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ABSTRACT

Interest in vegetarian and vegan diets has increased rapidly in many regions.
There are three reasons for this: planetary sustainability, concern for animal
welfare and prevention of chronic disease. These issues primarily concern
adults, who may then act on them when selecting diets for their offspring. In
adults, the health effects of plant-based diets have been evaluated, and some
benefits, mainly cardiometabolic, established. Equivalent evidence in children is
scant. Atherosclerosis originates in childhood, and relates to classical
cardiovascular risk factors which, along with dietary habits, track to adulthood.
Therefore plant-based diets in childhood might positively affect adult
cardiometabolic health. However, vegetarians and vegans restrict intake of
whol e food groups, which might af flfeixt <ch
thesis investigates potential health benefits and risks of vegetarianism and
veganism in children. It tests four hypotheses. Plant-based diets in childhood:
favourably affect cardiovascular risk; negatively affect growth; increase the risk
of nutritional deficiencies; and increase risk of inadequate nutrient intakes. The
following data were collected from 187 children aged 51 10 years, including 63
vegetarian, 52 vegan and 72 omnivore: body composition, blood markers of
cardiovascular risk and nutritional status; bone mineral content (BMC) and
dietary intake. Vegetarians and vegans were shorter than omnivores, with lower
adiposity but similar lean mass. The body composition differences were more

pronounced in vegans, who also had BMC deficits. Vegans had lower



cholesterol status than omnivores and evidence of nutritional deficiencies.
Vegetarians were at risk of B3, folate, zinc and calcium inadequacy, while
vegans at risk of vitamin A, B2, B3, B12, calcium, phosphorus, iron and zinc
inadequacy. In conclusion, evidence of cardiometabolic benefits, but also
nutritional harm, was found in vegan children. The magnitude of harm in
vegetarians was intermediate, while the benefits were smaller. Restriction of
animal-origin foods in childhood could constrain height and BMC, and cause

nutritional deficiencies.



IMPACT STATEMENT

Plant-based diets are currently recommended for human and planetary health by
numerous international and national health organisations. These two issues, along
with heightened consideration for animal welfare, are the main three reasons for
the increasing popularity of vegan and vegetarian ways of eating in industrialized
countries. Adults concerned with these issues might be influenced to adopt these
diets both for themselves and their offspring. In adults, the health effects and safety
of appropriately planned vegetarian and vegan diets have been evaluated, and
some benefits, mainly cardio-metabolic, established. However, equivalent
evidence in children is sparse, and relates mainly to anthropometric outcomes and
nutrient intakes in vegetarians. There are no comprehensive data regarding the
health outcomes in vegan paediatric population. Of concern, these diets restrict
intake of whole food groups, which may be of particular importance early in life
when nutrient and energy needs are higher relative to body weight. This is the
reason why some organisations, including the Polish Consultant for Paediatrics
and Academy of Sciences, the Belgian Royal Academy of Medicine, and the
German Nutrition Association do not approve veganism for children. This position
is contrary to the American Academy of Pediatrics, the British Dietetic Association
and US Academy of Nutrition and Dietetics, who 1 based on the same limited data
i endorse it. Therefore, more evidence on the health status of vegetarian and

vegan children is urgently needed.



The results of this thesis provide substantial new evidence on this issue. They
constitute the first detailed and systematic health assessment in both paediatric
vegans and vegetarians in comparison to otherwise similar omnivores. They
cover a broad range of outcomes, assessing the prevalence of cardiovascular
(CVD) risk, body composition and growth, micronutrient status along with
dietary intakes. In vegans, they demonstrate evidence of superior CVD profile
but also some nutritional harm. In vegetarians, the data indicate an intermediate
magnitude of harm, limited CVD benefits accompanied by some undesirable
outcomes such as less healthy body composition and CVD risk profile. The
results demonstrate that the restriction of animal-origin foods in childhood leads
to nutritional deficiencies and provide preliminary evidence (to be confirmed in

longitudinal research) that it could constrain height and bone mineral.

These findings will benefit medical and public health professionals along with
members of the general public. They will provide physicians and dieticians with
evidence, based on which they can educate patients on both the benefits and
risks of vegetarian and vegan diets in children. They will also help parents in
decisions to adopt vegetarianism or veganism for their children. And finally,
these results should inform current public health debates and the position

statements of expert organisations on plant-based diets.

The benefits to academia include providing a rationale to conduct intervention
trials and longitudinal observational research. Such efforts could elucidate,
among other issues, the mechanisms through which these diets restrict stature
and bone mineral accretion, and the effects of nutrient supplementation. They
could also investigate the risks and benefits among children of different ages,

especially infants.



EXECUTIVE SUMMARY

This thesis explores a range of potential health benefits and nutritional risks of
vegetarian and vegan diets in children, based on a cross-sectional
observational study of 187 healthy children aged 5i 10 years, including 63
vegetarian, 52 vegan and 72 otherwise similar omnivores. The results of this
study are put in the context of existing evidence in this area and the current
public health debate promoting dietary patterns minimising animal products for
the whole population in order to promote human and planetary health. Below is

a summary of thet h e santsnds.

Chapter I, Introduction

This chapter sets the background for undertaking this study and presents the
definitions of vegetarian and vegan diets. It describes recent global trends of
increasing interest in plant-based diets and the reasons for their rising popularity,
which include planetary sustainability, heightened concern for animal welfare
along with human health concerns relating to prevention of hon-communicable
diseases. It outlines existing, though still informal, evidence suggesting that the
number of adult vegetarians and vegans is growing and discusses its likely
consequence i increased numbers of children consuming vegetarian or vegan
diets. Heath effects of these diets in adults, mainly relating to lower

cardiometabolic risk, are discussed along with the potential of lowering the adult



cardiovascular disease burden via consumption of plant-based diets from
childhood. At the same time, this chapter emphasizes the paucity of evidence on
health outcomes of these diets in vegetarian children, and the lack of almost any
current evidence in vegan children. It finishes with the recognition that in light of
growing global campaigns to encourage plant-based diets, reliable evidence is
urgently needed, so that plant-based diets can help decrease ecological damage

while also promoting health in both adults and children.

Chapter II, Literature review: plant -based diets and health

This chapter summarizes relevant literature in order to demonstrate the need for
conducting this study. It also provides the rationale for choosing the health
parameters to evaluate potential differences between vegetarian or vegan
children in relation to children following traditional diets. It starts summarizing
the existing evidence on the health effects of vegetarian and vegan diets in the
cont ext of cardiovascul ar di s eaianing, &
introduces CVD, recent trends in CVD-associated mortality and the importance
of lifestyle, in particularly diet, for lowering CVD risk factors and the associated
disease burden. Next, it examines the substantial effects of plant-based diets on
CVD risk in adult vegetarians and vegans. Subsequently, it discusses the links
of atherosclerosis origins with childhood CVD risk factor profile. Following this, it
reviews evidence on the potential of lowering the adult burden of CVD, placing
emphasis on preventive efforts that reduce CVD risk factors via plant-based
dietary patterns from childhood. The second part of the chapter is devoted to
the available evidence on the health of vegetarian and vegan children. This
section summarises the existing, albeit limited, data on the dietary intakes, body

composition, micronutrient status, CVD risk factor profile and bone status of
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children on meatfree diets. Based on the reviewed evidence, this chapter
provides the rationale for the choice of health parameters selected to study in
this research project to assess both the CVD-related outcomes and the safety

of vegetarian and vegan diets in children.

Chapter IlI, Literature review: dietary assessment methods

Since the methodology of dietary assessment in observational studies is a
complex subject, it is discussed in a separate part of the dissertation. In this
chapter, approaches applied in epidemiological research to capture and analyse
dietary intakes, the main exposure in this study, are reviewed, and the rationale
for the selection of dietary assessment methods is provided. The first part
describes the methods utilised in the collection of dietary data, the second part
illustrates the problems linked to the analysis of dietary data, when the aim is to
evaluate the proportion of individuals with inadequate intakes of nutrients, one of
the main correlates of the exposure in this study. Procedures utilized to calculate
percentages of the population with inadequate nutrient intakes, along with the
concept of usual dietary intakes, are discussed, as these are utilised in this study
to assess the dietary risks of plant-based diets in children. The selected methods

of dietary data collection and analysis are discussed at the end of this chapter.

Chapter IV, Research aims, questions and hypotheses

This chapter presents the research aims and questions, and puts forward four

main study hypotheses.

Chapter V, Methods

This chapter describes the remaining methods used to test the study

hypotheses. Hence it outlines the methods used to measure all outcomes and

11



physical activity. Additionally, it discusses study design, recruitment, sampling,
ascertainment of data on background characteristics, ethical considerations and
explains the selection criteria of the dietary groups and the operational details of
capturing dietary intakes with food records. Next, the chapter elaborates on the
statistical models applied, and the rationale behind the choice of confounders
and mediators of the association between dietary exposure and health
outcomes. Lastly, the chapter summarizes all the methods used in this study to

measure background characteristics, exposure and outcomes.

Chapter VI, Results

In this chapter the study results are presented. It starts with the results of the
recruitment and data collection, then it proceeds to describe the baseline
characteristics of the study participants, placing them in the context of the
Polish, or, in the absence of relevant data, international population. Next, it
presents the results of dietary analysis, correlates of the main exposure in this
study. These are discussed in the context of the existing evidence. The last
section presents the health outcome results, i.e. anthropometry and body
composition, bone status, CVD risk, and micronutrient status analyses. The
health outcome results are discussed in relation to the dietary findings as well
as in the context of existing evidence. The discussion is continued, and in the
case of outcomes like bone mineral content and stature, in more detail in the

following chapter.

Chapter VII, Discussion

This chapter summarizes the principal findings, separately for vegan and
vegetarian children, and compares them with existing studies. Next, it discusses

the implications of this study in light of its results showing both benefits and
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risks. The benefits are discussed in the context of CVD risk prevention; the risks
in the context of the findings of lower height, lower bone mineral content and
micronutrient deficiencies. Two hypotheses are put forward as to why
vegetarian and vegan diets constrain height in children. Next, unanswered
questions are identified and discussed in the context of potential future research
projects. Following, clinical significance of the findings is presented for both
health professionals and medical and nutritional organisations. And lastly, this
chapter concludes that this study generated new important data on the range of
both benefits and risks of vegetarian and vegan diets in children that add to
current political, public health and medical debates on planetary and human

health.

Chapter VIII, Supplementary material

This chapter includes complete case analyses along with several documents
used to inform parents and children about this study and to obtain their consent
to participate: information sheets for parents and children, parent and guardian

consent forms, study advertisement content.
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l. INTRODUCTION

Recently, interest in plant-based diets has rapidly increased in many global
regions. Though formal estimates are lacking, numerous sources indicate that
more people are adopting meat-free diets in industrialised countries (The Vegan
Society 2016; Roy Morgan Research n.d.; CNBC.COM 2019; Marketingchina.com
n.d.). Broadly, vegetarian diets (sometimes termed lacto-ovo-vegetarian) exclude
meat, fish and products made from these, while vegan diets (sometimes termed
strictly vegetarian), eliminate all products of animal origin, including dairy and eggs
(Fraser 2009). There are three main reasons for their rising popularity. First,
minimizing meat and dairy products is considered critical for planetary
sustainability. According to recent analysis, producing meat, aquaculture, eggs
and dairy for human consumption uses 83% of the wor | dés f ar ml and,
56158 % of fooddés different greenhouse gas
37% of protein and 18% of energy consumption (Poore and Nemecek 2018).
Evidence on the environmental unsustainability of current animal-product-rich
diets has penetrated healthy eating recommendations, including the 2015 Dietary
Guidelines for Americans (U.S. Department of Health and Human Services and
U.S. Department of Agriculture 2015) and the EAT-Lancet Commission (Willett et
al. 2019), both of which advocate more plant-based diets to improve human and
planetary health. Second, vegetarian and vegan diets are chosen for ethical
reasons of heightened concern for animal welfare (The Vegetarian Resource

Group n.d.; The Sentience Institute 2017). In particular, this seems the major
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reason for adopting veganism (Wrenn, Wrenn, and Lee 2017). Third, plant-based
diets are supported by the World Health Organisation (WHO 2019a) and World
Cancer Research Fund (WCRF 2019a) to counter non-communicable disease
(NCD) risk. Messages from these organisations are then reinforced by animal-
welfare groups that extoll the human health benefits (PCRM n.d.). These issues
primarily concern adults, who may then act on them when selecting diets for their

offspring.

In adults, the health effects of vegetarianism and veganism have been
evaluated and some benefits and risks established. The benefits include lower
risk of cardiometabolic risk factors and diseases along with possible lower
cancer risk (Dinu et al. 2017; Desmond et al. 2018). At the same time, these
diets, if not planned well in adults, increase risks of several micronutrient
deficiencies (Pawlak, Lester, and Babatunde 2014; Kristensen et al. 2015)
along with fracture risk in vegans with low dietary calcium content (Appleby et
al. 2007). Equivalent evidence in children is sparse. Atherosclerosis originates
in childhood, and relates to classical cardiovascular risk factors which, along
with dietary habits, track to adulthood (Desmond et al. 2018). Therefore plant-
based diets in childhood might positively affect subsequent cardiometabolic
health in adulthood, however any such benefits must be considered in light of

safety in the paediatric population.

Vegetarians and vegans restrict intake of whole food groups (Melina, Craig, and
Levin 2016a). This is of particular importance in children, whose nutrient and
energy needs are higher relative to body weight and whose growth might be
programmed by nutrient deficiencies at several sensitive periods of

development (Lucas 1998). Previous studies have noted a reduced intake of
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several nutrients in this population (Sc h¢r mann, Kersting, an
which may show more severe consequences at later ages (Martins et al. 2011).

The data on the health and growth of vegetarian children comes from studies of

very heterogenous design, various definitions of vegetarianism and selection

criteria, and different, usually small, sample sizes. There are no informative

studies on vegan children. Therefore, the available data are insufficient to
thoroughly assess the health effects of vegetarian or vegan diets in children in
developed countries (Sc h¢r mann, Ker st i n.gfhe sparsity ofAl e xy
evidence contributes to inconsistencies between medical and nutrition
organi sationsd statement s-free digisair athiidhogd. t h e
While the American Academy of Pediatrics (Kleinman and American Academy

of Pediatrics Committee on Nutrition 2009), British Dietetic Association (BDA

2017a) and Academy of Nutrition and Dietetics (Melina, Craig, and Levin

2016a) all assert that vegetarian and vegan diets, if planned appropriately, can

be healthy and nutritionally adequate at all ages; the Polish Consultant for
Paediatrics (Re g u § a , tRe@andjittee of Human Nutrition Science of Polish
Academy of Sciences (WNd o § o ws k ,athe Beldia®d )Royal Academy of
Medicine (de Med®ci ne de , 8anhag Nufritioe As80@idtidn)(Die

Deut sche Gesell schafand BSRBGHANE(MnPewtreluehg. n. d.
2017) do not recommend vegan diets in children, due to the higher risk of

nutrient deficiencies. Moreover, these endorsement statements have been

issued despite a lack of substantial research on health in vegan children.

Given growing global campaigns to encourage plant-based diets, reliable
evidence is urgently needed, so that plant-based diets can help decrease

ecological damage while also promoting health in both adults and children. This
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thesis investigates a range of potential health benefits and risks of vegetarian
and vegan diets in children. The first aim is to quantify prevalence differences in
several indicators of health, including body composition, CVD risk and
micronutrient status, along with estimating the prevalence of inadequate serum
micronutrient and abnormal cholesterol status in either vegetarian or vegan
children relative to a reference group of omnivore children. The second aim is to
assess the prevalence of inadequate nutrient intakes and to calculate median

intakes of nutrients.
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Il. LITERATURE REVIEW:
PLANT BASED DIETS AND HEALTH

This chapter summarizes the existing evidence on the health effects of
vegetarian and vegan diets in the context of cardiovascular disease prevention

and childrendés health

At the beginning, it introduces CVD, recent trends in CVD-associated mortality
and the importance of lifestyle, in particularly diet, for lowering CVD risk factors
and the associated disease burden. Next, it examines the substantial effects of
plant-based diets on CVD risk in adult vegetarians and vegans. Subsequently, it
discusses the links of atherosclerosis origins with childhood CVD risk factor
profile. Following this, it reviews evidence on the potential of lowering the adult
burden of CVD, placing emphasis on preventive efforts that reduce CVD risk
factors via plant-based dietary patterns from childhood. The second part of the
chapter is devoted to the available evidence on the health of vegetarian and
vegan children. This section summarises the existing, albeit limited, data on the
dietary intakes, body composition, micronutrient status, CVD risk factor profile

and bone status of children on meatless diets.

Based on the reviewed evidence, in the last section this chapter provides
rationale for the choice of health parameters chosen to study in this research
project to assess both the CVD-related outcomes and the safety of vegetarian

and vegan diets in children.
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1. Cardiovascular disease

Cardiovascular disease remains the number one cause of premature mortality
in the world (WHO 2011; WHO 2018b). In high-income countries it also
contributes to the highest percentage of ill-health in adults (WHO 2019b). The
main types of CVD responsible for these trends are coronary artery disease
(CAD) and stroke (WHO WHF WSO02011). Both of them are linked to the
underlying disease process of atherosclerosis, which involves a build-up of fatty
material and calcium, otherwise called plaque, in the lumen of blood vessels.
This makes their inner surface irregular, their lumen narrower, and their walls
less pliable, which impedes normal blood flow. The rupturing of plaque can lead
to blood clot formation, resulting in heart attacks if the clot is located in the
coronary artery; or stroke if the same event happens in the brain. The process
of atherosclerosis is linked to modifiable lifestyle factors, of which diet and

exercise play the fundamental role (WHO WHF WSO 2011).

In most industrialized countries, CVD death rates have been declining since the
late 1970s (Bertuccio et al. 2011). However, two factors threaten to reverse this
trend today: aging of the population (i.e. increased absolute numbers of those
aged >70years), which increases the lifetime exposure to relevant risk factors;
and global increases in the prevalence of obesity and diabetes (Allender et al.
2008; Thorolfsdottir et al. 2014; Smith et al. 2015). These trends may be
beginning to cancel out the health gains linked to declines in other risk factors
and better care and treatment achieved in recent decades as recently shown for

younger adults in the European Union, United States, and Australia (Ford and

Capewell 2007; Allender etal. 2 0 0 8 ; Martin OO6FI aherty
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al. 2008; Nichols et al. 2013). The consequence of these antagonistic trends

might be an increase in the actual burden of CVD (Allender et al. 2008).

It has been postulated that the only strategy capable of substantially reducing
the CVD burden in the current scenario is to focus on population-wide reduction
of major CVD risk factors (Emberson et al. 2004; Guzman-Castillo et al. 2015).
Based on estimations for the UK population, a 10% reduction in population-wide
blood pressure and cholesterol levels has been estimated to bring about a 45%
reduction in cardiac events. If we compare this to the pharmacological
treatments, 26% of the population at high risk would have to be treated, to

achieve a 34% reduction in these outcomes (Emberson et al. 2004).

2. Plant based diets and adult cardiometabolic risk

Diet is a major modifiable direct risk factor for CVD. It also influences other
components of risk, including: obesity, dyslipidaemia, hypertension, insulin
resistance, increased serum glucose, and even physical activity level. The
foods of plant origin have the most established protective effect (Mozaffarian

2016).

In adults, dietary patterns emphasizing intake of unprocessed plant-based foods
seem to lower cardiovascular disease and its risk factors. Consumption of fruit
and vegetables, whole grains, legumes and nuts is inversely linked with CVD
risk in a dose-dependent fashion (Mozaffarian 2016). Adult vegetarians and
vegans have a more favourable profile of CVD risk factors (Wang et al. 2015),
which also translates to lower prevalence of ischemic heart disease (IHD; the

major form of CVD in Western populations) risk (Key et al. 1999; Crowe et al.
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2013a) than otherwise comparable nonvegetarians. This difference is primarily
attributed to diet (Fraser 2009). However, the evidence is inconsistent regarding
whether the rate of mortality from IHD differs between vegetarians/vegans and
omnivores. The rate ranges from 26%i 34% reductions in risk for different
vegetarian diets (Key et al. 1999), to none (Appleby et al. 2016). Additionally,
vegetarians/vegans do not have lower rates of cerebrovascular disease (Key et
al. 1999; Appleby et al. 2016; Dinu et al. 2017). It needs to be emphasized, that
all these results come from observational studies. Analysis of cardiovascular
risk profile of vegetarians may shed light on the mechanisms through which

plant-based diets exert their beneficial effects.

The following sections constitute a narrative review of the literature on
cardiovascular risk factors among adult vegans and vegetarians. It is based on
the most up-to-date systematic reviews (body fatness, blood lipids, blood
pressure, insulin resistance) and the only existing data on the CRP-levels and
cIMT in adult vegetarians coming from four observational studies and one
clinical trial. The search terms used in the pursuit of this review were: ive gano
and/ or Aveget akeywons for respedive trisk efactors in the
advanced PubMed search and Google Scholar in English. In the case of
numerous publications on one particular risk factor, only the most recent

systematic reviews were taken into account.

2.1. Body fatnes s

Vegetarians and vegans have lower levels of body fat, mainly measured by
body mass index (BMI). A recent systematic review incorporating meta-analysis

of 71 cross-sectional studies including participants on a vegetarian diet and 19
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cross-sectional studies examining subjects on a vegan diet showed that these

diets are associated with 1.49 kg/m? (95% confidence interval (95% CI)1 1 .,7 2

T1.25) and?(@15% 2Clk,gi/on 22) | ower B@@inyetr esp.

al. 2017). These lower BMI values are usually attributed to the lower energy
density of diets high in vegetables and fresh fruit, and the satiating effect of
increased fibre intakes (Sabat ® and .\dvesweighahd dbésity is a
direct cause of cardiometabolic disease (Cercato and Fonseca 2019). Excess
adipose tissue, particularly its visceral form, induces a state of chronic low-
grade inflammation which leads to atherosclerosis (Van Gaal, Mertens, and De
Block 2006). In a recent study which examined data from 10 large US
prospective cohorts of 190,672 people, obesity was associated with shorter
longevity and significantly increased risk of cardiovascular morbidity and
mortality compared with normal BMI (Khan et al. 2018). The results challenged
the so cal-pardadoxdbé,siitry whi ch over wei
live longer after the diagnosis of CVD compared to people with healthy weight
(Chang et al. 2017). Recently provided explanations (Chang et al. 2017; Khan
et al. 2018) to refute the paradox include the so called leadi time bias (i.e. early
diagnosis of a disease gives the indication of prolonged survival with that
disease), and lack of adjustment for disease-related weight loss, as no evidence
for an obesity paradox is found when the normal-weight reference category
includes only those who have always been normal weight (Stokes and Preston

2015).

Excess body weight additionally increases the risk of CVD by adversely

affecting its risk factor profile, leading to dyslipidaemia, insulin resistance,
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diabetes type 2, increased blood pressure (Klein et al. 2004). Vegetarians and

vegans have a better profile of all these parameters than omnivores.

2.2. Blood lipid profile

Vegetarians, especially vegans, have lower levels of total and non-HDL
cholesterol. A recent systematic review with meta-analysis of observational
studies showed estimates of effect size ranging from 0.72 mmol/L (9 5 %

0.8, 10.64) reductions in total cholesterol and 0.55 mmol/L 95 % C1 ,
10.47) in LDL cholesterol (LDL-C) associated with vegetarian diets compared to
omnivore diets (based on 64 and 46 cross sectional studies respectively), and
0.80 mmol/lL (95 % CI 1, 100r0) 9eductions in total cholesterol and 0.59
mmol/L (9 5% C1 ,T104Q) in ZDL-C associated with vegan diets (based on
19 and 13 cross-sectional studies respectively) (Dinu et al. 2017). Both total and
non-HDL cholesterol concentrations tend to be highest in meat eaters and
lowest in vegans, with vegetarians having intermediate values (Bradbury et al.
2014). In another systematic review and meta-analysis of 11 randomised
clinical trials (7 included a vegan diet, 2 included a lactoZvo vegetarian diet, i.e.
containing dairy and eggs, 2 included a lacto-vegetarian diet, i.e. containing
dairy without eggs), Wang et al. 2015, showed that vegetarian diets were
associated with significantly lower total cholesterol, LDL-C and non-HDL
cholesterol with pooled estimated effects of 10.36 mmol/L (95% CI 10.55,
10.17), -0.34 mmollL (9 5 % C1 ,100a1), 5t i0.30 mmollL (95 % CI ,
1 0.10) respectively. A 1Znmol/L reduction in TC and LDLZAC levels results in a
26.6% to 29.5% decrease for any cardiovascular diseasei related event
(Schwingshackl and Hoffmann 2013). Therefore, the average reductions of TC

and LDLZAC concentrations following a vegetarian diet would correspond to a
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decrease in CVD risk of about 9.0% to 10.6% (Wang et al. 2015). The
mechanisms through which vegetarian diets may reduce blood cholesterol
concentrations are considered to include their lower content of saturated, total
fat and cholesterol (Li 2011) and their higher amount of dietary fibre and
numerous phytochemicals, all of which have been shown to have lipid lowering

properties (Craig 2010).

2.3. Blood pressure

Adults on plant-based diets have lower systolic (SBP) and diastolic blood
pressures (DBP), and lower risk of hypertension, compared to meat eaters. In
the cross-sectional analysis of a sub-set of 592 black women and men enrolled
in the Adventist Health Study-2 (25% vegetarian and vegan; 75% non-
vegetarian), the risk of hypertension differed depending on the dietary group
and was lowest for vegans and highest for omnivores. The relative risk (RR) in
comparison to omnivores was 0.37 (95% CI 0.19, 0.74) and 0.57 (95% CI 0.36,
0.92) for vegans and vegetarians respectively in an analysis adjusted for, age,
sex and physical activity (Orlich and Fraser 2014). In a matched cohort study of
4,109 noni smoking Taiwanese, where each person on a vegetarian diet was
matched with five non-vegetarians by age, sex, and study location, vegetarians
had 28% lower risk (RR 0.72; 95% CI 0.55, 0.86) for hypertension adjusting for
age, sex, C-reactive protein, waist circumference, and fasting glucose (Chuang
et al. 2016). Likewise, a systematic review and meta-analysis of controlled
clinical trials and observational studies showed a reduction in mean SBP
(4.8 mm Hg; 953%l) &DBP.(. 2 mm Hg; 93.9
after adopting a vegetarian diet compared with the consumption of omnivorous

diets (7 controlled trials, including 311 participants; mean age, 44.5 years) and
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lower mean SBP (i6.9 mmHg; Cl , ,194. 1) a (i 4.7 nrBHg;95% Cl,
T 6, 33.1) associated with consumption of vegetarian compared with
omnivorous diets (32 observational studies; a total of 21,604 participants; mean
age 46.6 years) (Yokoyama et al. 2014). Mechanistically, several dietary factors
in plant-based diets, other than those affecting BMI, may account for their
effects on blood pressure. Vegetarians have higher fibre intakes (Sobiecki et al.
2016), which have been shown to exert a blood pressure lowering effect (Evans
et al. 2015). Other factors which may beneficially affect blood pressure
regulation are higher plant protein (He et al. 2005), and potassium intake
(Haddad and Tanzman 2003; Aburto et al. 2013), and higher non-haeme iron
intake (Galan et al. 2010). The potential mechanisms exerted by these planti
based dietary components include improved baroreceptor sensitivity, direct
vasodilatory effects, and changes in catecholamine and renini angiotensini
aldosterone metabolism (Sciarrone et al. 1993), along with changes in blood
viscosity (Ernst et al. 1986). Every 10 mm Hg reduction in SBP significantly
reduces the risk of major cardiovascular disease events (RR 0.80, 95% CI 0.77,
0.83), coronary heart disease (RR 0.83, 95% CI 0.78, 0.88), and stroke (RR

0.73, 95% CI 0.68, 0.77) (Ettehad et al. 2016).

2.4. Insulin resistance and diabetes

Plant-based diets are associated with lower serum glucose level along with
decreased insulin resistance and diabetes risk (Tonstad et al. 2009; Snowdon
and Phillips 1985). In a systematic review and meta-analysis of observational
studies, including 27 studies with 2256 vegetarian and 2192
non-vegetarian participants, and 4 studies of 83 vegans and 125 omnivores,

plant-based diets were significantly associated with lower blood glucose levels
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(vegetari angd diLy . ®& %1 €l 1P 5 . 196839 rmagids, 95% CI
T 12 ,130831) (Dinu et al. 2017). Observational studies further show that the
prevalence of type 2 diabetes up to 2 times lower in vegetarians compared to
omnivores, even after controlling for body weight (Kahleova and Pelikanova
2015). Likewise, dietary interventions trails in subjects with type 2 diabetes have
demonstrated that implementing a vegetarian diet leads to a greater reduction
in fasting plasma glucose, HbAlc, and hypoglycaemic medications compared to
a conventional hypocaloric diet (Kahleova et al. 2011; Barnard et al. 2006).
These results confirm substantial protective effects of the portfolio of foods
found in plant-based diet (Fung et al. 2004; Sievenpiper et al. 2009; Aune et al.
2013; Cooper et al. 2012), along with the avoidance of meat (Pan et al. 2011)
on glycaemic control and risk of diabetes. Mechanistically, plant-based diets
may deliver protective effects on diabetes risk through caloric restriction,
reduced intake of saturated fatty acids (SFA), high intake of polyunsaturated
(PUFA) and monounsaturated fatty acids (MUFA), low glycaemic index (only if
based on unprocessed foods), increased fibre intake, higher intake of non-haem
iron and reduction in iron stores, increased intake of antioxidants, vitamins and
several micronutrients, high intake of vegetable instead of animal protein, and
high intake of plant sterols and prebiotics. All of these have been shown to have
a positive effect on diabetes prevention (Kahleova et al. 2011). Diabetes
increases the risk for CVD two-fold, independently from other conventional risk
factors. In people without diabetes, fasting blood glucose concentration is
modestly and non-linearly associated with risk of vascular disease (The

Emerging Risk Factors Collaboration et al. 2010).
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2.5. Other risk CVD factors

Lower levels of C-reactive protein (CRP), a marker of inflammation, have been
reported in adult vegetarians (0.77 mg/L; standard error (SE) 1.29) for
vegetarians; 1.30 mg/L; (SE 1.38) for matched omnivores, P<0.01) (Szeto,
Kwok, and Benzie 2004), and a decrease in CRP was observed in adults
implementing vegan diets (i 28.2%; (SE 10.8%), P = .02) (Jenkins et al. 2003).
Some studies have shown that healthy adult vegetarians have significantly
lower carotid intima media thickness (cIMT) (Acosta-Navarro et al. 2017) and
the advantage was related to the duration of consuming the vegetarian diet

(Yang et al. 2011), but one study showed no such difference (Su et al. 2006).

Altogether, a lower prevalence of cardio-metabolic risk factors among adults
following plant-based diets is likely to be the primary reason why they have
~25% lower risk of developing ischemic heart disease (Dinu et al. 2017; Crowe
et al. 2013b). The overall pattern in which vegetarian or vegan diets affect IHD
risk factors and incidence is illustrated in Figure 1. The effects of meat-free diets

on cardiovascular risk factors are summarised in Table 1.

2.6. Possibility of confounding

Although the methodology used in more recent epidemiological studies on
plant-based diets has become more sophisticated in measuring and adjusting
for a variety of confounders, residual confounding is always a concern in
observational research. Choosing a vegetarian or a vegan diet may be
associated with a range of other health behaviours, personality traits or could be
a response to a previous illness. In a large study of Dutch adults aged 55-69

years, being a vegetarian was associated with female gender, higher education,
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lower probability of being a smoker and with having fewer children (Gilsing et al.
2013). In the same study, following a vegetarian diet was more likely among
cancer patients than in cancer-free individuals. Similarly, more recent cross-
sectional data from the US suggested that vegetarians and vegans were more
likely to be female, not Hispanic, from the Western US region, with high-school
or higher education, physically active and, at the same time, chronically ill
(Cramer et al. 2017). Some data have suggested an association between
personality traits linked to dieting (and hence choosing low - calorie or healthy

foods) and following plant-based diet {Formatting Citation}.

Hence a variety of other factors associated with vegetarianism, some difficult to
measure, can influence the results of observational studies in this area and
caution in the interpretation of results is warranted. Much less is known about

this situation for vegan diets, but the same issues remain relevant.
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Figure 1. The overall pattern by which vegetarian/vegan diets affect isch

disease risk factors and incidence  (Desmond et al. 2018) .
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Table 1. Effects of vegetarian diets on cardiovascular risk factors

(Desmond et al. 2018) .

CVD Risk

Study design Populations Factor Key Findings Reference group Ref

Systematic review and 71 studies for vegetarian and | BMI 11.49kg/m?2(9 5% C1 , 1| Various otherwise similar (Dinu et al. 2017)
meta-analysis 19 studies for vegan diet T1.25) f or v e g|lnon-vegetarian

of cross- sectional studies 11.72kg/m2 (9 5 % CP1, i populations

11.22) for vegans

Systematic review and
meta-analysis
of cross-sectional studies

64 studies for vegetarian and
19 studies for vegan diet

Total cholesterol

10.72 mmol/L

(95% CI1 0.8, 1 0.64) for
vegetarians;

1 0.80mmol/L

(95% CIi 0.90, T 0.70) for
vegans

Various otherwise similar
non-vegetarian
populations

(Dinu et al. 2017)

Systematic review and
meta-analysis of cross-
sectional studies

46 studies for vegetarian and
13 studies for vegan diet

LDL cholesterol

10.55 mmol/L

(95% CI10.62,10.47) for
vegetarians

10.59 mmol/L

(95% C | 0.77, T 0.40) for
vegans

Various otherwise similar
non-vegetarian
populations

(Dinu et al. 2017)

Systematic review and 7 trials of intervention with Total cholesterol | 1 0.36 mmol/L (95% CI 0.55, | Trial control period (F. Wang et al.
meta-analysis of vegan diet and 4 trials of 1 0.17) with intervention with 2015)
randomised clinical trials intervention with vegetarian vegetarian or vegan diet

diet (pooled estimates)
Systematic review and 7 trials of intervention with LDL cholesterol | 710.34 mmol/L(9 5 % C1I , | Trial control period (F. Wang et al.
meta-analysis of 11 vegan diet and 4 trials of 1 0.11) with intervention with 2015)

randomised clinical trials

intervention with vegetarian
diet

vegetarian or vegan diet
(pooled estimates)




CVD Risk

Study design Populations Eactor Key Findings Reference group Ref
Systematic review and 7 trials of intervention with non-HDL 70.30 mmol/L (95 % C1 , | Trial control period (F. Wang et al.
meta-analysis of 11 vegan diet and 4 trials of cholesterol 1 0.10) with intervention with 2015)
intervention with vegetarian vegetarian or vegan diet
diet (pooled estimates)
Adventist Health Study 2, | 96,000 participants (7% Risk of RR 0.86 (95% CI 0.51, 1.45) | Non-vegetarian (Orlich and

a cohort study

vegan, 29.2% vegetarian)

hypertension

for vegetarians

RR 0.53 (95% CI1 0.25, 1.11)
for vegans

Adventists

Fraser 2014)

Matched cohort study

4109 Taiwanese non-
smokers

Risk of
hypertension

RR 0.72 (95% CI 0.55i 0.86)
for vegetarians

Five omnivores matched
to one vegetarian by age,
sex, and study site,

(Chuang et al.
2016)

A systematic review and
meta-analysis of
controlled clinical trials
and observational studies

Seven trials, a total of 311
participants, mean age 44.5
years; 32 observational
studies, a total of 21,604
participants, mean age, 46.6
years

Systolic blood
pressure

a reduction in mean systolic
blood pressure

(4.8mmHg; 95% CIl T 6 .

1 3.1) for vegetarian diet

Trial control period

lower mean systolic blood
pressure (1 6.9 mm; 95% ClI,
T9.1 to 14.7)
diet

Various otherwise similar
non-vegetarian
populations

(Yokoyama et al.
2014)

A systematic review and
meta-analysis of
controlled clinical trials
and observational studies

Seven trials, a total of

311 participants, mean age
44.5 years; 32 observational
studies, a total of

21,604 participants, mean

Diastolic blood
pressure

a reduction in mean diastolic
blood pressure

(12.2 mm Hg; 95% CIT 35,
1 1.0) for vegetarian diet

Trial control period

(Yokoyama et al.
2014)




Study design

Populations

CVD Risk
Factor

Key Findings

Reference group

Ref

age, 46.6 years

lower mean systolic BP (1 4.7
mm Hg; 95%1%l),
for vegetarian diet

Various otherwise similar
non-vegetarian
populations

Two prospective cohort
studies

Adventist Health Study 1
(25,698 patrticipants; ca. 50%
vegetarians) and 2 (60 903
participants;

52% vegetarians)

Prevalence of
diabetes

1.5 to 2 times lower

Non-vegetarian
Adventists

(Snowdon and
Phillips 1985;
Tonstad et al.
2009)

Systematic review and
meta-analysis of
observational studies

Twenty-seven studies with
2256 vegetarian and

2192 non-vegetarian
participants; 4 studies of
83 vegans and

125 omnivores

Blood glucose
levels

15.08mg/dL(95% CI , T

1T4.19) for veg
i16.39mg/dL(95 % CI 1
1T0.41) for veg

Various otherwise similar
non-vegetarian
populations

(Dinu et al. 2017)

Review

Two randomized clinical trials
of interventions with
vegetarian diet in diabetes
including 43 and

74 participants with diabetes

Effect on
various diabetes
markers

a greater reduction various
measures of diabetes,
including body weight, fasting
plasma glucose, HbAlc, and
hypoglycaemic medication
and greater increase in
insulin sensitivity with
vegetarian diet

Hypocaloric diet or a diet
recommended by
American Diabetes
Association

(Kahleova and
Pelikanova 2015)

Cross i sectional study

Thirty long term (O 5
vegetarians and
30 age- matched omnivores

yea

C reactive
protein (CRP)
levels

Lower CRP levels in
vegetarians (0.77 mgl/L;
(1.29), P<0.01) than in
omnivores (1.30 mg/L;
(1.38))

Matched omnivores

(Szeto, Kwok,
and Benzie 2004)




Study design

Populations

CVD Risk
Factor

Key Findings

Reference group

Ref

Randomized control trial

Forty-six healthy,
hyperlipidaemic adults
randomised to a diet low in
saturated fat and a
vegetarian diet high in plant
sterols

Effect on CRP
levels

Vegetarian diet intervention
reduced CRP levels by
28.2% (10.8%) (p = .02),
whereas control diet by 10%
(8.6%) (p = .27)

Control arm of the clinical
trial

(Jenkins et al.
2003)




However, while the main burden of CVD morbidity and mortality occurs in
adults, there is compelling evidence that CVD risk is strongly shaped by

experience at earlier ages.

3. Atherosclerosis starts in  childhood

The following sections (3.-6.) constitute a narrative literature review based on
t he p &lard rbasefl diets for children as means of improving adult
cardiometabolic healthd -authored by the PhD candidate and published in the

vol. 76(4) of Nutrition Reviews (Desmond et al. 2018).

Atherosclerosis comprises arterial lesions that are a fundamental causative
component of adult CVD. These lesions develop over time, starting with the
harmless accumulation of lipid-filled macrophages, called fatty streaks, and
progress to more advanced stages where the streaks are raised and vulnerable
to rupture, manifesting as fibrous and calcified plaques (McGill et al. 2000).
Histological studies indicate that clinically significant lesions develop from these

initially harmless changes in symptomatic individuals (Stary 2000).

It was early autopsy studies that first suggested that atherosclerosis begins
early in life. Enos et al. 1953, showed evidence of substantial coronary
atherosclerosis among autopsies of 77.3% US soldiers, average age 22 years,
killed in the Korean war. Around the same time, Holman et al. 1958,
demonstrated the existence of fatty streaks in the aortas of children as young as
3 years. Subsequently, McNamara et al.1971, reported atherosclerosis in 45%
and advanced coronary atherosclerosis in 5% of 105 autopsies of US soldiers

killed in Vietnam. More recently, the Pathobiological Determinants of
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Atherosclerosis in Youth (PDAY) study described the emergence of clinically
significant atherosclerotic lesions in a large sample of autopsied persons aged
157 34 years who died in accidents (McGill et al. 2000). Other studies reported
some degree of fatty streaks in the aorta in all 127 15 year olds (Stary 1989),
and fatty streaks in the coronary arteries in~30% of children aged 81 11 years
and 69% of 121 15 year olds (Stary 2000). The clinical significance of these
lesions depends on their anatomical site. Epidemiological studies have not
directly confirmed the link between the early presence fatty streaks in the aorta
and the occurrence of clinically significant atherosclerotic plaques in later life
(Stehbens 1990; Newman et al. 1995). However, there is a relationship
between the location of fatty streaks in the coronary arteries in children and
atherosclerotic lesions in the same site later in life (Montenegro and Eggen
1968). In non-black populations, the extent of involvement of coronary artery
with fatty streaks in youth predicts the extent of its involvement with raised
lesions in older persons. These predictions were calculated based on the
comparisons of the lesion localizations in people of different ages (McGill 1968).
In an autopsy study of coronary arteries of 565 persons aged 0 to 29 years, the
progressive transformation of fatty streaks in children's coronary arteries to a
well-advanced fibrous plaque in young adulthood was observed (Stary 1989). In
this study, by puberty, about 8%i 10% of children had evidence of more
advanced lesions and about 30% of the young adults in their twenties had well-
developed raised lesions with large extracellular lipid cores and thick
fibromuscular caps (Stary 1989). Overall, the evidence indicates that the
atherosclerotic process starts in the early years, and this emphasises the
importance of understanding the factors contributing to its variability between

individuals during childhood.
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4. Childhood precursors of adu It atherosclerosis and
clinical CVD

4.1. Direct evidence from genetic disorders altering

lipoprotein metabolism  and family history of CVD

The only direct evidence linking cardio-metabolic risk factors other than BMI in
youth (Twig et al. 2016) with overt clinical disease in adulthood comes from
genetic disorders related to high cholesterol. In homozygous familial
hypercholesterolaemia, a genetic disease whereby LDL-C clearance is
impaired, levels of this lipid fraction exceed 20.68 mmol/L already in infants. In
affected subjects, CVD events begin in the first decade of life and life span is
reduced (Expert Panel on Integrated Guidelines for Cardiovascular Health and
Risk Reduction in Children and Adolescents and National Heart, Lung, and
Blood Institute 2011). In heterozygous hypercholesterolaemia, in which LDL-C
levels usually exceed 5.17 mmol/L and total cholesterol levels exceed
6.5 mmol/L beginning in infancy, 50% of men and 25% of women experience
clinical coronary events by the age of 50 (Expert Panel on Integrated Guidelines
for Cardiovascular Health and Risk Reduction in Children and Adolescents and
National Heart, Lung, and Blood Institute 2011). Furthermore, in familial
hypertriglyceridaemia, another genetic disorder resulting in excess triglyceride
levels, childhood triglycerides (TG) independently predict CVD in the 4™

5t decade of life (Morrison, Glueck, and Wang 2012).

The substantial genetic component of CVD risk can also be seen among
children of patients suffering from premature myocardial infarction (<55 years),
who have higher levels of total cholesterol, LDL-C, TG and lower levels of HDL

cholesterol (HDL-C) than control (Kelishadi et al. 2002). Another piece of
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evidence linking childhood blood lipids with CVD risk in adulthood in the context
of genetic predisposition stems from Mendelian randomization studies. Meta-
analysis of such studies found a 54.5% (95% CI 48.8%1 59.5%) reduction in the
risk of IHD per each mmol/l reduction in LDL-C (effect size 3-fold greater than
that achieved via treatment with statins in later life) due to genetic

polymorphism, and thus relating to lifetime exposure (Ference et al. 2012).

4.2. Indirect evidence from autopsy and imaging studies

Most evidence suggesting that childhood cardiometabolic risk affects adult
arterial pathology is indirect and comes from autopsy and imaging studies
linking childhood risk factors with atherosclerosis and its surrogate markers.
The extent to which the artery surface is involved in individual children with
lesions varies; however, it is influenced by the same classical risk factors that

predict adult coronary heart disease (Stary 2000; Newman et al. 1986).

The Bogalusa Heart Study has demonstrated a strong association of BMI, SBP,
DBP and serum concentrations of total cholesterol, TG, LDL-C, and HDL-C with
vascular lesions in children and young adults on autopsy (Berenson et al.
1998). The PDAY autopsy study showed robust relationships between
atherosclerotic severity and its extent with age, noni HDL cholesterol, HDL-C,
hypertension (determined by renal artery thickness), tobacco use (thiocyanate
concentration), diabetes mellitus (glycohaemoglobin), and (in men) obesity. It
also showed that a 30 mg/dL incremental increase in non-HDL cholesterol was
equi valent to 2 ye dMcGil ebdl 20D0).arbecsaveriyranda gi n g o
extent of the lesions were positively associated with age, and increased in

association with the number of risk factors. At the same time, an absence of risk
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factors was associated with a virtual absence of advanced atherosclerotic

lesions, even in the oldest subjects in the study.

Analyses from four longitudinal cohorts (Cardiovascular Risk in Young Finns
Study, Childhood Determinants of Adult Health study, Bogalusa Heart Study,
and Muscatine Study) showed that risk factors measured at age 9 years or after
(total cholesterol, TG, blood pressure, and BMI) were predictive of elevated
cIMT in adulthood (Juonala et al. 2010), recognized as a predictive measure of
clinical coronary events in middle-aged and elderly populations (Hodis et al.
1998). Similarly, SBP, DBP, total cholesterol, LDL-C, HDL-C and smoking
status were linked to intima media thickness of the femoral artery, a surrogate
measure of coronary and peripheral atherosclerosis, in asymptomatic young
individuals in the Bogalusa Heart Study (Paul et al. 2005). Additionally, in the
Cardiovascular Risk in Young Finns Study, childhood LDL-C (O 8"0percentile),
elevated blood pressure, skin fold thickness, low HDL-C (O 2'Dpercentile), and
smoking were inversely associated with artery elasticity in adulthood (Juonala et
al. 2005), a marker of path physiological changes in the arteries relevant to the
development of atherosclerosis later in life (Oliver and Webb 2003). Increased
body size, increased blood pressure and decreased HDL-C were associated
with coronary artery calcification in young adults in the Muscatine Study

(Mahoney et al. 1996b).

Other studies have examined the relationship of isolated childhood risk factors
to various measures of atherosclerosis and CVD risk. Dietary fat quality
reflected in the serum cholesterol ester fraction in childhood was associated
with cIMT in adult women (Kaikkonen et al. 2013). Children with

hypercholesterolaemia and diabetes showed increased cIMTs compared with
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healthy controls (J2rvisalo et al. 2001) and cumulative exposure to
hyperlipidaemia in young adulthood increased subsequent risk of coronary

heart disease in a dose-dependent fashion (Navar-Boggan et al. 2015).

Other, non-diet-related risk factors like smoking (Priest et al. 2014) and physical
activity (Ried-Larsen et al. 2015) in childhood were also associated with adult

atherosclerosis in a pattern similar to that in adulthood.

Collectively, all these studies indicate that modifiable phenotypic traits in
childhood, including diet and body fatness and their correlates, are associated
with the early emergence of atherosclerotic progression to calcified plaque,
manifesting as overt cardiovascular disease in adult life. Children with fewer
cardio-metabolic risk factors show lower prevalence of atherosclerotic risk in
later life. Dietary-influenced risk factors in childhood and their relation to

atherosclerosis are summarised in Table 2.
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Table 2. Dietary -influenced risk factors in childhood and their relation to atherosclerosis

(Desmond et al. 2018) .

Study

Population

Findings

Locations
of the lesions
measured

Additional information

Reference

The Bogalusa Heart

Autopsies on 204 young

A strong association of

Coronary arteries,

The association between

(Berenson et

Atherosclerosis in Youth
(PDAY) study

severity/extent with age,
noni HDL cholesterol, HDL-
C, hypertension, tobacco
use, diabetes mellitus, and
(in men) obesity on autopsy

coronary artery,
right coronary
artery, and
abdominal aorta

associated with age and
with number of risk factors.

Study subjects 2 to 39 years BMI, SBP, DBP and serum | aorta less advanced lesions (fatty | al. 1998)
concentrations of total streaks) and more
cholesterol, TG, LDL-C, advanced ones (fibrous
and HDL-C with vascular plaques) was much
lesions in children and stronger in the coronary
young adults on autopsy arteries than in the aorta
The Pathobiological >3000 autopsies of persons 15 Strong relationships Left anterior Severity and extent of (R. M. Lauer,
Determinants of to 34 years between atherosclerotic descending lesions positively Burns, and

Daniels 2006)

4 longitudinal cohorts
(Cardiovascular Risk in
Young Finns Study,
Childhood Determinants
of Adult Health study,
Bogalusa Heart Study,
and Muscatine Study)

4380 members of 4 prospective
cohorts with cardiovascular risk
factor data from childhood (3 to
18 years) and intima media
thickness (IMT) in adulthood
(20 to 45 years)

Risk factors at 9+ years
(total cholesterol, TG, blood
pressure, and BMI) were
predictive of elevated
carotid IMT in adulthood

Carotid IMT

The associations with risk
factors measured at age

3 years and 6 years were
weaker and nonsignificant.

(Juonala et al.
2010)

The Bogalusa Heart
Study

1080 black and white subjects
(2471 43 years; 71% white, 43%
male); individuals in the top
(n=54) versus bottom fifth
(n=54) percentiles distribution of
femoral IMT were compared for
traditional cardiovascular risk
factors profile

SBP, DBP, total
cholesterol, LDL-C, HDL- C
and smoking status were
linked to IMT of the femoral
artery

Femoral artery
IMT

(Paul et al.
2005)




Study

Population

Findings

Locations
of the lesions
measured

Additional information

Reference

The Cardiovascular Risk
in Young Finns Study

2255 healthy white adults aged
24 to 39 years who had risk
factor data available since
childhood

Childhood LDL cholesterol
80t h percent
blood pressure, skinfold
thickness, low HDL
cholesterol (02 0t h
percentile), and smoking
were inversely associated
with artery elasticity in
adulthood

Carotid artery
elasticity
comprising carotid
artery
compliance,
Young's elastic
modulus, and
stiffness index

Associations remained
highly significant after
adjustment for the number
of risk factors identified in
adulthood

(Juonala et al.
2005)

The Muscatine Study

384 subjects (197 men, 187
women) who had coronary risk
factors measured in childhood
(mean age 15 years) and twice
during young adult life (mean
ages 27 and 33 years)

Increased body size,
increased blood pressure
and decreased HDL-C
were associated with
coronary artery calcification
in young adults

(Mahoney et
al. 1996b)

Cross-sectional study

88 children(aged 11N2

children with
hypercholesterolaemia and
diabetes showed increased
IMTs compared with
healthy controls

Aortic and carotid
IMT

(J2rvisalo et
al. 2001)

Abbreviations: BMI, body mass index; SBP, systolic blood

HDL cholesterol

pressure; DBP, diastolic blood pressure; TG, triglycerides; LDL-C, LDL cholesterol; HDL-C,




5. Tracking of childhood CVD risk factors and their

determinant s into adulthood

Cardio-metabolic risk factors in childhood deserve attention not only because of
their association with atherosclerosis in adulthood, but also because there is
evidence that they themselves track (i.e. persist) into adult life, therefore
generating a cumulative impact on the disease process. Evidence for tracking is
strongest for obesity, with childhood BMI levels predictive of adult obesity
(Srinivasan et al. 1996). A systematic review of 13 prospective or retrospective
longitudinal studies published after 2001 showed that the risk of an overweight
child becoming an overweight adult is at least twice as high compared with
normal-weight children and it is even higher for obese children (Singh et al.
2008). This could be due both to the direct tracking of body composition, and
also due to the tracking of obesity-related behaviours 1 such as physical
inactivity and unhealthy diets i between childhood and adulthood (Craigie et al.

2011).

Correlation coefficients for cholesterol tracking are in the range of 0.4 and have
been reported consistently in numerous studies examining children as young as
5 to 10 years of age and their lipid levels 20 to 30 years later (Expert Panel on
Integrated Guidelines for Cardiovascular Health and Risk Reduction in Children
and Adolescents and National Heart, Lung, and Blood Institute 2011). In the
Muscatine Study, 75% of children aged 57 10 years who had total cholesterol
concentrations greater than the 90th percentile at baseline had total cholesterol
concentrations of >200 mg/dL in their early 20s (Lauer, Lee, and Clarke 1988;
Lauer and Clarke 1990). In the Bogalusa Heart Study, approximately 50% of

those children who had total cholesterol levels or LDL-C levels above the 75th
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percentile at baseline remained elevated 12 years later (Webber et al. 1991). In
the same study, adverse glucose levels in childhood not only persisted into
adulthood but also predicted adult pre-diabetes and type 2 diabetes (Nguyen
and Berenson 2010). In a retrospective cohort study of 1058 normoglycaemic,
37 pre-diabetic, and 25 type-2 diabetic adults aged 19i 39 years followed on
average for 17 years since childhood, at least 50% of the individuals who
ranked in the top childhood quintile for glucose, insulin, and homeostatic model
of assessment (HOMA) of insulin resistance maintained their high rank by being
above the 60th percentile in adulthood (Nguyen and Berenson 2010). Elevated
blood pressure in youth predicts adult hypertension, and a systematic review
and meta-analysis of 50 cohort studies reported a degree of tracking, with
correlation coefficients of 0.38 for SBP and 0.28 for DBP (Chen and Wang
2008). Significant tracking of CRP levels was observed between childhood and
adulthood in a cohort of 1,617 subjects, aged 3 to 18 years at baseline and re-
examined at 24 to 39 years. The age-and sex-specific correlations were the
highest in the group aged 18 years at baseline (r=0.47 in females, r=0.32 in

males) (Juonala et al. 2006).

Of particular relevance to this thesis, diet itself, one of the strongest correlates
of cardiometabolic risk, also tracks from childhood into adulthood. The
Cardiovascular Risk in Young Finns Study, a prospective cohort study with
21-year follow-up, reported some level of tracking of dietary patterns between
childhood until adulthood (Mi k ki | 2 e {The &rdcking ®a8 Bighést for the
lowest and highest quintile of the dietary pattern score and for older children
(adolescents), and thus 301 42% and 271 41% of subjects originally belonging to

the extreme quintile of the energy-adjusted pattern scores persisted in the same
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quintile 6 and 21 years later, respectively. Similarly, a review of studies
published between 2003 and 2013 reported moderate level of tracking for a
range of eating behaviours (e.g. food preferences, dietary variety, dietary
intake, eating habits) measured before 10 years of age and reassessed in

adulthood (Nicklaus and Remy 2013).

6. The significance of primordial prevention

The considerable gains made in reducing CVD mortality rates since the 1970s
through risk factor reductions and better treatment of the disease are
increasingly challenged by adverse trends in obesity and diabetes (IOM, Fuster,
and Kelly 2010; Capewell and Buchan 2012). Better treatment strategies are
not expected to offset these adverse trends (Emberson et al. 2004; Capewell et
al. 2010), and would increase exponentially the medical costs, given the ageing
of most populations. Moreover, they only reduce, but do not eliminate, the risk

of CVD (Bibbins-Domingo et al. 2016; Gosmanova and Kovesdy 2015).

Therefore, risk factor reduction strategies are critical for reducing the CVD
burden. Numerous modelling studies have estimated that population-wide risk

factor reductions can bring substantial decreases of CVD burden (O6 F|1 aher t y
al. 2016; Hughes et al. 2015; Scholes et al. 2013; Huffman et al. 2013), even

taking into account current trends of obesity and diabetes. It has also been

shown that mortality trends respond very rapidly to changes in risk factors at the
population level (Capewel | and OOo0Givera tompelting evi2ldhdel )
that the atherosclerotic process starts in childhood, and is linked to well-defined,
modifiable risk factors that track into adulthood, there is increasing recognition

that primordial prevention, i.e. avoiding the development of risk factors before
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the disease onset, should be embraced as a major component of global CVD

prevention policies (Tanrikulu, Agirbasli, and Berenson 2016). This is an

approach through which favorable patterns for all lifestyle and all major lifestyle-

related risk factors can be promoted from conception throughout childhood.

Those patterns can then potentially be maintained into adulthood (Lauer, Burns,

and Daniels 2006). The concept of primordial prevention is strongly backed by

data. Two prospective studies from the late 1960s and 1970s i the Chicago

Heart Association Detection Project in Industry Study (Stamler et al. 1993)

(n = 8,816), and the Multiple Risk Factor Intervention Trial Study (@ Mu |l t i pl e Ri sk
Factor Intervention Trial. Risk Factor Changes and Mortality Results. Multiple

Ri sk Factor I ntervention (i+ 12866) TIRshosvedar c h Gr o u
that favorable levels of all readily-measured major CVD risk factors in young

adulthood (TC <5.17 mmol/L; SBP O 1 2 Oand BMB<P5.@kg/@?) lead

to considerably reduced CVD mortality rates (761 89% for men and 601 67%

lower in women) and substantial increases in life expectancy (8i 12 years

longer).

So far, CVD prevention strategies targeting early life have primarily been
focused on tackling childhood obesity, though success rates are poor (Colquitt
et al. 2016; Christie et al. 2017). Interest has also focused on factors like birth
weight (Wang et al. 2014) and early catch-up growth (Jain and Singhal 2012),
though some of these traits are difficult to target through interventions, due to
the need to change maternal physiology. We know, however, from the
Cardiovascular Risk in Young Finns Study, Childhood Determinants of Adult
Health study, Bogalusa Heart Study, and Muscatine Study, that other classical
CVD risk factors relate to adult atherosclerosis independently from BMI

(Juonala et al. 2010), and would therefore benefit from additional interventions.
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For example, recent evidence from the US suggests that up to 1/3 of pre-
pubertal children with normal weight have abnormal lipid levels (Seery et al.
2014), and that the prevalence of hypertension in the paediatric population has
been increasing (Din-Dzietham et al. 2007). Therefore, interventions effectively
targeting all classical risk factors in young people could potentially play a key

role in preventive strategies.

If one was to link the two components of this literature review i that adults
consuming plant-based diets have lower CVD risk, and that cardio-metabolic
risk tracks from childhood into adulthood i a new testable hypothesis can be
put forward: namely that plant-based diet in childhood could promote cardio-
metabolic health in adults, and thereby reduce CVD and promote longevity and

health.

7. Plant based diets in children and cardio  -metabolic
health

Diet in children appears to be one of the strongest determinants of their CVD
risk factors (Laitinen et al. 2013a). The few available studies in this area
suggest that healthy childhood dietary patterns are also associated with lower
adulthood CVD risk and vascular markers of subclinical atherosclerosis
(Kai kkonen, Mi kkil @&, and Rai t.dMksacouild duz0 1 4 ;
to the fact that childhood diets show some degree of tracking into adulthood

Mi kkil & et al. 2005; . Nickl aus and Remy 2

Intakes particularly of plant foods (vegetables, fruits and fibre) and

polyunsaturated fatty acids have shown protective effects (Kai kk onen, Mi |
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and Raitakari 2014; Dahm et al. 2016). Vegan and vegetarian children have
lower rates of overweight and obesity (Sabat ® awn2010)Whare their
omnivorous peers. Preliminary evidence suggests that they have lower
cholesterol levels (Ruy s and Hi cki e 1976, Yen et al
Kersting, and Alexy 2017) and higher antioxidant status in the blood
(KrajcoKudbg8&8kov§ e.t Thew Iconsumek 9nfoik ) fruits and
vegetables than their omnivore counterparts (Nathan, Hackett, and Kirby 1996a,;
al-Dlaigan, Shaw, and Smith 2001). Moreover, a recent trial showed that an
intervention with low-fat vegan diet was more effective at reducing CVD risk
factors in obese and hypercholesterolaemic children aged 9 to 18 years old
than with the American Heart Association (AHA) recommended diet. Children
assigned to the vegan intervention had more significant reductions in CVD risk
factors from baseline: BMI z-score (i 0.14), systolic SBP (1 6.43 mm Hg), total
cholesterol (122.5 mg/dL), LDL-C (113.14 mg/dL), high sensitivity CRP
(1 2.09 mg/L), insulin (1 5.42uU/ml), myeloperoxidase (1 75.34 pmol/L), mid-arm

circumference (1 2.02 cm), weight (1 3.05 kg); whereas the significant reductions

in the AHA group were noted only for the last 3 risk factors (69.23p mo | / L, 1T 1. 55
cm, T1.14 kg respectivel(2p6canMMackwmetalt ci r c umf e
2015).

Therefore, vegetarian and vegan children might have a better CVD risk profile
than omnivore children, and if the diet and risk profile were to track into
adulthood, plant-based diets in paediatric populations, through their effects on
blood biochemistry, other cardiovascular risk factors and establishing healthy
eating patterns, could offer an effective strategy of CVD primordial prevention.
This would present a novel opportunity to promote a healthy childhood

trajectory towards cardiovascular health (see Figure2) (Desmond et al. 2018).
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Figure 2. Potential direct and indirect mec  hanisms through which plant -based diets in

children could benefit cardiometabolic health in adults (Desmond et al. 2018) .
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8. The rationale for the choice of CVD risk factors

assessed in this study

Previous sections of this chapter reviewed substantial evidence linking plant-
based diets and better cardiometabolic health profile. Based on the reviewed
literature, | hypothesize that the diet composition of vegetarian, and especially
vegan children, is likely to affect numerous parameters of CVD risk differently
from that of omnivore children. However, the corresponding evidence, as
reviewed in subsequent sections, is sparse. Therefore, the CVD risk profile of
this group merits comprehensive scrutiny. This section outlines the rationale for
the choice of the parameters used in this study to assess the potential
differences in the CVD risk factor profile in the studied children. Additionally, it
discusses the importance of childhood physical activity in improving

cardiometabolic health, as well as other aspects of body composition, which
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needs to be measured along with other markers of CVD risk in order to

understand the effects of the diet alone.

8.1. Body fatness

Body composition, which entails information on lean mass and body fatness, is a
fundamental index of health in children. It is strictly linked to dietary practices and
predicts numerous health outcomes, foremostly cardiovascular disease risk.
Body mass index is the most commonly studied measure of body fatness,
including among the paediatric population (Weber, Leonard, and Zemel 2012).
Elevated BMI is a well-established risk factor for adverse cardiovascular risk
profile in children. A systematic review and meta-analysis of 63 studies including
49,220 children found that BMI-categorized overweight, and especially obesity, is
linked to increased blood pressure, dyslipidaemia, hyperinsulinaemia, insulin
resistance and larger left ventricular mass in school aged children (Friedemann et
al. 2012). In the Avon Longitudinal Study of Parents and Children, a one standard
deviation (SD) greater BMI at age 91 12 years was associated with higher SBP,
higher concentration of triglycerides, LDL cholesterol, low concentrations of HDL
cholesterol, and higher concentration of insulin at age 15i16 years (The
Emerging Risk Factors Collaboration et al. 2010). The associations of
cardiovascular risk factors with body fatness measured with techniques other
than BMI T waist circumference, and fat mass (measured by DXA) 1 were of
comparable strength, and all the body fatness measures were strongly correlated
with each other. In obese children aged 7i 11 years, visceral adipose tissue mass
measured with magnetic resonance imaging, explained a significant proportion of
the variance in lipid abnormalities (Owens et al. 1998). In a cross-sectional study

of 1,432 children aged 12 years, both high BMI and large waist circumference
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were associated with higher blood pressure levels and adverse cholesterol

concentrations (Bekkers et al. 2012).

Associations of increased body fatness in childhood and adverse cardiovascular
risk profile in adulthood are less clear. A systematic review and meta-analysis
of, respectively, 21 and 23 longitudinal studies, that collected childhood
exposure and adult outcomes within individuals over time, suggested that
childhood obesity is positively associated with adult SBP and DBP, triglyceride
levels, and negatively associated with adult HDL cholesterol. However, these
associations were nullified in studies that adjusted for adult BMI, suggesting that
adult BMI may be a key potential mediator. The authors concluded that
childhood obesity may increase the risk of adverse adult CVD risk factor profile,
although higher-quality studies with the aim to isolate the effect of childhood
obesity independent of adult BMI, are needed to confirm this assertion (Umer et
al. 2017). However, higher BMI in childhood, even when well within the range
currently considered normal, might increase adult coronary artery disease risk,
independent of adult BMI (Tirosh et al. 2011). This suggests that the adverse
processes leading to cardiovascular disease related to excess body fat may

originate in childhood.

8.2. Blood | ipids

Autopsy studies discussed in the previous sections established that the extent
of plagues in the aorta and coronary arteries correlated positively with total
cholesterol, LDL cholesterol and noni HDL cholesterol, and negatively with HDL
cholesterol levels (McGill et al. 2000) in children and young adults. Elevated

childhood LDL cholesterol and decreased HDL cholesterol predict cIMT and

61



adult coronary artery calcification, surrogate measures of atherosclerosis (Davis
et al. 2001; Mahoney et al. 1996b, 1996a). Diet has a profound effect on blood
lipids levels (Grundy and Denke 1990), even in genetic conditions affecting their

metabolism (Connor and Connor 1993).

8.3. Inflammation (CRP)

CRP is an acute-phase protein and non-specific marker of inflammation,
produced predominantly in hepatocytes. Elevated high sensitivity C-reactive
protein (hs-CRP) is an independent predictor of subsequent cardiovascular
disease and myocardial infarction in adults (A. Wang et al. 2017). Hs-CRP is
significantly elevated in children and adolescents with excess weight as
compared to normal-weight individuals (Kitsios et al. 2013). Children with
numerous CVD risk factors (hypercholesterolaemia, hypertension, obesity, low
HDL cholesterol and familial history of coronary artery disease (CAD)) had
significantly higher serum levels of hs-CRP compared to the control group
(Guran et al. 2007). A study of 70 healthy children found a significant
association between hs-CRP levels and cIMT as well as impaired brachial
artery flow-mediated dilatation, a marker of disturbed endothelial function
Ja@rvisalo e fThis asuggests2a0 @l Yof elevated CRP in early

atherosclerosis.

Foods can have anti- and pro-inflammatory potential and thus modulate low-
grade inflammation affecting inflammatory markers levels, including CRP.
A high score of the dietary inflammation index was positively associated with
hs-CRP levels in 97 10 year old obese children (Lazarou et al. 2010). In another

study, among adolescents with obesity-induced higher hs-CRP levels, a higher
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frequency of vegetable/legume intake, foods with anti-inflammatory potential,

was inversely related to this marker (Cabral et al. 2018).

8.4. Insulin resistance

In insulin resistance (IR) a given concentration of insulin produces an
inadequate (less-than-expected) biological effect. This results in increased
insulin secretion to maintain normal glucose and lipid homeostasis. The
consequences of this pathological state include hyperglycaemia, hypertension,
dyslipidaemia, visceral adiposity, hyperuricemia, elevated inflammatory
markers, endothelial dysfunction, and a prothrombic state. In adults, IR can lead
to a development of cardiovascular disease, as metabolic changes induced by
IR lead to atherosclerotic plaque formation (Ormazabal et al. 2018). IR in
children is associated with obesity and correlates with prevalence of the
components of the metabolic syndrome (increased blood pressure, increased
waist circumference, increased triglyceride levels, low levels HDL-C). Therefore
a higher cardiovascular risk is predicted among children with IR (J Yar-le&p ez et
al. 2010). Childhood IR and hyperinsulinaemia are positively associated with
blood pressure (BP), independent of adiposity and age (Arslanian and
Suprasongsin 1996), and predict future BP in adolescents (Taittonen et al.
1996). IR is closely linked to dietary habits. According to the consensus of all
the major scientific societies in paediatric endocrinology, IR results from obesity
induced by increased energy intake (Levy-Marchal et al. 2010). Alternative
explanations exist and suggest that IR results from excessive sugar intake
which leads to metabolic modifications that induce chronic weight gain and
depress physical activity. Therefore, obesity is, in this scenario, the

conseqguence rather than the cause of IR (Lustig 2008; Wells and Siervo 2011).

63



Nonetheless, in both explanations the dietary component plays a central role in
the IR aetiology. This is confirmed by the preliminary data on paediatric IR T
cross-sectional studies in children suggest that other than excess calorie
supply, selected dietary characteristics, like high saturated fat and sweetened
beverages intake, may be associated with alterations in insulin sensitivity and

secretion (Weigensberg et al. 2005).

8.5. Insulin -like growth factor 1

Insulin-like growth factor 1 (IGF-1) is a nutritionally regulated peptide and serum
levels are positively affected by animal protein intake (especially dairy protein)
(Crowe et al. 2009; Hoppe et al. 2004). The IGF-1 system has been implicated
in cardiovascular risk (Laughlin et al. 2004; Higashi et al. 2019). The biological
effects of IGF-1 are modulated by IGF-binding proteins (IGFBPs 1-6) (Higashi
et al. 2019). The ratio of IGF-1 to IGFBP-3 is considered to reflect the
bioavailability of IGF-1 for target tissues, and the higher it is, the greater are its
effects (Le Roith 1997). Low levels of IGF-1 in adults are linked to greater risk of
cardiovascular morbidity (Juul et al. 2002) and mortality (Laughlin et al. 2004).
Less understood is the relationship between childhood IGF-1 and adult CVD
risk. Higher childhood IGF-1 is linked to earlier menarche, which may increase
future risk of obesity J uonal a et al . 2010; Laitinen, Powe
Pierce and Leon 2005) diabetes (Lakshman et al. 2008), and metabolic
syndrome (Frontini, Srinivasan, and Berenson 2003). On the other hand,
studies have shown that childhood IGF-1 is positively associated with stature
(Alberti et al. 2011). Findings from the Boyd-Orr cohort (n = 2642) suggest that
childhood stature is inversely associated with CVD morbidity and premature

mortality in adulthood (Whitley et al. 2009), which is consistent with similar
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findings on adults (McCarron et al. 2002; Rosenbush and Parker 2014).
Childhood diets might program IGF-1 levels long-term. Observational studies
(Larnkjaer et al . 20009; Lar nkj jalongwkhfal gaar
randomized control trial (Ben-Shlomo et al. 2005), suggest that early childhood
milk intake can increase IGF-1 in the short term, with a contrasting, lowering
effect in adulthood. In this case, early accelerated growth would be associated
with lower life course IGF levels and this may be one of the biological pathways
linking early growth with CVD, as suggested by Lucas (Singhal and Lucas

2004).

8.6. Carotid intima media thickness

Thickening of the artery wall is a hallmark of atherosclerosis I ygar den 201"
In adults, ultrasound measurement of carotid cIMT is an accepted, validated,
non-invasive method used to assess the extent of atherosclerosis and CAD risk
(Touboul 2014). Changes in cIMT are known to parallel atherosclerotic changes
in coronary arteries. Increased cIMT is significantly related to other adult
cardiovascular risk factors. CIMT is also an accepted method for assessment of
vascular atherosclerotic alterations and surrogate marker for cardiovascular risk
in children (Doyon, Kracht, Bayazit, Deveci, Duzova, Krmar, Litwin, Niemirska,
Oguz, Schmidt, S°zeri, Querfeld, Me | k, S
Dalla Pozza et al. 2015). Higher cIMT has been observed in children with
hypercholesterolaemia, insulin resistance, hypertension, type 1 diabetes and
metabolic syndrome along with obesity (Urbina et al. 2009), however a recent
systematic review found the association with obesity to be significant only in

adolescents (Park et al. 2015).
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8.7. Physical activity

Inactivity and different levels of physical activity intensity have been recognised
to exert their health effects independently and are now usually measured

separately in studies (Talarico and Janssen 2018).

Regular physical activity during childhood decreases the risk of overweight and
obesity (Janz et al. 2009; Hills, Andersen, and Byrne 2011; Hong et al. 2016),
promotes muscular fithess, bone health and improves cardiometabolic health
biomarkers (Janssen and LeBlanc 2010). Sedentary behaviours, usually
measured as screen-time, are linked to increased adiposity, unhealthy food
intake along with other health harms (Stiglic and Viner 2019). Sedentary
behaviours track in childhood (Janz, Burns, and Levy 2005), physical activity

tracts from childhood to adulthood (Raitakan et al. 1994; Telama 2009).

Both moderate and vigorous activity as well as inactivity impact on overweight
and obesity risk in children (Janssen and LeBlanc 2010; Chaput et al. 2018).
Sedentary behaviour might induce overweight and obesity independently of the
effects of more vigorous activity (Tremblay et al. 2011), through its association
with other behaviours that promote excess weight gain, rather than merely
through a reduction in energy expenditure (Wolf et al. 1993; Stiglic and Viner

2019).

Systematic review of the health benefits of physical activity in childhood indicated
that as little as 10 minutes of moderate-to-high impact activity performed on as
few as 2 or 3 days a week can have a modest effect on bone mineral density
when combined with more general weight bearing aerobic activities like jogging

or play (Janssen and LeBlanc 2010). Inactivity in children is also linked to worse
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CVD risk factor profile (Tremblay et al. 2011) and physical activity is linked to a
better profile in childhood (Proudfoot et al. 2019; Andersen et al. 2006) and
young adulthood (Raitakan et al. 1994). The CVD risk factor improving effects of
physical activity are primarily linked to its capacity to improve the regulation of
glucose and fat oxidation (Kuhl et al. 2006; Kiens 2006). Its impairment,
otherwise called metabolic inflexibility, might lead to insulin resistance through
excess lipid accumulation in non-adipose tissues like skeletal muscle, which

impair insulin signalling (Corpeleijn, Saris, and Blaak 2009).

All the above discussed health parameters influenced in children by activity
levels, namely T body composition, bone strength (as discussed in the following
section) and cardiovascular risk profile, might be affected in children both by
exercise and also by plant-based diets. Vegetarians and vegans may differ from
the omnivores in their exercise habits (Key et al. 1999), hence their activity

levels need thorough examination.

9. Safety of vegetarian diets in childhood

The discussion of potential benefits of plant-based diets in childhood would be
incomplete without considering their potential risks. Vegetarian and especially
vegan diets restrict whole food groups, and therefore lead to reduced intake of
several nutrients along with energy (S ¢ h ¢annnKersting, and Alexy 2017).
This is of particular importance in children, whose nutrient and energy needs
are higher in relation to body weight than in adults. Deficiency of energy and
micronutrients during growth and development might exert negative impact on

health that can last into adulthood (Sawaya et al. 2005; Martins et al. 2011).
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Despite growing interest in vegetarian diets, comprehensive data on their health
effects in children are still lacking. The existing studies are very heterogeneous
in terms of design and other aspects of methodology, with predominantly small
sample sizes, different definitions of vegetarianism and lack of control groups.
There are no informative studies on vegan children. Therefore, the current state
of knowledge is insufficient to thoroughly assess the safety of vegetarian or

vegan diets in children in developed countries.

The sparsity of evidence contributes to inconsistencies between medical and

nutrition organizationsd sof mdatdreeedetssn r egar di n

childhood. While the American Academy of Pediatrics (Kleinman and American
Academy of Pediatrics Committee on Nutrition 2009), British Dietetic
Association (BDA 2017a) and the US Academy of Nutrition and Dietetics
(Melina, Craig, and Levin 2016b) all assert that vegetarian and vegan diets, if
planned appropriately, can be healthy and nutritionally adequate at all ages, the
Polish Consultant for Paediatrics (Re g u § a , tReBéldlan Royal Academy of
Medicine (Belgique 2019), the Committee of Human Nutrition Science of Polish
Academy of Sciences (WNdo §ows k a and2 thd SGerman  Nutrition
Association (Die Deutsc he Gesel | schaft dopgotrecemmeddhr ung
vegan diets in children, due to the higher risk of nutrient deficiencies. The

endorsement statements exist despite a sparsity of data on vegan children. This

chapter summarizes all the available data from industrialised countries.

The following sections constitute a review of the literature based on the
selection criteria used by the recent systematic r evi ew of &ah ¢ ,r mann
2017. | used the MEDLINE database to search for relevant studies in English

and German until 6th November 2014 from industrialized countries only. The
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keywords used were as follows: vegetarian OR vegan AND infant OR infancy
OR child OR adolescent OR pregnant OR pregnancy OR breastfeeding OR
breastfed. Since then, | identified 5 additional studies using the same search
criteria excluding keywords relating to pregnancy and included them in this

review.

9.1. Characteristics of published studies so far

In 2017, a systematic review (Sc h ¢ r mann, Ker st i nojstudiesnd Al
on vegetarian and vegan children was published. It included 24 observational
studies of healthy children from industrialized countries, and excluded studies
on macrobiotic diets, as these constitute a special kind of pescatarian diet

(including fish) (Soare et al. 2016).

The studies from the review date from 1981 to 2013. Since then, 5 studies have
been published in industrialized countries, so this chapter will summarize the
methodologies and findings from the total 29 studies published between 1981

and September 2019.

The study design was mainly cross-sectional, with 8 prospective studies
(Sanders 1988; Sievers et al. 1991; Nathan, Hackett, and Kirby 1996b, 1997a;
Tayl or , Redwort h, and Morgan 2004; Ki ssi
al. 1991; Harris et al. 1981). The majority of research on vegetarian children has
been conducted in Central Europe (n = 16) (Laskowska-Klita et al. 2011;
Sievers et al. 1991; Krajcovicova-Kudlackova et al. 1997; Hebbelinck, Clarys,
and De Malsche 1999; Ambroszkiewicz, Laskowska-Klita, and Klemarczyk
2003; Ambroszkiewicz et al. 2006, 2007; Jadwiga Ambroszkiewicz et al. 2011;

KrajcoKKudbgg8kovsg et al . 1997; Gorczyca
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2013; Ambroszkiewicz et al. 2017; Ambroszkiewicz, Chegc howsk a,
Szamotul ska, et al . 2018a; Ambr osalki ewi ¢z, (
2018; Weder et al. 2019a; Ambroszkiewicz et al. 2019); 4 in the UK (Sanders

1988; Nathan, Hackett, and Kirby 1996b, 1997b; Taylor, Redworth, and Morgan

2004), the majority in Poland (11).

Eight studies were undertaken in the USA (Harris et al. 1981; Kissinger and

Sanchez 1987; 00Connel!]l et al . 1989; Lombard
J Sabat ®, LI orca, and S8nchez 19éh2and Per sky et
Sabat ® addrmadkt)of them, apar t from the study of 006 C
conducted among the Seventh-day Adventist (SDA). SDAs are a Christian

religious denomination, in which numerous members follow a vegetarian diet

and general health principles (e.g. abstinence from alcohol, tobacco, and

caffeinated beverages), as advocated by the church. Fourteen of the articles

were published after 2000 7 11 Polish, 1 American, 1 British, and 1 German

study. Ten articles were published in the 1990s (1 German, 2 British, 2 Slovak,

1 Belgian and 4 US studies), and the remaining five in the 1980s (4 US studies,

1 British). The age range of children spanned from O to 18years; three studies

(Sievers et al. 1991; Taylor, Redworth, and Morgan 2004; Weder et al. 2019a)

included only infants and/or toddlers.

Participants were recruited either from previous studies, or from vegetarian
institutions and websites devoted to vegetarianism or veganism, or through
advertisements in health food stores, vegetarian communities, media or social
media. Most Polish studies selected their participants from a group of
consecutive patients seeking dietary counselling in the Department of Nutrition

at the Institute of Mother and Child in Warsaw (Poland), where the studies took
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place (Ambroszkiewicz et al. 2017). Study samples of vegetarian or vegan

children were usually relatively small, with fewer than 100 children (Table 4),

though four studies examined 2501 400 participants (O6 Connel | et al
Sabat® et al . 1991, Weder et Salbat ®02D4d;1
Joan Sabat® et al . 1 9 h(0five sthidees that provided a |

information on family characteristics, socioeconomic status (SES) and/or
educational attainment were described as high, although exact data were not
given (Sanders 1988; Nathan, Hackett, and Kirby 1996b, 1997a; Taylor,
Redwort h, and Morgemn 200419088Co Srbthdt ® et
latest German study (Weder et al. 2019a), the family characteristics were
measured by an index combining three scores of social status (education,
profession, total net household income). The majority (over 70%) of study

participants had the highest combined score.

Dietary assessment methods included food frequency questionnaires (FFQ) (11
studies), food records (10 studies), weighed records (3), or interviews (24-hour
recalls (24HR)) (3). Only three studies focused on vegan diets (Sanders 1988;
O6Connel | et al . 1 9 8The veg¥taridneand/oevegarastatus 2 0 1 9
of participants was categorised in various ways. Some studies included no
information on how they categorised children, for example it is not known how
many vegetarians were included in the study of Harris et al (Harris et al. 1981),
or how many vegans were studied in one of the very few, but widely cited,
studies on vegan children 7 the Farm Study (O 6 Q@mell et al. 1989). Some
studies classified their participants in dietary groups based on several 24HRs
administered over a long period (Kissinger and Sanchez 1987), others collected

single food records with no long-term dietary habits ascertainment (Sanders
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1988). In a few studies details on the dietary assessment method, on which the
categorisation was based, were entirely lacking (Krajcovicova-Kudlackova et al.
1997; Ambroszkiewicz et al. 2006). Few publications provided very detailed
information on both short and long T term dietary assessment methods
(Ambroszkiewicz et al. 2017). Some studies classified as vegetarians or vegans
children who followed the diet for at least 1 year (Gorczyca et al. 2011), others
only accepted children who had followed t hi s di et f(Hebbelif2k,
Clarys, and De Malsche 1999). Nathan et al. 1996 defined vegetarian diet as
one including fish, and therefore s o me o f t h e chidveer ig this study
were eating on average 5 g of fish a day. The details of dietary categorisation
criteria of vegans and vegetarians in the published studies are described below,

in Table 3.
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Table 3. Dietary categorisation criteria of vegans and

vegetarians and ascertainment of dietary data

in the published studies

Study

Study objective

Dietary categorisation criteria and a  scertainment of dietary data

(Harris et al. 1981)

To establish the distribution of Blood Pressure Levels of
SDA and Non-SDA Children.

No details given on the percentage of vegetarians among the
participants of the study.

(Kissinger and
Sanchez 1987)

To establish the relationship between dietary factors and
the age of menarche.

24HRs were administered at school to girls at 21 4 unannounced times
during the school year to establish vegetarian status, those who
reported no meat intake, were categorised as vegetarians.

(Sanders 1988)

To study growth and development of children born of
vegan mothers and reared on a vegan diet, studied
longitudinally.

7-day weighed food diary was collected, no information on
ascertainment of long i term vegan status other than declaration.

(Lombard et al. 1989)

To measure plasma carnitine concentrations and urinary
carnitine excretion in adults and children consuming
vegan, vegetarian or mixed diet.

FFQ was administered to study participants. Vegans i those who did not
consume meat and consumed dairy < 1 a month; vegetarians i those
consuming meat less than once per month but consuming dairy
products at least twice per week; omnivores-those consuming meat at
least twice per week with no restriction on dairy. Subjects with diets that
did not conform to one of these categories were excluded.

(O6Connel |l
1989)

To examine the effects of a vegetarian diet on child growth
in height and weight of 404vegetarian (mainly vegan)
children who lived in a collective community.

Dietary data in the form of modified food frequencies was provided in
health surveys (collected twice in three years before the study), and one
dietary history administered just before the study. The children were
classified as omnivore (nonvegetarian), lacto-ovo-vegetarian, or vegan
for each year based on the amount of eggs, dairy products, and meats
reported in their diets. Some members of the vegan community
introduced dairy and eggs into their diet before the study took place,
however no exact details on the numbers were provided.

(Sabat ® et

{ To analyse height and weight data obtained from a 2-year

longitudinal survey of 2272 children aged 6 through
18 years who were attending public schools
or SDA schools in southern California.

No data on the number of vegetarians, instead frequency data of meat
consumption per month were provided.




Study

Study objective

Dietary categorisation criteria and a  scertainment of dietary data

(Sabat ® et { Toexamine attained height of vegetarian children and Non-quantitative FFQ was used to collect the frequency of 6principal
adolescents. food groups. This was compared to data from one 24HR and based on
this a child consuming meat less than once per week was considered
vegetarian.
(Sabat ®, L I ¢ To examine the association between vegetarian life-styles | Methodology the sameasin(Sabat ® et. al 1991)
S8nchez 19 9] andheightof children during preadolescencei age 11 to

12 years.

(Sievers et al. 1991)

To examine iron status in vegetarian infants.

Article in German, | was not able to retrieve full text and hence detailed
information on methodology.

(Persky et al. 1992)

To explore hormonal differences among teenage girls
whose nutritional intakes indicate varying risk of breast
cancer, specifically girls who consume vegetarian or
nonvegetarian diets.

The participants filled in a health questionnaire, including a question on
vegetarian status. They also completed a 3-day food record.

(Nathan, Hackett, and
Kirby 1996b)

To assess dietary intake of vegetarian children.

Criteria for inclusion: the child had to follow a vegetarian diet for at least
3 months. A vegetarian diet was defined as one that may include dairy
products, eggs and fish, but not meat or meat products; diet was
assessed using a 3-day dietary diary and interview. Children were asked
to fill in a pocket-sized diary on three occasions at 6-month intervals.

23 out of 50 studied vegetarian children regularly consumed fish, on
average 5 g a day.

(Nathan, Hackett, and
Kirby 1997b)

To assess the ability of a meat free diet to support normal
growth of children.

Methodology the same as in (Nathan, Hackett, and Kirby 1996a).

(Krajcovicova-
Kudlackova et al.
1997)

To examine plasma fatty acid profile of healthy
vegetarians.

The span of duration of vegetarian diet in studied children was
11 7 years, on average i 3.85 years. Dietary status was ascertained by
means of dietetic questionnaires (no further details were provided).




Study

Study objective

Dietary categorisation criteria and a  scertainment of dietary data

(Krajcowvico)
Kudl §ckov§
1997)

To evaluate the health and nutritional status of children
with two different nutritional habits (vegetarian and
omnivore).

Article in German, | was not able to retrieve full text and hence detailed
information on methodology. Information from the abstract: an average
period of vegetarianism duration i 2.8 years.

(Hebbelinck, Clarys,
and De Malsche 1999)

To assess average daily dietary intakes of energy in
vegetarian children and to determine their height and
weight; triceps, suprailiac, and calf skinfold thicknesses;
puberty ratings;.and physic

The childrenhadtof ol | ow a di et

was obtained using a 7-dayFFQ.

vegetarian

(Ambroszkiewicz,
Laskowska-Klita, and
Klemarczyk 2003)

To investigate serum concentration of osteocalcin and
leptin in prepubertal children with two different nutritional
habits: vegetarian and omnivorous diet.

Article in Polish, | was not able to retrieve full text and hence detailed
information on methodology. Information from the abstract: the children
were divided into vegetarian and omnivores groups. Requested full text.

(Taylor, Redworth,
and Morgan 2004)

To determine whether iron and micronutrient status is
improved with an increased amount of meat in the diet
among infants.

7-day weighed food intake diaries were recorded when the infants were
aged 4, 8, 12, 16, 20, and 24 months. No meat consumption was
equivalent to vegetarian status classification.

(Ambroszkiewicz et al.
2006)

To assess the effect of vegetarian diets on serum
concentrations of homocysteine, folate, vitamin B12 and
total antioxidant status in children.

In the studied group there were:

T lacto-ovo-vegetarians (n=21), who did not consume meat, poultry or
fish, but ate eggs and dairy products,

T lacto-vegetarians (n=1), who excluded eggs,

T ovo-vegetarians (n=5), who ate eggs, but excluded milk products,

T vegans (n=5), who excluded all foods of animal origin.

No information was provided how this data was ascertained.

(Ambroszkiewicz et al.
2007)

To investigate the serum concentrations of biochemical
bone turnover markers in prepubertal vegetarian children.

In the studied group there were 28 lacto-ovo-vegetarians (did not
consume meat, poultry, fish, but ate eggs and dairy products), 4 lacto-
vegetarians (excluded eggs),5 ovo-vegetarians (excluded milk products,
but ate eggs) and13 vegans (excluded all foods of animal origin). Dietary
data were assessed by questionnaire. No further details were provided.




Study

Study objective

Dietary categorisation criteria and a  scertainment of dietary data

(Ambroszkiewicz et al.
2011)

To investigate associations between serum
adipocytokines status and anthropometric parameters as
well as total energy and macronutrient intake in
vegetarian, normal weight omnivorous and obese
omnivorous children.

In the studied group, there were 15 lacto-ovo-vegetarians (did not
consume meat, poultry, fish, but ate eggs and dairy products), 2 lacto-
vegetarians (excluded eggs, but ate milk products), 9 ovo-vegetarians
(excluded milk products, but ate eggs) and 4 vegans (excluded all foods
of animal origin). Dietary constituents were assessed by questionnaire
(nutrient intake from a 3-day period: 2 weekdays and 1 weekend day).

(Laskowska-Klita et
al. 2011)

To assess the intake and serum status of vitamin B12,
folate, vitamins A, E and D, as well as concentrations of
homocysteine, total antioxidant status and iron balance in
Polish vegetarian children.

In this group there were:

T lacto-ovo-vegetarians (n=21), who did not consume meat, poultry or
fish, but had no restrictions to eggs and dairy products consumption,
I lacto-vegetarians (n=1), who also excluded eggs,

T ovo-vegetarians (n=5), who had no restrictions to eggs, but excluded
milk products,

T vegans (n=5), who excluded all foods of animal origin.

(Gorczyca et al. 2011)

This study aimed to study an effect of vegetarian diet on
lipid profile in serum in a group of Polish children in
Poland and to investigate lipid parameters in healthy
vegetarian children and in omnivorous children with
diagnosed atopic disease.

The inclusion criteria of vegetarian group were: the child had followed a
vegetarian diet for a minimum of 1 year. The classification of diet group
and duration of adherence to vegetarian diet types was based on the
qualifying questions from an FFQ. Subjects who reported that they ate
meat were classified as omnivores. Subjects who reported that they did
not eat meat but ate fish were classified as semi-vegetarians. Children
who reported that they did not eat meat or fish but ate dairy products
were classified as lacto-vegetarians, those eating eggs were classified
as ovo-vegetarians, and those eating dairy products and eggs as lacto-
ovo-vegetarians. Those who reported that they did not eat any food of
animal origin were classified as vegans.

(V. Matthews, Wien,
and Sabat®

To investigate the association between the risk of
overweight and the consumption of food groups in children
and adolescents.

Same methodologyasin(Sabat ® et. al 1991)

(Gorczyca et al. 2013)

To examine the effect of iron intake on iron status in
vegetarian children.

Same methodology as in (Gorczyca et al. 2011).




Study

Study objective

Dietary categorisation criteria and a  scertainment of dietary data

(Ambroszkiewicz et al.
2017)

To assess the effect of a vegetarian diet on iron
metabolism parameters.

Dietary constituent data were assessed by questionnaire and a 10-day
food diary. They had been previously been advised by the nutritionist on
how to do it correctly. The diary was checked by the nutritionist in the
presence of the child and parent. When necessary, the food diary was
corrected by the nutritionist during the visit. Out of the 10 days in the
record, three consecutive days (two weekdays and one weekend day)
were selected for analysis of nutritional intake. No further details
provided.

(Ambroszkiewicz,
Chedgchowska
Rowicka, et al. 2018)

The aim of the study was to assess serum adipokine
profile in prepubertal vegetarian and omnivorous children.

The same methodology as in (Ambroszkiewicz et al. 2017).

(Ambroszkiewicz,
Chegchowska
Szamotulska, et al.
2018b)

The aim was to evaluate serum levels of bone metabolism
markers and to analyse the relationships between
biochemical bone markers and anthropometric parameters
in children consuming vegetarian and omnivorous diets.

The same methodology as in (Ambroszkiewicz et al. 2017).

(Ambroszkiewicz et al.
2019)

To assess body composition, bone mineral density, bone
turnover markers and adipokine levels in relation to
vegetarian and omnivorous diets.

The same methodology as in (Ambroszkiewicz et al. 2017).

(Weder et al. 2019b)

The VeChi Diet Study examined the energy and
macronutrient intake as well as the anthropometrics of
vegetarian, vegan and omnivorous children in Germany,
17 3 years old.

A 3-day weighed dietary record assessed dietary intake, and an online
questionnaire assessed lifestyle, body weight (BW), and height.
Vegetarians ate no meat, sausage, fish, but ate dairy products and/or
eggs; vegans ate no meat, sausage, fish, dairy products, or eggs;
omnivorous ate meat and/or sausage and/or fish.

Abbreviations: SDA, Seventh Day Adventist; FFQ, Food Frequency Questionnaire; 24HR: 24-hour- recall.




Below is the summary of the findings divided into different health parameters.

9.2. Dietary data

Most studies of vegetarian and vegan children assessed their dietary intake.

Sanders et al. 1988, collected dietary data by 7-day weighed dietary record

from 39 vegans (117 years). Their total energy intake was up to 300 kcal/d

below the national reference value. Protein and fat amounted to 10% and 30%

of energy intake, respectively. The intake of calcium was 52%, iron was 142%,

vitamin B12 including supplementation constituted 280% of the reference

(although those not supplementing had lower intakes). Vitamin D3 intake was

below the reference, but no further details were provided. The studies

conducted in the 1990s, examined the diets of vegetarians only. Sabat ® et al
1991, assessed the diets of SDA 283 vegetarians (7118 years) by food

frequency questionnaire, and found this group to be consuming more fruit,
vegetabl es, starchy foods and vegetabl e prote
InastudybySi evers E, D°rner K, HvagstariarGnfantsiani sch C
were consuming vegetarian baby food fortified with whey protein in jars. Persky

et al. 1992, measured dietary intake of 35 SDA girls and 40 omnivores (aged

151 17 years) by 3-day food records. In comparison to omnivores, vegetarians

stated consuming less fat (33.7 versus 39.7% of total energy), saturated fat

(12.3 versus 15.5%), and protein (13.0 versus 15.1%), cholesterol (203.8

versus 302.0 mg), sucrose, caffeine and more unsaturated fat (13.6 versus

10.9 g), thiamine, riboflavin, starch, iron, and fibre. Three-day dietary records
administered by Nathan et al. 1996, to 50 vegetarians (7i 11 years) and 50

omnivores, revealed higher consumption of vegetarian ready-meals, cereals

rich in dietary fibre, milk products and less soft drinks by vegetarians than

78



omnivores. The same study reported similar fruits and vegetable intake among
the two dietary groups. In terms of nutrients, the omnivores consumed
significantly more protein, but both groups met the recommendations.
Vegetarians had a similar carbohydrate intake but ingested less sugar,
saturated and monounsaturated fat and more polyunsaturated fat and fibre.
There was no difference between groups in the overall fat intake, although the
omnivores in the study consumed less fat than the national average. The
calcium intake of the vegetarians was significantly higher than that of the
omnivores, but both groups met the national recommendations. There was no
difference in iron intake, but zinc intake of the vegetarians was lower than that
of the omnivores and both groups had average intakes below
recommendations. The consumption of total retinol equivalents between the two
groups was similar and both met the recommendations. The vegetarians,
however, consumed more carotene. Their diets contained higher amounts of
vitamins E, D, folic acid and thiamine, but there was no difference in the mean
vitamin C intakes. Krajcovicova-Kudlackova et al. 1997, reported lower total fat
and cholesterol consumption and increased content of vegetable oils in the diet
of 32 vegetarians (age 11i 15 years) compared to 19 omnivores. Based on a 7-
day food-frequency questionnaire, Hebbelinck, Clarys, and De Malsche 1999,
concluded that energy intake was considerably lower than the mean reference
data in all vegetarian subjects studied (n=38, age 61 17 years). Ambroszkiewicz,
Laskowska-Klita, and Klemarczyk 2003, reported similar total energy, protein
and carbohydrate intake of vegetarians (n=23, 2i 10 years) in comparison to 26
omnivores, but lower intake of fat and higher intake of fibre and polyunsaturated
fatty acids. Based on a 7-day food diary, Taylor, Redworth, and Morgan 2004,

found significantly higher iron intakes in vegetarian infants than in omnivores. In
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2006, Ambroszkiewicz et al., assessed dietary intakes of 32 vegetarian children
(age 21 10, including 5 vegans), and concluded that their total energy intake,
protein, carbohydrate, fat and vitamin B12 were within recommendations, apart
from 9 subjects (including all the vegans) who did not meet vitamin B12 intake
guidelines. A year later, the same group of researchers assessed nutrient intake
of 50 vegetarians (aged 2i 10 years) and 50 omnivores (Ambroszkiewicz et al.
2007) with a dietary questionnaire. Mean total energy intake and the percentage
of energy from protein, fat and from carbohydrates were similar in both groups
and met the recommendat i esmBcalciumhvere belenget ari ans?o
the recommended range and adequate in omnivores; vitamin D intake was
about two-fold lower than in omnivores. In a study by Ambroszkiewicz et al.
2011, the nutritional intake was assessed by a 3-day food record among 30
vegetarians (41 10 years) and 60 omnivores. The vegetarian diet did not differ in
terms of dietary energy, carbohydrates and fat intake in comparison to that of
the omnivorous children. Similar findings regarding macronutrients were
reported by Laskowska-Klita et al. 2011, among 32 vegetarians and 18
omnivores (21 10 years), apart from that of carbohydrates which exceeded, and
fat, that was below the r ecommendati ons. I n this study
intake of vitamin B12 was in the reference range, however in 28% of studied
group it was inadequate. Moreover, vitamin A and folate intake were 200% and
160% of the reference values respectively. Vitamin E intake was at the lowest
recommended level and vitamin D3 was three times lower than the reference

values.

Gorczyca et al. 2013, analysed 7-day food records of 24 vegetarians (2i 18

years) and 16 omnivores. Intakes of energy, protein and iron were similar in
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both groups, whereas dietary vitamin C levels were higher among vegetarians.
In the four recent studies by Ambroszkiewicz et al. (Ambroszkiewicz et al. 2017,
Ambroszkiewicz, Chegchowska, Szamotul ska
Chegchowska, R o w;iAmlkraszkiewect et @.12019) thé dieB of the
studied vegetarians was analysed by a 3-day food record. There were no
differences in daily energy intake and macronutrient intakes were within
recommended daily intake. However, the percentage of energy from protein
was significantly lower and from carbohydrates higher in vegetarians than in
omnivores. The vegetarians ingested similar amounts of iron and significantly
more vitamin C than the omnivores. Additionally, the dietary intake of fibre and
magnesium were higher in vegetarians compared with omnivores. Additionally,
in Ambroszki ewi cz, Chegchowska,ony3%nmbt ul s
vegetarians and 64% of omnivores met the recommended daily intakes for
calcium and 38% of vegetarians and 45% of omnivores for vitamin D.
Furthermore, the vegetarian children had significantly lower intakes of
vitamin B12 compared with omnivores. In a recent German study of 1i 3-year-
old vegetarian, vegan and omnivore toddlers (Weder et al. 2019b), diet was
assessed by a 3-day weighed dietary record. After adjustment for confounders
(age, sex, breast-milk intake, socioeconomic status, weight-for-height z-score,
energy intake, paternal BMI, and season) omnivore children had the highest
intake of total protein, total fat and added sugars. In contrast, vegan children

consumed more carbohydrates and fibre.

These published studies broadly reveal the following patterns of nutrient intake
of vegetarians in comparison to omnivores: lower (however normal) protein,
lower vitamin B12 (if unsupplemented), vitamin D, zinc, fat (including saturated

fat), cholesterol and sugar intake; lower or similar energy and calcium intakes;
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higher intakes of carbohydrates, iron, polyunsaturated fatty acids (PUFA), fibre,
vitamin C, magnesium, folate, and beta carotene. Vegetarians seem to
consume more fruit, vegetables, starchy foods, plant oils and less junk foods.
Nearly half of the publications including nutrient intakes of vegetarian and vegan
children come from 1980-ties and 1990-t i e s , when chil dr
might have differed. Yet, food and nutrient intakes seem similar in studies
published in the previous decades and the most recent studies. There is not

enough data to conclude on the consumption patterns of vegans.

9.3. Body composition

The body composition techniques used in the studies on vegetarian and vegan
children were simple anthropometric measurements apart from the recent
Polish studies, which additionally used DXA (Ambroszkiewicz et al. 2011,
Ambr oszki ewi c za, Szainbtelska; letoalv 2418b; Ambroszkiewicz,
Chegchowska, Rowi cka, et al . 2 h h@ two
studies assessing the health of vegan children, 1i 10 years old, by (Sanders
1988, 39 vegans, UK) and (O6 Connel | ,e404 vegktariand ickiding
undefined number of vegans, USA), heights, weights (UK study), weight for age
and height for age (US study) were within the normal range, although they
tended to be below the 50th percentile. These two studies did not include an
omnivore reference group. In a recent study of German omnivore (n=164),
vegetarian (n=127) and vegan (n=139) toddlers, 1i 3 years old (Weder et al.
2019a), median weight-for-height, height-for-age, and weight-for-age z-scores
did not differ significantly between the groups, however a higher proportion of

vegan children (3.6%), compared to vegetarians (2.4%) and omnivores (0%)
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were categorised as stunted according to the WHO growth standards. The

corresponding figures for wasting were 3.6%, 0%, 0.6%.

In the early 1990s three studies were conducted among Californian Seven Day
Adventist in the US. The first one by Sabat ® et, loekéd.at atten8dl
height of vegetarian children and adolescents (n=283) attending Californian
SDA schools and their non-vegetarian counterparts from public schools
(n=895). It found that all diet groups were on average above the 50" percentile
of the National Center for Health Statistics growth references. Additionally, the
SDA 7i 18-year-old vegetarian children were taller than controls (1.8 cm and 1.9
cm taller for boys and girls respectively). In a sub-analysis from the same cohort
of schoolgirls aged 111 12 years (n =95) , Sabat ®, LI orca,

reported that mean height was 2.5 cm lower for vegetarians compared to
controls. The authors attributed this difference to a different pattern of
maturation of vegetarians, rather than stunting. Similarly, in a prospective study
of 35 US SDA vegetarian girls and 40 omnivore counterparts aged 15i 17 years
by Persky et al. 1992, vegetarians were on average 5 cm shorter and 2.3 kg
lighter than nonvegetarians. In the studies conducted in the late 1990ties in
Slovakia, the UK and Belgium (Kr aj co-Kiudb § 8 k o v § , Hathaneet
al. 1997, Hebbelinck, Clarys, and De Malsche 1999) vegetarians were on
average lighter and/or leaner. The height was similar or lower than that of the
omnivores, although in the UK study that defined vegetarians as those who also
consume fish, both vegetarians and omnivores lay close to the 50th percentiles

for both height and weight.

In the Polish studies by Ambroszkiewicz et al., and Gorczyca et al. 2011

conducted between 2003 and 2019 on prepubertal vegetarians, no significant
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differences in BMI or BMI z-scores, body weight, height, were reported,
however vegetarians tended to have lower fat mass and lower fat/lean ratio

measured by DXA.

The results of all studies are summarised in Table 4.
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Table 4 Body composition of vegetarian and vegan

children based on the available data

Study Study design ; objective Population Control Group Findings
(Sanders 1988), UK. | Longitudinal; growth and 39 life-long vegan none Heights, weights, head and chest circumference
development of vegan children, no measurements within normal range for the majority of
children. information on children; girls tended to be below the 50th percentile for
gender, aged 17 7. weight, the boys, for both height and weight.
(O6Connel | | Crossisectional; the effects of | 404 children, a high none The height-for-age and weight-for-age data were less
1989), USA. a vegetarian diet proportion of vegans than the median of the reference population for most
; ; (no further details), 4 ages. The differences in height-for-age z-score between
\?vr;iCh”d growth, height and months to 10 years The Farm and the reference population were significant
ght data. . ;
old, mean age ca. 6 for ages 5 years and younger; the greatest differences
years, living in a were seen at ages 1 to 3 years; the height- for-age
commune OT differences not significant for ages O5 years. The Farm
Far mo. weight- for-age data were slightly less than those of the
reference population for most ages. The differences
between The Farm and the reference population were
greater for the height-for-age indicator than for the
weight-for-age indicator.
(Sabat ® et, | Longitudinal;to obtain height 1090SDA children 1182 public The mean height and weight were at or above national
USA. and weight data from children | from SDA schools, school children. | reference values in each school. SDA school boys were
of different diets and lifestyles. | aged 61 18years with 1.6 cm taller than public schoolboys; there were no
lower (varied) meat significant differences in height for girls. After controlling
consumption than for height, boys and girls in the SDA schools were found
the control group; to be leaner by, 1.27 and 1.16 kg respectively.
542 boys.
(Sabat ® et, |Cross-sectional; to examine 870 SDA children, 1765 children, All school and diet groups were above the 50™ percentile
USA. the relationship between diet including 283 from public of the national reference. On average, the SDA
and attained height. vegetarians, aged schools. vegetarian children were taller than controls:1.8 and
71 18; 427 boys. 1.9 cm taller, boys and girls respectively.




Study

Study design ; objective

Population

Control Group

Findings

(Sievers et al.
1991), Germany.

Longitudinal; to examine iron
status in infants on vegetarian
diets.

13 vegetarian
infants, 4i 12
months, 7 boys, 6
girls.

14 omnivores

Vegetarian weight and height within the reference rage
and similar to omnivores.

(Sabat ®, LI
S8§nchez, 19
USA.

Crossi sectional; to report the
association between
vegetarian life-styles and
height of children during
preadolescence.

Subset A: 95
vegetarians (or
children eating meat
less than once a day)
117 12years
attending SDA
schools; 49 boys;
Subset B: 27SDA
children, 14 boys.

Subset

A:107 children
attending public
schools.
Subset B:

101 omnivore
children from
public schools;
46 boys.

SDA girls had 2.5 cm lower mean height than that of their
public-school counterparts (Sample A). Sample B: mean
height of SDA girls was 3 cm lower.

(Persky et al. 1992),
USA.

Longitudinal; to explore
hormonal differences among
teenage girls on vegetarian or
nonvegetarian diets.

35 SDA vegetarians,
15i 17 years.

40
nonvegetarians

Vegetarian girls were an average of 2 inches shorter and
5 b lighter than nonvegetarian girls.

(Nathan, Hackett,
and Kirby 1997h),
UK.

Longitudinal; to assess the
ability of a meat free diet to
support normal growth of
children.

50 vegetarians
(including

23 consuming fish on
a regular basis),

71 11 years, 21 boys.

50 omnivores
matched for
age, Sex.

A tendency for the vegetarians to be leaner than the
omnivores (not significant at the 5% level);both the
vegetarian and omnivorous groups lay close to the 50th
percentiles for both height and weight at the base and
follow-up measurement. On average, all measurements
(initial and final) of upper mid-arm circumference and
mid-arm muscle circumference, BMI and skinfolds of the
vegetarians were slightly lower than those of the
omnivores. The vegetarian children grew in height slightly
more than the omnivorous children.




Study

Study design ; objective

Population

Control Group

Findings

(Krajco-vi cd
Kudl §ckovs§
1997), Slovakia.

Crossi sectional; to evaluate
the health and nutritional
status of children with two
different nutritional habits.

26 vegetarians, age
117 14, 11 boys.

32 omnivores

Vegetari ans 6 we ikgldwer, height semilae

in both groups.

(Krajcovicova-
Kudlackova et al.
1997), Slovakia.

Crossi sectional; to examine
plasma profile of fatty acids.

32 vegetarians
(including 7 vegans),
117 15 years old,

15 boys.

19 omnivores

The weights and heights were comparable; however,
vegans were lighter and shorter.

(Hebbelinck, Clarys,
and De Malsche
1999), Belgium.

Crossi sectional; to assess
average daily dietary intakes of
energy and to determine

height and weight; triceps,
suprailiac, and calf skinfold
thicknesses; puberty ratings;
and physi amohg yt
children on vegetarian diets.

38vegetarians, group
A:

61 9-year-old girls
(n=9);

61 11-year-old boys
(n=9); adolescents
(group B:

107 15-year-old girls
(n=10), and

12i 17-year-old boys,
(n=10).

Reference data
from a recent
representative
study- stratified
random sample
of 2837, of

61 18-year-old
Flemish youth.

The vegetarian adolescents (group B), had significantly
lower body weights and BMIs than the reference means;
adolescent boys were 8.5 cm smaller than the reference
mean. There were no differences in children (group A)
with regard to height and weight. The skinfold thickness
at all sites were lower in all age groups.

(Ambroszkiewicz,
Laskowska-Kilita,
and Klemarczyk
2003), Poland.

Cross-sectional; examination
of osteocalcin and leptin blood
concentrations in vegetarian
children.

23 vegetarian
children (including 8
vegans), 2i 10 years,
12 boys.

26 omnivores.

BMI of vegetarians similar to omnivores.

(Ambroszkiewicz et
al. 2007), Poland.

Cross-sectional; the aim of this
study was to investigate the
serum concentrations of
biochemical bone turnover
markers in prepubertal
vegetarian children.

50 vegetarians, aged
21 10 years, 27 boys.

50 omnivorous
children, 25
boys.

Vegetarian had similar average BMI (1 5 . 6 N1 .24s k
omnivores (1 6. ON1 .93 kg/ m




Study

Study design ; objective

Population

Control Group

Findings

(Ambroszkiewicz et
al. 2011), Poland.

Crossi sectional; to investigate
associations between serum
adipocytokines status and
anthropometric parameters as
well as total energy and
macronutrient intake in
vegetarian, normal weight
omnivorous and obese
omnivorous children.

30 vegetarian
children (including
4 vegans),

47 10 years, 12 boys.

30 normal-
weight
omnivores

There were no significant differences in body weight,
height, BMI and lean mass values (the latter measured
by DXA) between vegetarians and normal-weight
omnivores. Children on vegetarian diet had lower fat
mass (measured by DXA) and fat mass/lean mass ratio
than normal-weight omnivores.

(Gorczyca et al.
2011), Poland.

Crossi sectional; to study an
effect of vegetarian diet on
lipid profile in serum in children
in Poland and to investigate
lipid parameters in healthy
vegetarian children and in
omnivorous children with
diagnosed atopic disease.

24 children of both
sexes, aged from 2
to 18 years, 6 boys.

18 omnivores

Vegetarians® height

(Matthews, Wien,
and
USA.

Sabat ®

Crossi sectional; to examine
the association between the
risk for overweight and the
frequency of consumption

of7 food groups in children and
adolescents.

870 SDA children
with lower but
variable levels of
meat intake from
SDA schools, 894
omnivore children,
61 18 years old,
879 boys.

none

Specific plant-based food groups were inversely related
to overweight

among children and adolescents whereas dairy intake
was associated with an increased risk of overweight.

(Ambroszkiewicz et
al. 2017), Poland.

Crossi sectional; to assess the
effect of vegetarian diet on iron
metabolism parameters.

43 vegetarians, age
range 4.51 9.0 years

46 omnivores

No significant differences in weight, height, and BMI
between vegetarian and omnivorous children.

and we




Study

Study design ; objective

Population

Control Group

Findings

(Ambroszkiewicz,
Chedgchowsk
Rowicka, et al.
2018), Poland.

Crossi sectional; to assess
serum adipokine profile

in prepubertal vegetarian and
omnivorous children.

62 vegetarians, 5 to
10 years,54.8% male

55 omnivores,
aged 5to 10
years, were
studied, 49.1%
male

Both groups were similar in weight, height, BMI, lean and
fat mass (measured by DXA) The mean values of LMI
were similar in both, but FMI was significantly lower in the
vegetarians.

(Ambroszkiewicz,
Chedgchowsk
Szamotulska, et al.
2018a), Poland.

Crossi sectional; to evaluate
serum levels of bone
metabolism markers and to
analyze the relationships
between biochemical bone
markers and anthropometric
parameters in children on
vegetarian and omnivorous
diets.

70 vegetarians, age
range 51 10 years.

60 omnivores,
age range 5i 10
years.

Body composition, BMC, BMD were assessed by DXA.
Both groups of children were similar weight, height, BMI.
Mean values of fat mass, lean mass, the ratio of fat/lean
mass and total and spine BMC as well and total and
lumbar spine BMD were comparable in vegetarians and
omnivores.

(Ambroszkiewicz et
al. 2019), Poland.

Crossi sectional; to assess
body composition, bone
mineral density, bone turnover
markers and adipokine levels
in relation to vegetarian and
omnivorous diets.

53 vegetarians, age
5i 10 years.

53 omnivores

The growth and development of all children was normal,
there were no significant differences in weight, height,
BMI and BMI z-score. However, vegetarians had lower
percentage of fat mass and ratio of fat to lean mass
(assessed by DXA).

(Weder et al.
2019a), Germany

Crossi sectional; to examine
the energy and macronutrient
intake as well as the
anthropometrics of 430 vegan,
vegetarian and omnivorous
children, 1i 3 years.

127 vegetarians, 139
vegans

164 omnivores

There were no significant differences in median weight-for-
height, height-for-age, and weight-for-age z-scores
between the groups. A slightly higher percentage of
vegans (3.6%), compared with vegetarians (2.4%) and
omnivores (0%) were classified as stunted, whereas 3.6%
of vegans and 0.6% of omnivores were classified as
wasted (0% vegetarians). In contrast, a higher percentage
of omnivores (23.2%) than vegetarians (18.1%) and
vegans (18.0%) were classified as overweight or at
possible risk of overweight.

Abbreviations: SDA, Seventh Day Adventist; BMI, body mass index; BMD, bone mineral density; BMC, bone mineral content; LMI, lean mass index; FMI, fat mass index.




Overall, children following meat-free diets were either similar, or somewhat
below, the national or omnivore group reference in terms of height, weight, BMI,

fat mass, lean mass and skinfold measures.

9.4. Bone status

Bone status of vegetarian children in industrialized countries has only been
studied by the group of Polish researchers from the Institute of Mother and Child
in Warsaw. In 2003, Ambroszkiewicz et al., examined serum osteocalcin and
leptin concentrations of 23 vegetarian children and 26 omnivores, aged 2i 10
years. The group included 8 vegan subjects. Osteocalcin and leptin
concentrations were 12% and 45% lower in vegetarians. Osteocalcin is a protein
produced by bone-forming cell osteoblasts. It is regarded as a marker of bone
formation, involved more in the process of mineralization rather than bone matrix
creation. Concentrations correlate well with histological measures of bone
formation rates (Cundy, Reid, and Grey 2014). Leptin, a fat-cell adipokine, has
been previously regarded as mainly responsible for energy balance and appetite.
However, its effects on bone metabolism have recently been increasingly
researched (Upadhyay, Farr, and Mantzoros 2015). The leptin receptor is found
in osteoblasts and chondrocytes, which suggests direct effects of leptin on bone
growth and metabolism (Driessler and Baldock 2010). Studies have also shown
that leptin may impact bone growth indirectly, through the activation of numerous
hormones and growth factors, including osteocalcin (Tsuji et al. 2010; Ferron and
Lacombe 2014). The total effect of leptin on bone might be dependent on its
serum concentrations (Ci r manov 8 e.tin harhans, stat® & )caloric
restriction and resulting low serum leptin, have been associated with low bone

mass (Hamrick 2007). Leptin therapy has a normalizing effect on bone density of
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hypoleptinaemic subjects (Foo, Hamnvik, and Mantzoros 2012). At the same
time, a Mendelian randomization study, using SNPs strongly associated with
leptin levels, found that higher levels were associated with lower lumbar spine

bone mineral density (BMD) (Meng et al. 2019).

In 2007, Ambroszkiewicz et al., examined additional blood markers of bone
formation in 50 vegetarian children (age 2i 10, including 13 vegans) and
compared them to 50 healthy omnivores in the same age range. The markers
studied were osteocalcin, bone alkaline phosphatase (BALP) i markers of bone
formation; and products of osteoclast activity T collagen type | terminal
telopeptide (CTX) i as a marker of bone resorption. These are considered
useful in the clinical investigation of bone turnover in children (Szulc, Seeman,
and Delmas 2000). Vegetarians had lower serum concentrations of osteocalcin,
BALP and CTX by about 20%, 10% and 15%, respectively. The authors
concluded that inadequate intake of calcium and vitamin D3 (also investigated
in this study, discussed below) may retard relevant bone growth and
development. In 2018 (Ambr osz ki ewi ¢z, Chegchowska,
2018a), assessed bone mineral content (BMC), and BMD by dual-energy X-ray
absorptiometry, along with BALP, CTX and additional cytokines influencing the
balance between osteoblast and osteoclast activity (osteoprotegerin, nuclear
factor kB ligand (RANKL), sclerostin, and Dickkopf-related protein 1 (Dkk-1))
among 70 prepubertal children on a lacto-ovo-vegetarian diet and 60
omnivorous controls. Vegetarians had significantly higher levels of BALP and
CTX-l, and slightly lower spine BMC and BMD, whereas the cytokine
concentrations were comparable among groups. The authors concluded that

vegetarians had a higher rate of bone turnover and subtle changes in bone
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regulatory markers (CTX), which may protect vegetarians from bone
abnormalities. In 2019, the same group of researchers (Ambroszkiewicz et al.
2019) examined 53 vegetarian and 53 omnivorous prepubertal healthy children
matched for age and sex (median age 7.0 years). They measured BMD by
DXA, along with 25-hydroxy vitamin D, parathormone levels and carboxy-
terminal propeptide of type | collagen (marker of bone formation), total
osteocalcin (and its carboxylated (c-OC) and undercarboxylated (uc-OC)
forms), CTX and leptin. Total BMD and lumbar spine BMD z-score were lower
in vegetarians compared with omnivores, along with serum leptin level which
was about 2 times lower (1.39 vs. 2.94 ng/mL, p < 0.001). Vegetarians had
similar 25-hydroxy vitamin D, but higher parathormone concentrations. The rest

of the studied bone metabolism markers did not differ between the groups.

The existing data suggest altered bone metabolism and lower bone mass in
vegetarian than in omnivore children. However, none of these studies adjusted
for bone size, which is recommended when using DXA among children with
potentially different growth and maturation patterns and thus bone size

(Fewtrell 2003). This concept is expanded on in the next section.

9.5. CVD risk factors

Harris et al. 1981, detected no difference in blood pressure between two large
groups of children, 3159 from SDA schools and 4681 from non-SDA schools.
Although the SDA group had lower meat intake, no information on the exact
number of vegetarians were given. Nathan et al. 1996, reported similar mean
cholesterol levels of studied 50 vegetarians (71 11 years old) and 50 omnivores.

Twenty-three of the children classified as vegetarian in this study habitually
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consumed fish. Inastudy by Kr aj co-Kudb§&kov § ,tetal and ILDL
cholesterol was lower in vegetarians (n=26, 11i 14 years) than in omnivores
(n=32), whereas the HDL cholesterol and triglycerides concentrations were
comparable. Ambroszkiewicz et al. 2006, reported total, LDL-, HDL cholesterol
and triglycerides within the healthy range in a group of 32 vegetarians (including
5 vegans) aged 2i 10 years old. This study did not involve an omnivore reference
group. In another study by Ambroszkiewicz et al. 2011, vegetarian children
(n=30, age 4i10 years) had significantly lower total, LDL cholesterol and
triglycerides than omnivores (n=60). There was no difference in HDL cholesterol
between dietary groups. In 2017, Ambroszkiewicz et al., reported lower level of

CRP in vegetarians (n = 43, age 4.51 9 years) than omnivores (n=46).

The available data suggest either comparable or more favourable lipid profiles
in vegetarian children than in their omnivore counterparts. No representative

data exist in this area in vegans.

9.6. Micronutrient status

Only about 2/3 of the available studies (n=18) measured blood biomarkers, and

only 13 assessed those related to nutrition status.

Lombard et al. 1989, studied 32 vegetarians and 25 vegans (age 3i 17 years)
and found no significant differences in protein nutritional status as judged by
serum concentrations of total protein and albumin. Sievers et al. 1991, found
blood iron status measured by serum haemoglobin (Hgb), haematocrit (Ht), red
blood cell count and ferritin to be similar in 13 vegetarian infants and 14 in the
omnivore control group. Nathan, Hackett, and Kirby 1996, found that

haemoglobin concentrations were significantly lower in 50, 7i11-year-old
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vegetarians (mean 118.6 mg/L) than in 50 omnivores (mean 124.1 mg/L).
KrajcoXudb@&8&kov§8 edportedlsignificar@lp [dwer erythrocyte
number as well as reduced levels of haemoglobin (135.4 g/L in vegetarians,
142.0 g/L in omnivores), and serum iron in vegetarians aged 11i 14 years (n=
26) compared to omnivores (n=32). The average level of iron in vegetarians did
not reach the lower limit of the physiological range and hyposiderinaemia was
found in 58% of vegetarians vs 9% of omnivores(mean serum iron 16. 0 On
in vegetar i an somnirs). The hodercé df hypoalbuminaemia
and hypoproteinaemia in vegetarian children was 38% and 12%, respectively,

compared to 0% in the omnivore reference group.

Taylor, Redworth, and Morgan 2004, studied 20 vegetarian infants and toddlers

(0i 24 months) and 178 omnivore counterparts. Meat consumption was not

associated with markers of iron status except at 12 months of age, when the

percentage of infants with low serum iron was inversely related to dietary meat

intake. Ambroszkiewicz et al. 2006, reported normal serum homocysteine, folate,

vitamin B12 levels in 32 vegetarian children (including 5 vegans), aged

21 10 years old. This study did not include an omnivore reference group. In 2007,

Ambroszkiewicz et al., analysed the sera of another sample of 50 children on

vegetarian diets aged 2i 10 years. The concentration of 25-hydroxyvitamin D was

nearly 2-fold lower compared with a group of 50 omnivores. Laskowska i Klita et

al. 2011, reported physiological serum concentrations of vitamin B12 (548 pg/ml),

folate (12.8 ng/ml), vitamin A (1 . 2 O mo lvitamip E @56 mol /1) among 32
vegetarians @ged 6. 5N4. 2 year shydroxHatamenvie (13.7 t heir 25
Og/ L) was onl vy hal f of t h e vdlue.wSnsldr [ i mit 0

homocysteine levels (6.13 Gmol/L vs 5.45 Gmol/L) and vitamin A (1,17 Gmol/L vs
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1.32 Gmol/L) were observed in comparison to 18 omnivores (a g e d 7.

years), however the levels of vitamin E were lower. Concentrations of iron,
ferritin, transferrin and total iron-binding capacity in vegetarians were in the
physiological range. Gorczyca et al. 2013, studied 22 vegetarians aged from 2 to
18 years and 18 omnivores. The prevalence of iron deficiency measured by
serum ferritin levels was higher in the vegetarian group. Mean corpuscular

volume in the vegetarians was also found to be lower than in the omnivores.

Ambroszkiewicz et al. 2017, measured serum iron, ferritin, transferrin, and
hepcidin and soluble transferrin receptor (sTfR) in 43 prepubertal vegetarian
children (age range 4.51 9.0 years) and 46 omnivores. Hepcidin is a small
peptide involved in iron homeostasis. Lower levels of hepcidin allow increased
iron absorption from diet and its mobilization from bodily stores, while higher
levels inhibit this pathway (Ganz 2015). STfRis a marker of iron status. Its
concentrations are negatively correlated with intracellular iron levels and they
are less affected by inflammation, and more sensitive to erythropoietic activity.
All parameters were within the reference range in both groups of children,
however, ferritin and hepcidin concentrations were markedly lower in
vegetarians, whereas sTfR concentrations were significantly higher compared
with omnivorous children. The authors concluded elevated sTfR concentration
coexisting with decreased hepcidin levels is a consequence of increased

erythropoiesis in vegetarian children, resulting from a subclinical iron deficiency.

Overall, in comparison to the omnivore group or physiological references, these
studies suggest either normal micronutrient status or increased risk of iron and
vitamin D3 deficiency. There are no studies on blood micronutrient status in

vegans. The results are summarised in Table 5.
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Table 5. Blood micronutrient status of vegetarian and vegan children in the existing studies

Study

Study objective

Population

Control Group

Findings

(Lombard et al.
1989), USA.

To evaluate carnitine status in
vegetarians and vegans.

SDA: 32 vegetarians,
24 vegans;
3i 17 years.

29 omnivores

No difference in serum concentrations of total protein and
albumin; lower plasma and urinary carnitine concentration
in vegetarians, lowest in vegans.

(Sievers et al.
1991), Germany.

To examine iron status in
infants on vegetarian diets.

13 vegetarian infants,
47 12 months.

14omnivores

Blood iron status (Hgb, Ht, RBC, erythrocyte volume,
ferritin) similar to omnivores, serum iron higher and
transferrin lower in vegetarians with 12 months than in
omnivores.

(Nathan, Hackett,
and Kirby 1996b),
UK.

To assess the ability of
a meat free diet to support
normal growth of children.

50 vegetarians
(including

23 habitually
consuming fish)
77 11 years.

50 omnivores
matched for age,
sex and ethnic

group.

Hgb concentrations significantly lower in vegetarians
(mean 118.6 mg/L) than in omnivores (mean 124/1 mg/L).

(Krajco-vi c

To evaluate the health and

26 vegetarians,

32 individuals on

Vegetarians had significantly lower erythrocyte number,

Kudlackova et al.
1997), Slovakia.

fatty acids

15 vegetarians,
10 semi-vegetarians,
117 15 years old.

Kud!| 8 c k ov {nutritional status of children 117 14 years. mixed diet. reduced levels of Hgb, (135.4 g/L in vegetarians, 142.0 g/L
1997), Slovakia. with two different nutritional in OM), lower serum iron compared to omnivores.
habits. Hyposiderinaemia was found in 58% of vegetarians vs 9%
of omnivores; hypoalbuminemia prevalence i 38% in
vegetarians compared to 0% in omnivores.
(Krajcovicova- To examine plasma profile of | 7 vegans, 19 omnivores Vegetarians had lower blood concentrations of saturated

SFA; MUFA, similar in both groups; EPA, DHA, total
Omega 3 lower in vegans.

(Taylor, Redworth,
and Morgan 2004),
UK.

To determine whether iron
and micronutrient status is
improved with an increased
amount of meat in the diet.

20 non-meat-eating
infants, 4 months old
and followed up until
24 month of age.

178 omnivorous
infants

Meat consumption was not associated with dietary iron
intake nor with the haematological and other markers of
iron status except at 12 months of age, when the
proportion of infants with low serum iron was inversely
related to meat in the diet.




Study

Study objective

Population

Control Group

Findings

(Ambroszkiewicz
et al. 2006),
Poland.

To assess the effect of
vegetarian diets on serum
concentrations of
homocysteine, folate, vitamin
B12 in children.

32 vegetarians
(including 5 vegans),
age 2i 10 years.

none

Serum concentrations of homocysteine, folate, vitamin B12
in vegetarian children within the physiological range.

(Ambroszkiewicz
et al. 2007),
Poland.

To investigate the serum
concentrations of biochemical
bone turnover markers in
vegetarian children.

50 vegetarian
children, aged 2i 10
years.

50 omnivores

The serum level of 25 (OH) D in vegetarians was nearly 2-
foldlower compared with omnivores.

(Laskowska-Klita
et al. 2011),
Poland.

To assess the intake and
serum status of selected
nutrients as well as
concentrations of
homocysteine and iron
balance in Polish vegetarian
children.

32 were vegetarians,
aged 6.

5N4 .

18 omnivores,
aged 7.9
years.

Ve get areium concéntraions of vitamin B12 (548
pg/ml), folate (12.8ng/ml), vitamin A (1.2 Gmol/L), vitamin E
(15.6 Gmol/l), homocysteine (6 . 13 Omol / L) ,
markers within physiological range; concentrations of 25
(OH) D (13.7 Gg/L) half of the lowest limit of the reference
value.

(Gorczyca et al.
2013), Poland.

To examine the effect of iron
intake on iron status in
vegetarian children.

22 vegetarians, aged
from 2 to 18 years.

18 omnivores

The prevalence of iron deficiency was higher in the
vegetarian group; serum ferritin and MCV in vegetarians
were lower.

(Ambroszkiewicz
et al. 2017),
Poland.

To assess the effect of
vegetarian diet on iron
metabolism parameters.

43 vegetarians, age
range4.5i 9.0.

46 omnivore
children

Serum transferrin levels were similar in all subjects; ferritin
concentrations significantly lower in vegetarians, median
hepcidin levels were lower but sTfR higher.

(Ambroszkiewicz
et al. 2019),
Poland.

To assess body composition,
BMD, bone turnover markers
and adipokine levels in
relation to vegetarian and
omnivorous diets.

53 vegetarians

53 omnivorous
matched for age
and sex (median
age 7.0 years).

Vegetarians had similar concentration of 25 (OH) D.

Abbreviations: SDA, Seven Day Adventist; Hgb, haemoglobin; Ht, haematocrit; RBC, red blood cells; SFA, saturated fatty acids; MUFA monounsaturated fatty
acids; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; 25 (OH) D, 25-hydroxy vitamin D; MCV, mean corpuscular volume; sTfR, soluble transferrin

receptor; BMD, bone mineral density.



10. Rationale for the choice of parameters assessing risks
of vegetarian and vegan diets

The previous section summarized the available evidence on the health of
children on vegetarian and vegan diets. Studies have shown that these diets
increase the risk of inadequate intakes of several nutrients, which 1 as the
preliminary available evidence shows i can affect childrend ghysiology. This
was apparent across several studied health parameters, including body
composition, growth, bone status, cardiovascular risk profile and micronutrient
status. Moreover, the results of studies where blood micronutrients were
assessed suggest that plant-based sources of iron, even if consumed in
recommended amounts, might not always be adequate to sustain normal
haematopoiesis. There are inadequate data on the intakes and micronutrient
status of vegans, however since they exclude additional two food groups, their

risks might be even greater.

This section presents the rationale for the choice of parameters to assess the
safety of vegetarian and vegan diets in children. | decided to thoroughly assess
the chil dr ends along wite tha blgod parameteks eofs status of
selected micronutrients, most likely to be consumed in inadequate amounts
and/or deficient based on the available data. These include iron, vitamin B12,
and vitamin D3. The blood assays to evaluate their physiological adequacy are
discussed in the following sections. Additionally, | chose to measure bone
status, which was not assessed in vegan children so far, and measured in few
studies of vegetarians, however without adjusting for body and bone size. The

importance of this adjustment is discussed below.
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Dietary intake methodology is discussed separately in the next chapter, as its

complexity deserves a separate, longer section.

10.1. Blood markers of iron status

Iron deficiency is defined as a state of inadequate iron stores in which supply of
iron to tissues, including the erythron, is compromised (WHO 2001). This
condition of deficiency can take different forms, from mild to severe. Iron
deficiency anaemia is the severe manifestation of iron deficiency, whereby
indicators like haemoglobin and haematocrit fall below the reference ranges.
These two parameters are most commonly used for screening individuals or
populations for iron deficiency. However, there are two limitations of this

approach.

First, low Hgb and Ht are not specific for iron deficiency, and other conditions
can lead to their suboptimal serum concentrations. These include malaria,
several parasitic infections, and other nutrient deficiencies that affect

haematopoiesis (including protein, B12, folic acid and vitamin C) (WHO 2001).

Second, in mild-to-moderate forms of iron deficiency, although anaemia is
absent, tissues are still functionally impaired. Therefore, it is recommended to
add more sensitive parameters, like serum ferritin or transferrin saturation
(WHO 2001), that will help exclude other potential causes of anaemia. In this
study complete blood count, including Hgb, Ht, along with serum ferritin levels

were chosen to assess iron status of vegetarian and vegan children.
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10.2. Blood markers of vitamin B12 stat us

Dairy, eggs and especially meat and fish are the only reliable dietary sources of
vitamin B12, otherwise called cobalamin. Therefore vegetarians, and especially
vegans, unless they supplement or consume products fortified with this vitamin,
do consume lower amounts (vegetarians) or nearly none (vegans) of this
nutrient. A review of studies published in 2014, documented relatively high
prevalence of cobalamin deficiency among adult vegetarians. Vegans who do
not ingest vitamin B12 supplements were found to be at particularly high risk

(Pawlak, Lester, and Babatunde 2014). Data in children are very limited.

There is no gold standard test to assess cobalamin deficiency (Devalia,
Hamilton, and Molloy 2014). The classic manifestation is megaloblastic
anaemia (characterised by decreased Hgb, red blood cells (RBCs), increased
mean corpuscular volume (MCV)), accompanied by low serum vitamin B12
levels (so called first-line test). The clinical picture is, however, not always
unequivocal. Neurological manifestations of severe deficiency, often
irreversible, can occur without haematological changes and with serum
cobalamin levels within the reference range (Devalia, Hamilton, and Molloy
2014). Therefore, secondi line tests are recommended to clarify cobalamins
status. They include plasma methylmalonic acid (MMA) and plasma
homocysteine (Devalia, Hamilton, and Molloy 2014), with negative associations
between low plasma B12 levels and high both MMA and homocysteine levels.
Although plasma MMA is more specific, it is also significantly more expensive
than serum homocysteine. The latter parameter is also involved in CVD risk
(Ganguly and Alam 2015), therefore it was chosen, along with serum vitamin

B12, to assess cobalamin status of children in this study.
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10.3. Bone status

Childhood bone acquisition is closely linked to the intake of calcium (Bonjour et
al. 1997; Chevalley et al. 2005; Ondrak and Morgan 2007), circulation of the 25
(OH) D levels (Bachrach 2001), physical activity (Ondrak and Morgan 2007), as
well as IGF-1 levels (Locatelli and Bianchi 2014; Kanbur, Derman, and Kinik
2005). Preliminary data from animal studies suggest that vitamin B12 status
might affect bone mass (Clemens 2014). All of those parameters can be
influenced by vegetarian, especially vegan diets (along with physical activity,

discussed above).

There are no studies assessing bone status in vegan children, and the available
data in vegetarian children suggest suboptimal bone health. However, in none

of these studies was BMD measured by DXA adjusted for the size of the bones.

In DXA, BMD is measured as the ratio of the amount of bone and the area
scanned. This size correction assumes that BMC and bone area (BA) are
directly proportional to one another, such that a 1% change in BA is matched by
a 1% change in BMC. This assumption rarely holds (Prentice, Parsons, and
Cole 1994). Since DXA BMD measurement relies on the two-dimensional areal
projection of a three-dimensional object (bone), it is inherently related to the
size of the bone. Bone size, in turn, is related to the size of the child. Therefore,
in smaller children, it tends to underestimate their actual bone mineral status,
due to the fact that their bones are smaller, even though their volumetric density
might be normal (Fewtrell 2003; Lewiecki et al. 2008). This is illustrated in

Figure 3.
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Figure 3. Graphical presentation of the underestimation of areal BMD in smaller bones
when measured by DXA (Carter, Bouxsein, and Marcus 1992 ; redrawn from original and

typographical erro r corr ected).
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Failure to account for this is a common cause of misinterpretation of paediatric
DXA results (Leonard and Zemel 2002; Gafni and Baron 2004). Data suggest
that vegetarian, and especially vegan, children are shorter, therefore correction

for size is of particular importance in this population.

There is no consensus as to the most appropriate way to correct for size DXA
BMD results in children, however several approaches have been proposed
(Fewtrell 2003). The use of multiple regression analysis to adjust BMC
simultaneously for BA, weight, height, and other relevant factors such as age,
pubertal status, and calcium intake (Prentice, Parsons, and Cole 1994) and the
use of calculated volumetric bone density (bone mineral apparent density,
BMAD), in which BMC is adjusted for calculated bone volume rather than bone
area (Carter, Bouxsein, and Marcus 1992), are two major approaches, and are

utilised in this study.
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[ll. LITERATURE REVIEW: DIETARY
ASSESSMENT METHODS

This chapter outlines the techniques that can be used to assess dietary intakes,
the main exposure in this study. In the first part, it describes the methods
utilised in the collection of dietary data. In the second part it illustrates the
problems linked to the analysis of dietary data, when the aim is to evaluate the
proportion of individuals with inadequate intakes of nutrients. Methods utilized to
calculate percentages of the population with inadequate nutrient intakes along
with the concept of usual dietary intakes are outlined, as these are utilised in
this study to assess the dietary risks of plant-based diets in children. The
literature review in this chapter is based on the most up-to-date publications on
the discussed issues from authoritative sources of knowledge in nutritional
epidemiology: National Cancer Institute, US Institute of Medicine, US National
Research Council, European Food Safety Authority, and UK Medical Research

Council.

The purpose of this chapter is to provide background information and thus
rationale for the choice of the methods assessing the main exposure. The

selected methods are discussed at the end of this chapter.
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1. Dietary assessment methods : collection of dietary data

Contrary to other lifestyle factors, diet is very difficult to measure. The difficulty
lies not only in the complexity of capturing total intake of foods, dishes and
beverages. Additionally, accurate measurement relies on memory, and the
disclosure of food habits is also subject to social expectations. Methods range
from subjective reporting, objective observation to biomarker ascertainment.
Each method has its strengths and limitations. This chapter focuses on
subjective methods, as these are most often used in epidemiological studies

and are utilised in this study.

1.1. 24-hour dietary recalls

This method involves a specially trained interviewer who contacts study
participants on a random day and asks them about the details of their diet (and
possibly supplement consumption) over the previous 24 hours. All the details,
including all foods and drinks consumed, food preparation methods, ingredients
used in prepared dishes, and the brand names of store-bought products are the
subject of the interview (Shim, Oh, and Kim 2014). During the interview, the
amounts of consumed foods are compared to habitually used volume quantities
like spoons, bowls, cups, etc. to increase accuracy of reporting. Additionally,
food photographs of different portion sizes are also utilised. 24HR employs a so
called multiple pass approach (National Cancer Institute 2018), whereby
guestions are not asked in chronological order, but rather in stages tailored to
human cognition. Thus, at first, a simple list of foods and drink is ascertained.
After that additional questions on potentially forgotten foods, meal time and

occasion, details on dish ingredients are asked. Finally the approach finishes
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with probing questions as to whether anything else was consumed (MRC n.d.).
The interview can be conducted in person or over the telephone, it can be
administered via computer or with pen and paper. The newest advances in this
method include menu-driven standardized 24HR software (called the EPIC-
Soft) in the European Prospective Investigation into Cancer and Nutrition study
(Slimani et al. 2011) enabling interviewers to collect information in a
standardized manner, therefore improving the accuracy of the collected data,
and its self-application via automated computer systems (National Cancer

Institute 2019).

The strengths of this method include unlimited choice of foods, quantification of
the intake, details on eating frequency and cooking habits, lower sample
selection bias (literacy is not required, which might be relevant in some
research settings), and low respondent burden (if administered by an
interviewer). Most importantly, this method is not subject to reactivity, i.e. it does
not risk changing the eating behaviour during the period being assessed
(National Cancer Institute 2018). Potential limitations can stem from imperfect
memory and knowledge of the details of consumed foods and dishes.
Additionally, highly trained interviewers are required and multiple interviews are
necessary to establish usual intake. Furthermore, decline in reporting accuracy
with multiple administrations has been observed along with underreporting, the
universal problem in all dietary assessment methods. Beyond any under-
reporting, the major source of error in this method is random error (National

Cancer Institute 2018a).
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1.2. Food frequency questionnaires

Food frequency questionnaire constitutes a closed list of foods and dishes with
their predefined quantity categories. Their purpose is to assess the type,
frequency and i in most cases i the amount of foods and nutrients consumed
over longer periods (National Cancer Institute 2018b). The responder chooses
consumed foods and dishes from a multiple choice of consumption frequency
and quantity options. The list comprises usually between 100 to 200 food or
dish choices, takes 307 60 minutes to finish, and can be self-administered or
completed via an interview (National Cancer Institute 2018b). The choice of
foods and dishes is based on open-ended surveys that were first conducted in
the population of interest (Shim, Oh, and Kim 2014). Based on these surveys,
foods are grouped in a closed-ended format by nutritional content or cooking
methods. The main factor determining the FFQ content is the extent to which a
given food contributes to the popul ati onos

explains between-person variation in intake (Kim et al. 2003).

FFQs can vary in format, ranging from a simple version that determines the
frequency of consumption only (Craigie et al. 2011), to quantitative versions that
additionally collect data on the amount of consumption (Naska, Lagiou, and
Lagiou 2017), to the most widely used semi-quantitative FFQs, that collect data
on average portion sizes in a closed-ended format (Mulligan et al. 2014; Michels
and Willett 2009). Strengths of the FFQ include the ability to capture long-term,
episodic and even usual dietary intake in a relatively simple, time-effective
manner. They are characterised by low respondent burden, do not affect eating
behaviour and are the only practical dietary assessment method in retrospective

case-control studies (National Cancer Institute 2018b). The weaknesses include
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closed and thus limited list of food choices, which is particularly relevant when
collecting data on vegetarian subjects; and the need to be developed specifically
for different age and ethnic groups. They do not capture detailed information
about food preparation, brands, or contextual information about intake. Their
completion involves complex cognitive tasks, relies on generic memory, and
requires literacy. They are prone to large systematic measurement error (Day et
al. 2001) and this is the reason why they are not recommended for use in cross-

sectional studies (National Cancer Institute 2018b).

1.3. Food records

Food records (FR), also called food diaries, involve capturing all the foods,
dishes, beverages eaten and possibly supplements consumed over one or
several days by an individual (National Cancer Institute 2018c). Usually the
respondents are asked to record all the items as they are consumed throughout
the day. There are two types of food records -weighed FR and estimated FR. In
the former, participants need to weigh every item consumed, whereas in the
latter, common household measures (e.g. spoons, cups, etc.) and food pictures
and other visual aids are utilized to help define the quantity eaten. This method
can be used to assess a pop u-beatibnalstodes
(National Cancer Institute 2018c). FR can be used to examine relationships
between diet and health, where diet is the independent variable, however they
should not be used to evaluate dietary intake as a result of an intervention, due
to the fact that their use can cause changes in eating behaviour as a result of
keeping a record, phenomenon called reactivity. The strength of the method is
that FRs reveal detailed information on meal and snack patterns, eating out, or

i in the case of children i foods eaten at school or nursery (if cooperation from
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the staff is achieved). They are also completed in real time; hence they do not

rely on memory. They are inexpensive to collect.

The major weakness is their potential to change eating behaviour and be
affected by reactivity. They only capture short-term, as opposed to long-term
intakes. Weighed records can cause a very high respondent burden, while
estimated records can produce bias in reported quantities. The quality of data
may decline as the number of recorded intake days increases, and two or more
non-consecutive administrations are required to estimate usual dietary intake
distributions. In data from non-consecutive multiple administrations of food
records, the major type of error is random measurement error, however
systematic error can also occur, especially across consecutive administrations.
Underreporting can happen in FR, but this is a feature of all the above-

mentioned methods (National Cancer Institute 2018c).

2. Dietary assessment methods: analysis of dietary data

2.1. Assessment of the prevalence of inadequate intakes

Once the dietary data have been collected with one of the discussed methods,
they can be analysed to serve different purposes. One of them is the
assessment of the percentage of the group or population that is at risk of

nutrient inadequacy.

Although commonly applied, computing the proportion of individuals whose
intakes are below the Recommended Daily Allowance (RDA) (US), (US Institute
of Medicine 2000a), otherwise known in the EU as Population Reference

Intakes (PRI) (EFSA 2010), is likely to overestimate the true prevalence of
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inadequacy. This is because the RDAs (PRIs) establish nutrient intake
recommendations that exceed the requirement of 97.5% of the population (US
Institute of Medicine 2000b). Instead, the fraction of individuals with inadequate
nutrient intakes can be estimated with the so-called probability approach or the
Estimated Average Requirement (EAR) cut-point method. These methods
calculate the proportion of population or group whose usual intakes are below
the EAR (US) (US Institute of Medicine 2000a), which in Europe is known as
Average Requirement, (AR) (EFSA 2010). These terms describe nutrient intake

that meets the daily needs of 50% of the population.

Although in the case of most nutrients average intakes exceed average
requirements, there is more variability in the daily nutrient intakes than in their
requirements. Some people in the population will have intakes below or above
the EAR. Therefore, comparing the averages of intakes to requirement does not
answer the question about the percentage of the population with intakes below

EAR. Additionally, individual requirements are usually not known.

These problems are addressed by the two following statistical approaches: the
probability approach (NRC 1986) and the EAR cut point method (Beaton 1994),

(Carriquiry 1999), both of which estimate the prevalence of inadequate intakes.

2.1.1. The probability approach

The probability approach combines the information collected on the nutrient
intake distribution of the group in question with the nutrient requirement
distribution of a comparable group and combines these into a risk-probability
curve (Carriquiry 1999; US Institute of Medicine 2000b). The curve specifies the

probability that any given intake is inadequate for a given individual. Following the
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definition of the EAR, there is a 50% probability of inadequacy at an intake at the
level of the average requirement, for all nutrients whose requirements follow a
normal distribution (NRC 1986). This risk increases or decreases accordingly as
the intakes decrease or increase, and information on the mean and variance of
the requirement distribution is needed to calculate the exact risk values. Then the
risk-curve is compared to the distribution of usual intakes for the population and
the proportion of the population with an inadequate intake is thus determined.
Figure 4 (US Institute of Medicine 2000b) depicts a usual intake distribution with
mean intake of 115 units, which is slightly higher than the EAR (100 units). The
percentage of individuals with the risk of inadequacy at the level of consumption
of 100 units is 50, and at the mean intake of 115 it is 25%.

Figure 4. Usual intake distribution of a hypothetical n utrient with mean intake of
115 units, and EAR of 100 units. At 100 units consumption level, 50% of population are at

risk of inadequacy, the corresponding number for mean consumption level of 115 units
is 25% (US Institute of Medicine 2000b)
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The probability approach operates under 2 assumptions:

qintakes and requirements are independent,
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7 the distribution of requirements (mean, variance) is known,

7 the form of the distribution is known (normal, log normal, etc).

However, the details of the distribution of requirements is not always known,
therefore the next section describes a second method, that can be utilised

without that knowledge, and hence it is more widely applied.

2.1.2. The Estimated Average Requirement (EAR) cut -point method

The EAR cut-point method, first described by Beaton (Beaton 1994), estimates
the proportion of individuals with inadequate intakes. This method is based on
the probability approach, but it is simpler. The data on the exact variance of the
requirement distribution is not needed, instead the method requires this
distribution to be symmetrical with its variance smaller than the variance of the
intake distributions. Additionally, it utilises information on the EAR and the
distribution of usual intakes in the group of interest. Based on this data, the
proportion of individuals with inadequate intakes can be appraised as the
proportion of the group with intakes below the EAR. The reasoning behind this

estimation is shown in the Figure 5 below (US Institute of Medicine 2000b).

Figure 5 represents the combined distributions of intakes and requirements of a
hypot heti cal nutrient with mean intakes
line represents those individuals whose nutrient intake equals their
requirements. It is possible to estimate the number of individuals who have
usual intakes less than the EAR (left to the vertical line), as both the EAR and
the intake values are known. They consist of individuals whose intakes are
below the requirements (the grey area) and individuals whose intakes are

greater than their individual requirement (but still below the EAR), in the figure 1
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the triangle B. However, we are interested in the number of individuals whose
intakes are below their requirements (the whole grey area). The graphic
suggests that the number of people in the triangle B approximates the number
of people in the triangle A'© which are those, whose intakes are higher than the
EAR but still lower than their individual requirement. As the individual
requirement cannot be estimated, the EAR cut-point method replaces the
individuals from triangle B with those in triangle A, and thus estimates the
number of individuals in the population whose intakes are lower than their
requirements. Using this reasoning, data on individual requirements, which are
impossible to establish in most research settings, are not needed.

Figure 5. Combined distribution of intakes and requirements of a hypothetical nutrient
with mean intakes 1600 units and EAR of 1200 units  (US Institute of Medicine 2000b)
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In order for this method to produce unbiased results, the following assumptions

must be met.
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qintakes need to be measured correctly,

qthe prevalence of inadequacy in the population cannot be very low
(> 81 10%) or very high (< 901 92%),

qthe estimated usual intakes of individuals are independent of each
individual's requirement,

7 the distribution of requirements is roughly symmetrical,

7 the variance in intakes of individuals in the group is greater than the variance

in requirements of the individuals (US Institute of Medicine 2000b).

The EAR cut-point method is robust to moderate departures from almost all of
the above-mentioned assumptions. The only exception arises when the intakes
are correlated with requirements (as is the case with dietary energy). In that
case the requirement distribution will be highly skewed rather than symmetrical
and the method will produce biased estimates. However, if the prevalence of
inadequacy in the group is about 50 percent and thus the mean intake is
approximately equal to the EAR, virtually unbiased estimates of prevalence of
inadequacy can be obtained even if intakes and requirements are correlated
and the variance of requirements is larger than the variance in intake. The latter
situation can arise in case of institutionalised populations, such as prisoners or

residents of long-term care facilities.

If the true prevalence of inadequacy in the group is higher or lower than 50%,
then the estimates produced by the EAR cut-point method are slightly biased
and the bias increases in proportion with the difference between the prevalence
of inadequacy and the EAR for that particular nutrient. However, the bias is
negligible if the prevalence of inadequacy in the group is moderate (> 10 and

< 90%) (US Institute of Medicine 2000b; Haubrock et al. 2011). The application
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of the EAR cut point methods requires data on the EAR of a nutrient and usual

intake distributions, which is discussed next.

2.1.3. Usual intake distributions of foods and nutrients

Usual i ntake of a nutrient 1| satnuttertoverndi vi dual G
a longer period of time. Usual (as opposed to daily) intakes of a nutrient or a
food are of interest to researchers or policy makers (Institute of Medicine (US)
Subcommittee on Interpretation and Uses of Dietary Reference Intakes;
Institute of Medicine (US) Standing Committee on the Scientific Evaluation of
Dietary Reference Intakes. 2003; Carriquiry 2003). Researchers or government
bodies use data on the usual intakes of groups or populations to monitor their
nutritional status, to establish guidelines for a healthy diet, to implement food

assistance programs and for other purposes.

The distribution of usual intakes should be distinguished from the distribution of
observed intakes. The National Research Council (National Research Council
1986) has proposed a model of measurement error, that defines the daily intake
as a deviation from usual intake. This deviation is equal to a measurement

error.

Yi=Yiteij

In this equation, Yj is the observed intake for individual i on day j, yi is their

usual intakeawidt lvamg ea;nsche deliation from the usual
intake for that individual &n Thhe V&riwdrntdhe me a
signifies the day-to-day intra-p er s on al v a rj iembodies the imtdr- U

personal variance in population intakes, i.e. the variance of usual intakes. As
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per the equation, the variance of daily intake has two components: the intra-

individual day-to-day variability and the inter-individual variability in intakes.

In order to estimate the usual nutrient intake in a population, we need to
eliminate or minimise the intra-individual component of the variance, or
otherwise predict the distribution of yi from the observed Yj (US Institute of

Medicine 2000b).

The observed intake should not be used as an estimate of the usual intake
distribution without statistical corrections, not only due to the large within

intrapersonal variance of intakes. All the reasons are listed in detail below.

2.1.3.1. Large within T person variance of intakes

For some nutrients the individual variation in intake from day to day can be
greater than the variation in intake between individuals. This is the case for
example for vitamin A, where within-person variability in intakes can be as much
as six times greater than the between-person variability (Basiotis et al. 1987).
For some other dietary components, however, such as energy or protein, the
individual day-to-day variability in intakes is similar to the between-person
variability (Basiotis et al. 1987). The mean of the distribution of the observed
intakes is an unbiased estimate of the mean of the usual intakes, especially if
the intakes are collected over numerous days. As the number of days with
collected dietary information increases (> 10), the variance of the mean of those
days approaches the inter-personal variance, even for episodically consumed
foods and nutrients (Institute of Medicine (US) Subcommittee on Interpretation
and Uses of Dietary Reference Intakes; Institute of Medicine (US) Standing

Committee on the Scientific Evaluation of Dietary Reference Intakes. 2003;
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Carriquiry 2003). However, collecting numerous days of dietary intake is not

feasible in most research settings.

2.1.3.2. Heterogeneous within -person variation in intakes

Observed intakes should not be analysed to assess usual diets, as individuals
not only vary in the intakes of foods and nutrients they consume from day to
day, but the degree of this variability is not constant across population. People
with higher usual intakes vary more in their day-to day intake fluctuations than

people with lower usual intakes (Nusser et al. 1996).

2.1.3.3. Correlation in intake data collected over consecutive days

Consumption of foods on one day may affect their consumption on the next. This
is especially the case for episodically-consumed foods (e.g. liver), which are
unlikely to be eaten on consecutive days. However, at the same time, it is
possible that people may consume leftovers from the previous day. In both cases
the data from consecutive days cannot be assumed to be independent. The
assumption of independence for intra-person observations can hold if the dietary
data is collected several days apart, though the necessary interval depends on
the nutrient. The necessary time gap is smaller for energy (11 2 days) but greater

for e.g. vitamin A (31 4 days) (US Institute of Medicine 2000b).

2.1.3.4. Distribution of intakes of episodically consumed foods spikes at

zero

Unless dietary data are collected on numerous days, which is not viable in most
research settings, intakes of episodically eaten foods (e.g. fish, liver) and their

corresponding nutrients are not likely to be captured. Zero values will capture
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not only individuals who never consume the food, but also individuals who
sometimes do, but who did not consume them over the days on which the

dietary data was collected (Carriquiry 2003).

Therefore, statistical procedures need to be applied to remove or minimise the
intra-individual part of the variance and account for all or at least some of the
above i mentioned aspects of observed dietary data, i.e. heterogenous within-
person variation in intakes, episodically consumed foods, and correlation of
intake data collected on consecutive days (NRC 1986; Nusser et al. 1996), to
estimate the distribution of the usual intakes rather than that of the observed
ones. Failure to apply these procedures, can lead to inflated variance in the
observed intake distribution, and to over-estimates of the prevalence of
inadequacy or excess, regardless of the method chosen (probability approach or

EAR cut-point method) or to outright bias in estimates of nutrient or food intakes.

Figure 6 (Carriquiry 2003) below represents the first scenario graphically. The
two distributions have different spreads and different degrees of right-
skewedness. The lower one with a larger spread represents data from one
24HR, with estimated prevalence of nutrient inadequacy of 37%. The higher
distribution with smaller spread represents data from two 24HRs. The estimated
prevalence of inadequacy in this case is D20%. This almost two-fold difference

can lead to different conclusions and policies
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Figure 6. Distributions of nutrient intake of vitamin B6. The dashed line represents data

from one 24-hour recall (24HR), the solid line represents data from two 24HR. The vertical
line represents the EAR for vitamin B6 (1.1 units). Based on data from one 24HR, 37% of
population is at risk of inadequacy, whereas the corresponding figure for data from two

24HR is 20% (Carriq uiry 2003) .
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2.2. Methods to analyse usual intakes of foods and nutrients

The application of any statistical method aiming at reducing the intrapersonal
variance in nutrient intake requires that at least two measurements are present
for at least some individuals in the group. The number for a 24-hour recall, or a
noni consecutively recorded diet record, is estimated to be at least two, or at
least three when data are collected over consecutive days (US Institute of

Medicine 2000Db).

The replicate measurements contain the data required for approximating the
day-to-day individual variance portion in intakes, which is then used in the
statistical adjustment. Additionally, the distributions of most observed and also

usual nutrient intakes have a right-skew. This is exacerbated in the case of
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supplement consumption. For example, the mean calcium intakes in the US
range from 871 to 1,266 mg/day for males, and from 748 to 968 mg/day for
females depending on the life stage (Bailey et al. 2010). Clearly, it is not
possible to consume more than 750 mg below the mean on a natural diet, but it
IS possible to consume 750 mg above the mean from diet and/or supplements.
Therefore, statistical procedures that assume normality cannot be applied to

nutrient intake data

The following methods are applied to establish unbiased estimates for the usual
dietary intake distribution for most nutrients, with the exception of
phyt ochemical s -clriykpet olxyacnecpnetene, pa fobdis slich as
green leafy vegetables, shellfish and vitamin C-containing fruits and
supplements. These nutrients and foods are not consumed daily and require
more than the standard statistical procedures used for this purpose (Carriquiry

2003).

2.2.1. NRC Method

The National Research Council (National Research Council 1986) method,
otherwise called a measurement error method, accounts for the day-to-day
variability of individual intakes as well as the non-normal distribution of nutrient
intakes. The measurement error model (mentioned in the previous section) is
applied on power-transformed data (which reduces skewedness), according to

the following equation:

(transformed) observed intake = usual intake + deviation from usual intake.

The random deviation from the usual intake (the measurement error) has

a mean of zero, and its variance reflects the day-to-day variability in intakes.
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Upon transforming the data to achieve normality, the adjusted usual intakes are
calculated as follows: the mean intake of the group is deducted from the
observed intake, and the resulting figure is then multiplied by the ratio of
individual-to-individual variance to the total variance of daily intake. The result is
then added back to the mean intake of the group. These values are then back-

transformed to the original scale.

The following relationships emerge from the model: the smaller the intra-
personal variability, the closer the resultant usual intake distribution estimation
will be to the distribution of individual means; on the other hand, the larger the
day-to-day variance in intakes, the closer the estimated usual intake distribution

will be to the general group mean intake.

The weakness of this method lies in its assumption that the variance of the
measurement error is constant across individuals, in other words that their
variability in intakes is homogenous. As elaborated in the previous section, this
is not the case, especially for individuals with higher nutrient intakes.
Additionally, the mean of a nonlinearly transformed variable is usually not equal
to the transformed mean of the same variable. Therefore, using the same
transformation and its inverse on means can result in biased estimates when

transformed back to the original scale (Carriquiry 2003).

2.2.2. lowa State University method

The lowa State University (ISU) method (Nusser et al. 1996; US Institute of
Medicine 2000b) is very similar to the NRC method. However, it employs
several statistical improvements. Firstly, at the back-transformation step, the

intakes are mapped back onto the original scale through a bias-adjusted back
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transformation. Secondly, it is designed to allow for other factors such as day of
week, season, and physical activity effects (apparent in patterns of reported
intake in relation to the sequence of observations) that may introduce
systematic error in the observed distribution of intakes. Additionally, it can take
into account correlations between observations on consecutive days and
heterogeneous within-person variances. The ISU method is not particularly
suitable for smaller samples, as its complexity requires a higher number of
observations to make sure that different adjustment procedures retain adequate
reliability (Institute of Medicine (US) Subcommittee on Interpretation and Uses
of Dietary Reference Intakes; Institute of Medicine (US) Standing Committee on

the Scientific Evaluation of Dietary Reference Intakes. 2003).

2.2.3. The MSM method

The MSM method (Haubrock et al. 2011; EFCOVAL 2011), is the newest
method. It can be applied for estimation of the usual intake distribution of foods,
nutrients and episodically consumed foods. The advantage of this method lies
in the fact that it can combine information from 24h recalls or food records with
data from food frequency or propensity questionnaires which provide
information on consumption frequency and thus enable the incorporation of data
on periodically consumed items. Therefore, it is possible to distinguish between
real non-consumers and occasional consumers of a food or nutrient. The
method works if at least two repeated measurements for at least some
participants are available. The MSM method proceeds in three statistical steps

that estimate the usual dietary intakes.
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Firstly, it evaluates the probability of eating a certain food on a random day. For
this step, information from FFQs or propensity questionnaires is utilized. If there
is no reported frequency of consumption, the method treats this individual as a
habitual non-consumer, whereas if the frequency of use is reported, then the
individual is treated as a habitual consumer. The default setting of the method
(in the absence of questionnaire data) is that all individuals are habitual
consumers. The estimation of that probability is achieved by applying logistic
regression that utilizes the data on consumption frequency (if available) and
may include covariates like gender, season, etc. The regression residuals are
converted into actual numbers and multiplied by the quotient of inter-individual
by intra-individual variance, which are both calculated at this stage as well.
Residuals are then converted back to the original scale resulting in the

estimation of the probability of consumption by an individual on a random day.

Secondly, the usual amount consumed is estimated with linear regression. The
observed food or nutrient intake is a function of independent variables that are
assumed to be predictive for the dietary intake, e.g. gender, age and, if
available, consumption frequency. Similarly, to the previous step, the
corresponding residuals of the linear regression model are transformed to
normality (symmetry) by a two-parameter Box-Cox transformation. The
transformed residuals are then utilised to estimate inter- and intra-individual
variances, which are then used, similarly to the other methods discussed above,
to shrink the individual mean food intake to a group mean. The quantities
calculated in this process for each individual are converted back to the original
scale and added to the linear regression estimates, giving an estimate of the

usual intake of an individual on the measured day.
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Lastly, in step 3 the probability of consumption on a random day and the usual
intake of food or nutrient on the measured consumption day is multiplied to
estimate the daily usual intake of food or nutrient for an individual. This

information is then used to derive the usual nutrient distribution for the study

group.

The three steps are depicted in Figure 7 below (EFCOVAL 2011).

Figure 7. Three statistical steps of the MSM  method estimating usual intake distributions
(EFCOVAL 2011).

Observed positive Y . p . Observed
daily intake data ] Il consumption days
Step 2 Step 1
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Step 3
* ok
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Usual intake on all days

3. The choice of the dietary a ssessment methods for

this study

The previous section presented a literature review on the methods used to
capture and analyse dietary intakes. The following sections present the

methods chosen for this study and discuss the rationale for this choice.
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3.1. Collection of dietary data

The estimated food record was chosen as a method to assess dietary intake of
the study participants, as this type of FR poses less burden on participants than
the weighed FR. | considered the burden as high, given the fact that
parents/ guardians were not recording
home intake as well as school intake were expected to be captured. The major
limiting factor that determined my decision not to use FFQ was its closed-ended
format, which would increase the risk of inadequately capturing the range of
foods and dishes consumed by the vegetarians and vegans, and the lack of
validated FFQs for the paediatric population in Poland. The major drawback of
the 24HR method for this study was i
intake of foods outside of the home, as the interviewee (usually parent or
guardian) would have | i mi t ed knowl edge of t he
kindergarten. Moreover, the 24HR interview is conducted without notice,
therefore parents acting as proxies for their children would not be able to

accurately recall their food intake without prior preparation.

3.2. Analysis of dietary data

The MSM method was used to obtain usual dietary intakes. The MSM program,

developed by the former Department of Epidemiology of the German Institute of

t hei

Human Nutrition Potsdam-Re hbr ¢ c k e, av @iMSaviol ederiedd [)i n e

the usual dietary intakes adjusting the observed intakes collected with the food
record with the MSM method. The following independent variables were entered
in the MSM regression model of daily nutritional intake data: age, sex, dietary

group, season and age*sex interaction (to allow the effects of age to differ
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between categories of sex), as these are predictive for the usual dietary intake
and recommended by the MSM method user guide (EFCOVAL 2011). The
reasons for choosing this method for this study are as follows. It can be applied
to both foods and nutrients and can assess the intake of episodically consumed
foods by combining the information from food records data with data from
screener questionnaires. This gives me the opportunity to assess the intake of
episodically consumed foods and dietary patterns of children in my study.
These tasks are outside the scope of this PhD but can be applied in future
analyses that will further my academic development. For the purpose of this
study, the usual dietary intakes were used to estimate the percentage of
inadequate nutrient intakes with the EAR cut point method, along with

calculating medians of usual intakes.
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IV. RESEARCH AIMS, HYPOTHESES AND QUESTIONS

1. Research aims

As outlined in chapter lll, plant-based diets are associated with better CVD risk
factor profile and lower CVD prevalence and mortality in adults. They are also
considered to be safe for adults, when appropriately planned (Melina, Craig,
and Levin 2016a). At the same time, comprehensive data on health outcomes in
children on vegetarian, and especially vegan diets, are lacking (Sc h¢r mann,
Kersting, and Alexy 2017). The aim of this study was to fill this gap in
knowledge and to quantify prevalence of differences in several indicators of
health, including body composition, CVD risk and micronutrient status, along
with estimating the prevalence of inadequate micronutrient and abnormal
cholesterol status in either vegetarian or vegan children relative to a reference
group of omnivore children. The second aim was to thoroughly assess dietary
intake, and in particular, the prevalence of inadequate nutrient intakes and to
calculate median usual intakes of nutrients adjusted by relevant confounders in

the same group of children.

2. Hypotheses

| aimed to test four main hypotheses in this research project. | formed these
based on the existing data from adult vegetarian and vegan subjects and the

limited evidence available in children.

The first hypothesis is that in comparison to omnivorous diets, plant-based diets

in childhood are associated with more favourable CVD risk profile including:
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1 healthier blood lipids, lower insulin resistance, lower chronic subclinical
inflammation measured as hs-CRP levels,
1 lower body fatness,

M1 lower cIMT,

but unfavourably with IGF-1 and homocysteine levels.

My second hypothesis is that in comparison to omnivorous diets, plant-based
diets in childhood are associated with less favourable patterns of growth and

selected aspects of body composition:

1 shorter height,
1 lower lean mass,

9 lower bone mineral content.

Thirdly, | hypothesised that plant-based diets in childhood are associated with
increased risk of nutritional deficiencies especially that of iron, vitamin B12 and
vitamin D. And lastly, | hypothesised that vegetarian and vegan children have
higher prevalence of inadequate intakes along with lower intakes of several

nutrients, in particular, vitamin B12, iron and vitamin D3.

3. Research questions

In order to meet the aims of this research, | developed a set of research

guestions.
The primary research question for the first research aim is:

1 Do vegetarian and vegan children differ in relation to selected

parameters of health in relation to omnivorous children?
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In particular:

Are there differences in body composition between children on
vegetarian or vegan diets in comparison to omnivorous children?
Are there differences in height between children on vegetarian or
vegan diets in comparison to omnivorous children?

Are there differences in bone mineral content between
vegetarian or vegan children in relation to omnivore children?

Do vegetarian and vegan children have a better CVD risk profile
than omnivorous children?

Is there evidence of nutritional deficiencies among vegetarian

and vegan children?

The primary question for the second research aim was:

1 Do dietary intakes of vegetarian and vegan children differ from these of

the omnivores?

In particular:

o What is the proportion of vegetarian and vegan children with
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inadequate nutrient intakes in comparison to the omnivore
children?

What are the usual median nutrient intakes of vegetarian and
vegan children and do they differ in relation to their omnivore

counterparts?



V. METHODS

In chapter II, a literature review was presented to outline the reasons for
conducting this study and for choosing the health parameters to evaluate
potential differences between vegetarian or vegan children in relation to children
following traditional diets. Chapter Il summarized the methods applied in
epidemiological research to capture and analyse dietary intakes and justified
the choice of these methods for this study. Since the methodology of dietary
assessment in observational studies is complex, it was discussed in a separate
part of the thesis. This chapter describes the remaining methods used to test
my hypotheses. In particular, it elaborates on the study design, recruitment,
sampling, ascertainment of data on background characteristics, methods to
measure physical activity and outcomes; along with providing information on
ethical considerations. It defines the criteria for allocating children to the
different dietary groups and describes operational details of capturing dietary
intakes with food records in this study. Next, the statistical models applied and
the rationale behind the choice of confounders and mediators of the association
between dietary exposure and health outcomes are discussed. Lastly, the
chapter summarizes all the methods used in this study to measure background

characteristics, exposure and outcomes.

1. Study type

A cross-sectional observational methodology was chosen for this study. The
main characteristic of this study design is that the exposure and outcome are

measured at the same time. This is also considered its major limitation as it
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leads to antecedent-consequent bias (Andersen 2000), which occurs due to
lack of temporality sequence between exposure and outcome, as both are
measured simultaneously. Therefore, cross-sectional research can measure
and compare the prevalence of disease between exposed and non-exposed,
however its findings do not allow us to derive definitive causal relationships
(Andersen 2000). Nevertheless, some authors have argued that cross-sectional
designs can establish or uncover preliminary evidence for a causal relationship,
especially if the temporal directionality from the exposure to the outcome is
sustainable (Reichenheim and Coutinho 2010, Kesmodel 2018). Although
longitudinal study designs or intervention trails are more suitable to achieve
these aims, cross-sectional studies have often been used instead for pragmatic
reasons such as cost and duration, or ethical constraints. It is unethical and
unfeasible to randomise and subject healthy children to different dietary
regimens of unknown health effects for periods long enough to elicit effects on
growth, body composition or selected cardiovascular risk factors. Therefore, a
cross-sectional design is the only viable option for this study, and its results can
provide preliminary evidence that can be further investigated in future cohort
studies. Furthermore, in this study, exposure tracks back into the past, i.e. the
children recruited to the study had to have followed their respective diets for at
least one year and their diet was measured two weeks before the outcome data
collection took place. Consequently, the measured outcomes have followed the
dietary exposure and hence it could be argued that the preliminary evidence it
produces might be considered, albeit with great caution, as a causal

relationship.
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2. Study subjects
2.1. Study eligibility

The study included healthy Polish children (age 51 10 years), all of Caucasian
ethnicity. Vegetarian and vegans had
to recruitment to the study. Those receiving any treatment other than
bronchodilators and/or steroid inhalers for asthma were excluded from
participation. Other exclusion factors were conditions adversely affecting growth
and development. The latter included obesity and wasting defined using age-
specific paediatric international BMI cut-offs, corresponding to 30 kg/m? at age
18 years and -2 z-scores respectively (T. J. Cole et al. 2007), or short stature,
lower than the 5™ percentile for Polish sex-specific growth curves (Ku § a g
R- UdUy&HEsikNet k o ws k a, Gduato d diagndse® diowth Jlisorder.
Eligibility was established via electronic questionnaires sent to parents before

the study and confirmed when the study began.

2.2. Recruitment

Vegan and vegetarian children were recruited by advertisements using internet
portals and social media, targeting issues of vegetarianism and veganism.
Hence, a convenience-type sampling rather than population-based sampling
was chosen. Although population-based sampling is preferable, as it reduces
bias, it involves recruiting from a subset of subjects that is representative of the
entire population ( Ma r t-Mesaeetz al. 2016). Vegan and vegetarian children
can be described as a rare population (Lavrakas 2012). Additionally, based on
my experience from the pilot project, some vegan and vegetarian parents are

reluctant to consult with conventional medicine centres regarding the health of
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their children,or di scl ose the information qf
anticipating criticism from doctors or other health - professionals. Hence,
recruiting this group from the subsample representative for the whole population
would prevent me from obtaining adequate numbers of participants within the

time-frame available for this study.

Omnivores were recruited by asking vegan and vegetarian children to bring a
friend of similar age and sex. Additionally, advertisements were placed in
Warsaw health-food stores, and on internet portals devoted to healthy eating,
from which the remaining omnivores were matched to vegetarians and vegans
by sex, age (within °1 year), maternal education (higher, secondary, primary),
and place of residence (urban vs. rural). This recruitment approach aimed to
reduce selection bias, i.e. to minimise the differences in background traits in

three dietary groups (Pandis 2014).

2.3. Sampling

The sample size per group was calculated using data for blood lipids (total and
LDL cholesterol) from the pilot study investigating (among other health
parameters) blood lipid levels in healthy Polish prepubertal children on vegan
diet (n=46), vegetarian diet (n=29) in comparison with age- and sex-matched
omnivores (n=61). | conducted this study in 2010 as part of my thesis for the
Masters in Dietetics degree at the Warsaw Medical University. | detected a
mean difference of 33 mg/dL between vegan and omnivore children in total
cholesterol levels, along with a mean difference of 28 mg/dL in LDL cholesterol
levels between these two dietary groups, which was equivalent to i0.65

standard deviation scores in both of these outcomes. The crude mean
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differences between blood lipid levels from the pilot project are displayed in
Table 6 and 7 below. On this basis, | used the following formula to calculate the
sample size required for my study: n per group = 16* (SD?/D?), where D is the
difference to be detected with 80% power, p <0.05, and SD is the standard
deviation of the trait. | aimed to detect, with a statistical power of 80%,
differences of (0.5 z-score between omnivore and either vegan or vegetarian
groups in each outcome, thus requiring 64 children per group. Anticipating
occasional missing data, | intended to recruit 66 children per group. | specified
age groups for recruitment taking into account both the scarcity of vegan
children in Poland, and the aim of achieving similar age distributions across
dietary groups. | aimed to recruit 7 of each sex-diet combination at 5 years, and

13 in the 61 7 and 8i 10-year age-groups (total 198).

Table 6. Total cholesterol levels in prepuberal children on different diets from the pilot

project (unpublished data)

Total cholesterol levels  (in mg/dL)
Diet type n Mean Median Min. Max. SD p value
Omnivore 61 164.2 157.0 105.0 233.0 26.8
Vegetarian 29 154.7 159.0 101.0 232.0 30.8 p <0.001
Vegan 46 130.6 134.0 90.0 194.0 224

Table 7. LDL cholesterol levels in prepuberal children on

project (unpublished data)

different diets from the pilot

LDL cholesterol levels (in mg/dL)
Diet type n Mean Median Min. Max. SD p value
Omnivore 61 99.7 98.6 54.2 160.0 23.0
Vegetarian 29 88.9 85.6 51.2 154.4 25.9 p <0.001
Vegan 46 71.6 69.3 38.4 136.2 20.4

133




2.4. Consent and ethical considerations

The study was approved by Ethical Committees of University College London
(ucL) , and the Childrends Memori al H
the study took place. | prepared two separate study description documents, one
designed for parents, the second written in appropriate language for children.
The childrends version was differentprogedures
involved in this study (DXA, cIMT assessment), that the children were going to
undertake. Parents gave written informed consent and children orally assented

to participate, after they became familiar with the study description.

After all the assessments were finalised, each family was offered a nutritional
consultation by myself or a fellow dietician. Each consultation was based on the
results of the analysis of childos f
conducted before they arrived at the clinic (as explained below, parents had to
fill in the food record prior to arriving for the examination day). Most families
agreed to the consultation, which explained the principles of healthy eating for
all children. Additionally, for vegetarians and vegans, detailed instructions were
provided (orally and in the form of a printed booklet) on how to compose their
respective diets to provide adequate amounts of all nutrients. Parents of
vegetarians and vegans were informed of the need to supplement their
chil dr en 6 witadin B12 and, depending of the season, vitamin D3. All
the test results were sent to the parents once they became available, with the
exception of those with no informative value to the individual due to lack of
reference ranges (cIMT for all participants, bone density results for vegetarians
and vegans only). Blood tests results were accompanied by appropriate

commentary, and in the case of abnormalities detected, additionally with the
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recommendation to consult their doctor. In the case of results suggesting
megaloblastic anaemia (low serum vitamin B12, and/or high homocysteine,
and/or abnormal complete blood count (CBC) count results), separate phone
calls were made to parents emphasizing the need to supplement vitamin B12 in
higher amounts for 2 months and to conduct follow-up blood tests to verify if the
supplementation was effective. Almost all parents of affected children agreed to
that, with the exception of one family whor ef used t o suppl emeni

diet with B12 despite being given extensive information about its necessity.

2.5. Background characteristics

The following background data were collected before enrolment via an

el ectronic questionnai r eeportedweithtandheighat e o
of the child, current health status, medications, information on parental smoking

and educational attainment, family size, family history of non-communicable
diseases (NCD), (parental/grandparental hypertension, obesity, diabetes or
coronary artery disease or myocardial infarction before age 55 years for men

and 65 for women), religion, breastfeeding/formula feeding practices. Upon
recruitment, additional guestionnaires in the
order, fracture history, lactose intolerance status, birth weight, APGAR score,
gestational age, self-reported parental height, maternal pre-pregnancy
nutritional status (weight, nutritional supplementation practices, dietary
practices), and if the child had been on holiday with significant sun exposure

recently.
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3. Primary exposure assessment 1 diet

Food record forms were emailed to the parents/guardians of eligible participants
of the study. Each food diary included example pages to show how to complete
the diary and how much detail to include. Separate diaries with different
examples (including meat and dairy) were emailed to omnivore children and
vegans/vegetarians (including plant i based alternatives). A parent/guardian
was asked to complete a diary with the help from the child as appropriate.
Participants were instructed to record food and drinks consumed both at home
and away from home and were therefore asked to take the diary with them
when away from home. If insufficient details were obtained by parents on the
composition of meals eaten outside of the home, school and kindergarten staff
and restaurants were contacted directly. During the recording period, two phone
calls were made to the parents. The first call at the beginning aimed to explain
the method, the significance of the research and detailed recording, as well as
the importance of not changing any dietary habits during the recording period.
The participants were guided through the different sections including the
instruction page, informed how to describe details of foods and drinks and their
portion sizes, and an example day was discussed together. The second call
was made during the recording period to check for compliance, answer
qguestions or deal with problems, and review the diary to identify and edit
possible omissions and missing details. At the end of the recording period,
parents emailed the diary back and sometimes a third phone call was made to

correct omissions or clarify inaccuracies. In case of the parent/guardian

responsi bl e for the childds, fekedi chpi bedsagdate

collection date was postponed until their return.
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Participants were asked to keep a record of everything eaten or drunk over four
consecutive days including two weekend days. This number was chosen to
minimise the correlation of intake data (and thus systematic error) due to lack of
intervals between data collection days. The decision to choose two weekend
days rather than one was made in order to minimize the FR inaccuracies
inevitably linked to kindergarten/school consumption data collection. Existing
data suggests that dietary patterns in children track between weekdays and
weekends, apart from children foll
(Rothausen et al. 2013). This was considered unlikely among vegetarian and
vegans, who generally have high health-consciousness (Hoek et al. 2004), and
their omnivore study counterparts, who were specifically recruited to represent

that trait.

The recording was conducted on paper and then transferred into electronic form
by scanning or hand-copying. Participants were asked to record portion sizes in
household measures (e.g. one tablespoon of baked beans, one Kit Kat (two
fingers)), or for packaged foods to note the weight indicated on the packet.
Pictures of household measures of the most commonly consumed products
(milk, flour, butter, etc) were attached to the diary. Leftovers were not recorded
separately, instead participants were asked to take into account leftovers when
recording how much they consumed. As a prompt for this, a question at the end
of each diary day asked participants whether they had finished all the food and

drink they recorded for that day.

Participants recorded brand names for foods wherever possible and were asked
to collect the food label information/wrappers for any unusual foods and ready

meals consumed to help coders identify or clarify items. For homemade dishes,
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participants were asked to record the individual ingredients and quantities for
the whole dish along with a brief description of the cooking method and how
much of the dish they had consumed. For meals consumed at school or nursery
school, the recipes were obtained by contacting the institutions. Parents were
also asked to record the information on packed lunches and instructed to ask
the teachers if the child had eaten anything else apart from the food offered at
kindergarten or school and if so, how much of it. After each day, participants
recorded if their intake was typical for that day (and if not, the reason why) and
details of any dietary supplements taken. The diary also contained a series of
guestions about usual eating habits (for example, type of milk or fat spread
usually consumed) and supplements taken, to facilitate coding in cases where

details were omitted in the diet record.

Prior to recruitment, parents were asked to fill in a screener questionnaire to
gualify the ononthlydcansumgitiondgréqoency of méat, fish, dairy
products and eggs. This was used to preliminarily classify children as omnivore
(non-vegetarian), lacto-ovo-vegetarian or vegan at the recruitment stage and to
assess the frequency of animal product consumption from birth. Final
categorisation into dietary groups was performed after taking into account both
screener questionnaire and food records. Participants were classified as vegan
if they consumed no flesh foods (meat and fish), or other animal-based products
(eggs, dairy), for at least the previous year, or if they consumed no flesh foods
(meat and fish), and nearly no other animal-based products (eggs, dairy), over
the last year, with minor exceptions that amounted to < 5% of reported dietary
energy from eggs and dairy based on the FR. Vegetarians were classified as

those consumi ng *ppgmontha budreddnedt, paultryGind fish
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<1 per month, for at least the previous year. For clear distinction of dietary
patterns, the study did not accept pesco-vegetarians (those who consumed red
meat and poultry <1 per mo nt hil peranordh), &nd semi-véyetarians
(who consumed red meat, poultry, fish 1 per month to 1 per week, and eggs or
dairy at any level), and defined as omnivores those who eat meat, poultry, fish
> 1 per week, and eggs or dairy at any level (Tantamango-Bartley et al. 2013).
The food records were obtained within two weeks prior to health outcome data
collection, as most of the measured blood variables in this project respond to
diet changes within that time (Bonanome and Grundy 1988; Hermansen et al.
2001; Rasmussen et al. 1993). Food record data were entered into nutritional
analysis software, Esha Food Processor, version 10.14. Polish food
composition tables (Kunachowicz, Przygoda, and Iwanow 2005) linked to the
software were used as the primary reference for calculating nutrient intakes.
Nutrient contents of foods not available in the Polish tables, e.g. vegetarian-
specific foods, were obtained from the database of the US Department of

Agriculture (USDA n.d.).

4. Secondary exposure assessment T physical activity

The preferred methods for monitoring physical activity performed by young
children are direct observation or accelerometers (Oliver, Schofield, and Kolt
2007; Pat e, O6 Nei | | ,BothaacosleroMetersc dne Iditect 2 0 1 0
observation are appropriate for this particular age group and allow the detection
of short spurts of activity that are characteristic of young children (De Vries et al.
2009). Direct observation of physical activity can provide detailed contextual

informationonprec<sch ool er s6 physical activity, b L
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for understanding regular physical activity patterns (Oliver, Schofield, and Kolt
2007). The advantage of accelerometers is that they enable objective
guantification of the frequency, intensity, and duration of physical activity during
waking hours over a longer period. Moreover, the relatively low researcher and
participant burden associated with accelerometers, and their lower cost as
compared with direct observation, makes them particularly attractive (Oliver,
Schofield, and Kolt 2007; Reilly et al. 2008; CIiff, Reilly, and Okely 2009).
Nevertheless, this method involves some limitations. Accelerometers primarily
measure locomotor activity, and do not register upper body movement. Further,
they cannot register if a person is carrying any weight (which expends more
energy than movement without weight) nor do they provide information on body
posture (sitting versus standing still) (Lee and Shiroma 2014). However, these
do not seem to be major limitations for paediatric populations, where standing
still or carrying weights is unlikely to contribute much to overall PA patterns.
Due to its numerous advantages described above, accelerometery was chosen
as the physical activity assessment method in this study and was applied using
Actigraph GT1M devices. Children were asked to wear an accelerometer on the
right hip during waking hours for 4 days. A minimum of 2 days with G8 hours of
activity recordings was deemed valid (Corder et al. 2008; Reilly et al. 2008).
Average counts per minute (CPM) were used as an indicator of overall physical
activity (number of registered movement counts divided by wear time
(counts/minutes)). Additionally, time spent in sedentary, moderate and vigorous
physical activity was extracted to compare time spent at different PA intensity

levels between dietary groups.
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5. Outcome assessment 1 body composition

The gold standard of body composition assessment is cadaver dissection, and
no in-vivo technique can approximate its accuracy (Wells and Fewtrell 2006).
This is because all other methods rely on assumptions when converting raw
measurements to body components and thus introduce error. The simplest and
most traditionally used method of body composition assessment is
anthropometry. Anthropometric techniques seek to obtain markers of fatness
(e.g. BMI, skinfolds) or of lean mass (e.g. calf, arm and chest girth). Most other
methods divide body weight into two major compartments (so called two-
component (2C) models) (Lee and Gallagher 2008), namely fat mass (FM) and
fat free mass (FFM) so that total body mass equals FM + FFM. These include
techniques like bioelectrical impedance analysis, densitometry methods
(including  hydrostatic underwater weighing and air displacement
plethysmography) and hydrometry (deuterium dilution) (NIHRa n.d.). More body
components can be measured to obtain more valid estimates of body
composition and thus three (3C), four (4C), five (5C) and six (6C) component
models exist (Wells et al. 1999; Wang et al. 2005). They divide body weight into
components such as water, fat, protein, bone mineral, non-osseous mineral
(soft tissue minerals) and glycogen, and use more than one mode of
measurement to obtain data on multiple body components. An example of a 3C
model is dual x ray absorptiometry (DXA), that divides body into fat, soft and
osseous tissue. The 5C and 6C models are rarely used and the 4C model is
regarded as the gold standard reference method for in-vivo assessment of
overall body composition (van der Ploeg, Withers, and Laforgia 2003). Body

composition can also be measured by newer technologically advanced

141



methods, including quantitative computed tomography (QCT), MRI, and
magnetic resonance spectroscopy and quantitative magnetic resonance (Lee
and Gallagher 2008). Although these provide some advantages over more
traditional approaches (e.g. three-dimensional tissue volume quantification,
qguantification of visceral fat, ability to provide regional and whole-body
measurements), they are also expensive, not commonly available, and in case
of QCT, expose subjects to ionising radiation. Another disadvantage of imaging
methods is that they produces volumes rather than masses, which poses
interpretation difficulties, especially in case of adipose tissue (Institute of
Medicine (U.S.). Committee on Military Nutrition Research., Newberry, and

Costello 1997).

For this particular study three methods were chosen: anthropometry, DXA, and
deuterium dilution. This decision was made based on the availability of
equipment in the Childrend s Me mor i al Heal t h l nst
suitability of methods for younger children and their accuracy (Wells and

Fewtrell 2006).

Multiple methods were chosen to increase the internal validity of the study. The
assumption of 2C models that FM and FFM have constant physical or chemical
properties introduces error in each of the 2C methods. Although, this is a
realistic assumption for fat mass, it does not always hold for FFM. Fat free mass
is a complex component of weight, incorporating skeletal muscle, vital organs,
bone, and supporting tissues, and fluids including the non-lipid content of
adipose tissue (Weber, Leonard, and Zemel 2012). Its components and thus its
density vary in childhood due to ongoing physical maturation (Fomon et al.

1982), and the inter-individual variability in healthy children is also high (Wells et
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al. 1999). Measured values of FM and FFM vary according to the method used
(Wells et al. 1999). Therefore, the use of more than one 2C technique and

inclusion of one 3C method aimed to improve reliability of the findings.

5.1. Simple measurements 1 anthropometry

Anthropometry involves direct measurements of body dimensions such as

weight, height, skinfold thickness and waist, hip and thigh circumferences.

5.1.1. Body mass index

Body mass index (BMI) is the ratio of weight to height squared (calculated as
weight/height?). Paradoxically, though not a direct measure of body fatness, it is
the most widely applied approach used to index this outcome. Strictly speaking,
it provides a measure of relative weight, often expressed as SDS to account for
the effects of age and sex (Cole, Freeman, and Preece 1995). BMI values
among adults correlate with percentage of body fat (Gallagher et al. 1996;
Deurenberg, Yap, and van Staveren 1998; Jackson et al. 2002), however this is
due to a wide range of both measures, and at any given BMI, fat percentage
can vary significantly. In children the associations have been even more
variable and rather weak (Daniels, Khoury, and Morrison 1997; Schaefer et al.
1998). This can be the result of the unsystematic changes occurring in the
levels of fat mass and fat-free mass during growth (Freedman et al. 2005). Most
importantly, BMI cannot distinguish fat and lean mass (Weber et al. 2014). This
is especially significant in childhood, during which the contributions of body fat
and lean mass to body weight depend on sex, age, ethnic background (Wells

2000; Maynard et al. 2001; Weber et al. 2013). Ther ef or e ch
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composition can vary widely at any given BMI (Borga et al. 2018) and optimally
this measure should be accompanied by other techniques in order to distinguish

the FM and FFM.

5.1.2. Skinfolds

Measuring skinfold thicknesses is one of the oldest approaches for predicting
body fat content. It is a quick, inexpensive, non-invasive and simple method to
assess the thickness of subcutaneous fat at various body sites (Tanner and
Whitehouse 1975). Usually, intra-observer and inter-observer error are lower
than the between-subject variability (Wells and Fewtrell 2006). This approach
can be used to rank the individuals in terms of their peripheral fat content. Raw
skinfold values can be converted into standard deviation scores to allow for
comparison between different groups of interest. Skinfolds, however, do not
convey information on lean mass. For assessment of total fat mass, predictive
equations are unsuitable, as they can confound accurate raw values with
predictive error (standard error of the estimate). Moreover, the theoretical
assumptions through which these values are converted into final body
composition data may often only be valid in the populations from which they

were derived (Wells and Fewtrell 2006).

5.1.3. Waist circumference

Waist circumference (WC) is another simple, inexpensive and non-invasive
predictive measure of central body fat. It is regarded as the best anthropometric
obesity index (Bosy-Westphal et al. 2010). It estimates central (visceral)
fatness, relevant in CVD risk assessment. It has a low inter-observer and intra-

observer error, and when adjusted for clothing, good accuracy (McCarthy,
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Jarrett, and Crawley 2001). Waist circumference has been found to be more
reproducible than skinfold measurements (Maffeis et al. 2001). Measures of WC
in children are more complicated to interpret than in adults, because waist
circumference changes with growth and development and it does comprise both
fat and lean tissue element. However, they do correlate well with fat deposits
measured by abdominal computed tomography (Spolidoro et al. 2013), and MRI
(Bosy-Westphal et al. 2010), although more with subcutaneous fat than with

visceral fat.

5.1.4. Hip and thigh circumference

Hip and thigh circumference provide measures of peripheral gluteofemoral fat.
In adults, this fat depot, unlike abdominal fat, is associated with more favourable
glucose and insulin levels (in men) and lipid levels (in both sexes) (Snijder et al.
2005). Larger hip and thigh circumferences confer lower risk of type 2 diabetes,
independently of waist circumference, BMI, age (Snijder et al. 2003). Although

data in children are lacking, it is likely that these relationships will be similar.

5.2. Anthropometry measurements used in this study

Weight and height; mid-thigh, waist and hip girths; biceps, triceps, subscapular
and suprailiac skinfolds, were all measured by two trained raters according to
the standard operating procedures of UCL Great Ormond Street Institute of
Child Health. The digital scales (Seca 86l) were regularly calibrated. Height was
measured with a portable stadiometer (Seca 213), skinfolds with callipers

(Harpenden), and girths with a non-stretchable tape.
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Anthropometry is a simple technique but is limited in that it tends to provide
information about fat mass but not lean mass, crucial for this study. Therefore,

additional measurements were undertaken to estimate FFM.

5.3. Methods distinguishing fat and fat free mass

TwoZomponent methods divide body into fat mass (FM) and fat free mass
(FFM), DXA additionally assesses osseous tissues. By addressing these
components of weight, prediction of estimates from regional proxies is not
necessary. However, the theoretical assumption of constancy of the
composition of FFM still remains. Between birth and adulthood, proportions of
water, protein, and mineral in FFM, change with age and pubertal status. These
changes are addressed by assuming constant lean mass characteristics for a
given age and sex. Such assumptions may be problematic in various disease
states; however, they are largely accurate for healthy subjects (Wells and

Fewtrell 2006).

5.3.1. Dual energy x ray absorptiometry

Dual energy x ray absorptiometry was originally developed as a method for
bone mass composition assessment. Bone mass is calculated from low-dose X-
rays of two different energies that are sent by the machine and absorbed
differently by bones and soft tissue. What is not absorbed is detected on the
other side of the body. The higher the mineral content of bones, the more
energy is absorbed, and the less energy detected on the other side of the body.
DXA is considered a gold standard in bone mineral density assessment

(Webber 2012). It has been shown to be both accurate and precise when used
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for this purpose. Additionally, the different energy levels allow a separate
estimation for bone and soft tissue absorption (Berger 2002). Therefore, apart
from bone density, values for fat and fat free mass can be calculated based on
specific algorithms. The advantage of DXA body composition assessment is its
good reproducibility (coefficient of variation for body fat is in the range 11 2%,
lean tissue in the range of 0.512%) (Borga et al. 2018). Due to its high
availability, acceptability by children, quick duration of the measurement and
ability to measure regional fat and FFM, DXA is widely used to measure body
composition in paediatric population (Albanese, Diessel, and Genant 2003;
Verduin et al. 2016; Karlsson et al. 2013). However, caution is needed in
interpreting body composition data, as it gives inaccurate, consistently biased
results in healthy persons and patients when compared with the gold-standard
reference, the 4-C model (Wong et al. 2002; J. Williams et al. 2006). The bias
results from the fact that only in pixels that do not contain bone can soft tissue
composition (fat versus lean) be assessed. In the trunk, the bones of the pelvis,
spine and ribs obscure substantial numbers of pixels and therefore soft tissue
composition can only be estimated, but not measured (Wells 2009). The bias
varies according to subject, age, sex, instrumentation, disease state (Williams
et al. 2006) and therefore cannot be adjusted by a single correction factor.
Therefore, body composition assessment by DXA should not be used as a
reference method (Wells and Fewtrell 2006). Some researchers call it a 2-C
technique (Wells and Fewtrell 2006), rather than 3-C technique, as it separates
bone and non-bone tissue well, but its differentiation of FFM versus fat is an
estimate (incorporating assumptions), not a measurement. This method
exposes the patient and operator to ionizing radiation, but the dose is very

small. The effective radiation dose from a single whole body DXA (< 10 micro
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Sieverts) is similar to the normal background radiation received over one day at

sea level (Shepherd et al. 2017).-

5.3.2. Deuterium dilution

The deuterium dilution method, otherwise called hydrometry, is based on the
principle that water is present in all body compartments apart from fat. Water is
only found in fat free tissues in humans. This method enables the estimation of
FFM by measuring total body water (TBW) and adjusting for hydration.
Hydrometry enables measurement of TBW with an error of < 1% when correctly
applied (NIHR n.d.). For any age and sex, lean mass has an approximately
constant water content (Wells et al. 2010). Betweendndividual variability in
children is low (Wells et al. 1999) and published reference values exist for
difference ages (Wells et al. 2010). Hence fat-free mass can be derived from
TBW, and fat mass then calculated from the difference between fat-free mass
and body weight. The method involves the oral administration of deuterium
oxide, a naturally occurring, non-toxic isotope of water present in all humans.
The technique presents no practical difficulties. From simple dilution principles,
TBW can be calculated by the change in isotope enrichment following the drink.
The method is considered acceptable by the general population, and has been
applied in epidemiological research (Wells et al. 2005; Liu et al. 2011). The
limitations of this method include the cost of the equipment involved in the
sample analysis and the assumption that FFM has constant hydration values for

each sex at any given age.
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5.4. Total Body Water and DXA measurements in this study

Saliva samples were collected prior to a drink containing 0.05 g of deuterium
oxide per kg body weight using cotton wool swabs. After four hours a second
salivasamplewas col |l ected. The <conce mtsruateidonbya
I s otroaptei o-smassr ometry (Gaisrbge-Delht bl iXtPi essy st
Ther moFi sher) at UCL Great Or monFHaftstereeet
mass was <calculated from TBW wusing publ.i

mass as rtehnec edibfefteween body vWelglhst eathdall.e a

DXA measurement was conducted by an experienced technician on a Lunar
Prodigy Advanced machine. The subject was asked to lie on a machine bed
and wore light indoor clothing. Calibration of the densitometer, a quality control
procedure, was performed daily. Additionally, an anthropometric spine phantom
was scanned at |l east twice weekly. The
dietary exposure. Bone mineral content values for the body minus the head
(TBLH BMC) and the L2-L4 region (L2-L4 BMC) were extracted along with the
corresponding bone areas in order to correct results for bone size in regression
analysis. As an additional method correcting the BMC results for bone size,
bone mineral apparent density was calculated using the Carter method, which
adjusts BMC for calculated bone volume rather than bone area, utilizing data for
age, sex, BMC and bone area for L2-L4 (Carter, Bouxsein, and Marcus 1992).
UK reference data to obtain BMAD z-scores (Crabtree and et al. 2004) and

DXA fat and lean mass z-scores were used (Wells et al. 2012).
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6. Outcome assessment 1 blood markers or

cardiovascular risk and nutrition status

Fasting blood (15 ml) was drawn between 8 and 10am. Total cholesterol, HDL
cholesterol, LDL cholesterol, VLDL cholesterol (VLDL-C), and triglycerides were
analysed on an A15 Biochemistry Analyser (Biosystems) using agarose gel
electrophoresis, a method commonly applied in the paediatric population
(Kuromori et al. 2006; Huffman et al. 2013; Magnussen et al. 2008). The
complete blood count was determined on a Coulter LH 750 analyser, by the
impedance method. This is a traditional method for counting cells, also known
as the Coulter Principle, and is used in almost every haematology analyser

(Scoffin 2014).

Fasting glucose was analysed on an Al15 Biochemistry Analyser by an
enzymatic spectrophotometric method, widely used in clinical diagnostic
laboratories (Buzanovskii 2015). Plasma vitamin B12 and homocysteine were
determined by Chemiluminescent Microparticle Immunoassay (CMIA) using
commercial kits on an Architech i1000SR Analyzer (Abbott). This technology
is approved by the National Institute of Health and Care Excellence for
diagnosing vitamin B12 deficiency (NICE 2015). Insulin was determined by
Immunoradiometric Assay (IRMA) with KIP1251 kit, (DiaSource). IGF-1 was
determined by Radioimmunoassay (RIA), with KIP1589 kit, (DiaSource), using
the Automatic Gamma counterl470 Wizard (Perkin Elmer). Immunoassays
are the standard method used in insulin and IGF-1 assessment (Roberts 2012;
Ketha and Singh 2015). IGFBP-3 was determined by sandwich enzyme-linked
immunosorbent assay (ELISA) method (EO3A kit, BioVendor) on an ELISA

Plate Reader (PowerWave XS Bio-TEK). Sandiwch ELISA method is
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commonly applied in measurement of human IGFBP (R&D Systems n.d.;
ThermoFisher n.d.). The IGF-1/IGFBP-3 molar ratio was calculated according
to the formula: 1 ng/mL IGF-1 = 0. 1 3lGandrnm@grL IGFBH~3

0.036 nmol IGFBP-3 (Naspi et al. 2014). 25-hydroxyvitamin D was measured
on the IDS iISYS Analyser, by chemiluminescent immunoassay (CLIA) method,
routinely used for this purpose (Gallelli et al. 2019). Ferritin was ascertained
by immunochemiluminescence, and hs-CRP by immunoturbidimetry on a
Cobas 600 analyser. Both methods are commonly used for these purposes
(Maldonado-Araque et al. 2018; Escobar-Morreale et al. 2005; Rothkrantz-Kos
et al. 2002). Hs-CRP and ferritin were analysed from frozen 3 ml samples
remaining 3 years after the original data collection started. Both ferritin and hs-
CRP are considered stable after being stored for, accordingly, 315 years and
up to 11 years, at temperature of i 8 0 A(Sacri et al. 2017; Doumatey et al.

2014).

7. Outcome assessment 1 insulin resistance

Insulin resistance cannot be measured directly. It can be clinically suspected by
assessing the units of insulin needed to achieve normoglycaemia (in diabetes), or
by measuring fasting plasma insulin and interpreting it in conjunction with fasting
glucose levels. In the latter clinical scenario, one needs to take into account a
considerable overlap between fasting insulin levels between healthy and diabetic
subjects (Wallace and Matthews 2002). Quantitative estimates of insulin
resistance assessment are used in research studies and can be categorised into
those that estimate basal insulin resistance (Homeostatic Assessment Model,

HOMA-IR) and those that assess stimulated IR (Continuous Infusion of Glucose
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with Model Assessment (CIGMA), Frequently Sampled Intravenous Glucose
Tolerance Tests (FSIGTT), or Hyperinsulinaemic Euglycaemic Clamp (HEC))
(Borai et al. 2011). For the purpose of the study of healthy children, the only
feasible option is HOMA-IR. In contrast to other methods, HOMA-IR is simple,
non-invasive, i.e. does not involve application of intravenous glucose or insulin
and is easy to compute, as the equation requires only fasting glucose and insulin
values. At the same time, its estimates correlate well with the gold standard HEC
method of IR assessment in non-diabetic patients (Matthews et al. 1985). HOMA-
|l R all ows quantificat i o-ell forfctioni im gercéniage
values. For optimal results, the calculation should include the mean of three
fasting insulin and glucose results at 5-min intervals (0, 5, and 10-min samples),
because insulin secretion is pulsatile (Wallace and Matthews 2002). However,
single basal samples are generally used for epidemiological studies. HOMA-IR is
calculated as fasting insulin (microU/L) x fasting glucose (nmol/L)/22.5

(Matthews et al. 1985).

8. Outcome assessment T carotid intima media thickness

High-resolution vascular ultrasound is a reliable method to assess increased
carotid intima media thickness (cIMT) (Ludwig et al. 2003; Doyon, Kracht,
Bayazit, Deveci, Duzova, Kr mar , Lit
Querfeld, Me | k, Schaefer, W¢ hl , . BEhe
ultrasound measurement was performed by one experienced examiner blinded
to the dietary exposure using a high-resolution ultrasound Hitachi
AlokaProsound Alpha 6 and a 5.5 to 12.5-MHz probe. cIMT was measured

bilaterally on the common carotid arteries (CCA) using a linear array transducer
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set to 12.51 13 MHz according to the methodology described by Jourdan et al.
(2005). The child was in a supine position, following at least 10 min rest. The
CCAs were assessed 1i 2 cm proximal of the bifurcation over a range of 1 cm of
the posterior wall. ¢l MT was deyned as
of the lumen-intima interface and the media-adventitia interface of the far wall

(Ludwig et al. 2003) and was measured manually with the caliper method.

9. Statist ical analyses and the choice of confounders

9.1. Statistical analyses

To describe the background characteristics of the diet groups, means or
medians and SDs were calculated and to test the null hypothesis of no
difference between the groups, chi-square, ANOVA or Kruskall-Wallis tests,
were applied. For anthropometric outcomes ascertained by two raters, inter-

rater reliability (interclass correlation coefficient) was computed and differences

bet ween ratersd means wuests. € conpard ddferences i n g

in the main outcomes across diet groups, linear regression models were used,
with vegetarians or vegans categorised using dummy variables in order to
compare them to the reference group of omnivores. Cluster-robust standard
errors were used to calculate 95% confidence intervals (ClIs) to account for
clustering of siblings (Rogers 1994). Outcomes that were not symmetrically
distributed (HOMA-IR, VLDL cholesterol, triglycerides, hs-CRP, TBLH BMC,
L2-L4 BMC, ferritin and homocysteine) were successfully natural log-
transformed and differences between diet groups were expressed as
percentages (Cole and Altman 2017). Two physiologically implausible values

(insulin: 29.20U I / mLCRP: hl5.79 mg/dL) were excluded. The lowest
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detectable level of two variables, vitamin B12 and 25 (OH) D, that had values
<93 pg/mL and <7 ng/mL respectively, were divided in two, to address

truncation due to limits of detection of the instrument.

Nutrient intakes, one of the main correlates of the exposure in this study, of the
dietary groups were expressed as medians. As mentioned in chapter Ill, section
2.2, the distributions of nutrient intakes have a right-skewedness. Therefore,
medians are better measures of central tendency with data of this kind. When
crude medians are compared across groups, confounding can be an issue
(McGreevy et al. 2009), so adjusted medians were chosen in an attempt to
represent the casual effects of vegetarian or vegan diets on nutrient intakes (the
adjustment sets are discussed in the next section). Hence median regression
was used, with vegetarians or vegans categorised using dummy variables, in
order to compare their nutrient intakes to the reference group of omnivores. The
same approach was used to account for clustering of siblings, as in the case of
linear regression comparing differences in the health outcomes. However,
unlike in the case of the rest of the outcomes where crude and adjusted mean
differences were calculated, marginal predictions of median nutrient intakes
were obtained. | considered this way of reporting of nutrient intakes to have
more informative value, as it would allow the comparison with other studies and

international nutrient recommendations.

The MSM method, described in chapter Ill, section 2.2.3 above, was used to
obtain usual dietary intakes. Usual intakes were used to calculate the median
nutrient intakes and percentages of inadequate nutrient intakes according to the
(EAR) cut-point method using the following equation: number of children with

intakes below EAR/total number of children * 100% (US Institute of Medicine
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2000b). The EARs for iron and zinc for both vegetarians and vegans were
increased 1.8 times, to account for lower bioavailability of these minerals from

plant -based diets (US Institute of Medicine 2001).

Directed acyclic graphs (DAGs) (explained below) were used to state my
assumptions about the inter-relationships of numerous variables, including
background characteristics of dietary groups, associated with the exposure and
each set of outcomes (namely, anthropometry and body composition; bone;
CVD risk; iron and vitamin B12; vitamin 25 (OH) D) and nutritional intake) and
exposure correlates. DAGs helped me identify a minimum set of confounders to
control for (Williams et al. 2018). Linear and median regression models were
then fitted for each set of outcomes on diet group that controlled for the relevant
(often different) potential confounders. The simplest models included diet group
(the exposure) and 1 if relevant for the outcome i age and sex (models 1).
These are presented to appreciate the effect of confounding present in the data.
A more complex model (models 2) included further confounders identified by
the relevant DAG. Additional models were fitted for some outcomes where
mediators (i.e. variables assumed to be on the causal pathway from exposure
to outcome, explained below) were also controlled for to examine possible
pathways of association, assuming that no additional confounders may be at
play (models 3). Confounders which had biologically plausible non-linear
relationships with the outcomes (birth weight, gestational age, maternal pre-
pregnancy BMI) were categorised into fifths and used in the analysis as
categorical variables. In the analyses of serum parameters of vitamin B12 and
25 (OH) D status, dietary groups were further separated into whether or not the

child took vitamin supplementation or used fortification. Seasonality in
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concentrations of vitamin 25 (OH) D was adjusted for by including sine and
cosine functions of the day of blood draw in models with this outcome (Fanidi et

al. 2016; Degerud et al. 2016).

Multiple imputation using multivariate normal regression (Lee and Carlin 2010)
was used to deal with missing values that affected some of the outcomes used
as explanatory variables (fat and lean mass index), and explanatory variables
(birth weight, gestational age, maternal pre-pregnancy BMI, average CPM,
paternal education and height, religion), under the assumption of missing at
random (Little and Rubin 2002). For all other outcomes that were affected by
missingness only marginally (02.1%), records with missing values were
excluded. Continuous variables with skewness parameter >= 1 were natural
log-transformed prior to multiple imputation in order to satisfy the assumption of
multivariate normal distribution. Variables used in the analysis as fifths were
imputed as continuous variables, and then categorised into fifths in each

imputed dataset.

Separate to the above, in secondary analyses ordinal logistic regression was
used to compute marginal predictions of the prevalence of several categories of
inadequate status of vitamin B12, iron and cholesterol in the three diet groups.
Pairwise comparisons of the marginal predictions were used. The ordinal
logistic models included the indicators of diet group, and confounders identified
by the respective DAGs for the corresponding continuous outcomes. Probable
and possible vitamin B12 deficiency were defined as <200pg/mL and 201 to
350pg/mL, respectively (Devalia, Hamilton, and Molloy 2014). Iron deficiency
anaemia was defined, following WHO (WHO 2018a), as mild (Hb 11.01 11.4

g/dL), moderate (haemoglobin (Hb) 8.00i 10.9 g/dL) or severe (Hb <8 g/dL).
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Paediatric LDL-C values were classified, following the Expert Panel on
Integrated Guidelines for Cardiovascular Health and Risk Reduction in Children
and Adolescents (Expert Panel on Integrated Guidelines for Cardiovascular
Health and Risk Reduction in Children and Adolescents and National Heart,
Lung, and Blood Institute 2011), as high (O 1 3rg/dL), borderline (1107 129
mg/dL) or acceptable (<110 mg/dL); and HDL-C as low (<40 mg/dL), borderline
(401 45 mg/dL) or acceptable (>45 mg/dL). The results of complete case (CC)
and multiple imputation (MI) analyses were compared. All statistical analyses
were performed in Stata release 13.1 (Stata-Corp, College Station, Texas,

USA).

This is the first investigation of its kind and it has an exploratory nature. Hence,
corrections for multiple testing were not carried out. Another reason is that this
study aimed to assess the safety of plant-based diets in children, which was
more important than detecting differences in their CVD benefits, and correction
for multiple testing could have obscured the evidence of harm. However, the
percentage of false positive results is likely to be lower than that expected from
the number of tests in this study, as several health outcomes were tested with
more than one method, and in those cases, are affected by a single biological
relationship. Additionally, in the analysis of median nutrient intakes, the main
correlate of the exposure, pairwise comparisons were undertaken without
correction for multiple testing. Nutrient intake profiles of children aimed to help
understand causes of differences of health outcomes between diet groups and
were not treated as a main outcome of interest. This rationale should be taken

into account when interpreting the results.
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9.2. Directed Acyclic Graphs, confounding and mediator S

The identification of confounders and mediators for each outcome was carried
out with the Directed Acyclic Graphs (DAG) method, put forward by the most
recent theoretical and methodological developments in casual inference (Van
der Weele 2019). DAGs provide a simple graphical way of displaying exposure-
outcome relationships and thus identify confounders and other potential sources
of bias (Williams et al. 2018). Bias is a systematic, erroneous, incorrect
interpretation of the exposure-outcome relationship. As opposed to random
error, it cannot be eliminated by increasing sample size or replicating the study.
Bias may prevent researchers from finding a true effect or it may lead to an
underestimation or overestimation of the true association between exposure
and an outcome (Skelly, Dettori, and Brodt 2012). Confounding is one type of
bi as. 't i s al so c(@kidsad6),iwherexhe effpctscofthee f f ect s 0
exposure on a given outcome are mixed with some other effect that is
associated both with the exposure and outcome. This results in various
distortions of the true relationship. Confounding may mask a true association,
under- or overestimate it, or falsely demonstrate one that does not exist. The
existence of confounding makes it difficult to establish a true casual effect of the
exposure on the outcome, as confounders compete with the exposure in
explaining variability in the outcome. Therefore, the effect of confounding needs
to be addressed. One of the ways to achieve this is to identify confounding and
adjust for it in the analysis. By displaying assumptions about the relationship
between variables, DAGs are a helpful tool to recognise confounders even in
situations where the outcome is influenced by numerous other variables other
than the exposure. They depict variables as points or edges connected by

arrows or directed paths, in logical, causal sequences. An arrow from edge A
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points to some direction (e.g. B), meaning that A causes B. There is no path
that can form a closed loop, i.e. a variable cannot cause itself (therefore the
graphs are called acyclic). In Figure 8, an arrow from smoking points to coffee
drinking, meaning that both habits are associated with each other. This
relationship can cause a spurious association between coffee drinking and lung
cancer. The presence of a common cause in a DAG is correspondent to the
presence of confounding. The DAG in Figure 8 indicates two paths from coffee
to lung cancer. One path leads directly from coffee to cancer, representing the
effect of coffee on cancer. There is, however, another path from coffee to
cancer, via their common cause, smoking. In DAG terminology, this path is
called a backdoor path because it can lead from coffee via smoking to lung
cancer and starts with an arrowhead towards the exposure. The presence of a
common cause or backdoor path in a DAG identifies the presence of
confounding. Conditioning on the confounder (graphically represented in a DAG
by putting a circle around it) blocks the backdoor path and thus eliminates

confounding (Suttorp et al. 2015).
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Figure 8 shows a simple DAG depicting basic confounding concept of the relationship
between coffee drinking and lung cancer that is confounded by cigarette smoking.
Smoking is casually associated both with cof ~ fee drinking and lung cancer (red lines) and
if, not accounted for, may cause a spurious association (green line) between coffee

drinking and lung cancer.

Confounder
Cigarette
/ smoking \
Exposure COﬂ:ee Lung cancer Qutcome

a
>

Not every variable that is associated with both the exposure and the outcome is
a confounder. Such a variable can instead be a mediator. This is another
concept that can be well displayed with the use of DAGs. Apart from being
associated with both the independent and dependent variables, a mediator is
part of the causal chain between the independent and dependent variables
(Williams et al. 2018). Adjusting for mediators is considered an epidemiological
error, or an over adjustment, as it eliminates one of the causal paths between
exposure and outcome and distorts the overall relationship between them. One
of the commonly quoted examples is the relationship between diet and heart
disease, partly mediated by cholesterol levels. If we adjust the analysis for
cholesterol levels, we remove the part of the association between diet mediated
through cholesterol levels which attenuates the true causal effect of the diet, or
in some cases may even reverse it, leading to counterintuitive results (Williams

et al. 2018; Schisterman, Cole, and Platt 2009).
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In Figure 9, the DAG informs us that diet affects both cholesterol levels and
heart disease through independent pathways, and that cholesterol levels are
also associated with heart disease. This means that part of the effect of diet on
heart disease is explained by a dietary influence on blood lipids. There is no
backdoor path here, as the arrowhead does not point towards the exposure
(Suttorp et al. 2015).

Figure 9 shows a DAG depicting mediation concept. Diet affects heart disease risk partly
though its effect on cholesterol levels. The path from the diet to heart disease via

mediator (cholesterol) is not a backdoor path, because it does not start with an

arrowhead towards the exposure.
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9.3. Confounders and mediators in this study

In order to identify confounders and mediators for this study, | used DAGitty
(Textor et al. 2017), a popular web application for drawing and analysing DAGs.
For each outcome | created a separate DAG including all the measured
background variables with the potential to confound and mediate the
association between the dietary group and that particular outcome. Based on
this information, DAGitty automatically created two exposure-outcome

adjustment sets, one group for the total effect (without adjusting for mediators)
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and one for the direct effect (eliminating the casual pathway created by a
mediator), in order to assess potential mechanisms of the exposure-outcome
association, based on the assumption that no other confounders are at play
(Textor 2015). Below is the example of DAG drawn for the set of nutrition
intake, the main correlate of the exposure (Figure 10).

Figure 10 shows a DAG created by DAG -itty software illustrating relationships between

the exposure (vegan or vegetarian diet) and outcome (nutrient intake) and all other

measured potential confounding or mediating variables (www.dagitty.net) .

Based on the DAG for nutrient intakes, the adjustment set for total effect was
age, sex, religion, urbanicity, seasonality, family history of obesity, parental
education. The suggested variables in the direct effect set were age, sex,
religion, urbanicity, seasonality, family history of obesity, parental education,
breastfeeding, body composition, birthweight, physical activity and caloric
intake. The adjustment sets for all the outcomes used in regression models are

displayed in Table 8.
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