by newly developing technologies such as multiomics and AI. These will 
be applied in the future to better understand mechanisms and to provide per-
sonalized nutrition for both mothers and their infants.

The future in these areas is very exciting but we will need to closely collabo-
rate in highly functioning teams that include clinicians, basic scientists, engi-
neers, bioinformaticians mathematicians, and other highly skilled individuals.
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Abstract
The primary role of the immune system is to provide protection against pathogens, but it is 

also important in achieving tolerance to harmless environmental exposures. There are a 

number of mechanisms by which diet and nutrition can influence the immune system: pro-

viding the necessary energy to support immune cells to function; as substrates for the syn-

thesis of proteins, cells and other structures involved in the immune response; as essential 

components or cofactors of enzymes involved in the immune response; as precursors for 

immune signaling molecules; and via the microbiome. Some aspects of the immune system 

are poorly developed at birth indicating the importance of passive immunity from the moth-

er (e.g., via breast milk) and immune maturation occurs over the first months to years of life. 

This maturation occurs alongside gut maturation and acquisition of a mature microbiome 

and is driven in part by factors derived from breast milk and, later on, from the diet but also 

by exposure to antigens of different kinds including from microbes. Consequently, immune 

function in early life is highly variable, and is under the influence of both genetic and envi-

ronmental factors including mode of birth; exposure to immune active components within 

human breast milk, to antibiotics, and microbes; and the timing of solid food introduction. 

Observational and interventional studies have been undertaken to assess the immunomod-

ulatory effect of a number of dietary components in early life, including omega-3 fatty acids, 

prebiotics, and probiotics. Some of these studies confirm significant effects of supplementa-

tion during pregnancy and/or early life in reducing the risk of both atopic and infectious 

disease, but the findings are not consistent across all studies and the extent and duration of 

the effects seen vary depending upon the duration and dose of supplementation and the 
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established disease risk of the population. Ongoing research will require an integrated and 

collaborative scientific approach in order to capture all potential interactions between the 

maternal and infant diet, infant microbiome and the immune system in early life, and how 

these relate to disease risk. © 2024 S. Karger AG, Basel

Introduction

The human immune system includes organs such as the thymus, specialized tis-
sues such as lymph nodes and the gut-associated immune tissue, a wide variety 
of cell types such as T cells, B cells, monocytes and neutrophils, and signaling 
molecules including amino acid derivatives such as histamine, proteins such as 
cytokines, for example, the interleukins, and fatty acid derived mediators such 
as prostaglandins. The many cell types have specialized roles, but interact with 
one another. These interactions can be direct cell-to-cell or can be through 
chemical mediators released from one cell type that act on another. As a result 
of these interactions, cellular activity changes so that there is increased or de-
creased functionality in response to different signals over time. When function-
ing optimally, the immune system serves to protect the host from adverse exter-
nal challenges such as bacteria, fungi, viruses, and parasites; the immune system 
also can provide a degree of protection from internal challenges, with some ca-
pacity to recognize and target cancerous cell growth within both the innate and 
acquired arms of the immune system, and it has a role in clearing damaged cells 
and cellular debris. To maintain its protective role, there are a number of key 
functional features of the immune system. One arm of innate (sometimes called 
natural) immunity is the physical barriers which prevent pathogens from enter-
ing the body or from surviving within it. These barriers to entry include the skin, 
linings of mucus membranes (e.g., respiratory, gastrointestinal, and genitouri-
nary tracts), the acid environment of the stomach, and bactericidal proteins 
within secretions such as lysozyme. Should a pathogen gain entry into the body, 
a second line of immune defense requires the recognition of that pathogen and 
identification of whether it is harmful or harmless. The process of recognition 
may be generic and innate; for example, a number of immune cells express pat-
tern recognition receptors which can identify general structural characteristics 
of pathogens such as the presence of lipopolysaccharide. At other times, the rec-
ognition may be specific (i.e., for a single antigen) and acquired. This will result 
in the activation of antigen-specific T cells and the production of antibodies 
(antigen-specific immunoglobulins) by activated B cells. If recognized as harm-
ful, the immune system functions to eliminate the pathogen. For extracellular 
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pathogens, this can involve direct destruction through innate cellular processes 
such as phagocytosis and oxidative burst. For intracellular pathogens, such as 
viruses and some bacteria, the killing of infected host cells by specialized im-
mune cells such as natural killer cells or cytotoxic T cells is required. Finally, the 
immune system can retain a component of memory once an infection has been 
dealt with. This is because memory T and B cells are generated during an im-
mune response and these can be very long-lived. The purpose of immune mem-
ory is to provide a faster and stronger immune response should there be reinfec-
tion. The generation of immune memory is the basis of vaccination, which, in 
some cases, can provide lifetime protection.

In health, the human immune system operates within a careful balance to 
distinguish between “things that belong” and “things that don’t belong,” main-
taining strong, protective responses when exposed to invasive pathogens, but 
being tolerant of self-antigens and harmless environmental exposures such as 
food components and nonpathogenic microbes. If this balance is not main-
tained, it can result in increased susceptibility to infections, inflammatory dis-
eases such as ulcerative colitis, autoimmune diseases such as rheumatoid arthri-
tis, or atopic diseases such as food allergies. There are a number of factors which 
can influence the immune system, including genetic background and epigenetic 
changes caused by varying environmental factors [1]. The latter links the envi-
ronment with immune development and immune function. Mode of birth is a 
significant predictor of allergy, with infants born by caesarian section having a 
significantly increased risk of later allergic disease [2]. Environmental and life-
style factors such as pet ownership, antibiotic use in early life, and the timing and 
type of food introduced during weaning have also been identified to have a role 
in determining the risk of development of allergic disease [3]. That environmen-
tal exposures have the potential to modify the risk of allergic disease or to enable 
tolerance in those with previously diagnosed allergies is evidenced by epigenetic 
differences (i.e., in DNA methylation) in cytokine genes among those children 
who outgrow their food allergy, compared to those who do not, with a profile 
moving toward that observed in healthy controls [4].

Immune cells and immune structures develop during fetal life, but the prin-
cipal mode of immune defense for the fetus is through passive immunity, main-
ly the passage of maternal antibodies across the placenta [5]. During pregnancy, 
the infant’s immune environment is one of tolerance, with stem cell expansion 
and differentiation, limited T cell function and antibody production, and up-
regulated regulatory T cell activity (Fig. 1). Immediately after birth, passive im-
munity provided by breast milk is very important to protect the neonate from 
infections. During early life, the infant transitions from dependence on passive 
immunity toward the development of independent, mature immune function 
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(Fig. 1). The infant must rapidly transition to an environment of immune re-
sponsiveness due to potential exposure to pathogens, and during this time, bac-
terial colonization of the gut is also established and there is an increase in the 
number of effector and memory T and B cells, and the infant moves toward 
maturation of both innate and acquired immune function (Fig. 1) [6]. While 
some characteristic patterns are identified which influence the trajectory of im-
mune function in infancy such as the association of preterm birth with inflam-
mation, there is a great deal of variability in immune cell populations between 
individuals during the early period of life [7]. 

The Microbiome and Early Immune Development

One important contributor to infant immune development is the maternal skin, 
gut, and vaginal microbiome, which may in itself explain some of the effects ob-
served for mode of birth on the later risk of allergic and infectious disease. The 
human gastrointestinal tract is home to a significant and diverse collection of 
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Fig. 1. Schematic depiction of the early development of the human immune system. Th, 
helper T cell; Treg, regulatory T cell. Reproduced with permission from Miles [6].
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microbes, including bacteria, fungi, and viruses, collectively known as the gut 
microbiome. It is estimated that a human adult has around 200 g of bacteria 
within their gut, with the majority being within the large intestine [8]. The gut 
wall is home to a significant number of immune cells (estimated to be 70% of the 
body’s immune cell complement), which both sense and interact with the gut 
microbiome. The sensing and interaction involve different mechanisms. Spe-
cialized regions of the gut wall called Peyer’s patches, which are structured as-
semblies of different immune cells, can sample the gut contents via M cells, re-
spond to changes in the microbiome via dendritic cells, and secrete immuno-
globulins such as IgA into the gut lumen from B cells, enabling the coating of 
bacteria to prevent adherence [9]. This intimate and two-way interaction be-
tween the gut contents and the host immune system has led to scientific research 
on the potential for whole diets, foods, specific nutrients, and functional foods 
to benefit both gut and systemic immune health in early life acting through 
modulation of the gut microbiome. 

Probiotics are defined as “live microorganisms which when administered in 
adequate amounts confer a health benefit on the host” [10]. The effectiveness of 
microbes acting as probiotics can vary according to both the species and/or 
strain of microorganism and the characteristics of the target population [11]. 
Prebiotics are defined as “a substrate that is selectively utilized by host microor-
ganisms conferring a health benefit” [12]. Prebiotics are often oligosaccharides 
although other types of food components can also have prebiotic action [12]. 
Essentially, prebiotics act by promoting the growth of beneficial microbes that 
are already present. A synbiotic is the combination of one or more probiotics 
and one or more prebiotics; the two components may be synergistic, whereby 
the prebiotic is specifically selected to support the growth of the probiotic strain, 
or complementary, where both probiotic and prebiotic have distinct health ben-
efits but without necessarily interacting [13]. There are additional emerging 
strategies mimicking the effects of a beneficial microbiome, including postbiot-
ics from sources such as fermented foods, which are defined as a “preparation 
of inanimate microorganisms and/or their components that confers a health 
benefit on the host” [14].

There are a number of mechanisms by which modifying the gut microbiome, 
through diet or increased consumption of probiotics or prebiotics, may influ-
ence host immune defense in early life either through improved barrier function 
or through improved innate and acquired immunity (Fig. 2). Perhaps the most 
well-understood mechanism is the direct effect of dietary exposures on specific 
bacterial species and/or strains which can colonize the gut. The presence of bac-
terial populations such as bifidobacteria or lactobacilli has been associated with 
health benefits, while others may confer risk such as the link identified between 
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sulfate-reducing bacteria and ulcerative colitis in adults [15]. Health-promoting 
bacteria may directly compete with pathogens. In addition, the SCFAs they pro-
duce may have adverse effects on pathogens but also promote intestinal integ-
rity (especially butyrate) and have effects on immune cells within the gut-asso-
ciated immune system, in particular by providing anti-inflammatory and tolero-
genic signals [16–20]. Through these local effects of the more healthy gut 
microbiome that is fostered by probiotics and prebiotics, there can be a reduc-
tion in the risk of gastrointestinal infections in infants and children. Effects on 
the gut-associated immune system can have systemic actions because immune 
cells circulate from the gut wall to other sites within the body, including the 
lungs. This may explain why probiotics have been shown in some studies to 
lower the risk of respiratory tract infections in infants and children, as support-
ed by systematic reviews and meta-analyses [21–23]. Although most of the focus 
to date has been on the gut microbiome, effects also extend beyond this, with 
recent research highlighting that within the maternal vaginal microbiome, spe-
cific microbial species and their metabolic processes are linked to infant allergic 
outcomes [24].

In addition to the role of human breast milk in providing nutrition for the 
infant, there are a number of important immune-active components found 
within human breast milk [25, 26]. These include components which provide 
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Fig. 2. The relationship between beneficial dietary components, the microbiome, host im-
munity, and disease risk.
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passive immunity, such as maternal antibodies, complement proteins and anti-
microbial enzymes, and those which promote maturation of the infant gut mi-
crobiome and gut-associated immune system such as cytokines, growth factors, 
human milk oligosaccharides (HMOs) and the breast milk microbiome [27]. 
These immune components within breast milk vary a great deal between indi-
viduals and populations in terms of both absolute quantities and component 
heterogeneity [28, 29]. HMOs may have prebiotic effects, act to mature the in-
fant immune system, and/or have direct effects upon infant immune cells, made 
possible by the increased permeability of the infant gut epithelium [30–32].

As well as a role in determining the risk of infectious disease in infancy, the 
gut microbiome is also related to the risk of allergic disease. Interest in the po-
tential to reduce the risk of allergic disease in infants using probiotic interven-
tions arose from studies which identified that children who developed allergic 
disease in the first year of life tended to have lower fecal bifidobacteria and lac-
tobacilli contents than those who did not go on to develop allergic disease [33–
36]. These observational findings are supported by some randomized controlled 
trials which identified that probiotic interventions provided during pregnancy 
and/or lactation could reduce the risk of allergic disease in infants, with one 
meta-analysis reporting the strongest effects in studies which used a mixture of 
probiotic strains, and where eczema was assessed before 2 years of age [37]. 
However, data from such trials are inconsistent [38]. The World Allergy Asso-
ciation (WAO) guidelines for allergic disease prevention state:

“Currently available evidence does not indicate that probiotic supplementation re-
duces the risk of developing allergy in children. However, considering all critical out-
comes in this context, the WAO guideline panel determined that there is a likely net 
benefit from using probiotics resulting primarily from the prevention of eczema. The 
WAO guideline panel suggests (a) using probiotics in pregnant women at high risk for 
having an allergic child; (b) using probiotics in women who breastfeed infants at high 
risk of developing allergy; and (c) using probiotics in infants at high risk of developing 
allergy. All recommendations are conditional and supported by very low-quality evi-
dence” (Fiocchi [39]).

Given the likely role of prebiotics in supporting the development of both the 
gut microbiome and the infant immune system, infant formula-containing pre-
biotics has been studied for its potential to modify the risk of infections and al-
lergies. A formula containing prebiotic fructo- and galacto-oligosaccharides was 
found to promote a fecal metabolite profile closer to that of breastfed infants 
than standard formula-fed infants, with a lower fecal pH compared to the stan-
dard formula, reflecting an increased acetate content and reduced propionate 
content [40]. Infant formula containing these prebiotics also increased fecal se-
cretory IgA when compared to the standard infant formula [41]. Infants pro-
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vided with a formula containing neutral oligosaccharides and pectin-derived 
acidic oligosaccharides were found to have a reduced risk of eczema in the first 
year of life [42, 43], and while some studies found that this effect was maintained 
for up to 5 years [44, 45], other studies found that the effect was no longer visible 
when infants were reassessed at age 5 years, perhaps reflecting the other contri-
butions of environmental factors which arise throughout childhood [46]. The 
WAO guidelines for allergic disease prevention state: 

“the WAO guideline panel suggests using prebiotic supplementation in not exclu-
sively breastfed infants and not using prebiotic supplementation in exclusively breastfed 
infants. Both recommendations are conditional and based on very low certainty of the 
evidence. We found no experimental or observational study of prebiotic supplementa-
tion in pregnant women or breastfeeding mothers. Thus, the WAO guideline panel chose 
not to provide a recommendation about prebiotic supplementation in pregnancy or dur-
ing breastfeeding, at this time” (Moro [47]).

In one study, prebiotic containing infant formula was found to significantly 
reduce the number of upper respiratory tract and gastrointestinal tract infec-
tions within the first 6 months of life [48].

Omega-3 Polyunsaturated Fatty Acids and Immune Function in Early Life

Omega-3 (n-3) polyunsaturated fatty acids have been extensively studied in re-
lation to their anti-inflammatory effects and with a view to their potential role 
in preventing allergic disease in early life [6]. n-3 fatty acids are available within 
the diet from both plant and marine sources. The n-3 fatty acid α-linolenic acid 
(ALA) is found within plant sources such as walnuts, flaxseeds, flaxseed oil, and 
green leafy vegetables, while oily fish are a rich dietary source of the longer-chain 
n-3 fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). 
There is a metabolic pathway which allows the synthesis of EPA and DHA from 
ALA, although the activity of this conversion is considered to be low in humans. 
The same series of enzymes is also involved in the metabolism of n-6 fatty acids, 
in which linoleic acid (LA) is converted into arachidonic acid (AA). This shared 
enzymic pathway means that the dietary balance between n-3 and n-6 fatty acids 
(or at least between ALA and LA) will determine the abundance of longer-chain 
fatty acid products that are generated; prior to birth, differential placental trans-
fer of fatty acids plays a role in supply of the different fatty acids to the fetus [5]. 
These fatty acid metabolic pathways are important as AA, EPA, and DHA can 
be precursors to key immune signaling molecules including prostaglandins, leu-
kotrienes, resolvins, protectins, and maresins, which have key roles in regulating 
immunity and controlling inflammation. The anti-inflammatory effects of n-3 
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fatty acid intake have been traditionally understood to arise from the basis that 
signaling molecules derived from EPA are less proinflammatory than those de-
rived from AA. However, there are also potential contributing factors to the ef-
fects of n-3 fatty acids upon the membrane fluidity of immune cells, interactions 
of n-3 fatty acids with secondary messenger cascades and transcription factors, 
and the generation of immunomodulatory and inflammation-resolving media-
tors like resolvins, protectins, and maresins [6].

A number of observational studies identified links between the intake of dif-
ferent fatty acids and the risk of allergic disease, with populations consuming 
high intakes of n-3 fatty acids observed to have low incidence of asthma, n-6 
intakes in childhood found to be a positive predictor of asthma, and regular con-
sumption of fresh oily fish (a rich source of EPA and DHA) identified as protec-
tive against the risk of current asthma in childhood [49–52].

Several randomized controlled trials of n-3 fatty acid supplementation in 
women during pregnancy and/or lactation reported that high-dose supplements 
can reduce the risk of sensitization of the infant to common food allergens such 
as egg, and reduce the risk of severe eczema, food allergy, or wheezing/asthma 
in infants and children [53–55]. A meta-analysis of some of these trials pub-
lished in 2016 [56] identified that n-3 fatty acid supplements in pregnancy de-
creased the risk of atopic eczema (eczema with positive skin prick test) in the 
first 12 months of life, positive skin prick test to any allergen in the first 12 
months of life, positive skin prick test to hens’ egg in the first 12 months of life, 
and positive skin prick test to any food extract in the first 12 months of life. A 
more recent meta-analysis, published in 2019 and using data from 10 random-
ized controlled trials [57] reported that maternal n-3 fatty acids decreased risk 
of sensitization to egg and sensitization to peanut, but did not identify signifi-
cant effects on risk of eczema or asthma/wheezing. An even more recent meta-
analysis, published in 2022 [58], reported that perinatal supplementation with 
n-3 fatty acids can reduce the incidence of asthma/wheezing and allergic asthma 
in in European children and that higher doses are more effective.

In preterm infants, formula containing both AA and DHA led to immune 
effects significantly different from those seen in preterm infants provided with 
control formula, and consistent with those observed in preterm infants provid-
ed with human milk [59]. For term infants, use of infant formula which includ-
ed both AA and DHA was found to promote an immune profile similar to 
breastfed infants [60], to reduce the risk of allergic disease in infancy [61, 62] and 
to reduce the risk of common respiratory illnesses [63]. Some supplementation 
studies in infants have shown that EPA + DHA results in a more mature immune 
system [64] and a lower risk of allergic disease [65].
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Conclusion

The immune system develops early in life, with breastfeeding, introduction of foods, 
and microbe exposure all being important influences. More optimal immune devel-
opment results in a greater ability to combat pathogens and a lower risk of allergic 
diseases. The gut microbiome is an important determinant of immune development 
and in early life the gut microbiome and the immune system seem to “comature.” 
There are multiple mechanisms by which the gut microbiome can interact with the 
immune system, and the pattern of environmental exposures an infant has before, 
during, and after birth is likely to significantly influence the development of both 
the gut microbiome and the immune system, potentially setting the trajectory for 
immune health and disease throughout the life course. Maternal diet during preg-
nancy and lactation and infant diet after birth seem to be important in immune de-
velopment; breast milk particularly contains many immune active and immune 
maturing factors as well as prebiotics and microbes to promote infant gut coloniza-
tion. There is some evidence for the effects of early exposure to probiotics, prebiot-
ics, and n-3 fatty acids on infant risk of allergic, and in some cases, infectious disease, 
but the longevity of these effects and the populations most likely to benefit from such 
interventions remain unclear. Given the multifactorial influences on immune func-
tion in early life, an integrated and collaborative scientific approach is required to 
study the potential interactions between the gut microbiome and the immune sys-
tem and to enable the identification of biomarkers or characteristics which may 
predict those most likely to benefit from specific dietary components that may be 
introduced as supplements or in fortified life-stage-specific foods.
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Abstract
Since the internet globalization started in the 1990s, the society has experienced a fast-

growing pace of change. Many cultural and social habits were modified, and new experi-

ences of communication and networking became the “new normal,” like using smartphones 

and application software to interact, from e-mail to the current instant messengers and re-

cently the social media. To potentialize the benefits and reduce the challenges of digital 

health, the combination of digital tools (like artificial intelligence) with better nutrition, 

healthcare strategies for children, and integrated health population data management to 

enhance the delivery of healthcare for individuals will be a must. The challenge of Digital 

Health in the 21st Century will not be primarily technological, but above all human!

© 2024 S. Karger AG, Basel

Introduction

In the early 19th century, the telegraph was invented by Samuel Morse, the cre-
ator of Morse code. His invention opened a new era of interaction between peo-
ple, when they could overcome barriers of long distances and managing to com-
municate. Around 1860, the Italian Antonio Meucci invented a new device that 
he called the “talking telegraph” – it was the birth of the telephone! Again, peo-
ple would have greater freedom to communicate more clearly and quickly. 
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But in their early days there was a practical problem with these inventions. 
People had to move to where this new form of communication was physically 
present. Who does not remember in Western movies people going to the train 
station where there was a telegraph operator who transcribed messages in Morse 
code, or even telephone booths (which still exist!) with those countless cables to 
be able to connect people? 

The telegraph and the telephone, as well as many other innovations we know, 
often show that the initial emphasis is on the created system, on the technologi-
cal structure, and much less on the user who must adjust to it. It was not until 
the late 20th century that personal mobile telephone communication began to 
become a reality. The focus was migrating from the system to the user. Who to-
day still imagines going to a telephone booth? Smartphones have become an 
extension of our own expression of personal communication.

The Digital Era Fast-Changing Pace

Well, in terms of health, we can say that something similar is also changing. We 
all have the natural reaction that if we get sick “we have to go” to a clinic or hos-
pital to find out what is wrong with us because there are professionals and the 
structure to take care of us, right? In more serious cases, the health professional, 
usually the doctor or paramedic, “must come” to see the patient. The healthcare 
system of patient care has been centered on physical locations that require us to 
travel. And all of this requires time! Time to go or come, time to wait for care 
that seems not to arrive, time to wait for the diagnosis, time that can often rep-
resent the patient’s chance of survival or death.

Since the internet globalization started in the 1990s, society has experienced 
a fast-growing pace of change. Many cultural and social habits were modified, 
and new experiences of communication and networking became the “new nor-
mal,” like using smartphones and application software to interact (from e-mail 
to the current instant messengers and recently the social media). 

If we look at all the areas impacted by digital transformation, health is a very 
important one and, in some ways, still resistant to change. We had a three-way 
process in the digital transformation journey, starting with digitization, then 
digitalization, and now the digital transformation stage (shown in Fig. 1).

But what is Digital Health? Digital Health is the coming together of the digi-
tal and genetic revolutions with health, with the aim of reducing inefficiencies 
in the delivery of health care, improving access, reducing costs, increasing qual-
ity, and making medicine more personalized and accurate. Digital Health de-
pends in many ways on a large quantity of data generated by patients, healthcare 
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professionals, companies, and government entities associated with health ser-
vices. 

To be able to handle such increasing and exponential big data content gen-
eration, artificial intelligence (AI) tools and applied AI solutions will play a ma-
jor role. They are already in use and contributing to processing massive data 
information. 

The FDA (U.S. Food and Drug Administration) also adds that 

from mobile medical apps and software that support the clinical decisions doctors 
make every day to artificial intelligence and machine learning, digital technology has 
been driving a revolution in health care. Digital health tools have the vast potential to 
improve our ability to accurately diagnose and treat disease and to enhance the de-
livery of health care for the individual (shown in Fig. 2). Patients and consumers can 
use digital health technologies to better manage and track their health and wellness-
related activities (U.S. Food and Drug Administration [1]).

The market for new devices and solutions for remote diagnosis is growing 
fast, becoming today a new area of Medicine and Health that brings a revolution 
in the very way of understanding the patient through the data that can be col-
lected from him and, therefore, that counts a much more reliable history of your 
health and habits. 

Moving the
information from
physical to digital

format

DIGITIZATION

DIGITALIZATION

DIGITAL
TRANSFORMATION

Leverage digitized
information to

improve or simplify
the Process and

Operations Business
Transformation

with digital
technologies and

digital information
to exponentially

improve business
outcomes and
new revenues

Fig. 1. Digital transformation journey – three stages.
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As many expert market reports [2] on new products for Digital Health show, 
the mass adoption of mobile health devices and the introduction of technologi-
cally advanced product designs are anticipated to stimulate demand [3]. Wear-
able medical things, which include sensors and mobile communication devices, 
are expected to continue to drive industry growth in the future. 

Some points can be highlighted:
1.	 Consumer wearables can provide patients with personalized health data that 

can aid in self-diagnosis and behavior change interventions. 
2.	 There are several concerns about the safety, reliability, and security of using 

consumer wearables in healthcare. 
3.	 Practitioners and researchers should consider how these technological ad-

vances might affect health care in the 21st century. Of course, there are all the 
ethical, social, professional, and economic dilemmas involved.

The Pandemic Effect

Another recent tipping point in the digital health transformation was reached in 
early 2020, with the advent of the severe acute respiratory syndrome coronavirus 
(SARS-CoV-2) pandemic. Although the coronavirus disease 2019 pandemic 
cannot be credited for the radical change in healthcare that has been experienced 
over the last 2 years, there is no doubt that the digital transformation of health-
care has accelerated worldwide because of this pandemic [4–6].

As a brief from the European parliament stated, 

Health
wearables

1

Data 
aggregation

2

On-demand
healthcare

3

AI
screening

4

Patients
portals

5

Telehealth 
& virtual care

6

Disease history
analytics

7

Fig. 2. Digital health tools.
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coronavirus has accelerated the rise of digital health, a broad concept that includes 
solutions for telemedicine and teleconsultation, remote monitoring, connected de-
vices, digital health platforms and health apps. The concept also covers the related 
health data analysis and application in systems based on big data, for instance, for 
epidemiological research and AI-enabled diagnosis support (Negreiro [7]).

Digital technologies are becoming essential in the fight against any pandem-
ic and large disease-based population. Patients with existing critical illnesses 
(specially the noncommunicable diseases, NCDs), reluctant to go to hospital 
because of the risk of contracting viruses, have been able to get online consulta-
tions from home and have in some cases been monitored remotely. 

Nevertheless, there are many challenges to overcome as advances in the dig-
italization of healthcare come with drawbacks. We highlight a widening “digital 
divide” in society that risks leaving behind the elderly and socially disadvantaged 
groups, who are less able to master (called the digital illiteracy population) or 
afford the access to technology. In addition, liability, reimbursement, and cyber-
security issues are among the other key challenges that need to be considered, as 
cyber-attacks on hospitals are on the rise and privacy laws (like the General Data 
Protection Regulation (EU GDPR) in Europe and Lei Geral de Proteção de Dados 
Pessoais (General Personal Data Protection Law, LGPD) in Brazil) are ineffec-
tive. 

Challenges and Opportunities in Digital Health for the 21st Century

In 2017, at the World Economic Forum event, a statement was made that “NCDs 
were becoming the greatest challenge to global health. NCDs represent more 
than half the global burden of disease” [8]. In many ways, chronic diseases are 
preventable if managed with preventive strategies and better population health 
initiatives. The growing challenge is that such NCDs are happening in the early 
stages of life, impacting already millions of children. By definition, NCDs impact 
the health of children (directly and indirectly) just as much as they do the health 
of adults. Cancer, diabetes (both type 1 and type 2 diabetes), chronic respiratory 
diseases (such as asthma), congenital and acquired heart disease, and many en-
demic NCDs all affect children [9].

Strategies for reducing dietary risk factors for obesity are most successful 
when begun early and when healthy foods are available and affordable to all [10].

Improved lifestyle and quality of children’s health are likely to reduce the 
burden of adult diseases and enhance longevity because seeds of most adult dis-
eases are sown in childhood. Identification and decoding of the human genome 
are expected to revolutionize the practice of pediatrics [11].
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But Digital Health will require a great convergence of reliable data informa-
tion that can only be achieved with the support of healthcare digitalization and 
AI solutions. AI and digitalization have introduced transformative advance-
ments in healthcare, but they also come with certain challenges and threats. One 
of the key challenges is the potential for biased decision-making. AI systems are 
trained on existing data, which can reflect societal biases, leading to unfair treat-
ment or outcomes for certain populations. Ensuring that AI algorithms are fair, 
transparent, and unbiased is crucial to maintaining trust and avoiding discrim-
ination in healthcare. Additionally, ethical considerations have emerged regard-
ing the use of AI in healthcare decision-making. Questions around accountabil-
ity, responsibility, and transparency arise when relying on AI systems to make 
critical decisions that affect patient health and well-being.

So, new synergies between Digital Health, food, nutrition, and pediatrics to 
the younger generations will be an excellent field of research and application of 
the newer tools we are developing, considering AI, data analytics, genetic treat-
ment personalization, and precision medicine.

Health innovation is no longer a matter of opportunity; it is a matter of sur-
vival! There is a revolution underway in health, a rebalancing of forces among its 
actors, and at this moment the patient is becoming one of the main actors. The 
most relevant medical costs are largely related to location, time, and people. 
Smart grids will allow place, time, and people to become more distributed. Tech-
nology will change how and where medical intelligence will exist. It will be dis-
tributed in the cloud, within connected communities and in our hands in ecosys-
tems linked to smartphones and sensors (IoMT or Internet of Medical Things). 
AI applied to different health problems will become as natural and relevant as we 
use today the common digital maps on our phones and cars to guide us.

Conclusion

Food is indeed the breakthrough drug of the 21st Century! Almost 2,500 years 
ago, Hippocrates said, “Let thy food be thy medicine and thy medicine be thy 
food” [11].

So, to potentialize the benefits and reduce the challenges of digital health, the 
combination of digital tools with better nutrition, healthcare strategies for chil-
dren, and integrated health data management to enhance the delivery of health-
care for individuals will be key to changing the current trend we see. It is impor-
tant to carefully navigate these challenges and address the associated concerns 
to fully leverage the potential benefits of AI and digitalization in healthcare while 
ensuring the well-being and safety of patients and healthcare professionals.
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The future of healthcare is in digitally reimagined experiences for patients 
and caregivers alike. Digital health offers increased choice and convenience for 
patients and improved outcomes for caregivers while reducing costs and work-
loads.

The challenge of Digital Health in the 21st Century will not be primarily tech-
nological, but above all human!
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This groundbreaking book encapsulates fresh insights from the 99th Nestlé 
Nutrition Institute Workshop in Riyadh, Saudi Arabia, in February 2023, where 
experts discussed the changes in the nutrition landscape brought about by 
the challenging times of the pandemia and globalization, including the future 
trajectories of child nutrition.

This book delves into the profound impact of early nutrition on lifelong health 
and explores the intricate mechanisms of nutrition programming and the 
important role of human milk. It addresses the critical interplay between 
nutrition and epigenetic modifications, how this shapes gene expression and 
long-term health outcomes and emphasizes the importance of the 
microbiome and its modulators such as HMOs and how they support the 
development of the immune system in early life.

Amidst the still unfolding longer-term impacts of the COVID-19 pandemic,  
the authors examine the bidirectional relationship between the virus and 
nutrition, highlighting strategies to mitigate disease severity through optimal 
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of food allergies, and discusses how the shift in guidelines on food allergy 
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