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Preface

Our future health may be defined even before we are born. Nestlé Nutrition
Institute (NNTI) celebrated its 100th workshop in September 2023. The face of
nutrition has changed dramatically since the first NNI Workshop in 1980 and
this milestone event allowed time to consider just how far our knowledge has
advanced in this time. Leading experts in pre- and postnatal nutrition gathered to
reflect on the ways in which health is influenced by nutrition, from precon-
ception to childhood, and to explore the role that technology plays in our re-
lationship with food.

Researchers and clinicians gathered to discuss the latest in maternal and child
nutrition, the impact of diet on development through childhood and long-term
health, as well as the challenges of feeding future generations.

Keynote speaker, Ian MacDonald, discussed the global imbalance between
over- and undernutrition and the importance of accurate clinical guidelines for
optimizing nutrition for mother and baby through pregnancy and beyond.
Malnutrition, whether through over- or undernutrition, is complex and requires
education and intervention at many levels, including by government bodies. This
can be limited by financial and educational resources, as some countries have
access to more funding for investment in early life health and nutrition.

Diet is closely tied to maternal health, particularly ovarian health. This in-
dicates that a woman’s diet and lifestyle choices earlier in life can impact fertility
and their infant’s health. As the expected lifespan increases, some women are
having children later in life. In contrast, many young mothers worldwide may
still be in the midst of their own development, making them susceptible to
nutritional deficiencies. Optimizing nutrition for younger and older mothers is
key to support maternal and child health before, during, and after pregnancy.

Alongside the fundamentals of maternal and child nutrition, speakers also
looked at some of the difficulties that may be encountered throughout early life,
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such as feeding difficulties that can impact physical and cognitive growth.
Fortifying foods can offer an attractive solution to ensure that children (and
parents) receive adequate micronutrients for health and well-being. Early ex-
ploration of different food textures can positively influence a child’s eating
behaviors.

As we continue to learn more about how early life experiences influence gut
health, we uncover more about the links between the gut microbiome and health.
This covers the time and type of exposure to food, alongside environmental
factors and supplementation with pre-and probiotics. Equally, there is currently
no universally accepted definition of a “healthy microbiome”. Although it is
generally accepted that a more diverse microbiome is associated with better
health outcomes at least in adults, this resilient ecosystem may be individualized
to certain geographical, cultural, or socioeconomic populations. Therefore,
perhaps the focus should be on the first 1,000 days of life and how this sets the
trajectory of the microbiome through childhood and beyond.

Gut health is still very much an emerging area of research, so there is an
urgent need for clear and consistent studies on this topic to help healthcare
professionals and policymakers make informed decisions based on the latest
scientific evidence. The growing interest in using next-generation
Evidence-Based Medicine methods mirrors this trend. These new approaches
allow for the adaptation of clinical trials to better serve the unique needs of
various populations, thanks to their flexibility and precision.

Sustainability was also a prominent topic for discussion. There has already
been a shift towards more plant-based diets in many countries, meaning that the
number of children brought up with flexitarian, vegetarian, or vegan diets is
likely to increase over the coming years. This presents challenges due to the
potential risk for micronutrient deficiencies, as well as the impact that many
agricultural practices have on planetary health. While these diet patterns are
chosen for a number of reasons, plant-based diets can be higher in unsaturated
fats which promote better cardiovascular and metabolic health in adults.

The Workshop also considered how advancements in technology could be
harnessed for nutrition and nutraceuticals, from the use of laboratory-grown
cells to produce milk-like products to the use of artificial intelligence (AI) for
monitoring and early intervention for preterm infants.

A healthy diet, spanning maternal preconception and pregnancy, in addition
to infant and childhood nutrition, lays the foundation for long-term health. The
rise in digital technologies means that the face of healthcare is likely to look very
different over the coming years. Therefore, there is a need to use the most
cutting-edge and innovative approaches to progress nutritional research. The
methodologies discussed in the 100th NNI Workshop likely look very different
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from the 1st Workshop. We hope that this book will be helpful to healthcare
professionals, researchers, and anyone interested in learning more about nu-
trition through the lifespan. We look forward to continuing this journey for the
next 100 NNI Workshops.

Prof. Hania Szajewska
Department of Paediatrics, The Medical University of Warsaw
Warsaw, Poland

Prof. Josef Neu
University of Florida
Gainesville, FL, USA

Prof. Raanan Shamir

Institute of Gastroenterology, Nutrition and Liver Diseases, Schneider Children’s
Medical Center

Petach Tikva, Israel

Prof. Gary Wong
Department of Paediatrics, Chinese University of Hong Kong
Shatin, NT, Hong Kong

Prof. Andrew Prentice
Nutrition & Planetary Health, MRC Unit The Gambia @ LSHTM
Banjul, The Gambia
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Foreword

This year marks an historical milestone: the 100th Nestlé Nutrition Institute
(NNI) Workshop. As we celebrate it, we've been reflecting on Nestlé’s rich
history, immense dedication, and tireless efforts in supporting and nurturing the
nutrition science community through continuous education. This century stands
as a testament to our unwavering commitment to advancing the field of nutrition
and embracing continuous learning.

Starting with the publication of the first Annales Nestlé in 1942, we have been
growing in credibility as a source of scientific nutrition-focused information.
Along with the growth of the publication, more major milestones were achieved
with the first Nestlé Nutrition Workshop, held in France in 1980. The title of that
first workshop was “Maternal Nutrition in Pregnancy: Eating for Two?”, re-
minding us that maternal nutrition — also one of the topics covered within the
100th workshop - was already an important theme back then.

These workshops continued to be held, traveling to various regions across the
world and providing better access to nutrition science knowledge in different
countries, and also providing the launch pad for the iconic publication series, the
NNI “Blue Books”.

In 2004 the Nestlé Nutrition Institute was created, which then became a
not-for-profit association based in Switzerland in 2010. NNI has a long-lasting
commitment to unbiased, reliable nutritional science and education. Further
milestones were reached as the organization embraced digital technology,
launching a website in 2006 and an app in 2022. NNI stays true to its com-
mitment to empowering healthcare providers and supporting the nutrition
science community with more accessible digital innovations.

Fast forward to the 100th NNI Workshop, the overall agenda was focused on
shaping the future with nutrition, covering topics from preconception through
the first months of life up to school age.
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In the first section of the workshop, our speakers looked at the current
understanding of the fundamentals of maternal and child nutrition. They ex-
plored how an individual’s health and well-being are shaped by many factors,
from maternal preconception nutrition to mode of birth, infant nutrition with
the importance of breastfeeding and human milk research, complementary
feeding practices, environmental factors, and more.

The second section examined food dietary habits for optimal development.
Speakers highlighted a strong evidence base for the nutritional approach that
supports good health, but how in practice there are many challenges to achieving
this.

During the third session, speakers discussed research into how the food
system has evolved to accommodate the challenges that the global nutrition
landscape is going through. This involves the shift to a more plant-based diet to
account for sustainability in the diet, as well as new technological advancements
to help address current and future issues that may persist.

We hope that this summary of the talks provides some food for thought on the
strides we have made in nutrition for the different life stages, and the new
strategies and solutions, especially in food technology, we can use to overcome
the challenges of feeding the future.

Sara Colombo Mottaz
Global Head of the Nestlé Nutrition Institute

Foreword Xl

Szajewska H, Neu J, Shamir R, Wong G, Prentice AM (eds): Shaping the Future with Nutrition. Nestle Nutr
Inst Workshop Ser. Basel, Karger, 2024, vol 100, pp X-XI (DOI: 10.1159/000540131)


https://doi.org/10.1159/000540131

Chairpersons, Speakers and

Contributors

Bernadette C. Benitez

Section of Developmental and Behav-
ioral Pediatrics

Department of Pediatrics

Makati Medical Center

2 Amorsolo Street

Makati City 1209 Metro Manila
Philippines

bicbenitez@yahoo.com

Aristea Binia

Metabolic Health Department

Nestlé Institute of Health Sciences
Nestlé Research

Société des Produits Nestlé S.A.

Route du Jorat 57, Vers-chez-les-Blanc
CH-1000 Lausanne 26

Switzerland
aristea.binia@rdls.nestle.com

Shiao-Yng Chan

Department of Obstetrics and
Gynaecology

Yong Loo Lin School of Medicine
National University of Singapore

1E Kent Ridge Road, 17 NUHS Tower
Block, Level 12

Singapore 119228

Singapore

obgchan@nus.edu.sg

Wayne S. Cutfield

Liggins Institute, University of Auckland
Auckland

New Zealand
w.cutfield@auckland.ac.nz

Xl

Shaillay Kumar Dogra

Department of Gastrointestinal Health
Nestlé Institute of Health Sciences,
Nestlé Research

Route du Jorat 57

CH-1000 Lausanne 26

Switzerland
shaillaykumar.dogra@rd.nestle.com

Eslam Tawfik Elbaroudy
Department of Pediatrics, Faculty of
Medicine

Suez University

Suez

Egypt

Elbaroudy75@yahoo.com

George Jacob Elizabeth

Department of Pediatrics
Ananthapuri Hospitals & Research
Institute

Chaka NH, Bypass
Thiruvananthapuram, Kerala 695024
India

drelizake@gmail.com

Ciardn G. Forde

Sensory Science and Eating Behaviour
Group

Division of Human Nutrition and
Health

Woageningen University & Research
Stippeneng 4

NL-6708 WE Wageningen

The Netherlands

Ciaran.forde@wur.nl

Chairpersons, Speakers and Contributors


mailto:bicbenitez@yahoo.com
mailto:aristea.binia@rdls.nestle.com
mailto:obgchan@nus.edu.sg
mailto:w.cutfield@auckland.ac.nz
mailto:shaillaykumar.dogra@rd.nestle.com
mailto:Elbaroudy75@yahoo.com
mailto:drelizake@gmail.com
mailto:Ciaran.forde@wur.nl

Keith M. Godfrey

MRC Lifecourse Epidemiology Unit
University of Southampton
Southampton

UK

kmg@mrc.soton.ac.uk

Paula Hallam

Plant Based Kids Ltd

39 Queens Road

Kingston upon Thames KT2 7SL
UK
paula@tinytotsnutrition.co.uk

Zhongwei Huang

Department of Obstetrics and
Gynaecology

National University of Singapore
NUHS Tower Block, Level 12, 1E Kent
Ridge Road

Singapore 119228

Singapore

obgzwh@nus.edu.sg

David L. Kaplan

Department of Biomedical Engineering
Tufts University

4 Colby Street

Medford, MA 02155

USA

david kaplan@tufts.edu

Julia K. Keppler

Laboratory of Food Process Engineering
Wageningen University & Research
Bornse Weilanden 9

NL-6708 WG Wageningen

The Netherlands

Julia.keppler@wur.nl

Gibby Koshy

Parkview Family Health Care Centre
Kundara, Kollam, Kerala

India

koshy57@yahoo.co.uk

Chairpersons, Speakers and Contributors

Marine R.-C. Kraus

Nestlé Institute of Health Sciences
Nestlé Research

Société des Produits Nestlé S.A.
EPFL Innovation Park Bldg H
CH-1015 Lausanne
marine.kraus@rd.nestle.com

Marlou P. Lasschuijt

Sensory Science and Eating Behaviour
Group

Division of Human Nutrition and
Health

Woageningen University & Research
Stippeneng 4

NL-6708 WE Wageningen

The Netherlands
marlou.lasschuijt@wur.nl

Ian A. Macdonald

School of Life Sciences
University of Nottingham
Nottingham

UK
ian.macdonald393@gmail.com

Giles Major

Department of Gastrointestinal Health
Nestlé Institute of Health Sciences,
Nestlé Research

Route du Jorat 57

CH-1000 Lausanne 26

Switzerland

Giles.major@chuv.ch

Cathriona R. Monnard

Metabolic Health, Nestlé Institute of
Health Sciences

EPFL Innovation Park, Building G
CH-1015 Lausanne

Switzerland
Cathriona.Monnard@rd.nestle.com

Xl


mailto:kmg@mrc.soton.ac.uk
mailto:paula@tinytotsnutrition.co.uk
mailto:obgzwh@nus.edu.sg
mailto:david.kaplan@tufts.edu
mailto:Julia.keppler@wur.nl
mailto:koshy57@yahoo.co.uk
mailto:marine.kraus@rd.nestle.com
mailto:marlou.lasschuijt@wur.nl
mailto:ian.macdonald393@gmail.com
mailto:Giles.major@chuv.ch
mailto:Cathriona.Monnard@rd.nestle.com

Sara Colombo Mottaz

Nestlé Nutrition Institute
Lausanne

Switzerland
sara.colombomottaz@nestle.com

Josef Neu

Department of Pediatrics/Division of
Neonatology

University of Florida

1600 SW Archer Road

Gainesville, FL 32610

USA

neuj@peds.ulf.edu

Andrew M. Prentice

MRC Unit, The Gambia at London
School of Hygiene & Tropical Medicine
Fajara, Banjul

The Gambia
Andrew.Prentice@lshtm.ac.uk

Jose M. Saavedra

Department of Pediatrics

Johns Hopkins University School of
Medicine

200 N Wolfe St

Baltimore, MD 21287

USA

jose@saavedra.pe

Raanan Shamir

Intistute of Gastroenterology, Nutrition
and Liver Diseases

Schneider Children’s Medical Center
14 Kaplan St.

Petach Tikva 49202

Israel

raanan@shamirmd.com

b \%

Norbert Sprenger

Gastrointestinal Health Department
Nestlé Institute of Health Sciences
Route du Jorat 57, Vers-chez-les-Blanc
CH-1000 Lausanne 26

Switzerland
Norbert.Sprenger@rdls.nestle.com

Hania Szajewska

Department of Paediatrics
Medical University of Warsaw
Zwirki i Wigury 63A
PL-02-091 Warsaw

Poland

szajewska@gmail.com

Eline M. van der Beek

Nestlé Institute of Health Sciences
Nestlé Research

Société des Produits Nestlé S.A.

6 S.A., Route du Jorat 57,
Vers-chez-les-Blanc

CH-1000 Lausanne 26
Switzerland
Eline.vanderBeek@rd.nestle.com

Jens Walter

APC Microbiome Ireland, School of
Microbiology, and

Department of Medicine, University
College Cork - National University of
Ireland

Cork, T12 YT20

Ireland

jenswalter@ucc.ie

Gary Wong

Department of Paediatrics
Chinese University of Hong Kong
Shatin, NT

Hong Kong SAR, China
wingkinwong@cuhk.edu.hk

Chairpersons, Speakers and Contributors


mailto:sara.colombomottaz@nestle.com
mailto:neuj@peds.ulf.edu
mailto:Andrew.Prentice@lshtm.ac.uk
mailto:jose@saavedra.pe
mailto:raanan@shamirmd.com
mailto:Norbert.Sprenger@rdls.nestle.com
mailto:szajewska@gmail.com
mailto:Eline.vanderBeek@rd.nestle.com
mailto:jenswalter@ucc.ie
mailto:wingkinwong@cuhk.edu.hk

Keynote Lecture

Published online: November 15, 2024

Szajewska H, Neu J, Shamir R, Wong G, Prentice AM (eds): Shaping the Future with Nutrition. Nestle Nutr
Inst Workshop Ser. Basel, Karger, 2024, vol 100, pp 1-15 (DOI: 10.1159/000540138)

Achievements, Challenges,
and Future Direction in
Early Life Nutrition

lan A. Macdonald® Eline M. van der Beek? ¢
Aristea Binia“

2Emeritus Professor of Metabolic Physiology, School of Life Sciences, University of Nottingham,
Nottingham, UK; PHead of Nestlé Institute of Health Sciences, Nestlé Research, Société des
Produits Nestlé S.A., Lausanne, Switzerland; “Department of Pediatrics, University Medical Centre
Groningen, University of Groningen, Groningen, The Netherlands; dHead of Metabolic Health
Department, Nestlé Institute of Health Sciences, Nestlé Research, Société des Produits Nestlé S.A.,
Lausanne, Switzerland

Abstract

Malnutrition is present in most countries of the world. This ranges from general under-
nutrition due to insufficient food, or poor-quality diets low in some essential nutrients, to
overnutrition and obesity with energy-rich but nutrient-poor diets. The fundamental aim of
dietary recommendations is to prevent deficiency diseases, and the assumptions which
underpin these recommendations need to be understood when considering what advice to
give to the general public or individual patients. This is particularly relevant in early life as the
nutritional state and dietary intake of the mother are of major importance for both her and
her baby’s health. There is a particular concern with pregnancy in teenage women, as they
are still likely to be growing and have different nutrient requirements compared to older
women. There is now evidence of beneficial effects for both the mother and baby of
supplementation of the mother’s diet in those with a low nutritional status. For infants, early
gut microbiome development is supported by human milk components (including oligo-
saccharides) and the reported health benefits are of growing interest and offer potential
areas for future developments. Yet, the increasing overweight and obesity in children are a
serious concern, in both developed and developing economies. Considerations of the
achievements, challenges, and future directions of early life nutrition need to be addressed in
a global environment in which every country in the world is experiencing some form of

malnutrition. The term malnutrition encompasses a number of different scenarios ranging
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from undernutrition, which encompasses an inadequate nutrient intake in a diet with a low
level of diversity, up to overnutrition where there is an excess of energy intake in a diet which
is predominantly composed of nutrient-poor foods. The major feature of malnutrition is that
there is micronutrient inadequacy, and even deficiency, which is particularly concerning in
early life. The present chapter will consider the major achievements and future challenges in
relation to achieving optimal nutrition in early life as well as in older children. Clearly, when
considering nutrition in children, it is important to also consider the nutritional state of
women before, during, and after pregnancy, as this can have a major impact on the fetus and
young child. Before considering these issues in detail, this chapter will begin by addressing
the basis on which nutritional recommendations are founded and the challenges that have

to be met in getting novel recommendations approved by the appropriate authorities.
© 2024 S. Karger AG, Basel

Overview of Dietary Requirements and Recommendations

It is well established that diet, nutrition, and lifestyle contribute to health across
the life stages. All countries of the world have at least one of the following
problems, childhood stunting, anemia in adult women, and overweight in adult
women, which all have the potential to have negative effects on infant and child
growth and development [1, 2]. Inadequate dietary diversity, poor nutritional
status, and an inappropriate lifestyle can be detrimental in both the short and
long term. However, health is more than just the absence of disease, and a healthy
diet, nutrition, and lifestyle are needed to achieve optimal growth and devel-
opment, physiological and psychological functions, and to actively promote
wellbeing. An ongoing challenge is the need to reliably define wellbeing and
measure the beneficial effects that diet, nutrition, and lifestyle have on wellbeing.
With respect to disease, there is a major role for diet and nutrition as part of
therapeutics in a wide range of illnesses, and public health nutrition has a major
part to play in preventing ill health in the population.

There are at least three different components which can contribute to meeting
the nutritional demands of an individual: the stores or reserves of nutrients
within the body (e.g., fat-soluble vitamins present in the liver and adipose tissue),
metabolic transformations of precursors consumed in the diet to active mi-
cronutrients (e.g., beta-carotenes being transformed into retinol), and the supply
of the nutrient in the diet. If someone is well nourished with adequate stores/
reserves and has the metabolic capacity to transform precursors to nutrients in
the body, then the dietary changes needed in conditions, such as pregnancy, are
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relatively minor. But if the woman is poorly nourished with low levels of nutrient
stores/reserves, then the dietary needs are much more substantial.

The dietary recommendations produced by public health bodies or other
regulators in most countries are designed to prevent deficiency diseases in all age
groups, to achieve optimal growth and development in childhood and ado-
lescence, and to maintain health in adulthood. These recommendations include
the Dietary Reference Values (DRVs) in the UK, the Dietary Reference Intakes
(DRIs) in the US, and the Reference Dietary Intakes or Amounts (RDIs/RDAs)
in some other countries. In many cases, the recommendations were made 20-30
years ago, being based on relatively short-term randomized controlled trials, with
markers of health as the outcomes, or longer-term prospective cohort studies
using health outcomes as the objective markers. The recommendations for
individual nutrients have been developed for specific groups of people (e.g., age,
sex, and ethnicity); they are based on normal demands in health (not disease
states or illness), assume that all other nutrient requirements are being met, and
relate to dietary intakes not intravenous nutrition. For many of the nutrients, the
recommendations are based on observations of actual requirements for a range
of people which fit a normal distribution. Using such data, the recommendation
is then set at 97% of the range of intakes for nutrients, such as protein and some
of the micronutrients (but not energy), acknowledging that this will exceed the
actual requirements of most of the population but that there is little likelihood
that this could lead to problems of excess intake.

Although most of the nutrient recommendations were made 20-30 years ago,
there are some examples where changes have been made relatively recently. One
such example is the recommended dietary fiber intake in the UK. In 2015, the UK
Scientific Advisory Committee on Nutrition published a report on carbohydrates
and health which substantially increased the recommended intake of fiber [3].
The recommendation to increase adult dietary fiber intake from approximately
14 g/day to 30 g/day was based on evidence from a series of prospective cohort
studies, with colorectal disease or cardiovascular disease outcomes. For the first
time in the UK, there was also a recommended fiber intake for children which
varied by age. Clearly, the disease outcomes used to make the recommendations
for adults were not applicable to children, so the committee based the fiber
recommendations on the energy recommendations for children relative to
adults. When nutritional recommendations are based on expert opinion rather
than specific experimental evidence, it should be recognized that there is a
potential for some inaccuracy.

The established dietary recommendations are somewhat limited, as they do
not include all the potential components of the diet (e.g., phytochemicals, in-
cluding polyphenols); they do not adequately cover the variations in

Challenges and Future Directions in Nutrition 3
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requirements between individuals and ethnic groups and/or driven by the
environment, and they focus mainly on preventing undernutrition without
paying much attention to the increasing problem of overnutrition. It is now clear
that micronutrient inadequacy exists across a wide range of people around the
world. This includes people with obesity who consume a diet of low nutritional
quality [4]. Increasing the consumption of plant-based foods or adopting
vegetarian and vegan diets may also require the careful consideration of nu-
tritional adequacy, especially when considering specific groups, like children and
adolescents. Although the evidence investigating the possible associations be-
tween plant-based diets and health outcomes is scarce, common dietary inad-
equacies associated with plant-enriched diets include protein, iron, vitamin D,
calcium, omega-3 fatty acids, vitamin B12, and iodine [5, 6]. It is worth noting
that in women consuming vegan and vegetarian diets, there is reduced iodine
availability in the mother’s breast milk [7]. Whether this increases the risk of
impaired child growth and brain development needs to be investigated. It should
also be recognized that the evidence base needed to change the current rec-
ommendations and to add new “nutrients” or adapt to specific diet patterns is
substantial in most countries.

Mothers and Babies

Growing evidence indicates that the vulnerability to noncommunicable diseases
(NCDs) later in life is largely set during the first 1,000 days, the period from
conception until 2 years of age [8]. Human epidemiological and preclinical
model data have convincingly shown that nutrition and other environmental
stimuli influence developmental pathways and can induce permanent changes in
metabolism and chronic disease susceptibility during this critical period of
prenatal and postnatal mammalian development [9]. An adequate nutrition
status before conception has considerable promise for health and human capital
in this and in the next generation [10]. Although nutritional interventions may
only induce subtle changes in the developmental path, these have great potential
to reduce later chronic disease risk compared to late interventions for the current
and subsequent generations, especially for female offspring, given the fact that
the pool of oocytes that harbors the next generation is already present when she
is conceived.

Many women do, however, not start their pregnancy in good health or
nutrition status. Although undernutrition is still common in some parts of the
world, today more and more women enter pregnancy overweight or obese in
both low- as well as middle- and high-income countries [11]. Today, obesity and
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diabetes are global epidemics and are increasingly prevalent in women of re-
productive age. Overweight women with a short stature as a consequence of
suboptimal nutrition during their own development, may carry the greatest risks
for their offspring. The combination of being overweight and a short stature
increases the risk of pregnancy complications, such as gestational diabetes [12],
which is associated with a higher risk of caesarean section [13] and predicts a
higher risk of developing type 2 diabetes during the postpartum period [14].

All forms of malnutrition, including unbalanced diets, increase the risk of
nutrient deficiencies and are associated with an increased risk of adverse
pregnancy outcomes and long-term health risks for the mother and child [10].
Adolescent girls and women of reproductive age (aged 15-49 years), pregnant
and lactating women, and young children are particularly susceptible to the
effects of micronutrient malnutrition due to their high requirements. Teenage
pregnancies are a particular nutritional risk, given that the body is still under
development [10]. A recent pooled analysis, reviewing individual-level bio-
marker data for the micronutrient status from nationally representative and
population-based representative surveys indicated a global prevalence of defi-
ciency of one or more micronutrients, specifically iron, zinc, and folate, to be
around 69% among nonpregnant women of reproductive age, equivalent to 1.2
billion women of reproductive age worldwide. Over half (57%) of these women
live in East Asia and the Pacific [15].

A varied and healthy diet is a prerequisite to ensure adequate nutrient intake.
Pregnancy, however, comes with additional nutrient requirements that are
highly specific and not easily met without making serious adjustments in the diet.
Although RDAs for some nutrients may not differ than those set for non-
pregnant women, like for vitamin D and vitamin E, the recommendations for
other nutrients can be up to ~50% higher during pregnancy [16]. For instance,
iron, folate, iodide, and vitamin B6 requirements are higher to meet the increased
maternal needs, driven by the metabolic and physiological adaptation of the body
to pregnancy, as well as the placental and fetal requirements for growth and
development (Fig. 1). The diet together with the maternal reserves and metabolic
adaptations determine the nutrient supply to both the mother and fetus/infant
during pregnancy and lactation. A fajlure to establish energy and nutrient re-
serves or competing demands may compromise the supply and affect maternal as
well as offspring outcomes.

Nutritional survey data indeed confirm that the diets of many pregnant and
lactating women are often nutritionally unbalanced and do not meet local
nutritional guidelines and recommendations. A survey conducted among
Australian pregnant women showed that the majority of pregnant women in
Australia perceive their diets to be healthy [17]. However, they do not consume
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Fig. 1. The function and timing of micronutrients that affect outcomes in offspring. Insights
on micronutrient function are primarily derived from reviews of data from in vitro studies,
experimental animal models, observational data in human studies and a limited number of
trials that have explored metabolic mechanisms and outcomes. The relevant time of action
and the function of micronutrients are depicted, but the accumulation of fetal micronutrient
stores, generally dependent on the status of the mother, is not. The availability of fetal
micronutrient stores to support growth and developmental processes into infancy and
beyond is, therefore, an implied pathway. Fol, folate. Reproduced with permission from
Gernand et al. [16].
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the recommended daily servings from the five major food groups; only 56%
met the recommendations for fruits, 29% met those set for dairy, less than 10%
met the recommendations for the other core food groups, and none of the
women met the recommendations for all five food groups.

In addition, obesity among pregnant women is becoming one of the most
important women’s health issues worldwide [11]. Maternal obesity is associated
with an increased risk of pregnancy complications, such as gestational diabetes
mellitus (GDM). GDM currently affects between 6 and 15% of all pregnancies
worldwide and is diagnosed in almost 1 out of 4 pregnancies in South East Asia.
Both mothers with GDM and their offspring are at an increased risk of short- and
longer-term complications, such as the development of type 2 diabetes [18-20].

GDM, defined as glucose intolerance, first diagnosed during pregnancy,
develops from the inability of the mother’s pancreas to cope with the greater
insulin demand [21]. The normal physiological adaptation in insulin secretion
driven by changes in insulin sensitivity under the influence of placental hor-
mones serves to maintain an adequate nutrient supply to the growing fetus. The
increased supply of glucose, amino acids, and fatty acids that occurs as a
consequence of GDM drives faster growth of the fetus, increasing the risk of a
high birth weight and neonatal complications [20]. The problem is, however, not
restricted to women having a GDM diagnosis. The results of the HAPO study
convincingly showed that circulating glucose levels and adverse outcomes is
linear, and the more severe the hyperglycemic state, the more severe the con-
sequences will be [22, 23].

Although the currently available evidence favors actions directed at controlling
prepregnancy weight and preventing GDM, adequate dietary guidance once GDM
is diagnosed, is crucial. Medical nutrition therapy (MNT) is considered to be the
first line of treatment for GDM [23]. The dietary advice should be designed to
achieve glycemic control and, yet, meet the minimum nutrient requirements for
pregnancy. Given the large cultural differences in dietary habits and individual
differences driven by a woman’s body weight and physical activity, there is
currently no universally recommended approach. A pooled analysis of the limited
evidence from dietary intervention studies showed that dietary management after
the GDM diagnosis resulted in a decrease in both fasting and postprandial glucose,
a lower need for medical treatment as well as a lower infant birth weight, and
decreased macrosomia rates [24]. However, further assessment of the data in the
control arms of these studies clearly indicated that the effectiveness of the in-
tervention was dependent on the background diet [25]. It is of particular interest
that the differences in the carbohydrate contribution to the total macronutrient
intake impacted the effect size.
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To develop meaningful innovations, it is crucial to improve our under-
standing of the health and nutritional reality of the target populations. Women
who have a better nutritional status at the time they conceive are better able to
meet the demands imposed by pregnancy and tend to have more successful
pregnancy outcomes. Food fortification, where one or more essential nutrients
are added to a food to prevent or correct a demonstrated deficiency, can be an
effective way to improve nutritional adequacy. However, given the rapid increase
in the needs of specific (micro)nutrients over the course of pregnancy, sup-
plementation has shown to be an effective way to improve the nutrient status
[10]. Although dietary habits and food availability can differ substantially be-
tween regions, it is possible to provide guidance toward an overall diet that is
healthy and to identify the aspects that are unhealthy. Healthy diets must include
foods with a high nutrient density (high nutrient value per calorie), such as
pulses, legumes, vegetables, and fruits, and limit those that are energy rich but
nutrient poor, such as sweets, sugar-sweetened beverages, and saturated fats. A
reduction of total fat is not a prerequisite of a healthy diet, but the ratio of
unsaturated (mono- and polyunsaturated) to saturated fats should be high;
synthetic trans fats should be avoided altogether.

Notably, both changing dietary habits as well as changes in agriculture and
our food production over the past decades have considerably influenced the fatty
acid composition of our dietary fat intake [26]. Since the 1960s, dietary rec-
ommendations have been steered toward a decrease in saturated fat intake by the
substitution of dairy fats for vegetable oils, mostly high in -6 polyunsaturated
fatty acids (PUFAs) and low in n-3 PUFAs. In addition, significant changes in
animal feeds and the food chain have been introduced, driving an excess in
omega-6 intake, which has been hypothesized to be linked to increased obesity
risk [26, 27]. These changes in the dietary fat composition have also affected the
fatty acid composition of breast milk [26].

Fatty acids obtained through the metabolism of dietary fats as well as by direct
dietary intake are known not only as energy sources for the body but also as
major structural and bioactive components maintaining normal cellular func-
tions. The World Health Organization recommends a minimum intake of 300
mg of n-3 long-chain PUFAs per day and up to 1,000 mg, during pregnancy and
lactation, respectively. Despite the common use of over-the-counter supple-
ments containing 200 mg of docosahexaenoic acid (DHA, one of the main n-3
long-chain PUFAs) in many parts of the world [28, 29], the median intake is no
more than 1/3 of this recommendation. DHA supplementation has been as-
sociated with improved pregnancy outcomes and specifically reduced risk of
early preterm birth (<34 weeks) [30]. The exact dose associated with the reduced
risk of preterm birth, however, is unknown, while women with a low baseline
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nutritional status may benefit the most [31, 32]. Future clinical trials incor-
porating screening for the nutritional status would elucidate the regime for DHA
supplementation to deliver health benefits while mitigating the risk of any
adverse effects.

Human milk is the optimal food for growing infants. Supporting the maternal
nutritional status during lactation should be the first line approach to indirectly
provide to the infants the necessary nutrients for their growth and development,
adapted per life and/or physiological status. Human milk substitutes follow and
adhere to the Codex Alimentarius international food standards and other global and
national authoritative bodies to deliver the necessary nutritional requirements of
infants. Latest research on human milk oligosaccharides (HMOs), a group of
prebiotic-like carbohydrates abundantly present in human milk but not affected by
the maternal diet, has shown that they are associated with increased protection
against infections, immunity, and neurodevelopment as well as the development of
the early life gut microbiome [33]. The capacity of the infant microbiome to utilize
HMOs has been associated with certain beneficial effects, such as immune com-
petence and bone development. Specifically, the Bifidobacterium species can only
use HMOs as substrates in contrast to the Bacteroides species, and HMOs appear to
provide a selective advantage to the Bifidobacterium species, postulating toward an
ecologically beneficial coevolution between the microbiome and the host [34]. A
recent publication reported the identification of a novel distinct Bifidobacterium
longum clade during weaning in a population of exclusively breast-fed infants from
Bangladesh [35]. The novel Bifidobacterium longum clade is equipped with enzymes
that can utilize both milk and food substrates and produces metabolites implicated
in infant health outcomes, emphasizing the probable codependence between the diet
and the microbiome during early development.

Another compelling example of how the diet can modify a key development
process in early life is provided by a recent clinical study testing the effects of a
blend of DHA, arachidonic acid (ARA), iron, vitamin B12, folic acid, and
sphingomyelin from a uniquely processed whey protein concentrate enriched in
alpha-lactalbumin and phospholipids compared with a control formulation on
myelination. The double-blind randomized controlled trial lasted for 12 months,
starting at the first month of life, and the children were followed for 12 additional
months (N = 66). A significantly higher volume and rate of myelination were
observed in the investigational compared to the control group at 6, 12, 18, and 24
months of life as assessed through neuroimaging (magnetic resonance imaging,
MRI). Additional observations were a significantly higher gray matter volume at
24 months, reduced number of night awakenings at 6 months and increased day
sleep at 12 months, and reduced social fearfulness at 24 months in the inves-
tigational compared to the control group [36].
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The journey of optimizing health and nutrition for infants has two cor-
nerstones: optimal and appropriate maternal nutrition and a deeper under-
standing of human milk. Recent methodical advances enable the characterization
of human milk qualitatively and quantitatively, as well as functionally. Moving
beyond a simple catalog of nutrients toward functional structures or networks of
nutrients codelivered to the infant gut, while encompassing bioactive molecules
is a step forward. Global reference values for both maternal and infant nutrition
need to be adapted to subpopulations and stages of development. Testing how
targeted maternal intervention can impact the milk composition and infant
development, thereafter, needs to be expanded into region-specific approaches
and infant populations with defined needs (e.g., suboptimal growth and com-
promised immune responses). The clinical translation of research findings needs
to ultimately fulfill the refined nutritional needs for mothers during pregnancy
and the lactation stage, enable the development of safe and efficacious human
milk substitutes as well as the optimized use of donor human milk, and finally
promote further breastfeeding and lactation.

Overnutrition in Children after Toddlerhood

There is a growing concern about the rise in overweight and obesity in children
in many countries. In England, there has been a national child measurement
program in school children in the first class in primary school (aged 5 years) and
the final year of primary school (aged 11 years) since 2006. Child obesity was
defined on the basis of BMI >95th centile of the UK90 growth reference, and
deprivation deciles were assigned to the child’s area of residence using the Index
of Multiple Deprivation 2010. In 5-year-old children, the prevalence of obesity
was around 7% in children from the least deprived areas in 2006 compared to
12% in the most deprived areas. By 2011, the obesity prevalence had fallen to 6%
in the least deprived areas but was maintained at 12% in the most deprived ones.
By 2018, the overall obesity prevalence in 5-year-old children was 9.7%, with
those in the most deprived areas having more than double the prevalence of that
of the children in the least deprived areas. Similar patterns of obesity prevalence
in relation to social deprivation were observed in 11-year-old children but the
actual prevalence was more than twice that seen in the younger children, i.e., over
20% of 11-year-old children were obese, with a higher obesity prevalence in boys
in both age groups [37]. The problem of childhood obesity in England has been
recognized for almost 20 years but it is not improving. Clearly, innovative
approaches are needed, with input from multiple stakeholders.
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Liver Glycogen Stores in Children

The brain volume in children is a higher proportion of body weight than that in
adults. The brain’s primary metabolic fuel is glucose, and there is a need for a
higher relative rate of glucose supply in young children to maintain an optimal
brain function. During an overnight fast, the supply of glucose to the brain is
derived from the stores of glycogen in the liver, together with the synthesis of
glucose (gluconeogenesis) from lactate, glycerol, and some amino acids, which
primarily occurs in the liver. The liver glycogen store is, thus, likely to be
depleted during an overnight fast, and the child will need to ingest carbo-
hydrate in the morning to initially prevent further depletion of liver glycogen
and possibly increase the levels to reverse the effect of the overnight fast. A
recent study in children aged 8-12 years used magnetic resonance imaging
(MRI) to measure the liver volume and magnetic resonance spectroscopy
(MRS) to measure the liver glycogen concentration. Measurements were made
in the evening, 3 h after a standardized evening meal, and at 08:00 the following
morning immediately before ingesting either a mixed nutrient malt drink
(containing 402 k] and 15.6 g of carbohydrates) or water, with repeat MRI and
MRS measurements at hourly intervals for 4 h after the drinks [38]. The
overnight fast was accompanied by a reduction of 24.7% in the liver glycogen,
which was similar to the 28% reduction seen in adults in a separate study [39].
The absolute concentrations seen in children after an overnight fast (ap-
proximately 500 mmol/L) were substantially higher than the overnight fasted
values in adults (approximately 300 mmol/L) [40]. When the children con-
sumed the control drink (water), their liver glycogen continued to fall, by
another 150 mmol/L over 4 h. By contrast, the carbohydrate drink prevented a
turther fall in glycogen for the first 2 h before the level began to fall at a similar
rate to that seen after water. Further studies are needed to establish the amount
of carbohydrates needed to replenish the liver glycogen stores after an over-
night fast in children and to assess the impact this might have on the physical
and cognitive performance. It is clearly possible that a progressive reduction in
the liver glycogen over the morning could impair the supply of glucose to the
brain, which could have important implications for learning.

Conclusions and Future Challenges

The major issues to be addressed going forward are illustrated in Figure 2. A
particular focus should be given to the following:
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Fig. 2. Challenges and opportunities for early life nutrition.

1. Testing how targeted maternal intervention can impact the milk composition
and infant development, thereafter, needs to be expanded into a region-specific
approach and infant populations with defined needs (e.g., suboptimal growth
and compromised immune responses). It will also be important to further
identify the relevance of nutrient-dense foods during weaning and to ensure that
the overall nutritional quality of the diet is adapted to meet the nutritional needs.

2. There is a high prevalence of one or more micronutrient deficiencies across ge-
ographies in preschool children. It will be important to identify vulnerable groups/
populations for intervention either via nutrient-dense foods or supplements.

3. It is clear that the nutritional quality of both fats and carbohydrates is of
major importance for the developing and growing child and more attention
should be focused on dietary fats and carbohydrates.

4. Obesity and being overweight in the mother before and during pregnancy
impose a health burden on both the mother and child as it can compromise
the adequate nutritional status and lead to obesity in the child. It is now clear
that childhood obesity is a major problem in many developed economies and
multiple stakeholders should be involved in addressing this problem.

5. The increasing number of demonstrations of the potential health benefits of
prebiotics and probiotics are of great interest. However, before this can be
converted into new nutritional recommendations or health claims, we need
evidence that they are essential for children’s health.
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6. There is an increasing interest in plant-based diets and their potential health
benefits, especially in adults. Clearly, this may also be of benefit for the growing
child, but it will be important to ensure that such diets have adequate amounts of
micronutrients, such as vitamin B12, iron, and zinc. However, many meat-based
diets have other dietary limitations and so greater attention needs to be focused
on the nutritional adequacy of the diets we feed our children, with the ap-
propriate use of fortification or supplementation when needed [38].
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Abstract

Improved maternal nutritional status is hypothesized to promote good pregnancy and infant
health outcomes but trial evidence supporting the commencement of nutritional supple-
mentation before conception is sparse. The NiPPeR (Nutritional Intervention Preconception and
During Pregnancy to Maintain Healthy Glucose Metabolism and Offspring Health) multinational
double-blind randomized controlled trial conducted in the United Kingdom, Singapore, and
New Zealand tested a nutritional formulation containing myo-inositol, probiotics, and multiple
micronutrients (intervention), compared with a standard micronutrient supplement (control),
taken at preconception and throughout pregnancy. The primary outcome of gestational
glycemia at 28 weeks' gestation showed no difference. However, differences in several pre-
specified secondary outcomes were notable. The intervention reduced the incidence of
preterm delivery particularly those associated with preterm prelabor rupture of membranes,
operative delivery for delayed second stage, and major postpartum hemorrhage. It may also
shorten time to conception in overweight women, to that similar to nonoverweight/obese
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women. Importantly, the intervention associated with a reduction in the incidence of rapid
infant weight gain and high body mass index at 2 years among offspring. Such evidence
indicates the potential for preconception maternal nutritional interventions to have appre-
ciable impact in shaping the long-term health of an individual and building resilience against

noncommunicable chronic diseases in the future. © 2024 S. Karger AG, Basel

Introduction

There is wide consensus that early life events can shape future health and
well-being. It is hypothesized that the earlier the exposure to a particular en-
vironmental factor the greater the impact on future outcome; small changes in
early life can lead to the emergence of significant consequences later, with
epigenetic mechanisms thought to play a key role [1].

A new life begins at conception when sperm fertilizes the oocyte. This initial
environment within which this new life is formed is determined by both maternal and
paternal lifestyle prior to pregnancy in addition to genetic make-up (Fig. 1). These
could influence pregnancy events and have consequences for offspring health, in-
cluding the risk of developing noncommunicable diseases and mental health issues.

The Example of Gestational Glycemia Impact on Offspring

The multinational HAPO (Hyperglycemia and Adverse Pregnancy Outcomes)
study [2] demonstrated that higher gestational glycemia is linked to higher
clinical risk across a continuum for both the woman and her offspring; even
small increases in glycemia can have an appreciable effect including the risk of
being born large-for-gestational age and having a high cord blood C-peptide
level. A high cord C-peptide concentration has been associated with increased
odds of being overweight and displaying the metabolic syndrome in adolescence
and adulthood [3, 4]. Furthermore, there is evidence that gestational diabetes is
associated with suboptimal breast development antenatally, leading to delayed
onset of lactation, reduced breastmilk production [5], and altered breastmilk
composition [6]. Breast feeding success may be further compounded by peri-
partum complications that limit early skin-to-skin time such as emergency
cesarean delivery, perineal trauma, and neonatal unit admission, which all occur
with increased frequency with higher gestational glycemia [2]. A shorter
breastfeeding duration and altered breastmilk composition may also themselves
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have implications for the development of long-term adverse health in offspring
[7], further adding to the effects of exposure to in-utero hyperglycemia, which is
already known to associate with offspring cardiometabolic risk [4].

Parental Prepregnancy Health Impacts Offspring Health

Mother-offspring cohort studies show that multiple parental lifestyle risk factors
have additive effects on child health [8, 9]; risk increases with each additional risk
factor. For example, risk factors for child overweight/obesity include those al-
ready present in prepregnancy (e.g., maternal and paternal body mass index
[BMI], smoking), in addition to those arising during pregnancy (e.g., excessive
gestational weight gain, higher gestational glycemia, vitamin D insufficiency),
and postpartum (e.g., shorter breastfeeding duration, early weaning).

Periconception mechanisms operating in gametes and in the reproductive
tract are known to be altered by paternal and maternal nutritional status, and this
can already begin to affect the early embryo to influence offspring future car-
diovascular risk [10]. Paternal obesity and undernutrition have been associated
with altered sperm characteristics (decreased motility, DNA damage, altered
epigenomic/transcriptomic profiles), seminal fluid composition, and endocrine
dysregulation. Similarly, with maternal obesity and undernutrition, there is
evidence of disruption in oocyte features (altered metabolite content, mito-
chondrial damage, endoplasmic reticular stress, epigenetic reprogramming) and
in the tubal-utero environment which can be sensed by the preimplantation
blastocyst (e.g., nutrients and bioactive factors in reproductive tract fluids) and
influence epigenetic/metabolomic reprogramming (e.g., ribosomal biogenesis,
compensatory mechanisms).

Appreciation of the extent of this most early influence of preconception
parental lifestyle and health on future offspring conditions is mounting as an
increasing number of studies of pregnancy interventions have demonstrated
more limited effects than expected [11]. After all, epigenetic plasticity peaks
around the time of conception. It has led to the postulation that precon-
ception interventions could be more effective in optimizing offspring health
trajectories. The immediate effects on the offspring can be subtle earlier in life
but such early effects can alter how the person responds to their later en-
vironment and lifestyle, including the increasingly diverse array of obesogenic
exposures (e.g., high-fat/sugar diets, sedentary behavior). Thus, building
resilience in utero and in early life could mitigate the impact of later
challenges.
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Maternal Nutritional Intervention

Many young women across both the developed and developing world are not
nutritionally prepared for pregnancy, with a large proportion displaying mi-
cronutrient deficiencies and insufficiencies [12]. Of particular note are the rising
prevalence of obesity with micronutrient deficiencies [13] and the increasing
shift to the less nutrient-dense plant-based diets driven partly by sustainability
agendas [14].

Nutrient deficiencies are linked to adverse pregnancy and offspring outcomes.
While dietary intervention commencing during pregnancy can correct micro-
nutrient insufficiencies, only some clinical trials have reported lowered
pregnancy risks and few have reported improvements in long-term offspring
outcomes [15]. It appears that starting nutritional supplementation in pregnancy
is insufficient to fundamentally enhance child health [16]. However, evidence
supporting maternal nutritional supplementation as a prepregnancy interven-
tion is scarce to date. There is, thus, a need now to build good and specific
evidence on the benefit of preconception interventions, the optimal timing of
their administration and the population that would derive clear benefit.

NiPPeR Randomized Controlled Trial

To address the sparsity of evidence surrounding the potential benefit of pre-
conception nutritional intervention, the NiPPeR (Nutritional Intervention
Preconception and During Pregnancy to Maintain Healthy Glucose Metabolism
and Offspring Health) double-blind randomized controlled trial recruited in the
United Kingdom (UK), Singapore (SG), and New Zealand (NZ) 1,729 women
planning a pregnancy in 2015-2017 [17]. We investigated the combined effects
of a nutritional formulation containing myo-inositol, probiotics and multiple
micronutrients (intervention), compared with a standard micronutrient sup-
plement (control), taken at preconception and throughout pregnancy. Briefly,
supplements for both arms contained folic acid, iron, calcium, iodine and -
carotene; the intervention additionally included myo-inositol, vitamin D, ri-
boflavin, vitamin B6, vitamin B12, zinc, and probiotics (Lacticaseibacillus
rhamnosus [previously Lactobacillus rhamnosus] NCC 4007 [CGMCC 1.3724;
LPR] and Bifidobacterium animalis sp. lactis NCC 2818 [CNCM 1-3446; BI818]).
Women were computer randomized in a 1:1 ratio, with stratification by site and
ethnicity to ensure a balanced allocation. Women who were subsequently found
to have prepregnancy type 2 diabetes, who underwent assisted conception, and
had multiple pregnancies were withdrawn from the trial. Further details of
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randomization, exclusion and inclusion criteria, doses of supplement compo-
nents have been previously described [18].

For the vitamins present in the intervention supplement, a notable prevalence
of vitamin insufficiency status had previously been reported in the obstetric
population at each of our centers. These vitamins have also been reported in
observational and preclinical studies to be implicated in insulin resistance,
dysglycemia, and increased offspring adiposity [17]. Myo-inositol is a naturally
occurring carbohydrate which is a key component of many compounds involved
in intracellular signaling and second messenger pathways, in regulating
membrane function and acting as hormonal mimics [19]. Myo-inositol pro-
motes insulin sensitivity and antenatal myo-inositol supplementation has been
shown to reduce gestational glycemia in earlier studies [20]. Probiotics including
L. rhamnosus and B. animalis have also been reported to lower insulin resistance
[21] and gestational glycemia [22]. We had, therefore, hypothesized that the
combined effect of all these components would serve to promote optimal
glycemic regulation during pregnancy and enhance development of normal
offspring adiposity.

NiPPeR Trial Population Characteristics and Primary Outcome

Women planning pregnancy were recruited from the community and were
generally healthy. Eventually, a total of 585 women conceived, fulfilled trial
criteria and provided the primary outcome of gestational glycemia at 28 weeks’
gestation, which was assessed by a 75 g three time-point oral glucose tolerance
test (OGTT). Those providing primary outcome data were well represented by all
three sites (UK:SG:NZ 32%:28%:39%), and comprised predominantly White
Caucasian (59%) and Chinese (25%) women. They had the following charac-
teristics: 56% with normal BMI, 63% nulliparous, 66% from top two quintiles of
household income [18]. Adherence was good and the intervention did increase
plasma micronutrient and myo-inositol concentrations compared with controls
when assessed a month after starting supplementation (preconception), with
these increments sustained through to at least 28 weeks’ gestation [23].

The primary outcome of gestational glycemia was not different between
control (n = 290) and intervention (n = 295) groups; and with adjustment for the
randomization factors of site and ethnicity, and other prespecified prognostically
important covariates of maternal age, prepregnancy BMI, preconception
smoking, parity, family history of diabetes, and baseline glucose at recruitment,
none of the group differences in glucose concentrations during the OGTT were
statistically significant at the pre-specified p < 0.017 which accounts for multiple
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comparisons [adjusted mean differences in fasting glucose 0.001 (95% confi-
dence interval [CI] —0.06, 0.06) mmol/L; 1 h-glucose 0.29 (-0.02, 0.62) mmol/L;
2 h-glucose 0.26 (0.04, 0.55) mmol/L; these values are the anti-log of the beta
coefficients previously published] [18].

NiPPeR Secondary Outcomes
The trial had a number of prespecified secondary outcomes and included below
are the ones where analyses have been completed (Table 1). Given that these were

not primary outcomes of the trial, with the trial not powered accordingly, the
following findings will need confirmation in further studies.

Table 1. Summary of the secondary outcomes of the NiPPeR trial

Outcome Control Intervention Adjusted risk ratio

(95% CI)

Number of cases/
Total (%)

Number of cases/
Total (%)

Preterm delivery (<37 weeks)
Late preterm delivery (34+0-36"° weeks)

Preterm prelabor rupture of membranes
(PPROM; <37 weeks)

Preterm delivery associated with PPROM
Delay in second stage of labor

Operative delivery for delay in second stage
Cesarean section delivery

Major postpartum hemorrhage (>1,000 mL
blood loss)

Small-for-gestational-age? (birth weight
<10th centile)

Large-for-gestational-age® (birth weight
>90th centile)

Child obesity at age 2 years (BMI >95th
centile)

27/292 (9.2%)
22/292 (7.5%)
19/280 (6.8%)

17/280 (6.1%)
55/215 (25.6%)
41/215 (19.1%)
85/292 (29.1%)
24/292 (8.2%)

21/292 (7.2%)
22/292 (7.5%)

44/245 [18%]

17/293 (5.8%)
13/293 (4.4%)
8/277 (2.9%)

5/277 (1.8%)
42/220 (19.1%)
29/220 (13.2%)
84/293 (28.7%)
9/294 (3.1%)

24/293 (8.2%)

21/293 (7.2%)

22/239 [9%]

0.43 (0.22, 0.82)2
0.41 (0.20, 0.85)2
0.39 (0.16, 0.97)2

0.21 (0.06, 0.69)2
0.68 (0.48, 0.95)°
0.61 (0.40, 0.93)P
0.99 (0.76, 1.28)
0.44 (0.20, 0.94)2

1.34 (0.79, 2.29)2
0.94 (0.54, 1.63)?

0.51 (0.31, 0.82)¢

Data extracted from previous publications [18, 25, 28]. 2Adjusted for site, ethnicity,
maternal age, preconception BMI, household income level, parity, smoking, offspring
sex (except for LGA and SGA), and (where data was available) 28 weeks’ gestation
fasting glucose.

bAdjusted for site, ethnicity, maternal age, prepregnancy BMI, household income
level, previous cesarean section history, and smoking. Not adjusted for parity and
epidural use as second stage diagnosis already accounted for these factors.
€Adjusted for site, maternal preconception BMI, parity, maternal smoking, offspring
sex, and gestational age at delivery.

dBy RCPCH 2009 UK-WHO growth charts [29].
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Time-to-Conception and Clinical Pregnancy Rate

Overall, among 1,437 women providing data, those taking the intervention
supplement had a similar time-to-conception as controls; it took 90.5 and
92.0 days for 20% of women in the intervention and control groups to
conceive, respectively, with similar clinical pregnancy (viable intrauterine
pregnancy at 6 weeks’ gestation) rates at the end of a year after recruitment
(adjusted hazard ratio 0.98 [95% CI 0.83, 1.15]) [24]. As with previous studies,
our trial population also demonstrated that women with overweight or
obesity had a longer time-to-conception compared with the nonoverweight/
obese. Analyses stratified by BMI at recruitment suggested that intervention
may particularly benefit women with overweight (n = 382); they displayed a
shorter time-to-conception with the NiPPeR intervention, shortening it to
that which was similar to nonoverweight/obese women (20% conception in
intervention vs. control: 84.5 vs. 117 days; adjusted hazard ratio at 1 year 1.47
[1.07, 2.02], p = 0.016) [24]. In contrast, there was suggestion that inter-
vention may have exacerbated subfertility in women with obesity (n = 339;
adjusted hazard ratio 0.69 [0.47, 1.00]; p = 0.053), although results need to be
interpreted with caution given the wide confidence interval and modest
sample size [24].

Preterm Delivery and Preterm Prelabor Rupture of Membranes

The intervention reduced the incidence of preterm delivery (adjusted risk ratio
[aRR] 0.43 [0.22, 0.82]), particularly late preterm delivery (3479-36" weeks’
gestation; aRR 0.41 [0.20, 0.85]) and those associated with preterm prelabor
rupture of membranes (aRR 0.21 [0.06, 0.69]) compared with controls [18].
However, there were no overall differences in neonatal complications, or in
admissions to the neonatal unit.

Major Postpartum Hemorrhage and Postpartum Blood Loss

The incidence of major postpartum hemorrhage (>1,000 mL blood loss) was
lower in the intervention group compared with controls (aRR 0.44 [0.20, 0.94])
[18]. Consistent with this finding, the estimated blood loss at delivery was also
10% lower in the intervention group compared with controls, with an adjusted
mean difference of 35 mL (95% CI 70, —3.5; p = 0.047) [25].

Labor Duration and Operative Delivery

While overall there were no group differences in the cesarean section delivery rate
and the duration of the first stage of labor, the intervention group had a shorter
second stage of labor by 20% (adjusted mean difference —12 min [-22.2, —1.2];
p = 0.029), accompanied by a lower risk of experiencing a delay in the second
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stage of labor (aRR 0.68 [0.48, 0.95]; p = 0.026) and reduced operative delivery
(cesarean section and instrumental vaginal deliveries) for delayed second stage
(aRR 0.61 [0.40, 0.93]; p = 0.022) compared with controls [25].

Breastmilk Composition

Even though mothers stopped taking the supplements at delivery, there was a
persistence of the NiPPeR intervention effect in breastmilk composition post-
delivery. Over the course of the first 3 months postdelivery, compared to
controls, breastmilk from women who took the intervention showed higher
concentrations of vitamin D (by 20% [95% CI 8, 33]; p = 0.001) [26] and zinc (by
11% [95% CI 1.6, 21]; p = 0.022) [27].

Infant Weight Gain and Obesity

Despite the lack of difference between control and intervention groups with respect
to birthweight (adjusted mean difference 0.05 [95% CI —0.03, 0.13] kg) and the
incidences of small- or large-for-gestational age at birth, the trajectory of infant
weight gain over the first 2 years of life was less accelerated in the intervention group
compared with controls. The incidence of rapid infant weight gain (>1.34 standard
deviation score increase from birth to 2 years; known to be associated with future
development of adverse metabolic health) was reduced among infants whose
mothers received the intervention supplement compared with controls (aRR 0.55
[95% CI 0.34, 0.88]; p = 0.014). In the same vein, the incidence of child obesity (BMI
>95th centile) at age 2 years was lower among children of the intervention group
(aRR 0.51 [0.31, 0.82]; p = 0.006) [28]. Sensitivity analyses excluding preterm cases
did not materially alter results. Further follow-up of these children is ongoing to
assess the persistence of such effects and to evaluate other child outcomes.

Conclusion

Results from the NiPPeR trial support the idea that maternal nutritional supple-
mentation commencing at preconception has the potential to optimize pregnancy
outcomes and offspring health. Potentially, modest improvements in maternal nu-
trient status may have sizeable impact in shaping the long-term health of individual
offspring, building resilience against noncommunicable chronic diseases. Given the
huge global challenge in tackling the growing prevalence of child obesity and as-
sociated metabolic risk, every potential modifiable contributory factor starting with
those in would-be-parents (prior to conception) need to be investigated as a potential
target for intervention. It is likely that intervention strategies will need to apply
customization and risk stratification for best outcomes. The NiPPeR intervention was
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tested in high-resource settings and care is needed with extrapolating findings to
low-middle income countries. Further work is also required within NiPPeR to identify
the key supplement components and mechanisms underlying each of the different
effects, and the opportunity window for intervention, so supplementation regimens
can be further improved for more optimal outcomes.
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Gut Microbiota Assembly
Begins at Birth and Needs
to Be Nurtured
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Abstract

Humans maintain symbiotic relationships with complex microbial communities in their
intestinal tracts that are paramount to their host's health and development. Given their
importance, it is essential for the host to reliably acquire key members of the gut microbiota
and assemble communities that provide benefits during important windows of host de-
velopment. Epidemiological studies over the last 2 decades have convincingly shown that
clinical and nutritional factors that disrupt early-life microbiome assembly predispose hu-
mans to infections and chronic noncommunicable diseases. These connections emphasize
the importance of understanding host-microbiome assembly on a mechanistic level, the
time windows that are most important for host-microbe crosstalk, and the clinical and
lifestyle factors that shape and disrupt symbiotic interactions to develop therapeutic and
nutritional strategies to prevent noncommunicable diseases. In this article, | will provide an
evolutionary and ecological perspective on when and how humans acquire their gut mi-
crobiome, the factors that shape the assembly process, and how the process can be dis-
rupted. | will discuss the most important time windows for both microbiome assembly and
the microbiome’s impact on development of the immune system. Finally, | will discuss how
evolutionary and ecological principles inform strategies to support and restore the gut

microbiome early in life. © 2024 S. Karger AG, Basel
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Introduction

Humans, just like other mammals, harbor complex and cell-rich microbial
communities in their intestinal tracts (the gut microbiota or microbiome), that
are metabolically active and influence the host through many intricate mech-
anisms. This relationship can be considered a co-evolved symbiosis as the
contributions made by the microbes (such as acquisition of nutrients, resistance
to infections, and cues that aid immune system development) advance host
fitness and are large enough to shape the evolution of anatomical, immuno-
logical, and metabolic features of mammals, as well as their dietary speciali-
zations [1]. Given their importance to many aspects of host development, it is
essential for mammals to reliably acquire microbial symbionts and assemble
communities that provide benefits.

Epidemiological, physiological, and omics-based studies, complemented
by experiments in animals, indicate that a large part of the environmental
influence on human health and disease is mediated by the gut microbiota [2].
Clinical, environmental, and nutritional factors that disrupt microbiome
assembly early in life are consistently linked to the risk of developing acute
pathologies and noncommunicable diseases (NCDs). These connections
emphasize the importance of understanding, on a mechanistic level, how gut
microbial communities are acquired and assemble, the ecological factors
that shape this process, and the implications on host development and
health. There is further a need to understand the health consequences that
arise from a disruption of this process and when microbiomes become
altered and “dysbiotic”, and to explore strategies to prevent and redress such
aberrations.

Here, I will provide an evolutionary and ecological perspective on the
timing and dynamics of early-life microbiome acquisition and assembly and
the factors that shape and disrupt the process. I will focus specifically on key
members of the early-life microbiota that have co-evolved with humans to
perform important functions for both the development of the microbial
community and the host. I will then discuss research that determined the
importance of “windows of opportunity” for both microbiome assembly and
the microbiome’s impact on the host’s immune system. Finally, I will discuss
how evolutionary and ecological principles inform strategies to support and
nurture the gut microbiome, specifically to redress misconfigurations.
Although non-bacterial components of microbiomes, such as the mycobiome
and virome, are increasingly recognized as important contributors, this
review will focus on bacteria.

Gut Microbiota Assembly Begins at Birth 29

Szajewska H, Neu J, Shamir R, Wong G, Prentice AM (eds): Shaping the Future with Nutrition. Nestle Nutr
Inst Workshop Ser. Basel, Karger, 2024, vol 100, pp 28-45 (DOI: 10.1159/000540140)


https://doi.org/10.1159/000540140

When, How, and from Where Do Infants Acquire Their Gut Microbiomes?

Whether healthy human fetuses and the prenatal intrauterine environment
(amniotic fluid, placenta) are colonized by microbial communities has be-
come a heated scientific debate [3]. Over the last 10 years, the application of
next-generation sequencing has challenged the previously well-accepted
“sterile womb hypothesis”, and suggestions have been made that live mi-
crobes or even whole microbiomes within intrauterine sites contribute to
prenatal fetal immune development [4, 5]. The notion of a fetal microbiome,
if proven correct, would have major implications for our understanding of
how the immune system develops and the mechanisms by which the mi-
crobiome is acquired. These interpretations have, however, been questioned
because several concurrent studies point to different sources of contami-
nation as the only source of microbial DNA detected in the intrauterine
environment [3].

Such disagreement over a fundamental aspect of early-life human devel-
opment poses a challenge for scientific progress. I was fortunate to participate in
a multidisciplinary group of scientists and clinician-scientists to evaluate the
scientific evidence from the perspectives of reproductive biology, microbial
ecology, bioinformatics, immunology, clinical microbiology, and gnotobiology,
to assess possible mechanisms by which the fetus might interact with microbes
[6]. The group concluded that the microbial signals in intrauterine environment
are likely the result of contamination during the clinical procedures to obtain
placental or fetal samples, or during DNA extraction and DNA sequencing. We
further concluded that the existence of live and replicating microbial pop-
ulations, often composed of opportunistic pathogens according to the sequence
analysis, is biologically implausible being incompatible with fundamental
concepts of immunology, clinical microbiology, and the derivation of germ-free
mammals. These conclusions have since been supported by findings from a
re-analysis of fifteen published sequence data sets of placental samples [7] and a
microbial analysis of mid-trimester amniotic fluid from 692 pregnancies using
culture and PCR [8].

Given that the fetus is sterile in utero, acquisition of the microbiota occurs
during and after birth, and different sources have been hypothesized for the
colonizers of the infant gut [9] (Table 1). Metagenomics with strain-level
resolution is increasingly used to determine the origin of strains detected in
infants and the modes of transmission. During vaginal birth, the infant is
primarily exposed to the vaginal microbiota, which has been hypothesized as
a major source for the infant’s microbiota. Accordingly, vaginal
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Table 1. Sources of microbes transmitted to infants and their relevance for early-life mi-

crobiome assembly

Source Mode of Characteristics of Relevance for early-life Relevance for host
transmission/  habitat and microbes gut microbiome development
dispersal present assembly

Foetus and the Vertical Sterile in most healthy  None Streptococcus

prenatal pregnancies. agalactiae causes

intrauterine Streptococcus agalactiae iliness in both
environment (known as Group B newborns and

(amniotic fluid and Streptococcus, or GBS) is mothers

placenta) detectable in a small

subset of placentas and
can be transmitted to
the infant

Mothers’ vagina Vertical Colonized by dense  Vaginal strains of Extensive literature

microbial lactobacilli become has established clear
communities that are, detectable in infants’ effects of lactobacilli
in most women, fecal samples but lack  on immune functions
dominated by adaptations to the gut in animals, e.g., mice,
specialized species of environment and only  but it is unknown if
lactobacilli form relevant vaginal microbes

populations in the first impact host

few days of life. Strains development in

do not seem to persist. humans

It is unknown to what

degree early

colonization by

lactobacilli influences

trajectory of

microbiome assembly

through priority effects

Breast milk Vertical Human breastmilk Unlikely to impact gut Unknown, but given
contains complex microbiome assembly. that the microbial
communities of The microbes that are  communities present
microbes, but commonly detected in in breastmilk are
organisms are from breast milk lack highly variable and
cutaneous or oral adaptations to gut seem to be
habitats and likely environments and do  allochthonous
originate from the not form relevant contaminants, it is
mother’s skin or the populations in the unlikely they have an
infant’s oral microbiota. infant’s gut evolved role in infant
Bifidobacteria have development
been reported to be
dominant in breast
milk, but such findings
are highly inconsistent
among studies and not
supported by
culture-based
approaches (pointing
to contamination)
Maternal fecal Vertical Complex microbial Highly important as it Important role in

microbiota

communities highly
adapted to the gut
ecosystem

provides a source of
well adapted
organisms that arrive
early in the infant’s
life, and thus show
elevated persistence
and effects on
community assembly
trajectory through
priority effects

infant development
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Table 1 (continued)

Source Mode of Characteristics of Relevance for early-life Relevance for host
transmission/  habitat and microbes gut microbiome development
dispersal present assembly

Fecal microbiota of Horizontal Complex microbial Important, especially  Important role for

father, siblings, and communities highly in infants born by infant development,

other humans adapted to the gut c-sections or treated  especially in infants
ecosystem by antibiotics that rely where vertical
on horizontal transmission is
transmission of gut interrupted

microbes, and later in
life (e.g., during and
after weaning) to
mature microbiome to
an adult stage

Skin microbiota Vertical and Complex microbial Composes Unknown but might
horizontal communities not microbiome in predispose infants to
adapted to the gut c-section born infants immune mediated
ecosystem early in life, but pathologies

microbes are
outcompeted by gut
adapted species
within weeks of life

Pets and other Horizontal Complex microbial Little evidence that Microbial exposure
environmental communities not environmental might impact host
sources adapted to the gut microbial exposures  development, but
ecosystem of humans exert larger effects on effect of gut adapted
gut microbiome strains that are
assembly vertically transmitted

is likely to be larger

Lactobacillaceae species are transmitted to the infant and constitute a larger
proportion of the fecal microbiota of vaginally born infants. However, lac-
tobacilli only form significant populations over the first days of life [10].
Human breast milk, supposedly containing more than 700 bacterial species
providing a daily dose of more than 800,000 bacteria, has also been hy-
pothesized as a source of gut colonists [11]. However, the bacteria detected in
breast milk in most studies are characteristic of cutaneous or oral habitats,
such as staphylococci (especially Staphylococcus epidermidis) and strepto-
cocci. These microbes likely originate from the mother’s skin or the infant’s
oral microbiota and do not form relevant populations in the infant’s gut [9,
12]. Some studies have reported high proportions of Bifidobacterium species
in breast milk that overlap with the infant microbiome. However, these
findings are not consistent among studies and not supported by findings using
culture-based approaches, and it is important to consider that breast milk is a
low biomass sample highly susceptible to cross-contamination during se-
quencing (the so-called splashome) [6]. Instead, metagenomic strain-tracking
demonstrates that a substantial proportion of strains acquired by
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vaginally-born infants postnatally can be traced back to their mother’s fecal
microbiota [13, 14], indicative of maternal vertical transmission, with the
intestinal rather than the vaginal or milk microbiota being the most im-
portant source [10].

Microbiome Assembly as a Process of Ecological Succession

Early life acquisition of microbes in vaginally born infants at term results in a
dynamic, sequential de novo assembly process that is characterized by ecological
succession [9, 11]. Although the process has often been described as chaotic due
to the high temporal and compositional variation, common patterns have been
detected [15], and several research groups have described ‘successional stages’ or
“phases” where the microbiome matures across specific community types [9, 11,
16]. Patterns of colonization can be explained by the ability of microbes to
become acquired (through transmission or dispersal) and the evolutionary
adaptations of the bacterial species that allow them to attain relevant population
sizes in gastrointestinal niches.

The very first colonizers (pioneer species) that dominate the early stage are
aerobic and facultative anaerobic bacterial species such as Enterococcus,
Streptococcus, Staphylococcus, and Enterobacteriaceae and oxygen tolerant
bacteria such as lactobacilli that benefit from the oxygen that is present in the
newborn’s gut [10, 17]. The lactobacilli that are initially dominant in vaginally
born infants but are then lost, are adapted to the ecological conditions of the
vagina but lack essential traits to be successful in the infant gut, such as efficient
utilization of human milk oligosaccharides (HMOs). Similarly, the aerobic and
facultative anaerobic species that bloom during the first few days are overgrown,
once oxygen levels decrease, by an expansion of strictly anaerobic species such as
Bacteroides, Parabacteroides, and especially Bifidobacterium of fecal origin in a
majority of naturally born infants at term [17]. Bifidobacteria can reach a
prevalence of >90% [18] and a relative abundance of >50% of the total fecal
microbiota in breastfed infants over the first few months [19, 20]. The Bifi-
dobacterium species and subspecies that dominate, such as Bifidobacterium
longum subsp. infantis, Bifidobacterium longum subsp. longum, Bifidobacterium
bifidum, and, with more strain to strain variation, Bifidobacterium breve, but also
some Bacteroides species, express specialized membrane transporters and sac-
charolytic enzymes that allow them to efficiently utilize HMOs [21]. Some types
engage in multi-species cross-feeding that involve sugars cleaved from mucus
and HMOs (e.g., fucose and sialic acid) as well as metabolic end products such as
1,2-propanediol, contributing to trophic networks [9, 22].
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Over time, and especially after weaning, communities become more complex
with the arrival of a diverse set of species, many from the phylum
Bacillota (previously known as Firmicutes). These species comprise most of the
diversity of the adult microbiota and become dominant later in life, and
sometime between the age of 2 and 4, the child’s microbiota becomes com-
positionally equivalent to that of an adult [9]. Interestingly, the Bacillota are
almost exclusively spore formers that are efficiently acquired through horizontal
transmission [23]. This contrasts with Bifidobacterium and Bacteroides species
that do not form spores and rely on efficient vertical transmission from the
mother. Evolutionary theory predicts that vertical transmission of symbionts
from a parent to their offspring favors mutualism and provides a mechanism by
which the host can select specific lineages that provide benefits [24].
Infant-adapted Bifidobacterium species protect against infection and support
immune development via secretion of metabolites (e.g., indole-3-lactic acid and
aromatic lactic acids) [25, 26] and can, therefore, be considered symbionts of
humans that provide important functions during a critical window of human
development. Interestingly, bifidobacteria levels at 6 months of age were neg-
atively associated with atopic dermatitis and skin prick testing positivity in an
observational study in infants raised during COVID-19-associated social dis-
tancing measures (the CORAL study) [27].

What Is the Most Important Time Window for Microbiome Assembly and Its
Impact on Host Immune Development?

Neonates born at term are not immunologically naive but are specifically adapted
to cope with abrupt exposure to microbial, dietary, and environmental stimuli.
Although there is no direct microbial exposure [6], fetal immune education can
be driven through maternal-derived microbial metabolites and molecules that
pass the placental filter [28]. After birth, the development of the immune system
continues in parallel with the assembly of the microbiomes, and comparisons of
germ-free and conventional rodents have established a causal contribution of the
microbiome to immune development. Germ-free mice can be efficiently colo-
nized with microbiomes during adulthood, and this “conventionalization”
corrects most immune deficits detectable in germ-free animals. However, there is
an increased realization that the timing of microbial exposure is important for
both microbiome assembly and development of immune phenotypes.
Experiments in gnotobiotic mice that were colonized with four bacterial
strains and a seed community in succession at different time points revealed that
the early arrival of bacterial strains can improve their ecological success during
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colonization [29]. In addition, the earlier arrival of the four bacterial strains by a
few days produced a measurable difference in the long-term trajectory of mi-
crobiome assembly. The findings demonstrate the importance of “priority ef-
fects”, meaning that timing and order of colonization influence the outcomes of
competitive and cooperative interactions between organisms and, thereby the
trajectory of community assembly [30]. In follow-up experiments, early colo-
nizers either outcompeted (Akkermansia muciniphila) or inhibited (Bacteroides
vulgatus) strains of the same species that arrived later [31], pointing to inhibitory
priority effects through niche pre-emption [30]. However, early colonizers can
also support colonization of later arrivals through the creation or modification of
niches (facilitative priority effects) [30]. These different types of priority effects
have been shown to impact the outcomes of competitive interactions between
Bifidobacterium species in in vitro growth cultures containing HMOs.
B. bifidum and B. longum subsp. infantis, two avid HMO consumers, dominate
through inhibitory priority effects, while strains of B. breve with limited
HMO-utilization abilities can benefit from facilitative priority effects through the
provision of fucose for cross-feeding [32].

Priority effects provide mechanistic explanations for key characteristics of gut
ecosystems [29, 31]. Apart from providing a mechanism for the high degree of
colonization resistance of gut microbiomes (established organisms bear fitness
advantages over later arrivals), priority effects explain why maternally-derived
strains, which are likely to arrive early, are more likely to stably colonize than
non-maternal strains [10, 13]. In addition, priority effects offer a mechanism by
which arrival order (which is largely stochastic) can create differences in gut
microbiota composition, thereby potentially contributing to the large
inter-individual variation observed in gut microbiomes. Research on priority
effects in gut ecosystems is still in its infancy but they are likely a central and
pervasive element in the assembly process with significant implications for
microbiome modification and restoration efforts.

Gnotobiotic mice can also be used to characterize the impact of the timing of
microbiome exposure on the development of the immune system. For example,
my group and collaborators characterized immune cell populations in mice in
which the timing of colonization was strictly controlled [33]. Comparisons of
conventional mice born to colonized mothers with germ-free mice that were
conventionalized at birth (meaning they lacked microbial exposure before birth)
showed very few differences in immune cell phenotypes. In contrast, delaying
conventionalization to 4 weeks after birth (just after weaning) had much larger
effects and resulted in altered phenotypes of seven splenic immune cell pop-
ulations in adulthood. The work complements a large body of literature that has
established that lack of early-life exposure to the microbiome and delays in
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microbiome assembly can lead to immunological deficits and immune-mediated
and metabolic pathologies [34].

Opverall, the available research supports the concept of a “window of op-
portunity” early in the postnatal period, during which the acquisition of mi-
crobial symbionts makes important contributions to both microbiome assembly
and immune system development, with long-lasting consequences. Although the
exact length of this window is still not clear, the concept provides a strong
rationale to avoid perturbation of microbiome acquisition during the early
period and informs efforts to modulate microbiomes to improve host devel-
opment and health.

Disruptions of Microbiota Assembly through Clinical and Lifestyle Factors

Modern clinical practices, such as cesarean sections (c-sections) and antibiotics,
have reduced maternal and infant mortality to very low numbers in affluent
societies. However, both practices disrupt microbiome acquisition and assembly.
C-sections disrupt the vertical transmission of gut microbes and show a delay in
the colonization of bifidobacteria (1-2 months) and in Bacteroides (3-4 months),
while bacilli (Enterococcus, Staphylococcus, and Streptococcus) and Enter-
obacteriaceae are increased [15, 17, 18]. Perinatal antibiotic administration to the
mothers during birth and postnatal antibiotic treatment of the infants also have
long-lasting effects on bifidobacteria, reducing populations throughout the first
year of life [15]. C-sections and antibiotics are often used in combination, and
they are likely to contribute to the severe disruptions and aberrant successional
patterns of microbiome assembly in preterm infants [35].

Formula feeding also alters early-life microbiota composition, although the
effect is less obvious on compositional levels [17]. Relative abundance of bifi-
dobacteria is significantly reduced in formula-fed infants but still high, at around
40% [9, 20]. Some findings are something of a conundrum, as diversity and
richness of the fecal microbiota, which is commonly assumed to be associated
with health in adults, are reduced in breastfed infants [36]. Perhaps the infant
microbiome is different in that host factors exert stringent deterministic forces
(e.g., HMOs) to select for a highly specific and thus less diverse microbiota [9]. In
agreement with this, HMOs are able to reduce the strength of priority effects
between Bifidobacterium species and effectively select for B. longum subsp.
infantis regardless of colonization order [37]. Apart from proving an efficient
mechanism to select for symbionts, the effects of breast milk on the microbiome
have ramifications beyond composition, exerting major metabolic effects,
changing the metabolite profile of the microbiome, enhancing fermentation, and
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reducing the pH through the production of acetic acid [26, 38]. The latter two
exert further selection pressures on the microbiota that, despite their beneficial
effects on pathogen inhibition, could explain the lower microbiome diversity in
breast fed infants.

Generally, detectable differences in microbiome composition induced by
birth mode, antibiotics, and formula feeding disappear by the age of 12 months,
but as discussed above, early periods of microbial acquisition are important for
both microbiome trajectory and host immune development. Thus, even transient
differences in the pattern of microbiota succession may have long-term effects on
the immunological and metabolic development of the host [39]. In fact, epi-
demiological research convincingly links c-sections, antibiotics, and formula
feeding to an increased risk of NCDs. These factors not only appear to alter
microbiota assembly in the exposed infants but also seem to contribute to
population-wide differences between industrialized and non-industrialized so-
cieties. For example, bifidobacteria are underrepresented in the USA, especially
when compared to African cohorts [15], and highly co-evolved types, such as B.
longum subsp. infantis, have lower prevalence in industrialized and affluent
societies [26]. The epidemiological links between lifestyle factors that disrupt
microbiomes and NCDs provide a potential explanation for the increase of
NCDs in industrialized societies and provide a strong rationale for therapeutic
and nutritional strategies to modulate and restore microbiome assembly early in
life.

How Do Evolutionary and Ecological Principles Inform Strategies to
Modulate Gut Microbiomes Early in Life?

As no infant formula is yet able to resemble the physiological effects of human
milk, breastfeeding remains the best source of nutrition for both infants and their
microbiome. Research on improving infant formulas effect on the microbiome,
for example through the addition of prebiotics, is very active, and especially the
use of HMOs is clearly in agreement with evolutionary and ecological con-
siderations to improve health [40]. However, neither improved formula nor
breast milk are sufficient to redress microbiome perturbations caused by ce-
sarean sections and prenatal antibiotics. Different strategies to restore early life
microbiome assembly have been proposed and range from vaginal seeding and
fecal microbiota transplantation to more defined microbial-based approaches,
such as probiotics [41] (Table 2).

Vaginal seeding involves the exposure of c-section infants directly after birth
to vaginal secretions of the mother’s vagina. Vaginal seeding has been reported to
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Table 2. Microbial-based strategies to modulate and restore microbiomes early in life and
the evolutionary and ecological principles that determine outcomes

Strategy Characteristics of the  Effects on early-life Evolutionary and Health effects, safety
microbes/microbial microbiome assembly ecological principles considerations, and
communities used limitations

Vaginal Undefined microbial  Partially restores the  Microbes that inhabit Unclear if early

seeding communities present  faecal microbiota of  the vagina of humans exposure to vaginal
in the mother’s vagina c-section infants, but  do lack adaptation to microbes and

effects are specific to  form stable microbial communities

certain bacterial populations in the impacts host

groups (e.g., infant’s gut. Gut development and

lactobacilli) and only  microbes seem to be health in humans.

detectable very early largely absent and do Safety concerns have

in life not become been raised as
transmitted. Vaginal communities are
microbes can colonize undefined and might
early on in high contain pathogens,
numbers and might  but risk should not be
impact microbiome higher than that of a
assembly through natural vaginal birth
priority effects, but and can potentially be
evidence for this is mitigated through
currently lacking in pathogen testing
humans

Fecal Undefined microbial  Efficiently restores the Restores vertical Clinical data on the

microbiota communities faecal microbiota in  transmission of the  health effects and

transplant prepared from fecal c-section born infants fecal microbiome prevention of NCDs of

(FMT) samples, to that seen in infants equivalent to levels  early-life FMT
preferentially the born through vaginal observed during a treatment are lacking.
mother birth healthy vaginal birth. Safety concerns have

Introduces been raised as
well-adapted communities are
microbes and undefined and might
communities that contain pathogens,
can initiate and but risk should not be
support gut higher than that of a
microbiome natural vaginal birth
assembly and can potentially be
mitigated through
pathogen testing
Probiotic Defined microbes or  If infant- and HMO Dependent on strain  Clinical benefits of
strains and  microbial consortia adapted microbes are selection, probiotics  probiotics for
consortia used, strategies can  can aid in the Necrotizing
restore important acquisition of key Enterocolitis (NEC) are
compositional (e.g., members of the well established, but
domination of infant gut their use in preterm
bifidobacteria, microbiome that infants is controversial
reduction of stably colonize and  and there is
opportunistic contribute to disagreement among
pathogens) and microbiome organizations if
functional (low pH, assembly and probiotics should be
high levels of organic maturation. By doing recommended. Effects
acids, bioactive this, probiotics can  of probiotics on other
metabolites) features redress some of the pathologies have been
of the early-life adverse effects of extensively studied,
microbiome in c-sections and but findings are less
breastfed infants antibiotic use on consistent. There is a
microbiome lack of well-designed
assembly clinical trials that
tested whether
probiotics that contain
autochthonous strains
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Table 2 (continued)

Strategy

Characteristics of the
microbes/microbial
communities used

Effects on early-life

microbiome assembly ecological principles

Evolutionary and

Health effects, safety
considerations, and
limitations

can prevent NCDs.
Good safety record of
bifidobacteria and
lactobacilli in infants
born at term, and
composition of
products can be
defined and
controlled. However,
small and standardized
set of strains might
miss important species
and functions present
in whole microbiomes

Synbiotics

Combination of
probiotic strains or
consortia with
compounds that serve
as growth substrates
for the microbes (e.g.,
prebiotics or HMOs)

Same effects as
probiotics, but
persistence and
functionality of strains
can be enhanced,
especially in formula
fed infants

Both traditional
prebiotic and HMOs
provide resources
and thus a niche
opportunity to gut
microbes that
support their
ecological
performance. HMOs
have likely evolved
to support key
members of the
microbiota, such as
bifidobacteria

Synbiotics might be
able to enhance the
health effects of
probiotics, but
evidence from
well-designed clinical
studies is lacking.
HMOs are diverse and
it will be impossible
and expensive to
reflect their natural
diversity in products.
Although clearly
bifidogenic, traditional

prebiotics differ
chemically from HMOs
and might therefore
not exert the same
functions. Good safety
record

partially restore the fecal microbiota of C-section infants [42], but opinions on its
value and relative risk differ among scientists [43]. Vaginal seeding does not
restore a microbiota equivalent to that seen in antibiotic-naive infants born
vaginally [44], primarily restoring vaginal lactobacilli, which, as discussed above,
lack relevant adaptations and do not persist in the infant gut in detectable
proportions over longer periods. In contrast to vaginal seeding, oral inoculation
of C-section infants with maternal feces (maternal fecal microbiota transplant)
mimics the natural vertical transmission of fecal microbes and does efficiently
restore the microbiome towards that of vaginally born infants [44]. Although
fecal microbiota transplantation is, from an ecological perspective, highly ef-
ficient, there are safety concerns and regulatory hurdles that prevent it from
becoming a feasible standard procedure.

An alternative to the complex undefined approaches described above are live
bacterial strains or defined microbial consortia. There is a large body of literature
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on the use of probiotics in both term and preterm infants using a wide variety of
strains and strain combinations [45]. Most of this research was conducted with
bacteria that are not infant or even gut-adapted, such as Lactobacilaceae and
Bifidobacterium lactis/animalis, which have only small effects (if any) on the gut
microbiota. However, what is becoming increasingly clear is that, if infant- and
HMO-adapted strains are used, probiotics can restore key aspects of infant gut
microbiota composition and function [26]. For example, administration of B.
longum subsp. infantis EVC001 in the first month of life restored Bifido-
bacteriaceae levels to around 80% relative abundance of the fecal microbiota in
breastfed infants, and B. longum subsub. infantis was detectable at counts to
10.81 log;o cells per gram feces [46] and persisted for up to 1 year [47]. The
probiotic treatment resulted in higher concentrations of acetate and lactate,
decreased fecal pH, altered metabolic profiles, and lowered levels of Proteo-
bacteria [46, 48], indicating both compositional and functional shifts associated
with healthy gut microbiota assembly (see above). Even in extremely premature
infants, a probiotic product containing four strains of Bifidobacterium species
autochthonous to the infant gut and one Lacticaseibacillus rhamnosus strain led
to stable persistence of the Bifidobacterium (but not the L. rhamnosus strain)
long after administration was ceased [48]. The probiotic also accelerated the
transition into a mature, term-like microbiome with higher stability and species
interconnectivity, and the abundance of Bifidobacterium strains were strong
predictors of microbiome maturation. Synbiotics, composed of infant-type bi-
fidobacteria and prebiotics, are also being increasingly explored in formula-fed
infants and have shown the potential to change Bifidobacterium proportions,
fecal pH, lactate production closer to the breastfed reference group [49].

The ecological effects detected in these probiotic trials in infants are sub-
stantially larger than those observed in probiotic interventions in adults, likely
because colonization resistance is low in infants and both priority effects
contribute to strain persistence and microbiome maturation [50]. The probiotic
strategies also dampened proinflammatory responses and induced other ben-
eficial immune responses [48, 51]. However, it is still unclear if probiotics can
prevent NCDs. Clinical benefits are well established for Necrotizing Enterocolitis
(NEC) in preterm infants, where probiotics containing autochthonous Bifido-
bacterium species have shown dramatic reductions in NEC and mortality [52,
53]. Despite great heterogeneity among available studies, large meta-analyses of
clinical trials have demonstrated the efficacy of multiple-strain probiotics (most
containing infant-adapted bifidobacteria) in reducing NEC and all-cause
mortality [52]. The beneficial effects of probiotics on NEC can serve as a
paradigm for the value of early-life microbiome restoration in a highly perturbed
setting.
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Conclusions and Outlook

Our understanding of the transmission of gut microbes and the dynamics of
microbiome assembly has grown substantially in recent years. The close proximity
of the birth canal to the anus is likely, not coincidental but the result of an evo-
lutionary process that, despite the evolutionary trade-offs (e.g., urinary infections),
was driven by the importance of a reliable acquisition of health-promoting microbes
and communities during what is likely the most critical window for host devel-
opment. However, many questions remain, especially as they pertain to the
questions of if and how delayed and altered microbiome assembly contributes to
pathologies. Answering these questions is complicated by the fact that most NCDs
that have implicated the early-life microbiome arise much later in life and are
relatively rare, thus requiring large long-term and ideally prospective studies in
specific risk groups that are difficult to conduct.

Recent research convincingly demonstrated that evolutionary and ecologi-
cally informed procedures can redress microbiome aberrations and replenish
keystone species in infants born through c-sections, treated with antibiotics,
required formula feeding, or combinations thereof. Given that probiotic
products that contain autochthonous Bifidobacterium strains are available and
safe, such products can be recommended. It should also be noted that restoration
efforts are likely to remain imperfect if the infant is not breastfed [41]. The
combination of probiotics with synbiotic strategies (e.g., HMOs supplementa-
tion) is therefore highly promising but still relatively little explored in clinical
studies [54]. One must also consider that the small and standardized set of strains
might miss important species and functions, and responses will likely vary
between individuals and populations from different geographic location. Al-
though much remains to be done in the design of probiotics for the postnatal
period, an advantage of an evolutionary approach would be that strategies are
aligned with human biology and should, at least in most cases, be beneficial to
most infants independent of where they live.

Although research in animal models is promising, clinical proof in humans
that microbiome restoration approaches reduce the risk of NCDs is still es-
sentially missing. This research requires large prospective human trials in specific
risk groups. Such research should also consider the long-term risk of these
strategies. If we assume that microbial strains and metabolites can prevent
NCDs, there might also be cases, even within bacterial species that are normally
beneficial, that increase the risk in all or a subset of individuals. Regulatory
hurdles are also a significant challenge for effective translation [26], as dem-
onstrated by the warning letters issued by the FDA in October 2023 about
probiotic products sold for use in hospitalized preterm infants (despite strong
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evidence that the risk-benefit ratio is strongly in favor of the use of probiotics).
Clearly, the risk is never zero, but the design of microbiome restoration ap-
proaches on an evolutionary and ecological basis increases the likelihood of those
strategies being safe.

Although the early postnatal period is likely the most important period for the
gut microbiome to impact long-term health, the relevant time span is likely
broader and might extend into weaning. The CORAL study showed that
plant-based foods, which support healthy microbiota (e.g., through dietary fiber)
[55], positively impacted microbiota development [27]. Given that metabolites
from the maternal microbiota cross the placental barrier into the fetus [6] and a
diverse healthy diet maintains a diverse microbiota in women that can then be
transmitted to the new-born [11], both the maternal diet during pregnancy and
the infant’s diet during weaning are likely important to nurture microbiome
assembly and long-term health.
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Abstract

A woman is born with her life-time supply of eggs, and these are surrounded by a group of
cells, the follicular cells, which form the ovarian follicles. The ovarian follicles will determine a
woman’s entire reproductive lifespan (presence of menstrual cycles and length of fertility)
and healthspan (i.e., quality of life). The ovarian follicles are at their peak numbers in utero
and start to decline upon birth. This decline continues nonlinearly throughout the girls’
growth to adolescence and in adulthood. This decline also represents the inevitable loss of
fertility, culminating in women’s menopause, where the ovaries have too few ovarian follicles
left to result in monthly menstrual bleeding. The role of these ovarian follicles is vital for a
woman'’s fertility as they safeguard the eggs within them. Importantly, the hormones se-
creted by the ovarian follicles (e.g., estradiol) maintain a woman’s healthspan by ensuring
optimal cardiovascular, musculoskeletal, and neurocognitive health. Conditions that ac-
celerate the loss of these ovarian follicles or shorten the already limited ovarian lifespan will
result in systemic issues detrimental to women's health. Yet, the biological processes that
determine the ovarian clock remain understudied and this phenomenon needs attention to
ensure that novel diagnostics and therapeutics are discovered for optimal women'’s re-

productive health. © 2024 S. Karger AG, Basel


https://doi.org/10.1159/000540135

Introduction

A Girl Is Born with a Finite Number of Eggs

Every baby girl is born with her life-time supply of eggs. These eggs are sur-
rounded by a layer of follicular cells which nurture their growth and devel-
opment. The flattened layer of follicular cells surrounding the egg is known as the
primordial follicles [1], which form the true ovarian reserve a girl will ever
possess in her lifetime. In women, all primordial follicles are formed in the fetus
between 6- and 9-months’ gestation. During this period, a marked loss of oocytes
occurs due to apoptosis until approximately 1-2 million ovarian follicles are left
at birth. The number of primordial follicles decreases progressively because of
their recruitment during ovarian folliculogenesis for ovulation [2], until about
1,000 follicles or less [3], at which point ovulation culminates as menopause,
which usually occurs at ~50 years of age (see Fig. 1). The decline in number of
ovarian follicles is not linear throughout a girl’s lifetime, with optimal fertility
occurring around the age of 18-31 years. This then follows a steep decline in the
number of ovarian follicles from age 37 years and beyond leading to a reduction
in fertility.

The primordial follicles will remain quiescent in early life and are activated at
the time of puberty, where the “Central clock,” the hypothalamic-pituitary-
ovarian (HPO) axis, matures and results in increased pulsatile release of
gonadotropin-releasing hormone (GnRH) from the hypothalamus to the pi-
tuitary gland. This is likely due to polygenic influence, with epigenetic

Birth
1,000,000
Optimal Fertility
g Reduced Fertility
E 100,000
> Steep Decline in Fertility
@
= 10,000 Very Low Fertility
°
= End of Fertility
1000
0 18 31 37 41 45 51

Menopause
Age (Years)

Fig. 1. A girl's ovarian lifespan is dependent on the number of ovarian follicles she is born
with, and it is a downwards trajectory until the clinical menopause as the girl goes into
adolescence and adulthood.
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mechanisms providing coordination and transcriptional plasticity to the genetic
network governing the onset of puberty [4]. With the onset of puberty, ovarian
folliculogenesis commences under the influence of follicle-stimulating hormone
(FSH) and luteinizing hormone (LH), resulting in the secretion of high levels of
estrogens (e.g., estradiol) in a positive feedback loop. The elevated levels of
estrogens will kick-start the physical changes seen during puberty, including
thelarche and adrenarche. Further, the uterus will respond to the cyclical
production of estrogens and result in menarche, which is the first presentation of
menstrual bleeding due to the shedding of the endometrium from withdrawal of
estrogen [5]. The first ovulation usually takes place approximately 6-9 months
after menarche due to an initially immature positive feedback mechanism of
estrogen [5].

The Central Clock and the Ovarian Clock

The onset of puberty in girls is controlled by GnRH neurons. The devel-
opment of this pulsatile gonadotropin secretion ultimately triggers the first
ovulation, giving rise to the potential for reproduction [6]. The now matured
“Central Clock” is able to generate the pulses necessary to initiate ovarian
folliculogenesis cyclically, thereby allowing the ovaries to recruit from their
finite pool of primordial follicles monthly for selection of one dominant
follicle for ovulation. The onset of the Central Clock will work in concert with
the ovarian clock to regulate ovarian folliculogenesis. However, dysregulation
of ovarian folliculogenesis will result in ovulatory disorders [7]. This also
marks the continual loss of ovarian follicles throughout a woman’s life, and
the rate of decline is dependent on each phase of her adult life as depicted in
Figure 1.

The Ovary Dictates a Girl’s Reproductive Lifespan and Healthspan

The ovarian clock begins ticking from birth, and continual loss of ovarian
follicles results in the inevitable end of reproductive lifespan. The ovarian follicles
contain oocytes for fertility and reproduction. The granulosa cells growing in
these follicles are vital in nurturing the developing oocytes during ovarian
folliculogenesis. Their production of estrogens is pivotal for a woman’s
healthspan. Estrogen is essential in sustaining both bone and cardiovascular
health. It protects bones by inactivating osteoclast activity, preventing osteo-
porosis in both estrogen-deficient and postmenopausal women [8]. Further-
more, estrogen affects plasma lipids by increasing high-density lipoproteins and
triglyceride levels while decreasing low-density lipoproteins and total plasma
cholesterol. Consequentially, this aids in the reduction in the risk of coronary
artery disease by creating a healthy lipid profile which is cardio-protective [9].
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Concept of Reproductive Ageing in Women

The ovary is one of the first organs to functionally decline with age, which results
in an overt decline of general health, especially afflicting the neurocognitive,
cardio-metabolic, musculoskeletal, and reproductive systems [10]. This bio-
logical phenomenon occurs way before other bodily systems [11], resulting in
increased morbidity and all-cause mortality in women who suffers from early
menopause less than 40 years of age. The timing of menopause is critically
implicated with later menopause being associated with greater life expectancy
and reduced all-cause mortality [12]. Furthermore, if menopause occurs before
age 40 years, in a condition known as premature ovarian insufficiency (POI),
these women are at increased risk of osteoporosis, cardiovascular, and neurologic
diseases, leading to increased risks of premature death [13]. An interesting
phenomenon observed in pregnant mothers with female fetuses demonstrated
that in utero events such as low birth weight and diethylstilbestrol exposure
could result in the female fetus being at risk of early natural menopause in the
future [14]. This exemplifies the importance of protecting a girl from unnec-
essary exposure or risks that may adversely affect her future reproductive lifespan
and healthspan. This can be achieved through careful considerations of the diet
and environment from in utero life to birth and beyond.

Impact of Health Sequelae from Early Initiation of Puberty and Early
Menarche

Many epidemiological studies have demonstrated that rising childhood levels
of obesity and ponderosity are associated with earlier menarche in girls [15].
Early-life and childhood nutrition are likely to exert a significant impact on
the timing of puberty onset [16]. Nutritional status is considered one of the
most important factors involved in pubertal development whereas much as
25% of the variation in the timing of puberty may be attributable to nu-
tritional causes [17]. Furthermore, the long-term adverse health conse-
quences such as increased risks of breast cancer, obesity, diabetes mellitus,
cardiovascular diseases, and lower bone mineralization can collectively
heighten mortality risk [16]. Additionally, a history of either early or late
menarche was associated with a higher risk for adverse cardiovascular
outcomes (e.g., coronary arterial disease later in life) [18]. Therefore, utmost
attention should be paid to modifiable risk factors (e.g., diet, obesity, life-style
factors) that influence age of menarche as a potential means to mitigate
life-time risks of chronic diseases that reduce lifespan and healthspan.
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The Irreversibility of the Human Ovarian Clock

The human ovarian clock undergoes an irreversible loss of ovarian follicles
and this ovarian ageing is attributable to multiple biological processes at play.
The local microenvironment of the ovarian follicle in the ovary directly
influences the quality of the eggs in the ovary [19] and subsequent fertility in
women. The tissue and cellular components in the ovary, stroma, immune
cells, granulosa cells, mitochondria, and extracellular matrix, undergo in-
trinsic changes during the ageing process. These are influenced by oxidative
stress and inflammation. Genetic factors, telomerase activity, epigenetics, and
nutritional factors can accelerate the ovarian ageing process [20]. Lamen-
tably, ovarian and reproductive ageing remains an understudied area.
However, attempts to maintain the quality and quantity of follicles in animal
models through manipulating the aging pathways can hold promising po-
tential to prolong female reproductive lifespan and healthspan. Under-
standing the molecular events driving ovarian aging and menopause and the
interventional strategies to offset these events will open doors to discover
ways to enhance true healthy longevity for women [21], beginning from birth
to childhood. Novel methods to increase the primordial follicle pool during
the preconception period need to be further investigated to exploit this
window of opportunity.

Approach to “Ovarian Clock” - What the Pediatrician Should Know

A common presentation to the pediatrician is the irregular menstruation once
an adolescent reaches menarche. Adolescent girls who have not reached
menarche within 5 years after thelarche and amenorrhoeic girls without
secondary sexual characteristics development by the age of 13 (2 SD above the
mean age of 11) should also undergo evaluation [22]. The American College
of Obstetricians and Gynecologists defined irregular menstrual cycles in the
first-year post menarche as normal due to the immature hypothalamic—
pituitary-ovarian axis. However, further evaluation of irregular menstrual
cycles may be warranted if the following features are noted: (1) between 1 and
3 years postmenarche with menstrual cycles <21 days OR >45 days (2) more
than 3 years postmenarche with menstrual cycles <21 days OR >35 days OR
<8 cycles/year (3) more than 1-year postmenarche with menstrual cycles >90
days for any one cycle (4) primary amenorrhea by age 15 or >3 years
postthelarche [23].
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Amenorrhea is characterized by the complete absence or cessation of menses.
The occurrence of amenorrhea before and after menarche defines primary and
secondary amenorrhea, respectively [24]. Careful medical evaluation and
management should be warranted for these women with amenorrhea. Addi-
tionally, the presence or absence of secondary sexual characteristics can offer
more insights to the causes of amenorrhea. Causes of amenorrhea include
anatomical or functional anomalies of the genital tract, hormonal disorders such
as hyperprolactinemia, and hypogonadotrophic hypogonadism, including rare
genetic syndromes. The girl’s reproductive hormonal profile such as FSH, LH,
thyroid-stimulating hormone (TSH), prolactin, and androgen levels should be
assessed. It is vital to determine the cause of irregular menstrual cycles and
ensure that the cycles return to prevent the short- and long-term sequelae of
estrogen imbalance. It poses an increased risk for cardiometabolic diseases,
osteoporosis, premature menopause, and endometrial cancer, curtailing one’s
healthspan.

The most common causes of irregular cycles and amenorrhea are hypo-
thalamic amenorrhea, polycystic ovarian syndrome (PCOS), and POI (see
Fig. 2).

POI and PCOS represent the extreme ends of the ovarian lifespan spectrum,
with POI associated with a decreased lifespan and PCOS to an increased lifespan.
However, these ovarian-specific conditions can result in serious consequences to
a girl’s future reproductive health and general well-being.

Premature Ovarian Insufficiency - Ovaries Which Aged Prematurely

POI results from a premature depletion of the ovarian pool of primordial follicles or
in certain genetic conditions such as X-chromosome-related genetic disorders (e.g.,
Turner’s syndrome). This is diagnosed clinically based on serum FSH and estradiol
levels, measured on at least two separate occasions with an interval of more than 4
weeks, with a continuously elevated FSH levels (greater than 25 IU/L) [25].
Concurrently, the serum level of anti-Mullerian hormone (AMH), a marker for
ovarian reserve in routine clinical use, may become abnormally low for her age. This
is a debilitating condition afflicting 1% of the women before age 40 years globally. A
significant proportion of women with POI die from cardiovascular diseases. Fur-
thermore, POI is among the main factors associated with premature mortality,
following diabetes and arterial hypertension [26], leading to premature mortality.
Compounding the issue, women with POI experience increased odds of developing
individual chronic conditions and multimorbidities such as diabetes, hypertension,
heart disease, stroke, arthritis, osteoporosis, depression, and anxiety [27]. Although it
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Irregular menstrual cycles

® Primary amenorrhea - nil periods by age of 15
e Secondary amenorrhea - previously menstruating but
nil periods for >3 months
® Oligomenorrhea
- > 90 days for girls 1 year post-menarche
- > 45 days for girls 1-3 years post-menarche
- > 35 days for girls 3 years post-menarche

To rule out \L Potential diagnosis
Pregnancy/ side \]/
effects of medication Premature ovarian
(e.g. COCPs) insufficiency (POI)
Anovulation [1] Continuously elevated FSH
[2] Abnormally low AMH

y y

Polycystic Ovarian Central causes Physiological
Syndrome (PCOS) B A
E.g. prolactinoma E.g. Stress, eating
Based on Rotterdamn disorders
criteria or 2023 PCOS
guideline

Fig. 2. Diagnostic approach to irregular menstrual cycles.

is crucial to determine the cause of POJ, the identification of possible causative genes
and selection of candidate genes for POI confirmation remains to be elucidated [28].
Nonetheless, diagnosing POI is essential for pediatricians to ensure early referral for
subspecialist and multidisciplinary care. This will allow the girl or adolescent
suffering from POI to receive timely and appropriate management such as hor-
monal replacement therapy and nutritional and lifestyle advice for optimal health.

PCOS - The Ovary with Increased Lifespan

PCOS is one of the most common endocrine disorders in women of reproductive
age with a prevalence of up to 20%. Their clinical presentation includes irregular
menstrual cycles, hirsutism, also known as excessive hair growth, and subfertility
[29]. Importantly, PCOS is associated with metabolic disorders such as insulin
resistance, impaired glucose tolerance, type 2 diabetes mellitus, dyslipidemia, and
cardiovascular risk factors [30]. Ironically, women with PCOS were observed to
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experience delayed ovarian ageing, as reflected by the slower rate of decline in serum
concentrations of AMH over time [31]. Furthermore, genetic susceptibility to later
onset of menopause is associated with higher PCOS risk—which suggests a common
mechanism that retards ovarian ageing. Interestingly, PCOS-susceptibility alleles are
associated with higher serum AMH concentrations in women. While the very low
level of AMH in POI women reflects low numbers of primordial follicles, the higher
AMH level in PCOS women suggest a higher number of primordial follicles. High
AMH level consequently inhibits the recruitment of further primordial follicles,
possibly representing more efficient use of the primordial ovarian pool [32].
Therefore, accurate diagnosis of PCOS in a girl or adolescent will be pivotal to guide
appropriate nutrition and lifestyle modifications to mitigate the aforementioned
risks for obesity, diabetes, and cardiovascular disorders.

Conclusion

The ovarian clock needs to be emphasized to the pediatricians as it has
far-reaching reproductive and health implications to a growing girl. Conditions
that affect the ovarian lifespan, such as POI and PCOS, must be identified to
enlist preventive measures to maintain good health and well-being. Under-
standing that there will be an irrevocable and inevitable loss of ovarian follicles
from birth, girls must have appropriate and sufficient nutrition to build up their
bodily reserves (e.g., peak bone mass, muscular development) as well as adequate
lifestyle modifications like aerobic exercise to ensure optimal healthspan.
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Abstract

Human milk is the recommended sole source of nutrition for infants during the first 6 months
of age, thanks to its composition rich in nutritious and bioactive components. Progress in
analytics has allowed for a detailed description of its components and their variability within
and among mothers. This is especially valid for the human milk oligosaccharides (HMOs) that
represent one of the major human milk compound groups. The stages of lactation and
maternal genotypes are the main contributors to the variability of HMOs, although other
maternal and environmental factors also contribute to the variation, which may be important
for adaptation in evolutionary terms. Today, mainly individual HMOs or structural groups of
HMOs were associated with infant outcome measures, ranging from anthropometry to
immunity and brain development (social and cognitive skills). Mechanistic insights can partly
explain some findings, yet there is a lack of consistency between the different observational
studies of breastfed infants. Gaining a better understanding of the reasons behind these
disparate findings is the key element going forward. Furthermore, studying human milk
components, like HMOs, and their expected benefits using a systems biology approach can
reveal further important insights. Here, we discuss recent findings with the perspective to

learn more about the link to health outcomes. © 2024 S. Karger AG, Basel
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Introduction

Milk production is a unique characteristic of mammals, including diverse species
from egg-laying mammals, like echidnas and the platypus, to humans. Sharing a
common ancestry and evolutionary adaptation are important hallmarks to
consider when investigating the biology of milk and lactation. We may para-
phrase this based on a classic statement as “nothing in milk makes sense except in
the light of evolution” [1].

The common ancestry of mammals goes back over 200 million years to the so-
called synapsids or proto-mammals. These laid eggs with shells intolerant to
desiccation, which depended on glandular skin secretions for moisture and
antimicrobial properties. These skin secretions are thought to have evolved into a
component-rich secretion seen today as milk in mammals [2]. It is noteworthy
that milk is thought to have evolved from a secretion rich in protective or
bioactive components to the one we see today that is rich in both nutritive and
bioactive components.

The study of human milk biology made great strides with the advancement of
analytics. A primary focus is on the composition of individual components,
aimed in an engineer-like manner to understand the biology at a molecular level,
component by component. Today, a shift from such a molecular approach to a
more integrative organismal or systems biology approach is needed to fully
appreciate milk and its role in infant development [3].

An epidemiology-based approach looking, overall, for differences between
breastfed and nonbreastfed infants is an important basis that considers milk
holistically. This approach, together with the study of breastfeeding promotion
[4] and a randomized trial design of preterm infant feeding with donor human
milk or cows’ milk-based formula [5], established the importance of human milk
feeding for early postnatal development and long-term health.

Hence, the WHO and UNICEF recommend exclusive, on-demand breast-
feeding for the first 6 months. From the age of 6 months, children should begin
eating safe and adequate complementary foods while continuing to be breastfed
for up to 2 years and beyond [4]. Generally, breastfeeding allows for the age-
appropriate growth of infants during the first 6 months, although an adequate
nutritional status of the mother is the key to this end. Among the benefits for
infants, reduced risks for infection-related morbidity, dental caries, and mal-
occlusions are generally reported, together with benefits for brain development
and reduction of overweight and diabetes later in life [5].

In this context, some key questions include what factors affect human milk
composition, how does variation in the composition affect infant development,
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and how do different milk components interact with each other and influence
infant development? Herein, we discuss these aspects, zooming in on one
bioactive milk component group, the human milk oligosaccharides (HMOs).

Variation in Milk Composition: Adaptation to Infant Needs?

The human milk composition varies, and variation is an important feature in
biology and evolution for adaptation. We can differentiate intra- and interin-
dividual variation. For the former, milk compositional change over the time of
lactation is probably the best described example. Most of the reported milk
components change over the course of lactation from colostrum (first 4-5 days),
transitional milk (5-14 days), to mature (above 10-14 days), and late milk (>90
days). Given the change in volume intake over time as the infant grows, the actual
intake of some specific components may remain rather constant. Another ex-
ample is diurnal variation with a significant circadian variation reported in a
recent systematic review for tryptophan, fats, triacylglycerol, cholesterol, iron,
melatonin, cortisol, and cortisone over the day [6]. Such variations may play a
role in the child’s growth and development and be adapted to nutritional and
chronobiological needs. Last, but not least, differences in the composition of
fore- and hindmilk, particularly with respect to fat concentration, have been
proposed to play an important role in self-control during feeding, with potential
implications for weight gain and growth [7].

Variation in the milk composition between mothers may be due to many
factors, such as genetics, the physiological and nutritional status of the mother,
and her habitual diet, which seems to have a key impact, particularly for fatty acid
intake [8]. Diets rich in sea food, for example, are associated with a higher
content of docosahexaenoic acid and arachidonic acid in human milk [9].

Variation of Oligosaccharides in Human Milk

Just like many other components in human milk, individual HMO concen-
trations and HMO profiles also vary. To understand how the variation is brought
about, we need to first understand how HMOs are made. The canonical pathway
of HMO synthesis starts with lactose. Lactase synthase, a heterodimer of alpha-
lactalbumin and the soluble variant of beta-1,4-galactosyltransferase 1, catalyzes
the assembly of lactose from UDP-galactose and glucose. Elongation of lactose to
the different HMOs occurs via the stepwise addition of further monosaccharides
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(i.e., galactose, N-acetylglucosamine, N-acetylgalactosamine, fucose, and sialic
acid) in different directions by specific glycosyltransferases as recently re-
viewed [10].

Among the involved glycosyltransferases, the fucosyltransferases FUT2 and
FUT3 lead to a pronounced variation in HMO composition. Humans are
polymorphic for both FUT2 and FUTS3, defining the phenotypical secretor and
Lewis types, respectively. In mothers, this genetic variability translates in their
milk to a lack or variability of FUT2-dependent HMOs (e.g., 2'-fucosyllactose
(2'-FL), lacto-N-fucopentaose 1 (LNFP-I)), or FUT3-dependent HMOs (e.g.,
LNFP-II and 3-fucosyllactose (3-FL)). Due to the polymorphism in FUT2 and
FUTS3 activities, four distinct milk groups can be distinguished (Fig. 1a) [11].
Additional variability is also linked to the maternal blood groups A and AB.
Mothers with these blood groups, who also express a functional FUT2 enzyme,
synthesize a so-called A-tetrasaccharide in milk, which is composed of trisac-
charide 2'-FL with an additional alpha-linked N-acetylgalactosamine [12].

Due to substrate use and availability during the presence or absence of FUT2
and FUT3, other HMOs that are not directly made by those enzymes can also be
affected. This is due to different donor and acceptor substrate availabilities for
HMO synthesis. The examples include 3-FL and LNFP-III, with 3-FL being
higher throughout lactation and LNFP-III being slightly higher in transitional
milk when FUT2 is missing. Other sialylated HMOs, like 3'-sialyllactose (3'-SL)
and sialyllacto-N-tetraose ¢ (LST-c), are not affected by the FUT2 and -3
polymorphism (Fig. 1a).

Next to genetic polymorphism, the time of lactation is a second important
parameter affecting the HMO composition and profiles. Most HMO con-
centrations decrease over time. Only a few, especially 3-FL, and to some
extent 3'-SL, increase in concentration over the course of lactation. In milk
from mothers giving birth at term or preterm, this pattern of decreasing and
increasing HMO concentrations as lactation progresses looks very similar
[13]. Hence, the program of HMO synthesis regulation appears to start with
the establishment of lactation, independent of the infant’s gestational age.
Yet, few statistically significant differences of specific sialylated HMOs were
observed between the milk of mothers following term or preterm birth with
the HMOs 3'-SL, LST-b, and DSLNT higher and 6’-SL and LST-c lower in the
milk of mothers who gave birth to preterm infants. To what extent these
changes reflect the different maternal physiological state or an adaptation to
the preterm infant’s need is not known. In evolutionary terms, it is unlikely to
reflect adaptation, as it is only thanks to recent medical advances that preterm
infants survive beyond birth.

Human Milk Research 59

Szajewska H, Neu J, Shamir R, Wong G, Prentice AM (eds): Shaping the Future with Nutrition. Nestle Nutr
Inst Workshop Ser. Basel, Karger, 2024, vol 100, pp 56-70 (DOI: 10.1159/000540139)


https://doi.org/10.1159/000540139

(6£1075000/6SL1°0L 10A) 0£-95 dd ‘001 [0A ‘tZ0T ‘13b1eY ‘[9seg "I9S doysyiom isu|

1NN SISSN "UORLINN YHM a1ning ay3 Buideys :(spa) NV 921udid ‘D Buop ‘Y Jiweys ‘r naN ‘H e)smafezs

09

pieuuoy/1abuaids

of| 2FL §® I LNFP-l _p-e Tl oFSL e g Sl
3 “F | [ B 2000 A 2 DFLNHA
" secof ‘i \I/l-""-‘l' H N\I = p LI s
i S § o e N -
oifem.n.n.m—u u .§- 3 4
L 100 :::' 300 400 ] 100 :'T. w0 400 L
wf 3FL oo e LNFPIIIO‘_/.;H f
Bl } } ¥ ot
1000 } bl &
L] ' L]

Cluster 5

LNFP-il
0-.’0_. LNRFP-V

8 & & 8

@ volsoe (k)
» (T O D-Gatactose (Gal) Oﬁm"m"
g mm Group 1 (FUT2+FUT3+) ‘ﬁle [ T T ——
mm Group 2 (FUT2-FUT3+) LNFP-Il
100 == Group 3 (FUT2+FUT3-) : [l itibmamiaii C?(O_. P
- s A recoie (Fuc)

’ N-Acetyineuraminie acid (NeuSAC)

Fig. 1. a Individual HMOs, representative of different HMO clusters, are plotted by the milk group over the time of lactation. Graphs are redrawn from
published data [11, 12]. b Summary of HMO clusters identified in Lefebvre et al., 2020 [12], also seen similarly in independent unpublished data (Fabio
Mainardi, personal communication). Means with standard deviation are shown. The legend shows the monosaccharides and the type and direction of
linkages between them, forming the different HMOs shown.


https://doi.org/10.1159/000540139

The mode of delivery, parity, and prepregnancy body mass index are other
factors that have been associated with the HMO composition in maternal milk
[11]. Generally, the observed differences are small and their physiological sig-
nificance for infant development is questionable.

Among extrinsic factors that may affect the HMO composition, the envi-
ronment and season at birth may somewhat affect the HMO composition [14,
15]. Both may be due to changes in the maternal diet. Concerning maternal
nutritional status, little is known, in part due to the challenges associated with
dietary intake assessment and the lack of standardized milk collection and HMO
analyses. Although some studies report no association between maternal nu-
trition and HMO concentrations in mature human milk [16], others have
reported negative associations between unmetabolized folic acid from supple-
mentation and concentrations of total HMOs and 3'-sialyllactose [17], indicating
that modifiable factors, such as a maternal diet, have the potential to impact
HMO concentrations.

Human Milk, the Gut Microbiome, and Infant Development

Postnatal early life development is intimately linked with the colonization and
development of the gut microbiota. Numerous studies underscore the link
between different microbial groups and healthy infant development [18]. In
short, increasingly, attention is focused on the importance of age-appropriate gut
microbiota development, appreciating not only the role of specific microbes and
microbial communities, but especially the importance of having the right mi-
crobes and microbial communities at the right time during early development.

At birth, the infant’s gut starts to be colonized, first by more oxygen-tolerant
bacteria, followed by more oxygen-sensitive bacterial groups, like bifidobacteria. These
generally represent the most prominent group during the exclusive breastfeeding
period. With the introduction of animal milk-based formula milk, and especially once
weaning food is introduced around 6 months of age, the gut microbiota starts to
diversify [19]. The development of the gut microbiota can be elegantly summarized
and described using infant-age discriminant bacterial taxa or their functional capacity
selected through specific algorithms [19]. A reference microbiota development profile
can be established using longitudinal microbiota data from vaginal born, 4-6-month-
old exclusively breastfed and normally growing infants, not exposed to antibiotics.
Once such a reference microbiota is established, we can compare it to the microbiota
development seen in partially breastfed or formula-fed infants, or even to those ex-
posed to antibiotic treatment. Notably, microbiota development in early life is affected
by earlylife nutrition [19]. Undigested milk components from formula or human milk
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primarily nourish the gut microbiota and HMOs as first fibers are certainly the major
component to this end.

With the aforementioned information in mind, research into human milk, es-
pecially HMO benefits, will need to integrate the impact of human milk on the gut
microbiota. For example, associations between individual HMOs and health con-
ditions or developmental outcomes may look rather different in the presence or
absence of specific bifidobacteria that can metabolize (or not) the specific HMOs (Fig.
2). Olm et al. recently reported on the infant microbiota, including bifidobacteria in
industrialized and nonindustrialized populations [21]. Industrialized populations
were characterized by alower prevalence of HMO utilization-related gene clusters and
more diverse Bifidobacterium species than that of infants from nonindustrialized
geographies, who had a higher abundance of B. infantis, a Bifidobacterium species
highly adapted to HMO utilization.

Infant Development and Human Milk Oligosaccharides

Infant Growth

Age-appropriate growth is a key indicator of child development and health.
Nutrition is one of the key drivers of growth alterations due to under- or
overnutrition, which may bear long-term health consequences. The gut mi-
crobiota helps to extract nutrients and energy from undigested food. Hence, it is
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plausible that HMOs, likely through their modulation of the gut microbiota, may
impact infant growth parameters. Today, many studies have investigated
whether HMOs are associated with growth in breastfed infants. Table 1 high-
lights the observations gathered so far.

Most studies investigated term-born normally-growing infants, where several
HMOs were identified as being linked to specific infant growth measures. Despite this,
there is generally little consistency among the different studies. The reasons are
manifold and range from different study designs to differences in the period of growth
assessment, to differences in the gut microbiota, a variable generally not integrated into
the analysis. Notably, the reported associations are generally of a small effect size and
within the normal range considered as healthy growth.

Among the more consistently observed associations are specific sialylated HMOs,
primarily 3'-SL, which showed positive associations with length and weight
measures. Interestingly, in two independent cohorts of Malawian mother-infant
dyads, the sum of sialylated HMOs was reported to be higher in the milk of mothers
nursing normally growinginfants than the concentration in the milk of mothers whose
infants showed stunted growth [24]. Basic research modeling, a possible mechanism of

Table 1. Associations reported for HMOs and different growth measures

Growth indicator/status Infant age Associated HMOs
(months)
Positive Negative
Normal versus stunted growth Fucosyl-HMOs
Sialyl-HMOs
Length 61to 12 HMO abundance
5 LNFP-I + IIl and
DFLNHa
3t012 2'-FL LNNnT and LST-b
5 3'-SL and LDFT LNnT and DFLNH
6 2'-FL and LNNDFH  3-FL and MFLNH-III
12 Fucosyl-HMOs 6-SL, LNnT, and neutral
nonfucosylated HMOs
Weight 6 LNFP-I
1t06 LNFP-II
3to 12 2'-FL and 3-FL LNnT
0to5 2'-FL LNnT
2t06 3'-SL and 6'-SL
5 3'-SL LST-c
0to4 3'-SL and LST-c
Head circumference 3to 12 FUT2 negative milk
6 LDFT and LNDFH-I ~ MFLNH-III
Weight, length, and head 0to4 No association seen in secretor-positive versus secretor-

circumference

negative milk

Summarized based on findings from [10, 22, 23].
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action, was later elaborated. The data suggest that sialylated oligosaccharides (pri-
marily 3'-SL), isolated from bovine milk, modulate bone remodeling [25]. The
identified pathway involves the gut microbiota and specific gut-epithelial sensor cells,
called tuft cells that trigger immune mediators, which direct bone remodeling activity.
Inapigmodel, however,arecentstudy did notidentify any difference in growthin early
life by supplementing a milk replacer with 3'-SL or not [26].

Infant Infections
Since the early days of HMO benefit research, it has become clear that one of the
key reasons why human milk is so rich in its diversity and abundance of HMOs is
to provide protection from infections. This is primarily related to the fact that
HMOs are not digested and represent structures, such as those covering the
luminal gut surface in the form of mucous and glycocalyx that are the first
pathogen anchor points. Additionally, HMOs drive gut microbiota development,
which is an important part of the layered defense system in the gut. Mecha-
nistically, several HMOs were shown to bind specific viral and bacterial
pathogens. In some cases, this was shown to partly block adhesion to host cells.
In other cases, HMOs were also shown to interfere with bacterial pathogen cell-
wall synthesis, making them more fragile to antibiotics, for example. Addi-
tionally, specific HMOs may dampen inflammation, a mechanism proposed to
alter some bacterial pathogens that induce a proinflammatory environment to
outcompete commensal bacteria and settle in the gut [10].

In breastfed infants, several HMOs, and among them, mainly alpha-1,2 fuco-
sylated HMOs that depend on a functional FUT2 enzyme, were associated with
protection from infectious diarrhea and morbidity (Table 2). Yet, LNFP-II, the main

Table 2. Associations reported for HMOs and immunity-related outcomes

Measure Infant age (months) HMOs
Necrotizing enterocolitis Preterm DSLNT
Preterm HMO diversity
IgE-eczema 48 2'-FL and FUT2-positive milk
Cow milk protein allergy 18 LNFP-IIl, LNFP-I, 6-SL, and DSLNT
Sensitization 12 HMO profile a
Diarrhea 9 2'-Fucosyl-HMOs
9 2'-FL
call 2'-Fucosyl-HMOs
Morbidity 3 LNFP-II
4 2'-Fucosyl-HMOs
Respiratory infections 0-6 FUT2-positive milk (including 2'-Fucosyl-HMOs)

Summarized based on findings from [10, 27].
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FUT3-dependent HMO, was also associated with lower morbidity. Hence, re-
dundancy among some HMOs and structure-function specificity among others may
exist. Another factor to consider is the infant genotype. It is well-established that
depending on the pathogen, FUT2 positive (secretor) or FUT?2 negative (nonse-
cretor) genotypes are more or less susceptible [28]. Consequently, the infant ge-
notype may confound associations related to infections. In a mother-infant cohort
from Bangladesh that had no milk collection, maternal FUT2 and -3 genotypes, as a
proxy for the HMO profiles and other milk glycans, and infant FUT2 and -3
genotypes were determined. The assessment of infection risks by maternal or infant
genotype only showed reduced risks for infant respiratory infections during the first
6 months of age when infants were breastfed by FUT2-positive mothers [27]. This
indicates that breast milk containing alpha-1,2-fucosylated glycans (including
HMOs) may provide some protection independent of the infant FUT2 genotype.
Notably, infants in this cohort generally showed a high abundance of B. infantis,
well-equipped with enzymes to metabolize HMOs, which may partly explain the
findings.

Infant Allergies

Sensitization and manifestation of allergies is a major concern and indicator of
inappropriate immune competence development. In a systematic review, early
life microbiota development was observed as being the most critical for allergic
sensitization, such as for eczema or asthma, driven most consistently by a greater
relative abundance of Bacteroidaceae, Clostridiaceae, and Enterobacteriaceae and
a lower relative abundance of Bifidobacteriaceae and Lactobacillaceae [29]. In a
cohort of breastfed infants with a hereditary risk for allergies, infants born via C-
section showed a delay in establishing a bifidobacterial-dominated microbiota at
3 months of age, especially when they received breast milk deficient in FUT2-
dependent HMOs [30]. These infants appeared to manifest an earlier onset of
IgE-mediated allergies, like eczema, at 2 years of age [31]. Despite the exploratory
nature and weakness of the identified association, it seems worthwhile to further
explore the role of the early microbiome development in combination with
HMOs for immune competence development as recently reviewed [18].

In other studies, individual HMOs, like LNFP-11], -1, 6'-SL, and DSLNT, were
associated with cows’ milk protein allergy [32] and HMO profiles for sensiti-
zation [33]. In an animal model of allergic diarrhea, 6'-SL and 2'-FL were shown
to alleviate symptoms through a mast cell stabilizing mechanism. Mechanisti-
cally, DSLNT may help to reduce mast-cell chymase, a serine protease, activity
that is causally linked to gut epithelial damage and inflammation [34], while
LNFP-IIT and -I represent Lewis X and H1 epitopes, respectively. Both may
interact with dendritic cells via the receptor DC-SIGN.
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Infant Cognitive and Social Emotional Development

Today, several fucosylated and sialylated HMOs in human milk were reportedly
associated with different infant cognitive outcome measures (Table 3). Some of these
oligosaccharides, namely, 3'-SL and 6'-SL, are also found in mouse milk, allowing
their study in physiological conditions using mutant mice dams deficient in 3’-SL or
6'-SL, cross-feeding wild-type pups. Such experimental models allowed to further
corroborate the role of both 3'-SL and 6'-SL in cognitive development [43]. Little is
known mechanistically, yet several mechanisms have been proposed, including
effects via the gut microbiome or their role as a conditionally essential nutrient
supporting brain development. Isotope labeling and gene expression studies in
rodents indicate that sialic acid from milk (largely in the form of 3'-SL and 6’-SL) is
catabolized [44]. Yet, this may trigger endogenous synthesis needed for rapid brain
growth and development. In humans, a recent study observed an association be-
tween 6'-SL and social skill development mediated by myelination, a mechanism
strongly dependent on sialic acid bound to gangliosides [35]. The same study found
associations between 3-FL and other fucosylated HMOs and language development
that were not mediated by myelination.

Since different HMOs may act through specific HMO utilizing microbes,
mainly Bifidobacterium and Bacteroides species, interaction analysis between
HMOs and such microbes is of particular interest. Such an interaction analysis
recently revealed additional associations (Fig. 2) [20]. These findings lead to the
hypothesis that only the presence of the right pairs of specific HMOs and bi-
fidobacteria can support specific pathways affecting infant development.

Table 3. Associations reported for HMOs and brain development

Measure Infant age (months) Associated HMOs
Positive Negative
ASQ score (Preterm) 24 LNFP-IIl
Cognitive development 24 2'-FL
6 and 18 2'-FL and 6'-SL
Executive function 36 2'-FL and fucosyl-HMOs Sialyl-HMOs
Language 12 3-FL, LNFP-II, and -V
<25 3'-SL
18 Fucosyl-HMOs
Sialyl-HMOs
Social skills 12 LNT
12 6'-SL
Gross motor <12 3-FL
Visually receptive <12 3-FL

Summarized based on findings from [20, 35-42].
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Understanding Interaction Networks of Human Milk Oligosaccharides and
Other Milk Components

Human milk is dynamic and diverse in composition, and HMOs are one such
example of a dynamic and diverse compound family. As we have seen, maternal
FUT2 and -3 genetic polymorphism determines part of the clusters seen among
HMOs. Yet, correlation analysis also shows other HMO clusters (Fig. 1b). While
cluster 5 mainly contains FUT3-dependent HMOs, the fucosylated HMOs in cluster
1 are both FUT2 and -3 dependent. Additionally, LNnT, a nonfucosylated HMO,
also appears in cluster 1. Cluster 2 contains major sialylated LNT and LNT, which
may be explained by the lower fucosylation of LNT, leading to higher sialylation.
Interestingly, 3'-SL, which seems more universally present in almost all mammals,
clusters with galactosyllactoses 3'-GL and 6'-GL. All three are also typically present
in cow and other domestic animal milks (reviewed in [10]).

There is certainly more to learn from trying to understand HMO interaction
networks and how these relate to clinical outcomes, directly or through the
combination of specific gut microbiota, like infant-type Bifidobacterium species and
Bacteroides species, which have the right biochemical pathways to utilize specific
HMOs and to produce health-related biochemicals [20]. Figure 2 depicts associ-
ations identified by modeling interactions between individual HMOs and specific
microbial taxa in relation to brain development-related outcome measures [20].
Shifting analysis more toward a systems biology approach, including the modeling
of interaction networks not only among one compound group, like the HMOs, but
also extending to other milk components, will allow us to expand our understanding
of human milk biology and its benefits. As exemplified by Li et al. [45], joint analysis
of multiple milk components underscores that many milk components work to-
gether to support infant development.

Conclusion

Human milk is a dynamic secretion of nutritive and bioactive components that
support infant development during the first 6 months of age and beyond. The
complexity of studying human milk is linked, in part, to the variation in its
composition throughout lactation and in response to maternal factors, such as
genetics and the environment, with HMO concentrations being a prime example.
Evidence suggests that individual or structural groups of HMOs in human milk are
associated with infant health, including somatic growth, immunity, and brain
development. Emerging evidence indicates a role of the microbiome in mediating
some effects of HMOs on infant health. A lack of consistency between observational
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studies in breastfed infants and limited effect sizes hampers our understanding of the
true physiological relevance of the existing findings. Future advancements in
the field of human milk biology require a more integrative approach to explore the
interactions between human milk components and how such interactions drive the

functionality and physiological benefits of human milk.
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Abstract

In the early era of neonatal intensive care (about 5-6 decades ago), most nutritional approaches
were based largely on the physician’s intuition, previous experience, and patient’s signs and
symptoms. This resulted in a large heterogeneity of diagnostic, preventative, and therapeutic
measures. More recently, evidence-based approaches, such as data reviews and clinical trials,
form the foundation for nutritional guidelines used in most Neonatal Intensive Care Unit (NICUs).
These are derived from population statistics aimed toward the average and, thereby, meet the
needs of many of these infants, but because of the extreme heterogeneity of the preterm
population, they marginalize others. Helpful scoring programs are now available to identify
malnutrition in populations of preterm infants using defined indicators. However, similar to
growth curves, they do not provide proactive guidance. Newly developed precision-based
approaches using algorithms and predictive analytics based on artificial intelligence (Al) and
machine learning (ML) will provide for a priori-based preventative approaches. It is likely that
these will employ technologies that cluster infants into different risk categories that can then be
investigated mechanistically with multiomic integrations that provide mechanistic interactions
and provide clues to biomarkers that can be used for the discovery of biomarkers that can be

utilized for the development of preventative strategies. © 2024 S. Karger AG, Basel
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Introduction and Historical Perspective

The history of neonatal intensive care is fraught with struggles as tohow to best nourish
preterm infants for the best possible outcomes. Figure 1 depicts the eras of medicine:
where we have been, where we are now, and the likely future of nutrition in NICU care.

During the early era of modern neonatal intensive care, the 1970s, up to the
last decade, it was common practice to withhold parenteral and enteral nutrition
in preterm infants for the fear of causing metabolic imbalances and inducing
intestinal injury. These infants have very low energy and protein stores and are,
thus, highly susceptible to undernutrition and catabolism. In the early era of
neonatal intensive care (about 5-6 decades ago), many nutritional approaches
were largely based on the physician’s intuition, previous experience, and patient’s
signs and symptoms. Not all physicians had similar previous experiences and
there were numerous different approaches to care. This resulted in heterogeneity
of diagnostic, preventative, and therapeutic measures.

More recently, evidence-based approaches, such as retrospective data reviews,
cohort studies, and prospective randomized clinical trials, have begun to form
the foundation for nutritional guidelines used in most NICUs. These are derived
from population statistics and lead to recommendations aimed toward the
average of the population and, thereby, meet the needs of many of these infants,
but because of the extreme heterogeneity of the preterm population, they
marginalize others. In addition, helpful scoring programs have been developed to
identify malnutrition in populations of preterm infants using defined indicators
[1, 2], but, like growth curves, they do very little to provide proactive guidance.

There is currently a trend toward precision-based approaches using algo-
rithms and predictive analytics based on artificial intelligence (AI) and machine
learning (ML) that provide for a priori-based preventative approaches, which
will be reviewed.

« Intuition « Evidence e -
* Previous based Medicine
experience « Observational based on
* Signs and studies and predictive
symptoms clinical trials models
« Preventative

Fig. 1. Eras of medicine.
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Problems with Current Approaches

What are the problems with our previous and current approaches to nutrition for
preterm infants? One major consideration is that even short periods of undernutrition
inthese highly vulnerableinfants can result in catabolism during a time when the infant
should be undergoing rapid growth and brain development. The gestational age for
many of the infants cared for in modern neonatology is considerably lower than that in
previous decades, and a 23-week gestational age preterm infant has different nutri-
tional requirements than the one born at 32 weeks of gestation.

Withholding parenteral and enteral nutrition for prolonged periods with
subsequent extremely slow advancement (“starvation”) [3] in neonatal intensive
care has fortunately become less common. Evidence-based approaches have led
to guideline-based strategies for nutritional optimization [4, 5]. However,
neonatal intensive care has been evolving and guidelines based on population
statistics rather than individual needs will result in faulty nutritional delivery to
many of these infants for several reasons:

1. Current neonatal intensive care is experiencing survival of preterm infants to
22 weeks of gestational age [6]. Attempting to meet the nutritional needs of
these extremely immature infants using the same guidelines as for those born
at 34 weeks presents a conundrum since the needs across this spectrum differ
markedly [7]. The 22-week preterm has nearly no energy stores available in
the form of fat and, thus, cutting off nutrition from the mother’s placenta puts
the infant at high risk for both short- and long-term adverse outcomes if not
immediately nourished after birth [3].

2. Population-based studies suggest that many preterm infants can have their
enteral feedings safely advanced at rates of up to 30 mL/kg per day [8-10].
When enteral feeding is advanced at rates up to 30 mL/kg per day, many
preterm infants will rapidly attain adequate fluid volume and basic nutrients,
obviating the need for prolonged parenteral nutrition with its associated
adverse consequences [11]. Despite these improvements, many preterm
infants clearly cannot tolerate this rate of advancement. Feedings are
withheld, especially in those with the lowest gestational age, for unsub-
stantiated reasons, such as gastric residuals, use of medications, such as
indomethacin and blood transfusions. Our group has helped debunk some of
these practices (gastric residuals) [12-14], and withholding feedings during
blood transfusions [15], and has been involved with numerous studies related
to the feeding composition and strategies in the neonate [4, 16-22]. Which
subsets of preterm infants may be advanced at a more rapid rate and what
composition of feedings they will most likely tolerate is a major gap in our
nutritional strategies.
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3. Intravenous feedings also present a conundrum. Aiming toward amino acid in-
fusions of 3-4 g/kg per day [23] and lipid infusions of 3 g/kg per day [24], the levels
derived by the fetus in utero, seems to be the correct approach for many of these
infants, but may result in metabolic imbalances and sepsis in certain susceptible
infants [25-27]. This is especially problematic in infants receiving antenatal ste-
roids [28] and/or who were born intrauterine growth restricted (IUGR) [29]. Major
differences are seen in the metabolomic profiles of cord blood in infants who are
IUGR compared to those who are appropriate for gestational age (AGA) [29].
These infants likely have different nutritional requirements and metabolic re-
sponses to certain nutritional regimens than AGA infants.

4. In addition to undernutrition, overcompensating for faltering on growth
curves to promote “catch-up growth” is also concerning. Some preterm
infants who have undergone intrauterine growth restriction (IUGR) have
suffered in-utero malnutrition and applying the same approach used for
appropriate for gestational age (AGA) infants is associated with long-term
adverse consequences, such as obesity, diabetes, and hypertension, the
so-called “metabolic syndrome” [30-33].

5. Refeeding syndrome following preterm birth, especially in IUGR infants,
necessitates a different nutritional approach, but this is not yet defined [34].

6. Early nutritional practices also affect the microbiome differentially, even
among identical twins [35]. This can affect immune development, as well as
the metabolome and the closely related epigenome, aberrations to which may
not only have lifelong, but also transgenerational consequences [36].

7. Sexual, racial, and socioeconomic factors also play roles that beg for
personalization.

Thus, in the early era of neonatal intensive care, there was considerable het-

erogeneity of care. Many infants were not provided with intravenous lipids for

days after their birth because they had hyperbilirubinemia and there was concern
that providing lipids would lead to the displacement of bilirubin from albumin,
leading to kernicterus. Preterm infants were not enterally fed for days and
sometimes weeks because there was concern that their intestinal tracts could not
tolerate feedings, and this would dispose to intestinal necrosis. In the more recent
era, evidence-based approaches that included studies of populations of infants
have provided evidence of what nutritional approaches provide benefits or harm
to the average part of the population, and this has led to nutritional guidelines for
enteral feedings, composition of parenteral nutrition, and what the actual nu-
tritional needs of most of these infants are. These evidence-based techniques

have provided guidance using tools, such as growth curves, which have been a

breakthrough in how we nourish infants. However, as seen in Figure 2, growth

curves also have shortfalls.
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* If we see growth faltering, is it
already too late?

* Do we need indicators that help
prevent this or should we stick to the
old Gaussian statistics aiming for the
mean?

* Can we predict this before it occurs?

* More precise nutrition should be
possible.

Fig. 2. Current monitoring of nutrition. Source: Fenton TR, Kim JH. A systematic review and
meta-analysis to revise the Fenton growth chart for preterm infants. BMC Pediatr. 2013;13:59.
https://doi.org/10.1186/1471-2431-13-59 [47].

Once growth faltering or malnutrition is noticed using growth curves, this will
raise concern, but it may already be too late for meaningful interventions for
many of these infants who are highly sensitive to nutritional deficiencies.

Problems with Current Guideline-Based Approaches

As previously mentioned, guideline-based nutritional approaches that rely on
evidence-based studies have provided major advances over previous
intuition-based approaches for nourishing these infants. However, preterm
infants are highly heterogeneous, and the suitability of guideline-based ap-
proaches is being questioned [37, 38]. One guideline does not fit all preterm
nutritional needs. For example, an extremely preterm infant born at 22 weeks’
gestational age has requirements that differ markedly from one born at 32 weeks’
gestation [7]; an infant born to a mother with severe obesity differs metabolically
and has different nutritional needs compared to an infant born to a lean mother
[39]; an infant receiving antibiotics either prenatally, perinatally, or immediately
postnatally is likely to have a microbiome, metabolome, and proteome that
differs from an infant not exposed to antibiotics and, thus, will respond to
nutrients differently than one not exposed to antibiotics [40]. Neonates with
severe in-utero growth restriction are clearly different metabolically with early
patterns of glucose intolerance, insulin resistance, catabolite accumulation,
disrupted amino acid metabolism, and abnormal fetal liver function [41]. Recent
data suggest that sex also plays a role in the nutritional needs of preterm infants
[42]. Numerous other factors can alter a preterm infant’s nutritional needs [43].
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Nutritional guidelines using a “one-size-fits-all” approach may malnourish
many infants and dispose them toward adverse outcomes, such as necrotizing
enterocolitis (NEC), retinopathy of prematurity (ROP), bronchopulmonary
dysplasia (BPD), late-onset sepsis (LOS), and growth failure (GF) (Fig. 3).
Overnutrition or “catch-up growth” can lead to adverse lifelong and even
transgenerational consequences, which include the metabolic syndrome [44].

This begs for a different nutritional approach in these infants compared to
those born appropriate for gestational age. A proactive, precision-based ap-
proach directed toward the personal needs of preterm infants that transcends a
one-size-fits-all guideline-based approach is urgently needed. Figure 4 illustrates
the potential approach for future studies.

A promising approach includes machine learning (ML) and multiomics.
Machine learning provides the opportunity for the high-resolution classification
of infants at the greatest risk and for predictive analytics for preemptive
precision-based approaches initiated very early after birth. Multiomic integra-
tions provide mechanistic characterization and provide the opportunity for the
discovery of biomarkers that can be applied for precisely guiding nutritional
interventions in individual infants.

Our recently published study indicates their feasibility and is an initial step
toward such an approach [45]. This study utilized clinical and microbiome
datasets from four different sources in the US and UK. Machine learning
methods utilized clinical indicators for growth failure prediction; then, these
were extended to include longitudinal microbiome analysis. This study
demonstrated that a hierarchical classifier using a subset of the microbial taxa
combined with clinical features has the potential to be utilized for growth

Poor Outcomes

Associated with suboptimal
23 week preterm early Nutrition:

Intestinal Dysfunction and
Injury

BPD

One size
does NOT - ROP

fit all LOS

Growth Failure
29 week preterm

Poor Neurodevelopment

+ Metabolic Syndrome

Fig. 3. Why personalized nutrition?
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Fig. 4. Proposed pathway for the future.

failure prediction. However, considerable refinement is needed, which is the
goal of this research.

Research will classify preterm infants into clusters with different clinical
severity scores and discover causal mechanisms for nutritional inadequacies
within these clusters using integrated multiomics. Specific predictive biomarkers
will be established from these mechanistic studies that will enable early nu-
tritional interventions specifically tailored for individual preterm infants. We
anticipate results that lead to methods for the prevention of devastating out-
comes in preterm infants while the infant is hospitalized, enhance lifelong health,
and influence outcomes for future generations [36, 46].

Conclusion

The rapidly emerging fields of artificial intelligence and multiomics are highly
applicable to various problems we see in perinatology and neonatal intensive
care. Predictive analytics using supervised and unsupervised machine learning
techniques, as well as closely related neural network technologies, will help in the
categorization of 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
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nature of these associations are not well understood. These are amenable to
analysis by newly developing technologies, such as multiomics and artificial
intelligence. These will be applied in the future to better understand mechanisms
and to provide personalized nutrition for both mothers and their infants.
The future in these areas is very exciting but we will need to closely collaborate
in highly functioning teams that include clinicians, basic scientists, engineers,
bioinformaticians, mathematicians, and other highly skilled individuals.
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Abstract

The first 3 years of life are when dynamic neurodevelopmental processes unfold. This is
marked by sensitive or critical windows of opportunities, during which the young brain is
both adaptable and vulnerable. Factors like nutrient deficiencies and inadequate envi-
ronmental stimulation are more likely to negatively impact early brain development, es-
pecially when necessary and timely identification and intervention are not put in place. The
benefits of adequate nutrition, especially breastfeeding during the first 1,000 days, cannot be
overemphasized. Evidences from newer modalities of research, utilizing magnetic resonance
imaging, continue to point to the significant influence of early life nutrition on early brain
development, particularly myelination. Paradigms show that a child’s physical growth,
activity, and overall health influence the way he interacts with the environment, laying the
scaffolds for brain development and learning. Current evidences show how the recent
pandemic has impacted this very foundation, affecting children’s nutrition, behavior, and
development. There is a renewed call for pediatricians and other healthcare practitioners in
clinics and communities to more ardently screen, monitor for, and provide proper advice for
concerns regarding growth and development during the first 3 years of life to help mitigate
the impact of current global events on children’s potential to adapt, learn, and be productive

adults in the future. © 2024 S. Karger AG, Basel


https://doi.org/10.1159/000540134

Introduction

Vital to every child’s development is how their brain grows and matures in the
early years of life, beginning in conception to about the third year, which is the
most sensitive period to both positive protective factors and toxic stressors.

Critical Windows in Brain and Cognitive Development

Current scientific and clinical evidence shows how the intricate ecosystem of
nature and nurture variables interacts and shapes early brain development.
Factors like one’s genetic blueprint and environmental experiences support the
basic foundations of the brain’s architecture, which is core to a child’s learning
ability, their overall physical and mental health, their ability to adapt and be
resilient, and their capacity to become a self-sustaining adult capable of con-
tributing positively to their family and community [1].

The first 3 years of life is the period when dynamic neurodevelopmental
processes take place and neuroplasticity is at its peak. The complex process
begins with neurogenesis or the creation of single brain-cell units or neurons
which then migrate to their predisposed locations along with their appendages,
allowing these to link with other neurons in the process of synaptogenesis.
Myelination takes place to facilitate effective and efficient communication
among neurons, allowing the creation of more than a million connections every
second. These complex processes facilitate the acquisition of sensory perception
and processing skills that proceeds to language and cognitive development and
then further moves on to the learning of higher-order thinking skills and ex-
ecutive function [2, 3]. These neurodevelopmental processes are sensitive to
nutrition and environmental factors that are stimulating and nurturing. If
children fail to get what they need during the most critical years of early
childhood, the impact on their lives and futures is enormous [4].

Learning is intimately related to how neurodevelopmental processes proceed,
more specifically with myelination, which is considered a cornerstone of cog-
nitive development. Advances in neuroimaging have allowed workers in this field
to have a closer look at how myelin development impacts early milestones and
subsequent learning among young children. Using magnetic resonance imaging,
Pujol et al. [5] demonstrated the relationship of myelin development from 0 to 3
years of age with how children acquire speech and language. They demonstrated
that once a rapid myelination phase is attained in the language centers of the
brain, enhancement of vocabulary and language performance followed suit.
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Recent researches utilizing more advanced neuroimaging techniques devel-
oped in the past decade have gathered interesting data on developmental
myelination and the influence of early life nutrition on myelin volume and
subsequent cognitive scores in early childhood.

In a study by Deoni et al. [6], the researchers investigated early nutritional
influences on longitudinal infant- and child-brain development in a naturalistic
setting. Using MRI images of healthy, typically developing 3-month- to 9-
year-old children, they found that exclusive breastfeeding for at least 3 months
was not only associated with improved myelination throughout the brain by the
age of 2, but also that breastfed children demonstrated improved cognitive
abilities compared to children fed infant alone. Statistically significant differences
across both verbal and nonverbal quotients were noted for both groups, and
these changes, observed as early as 18 months, persisted until early childhood [6].

Taking these findings further, a two-center, randomized controlled trial looked at
the efficacy of an experimental formula on longitudinal myelination and cognitive
and behavioral development from birth to 2 years of age. The experimental formula
(EF) was a blend of DHA, AA, iron, vitamin B12, folic acid, and sphingomyelin from
a uniquely processed whey protein concentrate enriched with alpha-lactalbumin
and phospholipids, while the control formula (CF) had a similar nutrient matrix but
at lower, regulatory-compliant levels with the standard whey protein concentrate. A
nonrandomized reference group of breastfed infants were also included. The study
spanned a 12-month intervention period. Using MRI during natural nonsedated
sleep, the researchers compared the EF versus CF group across six visits (at 3, 6,9, 12,
18, and 24 months) using the following outcomes: myelination, measured by the
myelin water fraction, and cognitive abilities, as measured by Bayley III, socio-
emotional development, sleep, and safety.

Preliminary outcomes from a staged statistical analysis at 6 months showed ob-
served significant differences in myelin structure, volume, and rate of myelination in
favor of the investigational myelin blend at 3 and 6 months of life. The effects were
demonstrated for whole-brain myelin and for the cerebellar, parietal, occipital, and
temporal regions, known to be functionally involved in sensory, motor, and language
skills [7]. Unpublished dataat the end of the 24-month study period showed that the EF
nutrient blend increased myelin up to 24 months oflife where the whole-brain myelin
water fraction was seen to be significantly higher in the experimental group than that in
the control. There were also enhanced differences in the white matter in the frontal,
temporal, and parietal areas which may play vital roles in the development of motor,
executive function, and language skills. Along with this, the gray matter volume was
also observed to have significantly increased. Other observed outcomes include fewer
night awakenings at 6 months, longer daytime sleep and motor skills acquisition at 12
months, and reduced social fearfulness at 24 months.
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These findings are among many of the recent scientific evidences that
demonstrate the positive influence of adequate early nutrition on brain de-
velopment. However, as previously stated, these critical windows are as sensitive
to positive protective factors as they are to stressors, like nutritional deficiency
and deprivation.

The actual impact of nutritional inadequacies on the developing brain depend
on: the timing and degree of nutrient deficiency, such that, if the deficiency
occurs during a time period when the need for that nutrient is high, brain
development is most likely to be negatively impacted; a child’s experience and
inputs from the environment and, lastly, the possibility of recovery through
provision of improved conditions [8].

The significant impact of nutritional inadequacies cannot be better exem-
plified by how stunting, and the interventions implemented to mitigate it, affects
children. Stunting, one of the burdens of severe malnutrition, is defined as
measuring shorter by more than two standard deviations than the WHO median
for their exact age and gender (HAZ) [9]. It is a manifestation of chronic
malnutrition in the early years, compromising brain development. Studies
worldwide have associated stunting with lower cognitive scores and subsequent
academic achievement, but have also observed variables that mitigate its negative
impact.

A population-based longitudinal study in Cebu City, Philippines, by Adair
et al. [10] found that each standard deviation increase in length for the age
Z-score (LAZ) is associated with an additional schooling of 0.40 years, putting an
estimate of nearly a full year of total schooling separating the most severely
stunted children (LAZ < -3) from those who were not. Catch-up growth from
early childhood stunting is vital in cognitive development. This was shown in a
large cohort of Peruvian children (N = 1,674), where it was observed that those
who had been stunted before the age of 18 months but were not stunted
anymore, upon follow-up at the age of 4-6 years, performed as well in vocabulary
and quantitative tests as children who had never been stunted. Meanwhile,
significantly lower scores were noted among children who did not experience
catch-up growth at all [11]. Similarly, in a cohort study among Vietnamese
children, stunting in the first year of life was negatively associated with de-
velopmental scores at 2 years of age, but a high-quality home environment
appeared to attenuate these associations [12]. These studies show that addressing
nutritional conditions, like stunting, in the earliest possible period is imperative
because of its positive long-term impact on development, subsequent academic
performance, and adult productivity.

Prado and Dewey [13] depicted how a child’s physical growth, activity, and
overall health influence the way he or she interacts with the environment and
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eventually how, because of this interaction, the child’s motor, cognitive, and
socioemotional development proceeds across their life span. These are the
scaffolds that should be laid out solidly to harness brain development. The
formidability of these scaffolds, however, is tested time and again and calamities
like the recent COVID-19 (SARS-CoV-2) global pandemic, and the disruptive
systemic ripples that it brought along, has unfortunately shaken these
foundations.

Across many low-to-middle income countries, the pandemic heightened
household food insecurity, especially among marginalized groups [14, 15]. Food
insecurity is defined by the Food and Agriculture Organization as “lacking
regular access to enough safe and nutritious food for normal growth and de-
velopment and an active and healthy life” [16].

In the Philippines, for example, where 1 out of 3 of children less than 5 years
old is stunted, mostly attributed by local nutrition experts to suboptimal prenatal
conditions and inadequate food security and diversity [17], the pandemic and
subsequent lockdown saw a further increase in food-insecure households. A
cross-sectional survey done by the Food and Nutrition Research Institute (FNRI)
in the last quarter of 2020 showed that 7 out of 10 households, identified to be
moderately to severely food insecure, had both a pregnant member and a child/
children less than 5 years old. The data further demonstrated that households
with children less than 5 years old were 1.3 times more likely to be food insecure
[18]. This, of course, does not augur well in the drive to combat stunting and its
subsequent adverse effects.

Meanwhile, in some parts of the world, we see the flipside of that problem.
Obesity rates were seen to have increased during the pandemic among 2-17-
year-old children (average age = 9.2 years) in a large pediatric primary care
network in Philadelphia [19]. The study analyzed more than 500,000 visits from
January 2019 to December 2020. They noted an increase in the overall obesity
prevalence rate from 13.7% in 2019 to 15.4%. Data showed that the highest
increase of 2.6% was seen among children aged 5-9 years and underscored that
during the pandemic, preexisting disparities in obesity in terms of race and
ethnicity, insurance, and neighborhood socioeconomic status widened.

The authors concluded that the rise in the incidence of obesity, especially in
children and adolescents during the pandemic, was possibly due to decreased
physical activity, stress, overeating, and staying at home almost all the time due
to global lockdowns, home isolation, and the closure of schools and online
classes.

Even in countries, like Sweden, where there was no formal societal lockdown
during the pandemic, obesity rates likewise increased. In a retrospective
population-based cross-sectional study that included more than 25,000 3- to 5-
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year-olds, increased BMI was seen among 3- to 4-year-olds, more noted among
3-year-old girls. They also noted that children from lower socioeconomic
households were at a higher risk for obesity. The authors surmise that the
pandemic may have negatively affected health behaviors, even in a less restricted
environment [20].

The pandemic also impacted developmental and behavioral concerns among
children. Prior to the pandemic, a study by Buenavista-Pacifico et al. [21] noted
that the risk for developmental delay among 1- to 2-year-old Filipino children
was 11%, but as clinicians were returning to their clinics for face-to-face en-
counters, the majority of clinicians informally surveyed in a Philippine private
tertiary hospital noted an average of 2—4 out of 10 children aged 1-3 years old
having concerns regarding developmental surveillance. Speech and language
delay was the most significant concern followed by social and interactive skills.
Other concerns revolved around the unregulated use of gadgets, sleep, and
feeding issues.

Similar findings were also demonstrated in an unpublished descriptive
cross-sectional study by Caballas et al. among 12- to 36-month-olds seen in a
private tertiary hospital. The authors noted that 1 out of 4 or 25% of 1- to 3-
year-olds included in the study were at risk for developmental delays with a
two-fold increased risk for children with more than an hour of screen time.

Further effects of increased screen time during the pandemic were shown in a
study out of Australia among preschool children [22]. All of the children in the study
were exposed to online content with the duration ranging from 1 to 2 h. A greater
screen time was associated with a shorter sleep duration, predicted lower com-
munication and problem-solving scores, along with more attention difficulties.

These observations were not only noted among toddlers and young children
during the pandemic, but similar effects were also seen on early neuro-
development among infants.

The COMBO study or the COVID-19 Mother Baby Outcomes Initiative from
Columbia University looked at the association of birth during the COVID-19
pandemic with the neurodevelopmental status at 6 months in infants with or
without in-utero exposure to maternal COVID-19 infection [23]. The Ages and
Stages Questionnaire (ASQ)-3 was used to assess neurodevelopmental domains
among subjects. The findings of this cohort study of 255 infants suggest that
exposure to maternal infection in utero was not associated with differences in
neurodevelopmental scores. However, what was unsettling was the finding that
both exposed and unexposed infants born during the height of the pandemic
from March to December 2020 had significantly lower scores on gross motor,
fine motor, and personal-social subdomains compared with a historical cohort
of infants born before the onset of the pandemic.
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Parallel to this, another study also aimed to characterize cognitive function in
young children less than 3 years of age over the past decade and to test whether
children exhibit different cognitive development profiles through the COVID-19
pandemic. Using the Mullen Scales of Early Learning (MSEL), researchers from the
Resonance Consortium study examined the general cognitive scores of 700 healthy
and neurotypically developing children in 2020 and 2021 and compared these to the
preceding decade, 2011-2019 [24]. Like the COMBO study, what they found was
that children born during the pandemic, even in the absence of a direct SARS-CoV-2
infection and COVID-19 illness, have significantly reduced verbal, motor, and
overall cognitive performance compared to the children born prepandemic, with
males and children in lower socioeconomic families being the most affected.

These findings are further supported by another study (LENA Foundation)
that looked at speech and language behavior and development among
COVID-era children or those who were born within December 2020. The
vocalizations and conversational turns of these children were compared to their
pre-COVID peers. The results showed that children from the COVID-era
sample scored lower across all measurements than their pre-COVID peers,
experiencing fewer conversational turns, hearing fewer adult words, and pro-
ducing fewer vocalizations [25].

These results highlight that the environmental changes associated with the
COVID-19 pandemic may have significantly and negatively affected infant and
child behavior and development.

Conclusion

The early years of life are inarguably the most sensitive periods of a child’s
development and learning. Positive factors protect this epoch but toxic stressors,
like the global pandemic and lockdown, have buffeted the scaffolds of early brain
development from the perspective of nutrition and environmental stimulation.
As we pivot after the pandemic, modifiable factors, like nutrition, social in-
teraction, and developmental stimulation, need to be revisited, protected, and
enriched more than ever.

There is a renewed call for pediatricians and other healthcare practitioners in
clinics and communities globally to more ardently screen, monitor for, and
provide proper advice for concerns in growth and development during the first 3
years of life to help mitigate the impact of the current global events on children’s
potential to adapt, learn, and be productive adults in the future. Healthcare
practitioners should not only act as good counsel for parents in terms of ad-
equate, appropriate, and timely nutrition across their lifespan, beginning from
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conception, but also as champions for the basic rights of children to a safe, secure,
and nurturing environment. Lastly, proactive promotion and protection of social
interactions in language-enriched home, school, and community milieus should
also be instituted. In the best of worlds, we hope that with early, responsive, and
actionable programs, no child will truly be left behind.
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Abstract

Eating behavior and food preferences are shaped in early life and contribute to lifelong food
choices. Much of the current dietary advice for infants and toddlers focuses on the nutritional
quality of foods, with less emphasis on food sensory qualities. However, exposure to
age-appropriate sensory properties, such as tastes and textures, are key in shaping early-life
eating behaviors and food preferences. During weaning, new-borns rely on reflexes such as
sucking and rooting to get sufficient nutrient intake. Around 6 months of age infants transit
from dependent feeding with liquid foods such as breast or bottle feeding, to independent
feeding with solid foods. During this rapid learning period, the infant must learn to sit upright
and balance their head and quickly develop in terms of oral anatomy, emerging of teeth as
well as the muscle coordination needed to orally process food. Different product textures
require unique oral processing skills that have to be acquired through experience with food
oral breakdown and swallowing. These early food experiences shape the eating behaviors
that become habitual and are carried forward into later childhood. Early life feeding
strategies vary widely across populations but become all the more challenging in specific
child populations such as children who received early life tube-feeding and children with
developmental challenges are further complicated by anatomical issues and acquired
negative associations with food. Due to the significance of early life food sensory exposure in
shaping dietary behavior, there is a need for science-based recommendations to help guide
this sensory learning to inform dietary behaviors in both healthy and clinical child

populations. © 2024 S. Karger AG, Basel


https://doi.org/10.1159/000540142

Introduction

Eating behavior and dietary habits developed in early life play an important role
in shaping subsequent healthy dietary patterns [1]. During the early childhood
years, the emphasis is often on the nutritional quality of complementary foods,
including the provision of foods from each food group according to dietary
guidelines to ensure essential nutrient intake necessary for growth and devel-
opment [2]. However, less emphasis is given to the importance of food sensory
properties exposure during early life, such as tastes and textures, which are key in
shaping food acceptance and healthy dietary behaviors (see Fig. 1).

Taste and Texture are important sensory aspects of food that determine food
acceptance and this has been extensively researched in children [3]. We know
that infants exhibit an innate preference for sweet, and an innate dislike for bitter
tastes as these tastes inherently signal energy (glucose needed for the developing
brain) and toxicity, respectively [4]. These preferences emerge as early as 32
weeks gestation and are further shaped by the taste profile of the foods consumed
by the mother [5]. The experiential learning of flavor preferences continues
through sensory exposure to tastes and flavors in breastmilk or infant formula,
and through food exposure during the complementary feeding period [4].
Throughout toddlerhood, food preferences are then further shaped by the in-
fluence of many factors including being exposed to a wide variety of different
foods, family meal practices, and the social environment [6].

Childrens’ preferences and aversions for specific sensory aspects of food
significantly impacts what they consume and how they consume it, and these
behaviors can affect the way they eat and amount of food consumed [7]. How
food is consumed, in terms of oral processing, is determined by how the infant

Food sensory
properties

& /'\l
Oral anatomy ‘ Oral Food Eating Dietary

processing acceptance behaviour intake

T o .
Exposure to v ‘@! Eﬁ'
different food

texture

Fig. 1. The process of developing dietary behavior in early life.
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interprets the structural properties of these foods, alongside the emergence of
their eating behavior phenotype [8]. When infants have a higher eating rate
combined with foods that can be consumed at a more rapid eating rate, this leads
to a larger meal size and higher energy intake. Faster consumption can promote
habitual excess calorie intake before the body signals fullness and potentially
leads to sustained positive energy balance and an increased risk of overweight
and obesity [9]. Conversely, developmental challenges that make it difficult to
orally process food may lead to disruptions in learning fullness and hunger
signals or a dislike of foods with challenging texture properties. This in turn may
lead to inadequate nutrient and energy intakes and potentially hinder growth
and development in early life.

Combined, early sensory exposure and the development of eating behaviors
play a key role in determining the type of foods selected and the amount in which
they are consumed. This chapter provides an overview of eating behavior de-
velopment and how it relates to food preferences and dietary patterns in healthy
and specific (clinical) child populations.

Eating Behavior Development

Newborns rely on their innate sucking, swallowing, and rooting reflexes to
consume breast milk or infant formula milk. Their tongue movements are
limited to protrusion to push food in or out, and the tongue is held in place by fat
deposits in the cheeks, which also helps to form a vacuum for stronger suction.
This limited movement also helps reduce the risk of swallowing the tongue
during feeding. In the subsequent post-partum months, the infants, oral
anatomy develops rapidly, alongside the ability to coordinate oral-facial muscles.
Around 6 months of age, the infants, oral cavity has changed significantly with
the loss of fat deposits in the cheeks to create more space in the oral cavity to
allow for rotary movements of the tongue. The palate doubles in width, length,
and height to allow for healthy tooth eruption as the infant experiences more
solid textures for the first time. Exposure to textures during this period has a
synergistic effect of encouraging the lengthening of the palate and the emergence
of straight dentition, to better equip the infant for chewing, while also providing
opportunities for experiential learning to further develop chewing skills. These
anatomical changes enable the infant to transit from liquids to semi-solids, soft
solids, and finally to foods with a more challenging harder texture. During the
toddler years (1-3 years), children gain better control over their tongue
movements, allowing them to move their tongue laterally and in circular motions
to move food particles between their molars for more efficient crushing. This is a
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complex fine motor skill that involves the coordination of 26 muscle pairs and is
controlled by five cranial nerves. Unlike sweet taste preferences, we are not born
with any innate ability to know “how to eat”, and this complex ballet of syn-
chronized contraction and relaxation has to be learned through the infants
experience and interaction with novel food textures, all while trying to sustain
adequate energy intakes and avoiding the constant risk of choking [10].

Early life experiences with food may have a lasting impact on oral anatomy,
oral processing behavior, and, ultimately on food preferences and dietary
patterns. Once toddlers develop these oral processing skills, they tend to remain
stable throughout later childhood. Oral processing behavior can be considered a
strong personal trait, such that when the same food is consumed the person will
show similar oral processing behaviors over time. There is considerable variation
in oral processing behaviors between people, yet these behaviors appear to
remain stable over time and can play a significant role in habitual energy intakes
within meals, over time. Oral processing also sets the rate at which a food can be
eaten which is dependent on both the eating rate of the individual and the
structural challenge posed by the food being consumed. Research in children and
adults has shown that a “fast-eating” phenotype characterized by larger bite sizes,
and little chewing per bite, combined with a preference for softly textured
energy-dense foods, are associated with higher habitual energy intakes compared
to those with slower eating phenotypes with a preference for hard textured foods
[11, 12]. Research has shown that toddlers who were observed to have a faster
eating rate were still classified as eating faster 3 years later, and had a more rapid
weight gain and adiposity levels compared to those with a relatively slower eating
rate [13]. Little is known about the extent to which early-age feeding practices
can shape these habitual oral processing behaviors and eating styles. While there
is evidence to suggest that breastfeeding can influence feeding voracity and oral
anatomy, offering protection against malocclusions, posterior crossbites, and
teeth crowding, there is limited evidence to show this influence extends further to
influence a child’s oral processing behavior or eating rate. A critical period in
early life that may shape longer-term dietary behavior is the complementary
feeding phase.

Texture Introduction during Complementary Feeding

Complementary feeding is the introduction of semi-solid and solid foods
alongside breast milk or formula and is a sensitive period in shaping food
preferences and eating behavior. However, there is a general lack of consistency
in the guidelines for best practices for caregivers on how and when to introduce
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new foods with more complex food textures to their child. This is further
complicated by differences among infants and toddlers of the same age in terms
of oral development and oral processing skills creating a discrepancy between
chronological age and developmental readiness to consume foods with more
complex and challenging textures.

A French survey of >3,000 mothers revealed a wide variation in feeding
practices regarding the introduction of complementary foods. Mothers often
rely on cues from their children to indicate when to transition to more
complex textures, for example when their child had more teeth or demon-
strated the ability to hold a spoon or food in their hands. However, researchers
found that the number of teeth did not affect the ability to break down a gel
given in a mesh-feeder and although older infants performed better in the
oral-break-down of food there were significant variations between children of
the same age. This might have been due to differences in early-life experience
with oral processing of different types of food texture. Therefore, neither age
nor number of teeth were direct predictors of determining the texture
readiness of a child, as this is better predicted by the child’s developmental
stage and experience with a wide variety of more diverse and challenging
textures [14]. When introducing novel foods to infants or toddlers it is im-
portant to consider its textural properties and associated oral processing
techniques needed for a safe swallow of a food bolus. For example, harder
pieces that are difficult to squeeze into smaller particles with jaws or the tongue
against the palate are not suited for young infants, and foods with soft-airy
textures such as bread may pose a risk, as these food particles can easily be
breathed or sucked into the airways. Adding margarine or another lubricant to
bread may reduce this risk. Foods with multiple layers of texture or foods that
fragment into many smaller hard particles can often pose a challenge to the
child’s nascent oral processing skills, where tongue movements and mouth
clearance are not fully developed. Conversely, foods that are easily formed into
a pasty bolus such as soft crackers or baby corn puffs/sticks can be given at an
earlier developmental stage. Early-life exposure to different food textures
promote oral processing skills and this has been linked to acceptance of a
broader range of foods [10]. For example, toddlers, who have developed more
advanced chewing skills tend to exhibit higher acceptance for more complex
textured foods, such as baby biscuits compared to younger infants [15].
Research has shown that infants exposed to a wider variety of textures
consumed larger portions of chopped carrots compared to those with less food
texture experience at 12 months [16]. Studies show that food preference
reflects early exposure and experience with food textures and its relationship
with the ability to orally process foods [15].
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Eating Behavior Development in Clinical or Atypically Developing Child
Populations

Much of our understanding of the development of early-life feeding strategies
derives from research in specific child (clinical) populations. For example,
children or infants whose first experience with food has been through tube
feeding are prone to develop eating behavior problems when transitioning from
breast milk or formula to solid foods. Another population in which eating
behavior problems arise are children with oral-facial development challenges
such as those common in Children with Downs syndrome.

Eating Behavior Development of Infants Who Received Tube Feeding

Energy intake of hospitalized (pre-term) infants is often low due to issues such as
difficulty with coordination of sucking movements, fatigue, or because of higher
energy requirements due to illness or to prepare an infant for surgery [17]. When
energy intake of hospitalized infants is insufficient for a longer period of time,
many receive tube feeding. Tube feeding is common in pre-term born infants as
they often do not yet have the neurological or digestive maturation to process
oral ingestion of breast milk or formula. Infants who receive tube feeding during
the first months, or years, of their life are at a higher risk to develop appetite
dysregulation issues, hypersensitivity to food sensory properties, and food
avoidance behavior [18].

Infants who receive long-term tube feeding may develop impaired satiety
responses when the timing of feeding is discordant with the infants’ appetite [19].
To prevent negative health outcomes associated with scheduled feeding, infants
can be fed based on their appetite cues. Cue-based feeding helps the infant to
regulate their food intake by responding to their internal appetite feelings and
longer term this may lead to better satiety responsiveness and longer-term
healthy body weight development [20].

Besides cue-based feeding, oral stimulation during tube feeding can im-
prove oral-facial muscle coordination required for sucking and swallowing
and helps entrain the oral processing needed for transition to solid foods
post-tube feeding. For example, non-nutritive sucking on pacifiers has been
shown to improve coordination of sucking movements of infants, supporting
the transition to bottle feeding, and has been associated with shorter hospital
stay and reduced stress levels [21]. Contrary, a lack of or limited oral
stimulation during the first months of life may lead to hypersensitivity to
tactile stimuli such as food textures [18]. Dislike for specific textures in infants
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who have received tube feeding may be due to the limited exposure to textures
during the complementary feeding phase which may lead to reduced ex-
periential learning and difficulty with oral processing specific textures that
may not have been developed due to their inexperience [22]. There are several
tools that can be used by medical professionals to assess whether infants can
receive oral nutrition or oral-feeding readiness such as the Oral Feeding
Readiness scale, and neonatal oral-motor-assessment scale [23].

In more severe cases, transitioning from tube-feeding to normal eating be-
haviors may induce strong food avoidance which leads to persistent
tube-feeding. One study showed that 70% of pre-term infants that were tube-fed
in the ICU are still tube-dependent 6 months after their hospital discharge [24].
The transition from tube to oral feeding in these children can be made more
successful by using the “hunger provocation method”, which requires the child to
signal hunger and feed on demand rather than on a schedule, and has been
shown to be successful in >80% of children compared to only 10% who suc-
cessfully transition from tube to oral feeding [25].

Eating Behavior Development of Children with Down Syndrome

Children with Down Syndrome (CWDS) can have a typical oral-facial anatomy
that may lead to difficulties with oral processing of food. These oral-facial
characteristics include macroglossia, poor occlusal contacts, and hypotonic
oro-facial muscle development and coordination [26]. These characteristics
often lead to difficulties in consuming foods, initially starting with breastfeeding
where issues arise due to poor lip-seal, slow sucking, and a perceived increased
risk of choking and aspiration. As such, breastfeeding rates tend to be much
lower among CWDS compared to other children, although research shows most
CWDS can be successfully breastfed if mothers receive the right support.
Breastfeeding of CWDS is especially important as this promotes oral muscle
coordination, shaping of the oral cavity, and speech development [27].

The transition from breast or bottle feeding to solid foods is delayed in CWDS
compared to other child populations. For example, the introduction of bread is
delayed by 4 months compared to peers [28]. This creates a cycle that hinders the
longer-term development of oral processing and texture learning early in life.
These delays are associated with impaired oral function, lower texture accep-
tance, and difficulties in consuming solid foods, potentially leading to picky
eating and increased risks of choking and aspiration [29]. Because of this, CWDS
may develop a preference for foods that do not require oral processing or to use
sucking movements as much as possible. Additionally, parents are inclined to
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give their child foods with a semi-solid or soft solid texture [30]. This shapes a
preference for foods that can be consumed easily and with a fast eating rate.
These types of foods generally have low satiating capacity and are therefore often
overconsumed. If these preference for easy-to-consume foods persist into
adulthood this may shape dietary behavior that increases the risk of overweight
or obesity [31].

Conclusion

Early life food sensory exposure affects food familiarity, food preferences, and
oral processing skill. Combined these factors affect the development of healthy
dietary patterns. Evidence from research in specific (clinical) child populations
has shown that early behavioral nutrition interventions can significantly en-
hance eating behaviors. Despite the important role of sensory exposure in
shaping dietary patterns, there are limited guidelines for parents or health care
professionals on how to introduce taste and texture to the diet of infants or
toddlers. There is thus a need for science-based sensory recommendations to
help shape healthy dietary behaviors tailored to specific clinical child
populations.
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Abstract

Micronutrient deficiencies in children can occur for multiple reasons, including poor access
to food, particular dietary patterns or health conditions that may impact nutrient absorption
and utilization. Reduced access to food for infants and young children can lead to mal-
nutrition, increasing the risk of infectious diseases, poor growth, cognitive impairment,
emotional dysfunction, and even death. Due to the limited foods available, children with
malnutrition also often experience low micronutrient intake. Selective or picky eating is a
common feeding difficulty in young children worldwide and can have adverse effects on
health and development. Selective eaters generally consume a less diverse diet, leading to
an imbalanced nutrient intake. Dietary supplementation provides an individually targeted
approach to address micronutrient deficiencies. This strategy has been used safely and
effectively to prevent micronutrient deficiencies in high-income countries for over a century.
It is the mandatory or voluntary addition of essential micronutrients to widely consumed
staple foods and condiments during production. However, worldwide data suggest low
compliance with dietary supplementation approaches. This leaves a question mark over the
effectiveness of commercial food fortification and highlights the need for improved in-
frastructure to ensure food fortification or micronutrient supplementation in areas where

there is an increased risk of deficiencies.
© 2024 S. Karger AG, Basel
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Introduction

The World Health Organization (WHO) estimates that more than 2 billion
people worldwide are deficient in micronutrients such as iron, iodine, zinc,
and vitamin A [1]. One-third of these are children under 5 years old, with the
majority of malnourished children living in developing countries such as
India [2]. In India, over 6,000 children under the age of 5 die every day, with
over half of these deaths being attributed to diseases caused by micronutrient
deficiency (MND), mainly due to the deficiency of Vitamin A, iron, iodine,
and folic acid.

MND-related diseases are responsible for causing high rates of morbidity and
mortality in children, particularly those under the age of 5; for example, ap-
proximately 0.33 million child deaths every year are caused by vitamin A de-
ficiency in India [3].

There are multiple underlying causes for micronutrient deficiencies, with the
most common being related to an imbalanced diet pattern. This can lead to
inadequate intake of a wide variety of foods, which would normally each contain
a different combination of macro and micronutrients to meet nutritional needs.
Poor diet diversity may be associated with limited access to food and malnu-
trition, certain dietary patterns, or dietary preferences, such as those seen with
selective eating behaviors.

Selective Eating

Selective eating, also known as picky eating, is often considered a mild form of
feeding difficulty, with more severe eating disorders, such as those related to
autism spectrum disorders, at the other end of the spectrum [4].

Although a formal definition of picky eating is not agreed upon, it typically
includes the refusal or restriction of familiar and unfamiliar foods, often in-
dicating a sort of neophobia [5]. Selective eating is frequently observed in young
children and can result in significant parental stress and negatively affect family
relationships [6]. The issue is usually resolved with little or no medical inter-
vention [7].

Feeding difficulties such as picky eating are primarily observed in developed
countries where there is more scope for food selection and encompass a
complicated set of interactions between parents/caregivers and children, fo-
cusing on selecting and consuming food [5].

Several methods evaluate picky eating, leading to significant variation within
reported prevalence rates, as stated in Table 1 [7]. Picky eating may be due to
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Table 1. Prevalence of picky eating in different countries

Authors Country Age (years) Prevalence Assessment method
(%)

Xue et al. (2015) [11] China 7-12 59.3 Single item
Xue, Zhao, et al. (2015)  China 3-7 54.0 Single item
Cardona Cano et al. The 1.5 26.5 CBCL - 2 items
(2015) [13] Netherlands 3 27.6

6 13.2
Haszard et al. (2014) New Zealand  4-8 36.5 LBC - 5 items
Jani Mehta et al. (2014)  Australia 1-5 34.1 Single item
Li et al. (2014) China 25-36 36.2 Study-specific questionnaire

months
Tharner et al. (2014) [10] The 4 5.6 CEBQ - latent profile approach -

Netherlands 6 items

Horst et al. (2014) USA 3-4 15.6 Several items
Akamatsu et al. (2013) Japan 1.5 12.7-38.7 Several items
Hafstad et al. (2013) Norway 1.5-45 22-35 Two items
Finistrella et al. (2012) Italy 1 20 CFQ - 3 items
Orun et al. (2012) Turkey 12-72 Overall 39 Single item

months
Goh and Jacob (2012) [6] Singapore 1-10 40.8 Single item
Micali et al. (2011) Denmark 5-7 73 SFQ - factor analysis — 4 items
Mascola et al. (2010) USA 3-11 13-22 Single item
Jin et al. (2009) China 1-6 39.7 Study-specific questionnaire
Jacobi et al. (2008) [14]  Germany 11.7-12.7 19 (girls) Single item

18 (boys)

Dubois et al. (2007) Canada Preschoolers  14-17 Three items
Wright et al. (2007) UK 1.5 83 Single item
Carruth et al. (2004) [9] USA 24 months 50 Single item
Jacobi et al. (2003) USA 3-4 21 SFQ - 4 items
Cerro et al. (2002) New Zealand ~ 31 months 20 Study-specific questionnaire
Reau et al. (1996) USA 13-27 36 Single item
Rydell et al. (1995) Sweden 6.1-11.0 30 Three items

CEBL, Child Behaviour Checklist; CEBQ, Children’s Eating Behaviour Questionnaire; CFQ, Child Feeding
Questionnaire; LBC, Lifestyle Behaviour Checklist; SFQ, Stanford Feeding Questionnaire.

psychological factors or physical factors, such as swallowing difficulties. The
assessment and management of these interacting factors is shown in Figure 1 [8].

The global prevalence of picky eating is estimated to vary greatly, from 5.6% in
4-year-olds in the Netherlands to 50% in 2-year-olds in the USA [9, 10]. A study
conducted on Chinese children aged between 7 and 12 years reported a high
prevalence rate of 59%. However, it should be noted that the category was
overrepresented due to the inclusion of children who were described as
“somewhat picky” and those who were “always picky” [11]. The wide range of
prevalence in picky eating can be attributed to the variations in its definition and
the differences in the methods of assessment used.
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Gender
Birth weight
Temperament
Early feeding style
Early flavour experience
Complementary feeding
Experiential learning
Health status and BMI
Early self-regulation abilities CHILD
Predisposed biological tendencies

Energy density, palatability, flavour, colour FOOD
Economic status, parent income, ethnicity, COMMUNITY,
sociocultural education, exposure to media, DEMOGRAPHIC,
watching TV while eating, neighbourhood environment, SOCIOECONOMIC
accessibility to recreation, facilities, school lunch program STATUS
Gender, BMI, body satisfaction, education, nutritional knowledge, food preferences and PARENTS
dietary intake, physical activity-life style, modelling, feeding practice, control, parenting style, and FAMILY

perception of the healthiness of child's diet, positive attitudes, perceived responsibility for child
feeding, portion size, healthy food accessibility, eating location, ambient temperatures and lighting,
time of consumption, ambient sounds, peer and sibling interactions, family structure,
frequency of shared family mealtimes, meal structure

GENETIC PREDISPOSITION

BMI: Body Mass Index

Fig. 1. Decision tree to assess and manage feeding difficulties in children. GI, gastrointestinal;
OT, occupational therapist; SLP, speech and language pathologist.

According to their caregivers or physicians, the percentage of children with
feeding or eating problems is relatively high worldwide. The prevalence of picky
eating behaviors and feeding difficulties varies widely between studies, ranging
from 6% to 50% [6, 7]. For example, a survey conducted among households with
infants and toddlers aged between four and 24 months showed that the per-
centage of children identified as picky eaters by their caregivers increased from
19% to 50% as the children’s age increased from four to 24 months. Picky eaters
were found in all age ranges, both sexes, all ethnicities, and all ranges of
household incomes. The survey revealed that older children were more likely to
be selective with food choices [9].

The impact of selective eating during childhood is primarily reflected in its
effect on overall dietary intake. Picky eating may reduce food intake, resulting in
an imbalanced nutrient intake and poor dietary diversity [12], which in turn can
lead to adverse health and developmental outcomes.

The amount of research exploring the effects of picky eating on dietary
diversity and variety is relatively low. However, studies have demonstrated that
at 24-36 months of age, picky eaters consume fewer different food items and
have less variety in their food choices, compared to less picky eaters [13]. There is
a correlation between selective eating habits and various negative behavioral
consequences that impact externalizing and internalizing behaviors [14].
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Several studies have shown that picky eating is associated with a greater risk of
being underweight and having poor growth. This is likely to be driven by lower
energy intake, in combination with low intakes of micronutrients such as zinc
and iron, which are critical for optimal growth [15].

Poor Access to a Balanced Diet

Picky eating can lead to malnutrition in cases where there is a significantly low
nutrient intake. However, access to food is also a significant predictor of
malnutrition and MNDs.

In 2022, there were an estimated 45 million children under 5 suffering from
wasting resulting from poor nutrient intake [16]. Malnutrition in infants and
young children can be associated with a higher risk of infectious diseases, such as
respiratory tract infections.

The WHO also highlights being overweight as a form of malnutrition as this is
often associated with high intake of nutrient-poor ultra-processed foods [16].
This may increase the risk of MNDs due to an imbalanced diet intake.

Dietary Solutions

Dietary solutions can be targeted at an individual level, for example supporting
parents of children with picky eating, or by providing stand-alone supplementation
to be used alongside existing food intake in those at risk of malnutrition.

Interventions can also be at a population level, such as fortification of fre-
quently consumed products to reduce MNDs on a wider scale. This may improve
MNDs related to malnutrition by optimizing the nutritional composition of the
foods that are available to these population groups.

Individual-Level Solutions

Children who have severe feeding difficulties are at a higher risk of experiencing
nutritional deficiencies, poor growth, cognitive impairment, emotional dys-
function, and even death [5]. Early identification of feeding issues and timely
intervention can improve outcomes for children [5].

Research findings suggest that parents play a crucial role in improving their
children’s dietary habits from an early age. To achieve this, parents should focus
on incorporating more nutrient-rich and fiber-rich foods, mainly fruits and
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vegetables, into their children’s diets for long-term benefits [12]. This requires
strategies that provide education for parents alongside support from healthcare
professionals.

Successfully feeding young children requires a good understanding of
nutrition by the caregiver or parent. This ensures that the foods offered, the
feeding practices, and the calorie amounts provided are appropriate. Pres-
ently, intervention studies that identify ways to improve children’s eating
behaviors are limited. The strategies that exist are age-specific and not based
on evidence.

However, valuable insights into parental practices can be obtained from
cross-sectional and observational studies, summarized in Table 2. Children’s eating
behavior and choices are influenced mainly by their parents’ dietary habits and
feeding techniques. Parents should introduce their children to nutritious food options
and balanced diets and set a good example by being positive role models [17].

UNICEF recommends feeding children with feeding difficulties healthy foods
when hungry. Children should be allowed to feed themselves to feel in control of
what they eat. Rewarding or punishing with food should be avoided. Frequent
and smaller meals throughout the day are recommended. Milk and water are
better than sugary drinks. Distractions should be avoided during mealtimes, and
family eating routines can make mealtime fun [18].

Pediatricians can benefit from understanding the mechanisms that underlie food
habits in children. This knowledge can aid in promoting healthy eating practices
among children. Therefore, the study of children’s behavior can serve as a foun-
dation for developing targeted and effective nutrition education programs. It also
suggests the need for further research to explore the interactions between various
factors that influence children’s eating behaviors [17] (shown in Fig. 2) [19].

Individually tailored dietary supplements can also effectively address mi-
cronutrient inadequacies and deficiencies. In Asia, for example, supplementing
children under two with vitamin A is a well-established strategy to prevent
irreversible blindness that may result from deficiency during early childhood
[20]. However, low compliance seems to be a common challenge worldwide.

Data suggest that only 8.8% of infants in India received the appropriate
vitamin D supplementation in terms of dose, frequency, and duration [21]. The
percentage of infants in the United States who were given oral vitamin D
supplements was also low, regardless of whether they were consuming breast
milk or formula. The rate ranged from 1% to 13% and varied depending on the
infants’ age, which ranged from 1 to 10.5 months [22]. In France, only
41.5%-66.6% of the vitamin D prescriptions for children between 0 and 5 years
old complied with the recommendations [23]. This would leave a question mark
about the effectiveness of widely used strategies to prevent MNDs.
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Table 2. Effective strategies and practices to improve children’s eating behavior

Strategy Practices
Covert control ® Buy only healthy foods for home
® Avoid unhealthy and fast-food stores
Avoid the use of food ® Food maintains the behaviour on which its delivery and acquisition is
rewards dependent

Sense of fullness recognition
Serve moderate portions
Assist with organizing the feeding environment

Encourage the child to try new foods

Parents are the example

Parents demonstrate the importance of healthy food while also enjoying it
Do not model disliking of foods in front of the child

Parents must control their children’s consumption of palatable snack foods in
an obesogenic environment

Early responsive parenting intervention

Interventions based on education that are tailored for parents and caregivers
Feeding-related advice

Empowering parents

Social support

Expose the child to a variety of foods

Offer the child food repeatedly

Allow the child to have input into food choices
High frequency of shared family meals

Daily shared breakfast

Socialization during mealtime

Turn off the TV at meals

Exposure to healthy tastes and flavors during early life may encourage healthy
eating habits

Give the parental role in food shopping and preparation

Healthy food availability

Get Adequate sleep

Reduce screen time

Promoting self-regulation

Authoritative parenting
style

Parent’s focused
intervention

Family meals

Family environment

Home fortification strategies are an innovation aimed at improving the
diet quality of the nutritionally vulnerable groups, such as young children
[24]. There are several methods to increase the overall nutritional value of
everyday meals, compared to supplementation with one specific nutrient as
outlined above.

One of these methods is the food-first approach, which involves using ev-
eryday foods and drinks for meals. Another method is home food fortification,
the easiest and most effective way to add oral nutritional supplements to regular
meals during preparation. This method helps increase the nutritional value of
everyday meals and can address potential challenges such as palatability,
compliance, and cost. The oral nutritional supplements contain protein, car-
bohydrates, fats, vitamins, and minerals, making them a simple and easy way to
fortify meals. They are typically used by individuals who struggle to meet their
nutrition and hydration needs through an oral diet alone. These individuals are
usually at nutritional risk and have been identified using a validated malnutrition
screening tool [25].
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Fig. 2. Factors influencing children’s eating behavior.

Population-Level Solutions

MNDs related to malnutrition may also be preventable through food for-
tification at a population level. Several countries have been fortifying foods
since the 1920s, resulting in the eradication of nutrition-related diseases.
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Specialized nutritious foods have been developed to meet the higher nutrient
needs of specific target groups.

Food fortification adds vitamins and minerals to food during processing to
increase its nutritional value. It is an effective and safe strategy to improve diets
and prevent and control micronutrient deficiencies. In 2008 and 2012, the
Copenhagen Consensus rated food fortification as one of the most cost-effective
development priorities [26].

Several factors, such as the high occurrence of specific MNDs, the pop-
ulations that are most impacted, dietary composition, available infrastruc-
ture, food processing, and production systems, as well as national regulation
and governmental leadership, determine the most appropriate and effective
type of fortification for a given country [27]. Unlike in Western countries,
commercial or Industrial Food fortification in low-income countries, the
Middle East for example, is sporadic and ineffective; therefore, a review of
alternative interventions is required, as well as collaborative changes at policy
levels [28].

The World Food Programme committed to increasing the proportion of
fortified wheat flour, maize meal, and rice distributed through its programs from
60% in 2020 to 80% in 2025. The World Food Programme will work with at least
40 countries to ensure national systems can bring fortified foods within reach of
the most vulnerable families [29].

Point-of-use fortification refers to adding vitamins and minerals to food that
is already cooked and ready to be consumed. This method was previously known
as “home fortification,” but the WHO changed the term to “point-of-use” in
2012 to reflect the various settings where this intervention can occur, such as in
schools and refugee camps. In 2016, the WHO recommended using micro-
nutrient powders to fortify complementary foods at the point of use as a crucial
step in improving the intake of micronutrients, particularly iron, and reducing
anemia in children aged 6 to 24 months [30].

Conclusion

Inadequate dietary intake and malnutrition can be caused by factors including
eating behaviors or poor access to food. Food fortification has the potential to
address malnutrition globally in a cost-effective way. Studies have shown that
fortifying foods at an individual or population level can yield positive results,
particularly in controlling and preventing micronutrient deficiencies among
vulnerable populations, such as children.
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Abstract

“Hidden Hunger” refers to micronutrient deficiencies that are not necessarily reflected in
anthropometric measurements and thus remain hidden. It affects 2 billion people globally,
and occurs among infants and young children on a “healthy diet,” as perceived by family
members. Hidden hunger is recognizable with a high index of suspicion and hence the term
“micronutrient hunger” has been proposed. Its effects are significant and include physical
and mental impairment, poor health, low productivity, morbidity, and mortality. Data re-
ported in the Global Hunger Index and Global Hidden Hunger Index are eye-openers in this
context. Maternal deficiencies, changing breastfeeding trends, suboptimum infant and
young child feeding practices, and universal availability and popularization of junk food
result in emerging and re-emerging nutritional disorders that need to be addressed urgently.
Strategies for addressing micronutrient malnutrition include supplementation, fortification,
and dietary diversification. These interventions have benefits but are limited by context and
resources. In the Indian context, universal salt iodization is successful; however, iron and folic
acid supplementation for several decades has not produced the desired results. A multi-
sectoral approach advocated at national and international levels with cross-disciplinary
support is recommended. An overview of these issues along with practical solutions are

highlighted in this manuscript. © 2024 S. Karger AG, Basel
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Introduction

The term “hidden hunger” refers to the deficiency of micronutrients such as
essential minerals and vitamins, which are not visible at first sight [1]. Defi-
ciencies are often undetected, especially in infants and young children, but can be
recognized if a high suspicion index exists. A majority of the deficiencies have
important public health consequences. Therefore, the term “micronutrient
hunger” has been proposed instead of “hidden hunger.” Hidden hunger affects
more than 2 billion people, which accounts for one-third of the population
worldwide [2]. Its effects can be significant, leading to impaired physical growth,
poor cognitive function, learning disabilities, chronic diseases, low productivity,
and even death.

Global Hunger Index and Global Hidden Hunger Index

The Global Hunger Index (GHI) is a tool created to track and measure hunger
worldwide by nation and region. India is ranked 107th, with a reported GHI
prevalence of 29%, a mere 10% decrease from 39% in 2000 [3]. The target of
“Zero Hunger by 20307 is still far off without swift, long-lasting, and significant
improvements.
Each nation’s GHI score is computed based on the four indicators that
collectively reflect the multifaceted character of hunger. GHI scores are obtained
as a result of the computation, with 0 being the best score (no hunger) and 100
representing the worst. The four component indicators listed below are com-
bined to calculate GHI [3]:
¢ Undernourishment: the proportion of the population consuming insufficient
amounts of calories.
¢ Child stunting: the proportion of children under 5 years who have low height
for their age, a sign of chronic undernutrition.

e Child wasting: the proportion of young children under 5 years who are
underweight for their height, a sign of acute undernutrition.

¢ Child mortality: the percentage of children who died before turning 5 years
old, partly due to the lethal combination of poor diet and unhygienic
surroundings.

Deficiencies of four micronutrients - iron, iodine, zinc, and vitamin A - pose the

greatest threat to global public health because of their rising prevalence and the

ensuing negative effects on development and health.

The Global Hidden Hunger Index (GHHI) 2022 focuses on micronutrients as
a part of the dramatic hunger situation worldwide. It is measured among
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preschool-age children as the average of three deficiency prevalence estimates: (i)
stunting due to zinc deficiency, (ii) anemia due to iron deficiency, and (iii)
vitamin A deficiency.

Zinc serves as a surrogate for stunting, iron for physical capability and
cognition, and vitamin A for immunity. In the Hidden Hunger Index in pre-
school children score, these three components are equally weighted: ([stunting
(%) + anemia (%) + low serum retinol (%)]/3) [4].

Micronutrient deficits, or hidden hunger, are often intergenerational. Due to
their prevalence among adolescents, particularly girls, it is often passed down to
the next generation. Hidden hunger is often associated with lowered or com-
promised immunity and growth, which may eventually lead to degenerative and
chronic illnesses. According to the 2019 report “Adolescents, Diets and Nu-
trition: Growing Well in a Changing World” by UNICEF over 80% of the
adolescent population in India demonstrated multiple micronutrient deficiencies
[5]. Increasing incomes and changes in dietary patterns among adolescents with
greater consumption of junk foods, fried foods, and sugar-sweetened beverages
and less consumption of green leafy vegetables and fruits are contributing to this
nutritional disaster.

Infant and Young Child Feeding Practices

Optimum complementary foods; adequate supplementary feeding techniques,
such as meal frequency and nutritional diversity; and enough nutrition services
are the factors that determine young children’s diets during the complementary
feeding period. A child’s right to have a wholesome, secure, reasonably priced,
and sustainable diet is predicted by the determinants and drivers of their nu-
trition in their early years. These diets, in turn, contribute to protecting, pro-
moting, and supporting growth, development, and survival [6]. It is important to
emphasize that a nutritious diet in a child starts with exclusive breastfeeding as it
serves as the cornerstone for long-term health benefits, including reducing the
risk of obesity or the later onset of noncommunicable diseases. The comple-
mentary feeding period is also critical as it is challenging to cater to an infant’s
high nutritional needs and quick physiological changes during this time [6].
Children between the ages of 6 and 23 months have greater nutritional needs
per kilogram of body weight for growth and development. To ensure adequate
nutrition, it’s crucial to offer children a diverse range of foods regularly.
However, data indicate that most toddlers between the ages of 6 and 23 months
are not fed per global norms as shown in Figure la—c [7]. In addition, many
children neither get the proper nutrition at the right age nor have enough variety
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in their diets to help them reach their maximum potential in terms of growth and
development. When a child lacks a necessary vitamin, they either develop faster
and use up more body stores, which eventually causes a loss in bodily functions
(type I functional nutrients), or they grow slower and actively conserve the
nutrient to keep the concentration in the tissues (type II functional nutrients) [8].
The list of type I and type II nutrients is shown in Table 1 [8].

Inadequate feeding practices can result in various deficiencies in children,
even when energy intake remains adequate due to consuming energy-dense but
nutrient-poor foods [2]. Some reasons for hidden hunger are reliance on
low-cost, monotonous staples, limited choices, lack of dietary diversity of foods,
impaired absorption or use of nutrients, and the presence of antinutrients, which
limit the bioavailability of nutrients that are crucial for growth and develop-
ment [9].

Healthy Diets and Micronutrient Deficiencies

Various deficiencies have been reported among infants and young children while
on a so-called “healthy diet.” Several emerging and re-emerging nutritional
disorders such as nutritional cardiomyopathy and cardiac failure due to defi-
ciencies in iron, thiamine, selenium, and vitamin D are not uncommon. Changes
in myocardial energy generation, calcium balance, or oxidative defenses are
linked to long-term deficiencies in thiamine, carnitine, selenium, niacin, taurine,
and coenzyme Q10 in the cardiac tissues [10]. Recently, a condition known as
thiamine-responsive acute pulmonary hypertension of early infancy has been
recognized in many parts of India among exclusively breastfed infants, who
eminently respond to thiamine [11]. Exclusive breastfeeding by
thiamine-deficient but otherwise asymptomatic mothers is one of the key risk

Table 1. Type | and Type Il nutrients [8]

Type | nutrients Type Il nutrients
Iron Nitrogen

lodine Essential amino acids
Copper Potassium
Calcium Magnesium
Selenium Phosphorus
Thiamine Sulfur

Riboflavin Zinc

Pyridoxine Sodium

Niacin Chloride

Folate

Cobalamin

Vitamins A, D, E, and K
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factors for thiamine-responsive acute pulmonary hypertension in early infancy.
Mothers who consume only polished wheat products without any bran of the
cereals may have severe thiamine deficiency. The clinical features include acute
respiratory distress, cardiomegaly, gross right ventricle dilatation, pulmonary
arterial hypertension, and metabolic acidosis and shock [11].

Infantile tremor syndrome and megaloblastic anemia with hyperpigmenta-
tion of periungual and knuckle regions and delayed developmental milestones
due to vitamin B;, deficiency have been identified among exclusively breastfed
infants [12]. Previous studies have shown a causal relationship between infantile
tremor syndrome and vitamin B, insufficiency among mothers who were By,
deficient, especially those who followed a strict vegan diet [12]. In certain regions
of India and within specific communities, strict adherence to vegetarian or vegan
diets is widespread. Infants born to vegan mothers may lack sufficient vitamin
B, stores, making them vulnerable to developing infantile B, deficiency. This
deficiency can lead to developmental delays, neuro-regression, infantile tremors,
and megaloblastic anemia. However, clinical symptoms may take years to ap-
pear, but they often improve with vitamin B;, therapy.

The association between folic acid deficiency and fetal neural tube defects is
well documented [13]. Folate deficiency is widespread and leads to megaloblastic
anemia and dimorphic anemia, along with associated iron deficiency. Maternal
folate deficiency increases the risk of neural tube defect (NTD) in the offspring in
the general population. As a majority of women are not aware of their preg-
nancies until 21-28 days following conception, which is when these abnor-
malities arise, folate supplementation is necessary as a preconception
intervention. Data from 1,242 children with NTDs were compared with data
from a control group of 6,660 infants with deformities unrelated to vitamin
supplementation. The adjusted odds ratios of NTDs related to exposure to
carbamazepine during the first or second month after the last menstrual period,
compared with no use in either month were 6.9 (95% confidence interval: 1.9,
25.7) for carbamazepine (6 exposed cases). The discovery that folic acid had no
discernible protective effect in mothers taking antiepileptic medications was
equally startling. These findings imply that antiepileptic drugs disrupt folate
metabolism at different levels. Folic acid supplementation for a long period or at
high levels during the preconception period might lower the likelihood of birth
abnormalities [14]. It is also crucial to ensure vitamin B;, sufficiency while
supplementing folic acid in pregnant women. Vitamin B, helps in retrieving the
active form tetrahydrofolate from an inactive metabolite, N (5)-
methyl-tetrahydrofolate. This phenomenon known as the “folate trap,” leads to
aggravation of vitamin B, deficiency in already deficient individuals [15]. Zinc
deficiency is quite widespread among infants and young children and is often
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suspected in those with persistent diarrhea and acrodermatitis, even though the
genetic defect resulting from this condition is rare [16]. Excess zinc, however, can
have counter effects on the “twin minerals” iron and copper.

Iron deficiency is widespread across all age groups, resulting in microcytic
hypochromic anemia with reduced physical stamina and cognition and a higher
incidence of febrile convulsions, breath-holding spells, and restless leg syndrome
[17, 18]. Iron excess can lead to hemochromatosis through the generation of free
radicals. The occurrence of Pica disorders such as geophagia (mud), amylophagia
(raw rice), and pagophagia (ice) in children suggests iron deficiency anemia. Iron
deficiency is rampant, and sufficiency is difficult to achieve due to the low
bioavailability of non-heme iron and the presence of antinutrients such as
phytates, polyphenols, caffeine, and tannin in the diet. Excess consumption of
milk, which is considered “healthy” can result in iron deficiency due to cow’s
milk protein enteropathy [19]. Vitamin C deficiency is a common deficiency
encountered in children. Total avoidance of fresh fruits due to fear of pesticides
has recently been associated with vitamin C deficiency and scurvy [20].

Lack of sun exposure and to a much lesser extent, lack of intake of fatty food, are
the causes for the re-emergence of vitamin D deficiency and rickets [21]. These
conditions are rampant and are considered emerging lifestyle-related diseases, even
in countries such as India where sunlight is abundant. Lack of sun exposure around
noon time, environmental pollution, lifestyle changes, way of dressing and use of
sunscreens, and inadequate dietary intake are some of the contributing factors. As
vitamin D is a fat-soluble vitamin, overzealous supplementation can result in
hypervitaminosis D. Other micronutrient deficiencies are fluorosis, a re-emerging
disease due to excess fluoride in drinking water [22]; vitamin A deficiency; and
iodine deficiency. In summary, maternal deficiencies, changing breastfeeding trends,
suboptimum Infant and Young Child Feeding practices, and universal availability
and popularization of junk food result in emerging and re-emerging nutritional
disorders, which need to be addressed urgently.

Impact of Micronutrient Malnutrition

Hidden hunger in developing countries is associated with negative effects on
health and survival [23]. Micronutrient deficiencies affect people directly and
society indirectly. There are widespread micronutrient deficiencies in the world,
with pregnant women and their unborn children being most at risk [24]. Mi-
cronutritional deficits rarely occur alone, and deficits of different micronutrients
frequently coexist in an individual. The long-term effects of micronutrient
deficiencies are detrimental to national economic development and human
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Maternal and child undernutrition

Micronutrient deficiencies

Long-term effects include changes in adult

height, mental capacity, economic output,

fertility, and the incidence of metabolic and
cardiovascular disorders.

Fig. 2. Long-lasting impact of micronutrient deficiencies [24].

capital in addition to being evident at the individual level [24]. The intergen-
erational effects of micronutrient deficiencies, which we are only now beginning
to comprehend, and the cycle of micronutrient deficiencies that last throughout
generations must be of utmost concern [24].

Micronutrient deficiencies can have long-lasting implications as depicted in
Figure 2.

Strategies to Tackle Micronutrient Malnutrition

The goal of increasing food production to satisfy the demands of the world’s
expanding population has centered on efficiency and yield maximization. The
output of energy has increased, while the micronutrient content of diets has
decreased. As a result, several strategies have been used to raise micronutrient
intake:

¢ Supplementation

e Fortification

¢ Biofortification

¢ Diversification of diet
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While there are benefits to each intervention, their effectiveness is contingent upon
the specific environment and resources at hand. A multisectoral approach at the
national and international levels is required to successfully address the problem of
improving the diets of young children during the supplemental feeding phase.

Micronutrient Supplementation

The fastest improvement in the micronutrient status of individuals or targeted
populations typically results from supplementation, which is the administration
of high quantities of micronutrients in a highly absorbable form [25]. Although
supplementation programs are initially used as short-term measure to tackle
hidden hunger, these are then usually replaced by long-term sustainable
measures like dietary modification and food fortification usually by increasing
dietary diversity. India is running universal and targeted supplementation with
micronutrients such as iron; folic acid; iodine; zinc; and vitamins A, D, K, and
By,. The “United Nations International Multiple Micronutrient Antenatal
Preparation” is a novel multiple micronutrient supplementation strategy that
includes 15 nutrients [26], which is recommended by the United Nations for
prenatal mothers as shown in Table 2. However, it is yet to be implemented
globally.

Commercial Food Fortification

Commercial food fortification, which refers to the addition of micronutrients to
processed foods, is a broad, integrated approach to prevent hidden hunger. It is
an important tool to support and reinforce existing nutrition programs and

Table 2. Multiple micronutrient supplement formulation [26]

Component Chemical entity Amount

Vitamin A Retinyl acetate 800 pg RAE

Vitamin C Ascorbic acid 70 mg

Vitamin D Cholecalciferol 5 ug (200 IU)
Vitamin E Alpha tocopheryl succinate 10 mg o-TE

Vitamin B, Thiamine mononitrate 14 mg

Vitamin B, Riboflavin 1.4 mg

Vitamin B Niacinamide 18 mg NE

Vitamin Bg Pyridoxine HCI 1.9 mg

Folic acid Folic acid 680 ug DFE (400 pg)
Vitamin B;, Cyanocobalamin 2.6 ug

Iron Ferrous fumarate 30 mg

lodine Potassium iodide 150 pg

Zinc Zinc oxide 15 mg

Selenium Sodium selenite 65 ug

Copper Cupric oxide 2 mg
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could be helpful for the prevention of specific nutritional deficiencies. It has been
successful as a cost-effective public health strategy for promoting overall
well-being. Iodization of salt, and the addition of B-complex vitamins, zinc, and
iron to wheat flour and vitamin A to sugar and cooking oil are other good
examples of food fortification. Iron and iodine double-fortified salt is also under
trial in India. Fortified rice kernel, including iron folic acid and vitamin By,,
added to rice in a ratio of 1:100 is being supplied in supplementary feeding
programs in India.

Biofortification

Biofortification, an emerging intervention, expected to grow significantly, en-
hances nutritional content in crops using transgenic methods [27]. Biofortified
foods provide a safe and steady source of essential micronutrients, which is not
available from other interventions. Biofortified crops are nutritious and
drought-resilient. Examples of biofortified crops include iron beans, zinc wheat,
rice, and vitamin A cassava and maize.

Dietary Diversification

One of the most important and effective methods of preventing nutritional
hunger is increasing dietary diversity. Increasing dietary diversity can address
micronutrient deficiencies by incorporating a variety of foods from different food
groups over time. Dietary diversity is associated with better child nutritional
outcomes [28], even when controlling for socioeconomic factors. High preva-
lence of poor dietary diversity may be linked to meal-skipping and snacking
habits, particularly among adolescents [5, 29].

In most instances, parents and caretakers consider the diet of infants and
young children as “healthy,” as they often lack information on the 17 key Infant
and Young Child Feeding indicators, particularly minimum dietary diversity,
minimum meal frequency, and minimum acceptable diet [30]. It is a good
strategy to ensure that minimum dietary diversity starts from complementary
feeding and it should be universalized and popularized. The eight food groups for
6- to 23-month-old children as per the World Health Organization are presented
in Table 3 [31].

At least 5 out of 8 food groups should be added in rotation, after 6 months of
age, as per the developmental readiness of the baby and locally prevailing cultural
practices [21].

Home-Based Newborn Care and Home-Based Young Child Care are plat-
forms for handholding for breastfeeding and complementary feeding practices in
the home environment. The “rice-giving ceremony” called “Annaprasan” is
being popularized at 6 months of age to promote the introduction of a variety of
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Table 3. MDD indicators for 6-23 months old as per the WHO [31]

Age Food groups

6-23 months Breast milk
Grains, roots, tubers, and plantains
Pulses (beans, peas, lentils), nuts, and seeds
Dairy products (milk, infant formula, yogurt, cheese)
Flesh foods (meat, fish, poultry, organ meats)
Egg
Vitamin-A-rich fruits and vegetables
Other fruits and vegetables

foods after the ceremony. Eleven well-baby visits have been planned at the
following stages: <7 days, 6, 10, and 14 weeks, and 6, 9, 12, 18, 24, 30, and 36
months for growth, developmental and nutritional surveillance, and counseling.
To promote dietary diversity, fortified rice kernels and iodized salt are being used
for feeding in all government-sponsored preschools called “Anganwadis” under
the Integrated Child Development Services Scheme. In certain model centers, a
large basket is provided for mothers and caregivers to contribute various veg-
etables and fruits, enhancing feeding diversity. Ensuring food security and
appropriate supplements is the key to success [32].

The Scaling Up Nutrition (SUN) strategy 2021-2025 (SUN 3.0) is a good model
for cross-sectoral collaboration. This strategy brings people and resources together at
the national level to improve nutrition, especially among adolescents and pro-
spective mothers. The United Nations Secretary-General introduced the SUN
Movement in 2010 along with four SUN Networks: the SUN Donor Network, the
SUN Business Network, the SUN Civil Society Network, and the United Nations
Nutrition Network. The essential components of this movement to fight hidden
hunger are empowering adolescent females by improving their access to education
and ensuring social protection, thus giving women from poor backgrounds access to
nutritious food and making them immune from price hikes [33].

Conclusion

Micronutrient hunger is a major public health problem. Although most cases of
micronutrient hunger remain “hidden,” they are recognizable with a high index of
suspicion. This affects more than 2 billion people, almost one in three, worldwide.
The effects of micronutrient hunger can be significant, leading to physical growth
and mental impairment, poor health, low productivity, and even death. Multiple
deficiencies can occur in children while on a healthy diet as perceived by the mother.
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Promoting optimum breastfeeding and complementary feeding along with be-
havioral change communication are important to tackle this challenge. Elimination
of micronutrient hunger among children and the adolescent population remains a
global challenge. Effective interventional strategies that improve the knowledge of
nutrition among adolescents and promote healthy food choices are essential as a
protective strategy. It is essential to ensure supplementation and a robust food
supply rich in micronutrients to combat this. The solutions include implementation
of dietary diversification starting from infancy. Even though adequate nutrition can
be provided through a variety of cereals, legumes, animal-source foods, fruits, and
vegetables, certain populations such as pregnant women, young children, and
adolescents need micronutrient supplementation to solve this complex problem.
Other workable strategies include food fortification and biofortification, with a
multisectoral approach at the national and international levels.
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Two Sides of the Same Coin:
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Abstract

Although malnutrition in the form of child wasting, stunting, and micronutrient deficiencies
remain prevalent on many of the poorest and war-torn places on earth, there has been major
progress in other regions and the direction of travel remains generally good. However, as
countries pass through the economic transition there has been a seemingly inevitable rise in
overweight and obesity with its attendant personal health costs (reduced life span due to
obesity-related chronic conditions) and a rise in the societal costs of care. Strategies, by
healthcare professionals and others, to combat the two sides of the malnutrition coin must
be built on a solid foundational knowledge of the causes of each condition. The individual,
nutritional, and environmental drivers are summarized here. It is sometimes helpful to focus
on a single unifying concept as a way of rationalizing the causes and required solutions;
namely the nutrient density of foods. Malnutrition is caused, inter alia, by foods lacking in
sufficient energy, protein, and micronutrients. The same is true for obesity which, in large
part, is driven by foods overly dense in energy but lacking other critical nutrients. Food
quality therefore emerges as a key concept that healthcare professionals can adopt as they
educate parents and children at the microlevel and schools, health systems, and government

bodies at the macrolevel. © 2024 S. Karger AG, Basel


https://doi.org/10.1159/000540143

Introduction

Global progress against most forms of undernutrition has been impressive in
recent decades but this has been accompanied by a seemingly inexorable rise in
overweight and obesity. There are very few countries worldwide that have
managed to balance a low prevalence of undernutrition with low rates of
overnutrition. This leads to the so-called double burden of malnutrition in many
nations.

There are many drivers of these changes but the primary one is economic
development (see Fig. 1). As countries progress through the economic
transition anthropometric health metrics improve (stunting and wasting rates
decline) but then start to deteriorate again (overweight and obesity rates
climb). These reciprocal trends represent the “two sides of the same coin”
discussed in this article.

In order to devise strategies to combat under- and over-nutrition it is first
important to understand the nature of the problem and the factors that cause
individuals and sub-populations to deviate from a healthy body size.

Etiological Drivers of Malnutrition

For the purposes of the current discussion, malnutrition is defined either as an
abnormally low weight or height (wasting/stunting), or an abnormally high
weight and fat mass (overweight/obesity).

The many possible drivers of these extremes are summarized in Figure 2.
Ultimately any deviations in anthropometric status must be mediated through
effects on an individual’s physiology and metabolism depicted in the center of the
graphic.

The calibration of a person’s innate responses to energy and nutrients is
strongly influenced by their genetic inheritance. This has been studied in greatest
detail in relation to obesity, the propensity to which can be determined in very
rare circumstances by monogenic defects, but much more generally by the
inheritance of a cluster of common gene variants that each contribute a slight
tendency towards weight gain. Genome-wide association studies have identified
nearly one thousand obesity or fat mass risk variants [1]. Combination of these
into a “polygenic risk score” provides a more holistic assessment of a person’s
genetic risk, but it is important to emphasize that these scores are not deter-
ministic; they simply portray a tendency. For example, in a study of ~18,000
Swedish adults a one standard deviation difference in the polygenic risk score for
obesity only accounted for a body mass index difference of 1.1 kg/m? in
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Fig. 1. Reciprocal relationships between under- and over-nutrition according to national gross
domestic product (GDP). Data from WHO Global Health Observatory, World Bank and additional
sources complied by OurWorldIinData.org.

middle-aged adults [2]. The genetics of leanness has been little studied but the
reciprocal of a polygenic risk score for obesity effectively represents a likelihood
of being lean or underweight.
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Fig. 2. Multilevel interactions leading to under- or over-nutrition.

Epigenetic variants can also influence a person’s likelihood of being lean or
obese. Some rare epigenetic defects (e.g., a failure of imprinting in Prader-Willi
syndrome) cause severe obesity whilst other more common variations contribute
to the likelihood of obesity. For instance, variable methylation in the promoter
region of the POMC gene is associated with obesity [3]. Again, the reciprocal of
an epigenetic risk for obesity is also equivalent to a tendency towards leanness.

The innate metabolism, molded by these genetic and epigenetic influences,
interacts with external environmental influences. The effects of these are
modulated by peoples’ individual behaviors and choices. Table 1 lists some of the
individual, nutritional, and environmental influences on stunting and wasting,
and Table 2 lists the contrasting influences on overweight and obesity. The great
majority of the multiple factors listed in these summaries are theoretically
amenable to interventions.

Global Success in Reducing Under-Nutrition

There are still far too many stunted and underweight children in the world, as
well as mothers and young children suffering from a range of micronutrient
deficiencies (so-called “hidden hunger”). Nonetheless, progress towards the
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Table 1. Individual and environmental factors causing stunting and/or wasting

Individual

Nutritional

Environmental

Genetic - small parental size,
rare metabolic disorders
Intergenerational - stunting in
prior generations, epigenetic
transmission

Poor fetal growth - prematurity,
low birthweight, stunting at birth
Physical abnormalities -
orofacial defects (e.g., cleft
palate), cerebral palsy

Gut microbiome - delayed
maturation of microbiome
Parental - poor parental
understanding of childcare
Emotional - e.g,, child neglect/
abuse

Breastfeeding - poor
establishment of breastfeeding,
low milk volume in some mothers
Weaning foods - dilute and
contaminated first foods
Macronutrient deficiencies —
insufficient protein and energy
Micronutrient deficiencies —
deficiencies of Type 2 (growth
affecting) micronutrients
Monotonous diets - low
palatability of many foods
Inappropriate foods - energy
rich, nutrient poor processed
foods

Food allergies - e.g., lactose
intolerance, specific allergies

Childhood infections - especially
gastrointestinal and respiratory
infections

Gastroenteropathy - persistent gut
damage leads to malabsorption and
nutrient leakage

Low grade inflammation -
inflammation blocks nutrient
absorption and utilisation

Immune activation - energy and
nutrients are diverted to support
immune responses

Helminth infections - compete for
nutrients

Heat - suppresses appetite

Table 2. Individual and environmental factors causing overweight and obesity

Individual

Nutritional

Environmental

Genetic - inherited polygenic risks,

rare monogenic causes
Epigenetic - imprinting disorders,
altered methylome

Intergenerational - obesity in prior

generations

Fetal overgrowth - macrosomia,
maternal obesity, gestational
diabetes in the mother

Gut microbiome - firmicutes
dominant microbiome increases
energy extraction

Parental - poor parental
understanding of childcare
Emotional - e.g., child neglect/

abuse may lead to binge eating and

other disorders

protects against obesity

Weaning foods - inappropriate

weaning foods including
high-protein formulas

Excess energy density of diets -

humans have poor satiety
responses
Ultra-extracted foodstuffs —

refined oils and sugars increase

energy density

Sugar-sweetened beverages -
liquid calories are easily ingested

in excess
Snacking and binge eating -

low cost

Breastfeeding - breastfeeding

food always available at relatively

Obesogenic food environment -
see below

Cost of food - cost of food has
declined relative to disposable
income

Marketing - inappropriate
promotions to children, marketing
based on quantity not quality
Supersizing - excessive portion
sizes, eat-all-you-want and two-for-
one marketing

Energy-sparing devices - reduced
cost of work, household activities
and locomotion

Sedentary occupations - office
work

Sedentary leisure behaviours -
excess TV viewing, computer/
phone usage, gaming

Changing social norms - obesity
now more usual/acceptable,
environment is permissive

elimination of malnutrition has been impressive. This achievement has been
driven by national governments spurred on by the Millennium Development
Goals and subsequent Sustainable Development Goals, with guidance from

numerous non-governmental alliances.

Some of the progress has been achieved through the short-term strategies of
supplementation programs; UNICEF’s support of childhood vitamin A
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supplementation being a prime example. Other progress has been achieved
through fortification; with iodine fortification of salt, vigorously and successfully
promoted by the International Council for the Control of Iodine Deficiency
Disorders working with UNICEF and WHO among others, making goiter and
fetal abnormalities rare in the modern world.

Much of the progress has also been achieved through economic advancement
and the ability of peoples to access foods with a higher nutrient density, many of
them produced in large scale by local or multinational corporations. Manu-
factured foods have been a major driver of improved nutritional status globally,
but can also contribute to ill health if eaten in excess; another aspect of the “two
sides of the same coin” in the title of this presentation.

The improved nutritional status of children is not solely due to improved
nutrition; there is an important contribution from improvements in hygiene and
disease reduction. But even the combination of these so-called nutrition-specific
and nutrition-sensitive measures struggles to have impact without the remaining
holistic benefits that derive from economic advancement. The excellent WASH
Benefits [4, 5] and SHINE Trials [6] provide a clear example of this. In these large
well-executed randomized trials in Kenya, Bangladesh, and Zimbabwe education
of mothers in the principles of Infant and Young Child Feeding achieved only a
small improvement in stunting and the WASH hygiene interventions disap-
pointingly achieved no benefit. The interpretation has been that the
interventions were insufficiently robust and penetrant, leading to calls for
“transformative WASH” [7] as indicated by our own research in rural Gambia in
which we found evidence of a very high hygiene threshold before child growth
normalizes [8]. Reference to Figure 1 indicates that a doubling of GDP results in
approximately a one-third reduction in national stunting rates.

Strategies to Address the Double Burden of Malnutrition

Public health strategies to combat malnutrition can be considered among many
domains from the macro scale downwards. Health systems, food systems, ed-
ucation, manufacturing, pricing, and taxation - all of which can be influenced by
national government policies - can play a pivotal role. Sadly, however, as
mentioned above, few countries have managed to optimize their population’s
nutritional status and prevent the pendulum swinging from undernutrition to
overnutrition.

At a more granular level, parents necessarily have a huge role in determining
their children’s nutritional status, and in turn, they can derive advice from their
healthcare professionals. This article will only discuss these aspects.
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Strategies to Address Undernutrition

Life Course Influences

A very recent meta-analysis of almost 84,000 children from 33 longitudinal
cohorts worldwide examined the influence of 30 different exposures as deter-
minants of childhood wasting and stunting [9]. A key finding was that pop-
ulation improvements in maternal height and birth size would produce a
substantial improvement in height-for-age and weight-for-age Z-scores at 24
months. In fact, these were the dominant determinants of child growth patterns
up to 2 years of age, and far outweighed more proximal determinants such as
exclusive breastfeeding to 6 months.

The take-home message from these and similar analyses is that once a baby
has been conceived a substantial proportion of its growth trajectory can already
be predicted on the basis of preceding exposures (genetics of mother and father),
intergenerational effects [10], and nutrition during the mother’s own life course
[11]. These influences place upper limits on what can be achieved through pre-
or post-natal interventions, but should not be construed as indicating that later
intervention is futile. Rather than be fatalistic, parents and healthcare profes-
sionals should work to optimize the growth gains and associated health and
developmental benefits that can be achieved.

Early Infant Feeding

Exclusive or predominant breastfeeding has many important, often lifesaving,
benefits for newborns and their mothers [12]. However, it is not associated with
protection against stunting though appears to be marginally protective against
wasting [9, 13] and protects against obesity (see below).

In many populations, it is the transition from breastfeeding, through first
weaning foods and towards a mature diet that is challenging. The much-cited
analysis of growth data from 54 national surveys in low- and middle-income
countries first published by Victora [14] makes this point very clear. Compared
to the WHO 50th centile growth target, children were born small but grew very
well in the first 3 months of life, before then falling away from the target for both
weight and more so for height. It has been recognized for many decades that a
key contributor to the growth faltering that often associates with the introduction
of non-breastmilk foods is the very poor quality and bacterial contamination of
first-weaning foods [15]. Feeding trials of young infants and children in Ban-
gladesh have elegantly illustrated the huge importance of both energy/nutrient
density of foods and feeding frequency in optimizing nutrient intakes [16].

Providing guidance for parents and healthcare professionals alike the World
Health Organization has recently updated its guidance on Complementary

Two Sides of the Same Coin 131

Szajewska H, Neu J, Shamir R, Wong G, Prentice AM (eds): Shaping the Future with Nutrition. Nestle Nutr
Inst Workshop Ser. Basel, Karger, 2024, vol 100, pp 125-138 (DOI: 10.1159/000540143)


https://doi.org/10.1159/000540143

Feeding [17] which acts as buttress to WHO’s earlier guidance on Infant and
Young Child Feeding [18]. The key recommendations targeted at optimizing
healthy growth and nutritional status are extracted in Figure 3.

Breastfeeding, preferably exclusively to 6 months if the mother has the capacity,
is recommended to continue until 2 years or beyond (Recommendation 1).
In practice, there are few cultures where breastfeeding beyond 2 years is
common. Weaning foods should start to be introduced at 6 months (180 days) if
not before (Recommendation 2). From 6 to 12 months, infants are recom-
mended to have animal or animal-based formula milks and an increasing di-
versity of other foods with emphasis on daily consumption of animal-sourced
foods, fruits and vegetables, and frequent consumption of pulses, nuts, and seeds
if animal source foods are in poor supply (Recommendations 3&4). Recom-
mendation 6 proposes that nutrient supplements and/or fortified foods can be
useful when nutrient requirements cannot be met from unfortified foods alone.
Recommendation 6b contains a perplexing and questionable statement that
consumption of commercial cereal-based foods should not be encouraged, which
runs counter to the fact that improvements in child growth in most modern
societies have occurred in the presence of such products that have tailored
nutritional content and are safely and hygienically packaged for point-of-use
feeding to toddlers.

Transitions to the Childhood and Adult Diet
As children’s ability to digest and metabolize complex foods with a high solute
load matures the child can be increasingly exposed to the normal adult diet. In
communities that eat from shared bowls, it is important to ensure that the young
child is allowed its share and is given sufficient time to eat to satiety. More
frequent feeding is also desirable, especially if the adult diet has a low energy and
nutrient density.

As in younger infants, the need for a high nutrient (especially protein) density
and frequent feeding is especially critical after episodes of illness that have caused
growth faltering and weight loss.

Environmental Influences
As summarized in Table 1 there are many powerful environmental influences
that inhibit child growth in poor environments. Childhood infections, especially
gastrointestinal and respiratory infections, have acute effects through inhibition
of appetite as well as the catabolic effects of immune activation where nutrients
and energy are diverted to support immune defenses.

There are additional longer-term effects. Low-grade inflammation is almost
universal in children living in less hygienic conditions and this blocks nutrient
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complementary foods
Breastfeeding should continue up
to 2 years or beyond (strong, very low
certainty evidence).

Infants should be introduced to

(180 days) while continuing to
breastfeed (strong, low certainty
evidence).

complementary foods at 6 months

Recommendation

2

a. Milks 6-11 months: for infants
6-11 months of age who are fed
milks other than breast mill,
either milk formula or animal
milk can be fed (conditional, low
certainty evidence).

b. Milks 12-23 months: for young
children 12-23 months of age
who are fed milks other than
breast milk, animal milk should
be fed. Follow-up formulas are
not recommended (conditional, low
certainty evidence)'.

Recommendation

4 EEa)

Dietary diversity

Infants and young children
6-23 months of age should consume
adiverse diet.

a. Animal source foods, including
meat, fish, or eggs, should be
consumed daily
(strong, low certainty evidence).

&

Fruits and vegetables should
be consumed daily (strong, low
certainty evidence).

c. Pulses, nuts and seeds should
be consumed frequently,
particularly when meat, fish, or
eggs and vegetables are limited
in the diet (conditional, very low
certainty evidence).

a. Foods high in sugar, salt and trans
fats should not be c d
(strong, low certainty evidence).

b. Sugar-sweetened beverages
hould not be ¢ d (strong,
low certainty evidence).

c. Non-sugar sweeteners should
not be consumed (strong, very low
certainty evidence).

d. Consumption of 100% fruit juice
should be limited (conditional, low
cartainty evidence).

food products

In some contexts where nutrient
requirements cannot be met with
unfortified foods alone, children
6-23 months of age may benefit
from nutrient supplements or
fortified food products.

a. Multiple micronutrient powders
(MNPs) can provide additional
amounts of selected vitamins and
minerals without displacing other
foods in the diet (context-specific,
moderate certainty evidence).

b. For populations already
consuming commercial cereal
grain-based complementary foods
and biended flours, fortification
of these cereals can improve
micronutrient intake, although
consumption should not be
encouraged (context-specific,
muoderate certainty evidence).

¢. Small-quantity lipid-based
nutrient supplements (SQ-LNS)
may be useful in food insecure
populations facing significant
nutritional deficiencies
(context-specific, high- certainty
evidence).

Fig. 3. Latest WHO recommendations on Infant and Young Child Feeding (IYCF). Reproduced with permission from WHO Guideline for complementary
feeding of infants and young children 6-23 months of age. Switzerland. World Health Organization; 2023. Licence: CC BY-NC-SA 3.0 IGO.
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absorption and utilization [19]; the effect on iron absorption mediated by the
iron-regulating hormone hepcidin is especially pronounced [20]. Gastroenteropathy,
a persistent gut damage often termed “environmental enteric disease”, leads to
malabsorption and nutrient leakage through villous atrophy and leaks in the gut
epithelium [21]. Furthermore, helminth infections, where present, compete for nu-
trients, and high temperatures can suppress appetite. Aflatoxin exposure, common in
many rural communities in hot environments, is also associated with stunting [22].

Finally, there is evidence that the gut microbiome fails to mature at the
appropriate post-natal rate in malnourished children and this may be an ad-
ditional risk factor (or consequence) of growth failure [23] leading to calls for
microbiota-directed therapeutic foods [24].

As mentioned above, it would be logical to conclude that WASH inter-
ventions should greatly improve child growth but these have, so far, had dis-
appointing outcomes at the population level and point to the need for much
more effective intervention in the form of “transformative WASH”. This should
not discourage healthcare professionals from educating parents that their
children’s growth will be impaired by unhygienic living conditions.

Strategies to Address Overnutrition and Obesity

Life Course Influences

Excluding the influence of genetics there are many ways that obesity can be
transmitted from generation to generation [25]. Overweight and obese mothers are
considerably more likely to give birth to a macrosomic baby that already carries an
extra risk of later-life obesity [26]. Primarily, parental influences can be transmitted
through shared dietary and exercise habits which are theoretically amenable to
intervention, but in practice require very significant educational and motivational
inputs by healthcare professionals. Most parents are generally aware of the dangers
of obesity to their children and of the general principles of healthy lifestyles, but
putting knowledge into practice is very challenging.

Early Infant Feeding
There is evidence that breastfeeding protects children from obesity, though, as
with all association studies of breastfeeding, adjustment for confounding is
challenging (breastfeeding mothers tend to be better educated and healthier) but
the protective effect nonetheless appears to be real [27].

Old-style infant formulas also led to higher adiposity in infants but decades of
development designed to better mimic the nutritional attributes of human milk
(especially by lowering the protein content) have reduced this difference [28].
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Parental desire to have an infant that fulfills the advertised stereotype that
associates plumpness with good health and happiness can easily lead to over-
feeding especially in a bottle-fed baby. Assisting parents to overcome the
misplaced association between an overweight baby and a healthy baby represents
an important role played by healthcare professionals. Education of parents in the
skills of “responsive feeding” is a useful intervention at this stage.

Transitions to the Childhood Diet

The time at which toddlers transition towards a childhood and then adult diet
is a critical risk period for obesity. Parents limited by finance, time, and
education can easily allow their children to start consuming a “junk” diet with
an excess of highly energy-dense fast foods and sugar-sweetened beverages.
Excess consumption of fruit juices is also a risk even though fruit juice may be
perceived as healthy.

Environmental Influences

The term “Obesogenic Environment” was coined to draw together the numerous
changes that have coalesced over the past 50 or so years to create conditions that
are highly favorable to the development of obesity - in short, gluttony and sloth
[29]. But whilst gluttony and sloth were amongst the original deadly sins,
modern children are innocent of such blame and instead have become victims to
their external environment.

On the intake side of the energy balance equation, the cost of food (calories)
has generally declined as a proportion of disposable income for all but the
poorest people on earth. Marketers, particularly of foods for people on a small
budget, have used quantity in place of quality as a marketing ploy. Supersizing is
rife [30], portion sizes are often excessive, and eat-all-you-want and two-for-one
offers are commonplace. In many countries, there are inappropriate promotions
of energy-dense snacks and junk foods to children.

Energy expenditure has also greatly declined [31]. For adults this comes in the
form of major reductions in the energy cost of manual work (through the use of
mechanical tools), of transport and locomotion (through increasing use of cars,
e-bikes, elevators, escalators, travelators, etc.), and of household activities
(through increasing number of energy-sparing gadgets for home and garden).
Increasing proportions have sedentary work in offices. Some of these changes
affect children; for instance, increasing numbers are taken to and from school by
car (often due to safety concerns in the built environment).

There has also been large-scale adoption of sedentary leisure behaviors in the
form of (often excessive) TV viewing, computer and phone usage, and gaming;
the latter of which can affect even very young children.
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Finally, in many countries, there has been a profound change in social norms
such that obesity is now more usual and acceptable, and the physical envi-
ronment is being re-engineered in ways that are permissive towards obesity. In
many ways these changes are to be highly welcomed insofar as they temper what
was previously a very high level of prejudice, but they do remove one corrective
brake and thus make obesity even more common.

Strategies to combat childhood overweight and obesity require a holistic
approach with efforts at all levels of society from family to local and national
government [31]. Education as to the huge health risks and costs that accompany
obesity at both the individual and societal level are the starting point, and this is
where healthcare professionals can and should play a leading role.

A Unifying Concept That Links the Two Sides of the Malnutrition Coin

Nutrient density is a key determinant of nutritional health. Many traditional
diets, and particularly traditional weaning foods for infants and toddlers in
low-income settings, have very low nutrient density (energy, protein, and
micronutrients) and hence have been associated with poor growth. Carefully
balanced alternatives have been manufactured and have driven the im-
provements in growth in most advanced nations, but remain unaffordable for
most of the world. Unfortunately, this gap has been filled by ultra-processed
“junk” foods which have high energy levels of refined energy (sugars, fats, and
sodium) but lack fiber and quality micronutrients. Energy density is a major
driver of weight gain and adiposity [32]. Families with a poor understanding
of the principles of nutrition allow their children to consume excess amounts
of such foods with inevitable consequences; weight gain, obesity, and as-
sociated metabolic diseases. Of note recent research suggests that, as yet
unknown, aspects of “ultra” processing of foods contribute to poor heart
health and diabetes [e.g., 33].

The EAT-Lancet recommendations for diets in the Anthropocene make
cogent suggestions as to how families should modify their food plate to optimize
their own as well as the planet’s health [34]. Unfortunately, their application
would require levels of nutritional education well beyond most people. A return
to more traditional, unrefined, and locally grown foods is an admirable goal but,
unless accompanied by a sophisticated understanding of the principles of good
nutrition - especially good child nutrition — may lead to a resurgence in nutrient
deficiencies. Thus, food manufacturers will continue to play a vital role in feeding
the planet. As the dangers of excess energy density and low nutrient content of
“junk” foods becomes ever more obvious, and the concerns of ultra-processing
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start to be understood, responsible manufacturers will find fertile markets within

populations whose nutritional awareness is gradually becoming more

sophisticated.
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Abstract

The community of microorganisms colonizing the gut changes during the first postnatal
years of life. This ecosystem, henceforth described as the microbiome, modulates infant
physiology and health, but uncertainty remains about the significance of variation in mi-
crobiome composition and function. Some may be tolerable, yet some microbiomes may be
less healthy than others. Most efforts to identify parameters of microbiome health focus on
adults, and derived concepts may not directly translate to early life that is characterized by
dynamic and sequential changes. Data suggest that an orderly progression from an im-
mature neonatal microbiome to a mature adult state is preferable to delayed or over-rapid
development. This can be parameterized as a “microbiome development trajectory”. Diet
modifies early life microbiome development and is the principal modifiable factor to this
end. Infants fed with infant formulas show different microbiome development trajectories
from breastfed infants. Early data suggest that formulas containing a specific blend of human
milk oligosaccharides partially mitigate this difference. Introduction of a complementary diet
complexifies the identification of diet-microbiome development interactions. A better
understanding will only be achievable through detailed, longitudinal characterization of

large cohorts. © 2024 S. Karger AG, Basel
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Introduction

125 years ago George Bernard Shaw wrote “The Doctor’s Dilemma” in which he
satirized a surgeon who believed that all health problems arose from a ‘miasma in
the colon’ and could be relieved by colectomy. Scientific understanding of the
relationship between the gut microbiome and health has progressed significantly
since but many myths and misconceptions remain [1]. One area of confident
consensus is that the gut microbiome changes rapidly in human early postnatal
life [2]. Since early structure may direct later stable composition of the microbial
community in the gut, it is relevant to consider whether variations in micro-
biome development matter and what can be done about them. This chapter
explores our current understanding of the roles of the gut microbiome; methods
by which to characterize it; the necessary modifications to these principles when
considering early life; and the current state of knowledge on the capacity of diet
to influence microbiome development towards a more stable and resilient
mature state.

The Role of the Gut Microbiome

The existence of symbiotic relationships between bacteria and other kingdoms of
life, such as animals and plants, is well established. From an evolutionary
perspective, such relationships endure when there is mutual benefit: bacteria
colonize an environmental niche and flourish; the “host” then derives additional
benefit from the bacterial community.

The ecosystems that develop in these environmental niches are referred to as
“microbiomes”, capturing both the microbiota (archaea, fungi, bacteria, and
protists) present together with their structural elements and activity in a distinct
environment with its conditions, like the human gut for example [3]. It should be
noted that the gut virome may also play a role in these ecological interactions [4].
Five hundred million years ago the evolution of the bilaterian gut, with separate
points of entry (mouth) and exit (anus) as part of a polar body structure, created
a novel niche to exploit. The “gut microbiome” has thus co-evolved with the gut,
creating complementary functions for mutual advantage. For the host, the key
roles of the gut include nutrient harvest, defense, and flow — both of material and
information.

The key role of the gut is nutrient harvest: to convert complex molecules, such
as proteins, fats, and carbohydrates, into simpler structures that can be absorbed
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and utilized for energy, function, and growth. The enzymes expressed by bacteria
[5] complement the gut’s digestive capacity from brush border enzymes and
secretions from saliva and pancreatic juice to increase the breakdown of ingesta
and so bioaccessibility of nutrients.

Two classic microbiome studies illustrate this. Firstly, Smith et al. showed that
Malawian twins with different degrees of malnutrition harbored different
microbiota, such that the twin with increased capacity to break down the
fiber-rich Malawian diet was protected. Fecal transplant studies using gnoto-
biotic mice showed that this digestive trait could be transferred solely with the
microbiota [6]. The gnotobiotic mouse model approach was also used by
Turnbaugh et al. to show that the microbiota of obese mice could increase energy
harvest in lean recipients [7].

The gut microbiome is also recognized to synthesize vitamins and may
improve recovery of dietary minerals but illustrating such an effect is harder,
particularly in the clinical setting where supplements can and should be used to
offset the risks of deficiency. While the gnotobiotic animal model approach to
prove causality is powerful, there are few scenarios where it can be used in
humans. This leaves clinical microbiome studies open to the challenge that any
effect is due to confounding, microbiome-independent pathways.

One scenario where confidence in causality can be found is the use of
bacteriotherapy to treat recurrent diarrhea associated with Clostridioides difficile.
The study by van Nood et al. that achieved 93% successful resolution with a
nasogastric fecal microbial transplant protocol [8] stimulated a huge growth in
the field most recently illustrated by the capability of live purified Firmicutes
spores to improve recovery compared to antibiotic treatment [9]. Associated
changes in colonic bile acid profiles illustrate how the microbiome supports
pathogen suppression in the gut.

The microbiome also supports the immune response through production of
modulating metabolites such as short-chain fatty acids and aromatic amino
acid-derived indoles [10]. These circulating factors modulate inflammatory
responses beyond the gut, so-called “axes” between the gut and skin, lung, or
other organs [11]. Signaling through other means such as gut hormones or the
enteric nervous system allows the microbiome to influence the transit of material
through the gut. There is mounting evidence that this coordinating role extends
to the central nervous system. Microbiome effects have been implicated in
appetite, mood, and behavior, all of which remain consistent with the aim of the
symbiotic host-microbiome relationship to maintain a healthy supply of nu-
trition for both bacteria and host.
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Microbiome Development: Concept and Measurement

While there is a clear potential to harness the microbiome to improve health, it
remains challenging to demonstrate health impact outside extreme situations
such as microbiota transfer studies in gnotobiotic mice or patients with recurrent
C. difficile infection. An alternative approach aims to use large-scale epidemi-
ology to identify associations between microbiome features and health outcomes,
then investigate potential mechanisms in the laboratory (bedside to bench) to
develop microbiome modulators for application in clinical trials (bench to
bedside). This cycle necessitates definition of candidate microbiome features
(parameters) that may drive outcomes.

Microbiome parameters can be described with regard to two axes: whether
they describe specific components of the microbiome or the whole ecosystem;
and whether they describe microbiome composition or behavior (Table 1).
Specific components of composition include key species or clades such as the
Bifidobacteria [12], while ecosystem composition may be expressed as diversity —
the number of different clades present and their relative proportions in the whole
population. Specific elements of behavior include the profile of produced mi-
crobial metabolites, such as short-chain fatty acids, while an example of eco-
system behavior would be microbiome resilience [13]: the degree to which the
community resists disruption (e.g., by antibiotics) and recovers to its former
state. Some of these concepts may be in tension - the dominance of a particular
clade of bacteria may reduce overall diversity - so it is important to establish how
different parameters associate with health at different life stages.

Having established the conceptual challenges of microbiome measurement, it
is important to appreciate the technical challenges. Recent advances in mi-
crobiome science have been driven by non-culture-based characterization: the
identification of key nucleotide sequences through either quantitative amplifi-
cation or next-generation sequencing. As described in the previous paragraph,
there is also a balance between measuring composition and function.

Bacterial sequences can be compared to open catalogs of bacterial genomes
to define the “operational taxonomic units” (akin to species) present. This
creates a “map” of the bacteria present with possible function attributed
according to prior knowledge. Alternatively, the composite genome of all the
microbiota present - the metagenome — can be characterized directly ac-
cording to present gene functions. While these data can be mapped to species
or strains, as “metagenome-assembled genomes”, the purpose of the method
is to evaluate the functional capacity of the microbiome - the “guidebook”
rather than the “map”.
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Table 1. Microbiome measures with a brief description of their meaning and key examples
illustrating their association to infant health outcomes

Microbiota measure Brief Description Key examples

Alpha-diversity (Species Indicates the overall complexity of  Alpha-diversity was found to be lower for
richness, Shannon Index, the gut microbial ecosystem children who subsequently developed
Faith’s Phylogenetic Typel Diabetes [30] or Atopic
Diversity) disease [25]

Bacteria characterized at Captures key taxa Bifidobacteria are a beneficial Genus for
different taxonomic level infants [11]

Bifidobacterium longum subspecies
infantis associated with protection
against respiratory infections [31]

Beta-diversity A distance measure of microbiota A shift closer to the breast-fed reference
composition in comparison to was demonstrated in an intervention
another state, e.g., a reference or trial with a blend of 5 HMOs [32]
baseline Subsequent cumulative asthma risk was

higher for C-section born, if their
microbiota was still dysbiotic compared
to vaginally-delivered, at 1 year of

age [23]
Microbiota age An index to capture age-appropriate An aberrant microbiota age was
microbiota development reported for malnourished [32], atopic

dermatitis [25], pediatric allergies [28]
and autism spectrum disorder [33]

children
Microbiota cluster types Overall compositional states of Progression to a particular cluster type
microbiota communities associated with delivery mode,

gestational duration and subsequent
adiposity [34]

A specific cluster type associated with
reduced Antibiotics usage [35]

Networks of bacteria Captures inter-relation of bacteria  Characterized healthy infant gut
through their co-abundance microbiota development that was
network over time distinct for the malnourished [36]

Functionality of the gut Metabolites produced by the gut  Inverse association of butyrate, and

microbiome microbiome (e.g., short chain fatty  bacteria with butyrate production
acid, aromatic acid derived potential, with asthma [29] and
indoles, etc.) depletion in atopic eczema [37]

At 3 months of age, association of acetate
[31] and increased gamma-glutamylation
and acetylation of amino-acids [38] with
later protection from respiratory infections

Such advanced methods give greater granularity and coverage of the mi-
crobiome but also carry disadvantages: they report relative proportions of
bacteria or genes, rather than absolute quantification, and cannot directly
demonstrate bacterial function within the ecosystem. Other “-omics” approaches
are needed to assess to what extent the functional capacity of the microbiome is
translated into actual function. Targeted and untargeted metabolite profiling
(metabolomics) are increasingly employed to this end. Further heterogeneity in
technical aspects such as data annotation and analysis pipelines indicates that
microbiome science remains a discipline requiring expertise, or at least caution
about the limitations of “plug and play” approaches.
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Microbiome Development: Factors Affecting Microbiome Development

Appreciation of the conceptual and technical elements of microbiome health
science makes it easier to then consider the situation of early life when the gut
microbiome develops rapidly and dynamically in infants and toddlers, [2, 14]
and deviation from “normal” gut microbiome development may represent a risk
for later health conditions (Fig. 1a). At around 2 to 3 years of age, the gut
microbiome development will generally reach a more stable adult-like state. The
main factors considered to enhance the microbiome’s natural progression are
vaginal delivery and exclusive breastfeeding for about 6 months followed by
gradual introduction of solid food with continued breastfeeding up to 2 years
[14]. Children following such criteria and developing normally may be con-
sidered suitable to establish a reference microbiome development trajectory.

Many factors have been shown to influence the natural succession and
progression of the gut microbiome in early life. Among those are medical factors,
like preterm- or C-section birth, and use of medications (in particular, antibiotics
[16]). Additional microbiome changes are reported with numerous demographic
factors like older siblings [17, 18] or furry pets [19] at home, geographical
environment [20, 21], ethnicity [22], or cultural practices [23], for some likely
due to variation in feeding practices.

Machine learning-based selection methods can help identify relevant mi-
crobiome features to describe normal gut microbiome development. One such
approach is to select infant age discriminant features. This proved to be a
promising approach allowing differentiation of microbiome development by
different feeding modes for example [15] (Fig. 1b).

Few studies, using the microbiome development described through
age-discriminant taxa, uncovered associations with later health condition. For

Fig. 1. a Schematic illustration of the gut microbiome development and main factors
affecting it. To describe the gut microbiome development different metrics may be used like
diversity measures, taxa, functions, or age discriminant taxa as shown in b. Red arrows
indicate deviations from the normal development trajectory and green arrows indicate
reversal of deviations. The differently colored bacteria indicate different taxa or functions of
the gut microbiome. b A gut microbiota age model derived from the reference set obtained
from the BCP-e cohort [39] (gestational age: >272 days, delivery method: vaginal, 4-month
feeding ratio: exclusively breastfed, no antibiotics use, and weight-for-height z-score: >—3
and <3). Exclusive breastfed infants (n = 56 with 166 samples) represent the reference.
Predominantly breastfed infants mostly breastmilk at 4 months (n = 10 with 29 samples).
Formula fed infants were exclusively formula or more formula fed at 4 months (n = 11 with 21
samples). Microbiome development trajectory curves were fit using LOESS for data per
feeding group and shaded regions depict 95% confidence intervals for these fits per group.
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example, Galazzo et al. showed that a microbiome development progressing too fast
early and too slow later in infants associated with later atopic dermatitis compared to
healthy controls [25].

Dietary Manipulation to Optimize Microbiome Development

The gut microbiome is generally malleable by diet. Conceptually, any dietary com-
ponent that escapes digestion in the upper gut may reach and affect the gut microbiome
in the lower gut. Among those components, dietary non-digestible carbohydrates or
fibers are key. With human milk being naturally the first and recommended diet in
infancy, the human milk oligosaccharides (HMOs) being non-digestible fall within
this group of microbiome-active components. Although HMOs are known to act on
the gut microbiome for decades, they are increasingly recognized as key elements
driving the early gut microbiome development mainly through specific infant-type
bifidobacteria capable of metabolizing HMOs. In a recent trial with formula-fed
infants, the addition of a specific blend of 5-HMOs drove the gut microbiome closer to
that observed for vaginal-born breastfed infants both by using a global composition
(beta-diversity) [26] and microbiome development trajectory measure. With the
introduction of complementary diet, the early milk-oriented gut microbiome shifts
increasingly towards a plant fiber-oriented microbiome. Likely, this transition in the
gut microbiome is mediated by specific strains capable of metabolizing both HMOs
and fibers like the recently described novel Bifidobacterium longum subspecies iuvenis
[27]. Relatively little is known as to what specific dietary fibers are most age-adapted
and relevant at the transition to family food [14]. Noteworthily, diet and fiber intake
diversity becomeincreasinglyimportantas the microbiome reachesamore stable state,
both in terms of establishing a diverse and resilient microbiome at around 2 to 3 years
of age.

Microbiome Development and Its Link to Infant Development and Health

Early life microbiome establishment and progression assessed through different
measures have been associated with several health outcomes, mostly related to
immunity (Table 1). Infants born by C-section generally show gut microbial
dysbiosis, like delayed bifidobacteria establishment, during the first postnatal
months and were found to be associated with an increased risk to experience later
asthma compared to vaginal-born infants [24]. In other studies, altered micro-
biome development, too fast or delayed, was associated in several studies to later
pediatric allergy manifestations from atopic dermatitis to asthma [25, 28, 29].
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These data underscore the need to understand the role of age-appropriate gut
microbiome development. Just as for infant growth velocity, the orderly and timely
development trajectory of the gut microbiome seems critical.

Constraints remain on our ability to link diet-mediated effects on the
microbiome with healthy development. One such constraint is the lack of da-
tasets that combine detailed dietary intake data with a dense frequency of
microbiome sampling, adequate duration of follow-up, and a sufficient sample
size to collect numerous health events.

Conclusion

The early life gut microbiome develops sequentially undergoing several pre-
sumably health-relevant phases. Advances in analytics allowed for
ever-increasing insight in compositional and functional details of the gut
microbiome. Advances in machine learning and data science allow grouping and
filtering the sheer mass of data into interpretable portions. The combination of
these techniques provides increasing insight into gut microbiome features that
seem relevant for healthy infant development. Still, many aspects are only
understood superficially when it comes to the interaction of different microbes at
different stages of development and how these microbial networks and their
metabolic activity affect infant development through a constant and
bi-directional crosstalk.
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Abstract

This article explores the challenges and opportunities of applying Evidence-Based Medicine
(EBM) to the field of gut microbiota research. EBM has revolutionized healthcare by inte-
grating the best available evidence with clinical expertise and patient values. However, EBM
has also faced criticisms such as overemphasizing results of randomized controlled trials and
a lack of patient involvement. The article discusses these criticisms in the broader context of
EBM and how they are particularly relevant to studies on gut health. This article also dis-
cusses the emergence of next-generation EBM methods, examining their potential strengths
and limitations. For example, integrating next-generation EBM methods into gut microbiota
studies offers the potential for improved understanding and patient-centered interventions.
Still, it also raises questions about data quality, privacy, and patient involvement. This article
concludes that as EBM evolves, careful attention must be paid to ensure that new methods
are robust, transparent, and patient-centric, thereby contributing to better outcomes in gut

microbiota research. © 2024 S. Karger AG, Basel
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Introduction

The human gut microbiota comprises a diverse community of microorganisms,
including bacteria, archaea, eukaryotes, and viruses, all residing within the
gastrointestinal tract. Its role in human health is increasingly being recognized,
attracting considerable attention from the scientific community and the media.
In addition to the influence of diet, a range of strategies has emerged to optimize
health through gut microbiota modulation, including the use of probiotics [1],
prebiotics [2], synbiotics [3], postbiotics [4], and fecal microbiota transplants [5].

Evidence-based medicine (EBM) is an approach to medical practice that integrates
the best available evidence with clinical expertise and patient values to make informed
decisions about patient care [6]. In the context of gut microbiota research, in line with
thisapproach, there has been a surge in randomized controlled trials (RCT's) exploring
gut microbiome modifications. These trials have contributed to systematic reviews
[7-9] and have shaped clinical practice guidelines [10-12]. However, the expected
health benefits from these interventions are not always clear or consistent. Table 1
outlines some key challenges currently faced by clinical studies on gut microbiota
modulation strategies. These challenges range from intervention specificity, where
different probiotic strains produce varying outcomes, to study heterogeneity, which
results in inconsistent findings due to differing study designs. Population differences,
such as subjects with differing diets and existing gut microbiota composition, also
complicate the generalization of results. Other issues include the short duration of
manystudies, difficulties in estimatingappropriate sample sizesand endpoints,and the
placebo effect. Further challenges include variable product quality (active ingredients
or dosages) and/or viability, the lack of standardization of outcome measures across
studies, and publication bias favoring positive outcomes. Some studies also lack
mechanistic insights into how biotics affect conditions. At the same time, the influence
of varying external factors such as diet or existing microbiota may result in interaction
effects and safety concerns for specific populations such as immunocompromised
children add additional layers of complexity.

This paper aims to briefly outline criticisms of EBM and address its evolving
landscape, a shift accelerated by the COVID-19 pandemic. While it is discussed in the
context of gut microbiota studies, the implications extend to the broader field of EBM.

Criticism of EBM

Only 15 years after the term was coined, the British Medical Journal in 2007
recognized EBM as one of the most significant medical milestones over the past
160 years, alongside breakthroughs like anesthesia, antibiotics, the discovery of
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Table 1. Key challenges in clinical gut microbiota modulation pediatric research

Challenge

Examples in biotics

Intervention specificity

Different probiotic strains may have varying effects on infant colic, making it
difficult to generalize findings

Study heterogeneity

Some studies on probiotics for neonatal necrotizing enterocolitis use high
dosages for short durations, while others use low dosages over extended periods,
leading to inconsistent results

Population differences

A synbiotic effective in European infants with gastroenteritis may not work as
well in Asian infants due to differences in diet and gut microbiota composition

Short study duration

Studies showing positive effects of probiotics in reducing pediatric
antibiotic-associated diarrhea after 2 weeks may not reflect long-term benefits or
risks of continuous use

Power, sample size, and
endpoints

Estimating appropriate sample size and power in studies involving biotics for
pediatric gut health is challenging, especially for time-to-event endpoints such as
time-to-relapse in conditions such as pediatric inflammatory bowel disease.
Incorrect assumptions about event rates can affect the timing and interpretation
of analyses

Placebo effect

Parents might report improvements in their child’s gut health due to their belief
in the treatment’s efficacy, making it hard to attribute benefits solely to the active
biotic

Variable product quality

Different brands of probiotics may contain varying active ingredients or doses,
complicating comparisons in studies on pediatric constipation

Storage and viability

Probiotics that require refrigeration may lose their effectiveness if not properly
stored, impacting study results

Lack of standardization

Trials assessing probiotics for pediatric irritable bowel syndrome may use
different outcome measures, making comparisons difficult

Publication bias

Studies showing that synbiotics significantly reduce pediatric infectious diarrhea
are more likely to be published than those with negative or inconclusive findings

Lack of mechanistic insights

A study may find that a postbiotic reduces neonatal sepsis, but not explain the
underlying mechanism, making replication or application difficult

Interaction effects

The efficacy of a probiotic in preventing pediatric allergic diseases may be
influenced by the child’s diet or existing gut microbiota, complicating result
interpretation

Safety concerns

Probiotics that benefit healthy children may cause adverse effects in
immunocompromised children, raising safety concerns

DNA structure, contraception, sanitation, and vaccines [13]. Nevertheless, since
its inception, EBM has not been without criticism. Below are some commonly

voiced critiques of EBM [14-16]:

¢ Overemphasis on results of RCTs. Critics argue that EBM places too much
emphasis on RCTs as the gold standard of evidence, potentially ignoring
valuable insights from other research designs such as observational studies or

expert clinical judgment.

e Devaluation of clinical experience. EBMs emphasis on empirical research
data can lead one to undervalue the importance of clinical experience and

individualized patient care.

e Limited applicability. Clinical studies often focus on narrowly defined
populations, and their findings may not be directly applicable to patients with
multiple comorbidities or those who are outside the study’s demographic

scope.
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¢ Bias and conflict of interest. Some studies included in EBM reviews might be
funded by pharmaceutical companies or other entities with vested interests,
potentially leading to bias in study design, interpretation, or reporting.

e Overdiagnosis and overtreatment. EBM can sometimes contribute to a
culture of overdiagnosis and overtreatment, particularly when guidelines
recommend interventions for conditions that might not require them.

¢ Time consuming. Keeping up with the latest evidence can be time-consuming
for healthcare practitioners under significant time constraints.

¢ Rigidity. Critics argue that EBM can be overly rigid and reductionist, focusing
on specific interventions for specific conditions rather than considering the
holistic context of patient care.

o Access to evidence. Not all healthcare practitioners have access to the latest
research articles and systematic reviews, making it challenging to practice
EBM in some settings.

e Lack of patient voice. Some critics argue that EBM does not adequately
consider patient preferences, values, and unique circumstances.

¢ Dependence on quality research. The quality of EBM is dependent on the
quality of the underlying research, which may have limitations such as small
sample sizes, short follow-up periods, or inadequate controls.

The Evolution of EBM: A New Generation Emerges

Recognizing the Need for Change

The existing critiques of EBM have served as catalysts for its evolution. Although
calls for reform were already in place, the COVID-19 pandemic further in-
tensified the urgency for change [17, 18].

Historical Criticism and Proposed Solutions

In 2014, Trisha Greenhalgh and colleagues [19] identified major issues with
EBM: the outsized influence of pharmaceutical companies on research, the
overwhelming amount of available evidence, a focus on minor treatment dif-
ferences in studies, physicians’ rigid adherence to algorithms, and the inadequacy
of a one-size-fits-all approach for diverse patient populations. To tackle these
challenges, the authors advocated for more personalized patient care integrating
evidence and values, more clinically relevant research, and reducing the impact
of commercial interests.

The EBM Manifesto

A significant effort to improve EBM was the EBM manifesto, jointly published by
The BM] [20] and the University of Oxford’s Centre for Evidence-Based
Medicine. The manifesto calls for a response to systematic bias, wastage,
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error, and fraud in research underpinning patient care. It provides a guide to
improve the quality of evidence by tackling challenges such as poorly conducted
studies, incomplete or selective release of research findings, and conflicts of
interest from commercial and academic sectors.

The Role of COVID-19

The COVID-19 crisis underscored the urgency for quick decisions in an
ever-changing global landscape. A recent article in BM] Evidence-Based Medicine
[21] examined the shortcomings of conventional EBM in the face of such
dynamic and complex scenarios. The authors suggest broadening the criteria and
expanding the definition for what is considered “high-quality” evidence and
propose incorporating methodologies from diverse fields such as complexity
science and engineering under the umbrella of mechanistic research. They argue
that these new approaches, colloquially known as “EBM+,” could synergize with
existing EBM methods to create the multidisciplinary evidence base needed for
effectively navigating ongoing and future challenges.

Next-Generation EBM

A recent article in Nature Medicine [22], entitled “The Next Generation of
Evidence-Based Medicine,” explores how emerging technologies and method-
ologies could revolutionize medical practice. The paper emphasizes the trans-
formative potential of wearable technologies, data science, and machine learning
to create a more holistic and personalized form of evidence-based medicine.
While acknowledging that the COVID-19 pandemic revealed existing limita-
tions in the traditional clinical trial model, the authors point out that it also
catalyzed positive shifts. These include the development of innovative trial
designs and transitioning toward a more patient-focused and intuitive system for
generating evidence.

Next-Generation EBM in the Context of Gut Microbiota Studies

In the evolving landscape of EBM, various innovative methods have the potential to
significantly impact research in the field of gut microbiota and biotics. Real-World
Data and Real-World Evidence [23] could be employed for observational studies to
examine the long-term health effects of consumption of biotics, using data sources
such as electronic health records. Similarly, the digitalization of clinical trials [24]
offers the possibility of more patient-centered monitoring through the use of
wearable devices [25] to track symptoms such as bowel movements, bloating, or
colic. The development and use of agreed-upon Core Outcome Sets present the
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opportunity for standardizing measurements across trials, aiding in the compa-
rability of studies [26]. Patient-Centered Outcomes [27] could be developed and
used to reflect the metrics most relevant to patients, such as gastrointestinal comfort
or quality of life. Adaptive Trial Designs [28] have the potential to bring flexibility to
research, allowing study protocols to be adjusted based on interim results. This could
be especially beneficial for fine-tuning biotics’ dosages in conditions such as in-
flammatory bowel disease. The use of Master Protocols [29] could streamline
multiple sub-studies under a single plan, improving coordination and resource
allocation. Pragmatic Trials [30] offer a pathway for assessing the real-world ap-
plicability of biotics in clinical settings. The application of Artificial Intelligence (AI)
and Machine Learning techniques [31] to clinical trials could be utilized for complex

Table 2. Methods in next-generation EBM with examples in the field of biotics

Method Description Potential use in the field of biotics
Real-World Data/ RWD: Data collected from sources such as Observational studies analyzing the
Real-World Evidence electronic health records, billing data, health effects of long-term
(RWD/RWE) registries, and patient-generated data that consumption of biotics using data
inform health status from electronic health records

RWE: Clinical evidence from RWD analysis
about a medical product’s use, benefits, or
risks, sourced from various study designs

or analyses
Digitalization of Clinical ~ Use of digital tools to enhance the Clinical trials using wearable devices
Trials efficiency and patient-centeredness of to monitor bowel movement and
clinical trials bloating in patients taking biotics or

fecal microbiota transplants

Core Outcome Sets (COS) Agreed-upon sets of outcomes that should Adoption of COS for measuring
be measured and reported in all clinical  outcomes in trials assessing the effects

trials for a specific condition of biotics on irritable bowel syndrome
Patient-Centered Focus on outcomes that matter most to  Studies evaluating patient’s
Outcomes patients gastrointestinal comfort or quality of

life after intake of biotics

Adaptive Trial Designs  Clinical trials that allow modifications to  Adaptive trials testing different doses
the procedures based on interim results  of biotics in patients with
inflammatory bowel disease

Master Protocols Master protocols are single plans for Platform trials testing multiple
multiple sub-studies, such as Basket, probiotics against a common control
Umbrella, and Platform Trials, that save group in patients with irritable bowel
resources and improve coordination syndrome
compared to separate trials
Pragmatic Trials Clinical trials designed to test the Pragmatic trials assessing the
effectiveness of interventions in real-world real-world effectiveness of biotics in
clinical practice settings patients with functional dyspepsia
Artificial Intelligence and Use of advanced computational Machine learning models predicting
Machine Learning techniques to analyze complex data sets the efficacy of specific biotics in
and predict outcomes altering gut microbiota composition
Social Media and Online Utilization of social media platforms and ~ Promoting biotics clinical trials for
Community Research online communities to increase awareness pediatric gastrointestinal issues on social
of clinical trials and engage media such as X (formerly Twitter) and
underrepresented populations Facebook to reach rural parents.

Engaging adolescents in online
communities for gut health studies
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data analysis, providing predictive insights into how specific biotics might influence
gut microbiota composition. Finally, various forms of social media are emerging as
potential tools for boosting awareness and engagement in clinical trials, particularly
among underrepresented populations including rural parents and adolescents.
Table 2 presents a detailed overview of these next-generation EBM methods and
their potential applications in the specialized field of biotics and gut microbiota
research.

Challenges of Next-Generation EBM

The next-generation EBM holds great promise. However, there are many
unknowns. For example, the incorporation of big data, including Real-World
Data/Real-World Evidence and data from electronic health records, wear-
ables, and social media, raises questions about data quality, privacy, and the
appropriate statistical methods for analyzing these large, heterogeneous
datasets. The potential of Al to revolutionize EBM is significant, but there are
uncertainties about the transparency, interpretability, and reliability of
Al-driven analyses and recommendations. While patient involvement in
decision-making is a core principle of EBM, the practicalities of how best to
involve patients (or their care providers in the case of infants and young
children), consider their preferences, and integrate their insights into the
evidence base are still being explored.

Conclusions

Incorporating next-generation EBM methodologies in gut microbiota studies
offers exciting avenues for both understanding and delivering more
patient-oriented treatments. While these innovative methods address some
limitations of traditional EBM, such as rigid study designs and limited patient
involvement, they bring along their own set of challenges. These include issues
related to data quality, privacy concerns, and the complexities of effective patient
engagement, especially when utilizing new data sources such as wearables and
social media. As EBM continues to evolve, it becomes crucial to address these
challenges head-on, ensuring that the methodologies employed are not only
robust and evidence-driven but also transparent and responsive to patient needs.
Future research should aim to develop strategies to mitigate these challenges,
ensuring that EBM remains a powerful tool for improving gut health outcomes
for diverse patient populations.
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Nutrition Challenges and
Opportunities When
Shifting to Plant-Based Diets

Paula Hallam
Plant Based Kids Ltd., Kingston upon Thames, UK

Abstract

There has been a significant increase in the number of people shifting towards plant-based
dietary patterns over the past decade due to interest in protecting the health of the planet as
well as improving human health. Studies have shown that vegetarian diets are associated
with a lower prevalence of obesity in adults and children; therefore, moving towards a
vegetarian diet in childhood may help prevent obesity later in life. The VeChi study in
Germany found that on average vegetarian and vegan children grew equally well as
omnivorous children. It is important to ensure that children following plant-based diets have
adequate amounts of key nutrients, such as energy, fats, iron, calcium, iodine, vitamin B12,
and omega-3 fats. In the VeChi studies, vegan children had the lowest intakes of calcium and
iodine out of the three diet groups. The vegan children also had the lowest vitamin B12
intakes without supplements, but when supplements were taken into account, they had the
highest vitamin B12 intakes. Iron intake in vegetarian children is consistently reported as
higher than in omnivorous children. However, iron stores (indicated by low ferritin levels)
tend to be lower in vegetarian compared to omnivorous children, due to decreased bio-
availability of non-haem iron found in plant foods. When introducing solids, iron-rich foods
should be offered early and paired with iron enhancers such as vitamin C and beta-carotene

to improve iron absorption. © 2024 S. Karger AG, Basel


https://doi.org/10.1159/000540147

Introduction

Plant-based eating patterns have become increasingly popular around the
world, particularly over the past decade. In the UK, The Vegan Society
reported that the number of people following a vegan diet quadrupled from
2014 to 2019. Additionally, a more recent survey by The Vegan Society in
May 2021 revealed that 1 in 4 British people had reduced the amount of
animal products they were consuming since the start of the COVID-19
pandemic [1]. The sign-ups for the Veganuary campaign - where people eat
vegan for the month of January - hit record highs in 2023, with over
700,000 people signing up from almost every country in the world,
compared to 3,000 participants in 2014, the year the Veganuary campaign
started [2].

These statistics illustrate that there are huge numbers of people who are
interested in trying out a vegan lifestyle, and many are sticking with it:
according to the 2022 Veganuary statistics, 83% of participants who were
not already vegan said they would be permanently changing their diet,
either by becoming vegan or halving the amount of animal products they
eat [2].

Plant-Based Eating Patterns and Children

The nutritional requirements of infants and children are different from adults, as
they are growing and developing rapidly. Therefore, their nutritional require-
ments need to be carefully considered and meals planned accordingly. Both the
British Dietetic Association and the Academy of Nutrition and Dietetics in the
United States have produced statements in support of the safety of vegan and
vegetarian diets for children:
“It is the position of the Academy of Nutrition and Dietetics that appropriately
planned vegetarian diets, including total vegetarian or vegan diets, are healthful,
nutritionally adequate, and may provide health benefits in the prevention and
treatment of certain diseases. Well-planned vegetarian diets are appropriate for in-

dividuals during all stages of the lifecycle, including pregnancy, lactation, infancy,
childhood, adolescence, and for athletes” [3].

“A balanced vegan diet can be enjoyed by children and adults, including during
pregnancy and breastfeeding, if the nutritional intake is well-planned” [4].
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What Does “Plant-Based” Actually Mean?

There is no one universally agreed definition for “plant-based”, however, the
British Nutrition Foundation defines a plant-based eating pattern as an eating
pattern that has “a greater emphasis on foods derived from plants, such as fruits and
vegetables, wholegrains, pulses, nuts, seeds, and oils” [5]. Plant-based diets are not
the same as vegetarian or vegan diets and they do not necessarily mean only plants
but rather proportionately more foods are chosen from plant sources [6] (Table 1).

Nutrition Opportunities

Increased Micronutrient Intake

Plant-based diets are often criticized for lacking certain micronutrients but they
are actually abundant in many vitamins and minerals. The VeChi study [7]
found that the vegan children had the highest intakes of beta-carotene, vitamins
E, C, Bl, B6, folate, potassium, magnesium, and iron, with vegetarian children
having the next highest intakes and omnivorous children having the lowest
intakes of these micronutrients.

Almost one-third (29%) of children in the UK aged 5 to 10 years eat less than
one portion of vegetables per day, with those living in the poorest conditions
eating the fewest vegetables [8]. Less than 1 in 5 (18%) of children aged 5 to 15
years eat 5 portions of fruit and vegetables per day in England, according to the
Health Survey for England [9]. Encouraging children to include more
plant-based foods in their eating patterns could increase their micronutrient
intake and subsequently improve their health outcomes.

Table 1. Definitions of different types of plant-based diets [6]

Dietary pattern Summary of foods excluded/included in the diet

Flexitarian primarily/mostly vegetarian but may eat some meat, fish/seafood, poultry, dairy and eggs
occasionally

Pescatarian excludes meat and poultry but includes fish/seafood, dairy and eggs

Lacto-vegetarian excludes meat, fish/seafood, poultry and eggs but includes dairy products

Ovo-vegetarian excludes meat, fish/seafood, poultry and dairy products, but includes eggs

Lacto-ovo excludes meat, fish/seafood and poultry but include eggs and dairy products

vegetarian

Vegan excludes all animal products including meat, fish/seafood, poultry, eggs, dairy and honey

Shifting to Plant-Based Diets 161

Szajewska H, Neu J, Shamir R, Wong G, Prentice AM (eds): Shaping the Future with Nutrition. Nestle Nutr
Inst Workshop Ser. Basel, Karger, 2024, vol 100, pp 159-169 (DOI: 10.1159/000540147)


https://doi.org/10.1159/000540147

Intakes of some other micronutrients such as calcium, iodine, vitamin B2, and
vitamin B12 have been found to be lower in children following vegan, vegetarian,
and predominantly plant-based diets [7]. These micronutrients and how to
ensure an adequate intake for plant-based children will be discussed further in
the “ensuring adequate intakes of key nutrients” section.

Decreased Risk of Overweight and Obesity

Around the world, childhood obesity is a major public health concern. In the UK
national measurement program in 2021/22, 10% of children aged 4 to 5 years
were obese and a further 12% were overweight. For children aged 10 to 11 years,
the figures were even higher with almost 1 in 4 (23.4%) being classed as obese and
a further 14.3% classed as overweight [10]. High intakes of protein (particularly
dairy protein) during infancy and early childhood (10%-15% of energy intake or
more) have been consistently associated with increased weight gain and a higher
risk of later overweight and obesity [11]. In another study [12], the ages of 12
months and 5 to 6 years of age were identified as critical ages for later obesity
development, where higher total and animal protein (but not vegetable protein)
was positively associated with later body fatness. This is why it is recommended
that cow’s milk (and other animal milks) be limited to around 2 cups per day
after 12 months of age if included in the diet.

Epidemiological studies have shown that vegetarian diets are associated with a
lower body mass index (BMI) and a lower prevalence of obesity in adults and
children [13]. Vegetarian children tend to be leaner than non-vegetarian children
and their BMI difference becomes greater during adolescence [13]. A plant-based
eating pattern in childhood could be an approach to prevent overweight and
obesity later in life.

Increased Fiber Intake
Most adults in affluent societies do not consume enough fiber, with the average
daily fiber intake for adults being 20 g/d [14], compared to the recommended
fiber intake for adults of 30 g/d [14]. Data from the National Diet and Nutrition
Survey indicate that children are also not consuming enough fiber, with 1.5 to 3
year olds average fiber intake being 10 g/d, 4 to 10 year olds 14 g/d, and 11 to 18
year olds 16 g/d. According to the Scientific Advisory Committee on Nutrition
report on carbohydrates [14], recommended fiber intakes for children aged 2 to 5
years are 15 g/d, 5 to 11 years are 20 g/d and 11 to 18 years are 25 g/d.
Plant-based diets are generally higher in fiber than “standard” omnivorous
diets. In the VeChi study, the vegan group of children had the highest fiber intake
with an average intake of 21.9 g fiber per day, compared to 14.7 g/d in the
vegetarian group and 12 g/d in the omnivorous group [15].
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Although eating a sufficient amount of fiber has many health benefits for a
healthy gut microbiome, this needs to be balanced with infants and young
children’s need for energy-dense foods in order to meet their relatively high
energy requirements to support their growth and development. Fiber has a
satiating effect and therefore young children could be at risk of not achieving
adequate energy intakes if they fill up too quickly on high-fiber foods. Fiber
recommendations are only set from 2 years of age in the UK [14] and therefore a
gradual introduction and increase in fiber from introducing solids at around 6
months to 2 years of age seems sensible.

Nutrition Challenges

Children’s Growth

Recent studies looking at children’s growth when following vegan or vege-
tarian diets include the VeChi study of 1- to 3-year-olds [7] and the VeChi
youth study of 6- to 18-year-olds [15], both from Germany. The VeChi study
concluded that vegan and vegetarian diets provided sufficient energy and
nutrients for adequate growth, similar growth to omnivorous children. There
was a small percentage of vegan and vegetarian children who were classified as
stunted. However, all of these cases could be explained by extended
breastfeeding without the introduction of appropriate, nutrient and
energy-dense complementary foods. This is why it is so important to ensure
that infants and young children are offered sufficient energy-dense foods to
support their growth.

In the VeChi youth study [15], which included 401 children (150 in the
vegetarian group, 114 in the vegan group, and 137 in the omnivorous group)
with a mean age of 12.7 + 3.9 years (age range 5.5-19.1 years) there was no
statistical difference between the diet groups in terms of their mean weights,
heights, and BMI z-scores. The mean weight for the diet groups was 45 kg, 43 kg,
and 46 kg for the vegetarian, vegan, and omnivorous groups respectively (p value
0.49). The mean height for the diet groups was 154 cm, 152 ¢cm, and 156 cm for
the vegetarian, vegan, and omnivorous groups respectively (p value 0.49). The
mean BMI-SDS was —0.3 + 0.9, 0.6 + 0.9, and —0.3 + 1.0 for the vegetarian,
vegan, and omnivorous groups, respectively (p value 0.15).

Introducing Allergens — What about Animal-Based Allergens?

Food allergy is estimated to affect as many as 8% of children in the United
States and 7% of children in Canada [16]. The prevalence of food allergies,
especially peanut allergies, appears to be increasing worldwide, including in
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developing countries [17]. Food allergies can result in significant morbidity
and psychosocial burden, so preventing food allergies should be a public
health priority.

There is a growing body of evidence to suggest that introducing food
allergens - particularly eggs and peanuts - to infants from around 6 months of
age may help prevent allergies to those foods from developing later in life
[17-19]. The “top 9” food allergens include cow’s milk/dairy products, eggs,
peanuts, tree nuts, wheat, soya, sesame, fish, and shellfish. Four out of these
top nine foods are animal-based, which presents a dilemma for plant-based
families who may not wish to introduce animal-based foods to their children
for ethical reasons. When plant-based families are considering whether to
introduce animal-based allergens, it may be helpful to consider the following
points.

1. Food Allergy Risk Factors

There is no international consensus on the exact definition of what qualifies an
infant as “high risk” of developing a food allergy [16]. In the NIAID guidelines
for the prevention of peanut allergy [20], an infant was defined as “high risk” of
developing peanut allergy if they had severe eczema and/or an egg allergy. Severe
eczema is widely considered to be a significant risk factor for developing a food
allergy [20]. It is worth mentioning that no infant is considered at “no risk” of
developing a food allergy but rather “standard risk”.

2. Maintenance of Allergen Intake

It is not sufficient to introduce a food allergen to an infant once, twice, or even
three times only. Once a food allergen has been introduced to an infant in an
age-appropriate portion, it needs to be offered regularly (at least once or twice
per week) for a number of years to maintain tolerance to that allergen. It is not
known exactly how long the weekly allergen exposure needs to continue. In
the LEAP study [18] they maintained exposure (or avoidance) of peanut
protein for 5 years and then there was a trial of 1-year peanut protein
avoidance for both groups. There was not an increase in peanut allergy
prevalence after this avoidance period so this would suggest that 5 years was
enough time to establish immune tolerance. However, it is not known if this
can be extrapolated to other allergens. In addition, the participants in the
LEAP study [18] were considered at “high risk” for developing peanut allergy
as they had early onset eczema and/or an egg allergy. In plant-based families
who are not including any animal products, it may not be feasible to continue
the exposure to an animal-based allergen.
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Ensuring Adequate Intakes of Key Nutrients

In the following section, I will discuss the key nutrients for infants and young
children and how to ensure adequate intake of these nutrients from plant-based
sources and/or supplements. Plant-based diets tend to be rich in beta-carotene,
vitamins E, C, and BI, folate, magnesium potassium, fiber, and phytochemicals,
as reported by the VeChi studies [7, 15]. On the other hand, plant-based diets,
particularly vegan diets, can be potentially low in critical nutrients such as
energy, protein, fats, omega-3 fats, calcium, iodine, vitamin D, and vitamin B12.
It is important that parents are aware of these potential shortfalls and how to plan
the nutritional intake of their children including the need for supplements.

Fats

Fats are an important source of calories in infants and young children and they
have a higher requirement for fat than adults, as a percentage of calorie intake.
For adults and children over the age of 4 years, the recommended fat intake is
“not more than 35%” of their calories [21], whereas infants and young children
need proportionately more fats, around 35% to 45% of energy intake as they play
an important structural role in cell membranes of all tissues and are particularly
important in brain, eye and other neural tissues [22]. Many plant foods are
naturally low in fats, such as beans, lentils, (most) fruits and vegetables.
Therefore it is important to emphasize plant sources of fats such as avocado, nut
butters or ground nuts, seed butters or ground seeds, olive oil, as well as breast
milk and higher-fat dairy alternatives as important sources of fats and calories.

Omega-3 Fats

In addition, plant foods do not contain the long-chain fats docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA), only the precursor essential fatty acid
alpha-linolenic acid (ALA). ALA is found in walnuts, chia, hemp, and flaxseeds
and their oils. A DHA/EPA supplement derived from algal oil is recommended
for breastfeeding women and children from 1 year of age as the conversion of
ALA to DHA and EPA is not very efficient [22]. 100 mg DHA per day is
recommended from 1 year of age and 400 to 500 mg DHA/EPA combined (with
at least 250 mg being from DHA) for breastfeeding women [23, 24].

Protein

It is widely believed among both the general public and health professionals, that
certain plant foods are completely missing specific amino acids and therefore protein
adequacy cannot be achieved by plant foods alone. All plant foods contain all 20
amino acids including the 9 essential amino acids [25] albeit in different proportions.
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As long as a reasonable variety of foods are eaten and energy requirements are met,
protein requirements can easily be achieved by eating mostly or all plant foods [26].
Excellent sources of plant protein include soya foods such as soya drinks, tofu,
tempeh, and edamame beans; other beans, lentils, peas, ground nuts/seeds or nut/
seed butters and cereals/grains, particularly quinoa, wheat, and oats.

Iron

Iron is one of the main nutritional reasons for introducing solids to infants, as stores
that they were born with start to deplete from birth so that by 6 months of age, if
born at full term and with good birth weight [27], infants are at risk of iron de-
ficiency and therefore need to be offered dietary sources of iron. Iron intakes in
vegetarian children are consistently reported as higher than in omnivorous children
[7, 15], however, iron stores (indicated by low ferritin levels) tend to be lower in
vegetarian compared to omnivorous children, due to lower bioavailability of
non-haem iron found in plant foods [28]. When introducing solids, iron-rich foods
should be offered early and paired with iron enhancers such as vitamin C and
beta-carotene to improve iron absorption. Examples of iron-rich foods include
legumes (beans, lentils, peas, soya beans), tofu, nut butters or ground nuts, seed
butters or ground seeds, dried fruits (particularly dried figs, apricots, and dates), and
grains such as quinoa, oats, and iron-fortified cereals. Vitamin C-rich foods include
strawberries, kiwi fruit, tomatoes, peppers, broccoli, potatoes and citrus fruits.

Calcium and Vitamin D

There have been several studies illustrating that vegan children have lower
calcium intakes than vegetarian and omnivorous children [7, 15]. Desmond et al.
[29] also reported lower bone mineral content in vegan children, although
calcium (and vitamin D) intakes were not reported. Another study found that
vegan diets were not associated with an increased fracture risk as long as calcium
intake was adequate [30]. Therefore, it is important to ensure that children
following plant-based diets have adequate calcium (and vitamin D) intakes to
protect their bone health. Fortified dairy alternative drinks can provide con-
centrated and convenient sources of bioavailable calcium.

Vitamin B12
All vegan infants, children, and adults, including and especially breastfeeding
women, should ensure that they have adequate vitamin B12 intakes as plant
foods do not contain vitamin B12 (unless fortified). See Table 2 for supplement
dosages recommended.

In the VeChi study [7] the vegan children had the lowest vitamin B12 intakes
without supplements, but when supplements were taken into account, they had
the highest vitamin B12 intakes.
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Table 2. Summary of nutritional recommendations for plant-based children

Key nutrients

Plant-based sources

Additional considerations

to consider

Iron Beans, lentils, tofu, soya beans, iron-fortified  Pair with foods rich in vitamin C and
cereals, nuts and seeds? (Eggs) beta-carotene to maximise iron absorption

Protein Beans, lentils, tofu, tempeh, soya beans, nuts Aim to offer a variety of sources over 24 h
and seeds?, cereals and grains, quinoa, soya/
pea based dairy alternatives (Dairy products
and eggs)

Fats Avocados, nuts and seeds?, plant oils e.g., Aim to offer at each meal to ensure adequate
Olive oil, rapeseed oil (Full fat dairy products energy intakes
and egg yolks)

Calcium Breast milk or infant formulaP Aim to offer 2-3 calcium-rich foods per day
Fortified dairy alternative drinks and yoghurts, for children 1-3 years and 3-4 per day for
fortified cereals, calcium-set tofu, tahini, dried children 4-6 years of age
figs, almonds, low oxalate vegetables such as
broccoli, kale, pak choi, spring greens

DHA/EPA Algal oil (Qily fish if included for example in  Supplement recommended
pescatarian diets) 400-500 mg DHA/EPA combined per day

(with at least 250 mg as DHA) for
breastfeeding women
100 mg DHA per day from 1 year of age

Vitamin B12 Fortified plant foods (Dairy products, Supplement recommended

eggs, fish) 2.5-5 pg/d from around 7 months of age
10-25 pg/d for breastfeeding women
lodine lodised salt (not widely available in the UK)  Supplement recommended

Seaweed - can contain excessive quantities so
not recommended for children and pregnant

50-70 pg/d from 1 year of age
150-200 pg/d for breastfeeding women

Please note

Some plant milks are fortified with iodine and
in some cases can cover iodine requirements.
Please check the label

women (Dairy products, fish and shellfish)

2No whole nuts or large seeds — use ground nuts/seeds or smooth nut/seed butters for children under 4
years.

PBM or infant formula are the only suitable main drinks for infants under 12 months. Dairy products or fortified
alternatives can be used within foods from 6 months of age.

(Foods in brackets may be included in vegetarian or pescatarian diets).

Supplement recommendations references: [23, 24].

Iodine

Iodine intakes were found to be low in all three diet groups in the VeChi studies
including the omnivorous children. A 2009 study in the UK [31] looking at the
iodine status of more than 800 14- to 15-year-old girls found that there were
significant numbers of girls that were iodine deficient. Urinary iodine mea-
surements were used and they indicated that 51% of participants had mild iodine
deficiency, 16% had moderate deficiency and 1% had severe deficiency. The
participants were omnivorous. So low iodine intakes are not exclusively a
problem in vegan/vegetarian children. The main dietary sources of iodine are
cow’s milk and dairy products as well as fish and shellfish with a small amount
present in eggs [32]. If a child is following a vegan diet, all these sources of iodine
will be excluded. Seaweed is a plant-based source of iodine but levels can vary
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widely with some varieties containing excessive quantities, therefore seaweed is
not generally recommended as an iodine source for children. An iodine sup-
plement is the best way to ensure an adequate (and not excessive) iodine intake.

Recommendations and Conclusions

It is possible to provide all the nutrient requirements for infants and children on
plant-based diets including vegan and vegetarian diets as long as the diet is well
planned and nutritional knowledge is required by parents/carers as well as selected
supplements for children on vegan diets especially. For future research, it would be
helpful to have longer-term studies looking at children’s growth, development, and
nutritional status longitudinally when infants are raised on a vegan diet from birth.

Meal planning resources such as the one produced by Menal-Puey et al. may
be helpful when health professionals are counseling vegan/vegetarian families on
how to provide adequate nutrition for children [33].
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Intersection of Human and
Planetary Health
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Abstract

Our diets are the greatest determinant of health, and what we eat is sustained and shaped by
the food we produce. Food systems have increased production to feed the growing world
population, which has also led to a dietary transition, with increases in energy and protein
intakes, and only modest improvements in micronutrient density. Thus, undernutrition has
decreased globally, while non-communicable diseases are dramatically increasing. Today,
food systems are being threatened by global warming. Conversely, food systems are a major
contributor to climate change and environmental degradation, generating one-quarter of all
greenhouse gasses, using half of the world’s habitable land, and are the largest source of
water pollution. The greatest contributor to this environmental degradation is the pro-
duction of animal-based foods, particularly meat. Food systems must ensure access to safe,
nutritious, and sustainable foods (e.g., improving yields, reducing waste, and greenhouse gas
emissions), decreasing animal-based food production, and increasing plant-based foods,
which can positively impact our diets. On the “demand side”, shifting our current diets from
high animal-based foods to plant-based diets will decrease global mortality and disability.
Our diet is at the intersection of our health and our planet’s health and, thus, a major

instrument to improve both. © 2024 S. Karger AG, Basel


https://doi.org/10.1159/000540148

Introduction

Foods are those components of the environment that are consumed by animals,
and determine their optimal growth, development, and reproduction - the basis
for health of all species [1].

Over 300,000 years, Homo sapiens learned to modify their environment to
support their individual and social food needs, to survive in most ecological
niches in the world, and to become the global dominant animal species. This
extraordinary achievement was made possible by the relatively recent devel-
opment of agricultural technology and food systems, which, over the last 10,000
years, allowed humans to multiply in every corner of the earth and expand all
aspects of science, technology, and the humanities. This progress has come at a
price. The impact of human development, including agriculture, on climate
change and other environmental threats is palpable and undeniable. Agriculture
and food systems that sustain our diets contribute to climate change. And
reciprocally, climate change impacts agricultural outputs and food systems.
What we eat and how we produce and procure these foods impact our health and
our planet’s health.

Diet as a Determinant of Human Health

After slow, steady growth for thousands of years, the population of the world and
its nutritional needs have grown exponentially since the beginning of the In-
dustrial Revolution in the 1850s. It took more than 200,000 years for the world
population to reach 2 billion, but only 25 years to grow the last 2 billion, to reach
8 billion inhabitants. Nevertheless, we currently produce enough food to feed all
inhabitants, albeit unequally distributed. The food we produce and eat today, our
diets, directly correlate with the state of health of the world’s population.

The last 150 years saw dramatic decreases in infant and adult mortality and
morbidity, mainly from infectious disease and malnutrition. Over the last 50
years, we saw huge decreases in infant mortality, by more than 60%, and in
childhood stunting, by more than 70%, with dramatic decreases in micronutrient
deficiencies, particularly iodine and vitamin A. However, to date, 22% of the
world’s children under 5 years of age remain stunted, almost 7% of children have
wasting, and at least half of the children under 5 have single or multiple mi-
cronutrient deficiencies.

In the last decade, progress towards decreasing undernutrition has slowed
down, and this has been exacerbated by the recent COVID-19 pandemic.
Moreover, the distribution of this progress has been very uneven — 94% of all
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stunted children and 97% of all children with wasting live in Asia and Africa. At
the other end of the spectrum, obesity has increased in every country in the world
and has tripled since 1975. Today, 39% of adults over 18 are overweight and 13%
are obese. Childhood obesity under 5 is around 7% of all children, and more than
85% of them live in Asia or Africa. In absolute numbers, it is expected that child
and adolescent obesity will have surpassed moderate or severe underweight in
the last 2 years [2, 3].

Changes in nutrition mirror the rise of non-communicable diseases (NCDs).
Cardiovascular disease, diabetes, chronic respiratory disease, and cancer are now
responsible for 65% of all disability, or healthy life years lost to disease. Global
deaths from NCDs have increased from 61% of all deaths (31 million) in 2000 to
74% (41 million) in 2019. More than 75% of deaths occur in low- and
middle-income countries [4]. This underlies the trends in risk factors for death
and disability. In 2010, child wasting, low birth weight, and prematurity were the
top three leading risk factors for disability. Today they are the 11th, 4th, and
22nd in ranking. On the other hand, high blood pressure, high fasting plasma
glucose, high body mass index, and high low-density lipoprotein (LDL) cho-
lesterol are all in the top 8 risk factors for disability, and they are the
fastest-increasing risks for death and disability [5].

These changes are the result of what we eat, as the world has undergone a
global dietary transition. Energy intakes remained stable for more than 200 years.
However, driven by changes in technology and the global food system, starting in
high-income countries in the 1960s and 70s, energy supply and intake increased
significantly, while physical energy expenditure decreased. This “flipping point”
began in high-income countries, is now global, and is responsible for the epi-
demic of obesity and NCDs [6]. These increases reflect the increase in overweight
and obesity as well as their disparate distribution. The average global supply of
calories per person increased by about 700 kcal/d, with widely different increases
of approximately 500 kcal/d in Africa (to reach 2,200 kcal/d), 740 kcal/d in North
America (to reach 3,500 kcal/d), and a staggering 2,000 kcal/d increase in China
(to now 3,400 kcal/d). Forty-eight percent of the world eats either too many or
too few calories [7].

The global state of nutrition reflects the changes in energy intake and the foods
that comprise overall diets. Today, no world region meets the recommendation for
the intake of key foods. Globally, the intake of fruits, legumes, and whole grains is
only 40%, and vegetables only 60%, of what is recommended. Intakes of legumes
and nuts fair worse, around 25% to 30% of recommended intakes. On the other
hand, intake of starchy vegetables and eggs is generally higher than recommended.
Red meat intake is 500% above recommendations, with high average per capita
intakes even in low and middle-income countries (8, 9].
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The Global Burden of Disease is a comprehensive study of global mortality
and disability, which identified dietary risks as the second highest risk factor for
global mortality, second only to high systolic blood pressure in females, and third
to high blood pressure and smoking in males. Six of the top ten risk factors for
global mortality from NCDs (high BP, poor diet, high plasma glucose, high BMI,
high LDL cholesterol, and poor child maternal nutrition) are diet related. In the
aggregate, suboptimal diets are responsible for more deaths than any other risks
globally, including tobacco smoking. The leading dietary risk factors for mor-
tality are diets high in sodium, sugar, and sweetened beverages, red meat, and
trans fats; and low in whole grains, fruit, vegetables, nuts, seeds, and omega-3
fatty acids [5, 10].

Interdependency of Diet and Food Systems

Until 8-10,000 years ago, food was gathered, and animals were hunted. Agri-
culture, the production of food from the land, led to a surplus for consumption,
allowing extensive and complex societal groups to emerge. Technologies for
conserving, transporting, and distributing food gave rise to what we call today
“food systems” or “agri-food systems,” which became truly global following the
Industrial Revolution. Agri-food systems include all elements and intercon-
nections associated with the production of food and non-food products (from
crops, livestock, fisheries, forestry, and aquaculture), the food supply chain from
producer to consumer (production, processing, distribution and marketing,
preparation) and the final consumption of food and its waste and disposal,
including socio-economic and environmental outcomes [11, 12].

Since the 1960s, technology allowed dramatic increases in global food pro-
duction, increasing agricultural land use, but mainly through more efficient land
use. In just the last 50 years, global cereal production tripled, increasing 150% in
North America, 500% in China, and 700% in Brazil. Global dairy production
increased by 270%, cane sugar by 350%, meat by 500%, and soy 13 times
(1,300%) [13]. In global numbers, this kept up with the additional 5 billion
growth in population and with the global GDP, which grew 800% [14].

Globally, there was greater food availability, affordability, and consequently
greater consumption. With wide regional variations, the global per capita energy
supply increased by about 700 kcal/d since 1960. Per capita protein supply
increased by 22 g/d and fat by 40 g/d. Increases in intake per capita over this
period occurred in every world region, but the amount of increase strongly
correlated to per capita GDP. Not only has energy and protein supply and
consumption increased, but with increased economic growth, diets have shifted
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from protein from plant sources to a greater protein intake from animal foods.
From 1960 to 2020, the global per capita animal protein supply increased by 50%
(from 20 g to 33 g). In high-income countries, 60% of total protein consumed is
from animal sources, mostly meat. In low-income countries, only 15% of protein
comes from animal sources [7, 13].

Changes in the global food system, particularly reductions in the time-cost of
food, and greater acquisition power, appear as major drivers of global dietary
changes and the rise of obesity. This dietary transition is global, with major
differences depending on region, country, and socioeconomic development. In
addition, mechanization, urbanization, motorization, and digital media envi-
ronments contribute to decreasing energy expenditures. Finally, the prolifera-
tion, availability, low cost, and commercial promotion of energy-dense,
high-sugar, and high-sodium foods ‘feeds an increasing demand and de-
creases diet quality. Food systems are globally contributing to poor diet quality
and obesogenic environments [6, 15].

Despite these changes, today, 5.4% of the world population can still not afford
a calorie-sufficient diet, 31% cannot afford a nutrient-sufficient diet, and 42%
(3.3 billion) cannot afford a healthy diet [7]. Inadequate agricultural subsidies,
work and labor dependencies, inappropriate marketing, and poor consumer
information and education, all affect food systems, food security, and shape our
diets.

It is clear that while our food systems have sustained the world population and
decreased hunger, they have yet to resolve growing inequities and have con-
tributed to an undesirable dietary transition with major health consequences.
Progress in science and technology has enabled the capability of producing food
for eight billion inhabitants. However, current food systems are falling short.
Furthermore, these systems are now threatened by environmental changes,
which may worsen global nutrition and health inequities and be insufficient to
keep up with continued population growth.

Reciprocal Impact between Food Systems and Planet Health

Climate Affects Food Systems

Since the industrialization of the 1850s, the average temperature of the planet has
increased by more than 1°C. Human emissions of greenhouse gases are the
primary driver of this rapid increase. Unchecked, temperature rises at or above
1.5°C will not only increase the frequency of extreme weather events (heat waves,
droughts, storms, and floods), as we are now experiencing, but will significantly
increase sea level rise and have long-lasting effects on our environment for
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centuries or millennia. Climate change severely threatens the environment’s
future and profoundly affects the biosphere, plants, animals, and human society
[16]. These environmental changes will drastically affect not only wildlife but
also the plant and animal outputs that sustain our current food systems.

Extreme weather events disrupt water systems, and rising sea levels can
decrease crop yields and productivity in livestock and fisheries. There is strong
evidence that climate change will affect food quality through decreased diversity
and nutrient density. Elevated CO, is associated with reduced concentrations of
zing, iron, and protein, particularly in wheat, rice, and maize, the world’s largest
sources of calories [17, 18]. Climate also affects the ability to produce, move, and
distribute food, decreasing food availability, access, and affordability. Impacts on
food storage, processing, transportation, and on water systems can increase
foodborne pathogens and mycotoxins, affecting food safety. Overall, climate
change significantly affects food security, and the negative impact dispropor-
tionally affects low- and middle-income countries. Some place the impact at
more than 500,000 additional deaths between 2010 and 2050 due to
climate-related diet changes [17, 19, 20].

Food Systems Affect Climate
Conversely, current food systems negatively affect the environment and are
major contributors to climate change. The food that makes up our diets today is
responsible for one-quarter of greenhouse gas (GHG) emissions contributing to
global warming. Agricultural land use and food production, processing, pack-
aging, and food waste emit similar amounts of GHG to global electricity and heat
production, and almost double the GHG emissions from transportation.
Which foods we produce makes a difference. Of all the emissions from food
production, 31% come from livestock and fisheries (animals raised for meat,
dairy, eggs, and seafood). Most of these gasses are methane and CO2 from the
digestive processes of cattle and their manure. Of the foods we consume, GHG
emissions for plant products are 10 to 50 times lower than for animal products.
Red meat is by far the highest contributor to GHG, producing more than 2x the
GHG per kg of lamb, more than 10x that of fish or eggs, and more than 50 to
60x the GHG from wheat, maize, fruits, and vegetables. On average, producing
animal protein (meat and dairy) requires 11 times more fossil fuel energy than
grain-based protein. Red meat production is especially inefficient; the esti-
mated ratio of kcal of energy used to kcal of protein generated in meat
production is 57:1 for lamb and 40:1 for beef. This effect is compounded by the
fact that less than half - only 48% - of the world’s production of cereals is eaten
by humans. Today, about 40% of cereal crops are used for animal feed, and 11%
for biofuels [19, 21].
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In addition, food systems contribute to other environmental threats to planet
health. About 20 years ago, the UN endorsed the concept of planetary
boundaries: specific “ecological ceilings” past which there is a risk of large-scale,
abrupt, or irreversible environmental changes to the planet [22]. These key
measures of planet health include climate change and land use, as well as
biodiversity loss and extinctions, nitrogen and phosphorus pollution of the
biosphere and oceans, ocean acidification, and freshwater consumption.

Food systems significantly impact these planet health boundaries. Food
production uses 50% of the world’s habitable land, of which 77% is for raising
livestock. Only 23% of agricultural land is used for crops for human con-
sumption, providing 82% of calories and 63% of dietary protein consumed. Food
systems produce 26% of all GHG, use 70% of fresh water, and cause 78% of water
pollution (mainly from nitrogen and phosphates from fertilizer and animal
waste). Wild animals are becoming extinct, and biodiversity is decreasing at
unprecedented rates. While difficult to fathom, of the global bird biomass, 71% is
poultry livestock, and only 29% are wild birds. And outside humans, 94% of the
global biomass of mammals is livestock for human consumption. Only 4% of
global mammal biomass are wild mammals [21].

The Need for Change and Today’s Opportunities

Our diet is the greatest determinant of global health. Our current calorie intake
and dietary choices are far from ideal and will require a significant change to
improve global health. And the food systems that shape our diets today not only
drive inadequate intake but are themselves driven by our food choices. Fur-
thermore, the food systems that support today’s food supply are being affected by
and are contributing to climate change and other environmental threats to our
planet. These interactions are major determinants of the state of human and
planet health, and thus also represent a major opportunity.

Slowing down global warming, among other human activities, will require a
change in our food systems and dietary habits. Fortunately, there are synergies in
attaining these goals. The foods associated with lower health risks (fruits,
vegetables, legumes, whole grain cereals, and nuts) are also associated with lower
environmental impacts. On the other hand, aside from the overall excess in
calorie intake, foods associated with the most significant increases in morbidity
and mortality (processed and unprocessed meat) are associated with the greatest
negative environmental impact. Shifting our current diets from high amounts of
animal-based foods to increasingly healthier plant-based diets can decrease land
use, greenhouse gas emissions, freshwater use, and water pollution, and at the
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same time, reduce risks of NCDs. Sustainable food systems can reciprocally
promote sustainable, healthier diets and benefit human and planet health - a
win-win situation [9, 15, 23].

On the “demand side” of the equation, global diets must shift to more
sustainable consumption patterns. This will require adopting a plant-rich diet
with moderate amounts of dairy, eggs, and meat. Examples are the Mediter-
ranean diet and specific recommendations such as the planetary health “EAT”
diet proposed by The Lancet Commission. It will also require adjusting global per
capita caloric intake to healthier levels, e.g., 2,100 calories per day. Care will need
to be taken to adapt levels regionally and to specific vulnerable populations,
including young children and pregnant women [20, 24, 25].

On the “supply side,” food systems must ensure access to safe and nu-
tritious food for all and increase “nature-positive production at scale” by
adopting practices that protect and restore ecosystems. Among other things,
this will require achieving higher agricultural yields, including improving
crop genetics and agronomic practices. It will also require reducing food
waste, GHG emissions, and polluting effects of foods, by increasing pro-
duction efficiency (e.g., altering precise use of nitrogen fertilizers and ad-
ditives to nutrient ruminant feed). Some analysis indicates that staying within
planetary boundaries is possible, but will require action in all aspects of food
production [24, 26].

Implementing these changes will not be simple or easy, but will be necessary.
This will require participation of all sectors of society to ensure these changes are
realized fairly and equitably, tailored to social, political, economic, and cultural
values. Multiple interdisciplinary efforts are underway, identifying solutions and
approaches to meeting these goals - intrinsically related to the UN’s sustainable
development goals for 2030. The latest UN Food Systems Summit in 2021
acknowledged that sustainable food production systems should be recognized as
an essential solution to these challenges - to feed a growing global population
while protecting our planet. “Food is the single strongest lever to optimize
human health and environmental sustainability on Earth” [25, 27].

Social and political leadership are critical to these goals. However, everyone
can play a role, particularly, those engaged in the healthcare and nutrition
sectors. There is an increasing awareness of the relationship between food,
health, and the environment, particularly in younger generations, which can be
leveraged to implement these changes. Education at every level to increase the
demand of foods for a healthier diet should be seen not only as a path to better
health for people, their families, and their communities but as a way to build a
healthier planet. Our diet is at the intersection of human and planetary health. It
is, therefore, an effective instrument to improve both.
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Abstract

By 2050, the global population is expected to reach close to 10 billion people, increasing the
demand for food. To ensure sustainability in food production to meet this population in-
crease, alternative approaches such as reducing meat consumption and incorporating
plant-based alternatives are being explored. Cellular agriculture, an interdisciplinary field
merging engineering and biology offers a potential solution. This approach involves the
isolation and modification of animal cells for food production, using techniques like genetic
engineering and creating cell-biomaterial interfaces. This approach has the potential to
provide sustainable and nutritious meat and dairy alternatives while reducing environmental
impact. However, challenges such as achieving the same nutritional quality and texture as
animal-based products and addressing issues related to scale-up as well as costs pose
barriers to commercialization. Despite these challenges, cellular agriculture has progressed
rapidly and shows promise in meeting the changing demands of consumers and ensuring
food security in the future. © 2024 S. Karger AG, Basel
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Introduction

By 2050, the global population is expected to hit close to 10 billion people. The
ever-growing human population will substantially increase the demand for food
and compels consideration of alternative approaches toward food sustainability,
nutrition, and security [1]. The transition to a sustainable food system requires
the reduction in consumption of meat and fish products, and plant-based al-
ternatives have emerged as an option. However, plant-based proteins such as soy
or pea may not have matching nutritional quality and have technical limitations
regarding texture challenges and sensory properties. Alternatively, cellular ag-
riculture may allow the production of meat and fish products with matching
protein quality to its animal-produced tissues. Hence the food industry is
constantly evolving, and new technologies are emerging to meet the changing
demands of consumers.

Cellular agriculture, also known as cell culture-based food production, offers a
potential alternative to conventional farming methods [2]. This innovative
approach could reduce the environmental impact associated with traditional
agriculture while ensuring high nutritional and sensory quality, ingredient safety,
and food security. This is an interdisciplinary field that merges principles from
engineering and biology to generate cells for diverse purposes. This field employs
cutting-edge techniques such as genetic engineering, biomaterials, and micro-
fabrication to design and modify cells and tissues to match animal products
consumed today.

Ten years ago, the first lab-grown beef burger was made from bovine muscle
stem cells cultivated to form mature muscle fibers and combined to form a
hamburger. Meanwhile, the industry is exploring consumer acceptance, regu-
latory concerns, and the social, economic, and environmental impact of cellular
agriculture. Notably, the FDA has recently granted approval for lab-grown
chicken to be consumed by humans [3], and similar techniques could potentially
be employed to produce complex milk bioactive that are difficult to obtain
through other technologies, like traditional microbial processes.

Transforming the Future of Food with Cellular Agriculture Technologies for
Meat Alternatives Development

The development of meat alternatives via cellular agriculture combines a
cell-based, tissue engineering approach (cells, scaffolding, feed ingredients,
bioreactors), along with the integration of plant-based materials and alternative
proteins as components for the process [4]. Sustainable, cost-effective, and
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scalable cultivated meat and alternative proteins may provide new and nutritious
food alternatives while decreasing negative environmental impacts [5]. Towards
this goal, key cells, biomaterials, and systems engineering are factors to optimize
in the process in order to achieve quality protein-rich foods and match current
animal-derived products that consumers prefer. However, many factors must be
considered for successful systems integration for cellular agriculture processes
and biomanufacturing needs to meet such consumer demands, including the
cells, media, biomaterials, and systems.

Over the past few years, significant advances have been realized in many
aspects of the field of cellular agriculture for meat production. At the core, cells,
most often isolated from tissue biopsies from selected animals, are subsequently
expanded and then differentiated to grow into tissues, with a focus on muscle (for
texture) and fat (for flavor and taste) (Fig. 1). Cells have been isolated and
characterized from livestock sources such as pig, cow, chicken, turkey, and
others, as well as from a range of fish [6, 7]. Some of these cells have been
immortalized via spontaneous methods (e.g., serum starvation, UV exposure,
chemicals), while others have been genetically modified (e.g., transposon,
CRISPR) [8, 9]. These immortalization processes are key to generating cell stocks
for long-term utility in the field to avoid process variability and to also avoid the
need to go back to the host animal for additional cell material collection.

Media costs are most often cited in lifecycle analyses and technoeconomic
analyses as the most expensive aspect of cellular agriculture, thus, representing a
major challenge to further growth of the field [10]. Yet, in the last few years,
significant progress has been made with some of these costs to suggest mo-
mentum and cost control. These advances include the removal or reduction of
bovine serum albumin from media used in cultivating cells and reducing growth
factor requirements, both of which offer sizable reductions in media costs. Serum
replacement is critical due to cost, variability in sourcing, and the complication
or ethical dilemma in (still) using animal-derived ingredients. Growth factors are
most often alternative protein products themselves, thus, reducing their use in
media has a major impact on reducing costs and the environmental footprint in
terms of sustainability. Recent progress includes substituting low-cost agricul-
tural waste extracts, as well as genetically engineered animal cells to reduce both
serum requirements and the need for exogenous growth factor additions in
media [11].

Cellular agriculture also requires the use of biomaterials which play a key role
in many aspects of cell growth and differentiation processes, from scaffolding to
support cells in 3D meat-like structures, to cell carriers in bioreactors to enhance
cell numbers, to media ingredients derived from extracted or digested low-cost
raw material sources (e.g., plant, marine, microbial) [12]. The design and
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Fig. 1. Non-dairy cellular agriculture products. A cell-culture-based approach is utilized for non-dairy products, where somatic cells from animals, such as
skeletal muscle or adipose-progenitor cells, are immortalized and differentiated into the desired tissue lineages. Bioprocessing involves expanding relevant
cell types in a bioreactor to generate a large quantity of cells for expansion and differentiation. Bioprinting techniques are employed to mature target cells
within on customized, biocompatible tissue scaffolds that support cellular maturation and provide structure and texture to the cultivated product. This
figure was created with BioRender.com.
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engineering of biomaterials must encompass various aspects to ensure they meet
the specific requirements of cells. This includes tailoring surface properties, form
factor or morphology (such as films or sponges), and chemistry that facilitates
cell binding. This material design and engineering must be accomplished in a
sustainable fashion with cost in mind; thus, abundant, low-cost, and available
supply chains for biomaterials are key in order to support the scale and needs for
cultivated meat into the future.

Scale-up for cell cultivation and cellular agriculture processes, in general, remains
an unmet need. There are new efforts to re-design more traditional stirred tank
bioreactors to match the needs for cell culture scaling and food production re-
quirements, with an eye toward reduced energy consumption. Significant further
innovation is required here to identify scalable and cost-effective approaches. The
infrastructure for such scale-up systems still needs to be designed and built, thus, a
large gap remains between current research innovation and commercial devel-
opment to meet the required scale for these future foods. Consequent advancements
have been made in the development of bioreactor designs within academic labo-
ratories and start-up companies, indicating progress in this area. Additionally,
certain countries have made substantial investments to meet the infrastructure
requirements for this technology. However, there is still substantial work to be done
in order to achieve the necessary scales for the widespread implementation and
growth of this emerging technology.

Aside from the cells, media, biomaterials, and bioreactors, the overall product
profile, from taste, flavor, and texture, as well as from safety and regulatory needs
is actively being addressed [13, 14]. For example, a number of companies have
gained approval for their cellular agriculture products in Singapore and the
United States, with others following. However, it is important to note that there
are also certain countries or American states where this new technology is met
with skepticism or resistance. Further assurance of safety, nutrition, and taste
quality, as well as with a view towards a positive impact on the workforce for new
jobs and resource incomes may help to further grow the field and open new
markets. The current rate of progress, balanced against the growing need for
alternative protein-rich foods like meats, will continue to drive this new tech-
nology forward for positive impact on consumers.

Cellular Agriculture’s Impact on Dairy Alternatives

The field of cellular agriculture is expanding beyond the production of
animal-based products like meat, poultry, and seafood to also include dairy
alternatives such as milk. Indeed, cellular agriculture may provide a promising
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alternative to traditional farming for the sustainable production of specific foods,
nutrients, and specialized components, including milk-derived products (e.g.
cheese) or milk bioactives.

Unlocking the Potential of Precision Fermentation for Milk Protein Production
A way of producing, for instance, milk proteins in vitro is using genetically
modified non-animal host cells cultivated in a fermenter. These cells, which can
be fungi, bacteria, or yeast, are engineered to produce the desired milk protein,
with the host organism being excluded from the final product (Fig. 2). This
technology is known as precision fermentation and has been used for more than
40 years to produce valuable bioactive molecules such as insulin or enzymes for
food production and detergents [15]. The use of this technology for relatively
inexpensive food proteins as a bulk ingredient that is consumed in large
quantities has now become almost economically feasible due to technological
progress. However, most of the current methods for producing animal-free food
proteins are still based on established biotechnological processes. In order to
make animal-free food proteins feasible, additional considerations are re-
quired [16].

Although these animal-free milk proteins (also called recombinant proteins)
offer valuable food proteins without relying on animals, their physical func-
tionality will have to be assessed as they may differ from animal-derived milk
proteins due to minor amino acid sequence changes, incorrect folding or lack of
glycation or phosphorylation [17]. This in turn could alter their properties as
food ingredients, which could affect the ability to obtain a similar texture to
animal-based products. However, the use of these recombinant proteins as
techno-functional ingredients in animal-free dairy products like cheese poses
additional challenges in recreating protein structures and incorporating
non-animal fat sources and nutrients. The dominant protein structures re-
sponsible for the unique texture of cheese, for example, are casein micelles.
Micelles are spherical protein aggregates with a diameter of 200 nm, which are
based on intricate interactions between the four different types of casein, cal-
cium, and phosphate [18]. It is extremely difficult to rebuild these structures with
potentially misfolded caseins produced by precision fermentation [19, 20].
Furthermore, new technologies need to be developed to either produce such
micelles continuously and on a large scale [21] or to find ways to produce cheese
structures without micelles.

In addition to dairy products, bioactive milk proteins such as lactoferrin or
even milk oligosaccharides can also be produced by precision fermentation.
Lactoferrin is a bioactive nutrient with potential benefits for infant nutrition.
However, its digestibility and bioactivity need to be established, considering the
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potential structural differences. Recombinant production of lactoferrin presents
an opportunity to produce these bioactive proteins in large quantities, as they are
only present in small amounts in animal-based cow milk, and extracting them
from milk is a labor-intensive process. It would also be possible to produce
human lactoferrin instead of bovine protein, which could be of interest for use in
infant formulas.

Finally, to make animal-free milk proteins economically viable, alternative
production processes must be established. For example, the extraction of protein
from the bioreactor or fermenter still primarily follows biotechnological pro-
tocols that were developed for extracting enzymes and bioactive molecules (e.g.,
protein drugs) with a purity of >90%. However, this purity may not be necessary
for use in food. The presence of cell wall polysaccharides in the fermentation
broth from the milk-protein-producing host cells such as yeast or fungi might
even contribute to ingredient functionality [22, 23]. Current research is therefore
investigating the possibility of less intensive purification, which would signifi-
cantly reduce the processing effort and costs and at the same time improve the
ecological footprint of the process [23]. Before scaling up the production of less
purified milk proteins obtained through cellular agriculture and precision fer-
mentation, it is crucial to conduct thorough testing for safety, potential
off-flavors, and color. These processes are currently being developed in close
collaboration with safety and sensory analyses, ensuring a comprehensive
evaluation. It is essential to exercise caution and careful evaluation to fully unlock
the potential of cellular agriculture and precision fermentation for the devel-
opment of sustainable dairy alternatives.

Next-Generation Milk by Harnessing Cell-Based Technology for Bioactive
Production

One potential area of innovation are infant formulas that provide alternative
nutrition for infants that cannot be breastfed. The World Health Organization
and the United Nations International Children’s Emergency Fund advocate for
exclusive breastfeeding for the first 6 months after birth and continued up to the
age of 2 years, yet global rates remain low [24, 25]. While infant formulas aim to
mimic breast milk, the complexity of human milk composition is difficult to
transpose, and therefore commercially available formulas are not capable of
providing all the benefits of human breast milk. However, through the innovative
combination of synthetic biology and precision fermentation, it is now possible
to produce milk components like human milk oligosaccharides (HMOs). A
group of small carbohydrates, enriched in human milk and present in lower
concentrations and diversity in animal milk. Synthetic HMOs have gained
approval for use in infant formulas and have shown promising effects on infant
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well-being, particularly in gastrointestinal health [26]. These advancements
suggest that incorporating HMOs with a composition similar to breast milk
could offer valuable benefits and open doors for additional human milk bio-
active. Nonetheless, mimicking the intricate complexity of human milk using
precision fermentation technology still poses significant challenges. The use of
organotypic culture, which mimics the intricate physiology of the mammary
gland, holds the potential to enable the production of various milk-specific
bioactives, including complex vesicles made from numerous components (Fig. 2)
[27]. Recent development of primary cultures of mammary gland epithelial cells
has paved the way for the creation of an ex vivo lactation system for cell-based
milk production. These biotechnology methods typically involve obtaining a
small tissue biopsy from a donor and isolating adult stem cells capable of
differentiating into mammary gland cells. The aim is to establish an immor-
talized cell line that continuously regenerates, eliminating the need for further
donor samples. An alternative approach is the use of induced pluripotent stem
(iPS) cells, first reported in 2006 [28], which have unlimited expansion potential
and can differentiate into any cell type. These versatile cells can also be dif-
ferentiated into mammary gland epithelial cells for the production of milk
bioactives using cell culture-based methods. Despite the complexity and
time-consuming nature of iPS cell differentiation protocols, as well as the higher
cost associated with the reprogramming process compared to isolating primary
adult stem cells, iPS cells have distinct advantages. They offer easier expansion
and the remarkable ability to generate unlimited quantities of desired cell
populations. When combined with the ability to modify genetic and media
culture factors, the organotypic technology enables the modeling of mammary
gland organogenesis and lactation processes for the secretion of milk bioactive in
a dish [27].

However, effectively inducing the production of functional milk bioactives
using mammary gland physiology is complex. Cellular models of mammary
gland development, including mammary-like organoids derived from iPS cells
and primary cells, have been established and have contributed to the devel-
opment of human milk components [29, 30]. These organoids can partially
mimic pregnancy, lactation, and involution, expressing hormone receptors and
secreting milk components, but their long-term growth, functional differenti-
ation, and ability to secrete a full range of milk bioactives still need further
demonstration. Additionally, reproducing the structural organization and in-
tricate cell interactions within the mammary gland is particularly challenging, yet
crucial for its proper functioning.

Subsequently, the selection of suitable bioreactor types becomes crucial for the
large-scale production of cell-based milk bioactives. As an example, stirred tank
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bioreactors offer scalability, making them ideal for large-scale production, while
hollow fiber bioreactors mimic the natural structure of the mammary gland,
enabling the efficient production of complex bioactives. By carefully choosing the
appropriate bioreactor setup for each stage of the process, the production of
cell-based milk bioactives can be further optimized. Yet, to successfully com-
mercialize cell culture-based milk bioactive production, it will be necessary to
implement cost-reduction strategies such as utilizing alternative sources of cell
culture media. Furthermore, it is important to assess the necessity and
cost-effectiveness of utilizing pharmaceutical-grade raw materials in light of the
introduction of food-grade cell culture media and ingredients for food pro-
duction. A potential route to explore further reductions in costs could be the use
of potential by-products from bioprocessing.

The FDA’s recent announcement declaring laboratory-grown chicken
developed in bioreactors as safe for consumption represents a significant ad-
vancement in the regulation of cell-based products [3]. While there are simi-
larities between cell culture-based milk bioactives and the bioprocessing of cell
culture-based meat products, it is crucial to define and standardize labeling,
nomenclature, and communication strategies with consumers as regulatory
frameworks for new technologies continue to evolve.

As a result, it becomes feasible to envision the production of functional and
personalized milk-like products or bioactive components through cell-based
approaches, also offering an alternative to traditional dairy farming. Moreover,
the supplementation of infant formulas with human-specific milk bioactives
generated by microbial-based and/or mammalian cell culture technologies
would have the potential to bring infant formula bioactivity closer to that of
human milk.

Conclusion

Although cellular agriculture presents a genuine opportunity for sustainable food
production, there are several remaining challenges that need to be addressed for
the successful development and implementation of these novel food technol-
ogies. Factors such as culture media composition, scale-up processes, bioreactor
costs, biomass valorization, and energy consumption have a direct impact on the
economics of scale, food quality, consumer preferences, and societal acceptance,
as well as regulatory framework. These challenges pose significant opportunities
for further innovations that will allow cost-effective commercialization of cel-
lular agriculture for meat and milk production. Addressing these issues will
contribute to future sustainable food systems [31].
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Epilogue to the “Blue Books”

For the last 4 decades, the scientific papers on human nutrition presented at the
Nestlé Nutrition Workshops have been published in a Book Series well known by
the health care and nutrition communities worldwide as Nestle’s “Blue Books.”
This publication of the 100th Workshop in book form will be the last of this
series.

In June 1980, the first Nestlé Nutrition Workshop (NNW), “Maternal Nu-
trition in Pregnancy — Eating for Two? [J Dobbing, Editor, Academic Press,
1981] was held in France, organized by Dr. Pierre Guesry, the first Medical
Director of Nestlé Nutrition, Switzerland, chaired by the late John Dobbing,
Professor of Child Health, University of Manchester. As Professor Dobbing
described in the Preface of the first publication of a “Blue Book,” “the decision
was made to hold a somewhat new kind of Workshop,” bringing the thought of
leading medical and science authorities in papers “that set out their own attitudes
towards the role of maternal nutrition, if any, in the determination of fetal and
infant growth.” At the time, academic meetings, publications, and compendia
dedicated specifically to maternal and child nutrition were scarce, less so ad-
dressing the problem internationally, and even less so supported by the private
sector.

Held at least twice yearly since then, one hundred Nestlé Nutrition Work-
shops have brought together renowned and distinguished clinicians, nu-
tritionists, and scientists from related disciplines to present work on their latest
research, discoveries, and advances in nutrition-related fields. The Workshops
included spirited commentary and debate on these topics, reflected in the high
quality of the academic papers published in the Blue Books. In 2005, with NNW
57, The Nestlé Nutrition Workshop Series was incorporated into the multiple
educational initiatives of the Nestlé Nutrition Institute, as part of its effort to
communicate “science for better nutrition” to its broad professional audiences.
These papers were up-to-date science, often “ahead of their time,” reflecting all
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multidisciplinary scientific and clinical aspects of nutrition. And the author

«

roster provides a “who’s who” amongst global experts that have led such
progress. A complete list of the books, workshop chairs, topics, and authors can
be found at: https://www.nestlenutrition-institute.org/. Thus, the Workshop
Series stands as a narrative that chronicles the dynamic landscape and evolution
of nutrition knowledge over the last 4 decades, particularly emphasizing ma-
ternal and infant nutrition.

The first decade of Workshops (NNWs 1-25) centered around topics on
malnutrition, nutrient and micronutrient deficiencies, maternal nutrition and
lactation, and emerging digestive and metabolic physiology. The *90s (NNWs
26-47) saw the emergent discussion of fetal and perinatal nutrition and its
impact throughout the life cycle and the obesity epidemic. They also ushered the
explosion of knowledge in the microbiota (when it was still called “microflora”)
and probiotics. Entry into the new millennium (NNIWs 48-66) reflected the
urgency of addressing the explosion of obesity and non-communicable disease,
understanding genetic mechanisms in nutrition, and the windows of opportunity
to shape long-term health and nutrition outcomes. The next decade (NNIW
67-94) focused on nutrition aspects in public health, the triple burden of un-
dernutrition, obesity, micronutrient deficiencies, the critical first 1,000 days,
advances in human milk and lactation, and genetic and epigenetic mechanisms.
The final years (NNIWs 95-100) reflected new trends and changes in the global
nutrition landscape. The latter Workshop conversations revolved around
the impact of genetics, technology, social media, artificial intelligence, the
bi-directional impact of the environment and climate change on nutrition, and
the need for sustainable dietary changes to maintain human health and the
planet’s health.

Beyond their academic significance, these 100 Workshops have had
worldwide reach and broad inclusion of nutrition science and healthcare
professionals. They have been held in 34 countries and on every continent. This
facilitated the attendance and participation of local professionals in all regions of
the world, allowing about 6,000 participants to interact directly with global
leaders in nutrition. This reach was amplified by the worldwide distribution of
the published Blue Books at no cost to healthcare professionals. The 100
published books of the Series remain free and available digitally on the NNTI’s
website: https://www.nestlenutrition-institute.org/.

The NN'W Blue Books reflect 4 decades of evolution in the science of nutrition
and should correspondingly reflect the changes in how science is communicated
and disseminated. With the emergence of new channels, technologies, and
diverse audiences, it is necessary to adopt new approaches. Thus, the decision to
discontinue the physical publication of this Series. The tradition of the
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Workshops will continue, utilizing amplification channels that align with
modern educational behavior, including various mediums such as digital video,
podcasts, and concise summary booklets. These approaches align with the
enduring goals of effectively disseminating scientific knowledge to a broad
audience and ensuring enhanced accessibility. Publishing efforts will also
continue, including the Annales Nestlé, a series continuously published since
1942, The Nest, with up-to-date practical information for health professionals in
critical areas of pediatric health and nutrition, and the Proceedings and sum-
maries of symposia in national and international Conferences. A significant
portion of these publications is indexed and listed in Medline/PubMed, making
them readily accessible to health and nutrition professionals. All these affirm the
Nestlé Nutrition Institute’s commitment to remain a leading private publisher of
nutrition information globally.

None of these extraordinary accomplishments would have been possible, nor
will they continue to be, without the collective dedicated effort of contributors,
editors, reviewers, and staff to which Nestlé and the NNI are deeply indebted.
The food and diets that support global nutrition today constitute a determining
factor in both human and planetary health. We all share the responsibility
towards a healthier tomorrow.

Jose M. Saavedra®
Associate Professor of Pediatrics
Johns Hopkins University School of Medicine

Ferdinand Haschke?

Professor of Pediatrics

Department of Pediatrics Paracelsus Medical University
Salzburg, Austria

'J.M. Saavedra is former Chief Medical Officer, Nestlé Nutrition and Chairman of the Board, Nestlé Nutrition
Institute.
°F. Haschke is former Vice-president of Nestlé¢ Nutrition and Founder of Nestlé Nutrition Institute
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