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Abstract

Background Paediatric obesity is rising globally, and the prevalence is rising faster in low-
middle income countries (LMIC) than other regions. Early life growth patterns play critical
role in shaping risks of chronic diseases later in life. However, the association between early
childhood growth and adult disease risk may be mediated by body composition. However, there
are few studies assessing the relationship between growth patterns and body composition
during early childhood. The assessment of body composition early in infancy affords
discernment into the fat mass and lean mass distribution; important factors for subsequent
metabolic diseases. There is limited data on early childhood body composition in LMIC

settings undergoing transition.

Aims Therefore, the aims of this dissertation were to; (i) describe fat mass and fat-free soft
tissue mass by air displacement plethysmography at birth, 1, 2, 3, 4 and 6 months, (ii) describe
fat mass and fat-free soft tissue mass using deuterium dilution technique at 3, 6, 9, 12, 18 and
24 months; and to (iii) assess the association between childhood growth from birth to 24 months

and fat mass and fat-free mass at 24 months in a cohort of South African urban infants.

Methods The data for this dissertation was a secondary analysis of data drawn from the
International Atomic Energy Agency Multicentre Body Composition Reference Study on
singleton infants born in Soweto, South Africa between 2014 and 2019. The anthropometric
measurements weight and length, skinfold thicknesses, and arm circumferences were collected
at each visit. Fat mass (FM) (kg), fat free mass (FFM) (kg), Fat mass index (FMI), fat free mass
index (FFMI), and percentage fat mass (%FM) were measured using Air displacement
plethysmography (ADP) and isotope dilution method (Deuterium Oxide) from birth to 24
months. The birthweights were classified as: Small-for-gestational age (SGA) (below 10th

percentile), appropriate-for-gestational age (AGA) (between 10th and 90th percentile) and



large-for-gestational age (LGA) (above 90th percentile) using Intergrowth-21st growth
standards. Age and sex adjusted height-for-age (HAZ), weight-for-age (WAZ) and weight-for-
height (WHZ) z-scores were generated using the 2009 WHO child growth references (0 — 5
years) to assess nutritional status from birth to 2 years. The analyses of variance were used to
assess differences in body composition between categories of birth weight. T-tests were used
to assess differences in anthropometric measurements and body composition between sexes
and levels of nutritional status. The multiple linear regression analyses were used to estimate
the association between conditional growth 0-6months and 6-24months and body composition

at 24 monthes.

Results Boys had significantly higher weight at all ages, and were taller up to 15 months of
age. Girls had higher FM at birth (p<0.001) and 1 month (p<0.001) of age. There were no
differencesin FFM, FMI, and FFMI between sexes at all time points. SGA and AGA both had
significantly higher %FM than LGA at 12 months. LGA had higher FM at 24 months. Children
with stunting had significantly lower FM and FFM at 12 and 24 months. At 6 months, FFMI
was significantly higher in children withstunting. Conditional relative weight 6-24 months had
a stronger association with FM and FMI than conditional relative weight 0-6 months and birth
weight. Conditional length in both 0-6 and 6-24 months was significantly associated with FM

and FMI in females.

Conclusion The assessment of growth pattern and body composition early in infancy may
prove valuable in understanding factors associated with prevalence of childhood obesity. Rapid
weight gain beyond 6 months of age had a stronger associated with toddler body fat. SGA and

LGA are disadvantaged extremes in infancy, likely to increase the risk for obesity.
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Preface

“If you want to measure the classlessness of a society, and you are not interested in rhetoric
but in actual conditions and facts, then looking at the growth of children ... is perhaps the

best way” ~ James Tanner

My interest in infant body composition began when | was given an opportunity to be part of
the International Atomic Energy Agency Multicentre Body Composition Reference Study
(IAEA-MBCRS) support team at the Developmental Pathways for Health Research Unit
(DPHRU). I joined the DPHRU in 2015 as a laboratory technician processing and analysing
samples for different projects in the unit. In 2018, | was assigned to the IAEA-MBCRS as a
lab technician to administer deuterium oxide doses and collect saliva samples from the infants,
and to measure their total body water using the new Agilent 4500 series Tumbl-IR portable
Fourier transform infrared (FTIR) spectrometer. This was an exciting opportunity for me as
this technology was not only new in our unit, butin South Africa. Not only did I learn to operate
new laboratory equipment, | was also privileged to be trained by Christine Slater on how to
interpret the results. While analysing the saliva samples in the laboratory, the changes in the
body composition of those infants evoked my curiosity and | was determined to understand the

association between those changes and the rising prevalence of childhood obesity in Soweto.

When the door opened, | grabbed the opportunity to be mentored by great academics Professor
Shane Norris and Dr Lukhanyo Nyati and to and learn from their expertise in this field. This
journey gave me an opportunity to learn how to clean and analyse data using the statistical
program Stata. It was my first time using Stata and learning all the statistical language and

terms was difficult, but was all worth it.
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This work highlighted and promised to fill the research gaps in the area of early childhood
nutritional status and infant body composition particularly in South Africa where there is a
paucity of dataof early childhood body composition. This is a dissertation by publication which
produced an article which was submitted for publication to the European Journal for Clinical
Nutrition. Chapter one of my dissertation outlines the problem statement and the adopted
conceptual frameworks, overall aims and objectives, as well as the literature review on my
topic. Chapter 2 provides the methods that were used in the study including the design, the
participants and the methodsused. Chapter 3 presents a manuscript that describes the objectives
1 to 4, and chapter 4 presents the additional results for objective 5. Lastly, chapter 5 gives the

overall discussion and the conclusion from this dissertation.
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Chapter 1: Background and literature review

1.1 Problem statement

The increasing prevalence of childhood overweight and obesity has become an urgent public
concern in both developed and the developing countries (1,2). Obesity in childhood is
considered a public health problem due to its association with risk of early onset of obesity
related diseases in adulthood such as diabetes, cardiovascular diseases and others (3,4).
According to the World Health Organization (WHQO) 2019 report, the estimated number of
overweight and obese children under the age of five years globally was 38.2 million in 2019
(5). Itis also estimated that by 2025, 268 million school-aged children will be overweight and
91 million will be obese globally (6). Low-middle income countries (LMIC) contribute 87%
of the total global number of childhood overweight and obesity under the age of five years,
although high-income countries (HIC) still have the highest within-country proportion of
children with overweight and obese (7). Africa has seen a drastic rise from 6.6 million in 2000
to 9.7 million in 2017 of overweight and obese children under the age of five years (7). Of
particular concern, is the rising prevalence of overweight and obesity in children under the age
of 5 years in South Africa (8). Data from the South African National Health and Nutrition
Survey (SANHAHES-1) showed that approximately 25% of South African young children (2-

4 years) were overweight or obese (9).



Obesity is the fifth leading cause of mortality and one of the contributing factors for a number
of chronic illnesses and psychosocial challenges globally (10). Childhood obesity tends to
persist into adulthood where it is a contributing factor to wide range of noncommunicable
diseases (NCD) (3). Globally, the rising burden of NCD is recognised as a health issue (11),
accountable for over half of all global health problems (12) and significantly contributing to
mortality and morbidity (13). Moreover, children who are obese or overweight are more likely
to suffer from series of psychological comorbidities such as anxiety and low self-esteem
(14,15) as well as metabolic and cardiovascular diseases like type-2 diabetes (T2D) and high
blood pressure (16,17). Obesity is defined as a physical manifestation of chronic excess energy
characterised by an excess body fat (18). Not much is known of the exact cause of obesity,
however it is perceived to be theresult of complex interplay of genetic makeup, socioeconomic

status, cultural influences, biological and behavioural factors (19,20).

Obesity has its origin traced back in early life and tracks throughout life course such that
birthweight and infant weight were reported to be associated with lifelong overweight and
obesity (3,21). Similarly, low birthweight has been reported to be linked to type 2 diabetes and
cardiovascular disease later in life (22,23). However, majority of studies assessing early
childhood nutritional status are based on anthropometric measurements and there is a paucity
of data of early childhood body composition in LMIC settings undergoing transition (24).
Anthropometric measurements are useful markers of physiological changes during critical
periods of growth, given that they are easily attainable and non-invasive (25). However,
anthropometric measurements have limitations due to the inability to discriminate fat mass
(FM) from fat free mass (FFM) (26,27). Body Mass Index (BMI) has a low sensitivity in

detecting excess fat or extreme muscle mass in children which is likely to give inaccurate



classification (28). Similarly, skinfolds thickness do not reflect total amount of body fat (29),
making it difficult to predict FFM (30). To better understand how infant growth and nutrition
are associated with adverse health risks throughout the life course, data on the accurate

assessment of drivers of infant body composition is crucial (31,32).

1.2 Conceptual frameworks

It is purported that early life growth patterns play a critical role in shaping risks of chronic
diseases later in life (33). This concept was first introduced by David Barker in what is now
widely knownas the Developmental Origins of Health and Disease (DOHaD) or “foetal origin”
hypothesis (33). The hypothesis provides a theoretical framework emphasizing the importance
of early childhood growth and development in the prevention of adult diseases. It postulates
that most adult chronic diseases have their origin from foetal adaptation to a nutrition
compromised environment during antenatal life (23,34,35). This means that the developing
foetusunder intrauterine stress resorts to developing predictive adaptive responses which foster
immediate response and brace for similar environmental encounters later in life (36). However
if later that infant is exposed to an environment contradictory to that in utero such as

overnutrition it could have dire effects such as predisposition to NCD risks (33,36).

Hales and Barker in their development of first conceptual NCD model termed “thrifty
phenotype” reported that low birth weight and foetal undernutrition are associated with high
risk of cardiovascular disease and type 2 diabetes later in life (22,23). The aetiological
pathways 1 to 6 as illustrated in Error! Reference source not found. show the association

between early life growth (the first 1000 days) and later outcomes. It is believed that the



relationship between early life growth and later adult outcomes is mediated by infant body
composition. Thus, accurate assessment of body composition is crucial to better understand
how infant growth and nutrition are associated with adverse health risks throughout the life
course (31,32). However, there is a limited data on the relationship between early life growth

patterns and infant body composition, particularly in LMIC.
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Figure 1-1 The conceptual framework describing relationship between early life and later
outcomes mediated by body composition

Assessment of body composition affords the discernment into fat mass and lean mass
distribution, which are important factors for subsequent metabolic diseases (31). Therefore, the
conceptual framework adopted for this study looks to investigate pathways 1-3 as shown in

Figure 1-1. The DOHaD framework forms the foundation for this dissertation in assessment of



infant body composition in order to evaluate drivers of childhood obesity in LMIC. The
association of birthweight, a proxy for intrauterine growth, and early growth patterns with body
composition in the first 2 years of life is described in this study. The association of birthweight
and early growth patterns with body composition is well documented in HIC (37-40). Studies
have demonstrated a positive relationship between birthweight and rapid weight gain during
early infancy with later adiposity (41,42). Low birthweight was reported to be associated with
morbidity and mortality and increased risk of childhood obesity at 8 years (43), CVD and T2D
later in life (44,45), while rapid weight gain between birth to 6 months and from 9 months has
also been reported to be associated with body fat and lean mass in childhood (46,47). Other
studies in developed countries suggest that faster weight gain in infancy is associated with later

obesity (46,48), and consequent risk of multiple non-communicable diseases (22,49).

1.3 Aims and objectives

Data for this study were collected from 757 black infants born at Chris Hani Baragwanath

Academic Hospital, South Africa, between 2014 and 2019.

1.3.1 Aims

Therefore, the overall aims of this present dissertation are:
(i) To assess critical periods in the first 1000 days during which growth patterns may
independently influence body composition ;

(if) To assess whether poor nutritional status is associated with increased fat mass.



1.4  Objectives

The objectives were to assess:

a) Age-related changes in fat mass and fat-free soft tissue mass between birth and 24 months.

b) The association between birthweight categories (SGA, AGA and LGA) and body
composition;

¢) The relationship between infant growth from birth to 6 months and 6 to 24 months and
body composition at 24 months;

d) The relationship between stunting and body composition at 24 months

e) The association between anthropometric measurement and fat mass, and fat-free mass

1.5 Hypotheses

The association between early life events and later life health outcomes has been well
demonstrated. The nutritional programming hypothesis by Hales et al. proposed that an
organism is able to adapt to poor environment by programming its body size and metabolism
to expect similar depleted environment later in life, therefore permanently affecting its normal
growth (23). Wells et al. in their programming of body composition by early growth and
nutrition hypothesis stated that during nutritional deprivation in infancy, FM may be preserved
at the expense of height for optimum metabolic function (50). Given the high prevalence of
early childhood overweight and obesity in South African black children and adolescent girls

(51), we hypothesize that:

H1:Rapid weight gain is associated with higher FM



H2: Children who experienced undernutrition (characterised by SGA and stunting) will have

higher body fat than children who experienced normal growth

Hs: Weight gain in the first 6 months of age has a stronger association with body fat at 2 years

of age than weight gain after 6 months.



1.6 Literature review

This section serves to explain the rationale for assessing body composition as well as to review
several concepts related to infant body composition as well as challenges and gaps, particularly
in LMIC settings. Firstly, it gives the background on the biology of body composition in
infancy. Secondly, it covers components and models of body composition. Thirdly, it explores
available methodsemployed in assessing body composition; and finally, the available literature

on body composition, particularly in LMICs.

1.6.1 Biology of body composition

Body composition is a term used to describe different components within the body (52). There
are numerous ways to defineit, such as partitioning body weight into two components; FM and
the rest of the tissues being compressed as one component (FFM) (53). This is called the two-
component (2C) model. FFM is then further divided into 2 components, water content and the
remaining solids which are largely minerals and proteins to make it a three-component (3C)
model. On a more complex level, FFM is further partitioned into three more chemical
components, water, proteins and minerals making it a four-component (4C) or multi-
component model, as shown in Figure 1-2 (54). The advantage of a multi-component model
over 2C model is that it yields smaller errors when the proportions of body composition
components vary and it also produces more reliable results of changes in body composition in

a variety of circumstances (55).
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Figure 1-2 Models of Body composition. Reprinted from (Ellis, 2000)

ECS: Extracellular solids; ECF: Extracellular fluids

During foetal development and neonatal stage, all components of body composition increase
with fat mass increasing at a faster rate such that mass of fat equals that of protein at full term,
as shown in Figure 1-3 (56). However, after birth as individual ages, there is an increase in
body fat specifically on the abdominal region and a decrease in lean mass and bone mass
density (57). Body water is an important constituent of human body composition and it takes a
large part of FFM (58). FFM is about 80% of water at birth and throughout childhood. The
hydration then gradually starts to decrease from the age of 3 years to 73% during adolescent

and remains constant in adulthood (59,60).
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Figure 1-3 Changes in body composition during foetal and neonatal stage (56).

Adipose tissue develops in utero and throughout life (61). During the third trimester of
pregnancy fat deposits start to appear, in a process known as adipogenesis (62). During this
process, preadipocytes are developing into mature adipocytes and rapidly develop into a fat
mass which is about 15% of body weight at birth (62,63). In the first 4 to 6 months of life 40-
65% of total body weight gain is accounted for by fat deposition (64). Babies usually reach a
peak in adiposity during infancy followed by dramatic decline by 5 years of age (65). Adipose
tissue is the largest endocrine organ in the body responsible for many aspect of physiology
including hormonal secretion (adipokines) (66), aiding central interconnection of metabolic

communications, and thermal regulation control against colds and trauma (67).

There are two main classes of adipose tissues, white and brown adipose tissues. The white

adipose tissues (WAT) are designed to store energy, while brown adipose tissues (BAT)

10



generate heat by disintegrating energy (67). BAT which are located in the interscapular region
are primarily prominent in the infancy period and decline shortly after birth (66). WAT which
are mainly for fat storage are divided into subcutaneous and visceral and are disguised based
on their locations (66). Fat distribution plays a critical role in metabolic risk, such that visceral
or central fat depots promote metabolic risk while subcutaneous fat exert minimal or no risk
(68). This distribution of fat can be measured by assessing body composition using various

available methods.

Obesity is regarded as the accumulation of excess fat mass and is often linked to adipose tissue
impairment (69). Expansion of adipose tissue can be accomplished by either increased number
of adipocytes (hyperplasia) or the enlargement of existing ones (hypertrophy) (70). This
adipose tissue dysfunction in adipose tissue is a key contributor of adverse metabolic and
cardiovascular consequences of obesity (71). Adipocyte hyperplasia is a trademark for enlarged
adipose tissue in obesity (72). Hypertrophy of adipocytes is as a consequence of increased
adipokine secretion, fatty acid flux and adipocyte cell death which lead to macrophage
inflammation (73). Increase in number of adipocytes is determined early in childhood and
adolescent periods and remains constant during adulthood, meaning that obesity in later life
started during infant hypertrophic growth, seen in Figure 1-4 (61). In children, it has been
reported that there is rapid increase in hypertrophy versus hyperplasia before the age of 2 years
(74), which was associated with inflammation and insulin resistance in children with obesity
(70). Adipose tissue altercations, diet, as well as genetics influence adipose tissue obesity

phenotypes (75,76).

11
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Figure 1-4 Hyperplasia starts early in infancy and remain constant in adulthood. Pink
(individuals with obesity), Blue (lean individuals). (61)

1.6.2 Measurement of body composition

Assessment of body composition early in infancy is a key part of public health intervention for
the prevention of obesity related adverse health later in life. Historically, body fatness has been
measured using anthropometric measurements such as weight-for-length, skinfold thickness
measurements, and BMI (77,78). Anthropometry is an inexpensive, simple and widely used
method for assessing infant growth. However, anthropometric parameters have limitations.
Although BMI is used in most clinical and epidemiological studies as a useful proxy for body
fatness, it does not discriminate between the FM and the FFM (26,27). Additionally, BMI had
been reported to have low sensitivity in detecting excess fat or extreme muscle mass in children

which is likely to give inaccurate classification (28). Similarly, one limitation of skinfolds is

12



that they do not reflect total amount of body fat (29), making it difficult to predict FFM from
skinfold thickness (30). In infancy, classification of nutritional status using anthropometric

measurements becomes complicated due to continually changing body composition (79).

The concept of body composition in paediatrics is not a new phenomenon. In the 1960s Fomon
published chemical composition estimates of a reference child from birth to one year using
deuterium method (80). In 1982 with his colleagues in their classic study presented gender and
age references modelling components of fat mass, lean mass and lean tissues from birth to 10
years using deuterium oxide method (81). In 1989 Lohman provided a review on methods and
equations of assessing body composition from birth to 17 years (82). Subsequently in 2000,
Butte et al. (83) published their body composition data from 0.5 weeks to 2 years of age using
deuterium dilution, body counting, and dual energy x-ray absorptiometry (DXA) methods. In
the intervening years, studies continued to upgrade and expand on Fomon’s classic model. In
2011, Fields et al. (84) presented a longitudinal datain exclusively breast-fed infants from birth
to 6 months of age assessed by ADP. Subsequently, in 2014 Jonathan Wells presented body
composition reference data using the four component model in UK infants, children and

adolescents aged from 5 to 20 years (85).

Methods that apply a multicompartmental approach for measurement of body composition
include isotope dilution, ADP, DXA, and others. Isotope dilution method is considered a gold
standard in estimating body composition in infants (56). The use of deuterium dilution isotope
for body composition analysis in paediatrics has increasingly become an area of interest,

fundamentally in studying nutritional and metabolic status (32,50). This method has gained its

13



advantage for safety to use in infants as it requires little amount of biological specimen for
analysis (86). It is more feasible in a field setting and trusted to have produced quality datain
LMIC such as Ethiopia, India, and Gambia (87-89). ADP method which is based on 2
component model is non-invasive, low cost, low maintenance, fast (approximately 2 minutes),
easy to operate and has demonstrated high accuracy in infants (56,90). Hydrostatic weighing
which required the subject to be fully immersed under water was considered a gold standard
for estimating body composition (91). However, due to its limitations in children, DXA has
been widely used as an alternative method. DXA method uses three component model to
measure FM, FFM and bone minerals where each component differently absorbs non radiation
x-ray beams so they can effortlessly be discriminated from one another (25). DXA has the
ability to show distribution of body components, unlike the aforementioned methods. This
method is considered safe in the sense that the exposure to radiation during measurement is
similar to that occurring in nature (92). Limitations for using DXA in infancy have been
reported. Firstly, an infant is required to remain still during the process which is mostly
difficult, and secondly there are limits for repeating of measurements in infants for monitoring
of growth patterns (25). Additionally, the four-component model employs different methods
for the measurement of body mass, total body water (TBW) by deuterium dilution, bone
minerals using DXA and total body volume by ADP to allot tissues into FM and FFM (54). It
is considered to be more robust and accurate model, however it is costly and limited to large
clinical studies. These methods afford better discernment into body composition than using

anthropometric method alone.

1.6.3 Infant body composition in LMIC

Amidst the persistence of double burden malnutrition in LMIC where growth impairment is

common (93), dataon infant body composition in LMIC is still very limited (24). A study
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conducted on Gambian children from 3 to 18 months using stable isotope method reported
Gambian infants to have lean mass deficits that increased with age when compared with UK
infants (87). Body composition data in 2011 on Ethiopian newborns reported a positive linear
relationship between birthweight and relative FM for boys and girls (94). And later the same
Ethiopian cohort presented SSA urban context body composition reference charts for healthy
infant population (88). Similarly, a study on Ugandan children with severe acute malnutrition
found low levels of leptin, suggestive of low FM and a major biochemical factor predicting
mortality (95). In contrast, a study done on Brazilian adolescents reported that in this
population, rapid weight gain in infancy was rather associated with larger size in adolescence
than increased adiposity (96). Similarly, datafrom a collaboration of five longitudinal cohort
studies in LMIC settings including South Africa reported a positive relationship between
birth weight and linear growth from 0 to 2 years of age as well as rapid weight gain at infancy
with adult overweight (97). These studies showed that there is an association between early
growth factors and body composition, and that there is a need for more infant body

composition assessment studies in LMIC.
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1.6.4 Factors that influence infant body composition

Factors influencing infant body composition such as gender, maternal obesity and feeding
practices have been well documented (98,99). Gender plays a significant role in influencing
body composition early in life. Girls have been reported to have higher percentage body fat at

birth than boys (98).

One other factor that influences infant body composition and increases risk of infant
overweight and obesity is maternal obesity (100). Infants of mothers with pre-pregnancy
obesity estimated by BMI have been reported to have significantly higher FM and %FM at
birth compared to average weight groups (101). Likewise, women with obesity have been
reported to deliver infants with higher adiposity but not lean mass (102,103). This provides
evidence that body composition is programmed in utero through the metabolic status of the

mother.

Postnatally, factors such as breastfeeding have also been reported to influence infant body
composition. Breastfeeding beyond 6 months have been reported to lower the adverse effect of
early rapid weight gain from 0 to 5 months on FMI at 3 years (104). However, one study (with
sample size of only 20 participants) reported that among breastfed infants, those who were
breastfed frequently in a 24 hour period over the first 12 months of life had higher FM, %FM,
and FMI and lower FFM and FFMI as compared to less frequent feeders, shown in Figure 1-5
(105). It is therefore crucial to monitor maternal pre-pregnancy nutritional status and
postpartum factors for the prevention of adverse body composition in children.
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Figure 1-5 The influence of breastfeeding on infant body composition (105)

1.6.5 Intrauterine growth restriction (IUGR)

The relation between foetal life and adverse adult outcomes must be attributed to infant body
composition. Thus, this section reviews the influence of IUGR on early infant body
composition. Infants who experiences IUGR have been reported to have lower FM and FFM
at neonatal period (3 to 10 postnatal days) and also significantly lower FM and FFM at 6 weeks
to 12 months compared to those without IUGR (106,107). It has been shown that poor foetal
growth constrains FFM which eventually limits metabolic capacity to tolerate rich diet (108).
Early FFM deficit has been reported to be primary determinant of neurological impairment at
2 years in preterm infants which experienced IUGR (109). The aforementioned studied showed

that IUGR infants are shorter and lighter than normal growth in the first year of life.
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Chapter 2: Methodology

Figure 2-1 Soweto on South Africa map (110)

2.1  Study setting

This study was carried out in Soweto Township in South Africa. Sowetois the largest township
in South Africa which covers an area of 200.3 km? with a population of approximately
1,271,628, which is predominantly black (98.5%) (111). Soweto was established during the
apartheid era as aracial segregated residential area for displaced black people and migrant mine
workers (111). This township is located 15 km south west of the City of Johannesburg, a
metropolitan municipality in Gauteng province as shown in Figure 1-1. Gauteng is South
Africa’s biggest economic and financial hub contributing 34% of South Africa’s gross
domestic products and 10% of Africa’s GDP (111). Although situated within economically
advancing province, inequality in income distribution between households is evident, Figure

2-2. The study was conducted at Chris Hani Academic Baragwnath Hospital situated in
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Soweto. Chris Hani Baragwanath Academic Hospital is the world’s third largest hospital with

approximately 17 000 babies delivered annually (112).

Figure 2-2 Picture 1 of a double storey house and picture 2 of squatter camp, both from
Soweto showing the inequality in the income distribution between households (113).

2.2 Study design

Data for this dissertation was a secondary analysis of datadrawn from the International Atomic
Energy Agency Multicentre Body Composition Reference Study (IAEA-MBCRS). IAEA-
MBCRS is a longitudinal study on singleton infants born in Soweto between 2014 and 2019.
The main objective of the IAEA-MBCRS study was to develop references to describe changes
in body composition in infants from birth to 24 months in 9 geographically diverse populations
including South Africa. This study recruited pregnant women living in Soweto who came for
routine check- up in antenatal ward, and/or mothers who just delivered live neonates in the

maternity ward at Chris Hani Baragwanath Academic Hospital.
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Women who already gave birth at maternity ward at Chris Hani Baragwanath Academic
Hospital we randomly approached and those eligible were recruited for the IAEA- MBCRS
study. Eligibility was assessed using a screening questionnaire based on the following inclusion
criteria: healthy singleton term infants born within 37 and 42 weeks of gestation, 18 years or
older mother living in Soweto, a non-smoker with at least secondary school education level
and willing to breastfeed for at least up to 6 months (see Appendix 1). Infants were to be
without morbidity and congenital abnormalities. Exclusion criteria were: infants with
significant morbidity such as cardiorespiratory illnesses and congenital abnormalities which
might affect infant growth, and mothers living with HIVV/AIDS. The sample size was 747
mothers who provided written informed consent. A longitudinal flow diagram showing follow

up study events is described in Figure 2-3.

2.3 Ethics

Ethical permission for IAEA-MBCRS was granted by the University of the Witwatersrand
Human Research Ethics Committee (M200997) as seen in Appendix 2. Caregivers or mothers
gave informed signed consent before being enrolled in the study. All data collected was treated
as confidential and a unique study number was assigned to the participant upon enrolment to

the study.
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Figure 2-3 Study flow diagram
Note: Data collection for the primary study was done in 2 phases namely: IAEA 1 (at 0-24
months) and IAEA 2 (at 0-6 months) hence the variations in sample sizes at different time

points
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2.4 Data collection

Data collection for the primary study occurred from 2014 to 2019. Structured questionnaires
were used by a trained research assistant at a baseline visit to gather information from mothers
on demographics and maternal characteristics such as marital and occupational status, number

of years of formal education, gestational age as well as the number of previous births.

2.4.1 Infant Anthropometry

Anthropometric measurements weight and length were taken at birth, 1, 2, 3, 4,6, 9, 12, 15,
18, and 24 months follow-up visits. Measurements were taken according to WHO MGRS
standardized standard operating procedures (SOP) (114,115). Anthropometric parameters for
the IAEA-MBCRS study were weight, length, triceps and subscapular skinfolds thickness, and
mid-upper arm circumferences. For measurement reliability, all infant measurements were
taken and recorded independently (blinded) by the researcher and research assistant measuring
the baby one after the other to give more reliable results. Standardization and training for
anthropometric measurements took place every 3 months or as needed for validation and to
obtain consistent results. For quality assurance, all anthropometry instruments were calibrated
daily during data collection for accurate results. Weighing scale (Seca) was calibrated using
different weights of 0.5kg, 1kg, 2kg, and 5kg. Harpenden infantometer was calibrated using

two aluminium metallic rods of 75cm and 40cm.

Skinfold thickness was measured using Holtain Tanner, UK caliper graded in millimetres with

0.2 mm precision. Measurements were done on the left triceps and the left subscapular

23



skinfolds. During measurements, the mother was asked to put the baby on her lap with the
baby’s left arm hanging relaxed on the side or supported by the mother. The research assistant
then gently picked up the skinfold and mark at about 1cm above the midpoint. The caliper was
then placed below the finger and the thumb at the marked area maintaining a gentle grip, and
then released to allow the pressure of the caliper to be exerted on the fold. Measurements were
then recorded after 2 seconds of the grip. The same instructions were followed for the
measurements of subscapular skinfolds which are located below the inferior angle of the

scapula.

2.4.2 Body composition

IAEA-MBCRS study used two methods of infant body composition assessment. ADP method
was used to describe body composition from birth to 6 months using PEA POD (COSMED,
2014) This method is based on the densitometry principle which was initially used in
underwater weighing (UWW) where the subject was immersed in water (56,116). ADP uses
body mass and body volume to derive total body density and estimate FM and FFM (117).
Measurements are not affected by the crying and movement of the baby (118). During PEA
POD measurement, a naked infant was placed inside the closed testing chamber, shown in
Figure 2-4. The pressure and volume changes within the chamber were used to measure body
volume. Body density was then calculated toderive FM and FFM. One of the limitations is that

the instrument can only measure infants with body weight less than 8kg (25).
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Figure 2-4 PEA POD system. Picture taken from the internet (119)

The deuterium dilution method was used to measure total body water (TBW) using a non-
radioactive stable isotope (99.8 atom % deuterium oxide). To estimate TBW quantity in infants,
a safe dose of stable isotope was orally administered, allowed to distribute and exchange with
the subject water pool until it reaches equilibrium. TBW value can then be used to estimate
FFM (kg) (58,59). FM (kg) is then obtained by calculating the difference between body weight
and FFM (25). Although this method is time consuming, it is straight forward, easy to perform
and suitable for large field settings making it a gold standard in the assessment of body
composition in infants (25). The choice of isotope (deuterium oxide and Oxygen-18) and type
of sample (blood, urine or saliva) are mostly determined by the type of instrument (56). This

method is based on the following suppositions:

(i) There is distribution of tracer only in the exchangeable pool,
(if) There is an equal distribution within this pool,
(iti) During the equilibration time, tracer is not metabolized, and

(iv) Equilibrium is reached rapidly (92).
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The present study used the plateau method which was based on three steps:

(i) Establishment of infant baseline level of deuterium oxide by collecting of pre-dose saliva
sample,

(it) Administration of deuterium oxide dose,

(iti) Collection of post-dose saliva sample after equilibration of the dose with the body water

pool was completed after 3 hours (117).

The first sample was done at least 15 minutes after the baby was last feed. Making sure that
the baby was seated comfortably on the mother’s lap, the nurse started by cleaning the baby’s
mouth by cotton wool making sure that there were no milk residues. Saliva was then collected
by patiently moving a new clean swab around the baby’s mouth until it is soaked with saliva,
Figure 2-5. The swab was carefully removed and placed in the 20ml syringe and then squeezed
into 2ml sample collection tube. Several attempts were needed to collect using new clean cotton
swab each time until acceptable volume was reached. Amount of time for collection varied as
some infants were more cooperative than the others. All dates and times of saliva collection

were recorded on a dataentry form as well as on sample vials.

Figure 2-5 Saliva sampling using deuterium dilution method. Source: Image publicly
available from IAEA (120)
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An accurately weighed dose of 1ml of 99.8% deuterium oxide was given to an infant using a
3ml syringe. A dose was drawn to 1ml using a clean new 3ml syringe; it was then weighed on
the tared scale and the value recorded. The dose was carefully administered to the infant slowly
to make sure that no spillage occurred. The empty syringe was weighed again and the value
was recorded. In order to estimate how much dose the baby consumed, the value of the empty
syringe was then subtracted from the value of the syringe when it had the dose. Mothers were

advised to wait 30 minutes after dose administration to feed the infants.

The second saliva sample was collected 3 hours post dose administration. Samples were stored
in clearly labelled cryoboxes individual for each collection point to avoid cross contamination.
Sample inventory was created on the spreadsheets to keep track on samples. Samples were

stored in -20 degree Celsius freezer until analysis.

For accurate results, sample collection was performed by a trained nurse. Sample vials were
labelled with the participant unique study number and a collection date before starting the
saliva sampling toavoid errors. Each sampling time had different sampling tubes with different
colours for easy identification. Leak-proof cryotubes were used and caps were closed tightly
to prevent evaporation. Precautions were taken to avoid cross-contamination between baseline
and post-dose saliva samples by storing them in separate cryoboxes. New clean gloves,

syringes and cotton wool were used for each baby and each dose time.

2.5 Sample analysis

Samples were analysed at DPHRU laboratory by a qualified and trained laboratory technician

and handled according to good clinical laboratory practice. The enrichment of deuterium was
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measured using an Agilent 4500 series Tumbl-IR portable Fourier transform infrared (FTIR)
spectrometer (Agilent Technologies, CA, USA) shown in Figure 2-6. The instrument is fitted
with optics suitable for absorbance measurements on liquid samples in the mid-infrared range,
and only takes about 20-30 microliters of sample. Sample analysis and handling standard
operating procedure was adopted from the IAEA Recommended Operating Procedure (121).
Samples were centrifuged at 3000rpm for 10min before the analysis. Quality control standards
were performed daily, in the morning before and in the afternoon after sample analysis. Each
sample was analysed in duplicate for precision, and the results were recorded in the laboratory
book and on the spreadsheet provided by the IAEA. To prevent cross-contamination between
samples, the sampling window was gently cleaned with 100% ethanol after each analysis. For
reliability and accuracy, quality control standardswere used as a day-to-day check for variation

in the analysis of deuterium analysis. The FTIR instrument was maintained daily by using a

water dampened cloth to wipe the exterior.

Figure 2-6 Agilent 4500 series Tumbl-IR portable Fourier transform infrared (FTIR)
spectrometer (Agilent Technologies, CA, USA) (122)
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2.6 Data Processing

Data processing for this dissertation was performed by the author under the guidance of the
supervisors. Birthweight categories were derived using an online gestational weight gain
calculator accessed from the International Foetal and Newborn Growth Consortium for the 21
Century (INTERGROWTH-21%Y project (123). The calculations were based on sex, gestational
age in weeks, and weight at birth to derive birth percentiles. Birthweight categories were then
defined as SGA (birthweight below 10™ percentile), AGA (birthweight between 10t and 90"

percentiles), and LGA (birthweight above 90™ percentile).

Age and sex adjusted HAZ, WAZ and WHZ z-scores were generated using the 2006 WHO
child growth standards for children from birth to 5 years. Z-scores were used to definestunting
(<-2 z-score HAZ), wasting (<-2 z-score WHZ) and underweight (<- z-score WAZ) (124). The
BMI-for-age z-scores cut-offs+1.04 (~85th percentile) for overweight and +2 (95th percentile)
for obesity were used. The lamba mu sigma method was used to generate percentiles for FMI
and %FM for the sample. Excess adiposity was defined using the anthropometric cut-offs as
FMI or %FM >85" percentile for overweight and > 95" percentile for obesity. The positive
predictive values (PPV) were calculated to how much the cut-offs (85" and 95" percentiles)
for BMI, MUAC, triceps skinfold thickness, subscapular skinfold thickness, and sum of
skinfold thickness predicted similar cut-offs for FMI and %FM. Receivers operating
characteristic (ROC) curves were used to assess BMI as a proxy to predict overweight and

obesity by FMI and %FM.

29



2.7 Data Management

All data collected for IAEA-MBCRS study was captured on to the University of the
Witwatersrand Research Electronic Data Capture (REDCap) system stored on the DPHRU
server. Access for the usage and extraction of data for the purpose of this dissertation was
granted by the principal investigator for IAEA-MBCRS. Data cleaning and analysis by the

author included:

(i) Quality checks: All incorrectly captured or missing dataon the REDCap were re-entered
correctly as per the original form;

(it) All data were evaluated for accuracy and any outliers emerged were rechecked and
corrected where possible. Clean dataset was reviewed and approved by the supervisors and
imported on to statistical software (Stata) for further analysis. Graphs and tables described

in this dissertation were created using Microsoft Excel.

2.8 Data analysis

All data for this dissertation were analysed using Stata 14.2 version (Stata-Corp LP, College
Station, Texas, USA). Statistical differences were accepted at p<0.05, p<0.01, and p<0.001.
To produce normal distribution and reduce skewness, variables (FM, FFM, FMI, FFMI, and
FM/FFM) were transformed by logarithmic transformation. Chi-square tests were used to
assess sex differences between groups. Conditional variables (weight and length) were
obtained as standardised residuals by regressing weight at 6 and 24 months on previous

measures (97). Conditional relative weight is the weight at current age accounting for current
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height and previous weight, while conditional length does not account for current weight (97).
The Shapiro-Wilk test was used to test normality for FM, FFM, FMI, FFMI, %FM, and
FM/FFM. Independent t-test and Mann-Whitney U test were used toassess differences between
groups for continuous normally and non-normally distributed variables from birth to 2 years,

respectively.

Multiple linear regression analysis was used to assess the association of birthweight z-scores,
conditional relative weight at 0-6 and 6-24 months and conditional length at 0-6 and 6-24
months with body composition (FM, FMI, FFM, and FFMI). This dissertation investigated
whether there were critical periods (before 6 or after 6 months) that influence the relationship
between growth patterns and body composition using multiple linear regression analysis. To
assess prenatal influences on body composition, one-way analyses of variance (ANOVA) was

used to assess differences in body composition between birth weight groups.
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Chapter 3: Submitted Manuscript

The following manuscript has been submitted to the European Journal of Clinical Medicine. Submission date: 30 March 2022

Title: The effect of infant growth patterns and nutritional status on body composition between birth and 2 years

Abstract

Objective A trade-off between body fat and size may exist during periods of nutritional deprivation. Therefore the objectives of this study were
to assess the (i) relationship between birthweight, postnatal growth and nutritional status and body composition, and (ii) critical periods for the

development of body composition in early childhood.

Methods Weight and length were measured between birth and 24 months on 757 infants (419 boys, 338 girls). Fat mass and fat-free mass were
measured by isotope dilution method (Deuterium Oxide) from 3 to 24 months. Analyses of variance (ANOVA) were used to assess differences in
body composition between categories of birth weight. T-tests were used to assess differencesin body composition between levels of nutritional
status. Multiple linear regression analyses were used to estimate the association between conditional growth 0-6 months and 6-24 months and body
composition at 24 months.
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Results There were differences in FFM and not in FM in terms of AGA and LGA with SGA. SGA and AG A had higher %BF than LGA. There
were no differences in FMI but differences in FFMI, with stunted having more FFMI. Conditional relative weight (CRW) 6-24 months was strongly

and positively associated with FM and FMI while conditional length 6-24 months was negatively associated with FFMI. Birth weight was weakly

associated with FM and FFM but not with the indices.

Conclusion SGA and LGA are disadvantaged extremes in infancy likely to increase the risk for obesity. Changes in weight gain beyond 6 months

may have a stronger influence on subsequent body fat.
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Introduction

Paediatric obesity is rising globally, and the prevalence is rising faster in low- and middle-income countries (LMIC) than other regions (125-128).
Globally, 35 of the estimated 43 million overweight or obese preschool children in 2010 were from developing countries (129). By 2030, it is
estimated that 28% of children between 5 and 9 years of age will be obese in South Africa, which is higher than the estimated prevalence in the
United States of America (130). Obesity tracks through the life course, and infant weight and length gain are associated with lifelong overweight
and obesity (3,21). Additionally, rapid weight gain in childhood is associated with increased risk of early onset chronic diseases as well as adverse
psychosocial outcomes through the developmental life course (131-133). However, the relationship between early childhood growth and adult

health outcomes may be mediated by body composition.

Obesity has a multifactorial aetiology and growth patterns in infancy play a key role in laying the foundation for excess fat accrual. The period
between birth and 6 months is considered a critical period as it is associated with more rapid weight gain than any other period in infancy (134).
Weight growth velocity at 3 months is associated with the greatest odds of overweight among 8-17 year old adolescent girls and boys (135).
Additionally, rapid weight gain in the first 12 months of life is a stronger predictor of later ad iposity than rapid weight gain between birth and 2
years (136). A large proportion of children from LMIC also experience nutritional deprivation in utero and in infancy, which may promote catch
up growth in weight and length. However, it has been suggested that the acceleration in postnatal fat gain precedes the acceleration in body mass,

subsequent to intrauterine growth restriction (137), leading to a mismatch between body fat and body size among malnourished children.
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Wells et al. hypothesised that there is a trade-off between linear growth and body fat, such that fat mass is preserved at the expense of height during
periods of deprivation (50). Few studies have investigated the relationship between growth and obesity using the components of body composition,
fat mass and fat-free mass in LMIC. Thus, the aims of this longitudinal study of infants from a middle-income country were to assess the (i)
relationship between birthweight, postnatal growth and nutritional status and body composition, and (ii) critical periods for the development of
body composition in early childhood. We hypothesised that children who experienced undernutrition will have higher body fat than children who

experienced normal growth.

Methods and study design

Study design

Data for this study were from 757 black infants born at Chris Hani Baragwanath Academic Hospital, South Africa, between 2014 and 2019.
Mothers who were 18 years and above living in Soweto urban township, which is part of the Johannesburg Metropolitan Council Area in South
Africa, were randomly approached and recruited at the maternity ward at Chris Hani Baragwanath Academic Hospital. Eligibility was based on
the following criteria; (i) mothers had to be residents of Soweto, 18 years and above, must have delivered a full term (between 37 and 42 weeks

gestation) singleton healthy baby; (ii) A non-smoker and willing to breastfeed for up to 6 months and must have attained at least secondary school
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education level. Eligible mother-baby pairs were then followed up from birth until they reached 24 months. Infants with significant morbidity and
congenital abnormalities and mothers living with HIV/AIDS were excluded from the study. All mothers provided written informed consent, and

ethics approval was obtained from the University of the Witwatersrand Committee for Research on Human Subjects (M200997).

Anthropometric Measurements

Anthropometric measurements were taken as per WHO MGRS standardized methodology (114,115). A portable electronic scale (Seca 376) placed
on a flat surface and covered with a soft paper towel to protect the baby from direct contact with the cold surface was used to measure weight. The
scale was then tared before placing a naked baby and measurement was recorded when the baby was calm. The supine length was measured from
the crown of the head to the heels using a calibrated Harpenden Infantometer (Range 300-1100mm) with digital counter readings to the nearest
0.1 cm. For measuring of length, the Infantometer with a perpendicular fixed headboard and a movable footboard was placed on a flat surface with
a soft paper towel on top to prevent the baby from direct contact with the cold surface. The measurement was taken with the head touching an
immovable heard board, positioned in the Frankfort vertical plane, secured by the supporting research assistant standing at the head position. The

lead measurer stood on the side to hold the baby's legs together making sure that the knees were straightened and the footboard moved gently

towards the heels of the baby.
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Body composition measurement

Air displacement plethysmography method, PEA POD (Cosmed, Concord, CA, USA) was used to measure infant body composition from birth up
to 8kg. The first sets of measurements were taken within the first 72 hours of birth. The principles and standard operating procedures have been
described elsewhere (90). In brief, this method is based on whole body densitometry to estimate FM and FFM. The machine was calibrated daily
before assessment by atrained staff and passed all quality control checks as per instructions by the manufacturer. A naked infant was placed inside
the closed testing chamber in which the pressure and volume changes within the chamber were used to estimate body volume. Sex-specific FM,
FFM and percentage fat were then derived from body density. The duration of the test was only 2 minutes and the mother was allowed inside the

room during measurements.

Body composition of infants above 8kg was measured by stable isotope dilution method using 99.8 atom % D, Sigma-Aldrich deuterium oxide
isotope as outlined in the IAEA standard operating procedures (117). This method required sample collection and analysis. Sample collection was
a 3-hour process that was based in three stages: Baseline sample collection, dose administration and post dose collection. Baseline saliva sample
was collected 20 minutes after the baby’s last feed by placing a ball of clean cotton wool inside the baby's mouth until it was soaked wet. The
soaked cotton wool was carefully removed and transferred into 20ml syringe, saliva sample was then squeezed out into a 2ml vial labelled witha

unique infant identification code. The baby was slowly given 1ml dose of undiluted deuterium oxide making sure that no spillages occurred.
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Another saliva sample was then collected 3 hours post dose administration, assuming the enrichment distribution reached equilibrium. Samples

were stored in -20 degrees Celsius until analysis.

Saliva samples were analysed in duplicate using portable 4500 Tumbl-IR Fourier transform infrared (FTIR) spectrometer (Agilent Technologies,
CA, USA) according to manufactures instructions. The instrument is fitted with optics suitable for absorbance measurements on liquid samples in
the mid-infrared range, and only takes about 20-30 microliters of sample. To prevent cross-contamination between samples, the sampling window

was cleaned with 99.9% ethanol after each analysis.

Data Analysis

Continuous data were assessed for normality and where appropriate presented as means (x SD) and as percentages for categorical variables.
Multiple linear regression analyses were used to assess the association of birthweight z-score, conditional relative weight, and conditional length
at 2 age intervals (0-6 months and 6-24 months) with FM, FMI, FFM, and FFMI. We also explored the relationship between size at birth and body
composition trajectories from birth to 2 years. Birth size categories were classified as SGA, AGA, and LGA using INTERGROWTH-21 standards
(123). Lastly, nutritional status at 2 years was assessed by length-for age z-scores (LAZ). Stunting was defined as LAZ <-2 and LAZ >-2 as non-

stunting using WHO standards (138). Independent t-tests were used to compare body composition between boys and girls. Comparison by
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nutritional status (e.g. stunting vs. non-stunting) was assessed using the independent t-tests. Age- and-sex specific associations between
anthropometric and clinical variables and FM and FFM were assessed using a Pearson Correlation. To assess prenatal influences on body
composition, one-way analyses of variance (ANOVA) was used to assess differences in body composition between birth weight groups. The study
data were analysed using the latest version of Stata (Stata-Corp LP, College Station, Texas, USA). All analyses were performed at the 5% level of

significance.

Results

Maternal Characteristics

Maternal characteristics (n=419 boys and n= 338 girls) are described in Table 3-1. The average age of the mothers was 25.8 (6.0) years and they
had an average of 12 (0.8) years of schooling. A majority of the mothers were in skilled manual work occupation (43.6% & 49.2 % for mothers
with boys and girls respectively), with less than 10% in unskilled positions for both sexes. Before the birth of the study participant, a majority of

mothers were nulliparous with 48.6% & 40.3% having no previous live births among mother of boys and girls respectively.
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Sex differences in anthropometric characteristics and body composition

Sex difference in anthropometry is presented in Table S 3-1. Boys had significantly higher weight at all ages, and were taller up to 15 months of
age. Body compositions by PEA POD and deuterium dilution methods are presented in Supplementary Sample size in square brackets [n]

*p<0.05 **p<0.01 ***p<0.001
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Table S3-2 and
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Table S3-3 respectively. Girls had higher FM at birth (p<0.001) and 1 month (p<0.001) of age and higher FM-to-FFM ratio between birth and 6

months as measured by PEA POD and between 3 and 24 months as measured by deuterium.

Association between size at birth and body composition

The association of birthweight categories and body composition at 2 years is described in Figure 3-1. There were no significant differences in FM
and FFM between categories of birth weight. At 12 months, both SGA and AGA had significantly higher %FM than LGA (p<0.05). AGA had
higher FFM than SGA at 6 (p<0.05), 12 (p<0.01) and 24 (p<0.001) months. Additionally, LGA had higher FFM (p<0.001) than SGA, at 12 months.

Similarly, LGA had higher FFMI (p<0.01) at 12 months than SGA, while AGA had higher FFMI (p<0.05) at 24 months than SGA.

Association of nutritional status with body composition

Associations between stunting and body composition at 6, 12, and 24 months are described in Figure 3-2. Children with stunting had lower FM
(p<0.001) and FFM (p<0.01, p<0.001) at 12 and 24 months and additionally at 6 months for FFM (p<0.05) than children without stunting.

Conversely, children with stunting had higher FFMI (p<0.01) at 6 months than children without stunting.

39



Association of birth weight, conditional relative weight, and conditional length with body composition

Association of birth weight, conditional relative weight, and conditional length with body composition is described in Table 3-2. Birth weight and
condition relative weight gain 0-6 months and 6-24 months were significantly associated with FM (crw 0-6: (p<0.01, SE 0.09) FMI (crw 0-6:
(p<0.05, SE 0.11) crw 6-24: (p<0.001 SE 0.11) FFM (crw 0-6: (p<0.001, SE 0.08) crw 6-24: (p<0.001 SE 0.08), and FFMI (crw 0-6: (p<0.001,
SE 0.12) crw 6-24: (p<0.05 SE 0.11). However, only conditional length at 0-6 (p<0.01, SE 0.09) and 6-24 (p<0.05, SE 0.09) months were associated

with FFM

Sex differences are described in supplementary
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Table S3-4. In boys, conditional relative weight gain 6-24 months was significantly associated
FM (p<0.001, SE 0.17) and FMI (p<0.001, SE 0.19). In girls, birth weight, condition relative
weight (crw) gain and conditional length (cl) gain 0-6 months and 6-24 months were
significantly associated with FM (crw 0-6: (p<0.001, SE 0.07), cl 0-6: (p<0.01, SE 0.08); crw
6-24: (p<0.001 SE 0.07), cl 6-24: (p<0.01 SE 0.08) and FFM (crw 0-6: (p<0.001, SE 0.09), cl
0-6: (p<0.01, SE 0.10); crw 6-24: (p<0.001 SE 0.09), cl 6-24: (p<0.05 SE 0.11). However, only
conditional relative weight gain 0-6 (p<0.05, SE 0.12) and 6-24 (p<0.001, SE 0.12) months
were associated with FMI, while only conditional relative weight gain 0-6 months (p<0.05, SE

0.17) was associated with FFMI.

Discussion

This study investigated the relationship between birthweight, nutritional status, and postnatal
growth and body composition. Additionally, we investigated whether the weight gain during
the first 6 months of postnatal life may have a stronger influence on body composition in the
toddler period than later weight gain. There were significant differences between categories of
birth weight and levels of nutritional status. Children born SGA and AGA both had
significantly higher %BF than children born LGA at 12 months of age. Conversely, children
born LGA had higher FFM and FFMI than SGA at 12 months. Additionally AGA had higher
FFM at 12 and 24 months and higher FFMI at 24 months than SGA. Stunting was associated
with lower FM and FFM at 12 and 24 months; and additionally at 6 months for FFM. Growth
patterns throughout infancy and the toddler period were significantly associated with body

composition at 24 months.
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SGA is a proxy for intrauterine growth restriction, which may adversely influence fat
metabolism. Children born SGA have a tendency towards higher fat absorption than AGA
(139). Consequently, SGA may have a greater propensity to accruing body fat (140), especially
in abdominal depots (141), which may increase the risk of later cardiometabolic disease.
Conversely, being LGA is considered a marker of in utero overnutrition, which is likely to
predispose children to postnatal obesity (142). Our findings also confirmed that SGA and LGA
are disadvantaged extremes in infancy, likely to increase the risk for obesity. Our results show
that SGA had higher %FM than LGA. However %FM has limitations as it is not an independent
index of body fatness meaning that high values might either reflect high FM or low FFM (143).
A Swedish study reported that both term SGA and LGA infants had higher body fat than AGA
in the first 4 months of life (144). Although not significantly different, LGA tended to have
higher body fat at 24 months, suggesting the effects of LGA on obesity may emerge later in
the early childhood period. Hediger et al found that differences in body fat between SGA and
LGA only emerged at 6 years of age, with LGA having higher body fat at this age (145). We
found that AGA had higher FFM and FFMI at 24 months, affirming the metabolic advantage

of this group.

In contrast to intrauterine growth restriction; postnatal nutritional deprivation was not
associated with significantly higher body fat. It has been suggested that during nutritional
deprivation in infancy, FM may be preserved at the expense of height for optimum metabolic
function (50). To this end, it would be expected that children with stunting would have higher
FM than those without stunting. We found that children with stunting had lower FM and FFM
than children with no stunting. Notwithstanding, there was a tendency towards higher FMI at
6 months for children with stunting than those with no stunting, albeit it was not statistically
different. Surprisingly, infants with stunting in the present study had significantly higher FFMI

at 6 months compared to children with no stunting. Others found that stunting was not
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associated with FFMI at 6 months (146), while stunting at 2 years was negatively associated

with total fat-free soft tissue mass at 22 years (147).

Intrauterine growth restriction plays a key role in influencing postnatal growth patterns. It has
been suggested that there is a differential rate of growth between body size and composition
among SGA, such that the acceleration in subcutaneous fat deposition precedes acceleration in
weight during catch-up growth (137). Early infancy is a critical window for the development
of adiposity early in life. Previous studies reported that weight gain at 6 months of life was a
better predictor of fat mass later in life, than weight gain after 6 months (135,148). We could
not establish that rapid growth at 0-6 months was a better predictor of FM than growth at 6- 24
months. In contrast, rapid weight gain beyond 6 months of age had a stronger association with
toddler body fat. Our findings in girls also show that rapid linear growth was associated with
higher adiposity at 24 months. These findings may conversely highlight the effect of adiposity
on linear growth during childhood. Forbes et al. hypothesised that childhood adiposity
accelerates linear growth; meaning that in childhood heavier children are generally taller (149).
A previous Birth to Twenty cohort study reported an association between rapid linear growth

in infancy with increased visceral adipose tissues at 22 years (147).

This was the first longitudinal study to investigate the effect of growth patterns on nutritional
status and body composition from birth to 2 years using the gold standard method in our setting.
Our data were from healthy infants of healthy educated mothers who were within the upper
socioeconomic status. One limitation was that we did not have enough data on maternal pre-
pregnancy BMI status, which would have shed a light on whether LGA and high birthweight
infants were born of women with obesity. The second limitation was that our findings were not
representative of all infants and were biased to urban black infants. Due to our small sample

size, stunting and size at birth categories could not be stratified by sex. Nonetheless, this
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provides the groundwork for subsequent studies on infant body composition in LMIC,
particularly SSA. Understanding how growth patterns influence body composition in LMICs

undergoing dual burden of malnutrition is pivotal.

Conclusion

In conclusion, we found significant differences by birth weight categories and nutritional
status. SGA had a higher body fat in infancy while LGA tended towards higher body fat in the
toddler period. Both SGA and LGA are disadvantaged extremes in infancy likely to increase
the risk for obesity. Conversely, stunting was associated with lower body fat. Thus, intrauterine
growth restriction and not postnatal nutritional deprivation may trigger fat preservation.
Additionally, our findings showed that growth patterns beyond 6 months of age had stronger
associations with toddler body fat. Therefore, nutrition interventions should be targeted
towards women of child bearing age at pre conception, to optimise intra uterine growth and
birth weight outcomes since this forms the basis for early growth and development of which

the effects reach well into the adult years.
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Table 3-1 Maternal characteristics stratified by child sex (boys and girls)

Maternal variable Total Boys Girls P value
N= 757 n=419 n =338
Age (years) (n=757) 25.8 (6.0) 26.1 (6.3) 25.5(5.7) 0.162
Pre-pregnancy weight (kg) (n=193) 70.6 (19.6) 69.6 (18.2) 71.6 (20.9) 0.494
Gestational age at birth (weeks) (n=693) 38.8 (1.35) 38.8 (1.3) 38.8 (1.4) 0.806
Maternal education (years) (n=753) 12.05 (0.8) 12.1(1.4) 12.0(0.2) 0.645
Parity (n=698) 0.844
None 157 (44.5) 191 (48.6) 123 (40.3)
One 91 (26.4) 94 (23.9) 88 (28.8)
Two+ 100.5 (29) 107 (27.2) 94 (30.8)
Marital status (n=708) 0.203
Single/divorced/widowed 274.5 (77.3) 238.0 (75.3) 311.0 (79.3)
Married/cohabiting 79.5 (22.7) 78.0 (24.7) 81.0 (20.7)

Standard errors in parentheses: *** p<0.001, ** p<0.01, * p<0.05
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composition at 2 years
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Figure 3-2 Relationship between nutritional status at 6, 12, and 24 months with body
composition at 2 years
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Table 3-2 Relationship between Birthweight z-score, conditional relative weight, and conditional length at 0-6 and 6-24 months with FM,

FMI, FFM and FFMI at 24 months

Variables FM (kg) FMI (kg/m?) FFM (kg) FFMI(kg/m?)
Birthweight z-score 0.14* 0.14 0.20** 0.10

(0.07) (0.09) (0.07) (0.09)
Conditional relative weight (0-6 | 0.27** 0.29* 0.46*** 0.41%**
months)

(0.09) (0.11) (0.08) (0.12)
Conditional length 0.17 0.13 0.25** 0.02
(0-6 months) (0.09) (0.12) (0.09) (0.12)
Conditional relative weight (6-24 | 0.53*** 0.64*** 0.33*** 0.28*
months)

(0.09) (0.11) (0.08) (0.11)
Conditional length (6-24 months) 0.05 -0.16 0.24* -0.33*

(0.10) (0.12) (0.09) (0.13)
R-squared 0.42 0.38 0.49 0.26

Standard errors in parentheses: *** p<0.001, ** p<0.01, * p<0.05
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Supplementary Tables

Table S 3-1 Sex difference in infant anthropometry from birth to 24 months

Weight (kg) Length (cm)
Age Boys Girls Boys Girls

3.2 (0.4)** 3.1(0.4) 50.4 (2.8)*** 49,5 (2.9)
Birth [322] [301] [320] [294]

4.3 (0.6)** 4.0 (0.6) 53.4 (3.0)** 52.1 (2.6)
1 month [69] [79] [69] [79]

5.3 (0.5)** 5.0 (0.7) 56.0 (2.2)* 55.1 (2.5)
2 months [62] [67] [62] [67]

6.3 (0.8)*** 5.8 (0.9) 59.8 (3.1)*** 58.1 (3.4)
3 months [314] [277] [306] [275]

6.9 (0.8)* 6.5 (1.0) 62.8 (2.6)*** 60.8 (2.4)
4 months [48] [58] [48] [58]

7.8 (L.1)** 7.4 (1.1) 66.7 (3.0)*** 64.7 (2.7)
6 months [189] [191] [187] [188]

8.9 (1.2)*** 8.3(1.1) 71.0 (3.6)* 69.9 (3.8)
9 months [109] [106] [109] [105]

9.7 (1.2)*** 9.1(1.3) 75.0 (3.4)*** 73.5(3.9)
12 months [155] [133] [152] [129]

10.3 (1.4)* 9.7 (1.3) 77.6 (2.9)** 75.9 (3.3)
15 months [64] [59] [69] [61]

10.8 (1.6) 10.2 (1.4) 79.6 (3.5) 78.7 (3.3)
18 months [62] [55] [64] [57]

11.9 1.7)* 11.3 (1.5) 84.8 (4.1) 83.7 (3.4)
24 months [83] [72] [90] [81]

Sample size in square brackets [n]

*p<0.05 **p<0.01 ***p<0.001
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Table S3-2 Body composition from birth to 6 months by ADP Peapod method

FM FFM FM% FMI FFMI FM/FFM
(ka) (ka) (kg/m?) (kg/m?)
Age Boys Girls | Boys | Girls | Boys | Girls Boys Girls Boys Girls Boys Girls
10.4 11.8
0.3 0.4 2.7 2.6 4.5 |@L 1.6 0.1
Birth (0.2)*** (0.2) [(0.3) [(0.3) 1.4 (0.7) (0.7) ]111.8(L.3) 11.6 (1.5) [ 0.1 (0.1)** (0.1)
19.4 20.1
0.8 0.8 3.4 3.2 4.1 |@9 3.0 0.3
1 month (0.2)*** (0.3) [(0.4) |(0.4 2.9 (0.8) (1.0 11.9(1.2) 11.7(1.1) [ 0.2 (0.1)*** | (0.1)
24.4 25.5
1.3 1.3 4.0 3.7 (4.4) 4.9) 4.2 0.3
2 months (0.3) (0.4) |(0.4) |(0.4) 4.2 (1.1) (1.2) 12.8 (1.1) 12.1(1.3) | 0.3 (0.1)*** | (0.1)
26.8 27.9
1.7 1.7 4.6 4.2 4.3) | (5.6) 4.9 0.4
3 months (0.4) (0.5) |(0.4) |(0.4) 4.8 (1.0) (1.5) 12.9(1.2) 12.3(1.2) | 0.4 (0.1)*** | (0.1)
26.5 28.5
1.8 1.9 4.9 4.5 (5.3) | (6.8) 4.9 0.4
4 months (0.5) (0.7) |(0.4) | (0.5) 4.7 (1.3) (1.7) 12.7 (0.9) 12.2(1.2) | 0.4 (0.1)*** | (0.1)
27.7
1.9 2.0 5.4 5.2 25.9 (5.3) 5.0 0.4
6 months (0.5) 0,00 [(04 [(04 @43 4.4 (1.2) (1.4) 12.4 (1.1) 12.7(1.2) [ 0.4 (0.1)*** | (0.1)

*p<0.05 **p<0.01 ***p<0.001
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Table S3-3 Body composition from 3-24 months by deuterium oxide dilution method

FM (kg) FFM (kg) FM (%) FFMI (kg/m?) FMI (kg/m?) FFM/FM

Boys Girls Boys Girls Boys Girls | Boys Girls Boys Girls Boys Girls

1.7 1.7 4.6 4.3 26.6 28.1 13.3 12.5 4.9 4.9 0.4 0.4

(0.5) (0.5) (0.6) (0.6) (5.9) (6.6) (2.5) (2.0 (1.6) (1.5) (0.1)*** | (0.1)
3 months

2.2 2.3 5.7 5.1 27.2 30.7 12.9 12.2 5.0 5.5 0.4 0.5

0.7 (0.7 (0.7) 0.7 (7.0 (7.3) (1.8) .7 (1.5) .7 (0.1)*** | (0.2)
6 months

2.7 2.6 6.3 5.8 29.3 30.5 12.5 11.8 5.2 5.3 0.4 0.5

(0.8) 0.7) (0.8) (0.8) (6.7) (6.6) (1.6) (1.6) (1.5) (1.5) (0.1)*** | (0.1)
9 months

2.7 2.6 7.0 6.4 27.3 28.6 12.7 11.8 4.8 4.8 0.4 0.4

(0.8) (0.9) (0.9) (0.8) (6.3) (7.4) (3.1) (1.6) (1.5) (1.6) (0.2)*** | (0.2)
12 months

2.8 2.9 7.6 7.1 26.6 28.9 12.5 11.8 4.6 4.9 0.4 0.4

(0.8) (1.0) (1.0) 0.9 (5.3) (7.3) (1.1) (1.1) (1.2) .7 (0.1)*** | (0.2)
15 months

2.8 2.9 7.9 7.3 25.8 28.3 12.6 11.7 4.4 4.7 0.4 0.4

(1.1) 0.7 (1.1) 0.9) (7.0) (5.5) (1.5) (1.3) (1.5) (1.1) (0.1)*** | (0.1)
18 months

3.2 3.2 8.8 8.1 26.2 27.9 12.1 11.7 4.4 4.5 0.4 0.4

(1.1) (0.9 (1.1) (1.0) (5.9) (5.1) (1.3) (1.2) (1.4) (1.1) (0.1)*** | (0.1)
24 months

*p<0.05 **p<0.01 ***p<0.001




Table S3-4 Sex differencesin the relationship between Birthweight z-score, conditional relative weight, and conditional length at 0-6 and
6-24 months with FM, FMI, FFM and FFMI at 24 months

Variables FM (kg) FMI(kg/m2) FFM (kg) FFMI (kg/m?)

Boys Girls Boys Girls Boys Girls Boys Girls
Birthweight z-score | 0.34 0.11* 0.37 0.10 0.48** 0.16* 0.36* 0.07

(0.20) (0.05) (0.23) (0.08) (0.16) (0.06) (0.17) (0.12)
Conditional 0.25 0.26*** 0.25 0.27* 0.37* 0.49*** 0.32* 0.43*
relative weight (O-
6 months) 0.17) (0.07) (0.20) (0.12) (0.14) (0.09) (0.14) (0.17)
Conditional length | 0.06 0.26** -0.02 0.25 0.22 0.31** -0.06 0.11
(0-6 months) (0.17) (0.08) (0.20) (0.14) (0.14) (0.10) (0.15) (0.20)
Conditional relative | 0.67*** 0.43*** 0.85*** 0.49%** 0.31* 0.38*** 0.40** 0.21
weight (6-24
months) 0.17) (0.07) (0.19) (0.12) (0.13) (0.09) (0.14) (0.18)
Conditional length | -0.15 0.26** -0.38 0.07 0.15 0.24* -0.34* -0.38
(6-24 months)

(0.17) (0.08) (0.19) (0.14) (0.14) (0.11) (0.14) (0.21)
R-squared 0.40 0.67 0.45 0.42 0.46 0.65 0.41 0.24

*p<0.05 **p<0.01 ***p<0.001
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Chapter 4: Additional Results

4.1 Introduction

This chapter present results that were not submitted for publication but contributed to this
dissertation. Broadly, this chapter presents results that investigated the relationship between
anthropometric measurement and infant body composition. Anthropometry is the most
commonly used method for assessing infant body composition in under-resourced settings.
However, the extents to which anthropometric measurement reflect body fat is not well
understood. BMI has been reported to be associated with body fat and related risk of adverse
health in children at the age of 5 years (150). However there have been concerns in the use of
BMI as a proxy for body fatness in infancy (151). This dissertation investigated which of the

indices best reflected FM, FFM, FMI, and FFMI from birth to 2 years.

4.2 Methods

Age and sex adjusted HAZ, WAZ, and WHZ were generated using the 2006 WHO child
growth standards for children from birth to 5 years (138). Correlation analysis was performed
to investigate the association between HAZ, WAZ, and WHZ and FM, FFM, FFM, FFMI, and
FM/FFM using Stata. Anthropometric classification were used to predict overweight and
obesity as defined by FMI and %FM. WHO growth standard derived z-scores were assessed
as independent variables: weight-for-age (kg), length-for-age (cm), weight-for-length (kg/cm),
triceps-for-age (mm) and subscapular-for-age (mm). Overweight was defined at >85th and

obesity at 95th percentiles, respectively.
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4.3 Results

4.3.1 Correlations between anthropometric measurement and infant body
composition

The relationship between anthropometric indices HAZ, WAZ, and WHZ and FM, FFM, FMI,
FFMI, and FM/FFM at different ages, shown in Table 4-1, Table 4-2, Table 4-3, Table 4-4,
and Table 4-5. At birth to 24 months there was stronger correlation between FM, FFM and
FMI with WAZ than HAZ and WHZ in both boys and girls. There was a correlation between
FM, FFM, FMI, and FFMI and WHZ at birth to 18 months in girls. FMI and FFMI showed no
correlation with HAZ in girls at birth to 2 years, and moderate correlation at 15 and 18 months

in boys. At 3 months, there was a strong correlation between FM and HAZ in boys.
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Table 4-1 The correlation between FM and HAZ, WAZ and WHZ in boys and girls from birth to 24 months

*p<0.05 **p<0.01 ***p<0.001

FM Length-for-age Weight-for-age Weight-for-length

Visit Boys Girls Boys Girls boys girls

Birth 0.1729 0.3461*** 0.5145*** 0.5597*** 0.3177** 0.3236**
1 month 0.1786 0.2952** 0.5245** 0.7707*** 0.1629 0.4113***
2 months 0.2413 0.4508*** 0.6528*** 0.8142*** 0.3593** 0.3789**
3 months 0.226*** 0.1724* 0.6762*** 0.6315*** 0.3925*** 0.2998***
4 months 0.1698 0.2132 0.7544*** 0.7792*** 0.5958*** 0.6323***
6 months 0.2136* 0.0174* 0.7364*** 0.7281*** 0.5783*** 0.6599***
9 months 0.0734 0.2064* 0.6909*** 0.6161*** 0.0237 0.5405***
12 months 0.2829** 0.2657** 0.6793*** 0.6778*** 0.5838*** 0.5164***
15 months 0.3977** 0.2104 0.7798*** 0.7822*** 0.7429*** 0.724***
18 months 0.4638** 0.333* 0.7397*** 0.6431*** 0.6881*** 0.597***
24 months 0.3286** 0.4127*** 0.7514*** 0.773*** 0.7486 0.0364***
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Table 4-2 The correlation between FFM and HAZ, WAZ and WHZ in boys and girls from birth to 24 months

*p<0.05 **p<0.01 ***p<0.001

FFM Length-for-age Weight-for-age Weight-for-length

Visit Boys Girls Boys Girls boys girls

Birth 0.4273*** 0.6179*** 0.7922*** 0.8514*** 0.2979* 0.3876***
1 month 0.3403** 0.4382*** 0.6963*** 0.8524*** 0.0703 0.3331**
2 months 0.4603*** 0.5506*** 0.802*** 0.8454*** 0.2401 0.4116***
3 months 0.4195*** 0.3731*** 0.7288*** 0.6985*** 0.1886** 0.1798**
4 months 0.2945 0.4932*** 0.6094*** 0.7627*** 0.2972 0.3386*

6 months 0.2848*** 0.4939*** 0.6599*** 0.6939*** 0.4344*** 0.4457***
9 months 0.4059*** 0.4567*** 0.7215*%** 0.7733*** 0.1372 0.4888***
12 months 0.6085*** 0.5402*** 0.7476*** 0.7083*** 0.4386*** 0.4162***
15 months 0.7413*** 0.6383*** 0.8775*** 0.6908*** 0.7258*** 0.3706**
18 months 0.4138** 0.5563*** 0.7281*** 0.8072*** 0.6785*** 0.6599***
24 months 0.6225*** 0.6211*** 0.786*** 0.8287*** 0.5875*** -0.0248
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Table 4-3 The correlation between FMI and HAZ, WAZ and WHZ in boys and girls from birth to 24 months

FMI Length-for-age Weight-for-age Weight-for-length

Visit Boys Girls Boys Girls boys girls

Birth 0.0363 0.1665 0.4492*** 0.4707*** 0.4193*** 0.3864***
1 month -0.095 0.0665 0.3865** 0.6837*** 0.389** 0.5668***
2 months -0.0715 0.2138 0.5286*** 0.7412*** 0.5707*** 0.5925***
3 months -0.0548 -0.192 0.4904*** 0.4792*** 0.6531*** 0.5892***
4 months -0.093 -0.0805 0.6455*** 0.6287*** 0.7394*** 0.7598***
6 months -0.0734 -0.015 0.6018*** 0.6309*** 0.6912*** 0.7462***
9 months -0.1216 -0.144 0.5902*** 0.4468*** 0.0145 0.6194***
12 months 0.0276 -0.0086 0.5326*** 0.5079*** 0.7208*** 0.6179***
15 months 0.1375 -0.1227 0.6288*** 0.5532*** 0.6912*** 0.7787***
18 months 0.3358* -0.0057 0.6785*** 0.4511** 0.689*** 0.5795***
24 months 0.1166 0.1299 0.6314*** 0.5824*** 0.7444>** -0.0292

*p<0.05 **p<0.01 ***p<0.001

57




Table 4-4 The correlation between FFMI and HAZ, WAZ and WHZ in boys and girls from birth to 24 months

*p<0.05 **p<0.01 ***p<0.001

FFEMI Length-for-age Weight-for-age Weight-for-length

Visit Boys Girls Boys Girls boys girls

Birth -0.1769 0.0178 0.4177*** 0.4208*** 0.6546*** 0.4597***
1 month -0.363 -0.3959 0.3343** 0.4711*** 0.6441*** 0.8349***
2 months -0.3247 -0.1841 0.514*** 0.4222*** 0.8022*** 0.7717***
3 months -0.331 -0.4554 0.2333*** 0.3038*** 0.7643*** 0.7526***
4 months -0.4439 -0.2559 0.2133 0.3883** 0.6154*** 0.6605***
6 months -0.4354 -0.0244 0.2397** 0.4347*** 0.6569*** 0.6095***
9 months -0.1149 -0.1962 0.4595*** 0.495*** 0.1165 0.6789***
12 months 0.0007 -0.1368 0.2488** 0.2309* 0.41*** 0.5389***
15 months 0.2925* -0.0752 0.7324*** 0.1727 0.7572*** 0.4174**
18 months -0.1185 -0.1341 0.39** 0.4504** 0.5726*** 0.6651***
24 months -0.0677 -0.0138 0.446*** 0.3437** 0.6386*** -0.2071
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Table 4-5 The correlation between FM:FFM and HAZ, WAZ and WHZ in boys and girls from birth to 24 months

FM/FFM Length-for-age Weight-for-age Weight-for-length
Age(months) Boys Girls Boys Girls boys girls

0 0.0599 0.2071 0.2994* 0.3857*** 0.2347 0.2451*

1 0.0475 0.1925 0.2743* 0.6023*** 0.1498 0.3664***
2 0.0546 0.3091~* 0.3442** 0.641*** 0.2773* 0.2925*

3 0.0799 0.0262 0.3985*** 0.3364*** 0.3138*** 0.2173**
4 0.0735 -0.0127 0.5698*** 0.4926*** 0.5118*** 0.5443***
6 0.0841 -0.0104 0.4725%** 0.4441*** 0.416*** 0.484***
9 -0.1417 -0.0432 0.3414** 0.2041* -0.0293 0.2816**
12 0.0246 0.0423 0.3523*** 0.3839*** 0.3828*** 0.3428***
15 0.0067 -0.0568 0.3403* 0.5118*** 0.3983** 0.6228***
18 0.3384* 0.0366 0.5259*** 0.2274 0.4745*** 0.2617

24 0.1021 0.124 0.4691*** 0.4214*** 0.539*** 0.0507

*p<0.05 **p<0.01 ***p<0.001
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4.3.2 Positive predictive values of overweight and obesity

The current study assessed how much overweight and obesity as defined by anthropometric
measurements could predict excess adiposity (>85" & 95 percentiles) defined by FMI and
%FM at theage of 2 years, using the positive predictive value. Positive predictive values (PPV)
presented as percentages at 95% confidence interval in Table 4-6. In overweight by BMI
classification; the PPVs for identifying excess adiposity were 28.1% & 32.5% by FMI and
14.1% & 26.6% by %FM. MUAC prediction of obesity by FMI was 45.8% & 57.7%. Girls
generally presented significantly higher PPV in BMI and arm circumference classifications by
both FMI and %FM. Subscapular skinfolds (47.6% & 36.4%) showed better obesity prediction
by FMI than triceps (29.2% & 24.0%). In overweight and obesity classification by sum of
skinfolds, boys presented higher values by FMI at 21.4% & 57.1% as compared to girls at

17.2% & 36.4%, respectively. %FM generally showed lower overweight and obesity

predictions as compared to FMI.
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Table 4-6 Positive predictive values of anthropometric measurements to predict overweight (>85th percentile) and obesity (>95th centile)

by FMI and %FM.

Classification

Boys

Girls

FMI

%FM

FMI

%FM

Overweight (>85% centile)

BMI

28.1 (17.6-40.8)

14.1 (6.64-25.0)

325 (22.2-44.1)

26.6 (16.3-39.1)

Arm circumference

12.9 (5.70-23.9)

11.1 (4.59-21.6)

26.7 (17.1-38.1)

22.2 (12.7-34.5)

Triceps skinfold

14.8 (6.98-26.2)

16.7 (8.29-28.5)

21.7 (12.7-33.3)

21.1 (11.4-33.9)

Subscapular skinfold

20.0 (10.4-33.0)

18.2 (9.08-30.9)

15.6 (7.76-26.9)

25.0 (14.0-38.9)

Sum of skinfolds

21.4 (11.6-34.4)

20.0 (10.4-33.0)

17.2 (8.90-28.7)

25.0 (14.0-38.9)

Obesity (>95™ centile)

BMI

50.0 (29.1-70.9)

23.3 (9.93-42.3)

57.7 (36.9-76.6)

23.3 (9.93-42.3)

Arm circumference

45.8 (25.6-67.2)

26.7 (12.3-45.9)

57.7 (36.9-76.6)

30.0 (14.7-49.4)

Triceps skinfold

29.2 (12.6-51.1)

13.3 (3.46-30.7)

24.0 (9.36-45.1)

10.3 (2.19-27.4)

Subscapular skinfold

47.6 (25.7-70.2)

26.9 (11.6-47.8)

36.4 (17.2-59.3)

20.8 (7.13-42.2)

Sum of skinfolds

57.1 (34.0-78.2)

26.9 (11.6-47.8)

36.4 (17.2-59.3)

16.7 (4.74-37.4)
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4.3.3 Comparison of the current study with Fomon

The current study compared %FM with HIC findings from Fomon et al (81). The findings are
presented in Figure 4-1. Infants in the current study showed a rapid increase in %FM with the
highest peak at 6 months for girls and 9 months for boys than the Fomon study. In both studies

%FM was higher in girls than boys, however the difference was the widest in the current study.

Child sex

== male

-~ female

FM Percent (%)

0 2 4 & & 10 12 14 16 18 20 22 24
Age (months)

Figure 4-1 Comparing %FM of South African infants with Fomon study. Black (South

African infants), Blue (Fomon infants)
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Chapter 5: Integrated discussion and conclusion

5.1 Summary of key findings

This chapter discusses key findings which emerged from the main objectives of this
dissertation, and further revisits the conceptual framework and hypotheses, as well as the
implications of the study and recommendations for future research. Key findings emerged from

the analyses are described in Table 5-1

Table 5-1 Summary of key findings

Objectives Chapter | Summary of key finding

1. To assess age and sex-related | 3

FM and FFM increased with age

changes in fat mass and fat- from birth to 24 months
free soft tissue mass between e %FM, FMI, and FFMI increased
birth and 24 months with age from birth to 6 months and

remained constant from 9 to 24
months

e FM/FFM  remained  constant
throughout

e Girls had higher FM at birth than

boys
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There were no differences in FMI,
%FM, FFM and FFMI between

different sexes

2. To assess the relationship
between birthweight
categories and body

composition

SGA and AGA had significantly
higher %FM than LGA at 12
months

LGA had higher FFM (p<0.001)
than SGA, at 12 months

LGA had higher FFMI (p<0.01) at
12 months than SGA

AGA had higher FFMI (p<0.05) at
24 months than SGA.

no significant differences in FM
and FFM between categories of

birth weight

3. To assess the relationship
between infant growth and

infant body composition

Conditional relative weight gain at
0-6 months and 6-24 months were
significantly associated with FM,
FMI, FFM, and FFMI

Conditional length 0-6 (p<0.01, SE
0.09) and 6-24 (p<0.05, SE 0.09)

months were associated with FFM
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4. To assess the relationship | 3 e Children with stunting had lower
between nutritional status FM (p<0.001) at 12 months and
and body composition FFM (p<0.001) at 24 months than
non-stunted children

e Children with stunting had higher
FFMI (p<0.01) at 6 months than

children without stunting

5. To assess the association | 4 e WAZ showed stronger correlation
between anthropometric between FM, FFM and FMI at birth
measurement and fat mass, to 2 years than HAZ and WHZ in
and fat-free mass both boys and girls

e FM strongly correlated with WHZ
(association  coefficient range:
0.04-0.72) and FFM strongly
correlated with HAZ (association
coefficient range: 0.37-0.64) in

girls than in boys

The overall aim of this dissertation was to assess critical periods during which growth patterns
in the first 1000 days may independently influence body composition and whether poor
nutritional status is associated with increased fat mass. Additionally, this dissertation explored
the correlation between anthropometric measurements and the components of body

composition. WAZ was more strongly correlated with FM (rho: 0.51-0.78 for WAZ vs. 0.02-
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0.74 for WHZ) in boys, and (rho: 0.56-0.81 for WAZ vs. 0.30-0.72 for WHZ) in girls and FFM
(rho: 0.61-0.88 for WAZ vs 0.07-0.73 for WHZ) in boys and (rho: 0.69-0.85 for WAZ vs 0.18-
0.49 for WH2Z) in girls. Conversely, WAZ was more strongly correlated with FMI (rho: 0.39-
0.65 vs 0.01-0.74 for WHZ) in boys and (rho: 0.45-0.74 for WAZ vs 0.39-0.78 for WHZ) in
girls. HAZ was more correlated with FFMI (rho: 0.42-0.83) in girls than in boys (rho: 0.12-
0.80). Generally, BMI had a higher positive predictive value for excess FM than MUAC, and
skinfolds thickness. Among participants with overweight, the PPV of BMI in predicting FMI
was 28.1% in boys and 32.5% in girls, while it was 50.0% in boys and 57.7% in girls among
participants with obesity. The growth rate in percent body fat was considerably higher among

South African infants than the Fomon references.

This dissertation also explored the relationship between birthweight, postnatal growth patterns
and infant body composition as shown in the conceptual framework. Path 1 assessed the
relationship between birthweight and body composition at 6, 12 and 24 months using
birthweight categories. Path 2 investigated the association of nutritional statusat 6, 12, and 24
months with body composition. Path 3 investigated the association of rapid weight gain and
linear growth 0-6 months and 6-24 months with body composition. The dissertation showed
that SGA and AGA had significantly higher %FM than LGA at 12 months. LGA had higher
FFMI (p<0.01) at 12 months than SGA. Rapid weight gain beyond 6 months of age had a
stronger associated with toddler body fat. Children with stunting had lower FM (p<0.001) at
12 months and FFM (p<0.01, p<0.001) at 24 months than non-stunted children. Subscapular

skinfold showed better prediction of overweight and obesity by percentage body fat than BMI.
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5.2 Reuvisiting the hypotheses

There were three hypotheses (H) which were tested in this dissertation. The response (R) is

provided below each of the hypotheses:

Hi: Rapid weight gain in infancy (characterised by conditional relative weight gain) is a

predictor of overweight and obesity in childhood

R: Rapid weight gain in infancy could be a predictor of overweight and obesity as measured

by FM. The hypothesis is accepted

H2: Children who experienced undernutrition (characterised by SGA and stunting) will have

higher body fat than children who experienced normal growth,

R1: SGA children had higher percentage body fat than LGA. The hypothesis is accepted

R2: Children with stunting exhibited lower FM and FFM than non-stunted children: The

hypothesis is not accepted

H3s: Weight gain in the first 6 months of age has a stronger association with body fat at 2 years

of age than weight gain after 6 months.

R: The period of 6 to 24 months was a better predictive period for positive association between

growth patterns and body fat later in childhood. The hypothesis is not accepted

5.3 Emerging themes

There were three main themes which emerged from this dissertation. The themes were as

follows:
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(i) Early childhood effects of SGA vs mid-childhood effects of LGA
(i1) Critical period for development of body composition during infancy

(iti) Risk of obesity emerges during infancy in South African children

5.3.1 Infancy period (0-6 months) effects of SGA compared to toddler period (9-24
months) effect of LGA

Size at birth offers an early opportunity to assess in detail growth rate and body composition
(152). Birth weight in particular is mostly used as a proxy for intrauterine over- or
undernutrition risks. Children born at the extremes of birth size are at a greater disadvantage
of risk of short or long term health problems (153). This study showed that SGA accumulate
more body fat earlier in postnatal while LGA accumulated more in later infancy. SGA infants
in this study exhibited faster gain in %FM than LGA and AGA. Although %FM has been
reported to overestimate FM and underestimate FFM in infancy as it is not an independent
index of body fatness, the findings in this study are important to monitor catch-up growth in
children who are born small for their age as compared to their AGA peers. In agreement with
these findings, Hediger et al reported that SGA infants had lower body fat at birth and show

relative increase in body fat from 2 to 12 months compared to AGA (154).

Children born small for their gestational age usually exhibit catch-up growth in their first 6
months of life (155-157). However there has been a debate on whether it is being born small
or the subsequent catch-up growth that is important in determining adiposity predisposition.
There is evidence that accelerated growth during critical window periods has unfavourable
effect on long term health, particularly the risk of cardiovascular disease and obesity (158).
Findings from this dissertation showed that rapid weight gain was a stronger independent
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predictor of adiposity than birthweight. Rapid weight gain after 6 months, independent of
birthweight, was strongly correlated with FM, FMI, and FFM. These findings show that it is

size at birth followed by subsequent postnatal catch-up growth from 6-24 months period that

influence adiposity.

This dissertation also revealed that birthweight z-score were significantly associated with FFM.
One study reported that the positive association between birthweight z-score and FFM could
program more central subcutaneous adiposity in adolescence (159). This study supports the
concept that there is a differential rate of growth between body size and composition among
SGA, such that the acceleration in subcutaneous fat deposition precedes acceleration in weight

during catch-up growth (137).

Likewise, this dissertation highlighted the effect of LGA on body composition. Our findings
showed that the effect of LGA is more relevant in the toddler period (24 months). LGA infants
have been reported to have increased chances of developing metabolic risks in childhood (age
11 years) (160). These findings elicit the need for interventions to prevent these birthweight

extremes by promoting normal postnatal growth.

5.3.2 Critical periods for the development of body composition during infancy

The period between birth and 6 months is considered a critical period as it is associated with
more rapid weight gain than any other period in infancy (134). Additionally, close to 40-65%
of weight gain in this period is attributable to fat mass gain (65). Studies reported that weight

gain at 6 months of life was a better predictor of fat mass later in life, than did after 6 months

69



(135,148). Rapid weight gain in the first 6 months was reported to be a predictor of metabolic
risk in adolescent (161). Similarly rapid weight gain in the first 3 months of life was reported
to be associated with central adiposity and lower insulin sensitivity in early adulthood (162).
A recent systematic review on the association between rapid weight gain from birth to 2 years
and later adiposity reported that rapid weight gain in the first 12 months period was associated
with greater odds of obesity (136). This dissertation revealed that growth patterns after the first
6 months of life influence body composition at 2 years. Therefore this dissertation suggests
that the entire first 2 years of life may be the critical window of developmental plasticity in

adipose tissue.

5.3.3 Risk of obesity emerges during infancy in South African children

The increased prevalence of overweight and obesity particularly in the sub-Saharan Africa
(SSA) has become a public concern. On average, the prevalence of obesity between the ages
on 5-17 years in SSA is about 15.4% in girls and 7,6% in boys (163). In South Africa black
adolescent girls experienced faster gain in BMI velocity than white girls of the same age (164).
BMI references of South African adolescent black girls were reported to be higher than the
American references. In comparison with Fomon study, the infants in this dissertation
experienced more rapid increase in %FM in the first 6 months of life and a slower decline after
6 months than their study. In 1982 Fomon et al. in their classic study presented gender and age
body composition reference datafrombirth to 10 years. The findingin the current study showed
that girls in particular accumulated more %FM which remained steady after 6 months.

Therefore the risk of obesity in South Africa emerges in infancy. However the limitation with
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this comparison is that data from Fomon study dates back to 1982 and there has been a secular

change in BMI which may have in this comparison.

5.4  Implications of the study

DOHabD pointed out the origin of cardiovascular diseases back to preconception and postnatal
environmental factors. This study contributes in highlighting key early life factors that may be
the link to improve healthy infant growth and ultimately lower overweight and obesity
epidemic. Most importantly the study shows that the assessment of infant body composition is
imperative as it will assist policy makers in creating targeted intervention strategies and
ultimately reduce future childhood obesity. This dissertation highlights the need to monitor and
manage rapid weight gain among South African infants. In the National Strategy for the
Prevention and Control of Obesity in South Africa (2015-2020) to reduce obesity prevalence
by 10% by 2020, the minister of health acknowledged that: “Research will guide and influence
important inter-sectoral action at the national, district and provincial levels”. The Department
of Basic Education in the same report admitted that the double burden of malnutrition is a
national concern in schools, and committed to come on board for the success of the strategy
(165). I therefore believe that the population-based study conducted in this dissertation should

be an essential component of the national strategy in fighting obesity epidemic in South Africa.

5.5 Strengths and limitations
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There are notable strengths of this study as well as limitations for consideration. Firstly, the
strength is that the study was done on urban black children and this would be an advantage in
development of population targeted obesity prevention interventions. Second was the use of
ADP and deuterium dilution methods to directly measure FM and FFM. These methods are
more reliable and yielded more accurate results than if this study had used BMI as a tool to
assess body composition. The third strength of the current study is the timing of infants’
measurements, the critical window period of between birth and 2 years. Although previously
stated as the strength, a predominantly black population sample might be a limitation. South
Africa is a racially diverse nation insomuch that these findings cannot be extended beyond
black urban population and therefore should not represent the entire population of South
African children. Given the large proportion of infants born in South Africa, exclusion of HIV -
exposed infants is another limitation in this study. The second limitation was the sample size.
Due to our small sample size and different sample at different time points, stunting could not

be stratified by sex.

5.6 Recommendation and future research

This dissertation recommends interventions such as improving pre-pregnancy maternal and
paternal nutritional status to improve normal growth and help manage childhood
undernutrition and obesity (166). Similarly, assessing body composition early in infancy would
have long term benefits in ensuring that healthy infants grow to become healthy adults.

Effective interventions such as providing nutrition counselling to mothers by the healthcare

72



workers may reduce stunting and SGA-and LGA-related obesity risk in children under 5 years

(167), particularly in South Africa.

As acknowledged in the preceding section, the findings are biased to urban population and
cannot represent the entire South African children. Therefore more population based studies
on the association between infant growth patterns and nutritional status and body composition
should be conducted in order to implement population specific policies to reduce the childhood
obesity epidemic. Further research on other groups, such as adolescents, is necessary to assess

the relationship between body composition in infancy and later growth.

5.7 Conclusion

This dissertation provides further evidence that later outcomes have their origins in early life.
Additionally the study provides the foundation for more population studies on infant body
composition in LMIC, particularly SSA, for targeted childhood obesity prevention
interventions. Infancy is an important period in which preventative interventions may help
prevent later health risks. In conclusion this dissertation showed that assessing the association
of growth patterns and body composition early in infancy may prove valuable in understanding

factors associated with prevalence of childhood obesity.
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