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ABSTRACT 

Washabaugh, Jennifer Renée (Ph.D., Department of Anthropology) 

First foods, intestinal ecology, and early life health and growth outcomes 

Thesis directed by Dr. Robin Bernstein 

 
Dietary exposures during early life, including our ‘first foods’ (i.e., mother’s milk and non-breast milk foods), 

have lasting impacts on offspring development. In this dissertation, I explore the impact of first foods on infant health 

and growth outcomes in a rural population under considerable environmental and physiological stress in The Gambia. 

I utilize longitudinal data and biological samples collected as a part of the Hormonal and Epigenetic 

Regulators of Growth (HERO-G) study, which was designed to investigate growth patterns in rural Gambian infants 

using epigenetic, endocrine, and metabolic analyses. I begin by describing the first foods given over the first year of 

life in this cohort, including characterization of breastfeeding and complementary feeding practices, and assess some 

nutritional and bioactive factors in maternal milk across the first year of lactation. Next, I detail infant morbidity 

occurrences within this cohort across the first year of life, contextualizing infant health outcomes in relationship to 

diet. Finally, I investigate growth outcomes using anthropometric measurements across the first year of life and test 

whether first foods and morbidity occurrence exert an effect on weight-for-height (WHZ), height-for-age (HAZ), 

and/or weight-for-age (WAZ) outcomes. As a part of these investigations, I measure infant fecal pH across the first 

year of life and explore the relationship of intestinal ecology to environmental stressors and dietary shifts. 

I identified “real time” and “extended” effects of first foods and breastfeeding practices on infant morbidity 

and growth at 3, 6, 9, and 12 months of age, demonstrating the persistent contributions of first foods on offspring 

outcomes. Robust maternal investment in offspring through complex nutritional and immunological milk profiles 

provides protective effects against illness in infants in this rural Gambian environment, and fewer symptomatic 

morbidities are associated with features of longitudinal growth. Generating an evidence base that considers both the 

immediate and longer-term benefits of nutrition in early life is critical to a comprehensive assessment of pathways 

and underlying mechanisms connecting early life environment to later life outcomes. This project provides important 

insights into physiological, evolutionary, ecological, and sociocultural influences on nutrition, variation in human milk 

profiles, and infant health and growth outcomes.  
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CHAPTER 1. ANTHROPOLOGICAL CONTEXT AND PROJECT BACKGROUND 
 
INTRODUCTION 

First foods – including maternal milk and non-breast milk foods – consumed during early life may have 

particularly important impacts on offspring health and growth. Existing studies show variation in breastfeeding 

practices around the world, along with a range of similarities and differences across maternal milk compositional 

profiles. Growing evidence also demonstrates complex relationships between early life dietary factors, immune 

function, and somatic growth outcomes in both the short- and long-term.  

Given the scarcity of concurrent longitudinal data on infant feeding practices, maternal milk composition, 

and infant health and growth outcomes, few studies have had the opportunity to comprehensively evaluate the 

interrelationships between all of these factors. Examining these variables in isolation, however, may reduce the 

resolution of their individual and combined effects. A comprehensive understanding of the influence of early life diet 

on health and growth outcomes is of particular importance in low-income populations that experience marked 

seasonality associated with annual food insecurity, heavy maternal workload, and fluctuations in infectious disease 

burden. In such populations, these factors influence early life growth, the outcome of which is linked to 

infant/childhood – and later life – morbidity and mortality. Generating an evidence base that takes into consideration 

both the immediate and longer-term impacts of nutrition in early life is critical to a deeper investigation of the pathways 

(and their underlying mechanisms) linking the early life environment to later life outcomes. 

Using a life history framework to investigate detailed infant feeding and health and growth data could offer 

a framework for insight into the dynamic nature of lactation as well as the nuanced impacts of first foods on infant 

outcomes.  

This thesis aims to address the following primary question:  

 

What are the effects of early life diet (including maternal milk composition and infant complementary feeding 

practices) on infant morbidity and growth during the first year of life? 

 

In this introductory Chapter, I will discuss key anthropological perspectives on breastfeeding, including 

biocultural and evolutionary aspects of maternal milk and interrelationships between nutrition, infection, and growth. 

I begin with an overview of breastfeeding in the context of mammalian and human evolution, including a description 
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of infant and maternal life history traits. I then synthesize the effects of breastfeeding on infant health and growth. 

This is followed by a section describing some of the cultural variation in infant feeding practices around the world. 

Finally, I conclude by introducing the design of the HERO-G study – emphasizing the methods and collection time 

points of interest for this project – and describe the structure of the remaining Chapters of this dissertation. 

 

LIFE HISTORY THEORY AND TRADEOFFS 

Variation fuels evolutionary change1. Life history theory utilizes concepts such as natural selection, fitness, 

adaptation, and constraints to explain variation in patterns of species’ reproduction and survival. Life history traits are 

the collective phenotypes that influence the survival and reproduction of an organism2. These traits, such as the number 

and size of offspring, age at first reproduction, and lifespan, are situated in the context of an individual’s reproductive 

success and the resources required to maintain the energetic costs of these traits. The Principle of Allocation helps 

explain how some variation in life history characteristics emerges under different environmental contexts3,4. Under 

the ‘allocation theory,’ energy is treated as a limited resource that must be preferentially allocated to systems – 

sometimes at the expense of others – that are expected to support maximal fitness2,5. Such allocations require 

coordination between multiple physiological and behavioral systems, most of which can be sensitive to moderation 

by environmental factors.  

The concept of tradeoffs informs how we understand and assess patterns of life history over an organism’s 

life; they direct the development of hypotheses and interpretations of results from investigations of variation in life 

history traits. Simply put, a tradeoff occurs when an investment in one process reduces investment in another, 

assuming resources available to the individual are limited. Classic life history tradeoffs include those between 

reproduction, maintenance, and growth, with common life history traits including size at birth, adult body and brain 

size, weaning age, reproductive age, interbirth interval, number of offspring, gestation length, and lifespan. The 

combinations of these individual traits are referred to as life history strategies. 

Broadly speaking, tradeoffs can be generalized by life stage (Figure 1.1). During gestation, infancy, and 

childhood, ‘maintenance’ – which includes immune function, cellular repair, and organ function – is thought to 

compete with somatic growth for available energy resources. Because of the enormous energetic costs of reproduction, 

the start of the reproductive period typically coincides with the cessation of the similarly costly period of growth1,2,6,7. 

In the reproductive stage, tradeoffs are seen between maintenance and reproduction, particularly under circumstances 
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of limited energy intake or increased energy demands8–12. Where a post-reproductive life stage occurs, energy is 

focused on maintenance as opposed to processes related to reproduction. 

 
Figure 1.1. Classic tradeoffs associated with stages of human life history  

 

 

 

 

 
Optimal energy allocation strategies can differ, in part, based on variation in ecological factors, such as food 

availability, mortality hazards, and local disease patterns13,14. For example, healthy individuals allocate energy 

differently from those combatting an infectious disease. Energetic allocations towards immune function when living 

in stable, predictable conditions may vary compared to settings with unpredictable future circumstances (e.g., food 

insecurity, seasonal infectious disease load). Energy allocation is also age-dependent, with newborns allocating 

energetic resources differently from adults. In particular, environments with high risk of mortality place precedence 

on energy allocation towards survival and reproduction over growth and maintenance2,5,12,15–17.  

Life history strategies can be viewed as a spectrum from ‘fast’ to ‘slow’. Humans are categorized as having 

mostly slow life history characteristics: gestation is long and generally results in singleton births, we have an extended 

childhood life stage, later age at first reproduction, larger adult body size, and longer lifespan. In the order Primates, 

which includes humans, the timing of some life stages are prolonged with increases in body size13,18–23. For example, 

compared to most other mammals, primate offspring generally grow slowly and reach reproductive age relatively later 

in life16,19,24–26. Humans produce offspring that are secondarily altricial (or semi-precocial), where infants are born in 

an underdeveloped state compared to other non-human primates and require additional care and feeding from another 

individual13,21,27. Trevathan and Rosenberg (2016) further describe human neonate altriciality as including large body 

size relative to other apes, small brain size relative to the human adult, and a prolonged period of motor immaturity 

compared to other apes11. 

Lactation, unique to mammals, is the primary vector of energy acquisition and determinant of energy 

availability for newborns and infants and is a major reproductive investment on the part of the mother. For mammalian 

species, early infancy represents a unique period within the life cycle in which a single food source – maternal milk – 
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can meet the dietary needs of developing offspring. In this way, maternal milk is the major source of energy allocated 

during infant development that drives tradeoffs until energy is introduced from non-breastmilk nutritional sources. 

After cessation of breastfeeding, human diets are quite varied28. Maternal life history strategies such as lactation are a 

rich source of phenotypic plasticity; the finer details of milk constituents and complementary feeding practices are 

directly relevant for adjustments made by offspring that carry long-term implications for offspring health, 

developmental trajectories, and survival29–31. After delivery, maternal energy can be allocated to current or future 

offspring, a ‘decision’ which can be mediated by lactation and timing of introduction of non-breast milk foods. 

Tradeoffs and energetic investments by both mother and offspring, and the interaction between the two, are important 

to consider when investigating questions from a life history framework32,33. I discuss these topics in the following 

sections. 

 

Infant life history 

Infancy has been broadly defined as the life stage between birth and cessation of breastfeeding34. In hunter-

gatherer (forager), horticultural, and agropastoral populations, the complete cessation of breastfeeding generally 

occurs around 24-36 months of age35–38. The infancy period can be characterized by breastfeeding, the presence of 

deciduous (“milk”) teeth, introduction of non-breast milk foods, rapid growth and rapidly decelerating growth 

velocity39,40. Much research has been conducted characterizing early life tradeoffs between growth and maintenance 

through an evolutionary framework.  

 

Growth 

Infant growth is characterized by the fastest growth rate of any postnatal stage, with the earliest days of 

infancy representing a continuation of fetal growth velocity. Growth rate rapidly decelerates throughout infancy until 

beginning to plateau in childhood. This is possibly related to breastfeeding, which is present cross-culturally and may 

outweigh or buffer against environmental or other exogenous factors (e.g., socioeconomic position)41.  

Infant growth is a dynamic and energetically costly process. It is directed by genetic, endocrine, and 

nutritional factors, and is also sensitive to environmental influence, such as from factors correlated with seasonality 

or socioeconomic position (e.g., fluctuating disease burden, lack of access to health care resources, or lack of access 

to clean sources of drinking water, etc.)42. Human infants diverge from most other mammals, including other primates, 
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in that significant amounts of body fat are deposited in utero43–46. A considerable amount of energy is devoted to fat 

deposition, as well as to brain growth and development, during early life. Newborns devote around 70% of growth 

expenditure solely to fat deposition in the first few months of life, followed by a decline during the childhood 

period20,43,47.  

Infants must invest in growing tissues and organs at different rates, while also maintaining those same tissues 

over time. In particular, the metabolic needs of the relatively large human brain may require certain adaptations to 

sustain its energy demands47–50. Newborns use around 87% of their resting metabolic rate for brain growth and 

development47. The brain grows more rapidly during this stage than other organs or tissues, such as dentition, 

reproductive organs, or total body mass.  

Layered on to these expenditures is the cost of mounting immune responses, which are essential for infant 

survival, but may necessitate complex allocation decisions to promote survival to reproductive age. As an energy 

store, fat can buffer an infant against tradeoffs with growth, such as when energy is needed for immune activation43,51–

55. Because infectious disease is a leading cause of infant mortality and because of the link between undernutrition and 

infection, adiposity/energy storage as a protective measure to compensate for an infant’s immature immune system 

would be advantageous56,57. There is evidence in humans (across various ages) that fat may be specifically stored in 

locations where it may be important for supporting energetic costs of maintenance51. For example, higher pathogen 

load was associated with reduced central (but not peripheral) skinfolds in more than 100 different human populations, 

suggesting that central adiposity is more closely linked with immune system function58. 

 

Immune function 

The immune system is comprised of interrelated molecular and chemical systems whose primary function is 

to protect the host from pathogens59. Its goals are to distinguish “self” from “non-self” and to adequately adapt to 

evolving infectious threats59. Humans have two systems of immunological defense: the innate and acquired immune 

system. There is evidence that all cellular components of innate and acquired immunity are present in the developing 

fetus, and the distinctions in the functionality and specializations of these two programs may relate to differences in 

immunological demands in utero versus in the postnatal environment60. The innate immune system provides broad, 

nonspecific immunologic defenses in response to conserved features of pathogens. These particular immune defenses 

are functional at birth and do not require prior exposure to a pathogen. The acquired immune system is the second 
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layer of immune defense and is not fully in place at birth; instead, this line of defense is characterized by specific 

immunological responses to pathogens that an individual has been exposed to previously. Although the acquired 

immune system requires more time to respond to a foreign pathogen (a specific set of defenses need to be mounted 

based on specific features of the pathogen), it can archive immunological ‘information’ from prior exposures, a 

capability often referred to as immunological memory. This ability can more readily protect the individual from future 

infections. 

Maintenance is thought to compete with somatic growth for available energy resources during early life. 

Energy has yet to be allocated towards reproduction, thus the individual must maintain its body and continue to grow 

while allocating sufficient energy to defense mechanisms, such as inflammation, to ensure survival to reproductive 

age. For example, acute weight loss and/or growth faltering can result as a consequence of persistent and systemic 

inflammation during infancy and childhood, which are common in low-income countries51,61. The relationship 

between growth and immune function is detailed below. 

Mounting immune defenses in response to illness or infection has significant bioenergetic and metabolic 

costs62. Immune system activation requires coordinated action by a wide range of cell types, which require an array 

of nutrients in order to function15. Due to their involvement in supporting growth and activity of immune cells, 

producing antibodies, and serving as their own independent antioxidants to protect existing healthy cells, a deficiency 

of a single nutrient (such as proteins, zinc, iron, folic acid, and/or vitamins A, C, D, and E) can alter immune function63–

65. Additionally, illness can reduce infant appetite and disrupt caregiver feeding practices, thus reducing infant dietary 

intake and, by extension, the energy available for allocation66–68. As such, repeated episodes of morbidity can lead to 

poor nutritional status, and undernutrition can increase susceptibility to subsequent infections (Figure 1.2). Even in 

the absence of overt illness, chronic immune activation is energetically expensive32,51,69–71. The extent of damage 

resulting from the complex mechanisms of the undernutrition-infection cycle depend on factors such as the severity 

of the deficiency, functions and interactions of the deficient nutrient(s), prior history of infection, and age61,65,72,73.. 
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Figure 1.2. Cycle of undernutrition and infection 
 

 

The immune system also includes host protection through physical barriers59. The gut plays an important role 

in this component of the human immune system. As it is constantly interfacing with external factors through diet, the 

landscape of the gut must adapt to meet the different functional demands imposed on it while also serving as a central 

site of immunological communication throughout the body. The ecology of the gastrointestinal (GI) tract is influenced 

in many ways by the relationships between food and gut microbiota (the collection of microorganisms – including 

bacteria, archaea, eukaryotes, and viruses – that inhabit the digestive tract) composition. For an infant, the gut can be 

viewed as a site where maternal milk can communicate with infant cellular systems and contribute protective effects. 

It is also the site of particular vulnerability to infection while the immune system is still developing.  

A healthy GI tract functions, in part, as a physiologic barrier to prevent bacteria and endotoxins from reaching 

circulation74–76. The mucous layer, epithelial cells and their tight junctions, and gut associated tissues comprise the 

barrier. Impairment of this barrier can lead to severe health consequences. Immune activation interacts with nutrition 

to influence growth, in part, through chronic inflammation in the GI tract77,78. This damage, a condition often referred 

to as environmental enteropathy (EE), can increase intestinal permeability, allowing large macromolecules to be 

released into the bloodstream, and can also reduce the concentrations of important digestive enzymes. Enteropathy 
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broadly refers to any pathology of the intestine, whereas EE is a syndrome of inflammation related to 

exogenous/environmental stressors such as is seen in low-resource settings. EE is hypothesized to be caused by chronic 

exposure to fecally contaminated food and/or water and generally poor sanitary conditions, which are common in 

settings of poverty. EE was originally referred to as “tropical enteropathy” due to high prevalence across the tropics 

(and thus assumed to be caused by climate); however, geographical comparisons of intestinal permeability across 14 

different countries showed that while EE was present across the tropics, it was absent in some tropical areas with high 

socioeconomic status79. This supports the idea that the abnormalities associated with EE are dependent upon 

socioeconomics and resource availability and not the tropical climate.  

Bacterial overgrowth in the small intestine has been linked to EE, which is reported in high rates in children 

from low-income populations78,80. Chronic exposure to fecal pathogens is hypothesized to result in chronic 

inflammation capable of causing structural changes in the small intestine. Overall, EE causes a breach of non-specific 

host immune defenses and triggers both innate and acquired immune responses. Consistent activation of immune 

defenses, particularly in the intestines,  can subsequently lead to functional changes such as gut barrier disruption, 

carbohydrate malabsorption, and continued chronic inflammation (as evidenced by biopsies and abnormal sugar 

absorption tests)78. The immunologic functionality specific to the small bowel may also be significantly impacted. 

Such consequences can also contribute to growth faltering and impaired development in childhood. The development 

and adaptation of the mucosal immune system to local environmental stressors and disease ecology is an important 

process during early life and has implications for longer term outcomes81.  

Cycles of undernutrition and increased susceptibility to infection are common in food insecure regions 

experiencing heavy disease burden. During early life, this combination can result in growth stunting80,82,83. The WHO 

categorizes children who are stunted as those whose height is < -2 standard deviations (SD) below the average for 

their age group (indicated by WHO defined height (or length)-for-age Z-score [HAZ] < -2SD)84. Percentiles and Z-

scores are widely used to display and interpret growth measurements and assess nutritional status in infancy, 

childhood, and adolescence. These values are derived by comparing individual growth measurements against growth 

data from a reference population. The weight-for-height Z-score (WHZ) allows an assessment of weight in relationship 

to body height. Those with low WHZ (< -2SD) are considered ‘wasted,’ a condition that can be indicative of acute 

undernutrition. This is particularly true in children, whose body weights can change rapidly85. The process of wasting 

is often a consequence of insufficient food intake or high incidence of infectious diseases (particularly diarrheal 
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diseases). Infants with adequate nutritional status (as indicated by WHO defined weight-for-height Z-score [WHZ] > 

-2SD) have less severe infection episodes and reduced risk of mortality compared to those of poor nutritional 

status86,87. Weight-for-age Z-score (WAZ) indicates body weight for age and is an important indicator of nutritional 

status, such as underweight or overweight. Those with a WAZ < -2SD are considered underweight. By improving 

nutrition, the immune system could be strengthened through increased availability of key nutrients, improved appetite, 

and even favor growth of certain gut microbiota that support immune defense through anti-inflammatory 

mechanisms61,88–92.  

Longitudinal studies of growth outcomes in populations with high morbidity conditions provide evidence of 

both the commonalities and the subtle variation in infant growth outcomes. Evidence suggests that weight gain is 

prioritized over skeletal growth and height attainment in some populations93–95 and fat accumulations are stored in 

locations where it may be important for fueling immune system defenses51,93. As one example of these tradeoffs in 

childhood, Tsimane forager-horticulturalists from the Bolivian Amazon, show high daily energy expenditures and 

resting metabolic rates96 and Tsimane children have high levels of C-reactive protein and other markers of 

inflammation, which is consistent with immune responses to high pathogen burden97–101. Throughout early and mid-

childhood, Tsimane growth is characterized by slow height velocity102,103. There is evidence of delayed growth spurts 

in some Tsimane and adult statures in this population are also short. This pattern of growth may be useful under 

circumstances of heavy disease burden and repeated episodes of morbidity, whereby energy could be diverted towards 

immune function and repair as opposed to somatic growth104. Others have found evidence that inflammation 

suppresses the growth hormone-IGF axis, with one study showing that children with higher levels of CRP between 6 

weeks to 12 months of age had lower levels of IGF-1 during the same time period; both factors were associated with 

increased odds of stunting in the same cohort105. Additionally, in a cohort of children from Uganda who were 

experiencing severe acute malnutrition, MUAC was significantly associated with thymus size (which relates to 

immune function), suggesting that impacts on growth or recovery of the thymus size correlates with the recovery of 

muscle mass106. Atrophy of the thymus in undernourished children is consistently reported in the literature107–110, 

further evidence of associations between growth and immune function.  
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Maternal life history 

Maternal reproductive success is contingent on current offspring growth, health, and survival during early 

life. As such, maternal investment in current versus future offspring can be a major determinant of offspring fitness, 

and is a key component of life history strategies. 

 

Pregnancy and fetal growth 

Female reproductive output is restricted by capacity of direct metabolic investments5,111. During pregnancy, 

tradeoffs can occur between maternal maintenance and fetal growth. Pregnancy increases the risk of maternal 

undernutrition due to increased nutrient requirements and it can lead to micro- and macronutrient deficiencies if dietary 

intake is not increased accordingly. Malnutrition, including both over and undernutrition, during pregnancy can be 

detrimental for maternal, fetal, and neonatal health112. Neonatal mass and gestation length scale allometrically with 

maternal weight (though there is some variation between species with altricial versus precocial offspring)5,113. 

Additionally, there is an isometric association between both neonatal brain mass and maternal basal metabolic rate 

(BMR) with maternal weight111. This evidence suggests a tight link between maternal BMR and investment in 

offspring during gestation5. 

Fat accumulation before and during pregnancy is the primary source of energy for lactation. Around 40-50% 

of energy in maternal milk comes from triglycerides (derived from maternal diet), or from stores of body fat5,114. 

Maternal adiposity is related to the efficiency of lactation, whereby it is “cheaper” for mothers with high body fat to 

divert resources into milk composition relative to thinner mothers because a lower fraction of total energy store is 

required5,115. Maternal nutritional status can be estimated by using anthropometric indicators such as body mass index 

(BMI), triceps skinfold thickness (TSF), and mid-upper arm circumference (MUAC). BMI is an individual’s weight 

in kilograms divided by the square of height in meters. A ‘normal’ adult female (non-pregnant) BMI range, which is 

based on a WHO reference standard, is between 18.5-24.9, and the CDC recommendation for weight gain for those 

with pre-pregnancy BMI within the normal range is around 25-35 pounds116. However, BMI is an imperfect measure 

of body fat content as it does not account for factors such as muscle mass, bone density, or edema117. TSF is determined 

by measuring the triceps skinfold on the posterior midline of the right upper arm (between the acromion and olecranon 

process) using calipers and is a useful marker of upper arm muscle composition (which is an indicator of nutritional 
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status) when used in combination with MUAC. MUAC is the circumference of the mid-upper arm, measured at the 

mid-point between the acromion and olecranon processes118. This measure is used to screen for underweight. Evidence 

suggests that MUAC is significantly correlated with, and thus a reliable surrogate for, BMI in assessing nutritional 

status in pregnant women119–122; however, there is no official international standard cutoff range to flag undernutrition 

using MUAC. The Sphere Handbook (Minimum Standards in Humanitarian Response) reports that the cutoff for 

undernutrition ranges from < 21 cm to < 23 cm in different countries123,124. Because the arm contains both 

subcutaneous fat and muscle, changes in MUAC can be interpreted to reflect a change in muscle mass, a change in 

subcutaneous fat, or both. In resource-limited settings, where individuals tend to have the lowest amounts of 

subcutaneous fat, changes in MUAC are more likely to reflect changes in muscle mass. This can indicate malnutrition, 

particularly underweight. There are other methods to measure maternal malnutrition during gestation, such as 

assessing maternal iron-deficiency anemia, which impacts around 42% of pregnant women worldwide125. Maternal 

anemia can lead to reduced levels of hemoglobin, which can limit oxygen availability and nutrient delivery to the 

fetus, and is associated with reduced birth weight and high risk of maternal mortality125.  

Maternal undernutrition during pregnancy can increase a mother’s risk of morbidity and mortality. It can also 

increase the risk of intrauterine growth restriction, resulting in small for gestational age infants and also preterm 

births126. Low maternal MUAC measurements during pregnancy are linked with low birth weight, which is 

significantly associated with high rates of morbidity, growth stunting, mortality, and poor cognitive development 

during early life127–132. This suggests that maternal nutritional status may have long-term impacts on offspring 

outcomes. Recent studies report that around 97% of low birth weight babies are born in low- and middle-income 

countries, settings where estimates of gestational age can be difficult to ascertain133. Low birth weight include preterm 

neonates (born < 37 weeks of gestation), small for gestation age at term, and the combination of the two (preterm, 

small for gestation age neonates)125. Preterm births account for around one third of low birth weight infants and small 

for gestational age/ intrauterine growth retardation accounts for around two thirds of low birth weight infants.  

 

Lactation and investment in current versus future offspring 

Mothers also navigate tradeoffs between investment in current offspring and future reproduction. Investing 

in current offspring health and growth support infant survival, but simultaneously reduces the magnitude of investment 

in future reproduction (along with maternal maintenance)134,135. Milk synthesis is among the most critical and costly 
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features of maternal energetic investment in mammalian offspring33,136,137, and infant feeding decisions and practices 

are therefore at the crux of the key tradeoff of maternal investment in offspring through breastfeeding. 

In well-nourished human populations, the caloric cost of lactation is estimated around 630-670 kcal/day9,138. 

Poor nutritional status or periods of depleted maternal energy resources may induce tradeoffs between provisioning 

with mother’s own milk or other foods, or between resource allocation to milk and investment in mother’s own self 

maintenance. To meet the energetic costs of reproduction – including lactation – mothers can employ different 

adaptive strategies, such as increasing food intake, mobilizing tissue stores, increasing metabolic efficiency, or 

reducing overall energy expenditure137,139. Longer durations of exclusive breastfeeding can enhance offspring survival 

potential and reduce certain maternal health risks. However, shortened breastfeeding periods may reduce interbirth 

intervals, increase fertility rate, and reduce depletion of maternal energy reserves41–44. 

 

Complementary feeding and investment in current versus future offspring 

Because milk production comes at an energetic cost to the mother to the benefit of the infant, the 

breastfeeding system itself – and in particular the nutritional and immunological aspects – may represent an example 

of ‘parent-offspring conflict’. The parent-offspring conflict hypothesis is driven by tradeoffs between reproductive, 

growth, and maintenance systems. It predicts that maternal investment in current offspring will decrease if it is in the 

interest of future reproduction. The strategy which maximizes maternal reproductive success is likely different from 

the strategy that would maximize current offspring fitness12,140,141. Because of this, Trivers (1974) proposed that 

children will try to elicit as much parental investment as possible in order to maximize their own reproductive success 

and survival. Weaning has been used as the classic example of parent-child conflict, with the idea that increased 

offspring distress serves as a proxy of resistance to weaning142. Mothers may reduce the frequency of breastfeeding 

(or cease breastfeeding entirely) in order to improve their own reproductive fitness by conceiving other offspring, or 

to accommodate other physiological systems related to self-maintenance. Children may resist the reduction in maternal 

investment by engaging in “psychological warfare” (e.g., crying, temper tantrums, exaggerated dependency) to obtain 

additional parental investment. Relative to the reproductive interest of the mother and age-specific mortality risk of 

offspring, resource investment is time sensitive and depends on maternal reproductive efforts143. Some research 

suggests that a decrease in maternal investment often occurs before it is in the best reproductive interests for the infant, 
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and the optimal time for weaning is likely to be later for infants than for mothers. Thus, these demands lead to 

conflict140,144–148. 

Resistance to cessation of exclusive breastfeeding may also be influenced by many other context dependent 

factors. For example, a 3 month old infant who solely relies on maternal milk as their source of nutrition would be 

expected to resist weaning to a much greater degree than an older child whose energetic needs cannot be met through 

breastfeeding alone144. Altmann (1980) suggests that cooperation and compromise are components of resolving 

instances of parent-offspring conflict149. Others have also criticized that the parent-offspring conflict hypothesis solely 

focuses on the “battleground” as opposed to conflict resolution150. Bateson (1994 & 1995) proposed that conflict may 

not be a universal occurrence during the weaning process.  

The “weanling’s dilemma” refers to the period of transitional feeding during early life, when maternal milk 

alone cannot meet an infant’s nutritional needs for growth, but nutritional supplementation by complementary foods 

increases the risk of infection and/or undernutrition13–15. For example, infant survival may be reduced when the energy 

acquired through independent foraging is insufficient to meet requirements for growth and somatic maintenance151–

153. If introduced foods are of poor nutritional quality, it may lead to undernutrition or growth faltering. For humans, 

weaning too early (<6 months of age according to WHO guidelines) can also lead to delayed neurological development 

and increased infant morbidities such as risk of obesity, type II diabetes, and gastrointestinal, respiratory, and 

dermatological infections154–159. In hunter-gatherer, horticultural, and many low-income populations, poor infant 

nutrition and infection are the main causes of infant mortality160,161.  

 

Life history and infant feeding patterns 

Infant feeding patterns are influenced by other life history features. For example, larger mammals generally 

tend to have longer lactation durations162. Primates have a particularly long lactation period. Based on body size, the 

expected lactation period of a primate weighing around 2.5 kg is 69 days, but observations report a duration of 166 

days137,163. Larger bodied primates like the great apes tend to cease exclusive breastfeeding later than small bodied 

primates such as strepsirrhines. For example, gorillas wean between 3-6 years of age, chimpanzees and orangutans 

wean offspring around 5-7.7 years of age on average35–40, but juvenile lemurs are fully weaned around 5 months of 

age164. The “ape’s dilemma” described by Lovejoy (1981) suggests that the long breastfeeding duration and late 

weaning age practiced in non-human ape species improves offspring survival potential, but restricts future population 
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growth. Using complementary foods allows mothers to conserve energy, and also allows for non-maternal care 

strategies whereby infants can be fed by any individual, encouraging alloparenting, energy conservation, and social 

bonding and development165–170.  

This pattern of longer exclusive breastfeeding practices is not observed in all primates. For example, 

callitrichid primates (marmosets and tamarins) have relatively short lactation periods of around 75 days, though 

weaning begins around day 30171. Additionally, it is common for infants of these primates to be carried and fed by the 

father and other group members for around half of the lactation period172. Humans follow a similar derivative feeding 

pattern, with shorter relative exclusive breastfeeding periods along with significant investment from other individuals.  

Several proposed primate traits were used to predict expected duration of breastfeeding for humans151. 

Predictive traits included tripling or quadrupling birth weight, reaching one-third of adult body weight, gestation 

length, and age at first molar eruption. Following these calculations, the average human weaning age was predicted to 

fall between 2.5-7 years of age, with most values hovering around 6 years151. This range perhaps illustrates the 

variation that may be expected of past populations. A recent metaanalysis of global human infant feeding practices 

showed that the combined prevalence of breastfeeding to two years of age was 33%, with considerable variation across 

different countries173. For example, breastfeeding prevalence was around 1% in Iran but over 90% in Bangladesh. 

Thus, human breastfeeding cannot be generalized. Instead, we must investigate population-level patterns in greater 

depth to identify nuanced tradeoffs. 

 

Breastfeeding and human evolution/life history theory 

Millions of years of evolution have shaped the constituents of mammalian milk, including its ability to 

provide a complete form of nourishment, hydration, and immune protection for offspring during early life174,175. Here, 

I will provide a broad overview of macronutrient and bioactive composition of human milk as it pertains to this 

dissertation. 

 

Milk macronutrients 

Milk macronutrients include fat, protein, and carbohydrates. These nutrients vary within and between 

mothers and across lactation, but evidence suggests macronutrient components are generally conserved across 

populations despite variations in maternal nutritional status and environmental pressures176,177. The ‘maternal 
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buffering hypothesis’ posits that human lactation physiology can buffer milk from effects of undernutrition through 

the mobilization of maternal body reserves178. 

General trends in compositional shifts of milk macronutrients in humans include a gradual decline in protein 

and lipids over the first 6 months of lactation and an increase in lactose from colostrum and transitional milk to mature 

milk138,153. Requirements for macro- and micronutrients are higher during infancy relative to any other life stage due 

to the rapid cell division that characterizes growth, which requires energy, protein, and nutrients that are involved in 

DNA synthesis.  

Relative to body size, energy needs are greater in infants compared to adults. An infant’s resting metabolic 

rate is around two times greater than in adults. Between 0-6 months of age, infants require around 450-650kcal/day 

and around 600-850kcal/day between 6-12 months of age179. The WHO reports that mother’s milk can provide half 

or more of a child’s energy requirements between 6-12 months of age, and around one third of requirements between 

12-24 months of life180. The principal carbohydrate in human milk is lactose, which is the least variable of the 

macronutrients. Around 40% of the calories in human milk are provided by lactose. Thus, caloric content of maternal 

milk and its abundance of certain constituents is an important contributor to infant growth.  

 

Human milk oligosaccharides and glycoproteins 

The second most abundant carbohydrates are human milk oligosaccharides (HMOs), which are among the 

non-nutritive bioactive factors found in maternal milk. Milk bioactives are components that impact biological 

processes or substrates and subsequently influence body function, condition, and health181. HMOs are a structurally 

and biologically diverse group of sugars which are indigestible to the infant. HMOs can be grouped based on their 

varieties of complex structures, the synthesis of which largely depends on maternal genetics. Mothers with the active 

gene for fucosyltransferase (FUT2), are referred to as “Secretors”. Mothers without the functional FUT2 enzyme (non-

Secretors) produce milk without (or in very limited abundances) 1,2-fucosylated (2’FL) HMOs. As such, the 

abundance of 2’FL in maternal milk is an indicator of Secretor status. 

In addition to HMOs, human milk glycoproteins (HMGPs) also represent bioactive factors in maternal milk. 

HMGPs contain sugar chains structurally similar to HMOs182–184, and they are less digestible and of less nutritional 

value than other protein types185–187. Among the most abundant HMGPs are lactoferrin and immunoglobulin A (IgA). 

These bioactives have been shown to compensate for deficiencies in the neonatal immune system. For example, they 
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can introduce an immunological memory to offspring, allowing the infant immune system to recognize and destroy 

pathogens without prior direct exposure188,189. Lactoferrin and IgA both have antimicrobial and anti-inflammatory 

properties which provide passive immunity to the infant while their immune system develops. Both also play roles in 

directly and indirectly protecting neonates against infections caused by a variety of pathogens. They have 

demonstrated capabilities in the prevention of diarrhea, necrotizing enterocolitis, and neonatal sepsis190. Both HMOs 

and HMGPs play key roles in establishment and maintenance of commensal gut bacteria191,192 and can inhibit 

pathogenic bacteria from adhering to the surface of intestinal walls193–196. They also serve as substrate for the immature 

infant gut microbiota, fostering growth of key gut microbes such as Bifidobacterium191,197–202. 

The beneficial gut microbe Bifidobacterium consumes HMOs and HMGPs and produces organic acid 

byproducts (acetate and lactate)203–206. This subsequently lowers intestinal pH, creating an inhospitable gut 

environment for many pathogenic bacteria, but fostering further growth of bifidobacteria (Figure 1.3)175,207. Loss or 

absence of bifidobacteria in the gut is marked by elevated GI pH208,209. Increased GI pH may indicate perturbation of 

microbiota, which may lead to chronic inflammation and morbidity209. In food insecure populations experiencing 

heavy disease burdens – particularly of GI-origin – maternal milk and infant gut microbes may be crucial mediators 

of morbidities and drivers of longer-term health and growth outcomes. 
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Figure 1.3. HMO and gut interaction example 

 

 

Despite having little to no nutritional role to the infant, maternal energy is allocated into HMO and HMGP 

production throughout the course of lactation. Infants with certain gut microbiota profiles – particularly those 

dominated by Bifidobacterium – may be capable of optimizing maternal milk bioactives for improved health and 

growth. Beyond this, the nutrients and immune factors transferred through maternal milk affect offspring phenotype, 

making it a potential source of epigenetic inheritance. In fact, evidence suggests that maternal effects are adaptations 

that facilitate offspring phenotypic responses to environmental pressures and local disease ecology based on exposures 

over the mother’s lifetime188,210. While the infant immune system develops, maternal milk bridges the gap between 

individual tradeoffs in herself and her offspring; this combination creates a “pooled” life history strategy (Figure 1.4).  
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Figure 1.4. Maternal & infant (A) individual and (B) “pooled” life histories 

 

Figure adapted from Gowland (2019) The Mother-Infant Nexus in Anthropology211 

 

Ultimately, early life experiences and environments, including nutritional environments, can have profound 

effects on offspring phenotype2,212,213. The early postnatal period represents the window of maximal expression of 

adaptive plasticity in postnatal life because developing infant physiology is highly sensitive to pressures from 

environmental and nutritional factors214–216. There is strong evidence that nutrition, growth patterns, and environmental 

factors during early life are linked to physiological and epigenetic mechanisms that result in phenotypic modifications 

with negative outcomes such as non-communicable disease217–219. For example, there is evidence that infants who 

experience nutritional insult during early life have impaired immune systems as adults215. Additionally, reduced 

maternal investment during the course of lactation can result in increased infant morbidity and mortality220.  

 

Variation in infant feeding practices globally 

Cultural factors play a large role in human biological outcomes related to nutrition in general and 

breastfeeding in particular. Cultural attitudes regarding the roles of women and mothers, child development and care, 

diet, medicine and maternal milk itself shape infant nutrition in a variety of ways. Food itself offers an insight into 
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cultural factors influencing the weaning process. Despite wide variation in adult diets worldwide, there are certain 

broad patterns associated with the feeding of supplementary foods.  

Beliefs about food can shape dietary behaviors221. Food taboos can impact the amount, frequency of 

consumption, and quality of nutrients in one’s diet222. Older studies of maternal perceptions and factors influencing 

child feeding decisions in The Gambia have shown that initiating breastfeeding after delivery is generally delayed due 

to cultural practices223, and many women reported that colostrum (‘first milk’) was perceived as impure and unsafe 

for infant consumption. For example, under certain cultural beliefs, colostrum is viewed as “bad milk” because its off-

white to yellowish color resembles pus, or is seen as non-nutritious, and is discarded while infants are fed alternatives 

such as sugar water or non-human milk224,225. In 2001, less than 8% of Gambian mothers (N=324) used wet nurses to 

breastfeed their babies in place of their own colostrum226. Koranic potions, made from juice of the kola nut (a caffeine-

containing nut from evergreen trees), are given to some infants instead of colostrum, and some rub kola nut or salt 

under the infant’s tongue, which is thought to help the child’s speech later in life224. Liquids are often the first non-

breastmilk food given to infants, followed by high carbohydrate based, soft, weaning foods (e.g., porridge or gruel)36. 

Usually by 2 years, infants are eating the same foods as adults.  

The Yao people in Malawi, as well as the Chagga, Wagogo, and Haya in Tanzania traditionally give prelacteal 

feeds (artificial feeds or drinks given to an infant before breastfeeding is initiated) to infants with the intention of 

preventing certain childhood illnesses227. The Tumbuka in rural northern Malawi boil crushed leaves in water and 

introduce it as the first non-breast milk substance given to infants. It is believed to protect infants from the illness 

‘moto,’ which presents symptoms such as coughing, difficulty breathing, and low body weight. The Wagogo in central 

Tanzania give infants sugar or salt water to infants immediately after birth. In reports from the late 1990s, the Datoga 

pastoralists in northern Tanzania would sometimes feed infants a mixture of water and hot ash228. Among the Wagogo, 

traditional beliefs include maternal illness as indicating the mother’s milk would become bad229. Similarly, milk that 

is expressed too infrequently is thought to also be bad and is discarded. Subsequent pregnancies are perceived to alter 

the mother’s body in such a way that makes the milk indigestible and liable to cause diarrhea to nursing offspring. 

Types of complementary foods introduced to offspring are often dependent on adult diets. For example, 

pastoralist tribes like the Datoga largely give cow’s milk as a supplementary feed whereas tribes like the Wagogo and 

Tumbuka give cereal-based gruels. The ‘weaning food availability’ hypothesis predicts that introduction of 

complementary foods and breastfeeding cessation will occur earlier in populations with regular access to easily 
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digestible, nutrient-dense complementary foods that pose minimum health risk to weaning offspring36. In some 

paleodemographic literature, it is assumed that in ancient populations that adopted pastoral and agricultural 

subsistence patterns, the availability of starchy weaning foods and non-human milks lead to earlier introduction of 

non-breast milk foods. This supported the idea that early weaning contributed to reduced inter-birth intervals and 

increased fertility, but also potentially increased infant mortality230–232. Other evidence, however, suggests that 

introduction of complementary foods was delayed in agricultural populations relative to those less dependent on 

agriculture, and introduction of solid foods was delayed in pastoral groups compared to those less dependent on 

herding36. Overall, the weaning food availability hypothesis is largely rejected in the literature. An analysis of the 

Human Relations Area Files (HRAF) revealed differences in types and timing of supplementation between 

agriculturalists, pastoralists, and hunter-gatherers36. Hunter-gatherers introduce liquids very early and completely 

wean their infants later than other societies. Liquid supplementation in agricultural groups and solid food 

supplementation in pastoralists were relatively delayed compared to other subsistence groups. However, in general, 

subsistence type played little role in the cessation of breastfeeding. Instead, breastfeeding patterns are more likely to 

be influenced by resource availability233 and mother’s work schedule144 regardless of the subsistence base of the 

population. 

 

SUMMARY AND HERO-G STUDY INTRODUCTION  

The dynamic nature of lactation strategies and milk composition allow both mother and infant to adaptively 

respond physiologically and behaviorally to a variety of ecological circumstances. Information regarding these 

circumstances, based on both maternal exposures and current infant environment, is conveyed to infants through 

nutrients and bioactive factors in maternal milk214. While the relationships between human milk macronutrients, 

bioactives, and offspring development have been examined in the literature, the specific connections between HMO 

and HMGP content and infant growth phenotypes has yet to be comprehensively characterized. This information is 

particularly understudied in populations where undernutrition is pervasive, although a comprehensive understanding 

of the influence of early life diet on health and growth outcomes is of particular importance in rural, low-income 

populations such as those in the West Kiang region of The Gambia in West Africa (Figure 1.5), where growth faltering 

during childhood is common and is linked with high rates of morbidity and mortality234,235. Here, physiology is 

influenced by marked seasonality, with a long dry “harvest” season (November-June), and a short wet “hungry” season 



 
 
 

 21 

(July-October)236, associated with fluctuations in rates of infections, intensive agricultural workloads, and food 

insecurity. Pregnant and lactating women are not exempt from this seasonal hardship, resulting in seasonal changes in 

gestational weight gains, birth outcomes and infant growth237–239. Breastfeeding is nearly universal in The Gambia, 

and the only sustainable option for many. 

 

Figure 1.5. Map of The Gambia (West Kiang region shaded in gray) 

 

MRC: Medical Research Council Keneba field station 
Note: There are a total of 36 villages currently registered within the West Kiang Demographic Surveillance System. 

Only the villages included in the present analysis are depicted on the map. 
 

 

The Gambia country profile 

The Gambia is the smallest country in mainland Africa, situated on the Atlantic coast and bounded by 

Senegal. The population is estimated around 2.4 million people240,241. The country is divided into 6 regions (Figure 

1.5) and contains a wealth of landscapes, including coastal, marine, savanna, and wetland habitats242–245. The West 

Kiang region of the country is comprised of 36 villages. The ‘core’ villages (Keneba, Manduar, Kantong Kunda, and 

for a limited time Jali) have been involved in longitudinal demographic and health surveillance since 1950; provision 
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of healthcare and implementation of research studies began to extend beyond the core villages to what are referred to 

as ‘outreach’ villages246. Villages in this area are divided into compounds. Polygynous marriages, associated with the 

predominant Islam religion in the country, are normative in The Gambia, and households generally live in compounds 

with all family members247. On average, each compound is inhabited by 16 people, but this can range from 1-170246. 

There are numerous ethnic groups in The Gambia, including (but not limited to) the Fula, Mandinka, Jola, 

Wolof, and Serahuli people. In the West Kiang region, the Mandinka ethnicity represents 79.9% of the population, 

followed by Fula (16.2%), Jola (2.4%), and other (1.3%). The Mandinka and Wolof are traditionally sedentary crop 

farmers; the Fula are traditionally considered pastoralists, though many have turned to agropastoralism248. Over 50% 

of the Gambian adult population has received no formal education, and this proportion is higher in more rural areas 

of the country (such as in the West Kiang region)246. 

The country is known, in part, for its tourism industry and rice production. Growing crops and raising 

livestock are central to the livelihoods in populations across The Gambia249–252. Use of livestock such as cattle, goats, 

sheep, and poultry are common. Cattle are considered the most important to livelihoods, whereas goats and sheep are 

important sources of income248,253,254. Gambian agriculture consists of crops such as rice, millet, groundnuts, and 

maize255,256. The agriculture sector is the leading component of the Gambian economy, employing 75% of the 

country’s labor force and contributing nearly 18% of the national Gross Domestic Product in 2019241,244,257. The 

Multiple Indicator Cluster Survey (MICS) in 2018 reports that nearly 91% of survey respondents from rural areas 

(N=19,191) of the country own livestock258. Women play a particularly prominent role in the agriculture sector in The 

Gambia. More than 90% of agricultural production is done by small-scale producers, around 70% of which are 

women242,245,259,260.  

Both income and dietary patterns fluctuate in accordance with the annual farming calendar in The Gambia. 

During the annual rainy season (July-October), the country receives an average of 40 inches of rain. Crop growth 

predominantly occurs during the wet season whereas crop harvesting takes place at the end of the wet season and into 

the start of the dry season. As such, the wet season is characterized by reduced food availability, increased maternal 

agricultural workload, and increased morbidity and mortality. Food stores improve, physical labor related to 

subsistence practice is lessened, and morbidity prevalence is reduced during the dry season. 

The current under-five mortality rate in The Gambia is 57 per 1,000 live births, and infant mortality occurs 

in 41 out of every 1000 live births258. More than 25% of children under 5 years of age in The Gambia are affected by 
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chronic undernutrition, which can result in growth stunting and other health-related complications. Prevalence of 

undernutrition has increased in recent years, largely impacting rural areas of the country. Of the deaths occurring 

during the first 5 years of life, 33% were caused by malaria, 17% by pneumonia, 12% by diarrheal diseases, and 10% 

by non-communicable diseases258. Stunting affects 19% of those under five in The Gambia, and 6.2% are affected by 

wasting261.  

There has been a strong push in recent decades to improve the nutritional status of people in The Gambia. 

The Medical Research Council (MRC) Unit, The Gambia has been conducting research in nutrition and related 

subjects in The Gambia for over 60 years. This work is aimed at reducing the burden illness and mortality in low- and 

middle-income countries (LMICs), and improving health practices and policies that maximize the health impact of 

their research. The MRC Keneba field station clinic provides general health care to all citizens from the West Kiang 

region who seek medical treatment246. 

In addition to the research conducted through the MRC, other efforts are in effect to improve nutritional 

conditions, including the National Nutrition Agency (NaNA). Established in 2000, NaNA is involved in the 

implementation and coordination of the National Nutrition Policy in The Gambia, which involves efforts such as 

increasing visibility, expanding the funding base, and implementing nutrition programs in various communities262. 

These programs aim for goals such as empowering communities to improve maternal, infant, and young child 

nutrition, reducing or eliminating micronutrient deficiencies, and promoting breastfeeding.  

 

Study population 

I use data collected as a part of the Hormonal and Epigenetic Regulators of Growth (HERO-G) study (2013-

2018 active data collection), which was designed to investigate intrauterine and postnatal growth patterns in rural 

Gambian infants (N=238) using epigenetic, endocrine, and metabolic analyses. The HERO-G study was conducted in 

the West Kiang region of The Gambia. Full details of the HERO-G study can be found in the published study 

protocol263.  

For the purposes of this dissertation, a subsample of 194 mother-infant pairs (herein referred to as the ‘HERO-

G subsample’) was selected from the larger HERO-G study based on completeness of collected data over the first 12 

months of life. Specifically, mother-infant pairs with no available infant feeding data or large gaps in dietary reports 

(>1 month without dietary reports) (N=44) during the first 6 months of life were excluded from this analysis. Inclusion 
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and exclusion criteria are described in detail in subsequent Chapters. Baseline characteristics of the full HERO-G 

cohort and the HERO-G subsample are described in Table 1.1.  

 

Table 1.1. Full HERO-G cohort (N=238) and HERO-G subsample (N=194) maternal and infant baseline 
characteristics 

Variable HERO-G Cohort 
(N=238) 

HERO-G Subsample 
(N=194) 

Maternal age, years (SD) 31.0 (±6.9) 32.0 (±6.9) 
Parity, N (%)   

Primiparous 29 (12.2) 18 (9.3) 
Multiparous 209 (87.8) 176 (90.7) 

Infant season of birth, N (%)   
Wet season (Jul-Oct) 84 (35.3) 64 (33.0) 

Dry season (Nov-Jun) 154 (64.7) 130 (67.0) 
Infant sex, N (%)   

Male 128 (53.8) 103 (53.1) 
Female 110 (46.2) 91 (46.9) 

 

Details regarding village of residence and their distances from the MRC Keneba field station clinic for the 

full HERO-G cohort and the HERO-G subsample are presented in Table 1.2. Villages were divided into “core” or 

“outreach” categories depending on distance from the MRC Keneba field station clinic and participation in the core 

research program (“core” = Kantong Kunda, Keneba, and Manduar; “outreach” = Bajana, Dumbuto, Jali, Janneh 

Kunda, Jattaba, Jiffarong, Joli, Karantaba, Kemoto, Kuli Kunda, Mandina, Sandeng, Sankandi, Tankular). This 

categorization has been used elsewhere in analyses of infant outcomes in relationship to early life diet264. A total of 

64 mother-infant pairs were from ‘core’ villages and 130 from ‘outreach’ villages. The HERO-G study was approved 

by the joint Gambian Government/MRC Unit The Gambia Ethics Committee (Project No. SCC1313v3), and the 

University of Colorado Institutional Review Board (Protocol No. 13-0441). Written informed consent was obtained 

from all participants before enrollment. 
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Table 1.2. Full HERO-G cohort (N=238) and HERO-G subsample (N=194) village of residence and distance to 
MRC clinic 

Village name HERO-G 
Cohort (N=238) 

HERO-G Subsample 
(N=194) Village type* 

Distance to 
MRC clinic 

(km) 
Bajana 10 (4.2) 8 (4.1) Outreach 15.1 

Dumbuto 1 (0.4) 1 (0.5) Outreach 27.6 
Jali 12 (5.0) 9 (4.6) Outreach 5.7 

Janneh Kunda 15 (6.3) 14 (7.2) Outreach 20.5 
Jattaba 7 (2.9) 4 (2.1) Outreach 24.2 

Jiffarong 28 (11.8) 24 (12.4) Outreach 17.5 
Joli 10 (4.2) 7 (3.6) Outreach 13.6 

Kantong Kunda 13 (5.5) 13 (6.7) Core 13.4 
Karantaba 8 (3.4) 6 (3.1) Outreach 16.8 

Kemoto 5 (2.1) 4 (2.1) Outreach 21 
Keneba 47 (19.7) 41 (21.1) Core 0 

Kuli Kunda 22 (9.2) 18 (9.3) Outreach 10 
Mandina 1 (0.4) 0 (0.0) Outreach 56.2 
Manduar 16 (6.7) 10 (5.2) Core 7.5 

Nyorro Jattaba 18 (7.6) 15 (7.7) Outreach 24.2 
Sandeng 1 (0.4) 1 (0.5) Outreach 26 

Sankandi 7 (2.9) 5 (2.6) Outreach 22.1 
Tankular 17 (7.1) 14 (7.2) Outreach 10.8 

Data are presented as N (%).  
*Village Type: villages were divided into “core” or “outreach” categories depending on distance from the MRC 

Keneba field station and clinic and participation in the core research program (“core” = Kantong Kunda, Keneba, 
and Manduar; “outreach” = Bajana, Dumbuto, Jali, Janneh Kunda, Jattaba, Jiffarong, Joli, Karantaba, Kemoto, Kuli 

Kunda, Mandina, Sandeng, Sankandi, Tankular). This categorization has been used elsewhere264. 
 

HERO-G METHODS  

Sample collection 

Sample and data collection conducted in the HERO-G study and incorporated into the present analyses are 

summarized in Table 1.3 Specific sample and data collection methodologies are described in greater detail in their 

respective Chapters. Below, I briefly outline the pre- and postnatal data collected as a part of the HERO-G study and 

specify the data incorporated into the dissertation analysis and, where appropriate, the inclusion/exclusion criteria and 

justifications used to select certain subsets of data.  

 

Prenatal 

Socioeconomic questionnaires were administered during the ‘booking’ visit (the first clinic visit after 

pregnancy confirmation – variable gestational age) for the HERO-G study. Mothers were asked to provide information 
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regarding sociodemographic variables (maternal education attainment), household characteristics (number of persons 

per room within the household, material of dwelling walls and floor), and durable assets (livestock ownership, 

possession of a cart). 

Maternal anthropometric measurements (weight, height, lower leg length, mid-upper arm circumference 

(MUAC) and triceps skinfold thickness (TSF)) were collected at 20, 28, and 36 weeks of gestation (Note: HERO-G 

study participants who were < 20 weeks pregnant were seen at the booking visit and then at 20, 28 and 36 weeks’ 

gestation. Participants who were > 20 weeks pregnant were seen at booking, 28 and 36 weeks only). The primary 

maternal anthropometric measurement of interest in this dissertation is MUAC. At the scheduled prenatal clinic visits, 

a HERO-G study midwife measured maternal MUAC using flexible measuring tape (Seca 212) to the nearest 

0.1mm263. Undernutrition was classified in this dissertation as a MUAC value of < 23 cm265.  MUAC measurements 

at 36 weeks (third trimester) specifically are incorporated into this dissertation as a proxy of general maternal 

condition/nutritional status during pregnancy, an approach used elsewhere in the existing literature266,267. 

 

Postnatal 

Mothers and infants traditionally stay home together to rest and recover for a week after birth, after which a 

naming ceremony is held. Starting at one week of age, dietary questionnaires regarding infant feeding were 

administered to mothers by trained field workers every 10 days until 12 months of infant age. Mothers or caregivers 

were asked to recall infant feeding practices (breastfeeding status, if non-breast milk foods were given, specification 

of food type, etc.) in the previous 10 days. Mother-infant pairs with no available infant feeding data and those missing 

infant feeding data from three consecutive visits (the equivalent of one month) during the first 6 months of life were 

excluded from the analyses for this dissertation. Questionnaire responses documented across the entire data collection 

period were incorporated and analyzed for individuals missing infant feeding data from < 3 consecutive visits during 

that same time period. 

‘Scheduled clinic visits’ refer to the time points in which mother-infant pairs were scheduled to be seen at 

the MRC clinic for data and sample collections. The scheduled clinic visits were conducted at 3, 6, 9, 12, 18, and 24 

months at the MRC field station and biological samples and other data were collected from both mother and infant at 

these time points. I describe the methodology for the scheduled clinic visit samples and data collection below. 
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First, mothers hand-expressed milk for sample collection at each of the scheduled clinic visit time points. 

Only the maternal milk samples collected over the first year of life were incorporated into my assessments of milk 

composition because the first 12 months are the primary focus of this dissertation.  

Infant anthropometric measurements (weight, length, head circumference, MUAC, lower leg length, and 

TSF) were collected during all scheduled clinic visits. These measurements were also collected at home visits every 

other day until 12 months of age; however, the focus here is on the measurements taken specifically at the scheduled 

clinic visits (not the alternate day home visits) at 3, 6, 9, and 12 months of age. Infant growth measurements were 

indexed using height-for-age (HAZ), weight-for-age (WAZ), and weight-for-height (WHZ) Z-scores according to the 

WHO Child Growth Standards84 by using WHO Anthro program (Version 3.2.2). 

When possible, mothers used a stool collection kit to collect an infant fecal sample prior to the scheduled 

clinic visits. Stool samples were stored on ice in a cooler box delivered to the mother’s home the day of collection and 

brought with them to their infant’s clinic visits.  

Infant morbidities were diagnosed and recorded by clinicians at the MRC Keneba field station at the 

scheduled clinic visits and at ‘unscheduled clinic visits’ (caregivers sought and were provided MRC clinical evaluation 

and treatment for infant morbidity as needed). This dissertation focuses its primary analysis on cumulative morbidity 

occurrences reported at 3, 6, 9, and 12 months age.   
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Table 1.3. Pre- and postnatal data collection for study aspects pertinent to this dissertation. 

Study Stage SEP 
Survey 

Maternal 
Anthrop. 

Infant  
Anthrop. 

Infant 
DQ 

Maternal  
Milk 

Infant 
Stool 

Infant  
Health Eval. 

Bookinga X X      

20wks gestationb  X      

28wks gestation  X      

36wks gestation  X      

Delivery & 1wk   X     

Alternate days between 1wk-
12mo 

  X     

Every 10 days between 1wk-
12mo 

   X    

3mo   X  X X X 

6mo   X  X X X 

9mo   X  X X X 

12mo   X  X X X 

18mo   X  X X X 

24mo   X  X X X 

Other: Unscheduled/As 
Neededc 

      X 
a’Booking’ refers to the first clinic visit after pregnancy confirmation – variable gestational age; bHERO-G study participants 

who were < 20 weeks’ gestation were seen at ‘booking’, and then at 20, 28 and 36 weeks’ gestation. If women were > 20 weeks 
pregnant, they were seen at booking, 28 and 36 weeks only; cUnscheduled/As needed refers to caregivers sought and were 

provided MRC clinical evaluation and treatment for infant morbidity as needed; SEP Survey: Socioeconomic position survey; 
Maternal Anthrop.: Maternal Anthropometry Measurements (weight, height, lower leg length, mid-upper arm circumference 
(MUAC) and triceps skinfold thickness (TSF)); Infant Anthropometry Measurements (weight, length, head circumference, 

MUAC, lower leg length, and TSF); Infant DQ: Infant Dietary Questionnaire (exclusive breastfeeding status, timing, type, and 
frequency of non-breast milk food use); Infant Stool: Where possible, infant fecal samples were collected at home by caregiver 

on the day of clinic visit.; Infant Health Eval: Infant Health Evaluation (Infant morbidities were diagnosed and recorded by 
clinicians at the MRC Keneba field station) 

 

STATISTICAL ANALYSES 

Statistical analyses specific to each component of the present analysis are described in their respective 

Chapter. Briefly, G*Power 3.1 was used to determine statistical power of sample sizes. The associations found in the 

statistical models were summarized using the beta regression coefficients and 95% confidence intervals (CI). Non-

parametric tests were used where data distribution was non-normal. I constructed Normal Quantile Plots and visually 

assessed normality. Normality was then assessed using a Goodness-of-Fit Test. Multiple linear regression models 

were constructed and descriptive statistics were calculated for all variables included in the statistical models. The level 

of statistical significance was set to P < 0.05 for all evaluations. All statistical analyses were conducted using JMP Pro 
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15.0 statistical software (©2019 SAS Institute, Inc.). Full methodological details are described in the Appendix. 

HERO-G study protocols are published and available elsewhere268. 

 

CHAPTER DESCRIPTIONS   

In Chapter 1, the context and background of this dissertation were introduced. The overall aim was identified 

and the significance of this work was described. 

In Chapter 2, I will provide biocultural background on infant feeding practices in The Gambia and the factors 

that may influence decisions to introduce non-breast milk foods. I will then characterize the breastfeeding and 

complementary feeding practices in the HERO-G subsample based on analysis of dietary questionnaires collected 

over the first 12 months of life. 

In Chapter 3, I will assess rural Gambian maternal milk composition by measuring the macronutrient 

concentrations and relative abundance of HMO and HMGP across the first 12 months of lactation. A full 

characterization of all milk constituents is beyond the scope of this thesis. In these analyses, I focus on milk 

macronutrients (fat, protein, lactose, and true protein), HMO classes (fucosylated, sialylated, undecorated, and 

sialylated and fucosylated) and immune proteins (lactoferrin and immunoglobulin A). 

In Chapter 4, I will provide an overview of infant immune system function and its relationship to early life 

diet across the first year of life. I will then assess the effects of variation in the duration of exclusive breastfeeding on 

infant morbidity occurrence. 

In Chapter 5, I will investigate how breastfeeding practices and maternal milk composition impact infant 

health (defined by morbidity occurrence), growth outcomes (WHZ, HAZ, WAZ), and intestinal ecology as defined by 

gut pH, in the context of seasonality. 

In Chapter 6, I will synthesize the results from all Chapters and offer suggestions for further research that 

may benefit unanswered questions. 
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CHAPTER 2. BREASTFEEDING & COMPLEMENTARY FEEDING PRACTICES 
 

INTRODUCTION 

Suboptimal complementary feeding practices can result in a cycle of undernutrition and morbidity155,168,269–

272. The World Health Organization (WHO) recommends exclusive breastfeeding until 6 months of age, followed by 

introduction of safe and nutritionally adequate foods in addition to continued breastfeeding until 24 months of age273. 

This duration has been identified as a key intervention for reducing mortality during childhood. However, a large 

proportion of infants begin consuming non-breast milk foods much earlier155,274–277. In The Gambia in West Africa, 

earlier introduction of non-breast milk foods may relate to maternal agricultural workload in this particular subsistence 

economy, where the physical activity level of mothers has been reported to return to pre-pregnancy levels after the 

first month post-partum278. This increase in workload may relate to a decision to begin introducing complementary 

foods earlier. 

In this Chapter, I characterize infant breastfeeding and complementary feeding practices in a subsample 

(N=194) from the larger HERO-G cohort. This includes maternal reports of exclusive breastfeeding duration 

(provision of maternal milk only; no other liquids or solids are given – not even water) and type of complementary 

foods introduced as the first non-breast milk foods into the infant diet. I then assess potential predictors of exclusive 

breastfeeding duration and discuss all results in the context of environmental and sociodemographic characteristics in 

this population. 

 

BACKGROUND 

Infant feeding practices in The Gambia 

More than 95% of infants in The Gambia receive maternal milk throughout the first year of life and nearly 

half continue to breastfeed until 2 years of age258,264,279. Nonetheless, prior studies in The Gambia report that more 

than 25% of children under 5 years of age, an increase over recent years, are affected by chronic undernutrition262,269. 

Several studies have documented average cessation of exclusive breastfeeding in The Gambia as falling between 3 to 

6 months of age225,258,274,280–282. There are some differences in infant feeding practices between urban and rural areas 

of The Gambia. The 2018 UNICEF Multiple Indicator Cluster Survey reports that 58.2% of Gambian infants from 

rural areas (N=343) were exclusively breastfed to 5 months of age whereas 50.9% were exclusively breastfed to the 
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same age in urban areas258. The median duration of any breastfeeding was 21.4 months for those from rural areas of 

the country258 and the median duration of exclusive breastfeeding was 3.3 months (N=1,412)258.  

Infant feeding practices and access to nutritious foods are associated with household socioeconomic position 

(SEP), which can add complexity to infant feeding decisions. In The Gambia, children from rural communities had 

significantly higher odds of not meeting the requirement for minimum acceptable diet (a core indicator for assessing 

infant and young child feeding practices developed by the WHO; includes minimum dietary diversity and minimum 

meal frequency) compared with their urban counterparts269,283,284. This may relate to a number of factors, which Issaka 

et al. (2017) attribute to variables such as general household poverty285. 

Though there are some differences between urban and rural populations in The Gambia, the available 

literature suggests that human milk is an important component of Gambian infant feeding patterns even after cessation 

of exclusive breastfeeding286. Here, I focus on studies from rural Gambian populations, emphasizing those from the 

West Kiang Region.  

 

Local complementary foods 

While many Gambian mothers breastfeed their infants for 18-24 months, the percentage of rural infants 

breastfed within one hour of birth is relatively low (44.1%)258 and sometimes delayed at least one day after delivery223. 

In one study, around 8% of cases used wet nurses to feed the infant for the first few days of life as opposed to the 

infant’s mother in order to avoid feeding the baby colostrum226. In other cases in The Gambia, infants who do not 

receive colostrum are instead given warm water with or without sugar (and occasionally salt), cow’s milk, or formula, 

until the mother begins to produce mature milk222,226. The WHO states that prelacteal feeds are dangerous for a number 

of reasons. Prelacteal feeds, such as those used to replace colostrum, have been shown to increase an infant’s risk of 

developing infections such as diarrhea, septicemia, meningitis, and various allergies and atopies287.  

Traditional local weaning foods in rural Gambia include cereal dishes and other staples, such as rice (local 

name, ‘mani’), millet (‘sanyo’, ‘suno’), and maize (‘tubanyo’), which are among the staple crops grown in this region. 

These foods are generally prepared as thick (‘mono’) or thin/watery (‘jidiyo’) porridges for infants. Meat, fish, and 

animal milk are used less frequently as complementary foods280,281,288. Nutritional composition of raw ingredients and 

dietary information for recipes of locally prepared dishes (e.g., weaning porridges) have been reported by previous 

studies289–292.  
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The annual cropping patterns determine food supply throughout the year, and thus the availability of certain 

ingredients for complementary foods. Cereal crops are generally harvested between September and December in rural 

Gambia (most observations cited were made in Keneba, a remote subsistence farming village in the West Kiang 

Region), resulting in particularly plentiful food supplies in November and December293. Food shortages often occur 

in July and August. For example, the availability of groundnuts, the chief cash crop in the country and a primary 

ingredient of ‘tiakere churo’ (rice and groundnut porridge), decreases in August/September when the new crop has 

been planted but is not yet harvestable293. When food is scarce in the wet (“hungry”) season, ‘jidiyo,’ a watery/thin 

gruel made with powder or any pounded grain, may be preferentially used over a thicker, ‘mono,’ porridge293.  

 

Infant feeding decisions 

In rural Gambia, infant feeding patterns have been shown to depend on overall maternal workload, location 

of work/distance of work from home, ease of work interruption (ability to return home during the day to feed infant), 

and the extent to which childcare can be shared with others294. Women in rural Gambia are largely responsible for 

childcare, farm work, and routine household chores; men are responsible for cattle-breeding (with hired herdsmen – 

who are predominantly male – responsible for milking and general animal care) and do not generally help with the 

upbringing of children295–297. Women in the West Kiang region of The Gambia work for long periods (around 15 

hours/day) in agricultural fields, conducting physically intensive tasks such as land preparation, planting, weeding, 

watering, harvesting, and transporting298. Agricultural workload increases in the wet (“hungry”) season. Rural 

Gambian women report that engaging in laborious work under harsh environmental conditions sometimes comes at 

the expense of the child’s well-being, including reduction of time allocated towards child health and nutritional 

needs295.  In The Gambia, an increase in subsistence activities during the wet season leads to mothers separating from 

their infants from morning to evening to work299,300.  

Polygynous marriages, associated with the predominant Islam religion in the country, are normative in The 

Gambia, and households generally live in compounds with all family members247. Because the increase in subsistence 

activities during the wet season can lead to mothers leaving home to work in the fields, infants are often separated 

from their mothers from morning to evening to work during periods of heavy agricultural workloads299,300. During 

these times, mothers often rely on other children or an elderly person within their compound to care for their own 

child226,295,309,310; this allows for shared caregiving responsibility by individuals other than the mother36,39. Some 
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Gambian mothers report that grandmothers have an especially influential role on early introduction of complementary 

foods223. 

Fouts et al. (2005) and Ghosh et al. (2006) report that the amount of physical effort required to carry a child 

to the field is a reason to introduce non-breast milk foods at earlier ages144,311. Data from the ENID Bioactives study 

(Early Nutrition and Immune Development; active data collection 2010-15) show that during the dry season, the 

majority of mothers brought infants, as young as 1 week of age, with them while working in the fields. During the wet 

season, around 50% of mothers left infants less than 6 months old at home, suggesting a reduction in maternal time 

investment in offspring during periods of intensive agricultural labor. Few mothers (21.3%) reported returning home 

during the work day to feed their infants and only 10.9% reported expressing breast milk for infant to consume at 

home while she is away working312. When infants receive care from others during the work day, earlier cessation of 

exclusive breastfeeding may be a necessary alteration to infant feeding313,314. In older research (>40 years ago), reports 

indicate that it was common practice in The Gambia for infant foods to be prepared in large quantities in the morning, 

sufficient enough for several meals throughout the day and so it is available if another caregiver is responsible for 

feeding the infant while the mother is away278302. It is important to note that this may be out of date. This form of food 

preparation is convenient and efficient, but has an associated downside of high levels of pathogenic bacterial 

contamination due to extended and poor storage conditions301–307. After preparation, common local complementary 

foods are stored at ambient temperatures, which allows the child to be fed on demand302. Additionally, these traditional 

complementary foods and some of their commonly used ingredients have been shown to contain significant microbial 

contamination, including high abundance of pathogens such as Staphylococcus aureus and Escherichia coli (E. coli), 

which are associated with gastrointestinal infection306–308. In their research, Barrell and Rowland (1979) found that 

foods that were not consumed fresh became bacterially contaminated after 8 hours in ambient temperature. In addition, 

foods prepared in the wet season contained higher levels of potential pathogens compared to foods prepared during 

the dry season, presumably because the environmental conditions during the wet season are very hospitable for 

bacterial growth302. In The Gambia and other regions of the world, some gruels are prepared using contaminated water 

that contains potentially pathogenic coliform bacteria from both animal and human sources315, though this too is out 

of date research.  
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RESEARCH AIMS  

Aims 

In this Chapter, I assess infant breastfeeding practices and the timing of introduction of the first non-breast 

milk foods in the HERO-G (Hormonal and Epigenetic Regulators of Growth) cohort in order to characterize infant 

exclusive breastfeeding duration and introduction of specific local weaning foods. In the West Kiang Region of The 

Gambia, where the HERO-G study was carried out, subsistence farming is central to the livelihoods and diets of the 

communities, and women shoulder much of the agricultural workload. Understanding infant feeding practices in this 

rural environment provides contextual information regarding the significance of first foods infants receive as they 

relate to environmental conditions, and in turn, subsequent health and growth outcomes.  

 

METHODS  

 
Subsample 

I utilize data from a subsample (N=194) of mother-infant pairs from the larger HERO-G cohort, who were 

included in the analysis based on completeness of collected data over the first 12 months of life. Specifically, mother-

infant pairs with no available infant feeding data (N=10), and those missing infant feeding data from three consecutive 

visits (the equivalent of one month – see questionnaire methodology below) during the first 6 months of life (N=34) 

were excluded from this analysis (Figure 2.1). Instances of no available infant feeding data were attributable to 

unavailability of mother at the time of questionnaire distribution, either related to maternal travel or undocumented 

reasons. In many cases, missing infant feeding data from > 3 consecutive reports of infant feeding practices occurred 

if mothers were traveling or working and thus unavailable to provide responses to the questionnaire. To determine the 

statistical power of a sample size of 194 in examining associations between exclusive breastfeeding (EBF) duration 

and maternal, infant, and environmental factors using multiple linear regression (F-test), a post-hoc power analysis 

was conducted using G*Power 3.1316 was conducted. With a medium effect size (f2=0.15) and a significance level of 

α = 0.05, a sample size of 194 has a power (1-ß err prob) of 0.99. 
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Figure 2.1. Flow diagram of included and excluded HERO-G participants in the HERO-G subsample 

 

 

Infant feeding practices 

Dietary questionnaires regarding infant feeding were administered to mothers by trained field workers every 

10 days starting at one week of infant age (mothers and infants traditionally stay home together to rest and recover for 

a week after birth, after which a naming ceremony is held) until 12 months of infant age. Mothers or caregivers were 

asked to recall infant feeding practices in the previous 10 days. Questions included those such as infant breastfeeding 

status, if non-breast milk foods were given, the frequency of intake of those foods or liquids, and specification of food 

type (e.g., water, tea, cow’s milk, watery or thick gruel, etc.). The full dietary questionnaire is detailed in Table 2.1. 
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Table 2.1 Infant feeding questionnaire 
1.  Infant feeding  Y/N 
1.1 Are you currently breast feeding your infant? No [0] Yes [1] 
1.2 In the past 10 days, have you given your infant anything other than breast milk? No [0] Yes [1] 
1.3 If no, the questions are completed. If yes, please proceed to Question 2. No [0] Yes [1] 
1.4 What other foods/Drinks have been given, in the past 10 days No [0] Yes [1] 

    
2. Drinks (Frequency: 1=Once, 2=>Once, 3=Most days, 4=Never)    

Y/N Frequency Comment 
  

2.1 Water No [0] Yes [1] 
 

Freetext 
  

2.2 Cow's milk No [0] Yes [1] 
 

Freetext 
  

2.3 Tinned milk No [0] Yes [1] 
 

Freetext 
  

2.4 Powdered milk No [0] Yes [1] 
 

Freetext 
  

2.5 Other (specify) Freetext      
        

3. Semi-solids (Frequency: 1=Once, 2=>Once, 3=Most days, 4=Never) 

3.1 Types Monoa=1 Jidiyob=2 
    

  
 

Y/N Frequency Comment 
  

3.2 Sayno No [0] Yes [1] 
 

Freetext   
3.3 Mani No [0] Yes [1] 

 
Freetext   

3.4 Tubanyo No [0] Yes [1] 
 

Freetext   
3.5 Dukula No [0] Yes [1] 

 
Freetext   

3.6 Sunno No [0] Yes [1]  Freetext   
3.7 Tiakere churo No [0] Yes [1]  Freetext   
3.8 Other (specify) Freetext      
  

  

 4. Solids (Mother to list) (Frequency: 1=Once, 2=>Once, 3=Most days, 4=Never)  
Food name Frequency Comment 

    

4.1 Freetext 
 

Freetext 
    

4.2 Other (specify) 
 

Freetext 
    

5. High protein food (Mother to list) Frequency: 1=once,2=>once,3=Most days,4=never 
 Food name Frequency Comment     

5.1 Freetext 
 

Freetext 
  

  
5.2 Other (specify)  Freetext     

aMono: thick gruel; bJidiyo: watery/thin gruel 

 

Socioeconomic position 

Fieldworkers administered a socioeconomic questionnaire during the booking visit for the HERO-G study 

(see HERO-G Project Protocol Flow Chart in Chapter 1). Mothers were asked to provide information regarding 

sociodemographic variables (maternal education attainment), household characteristics (crowding index [number of 

persons per room within a dwelling], material of dwelling walls and floor), and durable assets (livestock ownership, 

possession of a cart). Details of the full socioeconomic questionnaire are described in Table 2.2. Other economic 
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indicators commonly used in assessments of socioeconomic position (SEP), such as occupation, income, consumption 

expenditure, water source, ownership of a bicycle or vehicle, ownership of a radio, and/or access to electricity, were 

not documented as a part of the HERO-G study. This dissertation focuses only on the responses collected from mothers 

included in subsample (N=194) from the larger HERO-G study (N=238).  
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Table 2.2. HERO-G socioeconomic questionnaire administered at the booking visit 

  
Sociodemographic 

 Item Units and/or Ranges 

1. Maternal Education 
 

1.1 Which is the highest grade you completed in English school? Range: 1 - 12; Tertiary [99];  
Don't know [888]; 
N/A or still in school [999];  
Never went to school [0] 

1.2 Are you still in education? No [0]; Yes [1]; N/A [9] 
    

Household Characteristics 
 Item Units and/or Ranges 

2. Household  size 
 

2.1 How many rooms do you live and sleep in? Range: 1-20; Unknown [88] 

2.2 Including yourself, how many people live in these rooms? Range: 1-20; Unknown [88] 

   
3. Housing Materials  

 

3.1 What are the walls of your house made of? Mud [1]; Cement [2];  
Other [3]; Unknown [8] 

3.1a If Other, specify: Freetext 

3.2 What is the floor of your house made of? Mud [1]; Cement [2];  
Other [3]; Unknown [8] 

3.2a If Other, specify: Freetext 

    
Durable Assets 

 Item Units and/or Ranges 

4. Livestock Ownership 
 

4.1 How many sheep do you own? Range: 0 - 200; Unknown [88] 

4.2 How many goats do you own? Range: 0 - 200; Unknown [88] 

4.3 How many cows do you own? Range: 0 - 200; Unknown [88] 

   

5. Possessions 
 

5.1 Do you own a cart? No [0]; Yes [1]; Unknown [8] 
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Employment and household income are variable and difficult to measure in settings such as rural Gambia. 

For example, broad occupation information may not accurately capture the individual income for self-employed 

farmers in rural Gambia if it cannot take into account factors such as crop type, seasonality, and transitory market 

conditions317. Thus, asset scores are often calculated in order to measure relative wealth. Here, available data for 

variables documented in the above questionnaire describing sociodemographic characteristics, household 

characteristics, and durable assets were used to generate an asset score using Principal Component Analysis (PCA). 

PCA is a technique to reduce the dimensionality – the number of dimensions, features, or input variables associated 

in a dataset – by minimizing the number of variables needed to explain the maximum amount of variance in the dataset. 

First, data were cleaned and descriptive statistics were calculated to determine the distributions of participant 

responses. Categorical variables were re-coded in order to meet continuous variable requirements of PCA analyses. 

Next, JMP Pro 15.0 statistical software (©2019 SAS Institute, Inc.) was used to perform the PCA using the 

Multivariate Methods function. It is assumed in the literature that the first principal component is an appropriate 

measure of economic status318.  

 

Item Inclusion/Exclusion  

Of the 194 mothers included in the HERO-G subsample, full questionnaire responses were available for 166 

individuals. A total of 10 items were collected in the questionnaire, 4 of which were used in the present PCA. 

Descriptive statistics and inclusion/exclusion status are described below and detailed in Table 2.3 for each of the 10 

items collected in the questionnaire. First, of the 10 items collected, 2 were removed from the PCA due to inadequate 

variation: (1) present enrollment in education (1.2 in Table 2.2), where only 1 participant reported being in education 

at the time the questionnaire was administered); and (2) cart ownership (5.1 in Table 2.2) where only 1 participant 

reported owning a cart. Number of years of completed maternal education was incorporated as a continuous variable 

in the PCA and also categorized into one of three groups based on the response distribution for descriptive purposes: 

No Education (0 years), Low (1-7 years), and Medium (8-14 years) Education. These categories are based on previous 

studies in populations from the West Kiang Region of The Gambia264. 

Additionally, livestock ownership (cow, goat, and sheep) was removed from the PCA. The value and 

importance of livestock species in The Gambia have well-established links to household income242,250,319 and studies 

in the West Kiang region have used cattle ownership as a single indicator of wealth (households owning < 10 cattle 
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considered poor and those owning > 10 cattle considered wealthy320). However, without data on female-only 

ownership, male-only ownership, or mixed ownership of livestock, confirmation that the mothers enrolled in HERO-

G were the sole owner (which is unlikely because of the distinct gender differences in livestock ownership practices 

in the country) is not feasible. Because the potential inconsistencies in reporting based on varying definitions of 

ownership (for example, a mother may report owning 8 cows when the cows are owned by a co-wife’s family who 

lives in the same compound, which therefore may not adequately represent individual household wealth) may 

influence the accuracy of the explanatory power of the variable, livestock ownership was excluded as a variable from 

further calculations. The WHO Housing and Health Guidelines (2018) defines crowding as more than 1 person per 

room, and severe crowding as more than 1.5 persons per room. Thus, crowding index was calculated using a ratio 

between number of rooms within the dwelling (2.1 in Table 2.2) and the number of persons living in the dwelling (2.2 

in Table 2.2), thus combining 2 items from the questionnaire into 1 value. Crowding was coded as 0 and a non-

crowded dwelling was coded as 1. Full descriptive statistics are presented below.   
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Table 2.3. Descriptive statistics of SEP questionnaire responses and excluded/included variables 

Item Value Included/Excluded 
1. Sociodemographic 

  

Maternal education attainment, N (%)  Included (treated as continuous) 
No education 125 (75.3)  

Low (1-7 years) 17 (10.2)  

Medium (8-14 years) 24 (14.5)  

Present education enrollment, N (%)  Excluded (inadequate variation) 
Yes 1 (0.6)  

No 40 (26.5)  

N/A 125 (75.3)  

2. Household Characteristics   

Crowding index, (people:rooms)  Included (treated as continuous) 
< 1 21 (12.7)  

≥1 (crowded) 145 (87.3)  

Wall material, N (%)  Included 
Mud 151 (91.0)  

Cement 15 (9.0)  

Other 0 (0.0)  

Unknown 0 (0.0)  

Floor material, N (%)  Included 
Mud 55 (33.1)  

Cement 111 (66.9)  

Other 0 (0.0)  

Unknown 0 (0.0)  

3. Durable Assets   

Livestock Ownership   

Sheep, N (%)  Excluded 
1 7 (3.6)  

2 6 (3.6)  

5+ 3 (1.8)  

Goats, N (%)  Excluded 
1 26 (15.7)  

2 20 (12.0)  

3 17 (10.2)  

4 10 (6.0)  

5+ 13 (7.8)  

Cattle, N (%)  Excluded 
1 5 (3.0)  

2+ 5 (3.0)  

Possessions, N (%)  Excluded (inadequate variation) 
Cart   

Yes 1 (0.6)  

No 165 (99.4)  
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In total, three of the components had an eigenvalue of greater than one. The first principal component 

explained 30.2% of the variation within the data and had an eigenvalue of 1.21 and was thus considered appropriate 

to be used as an index. Table 2.4 shows the eigenvectors (the weight for each eigenvalue) and the factor loadings 

(correlation of each item in the principal component) of the first principal component on items included in the PCA. 

The highest contributors to the SEP score were floor material, wall material, and household crowding. Maternal 

education attainment had the lowest contribution.  

 

Table 2.4. PCA Component 1 eigenvectors and factor loadings of items included in SEP score 

Item Eigenvectors Factor Loadings 

Education attainment 0.10577 0.11629 

Household Crowding  -0.41567  -0.45702 

Wall Material 0.53699 0.59041 

Floor Material 0.72641 0.79867 
  

Each item was multiplied by its respective factor loading value as to account for its individual weighted 

contribution and then each item was summed to produce an SEP score. SEP score was used as a continuous variable 

in the multiple linear regression models described in the following section.  

 

Statistical analysis 

To characterize infant feeding practices, I calculated descriptive statistics from the dietary questionnaire 

including mean, standard deviation (SD), and ranges where appropriate. Infant feeding practice was defined by 

exclusive breastfeeding status at 6 months of age, based on the WHO recommended exclusive breastfeeding duration 

of 6 months321. Infants were categorized as either ‘EBF <6mo’ (provision of breast milk and non-breast milk 

foods/liquids before 6 months of age) or ‘EBF ≥6mo’ (provision of breast milk only until 6 months or later)264,322.  

Multiple linear regression analyses were used to investigate potential predictors of infant exclusive 

breastfeeding duration, including seasonality, maternal parity, and household SEP. Multicollinearity was determined 

using a conservative VIF > 5. The significant associations identified in the models were summarized using the beta 

regression coefficients and 95% confidence intervals (CI). Model effect size is reported as Cohen’s f2, where f2 ≥ 0.02, 

f2 ≥ 0.15, and f2 ≥ 0.35 represent small, medium, and large effect sizes, respectively. The level of statistical 



 
 
 

 43 

significance was set to P < 0.05 for all analyses. All statistical analyses were conducted using JMP Pro 15.0 statistical 

software (©2019 SAS Institute, Inc.).  

 

RESULTS 

Maternal and infant characteristics 

A total of 194 mother-infant pairs were included in the analysis, with a mean (±SD) maternal age of 32.0 

(±6.9) years. On average, mothers had 4.5 (±2.8) children, with most mothers (N=176; 90.7%) being categorized as 

multiparous. Of the 194 infants, there were a total of 103 male and 91 female infants, with 145 born during the dry 

(“harvest”) season and 49 born during the wet (“hungry”) season.  

 

Household sociodemographic characteristics 

Maternal education levels were low and in line with previous findings in this population264,286, with 75.3% of 

mothers having received no formal education. Over 87% of households examined in this analysis were considered 

crowded (people:rooms ≥1). The majority of households (N=151, 91.0%) contained wall material made from mud 

and the remaining households (N=15, 9.0%) had walls made of cement. Floor material was most commonly made of 

cement (N=111, 66.9%) followed by mud (N=55, 33.1%). Livestock ownership was mixed, with ownership of goats 

reported most frequently (N=86, 44.3%), followed by sheep (N=16, 9.0%) and cattle (N=10, 6.0%). 

 

Infant feeding 

The mean (±SD) age for introducing any food or liquid other than breast milk was 5.0 (±1.5) months with 59 

(30.4%) infants EBF ≥6mo and 135 (69.6%) of infants EBF <6mo. The mean duration of EBF for infants categorized 

as EBF <6mo was 4.4 (±1.4) months and those categorized as EBF ≥6mo was 6.5 months (±0.4 months). At 1 month 

of age, all infants were exclusively breastfed. By 3 months of age, 5.6% of infants had been given water and 5.6% 

given semi-solids, which increased to 62.9% and 47.1% by 6 months of age, respectively. At 12 months of age, 98.7% 

of infants still received breast milk. Non-breast milk liquids given before 6 months of life included tea with milk 

(8.25%), powdered milk (3.1%), cow’s milk (1.5%), and tinned milk (1.0%). At 6 months of age, 0.01% of infants 

received solid foods compared to 66.9% at 12 months of age. Broad feeding practice categorizations (provision of 

maternal milk only, maternal milk plus non-breast milk liquids, and maternal milk plus non-breast milk semi-solids) 
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are depicted according to age in months in Figure 2.2. Specific common non-breast milk foods (including liquids and 

semi-solids) given over the first year of life are depicted by monthly reports in Figure 2.3. There were no significant 

differences in EBF duration based on infant sex or maternal parity. 

 

 

Figure 2.2. Rural Gambian infant feeding practices by age  
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Figure 2.3. Common NBMFs given over the first year of life 

  

 

Predictors of exclusive breastfeeding duration using multiple linear regression analyses 

The multiple linear regression model of predictors of EBF duration had a medium effect size (f2=0.15). VIF 

was < 2 for each variable, meeting the criteria for parameters of collinearity. Results of multiple linear regression 

analyses showed that infant birth month was a significant predictor of exclusive breastfeeding duration in the HERO-

G subsample (P=0.0370). Being born in the month of May predicted significantly shorter exclusive breastfeeding 

duration by -1.68 months (95% CIs: -2.52, -0.84 months; P<.0001) in the multiple linear regression. None of the other 

birth months were significant predictors of breastfeeding practices. There was no significant predictive effect of infant 

sex, maternal parity, or household SEP on EBF duration. Table 2.5 details the statistical model results.  
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Table 2.5. Multiple linear regression model results of predictors of exclusive breastfeeding duration 

EXPLANATORY 
VARIABLES B 95% CIs P 

Intercept 5.21 4.71, 5.71 <.0001* 
Birth month    

Jan 0.12 -0.53, 0.78 0.7102 
Feb 0.34 -0.31, 1.0 0.3017 
Mar 0.24 -0.38,0.87 0.4474 
Apr -0.11 -0.89, 0.67 0.7854 

May -1.68 -2.52, -0.84 <.0001* 
Jun -0.20 -1.09, 0.70 0.6667 
Jul 0.51 -0.44, 1.46 0.2928 

Aug 0.71 -0.01, 1.51 0.0846 
Sept 0.08 -0.79, 0.96 0.8529 
Oct -0.50 -1.45, 0.46 0.3044 

Nov 0.06 -0.84, 0.97 0.8890 
Dec (referent) - - - 

Infant sex    

Female -0.14 -0.38, 0.11 0.2699 
Parity (continuous) -0.03 -0.12, 0.07 0.5735 
SEP Score (continuous) 0.08 -0.13, 0.29 0.4708 

B: Coefficient estimate; 95% CIs: Confidence Intervals (Lower Bound, Upper Bound); P: P-value; *P<.0001; 
Statistical significance indicated by boldface font/dark gray cell highlight. 

 

Infants born in the month of May (N=13) – shortly before the start of the wet (“hungry”) season – had the 

shortest average exclusive breastfeeding duration at 3.54 (±1.9) months. Infants born in August had the longest average 

exclusive breastfeeding duration at 5.65 (±1.1) months. Average exclusive breastfeeding durations according to birth 

month are detailed in Table 2.6.  
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Table 2.6. Average exclusive breastfeeding duration based on birth month 

Month N Mean SD Std Err Mean 95% CIs 

Jan 23 5.15 1.09 0.23 4.68, 5.62 

Feb 25 5.32 1.06 0.22 4.87, 5.77 

Mar 26 5.23 1.38 0.27 4.68, 5.79 

Apr 20 4.87 1.68 0.38 4.08, 5.66 

May 13 3.54 1.98 0.55 2.34, 4.73 

Jun 14 4.96 1.24 0.33 4.25, 5.68 

Jul 12 5.39 1.49 0.43 4.45, 6.33 

Aug 14 5.65 1.07 0.29 5.04, 6.27 

Sept 11 5.09 1.49 0.45 4.09, 6.09 

Oct 12 4.47 1.74 0.50 3.36, 5.57 

Nov 12 4.97 1.89 0.54 3.77, 6.17 

Dec 12 5.43 1.76 0.51 4.31, 6.55 
95% CIs: Confidence Intervals (Lower Bound, Upper Bound)  
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DISCUSSION 

While maternal milk can serve as the sole form of nutrition during early infancy, it eventually must be 

supplemented with non-breast milk foods in order to satisfy the energetic requirements for optimal infant development. 

In this analysis, 30.4% of rural Gambian infants (N=194) were exclusively breastfed until the WHO recommended 6 

months of age. This finding corroborates another recent investigations of breastfeeding practices in a rural Gambian 

population, where 32% of infants were exclusively breastfed until 6 months of age264. Similar findings have been 

discussed in other studies in populations across sub-Saharan Africa323,324. Breastfeeding duration is relatively long in 

this rural Gambian population, with 98.7% of all infants still receiving maternal milk at 12 months of age, the latest 

age at which the questionnaire was administered. Other studies have reported breastfeeding to continue until an infant 

is 18-24 months of age in areas of rural Gambia223. The most common non-breast milk foods incorporated into the 

infant diet during the first year of life in this analysis were grain-based porridges, which include some of the country’s 

staple crops as ingredients. 

The multiple linear regression showed a medium effect size. Birth month was the only significant predictor 

of exclusive breastfeeding duration in the model, with May, the month before the start of the wet season, predicting 

earlier introduction of non-breast milk foods. The ‘maternal work pattern’ hypothesis predicts that the introduction of 

non-breast milk foods and/or breastfeeding cessation will occur earlier in populations where maternal subsistence 

activities are associated with physical separation of mother and infant for longer durations36. During the wet season in 

The Gambia, mothers commonly spend much of the day separated from their infants, resulting in less frequent 

breastfeeding and alternative caregivers responsible for infant feeding36,325. The results from the present analysis, along 

with prior studies in the same region, support the maternal work pattern hypothesis in that earlier introduction of non-

breast milk foods coincides with the annual period where maternal agricultural workload intensifies. Infants born in 

May were weaned, on average, by 3.54 (±2.0) months of age, suggesting that those born right before the start of the 

wet season are likely to cease exclusive breastfeeding before the end of the wet season. These findings align with other 

studies in this region where maternal workload during the wet season influences infant feeding decisions. However, 

this finding may also relate to the uneven number of births across different months in the HERO-G cohort. The greatest 

number of births occurred in January, February, and March in the HERO-G subsample, and the greatest number of 

infants receiving their first non-breast milk foods in the month of June (which aligns with the median age of weaning 
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in this study). This may be an artifact of the clustering of recruitment to women for this study at a particular time in 

the year.   

An alternative explanation for the greater number of infants weaned during the month of June is that the 

number of infant births were not equal across all months of the year; nearly twice as many infants were born in January, 

February, and March compared to the other months due to the scheduling of recruitment for this study. Thus, this 

finding may be a byproduct of the greater proportion of births during the early months of the year as opposed to 

directly stemming from maternal subsistence activities and seasonality. Food availability fluctuates throughout the 

year in rural Gambia due to seasonal cropping patterns. Food supplies are particularly plentiful in November and 

December in this region because cereal crops are generally harvested between September and December. Food 

shortages often occur in July and August293. These fluctuations may impact the type and consistency of infant weaning 

foods offered to infants as complementary foods. By assessing seasonality by month as opposed to the dichotomous 

wet/dry season categories, we are able to analyze patterns at a finer resolution. Future works should consider 

investigating ‘month’ as a continuum rather than category, as using a coefficient of cyclic variation (as in Fourier 

analysis) could provide an even deeper understanding of the magnitude and temporal patterns at play326. 

Household SEP was not a significant predictor of breastfeeding practices in the multiple linear regression 

model. This differs from factors established in the literature from other populations, where SEP is associated with 

earlier EBF cessation due to influences such as limited access to resources such as transportation, access to roads, 

lower income to purchase nutritionally adequate and hygienic complementary foods, and lower education levels. The 

present finding challenges that of Issaka et al. (2017), where Gambian children from poor households had significantly 

higher odds of not meeting the recommendations for timing introduction and type of solids, semi-solids, or other soft 

complementary foods compared to children from wealthy households. The authors also report that the odds of not 

meeting the aforementioned dietary requirement increased significantly for children whose fathers were not employed 

in the agricultural industry. It is important to note that calculation of household SEP was less robust than in other 

studies due to the reduction of items from the PCA. Acknowledgement of possible bias must be given to the exclusion 

of livestock ownership in the PCA. Ownership of livestock in The Gambia is predominantly controlled by males in 

the household, particularly cattle. As such, mothers are unlikely to be the direct owner of these livestock. Because 

cattle are valuable as sources of food, income, and transportation and traction (e.g., field plowing), ownership of a 

cow contributes a high score to the SEP calculation. The calculation used to assess household SEP, however, takes 
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multiple variables into consideration at once, which is more appropriate here than using variables such as maternal 

education or livestock ownership as single predictor variables. 

Other characteristics of this population must be considered in the evaluation of the impact of SEP on 

exclusive breastfeeding practices in this population. In this region, there is low education attainment and prevalent 

household crowding. Three quarters of the mothers had no formal education or low formal education (1-7 years) and 

173 (85.6%) reported living in crowded households. 

Formal education may be less relevant as a driver of infant feeding decisions in this region. Locally designed 

and run programs such as the Baby Friendly Community Initiative (BFCI) (developed by the National Nutrition 

Agency) in The Gambia provide local support and education to improve infant and young child feeding practices, 

including promoting exclusive breastfeeding for 6 months of age327. Implementation of the BFCI includes steps such 

as training, counseling, community meetings, house-to-house visits, provision of sanitary materials and other 

resources, and continued monitoring and supportive supervision. The villages included in the HERO-G study are 

among the those implementing the BFCI in the West Kiang. The WHO (2009) reports significant success from 

implementation of BFCI initiatives in The Gambia with marked improvement in early initiation of breastfeeding and 

exclusive breastfeeding to 4 months of age. Specifically, the adoption of certain BFCI strategies contributed to the 

increase in the national average of exclusive breastfeeding from 0% in 1989, to 17.4% in 1998, to 36% in 2000328; and 

41% in 2006279.  

The Medical Research Council (MRC) has made considerable investments in healthcare and nutrition-related 

infrastructure in their core study villages in the rural region of the West Kiang; these communities have access to 

resources such as: ante- and postnatal care, primary health care clinics with trained clinicians and nurses, all children 

are vaccinated and receive many WHO recommended health interventions (e.g., vitamin A and mebendazole), growth 

monitoring during early life, treatment for severely malnourished children, and all health services are free. 

Contaminated open wells and open defecation – present in many settings of poverty in low-income countries around 

the world – have been replaced with clean piping for water supply and latrines in all compounds. There is also free 

universal primary education with enrollment at ~97%. Such access to resources and continued individual and 

community-level health interventions creates a unique situation in rural Africa; government-implementation of such 

efforts throughout low-income countries is challenging due to required expenses.  
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There were some limitations to this study. First, collection of retrospective dietary intake data may introduce 

bias through recall error329–331. However, studies comparing maternal recall methods found that 24- and 48-hour recall 

periods resulted in overestimated exclusive breastfeeding durations, and report that 7 to 10-day recall intervals are 

adequate for general assessment of food intake, and may more accurately capture the complexity of infant feeding 

patterns compared to shorter intervals331–333. Future analyses may benefit from analyses of dietary diversity scores, 

hygienic index calculations, details of ingredients and preparation processes for homemade weaning foods, assessment 

of food volumes, focus groups on local feeding decisions/motivations, in particular the transfer of knowledge between 

generations/sources of information that inform maternal decision to introduce non-breast milk foods. Future study 

designs may consider adopting methods to assess any specific relationships between infant weaning practices and 

shifts in availability of certain food ingredients and/or maternal workload across the seasons. 

A diverse diet incorporating a variety of food types has been recommended as an approach to achieving 

adequate nutrient intake. Many household dietary surveys such as these also examine features of dietary diversity, 

which is commonly used as a marker of nutritional wellbeing in the guidelines of many country nutritional 

assessments. A dietary diversity score (DDS) may be another useful approach to investigating complementary feeding 

practices in future evaluations. DDS is calculated by summing the number of unique food groups (cereals and tubers, 

dairy, eggs, vegetables, fruits, oils and fats, meat, etc.) consumed by an individual within a specified period of time. 

The types of complementary foods used in this subsample were indicated by the mothers. As reported in the results, 

it was most common to use cereal-based gruels as complementary foods. However, because the questionnaires were 

collected over the first year of life, a period when solids are used less frequently compared to semi-solids (66.9% of 

infants received solids whereas 94.7% received semi-solids at 12 months of age), implementing a DDS here may not 

be most the most appropriate method. Future analyses may consider incorporating DDS as a methodology to assess 

potential shifts in early life diet based on seasonal effects on food supply. This may also be effective in large scale 

comparisons using national-level data sets. 

Infant health and growth attainment may impact a mother’s decision to wean her infant earlier. Research on 

the directionality of these associations, however, provides mixed results. For example, mothers may cease exclusive 

breastfeeding or modify feeding practices because their infants are ill, perhaps related to hospitalization, type of illness, 

or perception that maternal milk is not meeting the infant’s immunological needs158. Others may wean infants 

perceived as healthy (e.g., fewer morbidities) earlier, which may result in increased incidence of morbidity as it relates 
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to reduced immunological protection from maternal milk. Infants perceived as growing well may receive non-breast 

milk foods earlier if they appear to demand more feeding; mothers may also exclusively breastfed for longer durations 

if they regard breastfeeding as causal to healthy growth264. These alternative perceptions may bias the order of 

causality and lead to overestimation of the immediate protective effects of exclusive breastfeeding. Thus, infant 

feeding practices directly prior to the onset of an illness or growth faltering event may be a better indicator of the 

effects of breastfeeding in relationship to infant morbidity and growth. These relationships are explored in Chapters 4 

and 5. 

 

CONCLUSION 

The goal of Chapter 2 was to characterize infant breastfeeding and complementary feeding practices during 

early life in a subsample of mother-infant pairs (N=194) from the larger HERO-G cohort. Through use of maternal 

reports of exclusive breastfeeding duration and infant complementary food type and use, I found that cessation of 

exclusive breastfeeding occurs around 5 months of age in this subsample. Maternal milk remains an important part of 

the infant diet, with nearly all infants continuing to receive some maternal milk at the 12 month time point. Assessment 

of potential predictors of exclusive breastfeeding duration showed that seasonality may be an important driver of the 

timing of introduction of non-breast milk foods into the infant diet. This may relate to maternal agricultural workloads, 

which fluctuate with the annual rains and may influence infant caregiving and subsequently infant feeding practices. 

Ultimately, the dietary intake during early life and the feeding practices caregivers implement while offspring 

are too young to feed themselves are important in contextualizing subsequent health and growth outcomes. Diet over 

the weaning period represents a useful framework in understanding the impact of first foods on short and longer term 

health and growth phenotypes, and features of lactation, such as exclusive breastfeeding duration, may serve as 

proximate indicators of available maternal resources for investment in offspring. Here, the characterization of infant 

breastfeeding and complementary feeding practices during early life in a population under considerable environmental 

and physiological stress sets the foundation for the analyses in the following Chapters, in which I apply the dietary 

contexts reported here to analyses of human biological variation in maternal lactation strategies and infant health and 

growth outcomes. 



 
 
 

 

CHAPTER 3. MATERNAL MILK COMPOSITION 
 
INTRODUCTION 

Human milk composition is complex, dynamic, and highly variable; it has evolved over millions of years to 

meet the nutritional and immunological needs of the developing infant. There is considerable variation in both milk 

production and composition across populations, geographic regions, and between individual mothers. Milk 

composition varies according to the time of day, stage of lactation, and within and between feeds.  

In this Chapter, I report on measurements of maternal milk composition, including macronutrient (fat, 

protein, lactose, and true protein) concentrations, and the relative abundances of human milk oligosaccharide (HMO) 

classes (fucosylated, sialylated, undecorated, and sialylated and fucosylated), individual HMO structures, and two 

human milk glycoproteins (HMGPs), lactoferrin and immunoglobulin A (IgA), across the first 12 months of lactation, 

in a subset of individuals (N=50) from the HERO-G subsample. I then contextualize discussion of these results, and 

of variation in milk composition, within a life history framework.  

 

BACKGROUND 

Human milk composition 

Human milk macronutrients 

Milk macronutrients, including fat, protein, and carbohydrates, vary within and between mothers and across 

lactation. However, evidence suggests that macronutrients are generally conserved across populations despite 

variations in maternal nutritional status and environmental stressors177,334. There are some general trends in 

compositional shifts of milk macronutrients across the course of lactation in humans. These include a gradual decline 

in protein and lipids over the first 6 months of lactation and an increase in lactose from colostrum and transitional 

milk to mature milk138,153. The ratio of whey to casein proteins changes from approximately 80:20 in early lactation 

to around 50:50 in late lactation154. 

Fat concentration (average in mature, term milk: 3.2-3.6g/dL) is the most variable macronutrient in milk, and 

fluctuates across the lactation period335–338. Maternal diet is a determinant of fatty acid profiles in milk, likely due, in 

part, to the nature of fats consumed by mothers114,336,339,340. In fact, maternal milk fat composition mimics that of 

dietary fat within 2 days of consumption by mother156. Fat content in milk collected from malnourished mothers  has 
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been shown to be reduced; however, dietary supplementation in mothers in The Gambia did not result in significant 

changes to the milk composition341.  

Mature milk contains around 0.9-1.2 g/dL of protein. Milk proteins can be grouped into the whey or casein 

protein fractions, which are each composed by a multitude of specific proteins and peptides157,158. True protein 

quantifies only the proteins in milk (whereas total protein, here referred to as ‘protein’) is a measure of all sources of 

nitrogen and includes non-protein nitrogen, such as urea, which has no nutritional value to humans342. True protein is 

determined by taking the entire nitrogen content in milk minus the non-protein nitrogen fraction. Protein 

concentrations do not appear to be impacted by maternal diet, but increase with maternal BMI159. 

The principal carbohydrate in maternal milk is lactose, which is the least variable of the macronutrients. 

Around 40% of the calories in human milk are provided by lactose. It also promotes healthy gut microbiota 

composition, insulin regulation, and the production of antimicrobial factors in the gut.  

 

Human milk oligosaccharides 

Human milk oligosaccharides (HMOs) are the third most abundant solid in milk after lactose and lipids. 

HMOs are complex sugars found in human milk (more than 200 HMOs with unique structures have been identified 

in human milk343). They are a structurally and biologically diverse group of sugars which are indigestible to the infant. 

Research on HMO metabolism in infants has shown that around 1% of HMO content is absorbed into infant circulation 

and the rest are consumed by gut microbes or excreted in feces or urine344. Still, HMOs have been shown to directly 

contribute to offspring health and development in numerous ways. For example, they can protect against infection and 

disease345–347 and support neurological development348.  

HMO synthesis follows a basic blueprint, with all HMOs containing five basic monosaccharides: glucose 

(Glc), galactose (Gal), N-ethylglucosamine (GlcNAc), fucose (fuc), and sialic acid (SA). All HMOs are based on a 

lactose molecule (disaccharide compose of Gal bonded to Glc molecule). As such, HMO biosynthesis is likely an 

extension of lactose synthesis. The four main HMO classes (grouped based on monosaccharide composition) that will 

be analyzed in this dissertation are: fucosylated (structure with fuc), sialylated (structures with SA), sialylated and 

fucosylated (structures with both SA and fuc), and undecorated (those lacking both fuc and SA). 
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Human milk glycoproteins 

Human milk glycoproteins (HMGPs) contain sugar chains structurally similar to HMOs186–188. HMGPs are 

less digestible and of less nutritional value than other protein types19,192,197–199. Instead, they play a key role in immune 

defense. Of the more than 400 HMGPs that have been characterized in human milk, those whose activities are most 

widely recognized in research to date include both innate immune proteins (lactoferrin, lysozyme, and a-lactalbumin) 

and acquired immune proteins (s/IgA, IgG, IgM)343,349. The concentration of HMGPs increases six-fold during 

mammary involution during weaning from prolonged nursing, which provides the breast with protection against 

infection and inflammation151. This increase in proteins is also beneficial to toddlers who may become ill during the 

weaning period23,152. In this dissertation, I focus on the relative abundance of milk lactoferrin and immunoglobulin A 

(IgA). 

Lactoferrin is the second most abundant protein overall and most dominant whey protein in human milk and 

is present in high quantities350. It plays a critical role in infant innate immune system; it can regulate the maturation 

and function of  immune cells and recruit them to sites of infection350. In particular, lactoferrin has been observed to 

protect against certain gastrointestinal infections in breastfed infants351,352. Because of its iron-binding properties, it 

can reduce the availability of iron to pathogenic bacteria in the gastrointestinal tract353–355. Evolutionarily, the naturally 

occurring low iron concentrations in maternal milk combined with depleted infant iron stores at the time of weaning 

may have improved offspring survival by reducing proliferation of pathogenic gut bacteria which infants are more 

highly exposed to during the transition from exclusive breastfeeding to novel complementary foods149. Thus, 

lactoferrin is particularly important to the health of the infant, since it appears to utilize iron stores, thus restricting 

iron available for growth of pathogens such as E. coli and Staphylococcus. For example, the secretion system of 

enteropathogenic E. coli, a leading cause of diarrhea in low-income countries, is blocked by lactoferrin via degradation 

of particular proteins used by the pathogen to adhere to host cells (particularly epithelial cells in the GI tract)356. In 

low-income populations, where diarrheal disease and other morbidities are common and significantly increase risk of 

mortality in children under 5 years of age, the defenses provided by lactoferrin in maternal milk are important87,357–

361. 

Immunoglobulin A (IgA) is an antibody involved in immune defense. Similar to lactoferrin, it has 

functionalities in pathogen binding inhibition. IgA also has anti-inflammatory effects362–369. IgA is implicated in the 

efficiency of mucosal barriers throughout the body, including the GI tract. IgA is abundant in human milk, ranging 
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from around 6–15% of total milk protein with considerable between-population variation370–372. IgA is an example of 

a direct maternal investment in infant health, helping coat and protect the infant GI tract from infection while the 

infant develops the ability to produce IgA on their own. Milk IgA may be sensitive to maternal energy fluctuations. 

 

Maternal factors influencing milk composition 

Maternal diet 

In the first few months of life, the nutritional demand for lactating mothers is increased to support offspring 

growth and to maintain her own metabolism. Lactating women who do not have an adequate dietary intake risk 

depleting their energetic and micronutrient stores, which can negatively affect the nutritional status of the 

breastfeeding infant or child. Undernutrition in women, before and during pregnancy, is recognized as a key 

determinant of poor pregnancy outcomes including poor fetal development, preterm births, and small for gestational 

age and low birth weight infants, often leading to increased infant morbidity and mortality373. Limited resource 

availability, due to factors such as food scarcity and/or increased household demand or financial burdens, would be 

expected to negatively impact either maternal milk production or composition374. However, unless extremely severe, 

maternal undernutrition does not necessarily pose a risk for breastfed infants in environments where maternal dietary 

intake is low. Mothers experiencing exceptionally severe chronic nutritional or physical stress can produce milk lower 

in energy content, and, in cases of extreme undernutrition, milk volume may be significantly reduced or complete 

cessation of milk production may occur375. Older studies have found that undernourished women only produced half 

the volume of milk produced by well-nourished women from more affluent countries; however, subsequent work 

using improved methods showed no distinction in the production of milk volume between undernourished and well-

nourished mothers341,376,377.  

In the existing literature, relationships between nutritional status/diet and maternal milk composition are 

commonly examined in “real time,” where present dietary intake and/or maternal anthropometry are compared to 

present milk composition. Most evidence suggests that milk macronutrient composition of human milk is conserved 

across populations and is independent of nutritional status. For example, previous studies investigating the influence 

of maternal diet and nutritional status on milk composition during lactation have found that milk protein concentrations 

are generally not impacted by maternal diet106,113. However, one intervention study in rural Gambia reported a small 

increase in maternal milk protein and a decrease in lactose concentration with a high energy dietary supplement given 
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during lactation115. In some studies, lactose, the main carbohydrate found in maternal milk, was not influenced by 

supplements378–380; however, one study found a modest, inverse association between maternal adiposity and milk 

carbohydrate concentrations381. Seferovic et al. (2020) report that relative to a high carbohydrate diet, a diet high in 

fat decreased the concentrations of sialylated HMOs382. A study of lactating women who fasted during Ramadan 

reports no significant effect on macronutrient composition of maternal milk but did find significantly lower 

concentrations of zinc, magnesium, and potassium383. Some evidence shows that abundances of HMOs and HMGPs 

are influenced by dietary intake. For example, a study reports that vitamin A intake was associated with increased 

sialylated HMOs384. Distinct maternal dietary carbohydrate and energy sources during lactation appear to 

preferentially alter fucosylated HMO abundance in milk385. During lactation, rural Gambian women produce less milk 

IgA during the wet (“hungry”) season compared to the dry (“harvest”) season, suggesting that IgA production is 

sensitive to seasonal changes in food availability, a factor capable of impacting nutritional status386.  

Evidence to suggest that diet near the time of conception and during pregnancy can impact human milk 

composition is limited and mixed387–389. Some studies show that vitamin A intake and serum vitamin A concentrations 

during pregnancy influence the composition of maternal milk388. Similarly, dietary supplementation of long-chain 

polyunsaturated fatty acids from week 30 of gestation and onward more than tripled the fatty acid content in milk 

produced during early lactation; supplementation limited to pregnancy only was much less effective387. In a population 

from Finland, supplementation of maternal diet with probiotics from 36 weeks of gestation until birth was linked with 

increased 3’FL and 3’SL levels in colostrum390. Low vitamin B12 intake during pregnancy (first, second, and third 

trimesters) and lactation was associated with low concentrations of B12 in rural Kenyan maternal milk391. Alternatively, 

calcium supplementation of pregnant Gambian women had no significant impact on breast-milk calcium 

concentrations in the first year of life392. In a population from Italy, consumption of eggs and fish during late stages 

of pregnancy was weakly correlated with selenium in maternal milk during the first month of lactation, but very few 

of exclusively breastfed infants did not meet the recommended daily selenium intake393. 

Studies assessing relationships between maternal nutritional status during pregnancy and milk composition 

across the first year of lactation are lacking. However, the available data suggest some connections exist. For example, 

studies have found a positive association between maternal pre-pregnancy BMI and concentrations of fucosylated 

HMOs (particularly 2’FL) and total HMO abundance in human milk394–396.  Additionally, maternal MUAC during the 

third trimester was positively associated with milk lactoferrin concentration during the first month of lactation in one 
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Indonesian population397. Maternal nutritional status during pregnancy may also influence milk volume. Specifically, 

a study in pastoral communities in Kenya reports a significant positive relationship between maternal MUAC during 

the third trimester and infant milk intake at 4 months of age398.  

 

Parity 

A mother’s physiology and reproductive history can influence her milk composition. Primiparous mothers 

(mothers with no previous births), for example, are more likely to experience difficulties with lactation during the first 

few days post-partum399. Primiparous mothers have also been shown to produce milk with higher concentrations of 

macronutrients than multiparous mothers (mothers with previous births)400,401. Associations between parity and HMO 

composition in maternal milk vary402. For example, there are some reports of higher abundance of LNnT and lower 

abundance of  3’FL in the milk of multiparous mothers394,403, whereas others have observed the opposite pattern404. 

Parity has been both positively and negatively associated with milk lactoferrin concentration405,406. Others have found 

no relationship between the two188,407.  

Variation observed in maternal milk composition between mothers of different parity may relate to 

differences in mammary gland development, which is regulated during puberty and pregnancy by reproductive 

hormones such as estrogen, prolactin, progesterone, placental lactogen) and metabolic hormones (including growth 

hormone, insulin, and leptin)408,409. These reproductive and metabolic hormones also regulate milk output. Mammary 

gland development during pregnancy is nearly identical in both primiparous and multiparous mothers; however, 

transcriptional levels of gene expression in alveolar epithelial cells before conception and ductal morphogenesis (the 

change in structure and function of ductal glands during the gestation period), are significantly different408,410,411. The 

impact of metabolic hormones on mammary gland development is likely influenced by early environmental and 

physiological cues, such as body composition and diet, may impact milk composition and output in 

adulthood408,410,412,413. 

 

Maternal genetics 

Milk composition, particularly HMO abundance, is influenced by maternal genetics. Secretor status (being a 

‘Secretor’ or ‘Non-Secretor’) refers to the presence or absence of the water-soluble form of the ABO blood group 

antigens in bodily fluids, such as saliva, tears, and breast milk. The presence and abundance of different HMOs in 
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human milk are genetically determined and are closely related to Secretor state because HMO production depends on 

blood group antigens403. Thus, maternal Secretor status is used in most studies as a confounding variable when 

assessing drivers of HMO composition394,404,414. Maternal Secretor status can be determined by genotyping the 

presence of fucosyltransferase 2 gene (FUT2) Secretor genes using polymerase chain reaction-random fragment length 

polymorphisms415; however, many studies use milk phenotype (in this case, HMO structure profiles) as a proxy for 

Secretor status. In most populations that have been investigated, the majority of mothers express FUT2, which links 

Fuc to terminal Gal in an α1-2 linkage416. The designation of ‘Secretor’ versus ‘non-Secretor’ is determined by the 

proportion of α1-2-linked fucosylated HMOs: mothers with the Secretor phenotype are FUT2 positive and produce 

milk containing a higher proportion of α1-2-linked fucosylated HMOs compared with women with the non-Secretor 

phenotype189,416,417. In studies where genotype and phenotype are examined, these HMOs are virtually absent in the 

milk of non-Secretor mothers who do not express FUT2418. As such, the abundance of 2’FL in maternal milk is an 

accepted indicator of Secretor status. A relative cutoff of >6% α1-2 fucosylation is commonly used in milk HMO 

research419.  

Many publications cite that around 80% of mothers have the active FUT2 gene. However, growing evidence 

shows global variation in the proportion of mothers who Secretors versus non-Secretors. Reported proportions of 

Secretor mothers include 67–95% in the United States196,420,421, 64–87% in the United Kingdom, Spain, Finland, 

Sweden and Italy, 85% in India, 77% and 80% in regions of China422, 89.1% in a Brazilian cohort423, and 51–81% in 

Africa (Burkina Faso, Ethiopia, Ghana, Kenya, South Africa, and Malawi)189,424. In the existing studies from The 

Gambia, Secretor prevalence was 85% in an urban population and rural populations have reported prevalence of 65% 

and 73%424,425. The adaptive significance of this variation is still being explored. Below, I present a table summarizing 

some of the costs and benefits of mothers having non-Secretor FUT2 genotype.  

 

Table 3.1. Examples of evolutionary tradeoffs of having non-Secretor FUT2 genotype for mother 

Benefits Costs 
Norovirus resistant Higher risk of E. coli urinary tract infection 
HIV resistant Higher risk of flu virus infection 
Reduced risk of H. pylori infection Higher risk of rheumatic fever 
Reduced angiogenesis Higher risk of cholera 
 Greater susceptibility to Chron’s disease 
 Higher risk of Type 1 diabetes 
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Infant sex 

Male and female infants may have different nutritional requirements for optimal growth and development, 

which may be reflected in maternal milk composition. In some studies, human milk energy content varies between 

mothers of male and female infants, but no associations were found between infant sex and milk macronutrient 

composition in other investigations394,426–428. Two investigations have observed higher Lacto-N-hexaose (LNH) 

concentrations in milk produced by mothers of male infants394,428. Further studies are required to assess possible sex-

based differences in milk composition profiles and to determine underlying mechanisms.  

 

Lactation stage 

Maternal milk composition varies across the course of lactation. Colostrum, the first milk produced, tends to 

contain lower lactose concentrations429 and greater concentrations of immunological molecules368 compared to mature 

milk. Protein content in milk gradually declines throughout lactation, whereas fat increases430,431.   

Mothers synthesize different subsets of HMO structures, and the total amount and relative abundance of 

HMOs change over the course of lactation418. Total HMO concentrations are highest at the start of lactation and 

generally continue to decrease over time404,423,432,433. In particular, there is some evidence of higher enzymatic activity 

of FUT2 in early lactation404,434. However, some studies have observed greater abundances of certain HMO structures 

in milk collected later in lactation196,420,435. 

HMGPs such as IgA and lactoferrin tend to decrease rapidly during early lactation. This is perhaps a 

reflection of specific mammary gland mechanisms that produce HMGP content according to maternal conditions 

and/or infant needs436. This pattern is not seen in all populations, however. In one study, IgA concentrations from a 

Gambian population remained relatively stable as opposed to decreasing during the early months of lactation386. This 

is perhaps due to chronic inflammation or selective environmental pressures on the maternal immune system in this 

particular region.  

 

Previous research on human milk composition in The Gambia 

Much research has been conducted on maternal milk composition in The Gambia. Research investigating 

maternal milk macronutrients show reduced levels of fat, protein, and slightly higher levels of carbohydrates in milk 
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samples from Gambian women collected during the wet (‘hungry’) season relative to the dry (harvest) season171,172. 

This may reflect a maternal strategy to reduce overall energy expenditure in milk production in order to more 

effectively sustain maintenance and repair processes within her own body171. A 1984 study measured milk immune 

proteins (including immunoglobulins A, G, and M, and lactoferrin and lysozyme) from milk collected from rural 

Gambian mothers up to 26 months lactation found that concentrations of these immune proteins decreased during the 

first year of lactation, except lysozyme, which increased progressively over time173,174. The authors also report that 

IgG and IgM were higher, and lysozyme lower, in the milk of Gambian mothers than in a population from the UK, 

but IgA and lactoferrin concentrations were similar in composition between the populations.  

Using the same dataset, Prentice et al. (1984b) found no increase in immune protein concentrations during 

times of high infectious disease load in children, including during cases of diarrhea. However, there was evidence of 

a slight increase in certain immune proteins during times that indicate a temporally-linked relationship between skin 

sepsis in infants and maternal milk immune protein composition. Additionally, mothers with lower parity produced 

higher concentrations of immune proteins compared to those with three or more children. Research in 2004 found that 

maternal milk IgA levels were higher in Gambian mothers of infants with no evidence of Helicobacter pylori (H. 

pylori) colonization, suggesting that antibodies in mother’s milk can protect infants against colonization of certain 

pathogenic bacteria in early life175.  

Investigations of milk HMO in rural Gambian populations are in early stages but show connections between 

infant health and growth outcomes. Davis et al. (2017) found that mothers in this environment produced more HMOs 

in the dry season compared to the wet season. The authors speculate that higher energy intake during the dry season 

may be responsible for higher HMO synthesis. Evidence suggests beneficial effects of fucosylated HMOs on infant 

health in The Gambia, whereby infants consuming milk with greater abundances of fucosylated HMOs experienced 

fewer morbidities at four months of age437.  HMO structures such as LNDF I may have specific protective effects 

against Group B Streptococcus infection in mothers and their infants438.  

 

RESEARCH AIMS 

Aims 

The aim of this Chapter is to investigate maternal, infant, and environmental factors that may influence 

maternal milk macronutrient, HMO, and HMGP composition. I report on measurements of milk composition in a 
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subset of the HERO-G subsample, including macronutrient (fat, protein, lactose, and true protein) concentrations, 

relative abundances of HMO classes (fucosylated, sialylated, undecorated, and sialylated and fucosylated [sia-fuc]) 

and HMGPs (lactoferrin and IgA). Next, I assess potential predictors of milk composition at 3, 6, 9, and 12 months of 

lactation. I contextualize these results within a broader evaluation of some potential drivers of variation in milk 

composition. 

 

METHODS 

Sample subset 

 A subset (N=50) of the HERO-G subsample was selected for the milk composition analysis (see Chapter 2 

for selection criteria for the N=194 HERO-G subsample). The subset of the HERO-G subsample will herein be referred 

to as the ‘milk analysis subset’. Sample size was bound by laboratory processing constraints. Individuals were selected 

based on milk sample availability (i.e., sample present from each collection time point and adequate milk volume 

available for laboratory analyses) and completeness of other contextualizing data (e.g., infant anthropometric 

measurements and data from clinic health visits present, which will be investigated in Chapters 3-5). Post hoc 

statistical power of a sample size of 50 (per time point) in examining associations between maternal milk composition 

and maternal, infant, and environmental factors using multiple linear regression (F-test), was conducted. With a 

medium effect size (f2=0.15) and a significance level of α = 0.05, a multiple linear regression with 7 predictors and a 

sample size of 50 (per time point) has a power (1-ß err prob) of 0.89. The power analysis was conducted using 

G*Power 3.1316. 

 

Socioeconomic position 

Fieldworkers administered a socioeconomic questionnaire during the booking visit for the HERO-G study. 

Mothers were asked to provide information regarding sociodemographic variables (maternal education attainment), 

household characteristics (crowding index [number of persons per room within a dwelling], material of dwelling walls 

and floor), and durable assets (livestock ownership, possession of a cart). Questionnaire responses describing 

sociodemographic characteristics, household characteristics, and durable assets were used to generate an asset score 

using Principal Component Analysis (PCA). Complete details on the socioeconomic position (SEP) calculation are 
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provided in Chapter 2. The same inclusion/exclusion criteria were used and scores were calculated specifically for the 

HERO-G milk analysis subset. 

 

Maternal mid-upper arm circumference (MUAC) measurements 

Maternal anthropometric measurements, including MUAC (see Chapter 1 for full details on the HERO-G 

study anthropometric data collection), were collected at 20, 28, and 36 weeks of gestation (Note: HERO-G study 

participants who were < 20 weeks pregnant were seen at a ‘booking’ visit [see Chapter 1], and then at 20, 28 and 36 

weeks’ gestation. Participants who were > 20 weeks pregnant were seen at booking, 28 and 36 weeks only). At the 

scheduled prenatal clinic visit, a HERO-G study midwife measured maternal MUAC using flexible measuring tape 

(Seca 212) to the nearest 0.1 mm263. Undernutrition was classified in this dissertation as a MUAC value of < 23 cm265. 

Here, maternal MUAC measurements collected at 36 weeks (third trimester) were incorporated into the analyses as a 

general proxy of maternal condition/nutritional status near the start of lactation. Existing literature demonstrates that 

MUAC measurements collected in the second and third trimester are sufficient markers of maternal 

undernutrition266,267.  

 

Maternal milk collection 

During scheduled clinic visits (3, 6, 9, and 12 months post-partum), mothers were asked to nurse their infant 

for 2-3 minutes and then hand-express 10mL of mid-feed milk (5mL from each breast) into sterile plastic tubes. Where 

possible, samples were collected at approximately 1:00pm. All samples were subsequently divided into smaller 

aliquots and kept frozen at -80°C. Time since last feed and time of sample collection were also recorded. The total 

volume of milk consumed by infants each day was not measured as a part of the HERO-G project. All samples selected 

for this analysis were expressed from the right breast order to maintain consistency in analysis. Additional details of 

the HERO-G maternal milk collection protocol can be found in Appendix Table A.1. 

 

Human milk macronutrient analysis 

Fat, lactose, total protein (protein), and true protein (TRP) concentrations were measured in maternal milk 

samples (N=200) collected at 3 (N=50), 6 (N=50), 9 (N=50), and 12 (N=50) months post-partum using the LactoScope 

FTIR (Perten Instruments, Inc.), which employs Fourier Transform Mid-Infrared Spectroscopy, in the Growth and 
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Development Laboratory at the University of Colorado Boulder. Samples were prepared for analysis by diluting 2mL 

of each milk sample 10x by adding 18mL of ddH2O. The diluted samples were warmed to 38.5°C in a water bath prior 

to analysis for no longer than 15 minutes. Each sample was run in duplicate.  

 

Human milk glycoprotein analysis 

Triple-quadrupole time-of-flight (TOF) mass spectrometry (MS) with an Agilent 6520 Q-TOF MS (Agilent 

Technologies, Inc.) was conducted at the Lebrilla Laboratory at the University of California Davis to measure relative 

HMGP (lactoferrin and immunoglobulin A) abundance in maternal milk samples, with all preparation and analyses 

following a validated protocol, and HMO abundance using a nano-high performance liquid chromatography (HPLC)-

chip/TOF mass spectrometer439. MS quantitates analytes by measuring mass-to-charge ratio (m/z) of ionized 

molecules, and can provide greater analytical sensitivity and specificity than other methods such as immunoassay, 

especially at low concentrations. MS output plots show the different m/z against their abundances (occurrence of a 

certain ion divided by the occurrence of the most abundant ion) within each sample.  

 

Human milk oligosaccharide analysis 

Free HMOs were extracted from whole milk samples following previously reported/validated methods439 at 

the Lebrilla Laboratory at the University of California Davis. 50μL of each milk sample was aliquoted onto 96-well 

plates, diluted, and defatted via centrifugation. The resulting glycans were reduced with 1.0 M NaBH4 in a water bath 

at 65 °C for 1.5 hours. The samples were then purified on solid phase extraction graphitized carbon cartridges (GCC). 

HMO samples were loaded onto the GCCs, desalted with deionized water, and eluted with 20% acetonitrile in water 

and then 40% acetonitrile in 0.05% trifluoroacetic acid (v/v). The eluent fractions were combined and the solvent 

evaporated.  

Analysis of the extracted HMOs was performed on a nano-high performance liquid chromatography (HPLC)-

chip/TOF mass spectrometer. The HMO samples were loaded onto the enrichment column (1 μL injection) by the 

capillary pump at a flow rate of 4.0 μL/min. Separation was achieved with a binary gradient of aqueous solvent A (3% 

acetonitrile/water (v/v) in 0.1% formic acid) and organic solvent B (90% acetonitrile/water (v/v) in 0.1% formic acid). 

Data was collected in the positive mode, and the instrument was calibrated by a dual nebulizer electrospray source 

with internal calibrant ions ranging from m/z 50-3000. 
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Data were collected and analyzed using Agilent MassHunter Qualitative Analysis software. Specific HMO 

structures were identified and assigned by matching retention time and exact mass, within 20 ppm mass-error, to 

calculated masses in previously annotated HMO libraries. Absolute abundances in ion counts were directly correlated 

to abundance of the compounds present. Glycan types were divided into four classes based on monosaccharide 

composition: fucosylated (structure with fucose), sialylated (structures with Neu5Ac), sialylated and fucosylated 

(structures with both sialic acid and fucose), and undecorated (those lacking both fucose and sialic acid). Relative 

abundance of each class was determined by dividing abundances by the total oligosaccharide count for each mother. 

The same calculation was used to determine relative abundance of individually identified compounds. Relative 

concentrations are given as percentage of total HMOs.  

 

Secretor status 

Secretor status (‘Secretor’ vs ‘non-Secretor’) was designated based on relative abundance of known α1–2-

linked fucosylated HMOs, including 2′FL, LDFT, TFLNH, DFLNHa, DFLNHc, and IFLNH I (see Table 3.21 for full 

list of HMO structure names) in each sample. Mothers who produced milk containing >6% relative abundance of α1–

2-linked fucosylated HMOs were categorized as phenotypic Secretors419.  

 

Infant feeding practices 

Dietary questionnaires regarding infant feeding were administered to mothers by trained field workers every 

10 days starting at one week of infant age until 12 months of infant age. Mothers or caregivers were asked to recall 

infant feeding practices in the previous 10 days. Infant feeding practice was defined by exclusive breastfeeding status 

at 6 months of age, based on the WHO recommended exclusive breastfeeding duration of 6 months of age321. Infants 

were categorized as either ‘EBF <6mo’ (provision of breast milk and non-breast milk foods/liquids before 6 months 

of age) or ‘EBF ≥6mo’ (provision of breast milk only until 6 months of age or later)264,322. Additional details regarding 

infant dietary questionnaire methodology can be found in Chapter 2. 
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Statistical analysis 

Sample size 

Maternal milk macronutrient composition was measured in a total of 200 samples selected from time points 

across the first 12 months post-partum, with 50 samples from collections at 3, 6, 9, and 12 months of lactation.  

 

Statistical methods 

Concentrations and relative abundances of the milk constituents measured in this analysis are reported with 

mean, standard deviations (SD), and ranges where appropriate. Mixed effects models were constructed to assess 

potential predictors of milk composition during first year of lactation, taking into consideration the possible influences 

of EBF duration, demographic (household SEP), maternal (parity, Secretor status), infant (sex) and environmental 

factors (birth season, season of milk collection). One mixed effects model was constructed for each individual milk 

constituent. Multiple linear models were also constructed to assess potential “real time” and “extended” predictors of 

each individual milk constituent at 3, 6, 9, and 12 months post-partum. Here, “real time” predictors are assessed using 

dietary variables (EBF status) at a collection time point in relationship to milk composition at that same time point 

(e.g., EBF status at 3 months of age in model assessing milk composition at 3 months of lactation). “Extended” 

predictors are assessed using dietary conditions (milk composition and EBF status) at earlier time points in relationship 

to milk composition at later collection time points (e.g., milk composition at 3 months of lactation and EBF status at 

3 months of age in model assessing milk composition at 12 months of lactation). Table 3.2 details the explanatory 

and response variables incorporated into the models. Descriptive statistics were calculated for all variables included 

in the statistical models. Multicollinearity was determined using a conservative VIF > 5 in multiple linear regressions. 

Four multiple linear regression models were run for each milk constituent: one for composition at 3, 6, 9, and 12 

months separately. Significant associations identified in both the mixed effects models and multiple linear regression 

models were summarized using the beta regression coefficients (B), 95% confidence intervals (CI), and P-values. 

Where appropriate, model effect size is reported as Cohen’s f2, where f2 ≥ 0.02, f2 ≥ 0.15, and f2 ≥ 0.35 

represent small, medium, and large effect sizes, respectively440. Associations between all maternal milk macronutrient 

concentrations, and relative abundances of HMO classes and HMGPs were assessed using correlation matrices. 

Correlations between milk constituents at 3, 6, 9, and 12 months of lactation are reported as R2 values. An R2 value 

>0.80 was considered a significant correlation. Wilcoxon Signed-Ranks Test was used in post-hoc investigations of 
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seasonal differences in maternal milk composition. The level of statistical significance was set to P < 0.05 for all 

analyses. All statistical analyses were conducted using JMP Pro 15.0 statistical software (©2019 SAS Institute, Inc.).   
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Table 3.2. Response and explanatory variables investigated in separate mixed effects models for each milk 
constituent 

 Outcome variable Explanatory variable 
M

ac
ro

nu
tr

ie
nt

s 

Fat Fixed 
● Maternal MUACa (continuous) 
● Infant sex (F/M) 
● Season of milk collection (Wet/Dry) 
● Infant season of birth (Wet/Dry) 
● Socioeconomic position (SEP score) 
● Parity (continuous) 
● EBF duration (months) 
● Collection time point (3, 6, 9, 12mo) 

 
Random 
● Subject ID 

Protein 

Lactose 

TRP 

H
M

O
s &

 H
M

G
Ps

 

Fuc Fixed 
● Maternal Secretor status 
● Maternal MUACa (continuous) 
● Infant sex (F/M) 
● Season of milk collection (Wet/Dry) 
● Infant season of birth (Wet/Dry) 
● Socioeconomic position (SEP score) 
● Parity (continuous) 
● EBF duration (months) 
● Collection time point (3, 6, 9, 12mo) 

 
Random 
● Subject ID 

Sia 

Undec 

Sia-fuc 

LF 

IgA 
aMaternal MUAC measurements were collected during the third trimester of pregnancy; Fuc: Fucosylated HMO; 

Sia: Sialylated HMO; Undec: Undecorated HMO; LF: Lactoferrin  
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Table 3.3. Response and explanatory variables investigated in separate multiple linear regressions at 3, 6, 9, and 12 
months post-partum for each milk constituent 

 Outcome variable* Explanatory variable 
M

ac
ro

nu
tr

ie
nt

s Fat ● EBF status at 3mo or 6mo (Y/N) 
● Maternal MUACa (continuous) 
● Infant sex (F/M) 
● Season of milk collection (wet/dry) 
● Infant season of birth (wet/dry) 
● Socioeconomic position (SEP score) 
● Parity (continuous) 

Protein 

Lactose 

TRP 

H
M

O
s &

 H
M

G
Ps

 

Fuc 
● Maternal Secretor status 
● EBF status at 3mo or 6mo (Y/N) 
● Maternal MUACa (continuous) 
● Infant sex (F/M) 
● Season of milk collection (wet/dry) 
● Infant season of birth (wet/dry) 
● Socioeconomic position (SEP score) 
● Parity (continuous) 

Sia 

Undec 

Sia-fuc 

LF 

IgA 

*Outcome variables were assessed separately at the 3, 6, 9, and 12 month time points; aMaternal MUAC 
measurements were collected during the third trimester of pregnancy; Fuc: Fucosylated HMO; Sia: Sialylated HMO; 

Undec: Undecorated HMO; LF: Lactoferrin 
 
 
RESULTS 

Maternal and infant characteristics 

 Average (±SD; range) maternal age in this subset of study participants (N=50) (milk analysis subset) was 

31.9 (±6.5; 19.5-42.3) years. Because 48 (96.0%) of mothers in this subsample were multiparous, I chose to examine 

parity as a continuous variable. On average, mothers in this subsample had 4.0 (±2.4; 0-10) children prior to the 

HERO-G cohort infants. Average gestational age was 40 (±1.2) weeks. Female offspring (N=28) represented 56.0% 

of the subsample and males (N=22) 44.0%. Most infants in this subsample were born in the dry season (N=39; 78.0%). 

Average age at introduction of non-breast milk foods was the same was the full HERO-G subsample described in 

Chapter 2 (5.0 ±1.5 months), with 36 infants (72%) exclusively breastfed for less than 6 months. Average household 

SEP for the full HERO-G cohort are detailed below. PCA calculations were constructed for each sample group (the 

larger HERO-G Cohort, HERO-G Subsample, and HERO-G Milk Analysis Subset) separately. These baseline 

characteristics of the subsample are detailed in Table 3.4. 
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Table 3.4. Baseline characteristics for the milk analysis subset (N=50) from the HERO-G subsample 

 
Variable 

HERO-G 
Cohort 
(N=238) 

HERO-G 
Subsample 

(N=194) 

Milk analysis 
subset 
(N=50) 

Maternal age, years (SD) 31.0 (±6.9) 32.0 (±6.9) 32.4 (±6.5) 

Parity, N (%)    
Primiparous  29 (12.2) 18 (9.3) 2 (4.0) 
Multiparous 209 (87.8) 176 (90.7) 48 (96.0) 

Infant season of birth, N (%)    
Wet season (Jul-Oct) 84 (35.3) 64 (33.0) 11 (22.0) 

Dry season (Nov-Jun) 154 (64.7) 130 (67.0) 39 (78.0) 
Infant sex, N (%)    

Male 128 (53.8) 103 (53.1) 22 (44.0) 
Female 110 (46.2) 91 (46.9) 28 (56.0) 

Household SEP, Mean (SD) -0.24 (1.9) -1.03 (1.2) 1.34 (2.7) 
Data are reported as mean (SD) or mean (%) values. 

 

Maternal MUAC during pregnancy 

 Maternal MUAC measurements collected during the third trimester of pregnancy were available from 49 of 

the 50 mothers included in this milk analysis subset. Average (±SD) MUAC was 26.25 cm (±2.3; range: 21.4-31.7). 

A total of 7 (14.3%) mothers had MUAC measurements of < 23 cm and were thus categorized as undernourished. 

Appendix Table A.2-A.4 show full details of maternal MUAC measurements throughout pregnancy. There were no 

significant (P<0.05) differences between mean third trimester MUAC in the HERO-G milk analysis subset, HERO-G 

subsample, or the larger HERO-G cohort. Similarly, there was no significant difference between MUAC 

measurements at 20 (N=24) or 28 (N=50) weeks’ gestation at any time point. On average, maternal MUAC in the 

milk analysis subset increased by 0.3 (±1.68) cm between 20 and 36 weeks’ gestation, and 0.09 (±1.28) cm between 

28 and 36 weeks.  

 

Milk macronutrient composition 

Macronutrients 

Milk fat content was greatest at 3 months (4.97 g/dL ±1.9), followed by the 9 (4.66 g/dL ±1.2) and 12 (4.82 

g/dL ±1.3) month time points, and was lowest at 6 months (4.08 g/dL ±1.5). Wilcoxon Signed-Ranks Test showed 

that mean milk fat concentration (±SD) was significantly different based on stage of lactation (P=0.0124). 
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Nonparametric comparisons for each pair using Wilcoxon method showed that fat content was significantly lower at 

6 months of lactation compared to that at 3 (P=0.0123), 9 (P=0.0109), and 12 (P=0.0033) months. 

Average protein concentration was 1.35 g/dL (±0.2), 1.14 g/dL (±0.2), 1.20 g/dL (±0.1), and 1.32 g/dL (±0.2) 

at 3, 6, 9, and 12 months, respectively, showing an initial decrease followed by a positive increase after 6 months of 

lactation. There was a significant difference in protein concentration based on lactation stage (P<.0001). Protein was 

significantly higher at 3 months of lactation compared to that at 6 (P<.0001), 9 (P<.0001), and 12 (P<.0001) months. 

Average lactose content was similar at 3 (6.15 g/dL ±0.4), 6 (6.11 g/dL ±0.6), and 9 (6.16 g/dL ±0.4) months 

of lactation, followed by a slight (but non-significant) increase at 12 months of lactation (6.29 g/dL ±0.8). There was 

no significant (P<0.05) difference in lactose content across the first 12 months of lactation.  

The concentration of TRP was highest at 3 months of lactation at 1.10 g/dL (±0.2) and lowest at 6 months 

(0.91 g/dL ±0.2). At 9 and 12 months, average true protein content increased to 0.97 g/dL (±0.2) and 1.00 g/dL (±0.1), 

respectively. There was a significant difference in TRP content based on stage of lactation (P<.0001). TRP content at 

3 months was significantly higher than concentrations at 6 (P<.0001), 9 (P=0.0006), and 12 (P=0.0014) months of 

lactation. Additionally, TRP was significantly lower at 6 months relative to 9 (P=0.0455) and 12 (P=0.0065) months 

of lactation. 

Mean values and ranges of milk macronutrient composition (fat, protein, lactose, TRP) at 3, 6, 9, and 12 

months post-partum are depicted in Figure 3.1.  
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Figure 3.1. Milk macronutrient composition (g/dL) at 3, 6, 9, and 12 months post-partum 

*P<0.05; **P<0.0001; TRP: true protein 
 

 

Mixed effects model results (macronutrients) 

 Mixed effects model analyses assessing potential predictors of milk macronutrients across the first 12 months 

of lactation were conducted separately for fat, protein, lactose, and TRP. All model results are described below and 

are detailed in Table 3.5 for each macronutrient. 

Fat: Collection time point was a significant predictor of milk fat content. Milk collected at 3 months of 

lactation significantly predicted higher fat content by 0.35 g/dL (95% CIs: 0.02, 0.67 g/dL; P=0.0382) compared to 

the referent 12 month collection time point. Milk collected at 6 months significantly predicted lower fat content by -
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0.54 g/dL (95% CIs: -0.88, -0.21 g/dL; P= 0.0015) compared to the referent 12 month collection time point. Infant 

sex was also a significant predictor of milk fat, with milk collected from mothers of female infants predicting 

significantly higher fat content by 0.33 g/dL (95% CIs: 0.03, 0.62 g/dL; P=0.0305). The random variable, Subject ID, 

was also a significant predictor of milk fat (P=0.0304). 

Protein: Collection time point was also a significant predictor of milk protein in the mixed effects model. 

Milk collected at 3 months predicted higher protein content by 0.15 g/dL (95% CIs: 0.12, 0.19 g/dL; P=<0.0001), and 

milk collected at 6 months significantly predicted lower protein content by -0.05 g/dL (95% CIs: -0.08, -0.01 g/dL; 

P=0.0077) compared to the referent 12 month collection time point. The random variable, Subject ID, was also a 

significant predictor of milk protein ( P=0.0007). 

Lactose: The only significant predictor of milk lactose in the mixed effects model was the random variable, 

Subject ID (P=0.0404). 

TRP: Collection time point was a significant predictor of milk TRP content. Milk collected at 3 months of 

lactation significantly predicted higher TRP by 0.1 g/dL (95% CIs: 0.07, 0.13 g/dL); P<0.0001), and milk collected at 

6 months significantly predicted lower TRP content by -0.07 g/dL (95% CIs: -0.11, 0.04 g/dL; P<0.0001) compared 

to the referent 12 month collection time point. Seasonality was a significant predictor of milk TRP. Milk collected 

during the dry season significantly predicted higher TRP by 0.02 g/dL (95% CIs: 0, 0.04 g/dL; P=0.0247) relative to 

milk collected during the wet season. Subject ID was also a significant predictor of TRP (P=0.0009).  
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Table 3.5. Milk macronutrient mixed effects model results 

 
 Fat Protein Lactose TRP 

 Term B LB, 
UB P B LB, 

UB P B LB, 
UB P B LB, UB P 

Fixed 
effects 

Intercept 4.95 1.55, 
8.35 0.0053* 1.24 0.72, 

1.76 <.0001* 5.54 4.27, 
6.81 <.0001* 0.95 0.5, 1.4 0.0001* 

Time point[3mo] 0.35 0.02, 
0.67 0.0382* 0.15 0.12, 

0.19 <.0001* -0.02 -0.14, 
0.11 0.8029 0.1 0.07, 

0.13 <.0001* 

Time point[6mo] -0.54 -0.88, 
-0.21 0.0015* -0.05 -0.08, 

-0.01 0.0077* -0.08 -0.21, 
0.04 0.19 -0.07 -0.11, -

0.04 <.0001* 

Time point[9mo] -0.01 -0.34, 
0.31 0.9313 0 -0.04, 

0.03 0.9501 -0.02 -0.15, 
0.1 0.7264 -0.03 -0.06, 

0.01 0.1056 

Time point[12] 
                           Referent - - - - - - - - - - - - 

Maternal MUAC 0.01 -0.12, 
0.13 0.901 0 -0.02, 

0.01 0.6425 0.02 -0.03, 
0.07 0.3777 0 -0.02, 

0.02 0.9761 

SEP Score -0.09 -0.2, 
0.02 0.1114 0.01 -0.01, 

0.03 0.2176 0.01 -0.03, 
0.05 0.4992 0.01 0, 0.02 0.1842 

CollectionSeason[Dry] 0.05 -0.16, 
0.26 0.6348 0.01 -0.01, 

0.03 0.4309 -0.03 -0.11, 
0.05 0.5119 0.02 0, 0.04 0.0247* 

EBF duration (mo) 0.01 -0.19, 
0.2 0.9541 0.01 -0.02, 

0.04 0.6421 0.05 -0.02, 
0.12 0.1787 0.01 -0.02, 

0.03 0.5801 

Sex[F] 0.33 0.03, 
0.62 0.0305* -0.01 -0.05, 

0.04 0.8029 -0.05 -0.17, 
0.06 0.3222 0 -0.04, 

0.04 0.9055 

BirthSeason[Dry] -0.35 -0.72, 
0.02 0.0599 0 -0.06, 

0.05 0.9715 0.02 -0.12, 
0.15 0.8015 -0.03 -0.08, 

0.02 0.195 

Parity  -0.07 -0.21, 
0.06 0.2834 0.01 -0.01, 

0.03 0.4694 -0.04 -0.09, 
0.01 0.1121 0 -0.02, 

0.02 0.8366 

Random 
effects SubjectID 0.43 0.04, 

0.81 0.0304* 0.01 0.01, 
0.02 0.0007* 0.06 0, 0.11 0.0404* 0.01 0, 0.02 0.0009* 

TRP: true protein; Time point: sample collection time point (3, 6, 9, or 12mo); CollectionSeason: season of milk collection 
[wet/dry]; BirthSeason: infant season of birth [wet/dry]; LB, UB: 95% CIs (Lower Bound, Upper Bound); *P<0.05; Variable 

significance is indicated by bolded font/gray cell highlight. 
 

Multiple linear regression results (macronutrients) 

Milk fat 

The multiple linear regression models constructed for the “real time” predictors of milk fat were non-

significant (P>0.05), as were the “extended” predictors of milk fat examining conditions at 3 months of lactation as 

potential predictors of milk fat at 9 and 12 month time points and the model examining conditions at 6 months as 

potential predictors of milk fat at 9 months of lactation. The model examining conditions at 6 months of lactation as 

potential predictors of milk fat at 12 months was significant (P=0.0449) and had a large effect size (f2=0.38). When 

adjusting for conditions at 6 months, milk fat content at 12 months was significantly predicted by infant sex, with milk 

collected from mothers of female infants containing more fat by 0.43 g/dL (95% CIs: 0.05, 0.81 g/dL; P=0.0267) 

compared to mothers of male infants. Milk fat at 12 months was also significantly predicted by EBF status at 6 months, 
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with milk collected from mothers of infants still receiving only maternal milk in their diet at 6 months of age containing 

more fat by 0.52 g/dL (95% CIs: 0.11, 0.94 g/dL; P=0.0144) at 12 months. Model results are detailed in Table 3.6.  
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Table 3.6. Results of multiple linear regression models examining “Real time” and “Extended” predictors of milk fat 
across the first 12 months of lactation 

 "Real time" predictors of milk fat 

Time Point 3mo  
(MS: P=0.4407) 

6mo  
(MS: P=0.1025) 

9mo  
(MS: P=0.7052) 

12mo  
(MS: P=0.257) 

Value B LB, UB P B LB, UB P B LB, UB P B LB, UB P 

Intercept 7.44 0.82, 14.07 0.0287* 3.72 -1.37, 8.81 0.1477 5.49 1.37, 9.62 0.0103* 2.83 -1.71, 7.36 0.2153 

Sex[F] 0.23 -0.36, 0.82 0.4303 0.55 0.1, 1 0.0187* 0.21 -0.17, 0.58 0.2693 0.42 0.01, 0.82 0.0432* 

Maternal MUAC -0.04 -0.3, 0.22 0.7589 0.03 -0.17, 0.23 0.7809 -0.03 -0.19, 0.13 0.7213 0.08 -0.1, 0.26 0.3966 

Parity -0.23 -0.5, 0.05 0.1038 -0.05 -0.27, 0.16 0.6085 0.03 -0.15, 0.2 0.7669 0 -0.18, 0.19 0.9578 

CollectionSeason[Dry] -0.16 -0.81, 0.5 0.6278 0.43 -0.11, 0.97 0.1146 -0.03 -0.41, 0.35 0.8896 -0.58 -2.07, 0.91 0.4337 

BirthSeason[Dry] -0.78 -1.54, -0.02 0.0444* -0.07 -0.73, 0.6 0.8439 -0.15 -0.62, 0.32 0.5221 0.37 -1.08, 1.82 0.6079 

EBF Status @3mo [Y] 0.16 -0.67, 1 0.6977 - - - - - -    

EBF Status @6mo[Y] - - - -0.08 -0.58, 0.42 0.7484 - - -    

SEP Score -0.11 -0.33, 0.12 0.3444 -0.17 -0.34, 0.01 0.0579 -0.11 -0.25, 0.03 0.1326 0.07 -0.09, 0.23 0.3583 

 "Extended" predictors of milk fat 

Time Point 9mo_3mo  
(MS: P=0.6776) 

9mo_6mo  
(MS: P=0.6717) 

12mo_3mo  
(MS: P=0.3045) 

12mo_6mo  
(MS: P=0.0449) 

Value B LB, UB P B LB, UB P B LB, UB P B LB, UB P 

Intercept 5.1 0.9, 9.3 0.0184* 5.78 1.62, 9.94 0.0076* 2.52 -2.11, 7.15 0.2777 1.95 -2.37, 6.27 0.3675 

Sex[F] 0.22 -0.15, 0.6 0.2355 0.21 -0.17, 0.58 0.2706 0.44 0.03, 0.85 0.0366* 0.43 0.05, 0.81 0.0267* 

Maternal MUAC -0.02 -0.19, 0.14 0.7910 -0.05 -0.22, 0.12 0.5713 0.08 -0.1, 0.26 0.3647 0.13 -0.05, 0.3 0.1424 

Parity 0.03 -0.15, 0.2 0.7570 0.05 -0.13, 0.23 0.5896 0.01 -0.18, 0.2 0.9456 -0.05 -0.23, 0.13 0.6062 

CollectionSeason[Dry] 0.01 -0.38, 0.39 0.9762 -0.07 -0.46, 0.32 0.7124 -0.68 -2.2, 0.83 0.3690 -0.48 -1.88, 0.93 0.4962 

BirthSeason[Dry] -0.19 -0.67, 0.29 0.4276 -0.11 -0.59, 0.37 0.6569 0.42 -1.04, 1.88 0.5639 0.13 -1.24, 1.51 0.8462 

EBF Status @3mo [Y] 0.27 -0.25, 0.79 0.3086 - - - 0.23 -0.34, 0.79 0.4286 - - - 

EBF Status @6mo[Y] - - - -0.22 -0.63, 0.2 0.2984 - - - 0.52 0.11, 0.94 0.0144* 

SEP Score -0.1 -0.24, 0.05 0.1732 -0.11 -0.26, 0.03 0.1197 0.08 -0.08, 0.24 0.3090 0.07 -0.08, 0.22 0.3405 

“Extended” predictor time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest 
and where Y represents the collection time point of the dietary explanatory variables of interest (e.g., 9mo_3mo = 9mo milk 

composition in relationship to 3mo EBF status); Maternal MUAC: 3rd trimester maternal MUAC measurement; 
CollectionSeason: Season of milk sample collection; MS: Model significance; B: Coefficient estimate; LB, UB: 95% CIs (Lower 
Bound, Upper Bound); P: P-value *P<0.01; Model and variable significance are indicated by bolded font/dark gray cell highlight 

(Note: only variables from significant models were indicated). 
 

Protein  

At the 3, 9, and 12 month milk collection time points, the multiple linear regression models constructed for 

the “real time” predictors of milk protein were non-significant (P>0.05), as were all four models examining potential 
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“extended” predictors of milk fat using conditions at the 3 and 6 month time points as potential predictors of milk fat 

concentrations at 9 and 12 month time points. The model assessing potential real time predictors of milk protein at 6 

months was significant (P=0.0401) and had a large effect size (f2=0.35). Milk protein content at 6 months was 

significantly predicted by season of collection, with milk collected from mothers during the dry season containing 

more protein by 0.13 g/dL (95% CIs: 0.05, 0.21 g/dL; P=0.0019) compared to milk collected during the wet season. 

Model results are detailed in Table 3.7.  
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Table 3.7. Results of multiple linear regression models examining “Real time” and “Extended” predictors of milk 
protein across the first 12 months of lactation 

 "Real time" predictors of milk protein 

Time Point 3mo  
(MS: P=0.9959) 

6mo  
(MS: P=0.0401) 

9mo  
(MS: P=0.6649) 

12mo  
(MS: P=0.2387) 

Value B LB, UB P B LB, UB P B LB, UB P B LB, UB P 

Intercept 1.43 0.75, 2.11 0.0001* 1.23 0.49, 1.97 0.0017* 1.36 0.88, 1.83 <.0001* 0.81 0.17, 1.44 0.0138* 

Sex[F] 0 -0.06, 0.06 0.8974 0.02 -0.05, 0.08 0.5694 0 -0.04, 0.04 0.935 -0.03 -0.09, 0.03 0.2871 

Maternal MUAC 0 -0.03, 0.02 0.8198 -0.01 -0.04, 0.02 0.5544 -0.01 -0.03, 0.01 0.4559 0.01 -0.02, 0.03 0.6027 

Parity 0 -0.03, 0.03 0.9081 0.01 -0.02, 0.05 0.361 0 -0.02, 0.02 0.6486 0.02 0, 0.05 0.0738 

CollectionSeason[Dry] 0 -0.06, 0.07 0.9499 0.13 0.05, 0.21 0.0019* -0.02 -0.07, 0.02 0.2563 0.17 -0.04, 0.37 0.1146 

BirthSeason[Dry] -0.02 -0.1, 0.06 0.6345 0.1 0, 0.19 0.0501 0 -0.05, 0.05 0.9976 -0.14 -0.34, 0.06 0.1723 

EBF Status @3mo [Y] 0.01 -0.07, 0.1 0.7575 - - - - - - - - - 

EBF Status @6mo[Y] - - - -0.02 -0.09, 0.06 0.6561 - - - - - - 

SEP Score 0.01 -0.02, 0.03 0.59 0.02 -0.01, 0.04 0.1329 0.01 -0.01, 0.03 0.2851 0.01 -0.01, 0.03 0.4308 

 "Extended" predictors of milk protein 

Time Point 9mo_3mo  
(MS: P=0.6895) 

9mo_6mo  
(MS: P=0.7571) 

12mo_3mo  
(MS: P=0.3188) 

12mo_6mo  
(MS: P=0.3406) 

Value B LB, UB P B LB, UB P B LB, UB P B LB, UB P 

Intercept 1.37 0.88, 1.86 <.0001* 1.37 0.89, 1.85 <.0001* 0.78 0.13, 1.43 0.0198* 0.57 0.1, 1.04 0.0196* 

Sex[F] 0 -0.04, 0.05 0.9508 0 -0.04, 0.05 0.9369 -0.03 -0.09, 0.03 0.3252 0.01 -0.04, 0.05 0.7676 

Maternal MUAC -0.01 -0.03, 0.01 0.4513 -0.01 -0.03, 0.01 0.4235 0.01 -0.02, 0.03 0.5788 0.01 0, 0.03 0.1299 

Parity 0 -0.02, 0.02 0.6543 0.01 -0.02, 0.03 0.5965 0.02 0, 0.05 0.0751 0.01 -0.01, 0.03 0.2632 

CollectionSeason[Dry] -0.03 -0.07, 0.02 0.2534 -0.03 -0.07, 0.02 0.2385 0.16 -0.06, 0.37 0.1433 0.15 -0.01, 0.3 0.0623 

BirthSeason[Dry] 0 -0.05, 0.06 0.97 0 -0.05, 0.06 0.9431 -0.13 -0.34, 0.07 0.1916 -0.14 -0.29, 0.01 0.0718 

EBF Status @3mo [Y] -0.01 -0.07, 0.05 0.8271 - - - 0.02 -0.06, 0.1 0.6208 - - - 

EBF Status @6mo[Y] - - - -0.01 -0.06, 0.04 0.7026 - - - 0.02 -0.02, 0.07 0.3451 

SEP Score 0.01 -0.01, 0.03 0.3081 0.01 -0.01, 0.03 0.2999 0.01 -0.01, 0.03 0.3993 0.01 -0.01, 0.02 0.355 

“Extended” predictor time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest 
and where Y represents the collection time point of the dietary explanatory variables of interest (e.g., 9mo_3mo = 9mo milk 

composition in relationship to 3mo EBF status); Maternal MUAC: 3rd trimester maternal MUAC measurement; 
CollectionSeason: Season of milk sample collection; MS: Model significance; B: Coefficient estimate; LB, UB: 95% CIs (Lower 
Bound, Upper Bound)P: P-value *P<0.01; Model and variable significance are indicated by bolded font/dark gray cell highlight 

(Note: only variables from significant models were indicated). 
 

Lactose 
 None of the multiple linear regression models were significant (P>0.05) predictors of milk lactose content 

at any time point across the first 12 months of lactation using either real time or extended predictors. Results from the 

statistical models are detailed in Table 3.8. 
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Table 3.8. Results of multiple linear regression models examining “Real time” and “Extended” predictors of milk 
lactose across the first 12 months of lactation 

 "Real time" predictors of milk lactose 

Milk Collection Time 
point 

3mo  
(MS: P=0.2604) 

6mo  
(MS: P=0.2868) 

9mo  
(MS: P=0.6138) 

12mo  
(MS: P=0.3016) 

Value B LB, UB P B LB, UB P B LB, UB P B LB, UB P 

Intercept 5.35 3.92, 6.77 <.0001* 6.31 4.34, 8.27 <.0001* 6.31 4.98, 7.64 <.0001* 5.64 2.89, 8.38 0.0002* 

Sex[F] -0.1 -0.23, 0.02 0.1066 0.02 -0.15, 0.2 0.8164 -0.02 -0.14, 0.1 0.7135 -0.21 -0.45, 0.04 0.0948 

Maternal MUAC 0.03 -0.03, 0.08 0.3081 0.01 -0.07, 0.09 0.835 0 -0.05, 0.05 0.9804 0.04 -0.07, 0.15 0.4726 

Parity 0.03 -0.03, 0.09 0.319 -0.07 -0.15, 0.02 0.1077 -0.04 -0.1, 0.01 0.1402 -0.1 -0.22, 0.01 0.0794 

CollectionSeason[Dry] 0.02 -0.12, 0.16 0.8044 -0.17 -0.38, 0.03 0.098 -0.03 -0.15, 0.1 0.6546 -0.06 -0.96, 0.84 0.8945 

BirthSeason[Dry] 0.11 -0.06, 0.27 0.1933 -0.15 -0.41, 0.1 0.2295 0.02 -0.13, 0.17 0.7939 0.1 -0.77, 0.98 0.8104 

EBF Status @3mo [Y] -0.14 -0.32, 0.04 0.1187 - - - - - - - - - 

EBF Status @6mo[Y] - - - 0.13 -0.06, 0.33 0.1823 - - - - - - 

SEP Score 0 -0.05, 0.05 0.9225 0 -0.07, 0.06 0.9201 0.01 -0.04, 0.05 0.8084 0.04 -0.05, 0.14 0.3723 

 "Extended" predictors of milk lactose 

Milk Collection Time 
point_Time point 

Conditions 

9mo_3mo  
(MS: P=0.5336) 

9mo_6mo  
(MS: P=0.7172) 

9mo_3mo  
(MS: P=0.3021) 

12mo_6mo  
(MS: P=0.284) 

Value B LB, UB P B LB, UB P B LB, UB P B LB, UB P 

Intercept 1.15 0.55, 1.75 0.0004* 5.37 2.6, 8.15 0.0003* 5.38 2.6, 8.17 0.0003* 5.37 2.6, 8.15 0.0003* 

Sex[F] -0.03 -0.09, 0.02 0.218 -0.2 -0.45, 0.04 0.1008 -0.19 -0.44, 0.06 0.1266 -0.2 -0.45, 0.04 0.1008 

Maternal MUAC -0.01 -0.03, 0.02 0.5885 0.05 -0.06, 0.17 0.3281 0.04 -0.06, 0.15 0.42 0.05 -0.06, 0.17 0.3281 

Parity 0 -0.03, 0.02 0.7742 -0.12 -0.23, 0 0.0493* -0.1 -0.21, 0.01 0.0825 -0.12 -0.23, 0 0.0493* 

CollectionSeason[Dry] -0.01 -0.07, 0.04 0.6885 -0.03 -0.93, 0.87 0.95 -0.14 -1.05, 0.77 0.757 -0.03 -0.93, 0.87 0.95 

BirthSeason[Dry] -0.03 -0.1, 0.04 0.4243 0.03 -0.85, 0.92 0.9378 0.15 -0.73, 1.02 0.7396 0.03 -0.85, 0.92 0.9378 

EBF Status @3mo [Y] 0.01 -0.07, 0.08 0.8926 - - - 0.18 -0.16, 0.53 0.2838 - - - 

EBF Status @6mo[Y] - - - 0.16 -0.11, 0.42 0.2438 - - - 0.16 -0.11, 0.42 0.2438 

SEP Score 0.01 -0.01, 0.04 0.1538 0.04 -0.05, 0.14 0.3759 0.05 -0.05, 0.15 0.2997 0.04 -0.05, 0.14 0.3759 

“Extended” predictor time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest 
and where Y represents the collection time point of the dietary explanatory variables of interest (e.g., 9mo_3mo = 9mo milk 

composition in relationship to 3mo EBF status); Maternal MUAC: 3rd trimester maternal MUAC measurement; 
CollectionSeason: Season of milk sample collection; MS: Model significance; B: Coefficient estimate; LB, UB: 95% CIs (Lower 
Bound, Upper Bound); P: P-value; Model and variable significance are indicated by bolded font/dark gray cell highlight (Note: 

only variables from significant models were indicated). 
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True protein (TRP) 

The multiple linear regression models constructed for the “real time” predictors of milk TRP were non-

significant (P>0.05) at 3, 9, and 12 month time points, as were the models examining “extended” predictors of milk 

TRP at 9 and 12 month point using dietary variables at 6 months, and TRP at 9 months using dietary variables at 3 

months. The model examining conditions at 6 months as potential predictors of milk TRP was significant (P=0.0123) 

and had a large effect size (f2=0.51). At 6 months of age, seasonality predicted milk TRP content, with milk collected 

during the dry season predicting higher TPR by 0.11 g/dL (95% CIs: 0.05, 0.17 g/dL; P=0.0007). The model examining 

potential predictors of milk TRP at 12 months under the conditions at 3 months of age was significant (P=0.0448) and 

had a large effect size (f2=0.38). When adjusting for conditions at 3 months, milk TRP content at 12 months was 

significantly predicted by EBF status at 3 months, with milk collected from mothers of infants who were still EBF at 

3 months containing more TRP by 0.06 g/dL (95% CIs: 0.01, 0.12 g\/dL; P=0.0280) compared to mothers of infants 

who were receiving non-breast milk foods at 3 months of age. Full model results are detailed in Table 3.9.  
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Table 3.9. Results of multiple linear regression models examining “Real time” and “Extended” predictors of milk 
TRP across the first 12 months of lactation 

 "Real time" predictors of milk TRP 

Time point 3mo 
(MS: P=0.7621) 

6mo 
(MS: P=0.0123*) 

9mo 
(MS: P=0.4115) 

12mo 
(MS: P=0.1732) 

Term B LB, UB P B LB, UB P B LB, UB P B LB, UB P 

Intercept 1.09 0.49, 1.7 0.0007* 0.91 0.33, 1.48 0.0028* 1.16 0.58, 1.74 0.0002* 0.6 0.14, 1.07 0.0122* 

Sex[F] 0 -0.05, 0.06 0.886 0.02 -0.03, 0.07 0.4447 -0.03 -0.09, 0.02 0.2068 0.01 -0.04, 0.05 0.7904 

Maternal MUAC 0 -0.02, 0.02 0.9402 0 -0.03, 0.02 0.8121 -0.01 -0.03, 0.02 0.5743 0.01 -0.01, 0.03 0.1817 

Parity 0 -0.03, 0.02 0.8382 0.01 -0.01, 0.03 0.3931 0 -0.03, 0.02 0.7703 0.01 -0.01, 0.03 0.173 

CollectionSeason[Dry] 0.02 -0.04, 0.07 0.5977 0.11 0.05, 0.17 0.0007* -0.01 -0.07, 0.04 0.6645 0.14 -0.01, 0.29 0.0692 

BirthSeason[Dry] -0.05 -0.12, 0.02 0.1789 0.03 -0.04, 0.11 0.3533 -0.03 -0.09, 0.04 0.4253 -0.13 -0.28, 0.02 0.09 

EBF Status @3mo [Y] 0.01 -0.07, 0.08 0.8485 - - - - - - - - - 

EBF Status @6mo[Y] - - - -0.03 -0.08, 0.03 0.3675 - - - - - - 

SEP Score 0.01 -0.01, 0.03 0.3892 0.01 -0.01, 0.03 0.4116 0.01 -0.01, 0.03 0.1504 0.01 -0.01, 0.02 0.3499 

 "Extended" predictors of milk TRP 

Time point 9mo_3mo 
(MS: P=0.5336) 

9mo_6mo 
(MS: P=0.433) 

12mo_3mo 
(MS: P=0.0448*) 

12mo_6mo 
(MS: P=0.1969) 

Term B LB, UB P B LB, UB P B LB, UB P B LB, UB P 

Intercept 1.15 0.55, 1.75 0.0004* 1.2 0.61, 1.78 0.0002* 0.52 0.07, 0.97 0.0252* 0.57 0.1, 1.04 0.0196* 

Sex[F] -0.03 -0.09, 0.02 0.218 -0.03 -0.09, 0.02 0.2062 0.01 -0.03, 0.05 0.5716 0.01 -0.04, 0.05 0.7676 

Maternal MUAC -0.01 -0.03, 0.02 0.5885 -0.01 -0.03, 0.01 0.4584 0.01 0, 0.3 0.1151 0.01 0, 0.03 0.1299 

Parity 0 -0.03, 0.02 0.7742 0 -0.03, 0.02 0.9538 0.01 0, 0.03 0.1418 0.01 -0.01, 0.03 0.2632 

CollectionSeason[Dry] -0.01 -0.07, 0.04 0.6885 -0.02 -0.07, 0.04 0.5289 0.11 -0.03, 0.26 0.1283 0.15 -0.01, 0.3 0.0623 

BirthSeason[Dry] -0.03 -0.1, 0.04 0.4243 -0.02 -0.09, 0.05 0.5371 -0.11 -0.26, 0.03 0.1136 -0.14 -0.29, 0.01 0.0718 

EBF Status @3mo [Y] 0.01 -0.07, 0.08 0.8926 - - - 0.06 0.01, 0.12 0.0280* - - - 

EBF Status @6mo[Y] - - - -0.03 -0.09, 0.03 0.3523 - - - 0.02 -0.02, 0.07 0.3451 

SEP Score 0.01 -0.01, 0.04 0.1538 0.01 -0.01, 0.03 0.1656 0.01 -0.01, 0.03 0.1981 0.01 -0.01, 0.02 0.355 

“Extended” predictor time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest 
and where Y represents the collection time point of the dietary explanatory variables of interest (e.g., 9mo_3mo = 9mo milk 

composition in relationship to 3mo EBF status); Maternal MUAC: 3rd trimester maternal MUAC measurement; 
CollectionSeason: Season of milk sample collection; MS: Model significance; B: Coefficient estimate; LB, UB: 95% CIs (Lower 
Bound, Upper Bound); P: P-value *P<0.01; Model and variable significance are indicated by bolded font/dark gray cell highlight 

(Note: only variables from significant models were indicated). 
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A post-hoc Wilcoxon Signed-Ranks Test was conducted to further investigate seasonal differences in 

maternal milk TRP composition based on the month of milk production across the first 12 months of lactation. TRP 

composition was significantly different (P=0.0230) based on month of milk collection at the 6 month collection time 

point, but not at 3, 9, or 12 month time points. TRP content at 6 months is detailed according to month of milk 

production in Table 3.10. At 6 months, maternal milk collected during the month of March (N=3) contained 

significantly more TRP than milk collected during July (Z = 0.36, P = 0.0006), August (Z = 0.26, P = 0.0112), 

September (Z = ; P = 0.0030), October (Z = -2.7; P = 0.0077) – which encapsulates all of the months in the wet 

(“hungry”) season – and December (Z = -2.0; P = 0.0464). Milk produced in July (Z = -2.4; P = 0.0153) and September 

(Z = -2.5; P =0.0137) contained significantly lower concentrations of TRP compared to milk produced in January (Z 

= -2.4; P = 0.0153 and Z = -2.5; P =0.0137, respectively) (Table 3.11). 

 

Table 3.10. TRP content according to month of milk collection 

Level N Mean Std Err Mean LB, UB 

Jan 1 1 (.) - - 

Feb 4 1.01 (0.03) 0.02 0.96, 1.06 

Mar 3 1.13 (0.14) 0.08 0.79, 1.47 

Apr 4 0.89 (0.2) 0.10 0.58, 1.20 

May 3 1.01 (0.13) 0.08 0.69, 1.34 

Jun 3 1.05 (0.06) 0.04 0.89, 1.21 

Jul 9 0.77 (0.11) 0.04 0.69, 0.86 

Aug 7 0.87 (0.11) 0.04 0.76, 0.97 

Sep 5 0.82 (0.24) 0.11 0.53, 1.12 

Oct 5 0.83 (0.15) 0.07 0.64, 1.01 

Nov 4 0.97 (0.16) 0.08 0.70, 1.23 

Dec 1 0.93 (.) - - 
LB, UB: 95% CIs (Lower Bound, Upper Bound)  
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Table 3.11. Wilcoxon Signed-Ranks Test results comparing milk TRP by month of milk production 

Level - Level Difference Std Err Dif P LB, UB 

Feb Jul 0.23 0.09 0.0100* 0.06, 0.41 

Mar Jul 0.36 0.1 0.0006** 0.16, 0.55 

Mar Sep 0.31 0.1 0.0056* 0.1, 0.52 

Mar Oct 0.30 0.1 0.0065* 0.09, 0.51 

Mar Aug 0.26 0.1 0.0112* 0.06, 0.46 

Mar Apr 0.24 0.11 0.0331* 0.02, 0.46 

May Jul 0.24 0.1 0.0166* 0.05, 0.43 

Jun Sep 0.23 0.1 0.0360* 0.02, 0.44 

Jun Oct 0.22 0.1 0.0409* 0.01, 0.43 

Nov Jul 0.19 0.09 0.0324* 0.02, 0.37 
LB, UB: 95% CIs (Lower Bound, Upper Bound); P: P-value; *P<0.05; **P<0.01; Months not mentioned in the Table had non-

significant differences 
 

Relative abundance of maternal milk HMO classes 

Samples and power analysis 

Results were generated for relative abundance of HMO classes in milk samples collected at 3 (N=28), 6 

(N=45), 9 (N=46), and 12 (N=50) months post-partum, for a total of N=169 samples from the original design of N=200 

(Note: the reduced sample size is attributed to insufficient sample volumes). A total of 26 mothers had milk samples 

that were analyzed at all four time points, 20 mothers had milk analyzed from three time points, 2 mothers had milk 

analyzed from two time points, and 2 mothers had milk analyzed from only one time point (Table 3.12). 

 

Table 3.12. Maximum number of samples analyzed per mother (N=50) per time point in the milk analysis subset 

 
# time points 

analyzed  1  2  3  4   Total 

# mothers 2 2 20 26 50 
 

 A post-hoc statistical power analysis (G*Power Version 3.1) showed that for a medium effect size (f2=0.15) 

for a linear multiple regression with a significance level of α = 0.05 to examine predictors of each milk constituent of 

interest by collection time point, a total sample size of 50 has a power of 0.89. Under the same effect size and 
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significance level, a sample size of 28 – the number of observations available from 3 months of lactation – has a power 

of 0.77.  

 

Secretor status 

Of the 50 mothers included in this subsample, 38 (76%) were Secretors and 12 (24%) were non-Secretors. 

As previously described, mothers with less than 6% relative α(1-2) fucosylation (2’FL) were assigned as phenotypic 

non-Secretors; assigned Secretor status was consistent at all time points except in three samples from milk collected 

at 6 months and one from 9 months post-partum. The shifts in phenotypic secretor status across the first 12 months of 

lactation are detailed in Table 3.13. 

 

Table 3.13. Shifts in maternal Secretor status based on maternal milk phenotype in 4 study participants 
 

Collection  
time point 3 6 9 12 

Sample ID 

Individual 1 NS S NS NS 

Individual 2 S NS S S 

Individual 3 Sample not analyzed NS S NS 

Individual 4 S NS S S 
S: Secretor; NS: non-Secretor 

 

For Individual 1 and 2, milk collected at 6 months post-partum (the time point with a different Secretor 

phenotype than the other time points) were both collected in the month of September (wet season) but in different 

years. For Individuals 3 and 4, the milk samples with a different Secretor phenotype compared to all other milk samples 

(9 month sample and 6 month sample for Individual 3 and 4, respectively) were both collected in September of the 

same year, but on different dates. None of the four mothers were classified as underweight (MUAC < 23 cm) during 

pregnancy. All were multiparous having 1-4 prior live births. Two were mothers of male infants and two of female 

infants. There were no significant differences in any of the baseline population characteristics based on Secretor status. 

Age at which complementary foods were introduced was similar between Secretor and non-Secretor mothers (Table 

3.14). 
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Table 3.14. Infant feeding practices in the milk analysis subset and according to Secretor status 

Variable Milk analysis subset 
(N=50) 

Secretor 
(N=38) 

Non-Secretor 
(N=12) 

EBF duration, N (%)  

<6mo 36 (72.0) 14 (70.0) 6 (75.0) 

≥6mo 14 (28.0) 6 (30.0) 2 (25.0) 

Average (mo) 5.0  (1.5) 5.0 (1.4) 5.0 (1.8) 
Data are reported as mean (SD) or mean (%) values. 

 

HMO classes 

Mean (SD) relative abundances of fucosylated, sialylated, undecorated, and sia-fuc HMO classes across the 

first 12 months of are provided in Table 3.15. Relative abundances of fucosylated HMOs increased over the lactation 

period for Secretors (from 54.67% at 3 months to 65.10% at 12 months). For non-Secretors, average fucosylated HMO 

relative abundance ranged from 50.94 to 54.74% across the first 12 months of lactation (Figure 3.2). Non-Secretor 

mothers had a wider range of relative abundance of fucosylated HMOs compared to Secretors between the 3 and 6 

month time point (non-significant) for Secretors but remained nearly identical between those time points for non-

Secretors.  

Relative abundances of all HMO classes were significantly different between Secretor and non-Secretor 

mothers; relative abundance of fucosylated HMOs was significantly higher in Secretors (P=0.0006), while milk from 

non-Secretor mothers contained significantly greater relative abundances of sialylated (P=0.0258) and undecorated 

(P=0.0124) HMO classes. The average relative abundance of 2’FL, the fucosylated HMO structure used to determine 

Secretor status, was 8.88% in Secretor mothers. 
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Table 3.15. Milk HMO composition at 3, 6, 9, and 12 months post-partum 

Age 
(mo) Se status N 

Fucosylated Sialylated Undecorated Sia-Fuc 

Mean % SD Mean % SD Mean % SD Mean % SD 

3 
NS 8 53.5 9.11 6.16 1.04 37.91 10.01 2.42 1.26 

S 20 54.67 8.55 6.40 1.74 37.03 9.06 1.60 1.55 

6 
NS 13 54.34 14.3 4.54 1.35 39.62 14.22 1.49 0.78 

S 32 64.51 6.98 3.92 1.25 30.21 7.28 1.36 1.07 

9 
NS 10 50.94 15.45 3.66 0.74 44.44 15.59 0.96 0.57 

S 36 62.30 9.85 3.60 1.14 33.19 9.50 0.91 0.79 

12 
NS 12 54.74 15.16 3.50 0.71 42.04 14.93 0.71 0.37 

S 38 65.10 10.38 2.88 0.82 31.46 10.21 0.56 0.54 
Se status: Secretor status; NS: Non-Secretor; S: Secretor 

 

Figure 3.2. Relative abundances (%) of HMO classes at 3, 6, 9, and 12 months post-partum 
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Mixed effects model results (HMO classes) 

After adjusting for maternal nutritional status during pregnancy, maternal parity, EBF duration, infant sex, 

maternal Secretor status, household SEP, and seasonality, the only significant predictors of relative abundance of the 

4 HMO classes were milk collection time point and the random variable, Subject ID. Full model results are described 

below and detailed in Table 3.16. 

Collection time point (a variable used to control for lactation stage) was a significant predictor of relative 

abundance of fucosylated HMO in the HERO-G milk analysis subset. Milk collected at 3 months of lactation 

significantly predicted lower relative abundance of fucosylated HMO (B: -5.95%; 95% CIs: -7.84, -4.06%; P<0.0001), 

higher relative abundance of sialylated HMO (B: 2.06%; 95% CIs: 1.79, 2.33%; P<0.0001), higher relative abundance 

of undecorated HMO (B: 3.21%; 95% CIs: 1.21, 5.20%; P=0.0019), and higher relative abundance of sia-fuc HMO 

(B: 0.67%; 95% CIs: 0.46, 0.88%; P<0.0001). Milk collected at 6 months of lactation significantly predicted higher 

relative abundance of fucosylated HMO (1.92%; 95% CIs: 0.34, 3.49%; P=0.0174), lower undecorated HMO (B:-

2.0%; 95% CIs: -3.66, -0.34%; P=0.0185), and higher sia-fuc HMO (B: 0.67%; 95% CIs: 0.46, 0.88%; P<0.0001). 

Milk collected at 9 months of lactation significantly predicted lower sialylated HMO (B: -0.64%; 95% CIs: -0.86, -

0.42%; P<0.0001) and sia-fuc HMO (B: -0.28%; 95% CIs: -0.45, -0.12%; P=0.0011). 

The random variable, Subject ID, was also a significant predictor of higher relative abundance of fucosylated 

HMO (106.41%; 95% CIs: 51.78, 161.4%; P=0.0001), sialylated HMO (B: 0.65%; 95% CIs: 0.28, 1.01%; P=0.0005), 

undecorated HMO (B: 100.74%; 95% CIs: 48.03, 153.45%; P=0.0002), and sia-fuc HMO (B: 0.48%; 95% CIs: 0.22, 

0.74%; P=0.0003).   
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Table 3.16. Mixed effects model results (HMO) 
  Fuc Sia Undec Sia-Fuc 

 Term B LB, UB P B LB, 
UB P B LB, UB P B LB, 

UB P 

Fixed 

Intercept 66.59 27.05, 
106.14 0.0016* 6.04 2.68, 

9.4 0.0008* 25.5 -13.26, 
64.27 0.1903 2.01 -0.8, 

4.82 0.1570 

CollectionTime point[3] -5.95 -7.84, -
4.06 <.0001* 2.06 1.79, 

2.33 <.0001* 3.21 1.21, 5.2 0.0019* 0.67 0.46, 
0.88 <.0001* 

CollectionTime point[6] 1.92 0.34, 
3.49 0.0174* -

0.14 
-0.37, 
0.08 0.2083 -2 -3.66, -

0.34 0.0185* 0.22 0.04, 
0.39 0.0143* 

CollectionTime point[9] 0.38 -1.14,  
1.9 0.6223 -

0.64 
-0.86, -

0.42 <.0001* 0.56 -1.04, 
2.17 0.4893 -

0.28 
-0.45, -

0.12 0.0011* 

CollectionTime point[12] 
Referent - - - - - - - - - - - - 

Maternal MUAC -0.17 -1.64, 
1.31 0.8207 -

0.07 
-0.19, 
0.06 0.2794 0.27 -1.18, 

1.72 0.7106 -
0.03 

-0.14, 
0.08 0.5692 

SEP Score -0.36 -1.64, 
0.91 0.5674 -

0.01 
-0.11, 

0.1 0.9076 0.39 -0.86, 
1.64 0.5348 -

0.01 
-0.11, 
0.08 0.7525 

CollectionSeason[Dry] -0.36 -1.36, 
0.64 0.4793 0.07 -0.08, 

0.21 0.3694 0.28 -0.78, 
1.34 0.6034 0.02 -0.09, 

0.13 0.6944 

EBF Duration (mo) 0.43 -1.84, 
 2.7 0.7025 -

0.04 
-0.23, 
0.16 0.6935 -0.35 -2.58, 

1.87 0.7494 -
0.04 

-0.2, 
0.13 0.6587 

Sex[F] -0.44 -3.9,  
3.01 0.7959 0.23 -0.06, 

0.53 0.1213 0.3 -3.09, 
3.69 0.8577 -

0.06 
-0.31, 
0.19 0.6249 

BirthSeason[Dry] -0.2 -4.49, 
4.08 0.9243 -

0.19 
-0.56, 
0.17 0.2901 0.46 -3.74, 

4.66 0.8253 -
0.04 

-0.35, 
0.26 0.7690 

Parity -1.15 -2.73, 
0.43 0.1491 0.09 -0.05, 

0.22 0.1963 0.97 -0.58, 
2.52 0.2105 0.06 -0.05, 

0.17 0.3019 

SecretorStatus[Non-
Secretor] 0.07 -2.5,  

2.65 0.9563 0.13 -0.15, 
0.41 0.3576 0.01 -2.62, 

2.65 0.9928 0.09 -0.13, 
0.32 0.4133 

Random SubjectID 106.41 51.78, 
161.04 0.0001* 0.65 0.28, 

1.01 0.0005* 100.74 48.03, 
153.45 0.0002* 0.48 0.22, 

0.74 0.0003* 

B: Coefficient estimate; LB, UB: 95% CIs (Lower Bound, Upper Bound); P: P-value; *P<.05; Collection season: Season of milk 
collection (Dry vs Wet) 

 

Multiple linear regression model results (HMO classes) 

Fucosylated HMO 

None of the multiple linear regression models were significant (P>0.05) in predicting relative abundance of 

fucosylated HMO at any time point across the first 12 months of lactation using either “real time” or “extended” 

predictors. Results from the statistical models are detailed in Table 3.17.  
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Table 3.17. Results of multiple linear regression models examining “Real time” and “Extended” predictors of 
fucosylated HMO relative abundance across the first 12 months of lactation 

 "Real time" predictors of fucosylated HMO 
Time point 3mo  

(MS: P=0.7884) 
6mo  

(MS: P=0.1621) 
9mo  

(MS: P=0.2257) 
12mo  

(MS: P=0.2689) 

Term B LB, UB P B LB, UB P B LB, UB P B LB, UB P 

Intercept 44.6 -0.91, 
90.12 0.0543 74.15 37.28, 

111.01 0.0002* 65.34 23.02, 
107.67 0.0034* 73.42 30.77, 

116.08 0.0012* 

Sex[F] -0.83 -5.45, 
3.8 0.7114 -1.55 -5.01, 1.91 0.3683 -1.39 -5.28, 2.5 0.4736 -0.25 -4.1, 3.59 0.8942 

Maternal MUAC 0.17 -1.75, 
2.08 0.8561 -0.49 -1.94, 0.97 0.5004 -0.14 -1.78, 1.51 0.8683 -0.33 -2.01, 1.36 0.6973 

Parity 0.94 -1.47, 
3.36 0.4236 -0.29 -1.86, 1.27 0.7078 -1 -2.83, 0.82 0.2732 -0.91 -2.72, 0.89 0.3131 

CollectionSeason[Dry] 0.03 -4.49, 
4.54 0.9903 -3.23 -7.41, 0.96 0.1265 -0.41 -4.43, 3.6 0.836 4.64 -10, 19.29 0.5256 

BirthSeason[Dry] -0.13 -5.82, 
5.55 0.9608 -2.12 -7.17, 2.94 0.4015 0.14 -5.09, 5.37 0.9569 -5.34 -19.58, 

8.91 0.4538 

EBF Status @3mo [Y] 3.16 -2.67, 9 0.2697 - - - - - - - - - 

EBF Status @6mo[Y] - - - -2 -6.32, 2.32 0.3536 - - - - - - 

SEP Score -0.48 -1.98, 
1.03 0.5156 -0.38 -1.64, 0.88 0.5453 -0.55 -2.03, 0.93 0.4535 -0.85 -2.36, 0.65 0.2586 

SecretorStatus[Non-
Secretor] -1.09 -5.48, 

3.29 0.6066 -5.36 -9.08, -1.63 0.0061* -5.27 -9.79, -0.76 0.0234* -5.31 -9.8, -0.81 0.0218* 

 "Extended" predictors of fucosylated HMO 
Time Point 9mo_3mo  

(MS: P=0.2189) 
9mo_6mo  

(MS: P=0.3184) 
12mo_3mo  

(MS: P=0.3224) 
12mo_6mo  

(MS: P=0.3536) 

Term B LB, UB P B LB, UB P B LB, UB P B LB, UB P 

Intercept 58.3 14.39, 
102.21 0.0107* 64.97 21.7, 

108.23 0.0043* 70.85 27.34, 
114.37 0.0021* 74.81 31.19, 

118.43 0.0013* 

Sex[F] -1.38 -5.26, 
2.49 0.4739 -1.4 -5.35, 2.55 0.4766 -0.06 -3.96, 3.85 0.9772 -0.31 -4.2, 3.58 0.8742 

Maternal MUAC 0.01 -1.65, 
1.66 0.9945 -0.11 -1.82, 1.6 0.8981 -0.27 -1.97, 1.43 0.747 -0.42 -2.17, 1.34 0.6325 

Parity -0.87 -2.71, 
0.97 0.3437 -1.03 -2.94, 0.87 0.278 -0.91 -2.73, 0.9 0.3158 -0.81 -2.7, 1.09 0.3942 

CollectionSeason[Dry] -0.09 -4.12, 
3.95 0.9656 -0.37 -4.48, 3.73 0.8548 3.64 -11.37, 

18.64 0.627 4.66 -10.14, 
19.47 0.5281 

BirthSeason[Dry] 0.08 -5.13, 
5.28 0.9769 0.06 -5.36, 5.48 0.9819 -4.76 -19.19, 

9.67 0.5088 -5.12 -19.56, 
9.32 0.4777 

EBF Status @3mo [Y] 3.2 -2.36, 
8.76 0.2512 - - - 1.94 -3.43, 7.32 0.4693 - - - 

EBF Status @6mo[Y] - - - 0.31 -4.06, 4.68 0.8856 - - - -0.9 -5.16, 3.36 0.6718 

SEP Score -0.35 -1.86, 
1.16 0.6423 -0.55 -2.05, 0.95 0.4638 -0.77 -2.3, 0.76 0.3164 -0.86 -2.38, 0.66 0.2615 

SecretorStatus[Non-
Secretor] -5.46 -9.98, -

0.95 0.0191* -5.23 -9.85, -0.61 0.0275* -5.15 -9.7, -0.61 0.0272* -5.51 -10.16, -
0.87 0.0212* 

“Extended” predictor time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest 
and where Y represents the collection time point of the dietary explanatory variables of interest (e.g., 9mo_3mo = 9mo milk 

composition in relationship to 3mo EBF status); Maternal MUAC: 3rd trimester maternal MUAC measurement; 
CollectionSeason: Season of milk sample collection; MS: Model significance; B: Coefficient estimate; LB, UB: 95% CIs (Lower 

Bound, Upper Bound); P: P-value 
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Sialylated HMO 

The multiple linear models assessing potential predictors of relative abundance of sialylated HMO were non-

significant at 3, 6, and 9 month time points using “real time” effects, and non-significant for “extended effects” using 

3 and 6 months dietary variables (EBF duration) as potential predictors of fucosylated HMO relative abundance at 9 

months. The model examining potential predictors of relative abundance at 12 months of lactation was significant 

(P=0.0296) with a large effect size (f2=0.43). Milk collected at 12 months of lactation was significantly predicted by 

maternal parity, with greater parity (by 1 offspring) predicting higher relative abundance of fucosylated HMO by 

0.15% (95% CIs: 0.04, 0.27%; P=0.0093). The models constructed to assess predictors of relative abundance of 

fucosylated HMO at 12 months using conditions at 3 and 6 months of age were both significant (P=0.0473 and 

P=0.0403, respectively), and both had large effect sizes (f2=0.44 and f2=0.45, respectively). Parity was a significant 

predictor for both of these extended effects models, with higher parity (by 1 offspring) predicting higher relative 

abundance by 0.15% (95% CIs: 0.04, 0.27%; P=0.0100) and 0.16% (95% CIs: 0.04, 0.28%; P=0.0092), respectively. 

Model results are detailed in Table 3.18.  
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Table 3.18. Results of multiple linear regression models examining “Real time” and “Extended” predictors of 
sialylated HMO relative abundance across the first 12 months of lactation 

 "Real time" predictors of sialylated HMO 

Time point 3mo  
(MS: P=0.9504) 

6mo  
(MS: P=0.1906) 

9mo  
(MS: P=0.6207) 

12mo  
(MS: P=0.0296*) 

Term B LB, UB P B LB, UB P B LB, UB P B LB, UB P 

Intercept 6.86 -1.87, 
15.59 0.1162 6.67 2.14, 

11.21 0.0051* 5.63 1.71, 
9.54 0.0061* 3.82 1.14, 

6.49 0.0062* 

Sex[F] -0.01 -0.89, 
0.88 0.9882 0.45 0.03, 

0.88 0.0374* 0.25 -0.11, 
0.61 0.1734 0.13 -0.12, 

0.37 0.2998 

Maternal MUAC 0.01 -0.35, 
0.38 0.935 -0.11 -0.28, 

0.07 0.2384 -0.09 -0.24, 
0.06 0.2274 -0.05 -0.15, 

0.06 0.3662 

Parity -0.13 -0.6, 
0.33 0.548 0.1 -0.1, 

0.29 0.3218 0.11 -0.06, 
0.27 0.2164 0.15 0.04, 

0.27 0.0093* 

CollectionSeason[Dry] 0.25 -0.61, 
1.12 0.5454 0.26 -0.26, 

0.77 0.3136 0.01 -0.36, 
0.38 0.9492 0.03 -0.89, 

0.94 0.9536 

BirthSeason[Dry] -0.2 -1.29, 
0.89 0.6982 -0.23 -0.85, 

0.39 0.4613 -0.12 -0.61, 
0.36 0.6058 -0.12 -1.01, 

0.77 0.7905 

EBF Status @3mo [Y] -0.55 -1.67, 
0.57 0.3134 0 -0.53, 

0.53 0.9936 - - - - - - 

EBF Status @6mo[Y] - - - - - - - - - - - - 

SEP Score -0.02 -0.31, 
0.27 0.8672 0.02 -0.14, 

0.17 0.844 0.02 -0.12, 
0.16 0.779 -0.01 -0.1, 

0.09 0.8544 

SecretorStatus[Non-Secretor] -0.15 -1, 0.69 0.7051 0.27 -0.19, 
0.73 0.2391 -0.01 -0.43, 

0.41 0.9671 0.21 -0.07, 
0.49 0.1439 

 "Extended" predictors of sialylated HMO 

Time point 9mo_3mo  
(MS: P=0.6551) 

9mo_6mo  
(MS: P=0.7297) 

12mo_3mo  
(MS: P=0.0473*) 

12mo_6mo  
(MS: P=0.0403*) 

Term B LB, UB P B LB, UB P B LB, UB P B LB, UB P 

Intercept 6.07 1.97, 
10.18 0.0048* 5.64 1.64, 

9.65 0.0070* 3.94 1.2, 
6.67 0.0059* 3.92 1.18, 

6.65 0.0061* 

Sex[F] 0.25 -0.12, 
0.61 0.1766 0.25 -0.12, 

0.61 0.1788 0.12 -0.13, 
0.36 0.346 0.12 -0.12, 

0.37 0.3199 

Maternal MUAC -0.1 -0.26, 
0.05 0.1933 -0.09 -0.25, 

0.06 0.2385 -0.05 -0.16, 
0.06 0.3478 -0.05 -0.16, 

0.06 0.3241 

Parity 0.1 -0.08, 
0.27 0.2621 0.11 -0.07, 

0.28 0.2283 0.15 0.04, 
0.27 0.0100* 0.16 0.04, 

0.28 0.0092* 

CollectionSeason[Dry] -0.01 -0.39, 
0.37 0.9613 0.01 -0.37, 

0.39 0.9587 0.07 -0.87, 
1.02 0.8745 0.03 -0.9, 

0.96 0.9515 

BirthSeason[Dry] -0.12 -0.61, 
0.37 0.6198 -0.12 -0.62, 

0.38 0.6295 -0.15 -1.05, 
0.76 0.7475 -0.1 -1.01, 

0.8 0.8194 

EBF Status @3mo [Y] -0.2 -0.72, 
0.32 0.4312 - - - -0.09 -0.43, 

0.25 0.5865 - - - 

EBF Status @6mo[Y] - - - -0.02 -0.42, 
0.39 0.938 - - - -0.06 -0.33, 

0.4 0.6280 

SEP Score 0.01 -0.14, 
0.15 0.9303 0.02 -0.12, 

0.16 0.7847 -0.01 -0.11, 
0.08 0.7928 -0.01 -0.1, 

0.09 0.8514 

SecretorStatus[Non-Secretor] 0 -0.42, 
0.43 0.9869 -0.01 -0.44, 

0.42 0.9601 0.2 -0.09, 
0.49 0.1636 0.19 -0.1, 

0.48 0.1875 

“Extended” predictor time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest 
and where Y represents the collection time point of the dietary explanatory variables of interest (e.g., 9mo_3mo = 9mo milk 

composition in relationship to 3mo EBF status); Maternal MUAC: 3rd trimester maternal MUAC measurement; 
CollectionSeason: Season of milk sample collection; MS: Model significance; B: Coefficient estimate; LB, UB: 95% CIs (Lower 

Bound, Upper Bound); P: P-value *P<0.01 
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Undecorated HMO 

 None of the multiple linear regression models were significant (P>0.05) in predicting relative abundance of 

undecorated HMO at any time point across the first 12mo of lactation using either real time or extended predictors. 

Model results are detailed in Table 3.19.  
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Table 3.19. Results of multiple linear regression models examining “Real time” and “Extended” predictors of 
undecorated HMO relative abundance across the first 12 months of lactation 

 "Real time" predictors of undecorated HMO 

Time point 3mo  
(MS: P=0.8288) 

6mo  
(MS: P=0.222) 

9mo  
(MS: P=0.2400) 

12mo  
(MS: P=0.3367) 

Term B LB, 
UB P B LB, UB P B LB, 

UB P B LB, UB P 

Intercept 48.83 -0.31, 
97.97 0.0513 15.81 -21.51, 

53.13 0.3956 26.86 
-

14.86, 
68.59 

0.2001 22.09 -19.95, 
64.13 0.2948 

Sex[F] 1.26 -3.73, 
6.25 0.6022 1.15 -2.35, 

4.66 0.5086 1.15 -2.68, 
4.99 0.5457 0.1 -3.69, 

3.89 0.9575 

Maternal MUAC -0.28 -2.34, 
1.79 0.7824 0.71 -0.76, 

2.18 0.3349 0.27 -1.35, 
1.89 0.7347 0.38 -1.27, 

2.04 0.6418 

Parity -0.77 -3.38, 
1.84 0.5421 0.01 -1.58, 

1.59 0.9918 0.89 -0.92, 
2.69 0.3254 0.69 -1.09, 

2.47 0.4366 

CollectionSeason[Dry] -0.17 -5.05, 
4.71 0.942 2.87 -1.37, 

7.11 0.1785 0.41 -3.55, 
4.36 0.8364 -4.79 -19.23, 

9.64 0.5064 

BirthSeason[Dry] 0.56 -5.58, 
6.69 0.851 2.31 -2.81, 

7.43 0.3658 0.06 -5.09, 
5.21 0.9815 5.67 -8.37, 

19.72 0.4192 

EBF Status @3mo [Y] -2.9 -9.2, 
3.4 0.3471 2.45 -1.92, 

6.82 0.2633 - - - - - - 

EBF Status @6mo[Y] - - - - - - - - - - - - 

SEP Score 0.57 -1.06, 
2.19 0.4734 0.33 -0.94, 

1.61 0.6018 0.57 -0.89, 
2.03 0.4329 0.88 -0.6, 2.36 0.2374 

SecretorStatus[Non-Secretor] 0.89 -3.85, 
5.62 0.6979 5.24 1.47, 

9.02 0.0078* 5.29 0.83, 
9.74 0.0213* 5.09 0.66, 

9.52 0.0253* 

 "Extended" predictors of undecorated HMO 
Time point 9mo_3mo  

(MS: P=0.2395) 
9mo_6mo  

(MS: P=0.3367) 
12mo_3mo  

(MS: P=0.3992) 
12mo_6mo  

(MS: P=0.4177) 

Term B LB, 
UB P B LB, UB P B LB, 

UB P B LB, UB P 

Intercept 33.52 -9.83, 
76.87 0.1256 27.1 -15.56, 

69.75 0.2058 24.47 
-

18.45, 
67.39 

0.2561 20.37 -22.56, 
63.31 0.3433 

Sex[F] 1.15 -2.68, 
4.97 0.5469 1.16 -2.73, 

5.05 0.5493 -0.08 -3.94, 
3.77 0.9652 0.17 -3.66, 4 0.931 

Maternal MUAC 0.14 -1.49, 
1.77 0.8634 0.26 -1.43, 

1.94 0.7594 0.34 -1.34, 
2.01 0.688 0.5 -1.23, 

2.23 0.563 

Parity 0.76 -1.05, 
2.57 0.4015 0.91 -0.97, 

2.78 0.3346 0.69 -1.1, 
2.48 0.4394 0.56 -1.3, 2.42 0.5462 

CollectionSeason[Dry] 0.1 -3.89, 
4.08 0.9607 0.38 -3.67, 

4.43 0.8497 -3.86 
-

18.66, 
10.94 

0.6011 -4.82 -19.39, 
9.76 0.508 

BirthSeason[Dry] 0.12 -5.02, 
5.26 0.9622 0.11 -5.23, 

5.45 0.9673 5.14 -9.09, 
19.37 0.4697 5.41 -8.8, 

19.62 0.4464 

EBF Status @3mo [Y] -3.02 -8.51, 
2.47 0.2717 - - - -1.8 -7.1, 

3.5 0.4967 - - - 

EBF Status @6mo[Y] - - - -0.19 -4.5, 
4.11 0.9274 - - - 1.11 -3.08, 

5.31 0.5956 

SEP Score 0.38 -1.12, 
1.87 0.6107 0.57 -0.91, 

2.05 0.4419 0.8 -0.71, 
2.31 0.2897 0.88 -0.61, 

2.38 0.2393 

SecretorStatus[Non-Secretor] 5.46 1.01, 
9.92 0.0176* 5.26 0.71, 

9.82 0.0248* 4.95 0.47, 
9.43 0.0313* 5.35 0.77, 

9.92 0.0231* 

“Extended” predictor time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest 
and where Y represents the collection time point of the dietary explanatory variables of interest (e.g., 9mo_3mo = 9mo milk 

composition in relationship to 3mo EBF status); Maternal MUAC: 3rd trimester maternal MUAC measurement; 
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CollectionSeason: Season of milk sample collection; MS: Model significance; B: Coefficient estimate; LB, UB: 95% CIs (Lower 
Bound, Upper Bound); P: P-value *P<0.01; **P<.0001 

 
 

Sia-fuc HMO 

Multiple linear regression models assessing potential predictors of sia-fuc HMO class relative abundances at 

3, 9, and 12 month post-partum were non-significant, as were all models examining extended effects. The model 

assessing potential predictors of milk collected at 6 months of lactation was significant (P=0.0441) and had a large 

effect size (f2=0.52). Maternal parity significantly predicted relative abundance of sia-fuc HMO at 6 months, where 

higher parity (by 1 offspring) predicted higher sia-fuc abundance by 0.19% (95% CIs: 0.05, 0.32%; P=0.0105). Infant 

EBF status at 6 months of age was also a significant predictor of relative abundance of sia-fuc HMO at 6 months, with 

milk from mothers of infants still EBF at 6 months predicting lower relative abundance of sia-fuc HMO by -0.45% 

(95% CIs: -0.84, -0.07%; P=0.0220). Full results are detailed in Table 3.20.  
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Table 3.20. Results of multiple linear regression models examining “Real time” and “Extended” predictors of sia-fuc 
HMO relative abundance across the first 12 months of lactation 

 "Real time" predictors of sia-fuc HMO 

Time Point 3mo  
(MS: P=0.7067) 

6mo  
(MS: P=0.0441*) 

9mo  
(MS: P=0.9647) 

12mo  
(MS: P=0.2713) 

Term B LB, UB P B LB, UB P B LB, UB P B LB, UB P 

Intercept -0.3 -8.1, 7.51 0.9373 3.35 0.06, 
6.63 0.0459* 2.2 -0.67, 

5.07 0.1287 0.66 -1.08, 
2.41 0.4466 

Sex[F] -0.43 -1.22, 
0.37 0.2723 -0.05 -0.36, 

0.25 0.7248 -0.01 -0.27, 
0.25 0.941 0.03 -0.13, 

0.19 0.7234 

Maternal MUAC 0.09 -0.23, 
0.42 0.5558 -0.11 -0.24, 

0.02 0.0815 -0.05 -0.16, 
0.07 0.4038 -0.01 -0.08, 

0.06 0.7632 

Parity -0.04 -0.45, 
0.38 0.8599 0.19 0.05, 

0.32 0.0105* 0.01 -0.11, 
0.14 0.8534 0.07 -0.01, 

0.14 0.0725 

CollectionSeason[Dry] -0.11 -0.88, 
0.67 0.7722 0.1 -0.27, 

0.47 0.5935 -0.01 -0.28, 
0.27 0.9665 0.12 -0.48, 

0.72 0.6793 

BirthSeason[Dry] -0.22 -1.2, 0.75 0.6403 0.03 -0.42, 
0.48 0.8953 -0.08 -0.43, 

0.28 0.6581 -0.22 -0.8, 0.36 0.4511 

EBF Status @3mo [Y] 0.29 -0.71, 
1.29 0.5517 - - - - - - - - - 

EBF Status @6mo[Y] - - - -0.45 -0.84, -
0.07 0.0220* - - - - - - 

SEP Score -0.07 -0.33, 
0.19 0.5874 0.03 -0.08, 

0.14 0.561 -0.04 -0.14, 
0.06 0.449 -0.02 -0.08, 

0.04 0.5492 

SecretorStatus[Non-Secretor] 0.36 -0.39, 
1.11 0.3287 -0.16 -0.49, 

0.17 0.3377 0 -0.31, 
0.31 0.9945 0.01 -0.18, 

0.19 0.9274 

 "Extended" predictors of sia-fuc HMO 

Time Point 9mo_3mo  
(MS: P=0.9838) 

9mo_6mo  
(MS: P=0.9657) 

12mo_3mo  
(MS: P=0.3505) 

12mo_6mo  
(MS: P=0.1591) 

Term B LB, UB P B LB, UB P B LB, UB P B LB, UB P 

Intercept 2.14 -0.89, 
5.18 0.1608 2.33 -0.59, 

5.24 0.1145 0.74 -1.05, 
2.52 0.4103 0.89 -0.83, 

2.62 0.3027 

Sex[F] -0.01 -0.28, 
0.26 0.9421 -0.01 -0.27, 

0.26 0.9616 0.02 -0.14, 
0.18 0.7811 0.02 -0.13, 

0.17 0.8018 

Maternal MUAC -0.05 -0.16, 
0.07 0.4275 -0.06 -0.17, 

0.06 0.3375 -0.01 -0.08, 
0.06 0.734 -0.03 -0.09, 

0.04 0.4642 

Parity 0.01 -0.11, 
0.14 0.8421 0.02 -0.11, 

0.15 0.7353 0.07 -0.01, 
0.14 0.0752 0.08 0.01, 

0.16 0.0274* 

CollectionSeason[Dry] 0 -0.28, 
0.28 0.9835 -0.02 -0.3, 

0.26 0.8924 0.15 -0.46, 
0.77 0.6217 0.13 -0.46, 

0.71 0.6637 

BirthSeason[Dry] -0.08 -0.44, 
0.28 0.6602 -0.05 -0.42, 

0.31 0.7733 -0.24 -0.83, 
0.36 0.4262 -0.18 -0.76, 

0.39 0.5168 

EBF Status @3mo [Y] 0.03 -0.36, 
0.41 0.8855 - - - -0.05 -0.28, 

0.17 0.6232 - - - 

EBF Status @6mo[Y] - - - -0.1 -0.4, 
0.19 0.4872 - - - -0.15 -0.32, 

0.02 0.0866 

SEP Score -0.04 -0.14, 
0.07 0.4881 -0.04 -0.14, 

0.06 0.435 -0.02 -0.08, 
0.04 0.5087 -0.02 -0.08, 

0.04 0.5264 

SecretorStatus[Non-Secretor] 0 -0.31, 
0.31 0.9862 -0.01 -0.33, 

0.3 0.926 0 -0.18, 
0.19 0.9651 -0.03 -0.21, 

0.16 0.7838 

“Extended” predictor time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest 
and where Y represents the collection time point of the dietary explanatory variables of interest (e.g., 9mo_3mo = 9mo milk 

composition in relationship to 3mo EBF status); Maternal MUAC: 3rd trimester maternal MUAC measurement; 
CollectionSeason: Season of milk sample collection; MS: Model significance; B: Coefficient estimate; LB, UB: 95% CIs (Lower 

Bound, Upper Bound); P: P-value *P<0.01; **P<.0001 
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Individual HMO structures 

The 71 individual HMO structures quantified in this study are listed in Table 3.21. The individual HMO 

structures are used only in exploratory analyses in subsequent Chapters. Full details on the relative abundance of each 

individual structure can be found detailed in Appendix Table A.5. 

 

Table 3.21. Individual HMO structures quantified in the present analysis 

HMO Structure Name 
6'SL 6'-Sialyllactose 
3'SL 3'-Sialyllactose 
3'FL 3'-Fucosyllactose 
2010a No literature name 
2010b No literature name 
2010c No literature name 
2'FL 2'-Fucosyllactose 
2020a No literature name 
2020b No literature name 
LDFT Lactodifucotetraose 
2100a No literature name 
2100b No literature name 
3000a No literature name 
3000b No literature name 
3000c No literature name 
3000d No literature name 
3000e No literature name 
LNT Lacto-N-tetraose 
LSTc Sialyllacto-N-tetraose [c] 
LSTb Sialyllacto-N-tetraose [b] 
LNFP II Lacto-N-fucopentaose II 
LNFP I + III Lacto-N-fucopentaose I + III 
LNFP V Lacto-N-fucopentaose V 
3110b No literature name 
3110c No literature name 
3110d No literature name 
F-LSTc Monofucosylmonosialyllacto-N-neotetraose 
LNDFH I Lacto-N-difucohexaose I 
LNDFH II Lacto-N-difucohexaose II 
3120a No literature name 
3120b No literature name 
3200a No literature name 



 
 
 

 97 

HMO Structure Name 
3200b No literature name 
4100a No literature name 
4100b No literature name 
4110a No literature name 
4110b No literature name 
LNH Lacto-N-hexaose 
LNnH Lacto-N-neohexaose 
p-LNH para-lacto-N-hexaose 
S-LNnH II sialyllacto-N-neohexaose II 
MFpLNH IV Fucosyl-para-lacto-N-hexaose 
4120a No literature name 
MFLNH I + III Monofucosyllacto-N-hexaose I + III 
IFLNH III Isomer 3 fucosyl-para-lacto-N-hexaose 
4210a No literature name 
4210b No literature name 
IFLNH I Isomer 1 fucosyl-para-lacto-N-hexaose 
FS-LNnH I Fucosylsialyllacto-N-neohexaose I 
4220a No literature name 
4220b No literature name 
DFLNHa Difucosyllacto-N-hexaose (a) 
DFLNHb (Difucosyllacto-N-hexaose (b) 
DFpLNH II Difucosyl-para-lacto-N-hexaose 
DFS-LNnH Difucosylmonosialyllacto-N-neohexaose 
4230a No literature name 
TFLNH Trifucosyllacto-N-hexaose 
5300a No literature name 
5300b No literature name 
5301a No literature name 
5310a No literature name 
5310b No literature name 
5310c No literature name 
FS-LNO Fucosylsialyllacto-N-octaose 
DFLNO I Difucosyllacto-N-octaose I 
DFLNNnO II Difucosyllacto-N-neooactaose II 
5320a No literature name 
6400a No literature name 
6410a No literature name 
6410b No literature name 
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Relative abundance of maternal milk HMGPs 

Lactoferrin 

Maternal milk lactoferrin concentrations (g/L) declined across the first 12 months of lactation (Figure 3.3). 

Wilcoxon rank sums test showed that average lactoferrin concentration was significantly higher at 3 months (2.56 

±0.3 g/L) compared to 9 (2.38 ±0.3 g/L; P=0.0132) and 12 months (2.33 ±0.3 g/L; P=0.0012) of lactation, but not 6 

months (2.45 ±0.3 g/L) of lactation.  

 

IgA 

Maternal milk IgA concentrations remained consistent over the 12 month period, with mean (±SD) 

concentrations of 0.90 g/L (±0.1), 0.91 g/LL (±0.2), 0.88 g/L (±0.1), and 0.89 g/L (±0.2) at 3, 6, 9, and 12 months of 

lactation, respectively (Figure 3.3). IgA concentrations were not significantly different between collection time points.  

 

Figure 3.3. Milk lactoferrin and IgA concentrations at 3, 6, 9, and 12 months post-partum 

 

*P<0.05 
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Mixed effects model results (HMGPs) 

Lactoferrin 

Mixed effects model analyses showed that collection time point was a significant predictor of relative 

abundance of lactoferrin during the first 12 months of lactation. Milk collected at 3 months of lactation significantly 

predicted higher relative abundance of lactoferrin by 0.1% (95% CIs: 0.02, 0.18%; P=0.0111). Subject ID, the random 

variable, was also a significant predictor of relative abundance of milk lactoferrin (B: 0.02%; 95% CIs: 0, 0.04%; 

P=0.0141). None of the other explanatory variables were significant predictors in the model.  

 

IgA 

The only significant predictor of relative abundance of milk IgA in the mixed effects model was the random 

variable, Subject ID (B: 0.01%; 95% CIs: 0, 0.02%; P=0.0176). None of the other explanatory variables were 

significant predictors in the model.  

Full model results for analyses of potential predictors of lactoferrin and IgA are detailed in Table 3.22. 
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Table 3.22. Results from mixed effects model analyses of potential predictors of lactoferrin and IgA in maternal 
milk across the first year of life 

  LF IgA 

 Term B LB, UB P B LB, UB P 

Fixed Effects 

Intercept 2.41 1.69, 3.12 <.0001** 0.97 0.5, 1.45 0.0002** 

CollectionTime point[3] 0.1 0.02, 0.18 0.0111* 0 -0.05, 0.05 0.8843 

CollectionTime point[6] 0.03 -0.04, 0.09 0.3848 0.02 -0.02, 0.06 0.394 

CollectionTime point[9] -0.04 -0.11, 0.02 0.1669 -0.01 -0.05, 0.03 0.571 

CollectionTime point[12] 
Referent - - - - - - 

Maternal MUAC 0 -0.03, 0.03 0.9229 0 -0.02, 0.01 0.7227 

SEP Score 0.02 0, 0.04 0.0925 0.01 0, 0.03 0.1726 

CollectionSeason[Dry] 0 -0.04, 0.04 0.9706 0 -0.03, 0.02 0.7897 

EBF Duration (mo) 0.01 -0.03, 0.05 0.5481 -0.01 -0.04, 0.01 0.3571 

Sex[F] -0.03 -0.09, 0.04 0.3978 -0.01 -0.05, 0.03 0.6778 

BirthSeason[Dry] -0.01 -0.09, 0.06 0.7022 0.01 -0.05, 0.06 0.7906 

Parity 0 -0.03, 0.03 0.8321 0.01 -0.01, 0.3 0.1635 

SecretorStatus[Non-Secretor] 0.04 -0.03, 0.1 0.2661 0.01 -0.03, 0.05 0.5909 

Random Effect SubjectID 0.02 0, 0.04 0.0141* 0.01 0, 0.02 0.0176* 

B: Coefficient estimate; LB, UB: 95% CIs (Lower Bound, Upper Bound); P: P-value; *P<.05; **P<0.01 Collection 
season: Season of milk collection (Dry vs Wet) 

 

 

Multiple linear regression model results (HMGPs) 

Milk lactoferrin 

 None of the multiple linear regression models were significant (P>0.05) in predicting relative abundance of 

milk lactoferrin at any time point across the first 12 months of lactation using either real time or extended predictors. 

Results from the statistical models are detailed in Table 3.23.  
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Table 3.23. Results of multiple linear regression models examining “Real time” and “Extended” predictors of milk 
lactoferrin across the first 12 months of lactation 

 "Real time" predictors of lactoferrin 
Time Point 3mo  

(MS: P=0.9545) 
6mo  

(MS: P=0.9908) 
9mo  

(MS: P=0.6975) 
12mo  

(MS: P=0.1403) 

Term B LB, UB P B LB, UB P B LB, 
UB P B LB, UB P 

Intercept 2.93 1.34, 
4.51 0.0011* 2.37 1.19, 

3.56 0.0003* 1.96 0.96, 
2.97 0.0004* 2.87 2.02, 

3.73 <.0001* 

Sex[F] -0.04 -0.2, 
0.12 0.6274 -0.04 -0.15, 

0.07 0.4958 -0.03 -0.12, 
0.06 0.5407 -0.01 -0.09, 

0.07 0.7651 

Maternal MUAC -0.02 -0.08, 
0.05 0.5739 0 -0.05, 

0.05 0.9849 0.02 -0.02, 
0.06 0.3141 -0.02 -0.06, 

0.01 0.1922 

Parity 0.01 -0.08, 
0.09 0.8436 0 -0.05, 

0.05 0.9896 -0.01 -0.06, 
0.03 0.5012 0.01 -0.03, 

0.04 0.6868 

CollectionSeason[Dry] -0.02 -0.18, 
0.13 0.7708 0.01 -0.13, 

0.14 0.9035 0 -0.1, 
0.09 0.947 -0.16 -0.45, 

0.13 0.264 

BirthSeason[Dry] 0.02 -0.18, 
0.21 0.863 0.04 -0.13, 

0.2 0.6505 -0.09 -0.22, 
0.03 0.1375 0.15 -0.13, 

0.43 0.2956 

EBF Status @3mo [Y] 0.05 -0.15, 
0.25 0.6258 - - - - - - - - - 

EBF Status @6mo[Y] - - - -0.06 -0.2, 
0.08 0.3876 - - - - - - 

SEP Score 0.02 -0.03, 
0.07 0.3908 0.01 -0.03, 

0.05 0.7013 0.01 -0.02, 
0.05 0.445 0.04 0.01, 

0.07 0.0150* 

SecretorStatus[Non-Secretor] 0.01 -0.14, 
0.16 0.8731 -0.01 -0.13, 

0.11 0.8102 0.02 -0.08, 
0.13 0.6663 0.05 -0.04, 

0.14 0.2333 

 "Extended" predictors of lactoferrin 
Time Point 9mo_3mo  

(MS: P=0.7963) 
9mo_6mo  

(MS: P=0.6351) 
12mo_3mo  

(MS: P=0.1403) 
12mo_6mo  

(MS: P=0.1853) 

Term B LB, UB P B LB, UB P B LB, 
UB P B LB, UB P 

Intercept 1.97 0.91, 
3.03 0.0006* 1.86 0.84, 

2.88 0.0007* 2.76 1.92, 
3.6 <.0001* 2.95 2.1, 3.79 <.0001* 

Sex[F] -0.03 -0.12, 
0.07 0.5458 -0.03 -0.12, 

0.06 0.4745 0 -0.08, 
0.07 0.9495 -0.02 -0.09, 

0.06 0.6885 

Maternal MUAC 0.02 -0.02, 
0.06 0.3279 0.03 -0.01, 

0.07 0.1989 -0.02 -0.05, 
0.01 0.236 -0.03 -0.06, 

0.01 0.1117 

ChildrenPrior -0.01 -0.06, 
0.03 0.5069 -0.02 -0.07, 

0.02 0.3311 0.01 -0.03, 
0.04 0.6833 0.01 -0.02, 

0.05 0.4526 

CollectionSeason[Dry] 0 -0.1, 
0.09 0.9415 0 -0.09, 

0.1 0.9675 -0.21 -0.5, 
0.08 0.1509 -0.16 -0.45, 

0.13 0.2643 

BirthSeason[Dry] -0.09 -0.22, 
0.03 0.1433 -0.11 -0.24, 

0.02 0.0845 0.17 -0.1, 
0.45 0.2103 0.16 -0.12, 

0.44 0.2513 

EBF Status @3mo [Y] 0 -0.14, 
0.13 0.9564 - - - 0.09 -0.01, 

0.19 0.088 - - - 

EBF Status @6mo[Y] - - - 0.06 -0.04, 
0.16 0.2459 - - - -0.06 -0.14, 

0.02 0.1537 

SEP Score 0.01 -0.02, 
0.05 0.4715 0.01 -0.02, 

0.05 0.4092 0.04 0.01, 
0.07 0.0071* 0.04 0.01, 

0.07 0.0147* 

SecretorStatus[Non-Secretor] 0.02 -0.08, 
0.13 0.6686 0.03 -0.07, 

0.14 0.544 0.06 -0.03, 
0.15 0.1694 0.04 -0.05, 

0.13 0.3722 

“Extended” predictor time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest 
and where Y represents the collection time point of the dietary explanatory variables of interest (e.g., 9mo_3mo = 9mo milk 
composition in relationship to 3mo EBF status); Maternal MUAC: 3rd trimester maternal MUAC measurement; MS: Model 

significance; B: Coefficient estimate; LB, UB: 95% CIs (Lower Bound, Upper Bound) 
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Milk IgA  

None of the multiple linear regression models were significant (P>0.05) in predicting relative abundance of 

milk IgA at any time point across the first 12 months of lactation using either real time or extended predictors. Results 

from the statistical models are detailed in Table 3.24.  
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Table 3.24. Results of multiple linear regression models examining “Real time” and “Extended” predictors of milk 
IgA across the first 12 months of lactation 

 "Real time" predictors of IgA 

Time Point 3mo  
(MS: P=0.8836) 

6mo  
(MS: P=0.5764) 

9mo  
(MS: P=0.807) 

12mo  
(MS: P=0.5201) 

Term B LB, UB P B LB, UB P B LB, UB P B LB, UB P 

Intercept 0.78 -0.01, 
1.56 0.0514 0.68 -0.06, 

1.43 0.0714 0.97 0.38, 
1.56 0.0019* 1.01 0.33, 

1.69 0.0046* 

Sex[F] -0.04 -0.12, 
0.04 0.2893 -0.05 -0.12, 

0.02 0.1919 0.01 -0.04, 
0.07 0.6601 0.02 -0.04, 

0.09 0.4518 

Maternal MUAC 0 -0.03, 
0.04 0.7713 0 -0.03, 

0.03 0.8889 0 -0.03, 
0.02 0.8266 -

0.01 
-0.04, 
0.02 0.472 

Parity -0.01 -0.05, 
0.03 0.6077 0.02 -0.01, 

0.05 0.1443 0 -0.03, 
0.02 0.9611 0.03 0,  

0.06 0.0419* 

CollectionSeason[Dry] 0 -0.08, 
0.08 0.9759 0.02 -0.06, 

0.11 0.5704 0 -0.06, 
0.06 0.9972 -

0.07 
-0.3, 
0.16 0.5298 

BirthSeason[Dry] 0.01 -0.09, 
0.1 0.9097 0.06 -0.04, 

0.17 0.2105 -0.05 -0.12, 
0.02 0.1762 0.07 -0.16, 

0.29 0.557 

EBF Status @3mo [Y] 0 -0.1,  
0.1 0.9477 - - - - - - - - - 

EBF Status @6mo[Y] - - - -0.05 -0.14, 
0.04 0.2403 - - - - - - 

SEP Score 0.02 -0.01, 
0.04 0.142 0.02 -0.01, 

0.04 0.1953 0.01 -0.01, 
0.03 0.5704 0.01 -0.02, 

0.03 0.5647 

SecretorStatus[Non-Secretor] 0 -0.08, 
0.07 0.9142 -0.02 -0.09, 

0.06 0.6358 0.01 -0.06, 
0.07 0.8256 -

0.02 
-0.09, 
0.05 0.5637 

 "Extended" predictors of IgA 

Time Point 9mo_3mo  
(MS: P=0.8053) 

9mo_6mo  
(MS: P=0.7984) 

12mo_3mo  
(MS: P=0.5590) 

12mo_6mo  
(MS: P=0.4216) 

Term B LB, UB P B LB, UB P B LB, UB P B LB, UB P 

Intercept 1.04 0.43, 
1.66 0.0015* 0.93 0.33, 

1.53 0.0035* 1.05 0.36, 
1.74 0.0038* 1.06 0.39, 

1.74 0.0029* 

Sex[F] 0.01 -0.04, 
0.07 0.6785 0.01 -0.04, 

0.06 0.7213 0.02 -0.04, 
0.08 0.5278 0.02 -0.04, 

0.08 0.5055 

Maternal MUAC 0 -0.03, 
0.02 0.7468 0 -0.02, 

0.02 0.9696 -0.01 -0.04, 
0.02 0.4338 -

0.01 
-0.04, 
0.01 0.3151 

Parity -0.03 -0.11, 
0.04 0.3841 0 -0.03, 

0.02 0.7635 0.03 0, 0.06 0.0427* 0.03 0.01, 
0.06 0.0211* 

CollectionSeason[Dry] 0 -0.03, 
0.02 0.8605 0 -0.05, 

0.06 0.9363 -0.06 -0.29, 
0.18 0.6406 -

0.07 
-0.3, 
0.16 0.5352 

BirthSeason[Dry] 0 -0.06, 
0.05 0.886 -0.06 -0.13, 

0.02 0.1269 0.06 -0.17, 
0.28 0.6222 0.08 -0.15, 

0.3 0.4969 

EBF Status @3mo [Y] -0.05 -0.12, 
0.02 0.1777 - - - -0.03 -0.12, 

0.05 0.4221 - - - 

EBF Status @6mo[Y] - - - 0.03 -0.03, 
0.09 0.3652 - - - -

0.05 
-0.11, 
0.02 0.1721 

SEP Score 0 -0.02, 
0.02 0.7269 0.01 -0.01, 

0.03 0.5411 0.01 -0.02, 
0.03 0.6565 0.01 -0.02, 

0.03 0.5766 

SecretorStatus[Non-Secretor] 0.01 -0.05, 
0.07 0.7697 0.01 -0.05, 

0.07 0.7215 -0.02 -0.1, 
0.05 0.5175 -

0.03 
-0.1, 
0.04 0.3939 

“Extended” predictor time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest 
and where Y represents the collection time point of the dietary explanatory variables of interest (e.g., 9mo_3mo = 9mo milk 
composition in relationship to 3mo EBF status); Maternal MUAC: 3rd trimester maternal MUAC measurement; MS: Model 

significance; B: Coefficient estimate; LB, UB: 95% CIs (Lower Bound, Upper Bound); P: P-value  
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Associations between milk constituents 

 Correlations between the individual milk constituents measured here were visually inspected in a correlation 

matrix. Displayed in Table 3.25 through Table 3.28. the relationships between maternal milk constituents are shown 

from 3, 6, 9, and 12 months post-partum. This investigation showed collinearity between multiple nutritional and 

bioactive milk components between the four time points. The strongest correlation was between fucosylated and 

undecorated HMO structures (R2=-0.9830), followed by lactoferrin and IgA (R2=0.9086), protein and TRP 

(R2=0.8452), sialylated and sia-fuc HMOs (R2=0.7601), and protein and sialylated HMO (R2=0.7192). The full results 

from the correlation analyses are presented as R2 values and are detailed in Table 3.25.  

 

Table 3.25. Correlation matrix of associations between maternal milk macronutrient, HMO, and HMGP composition 
(3 months post-partum) 

Fat Fat          

Protein -0.0342 Protein         

Lactose -0.4829 -0.3657 Lactose        

TRP 0.2708 0.8152 -0.3614 TRP       

Fuc -0.1771 -0.0658 0.1438 -0.1077 Fuc      

Sia 0.0310 0.4469 -0.1059 0.3894 -0.3938 Sia     

Undec 0.1726 -0.0638 -0.1321 0.0242 -0.9781 0.2168 Undec    

Sia-fuc -0.0309 0.4298 0.0741 0.1222 0.5245 -0.0114 -0.6336 Sia-fuc   

LF -0.0863 0.5327 -0.3541 0.0792 -0.0591 0.2847 -0.0332 0.3532 LF  

IgA -0.1733 0.4863 -0.2435 0.0544 -0.0523 0.3629 -0.0435 0.2710 0.8972 IgA 

R2>0.8 indicated by cell border and boldface font  
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Table 3.26. Correlation matrix of associations between maternal milk macronutrient, HMO, and HMGP composition 
(6 months post-partum) 

Fat Fat          

Protein 0.1515 Protein         

Lactose -0.3805 -0.3919 Lactose        

TRP 0.3078 0.8653 -0.5015 TRP       

Fuc 0.2029 -0.0488 -0.2259 -0.0814 Fuc      

Sia -0.0197 0.3678 -0.3795 0.4744 -0.3217 Sia     

Undec -0.2128 -0.0343 0.3271 -0.0265 -0.9822 0.1518 Undec    

Sia-fuc 0.1241 0.4018 -0.5729 0.5281 0.1968 0.5124 -0.3545 Sia-fuc   

LF 0.1104 0.2998 -0.4595 0.2774 0.1707 0.3387 -0.2618 0.5207 LF  

IgA 0.1549 0.3339 -0.6290 0.3803 0.3959 0.2586 -0.4836 0.5808 0.5893 IgA 

R2 > 0.8 indicated by cell border and boldface font. 

 

Table 3.27. Correlation matrix of associations between maternal milk macronutrient, HMO, and HMGP composition 
(9 months post-partum) 

Fat Fat          

Protein -0.1195 Protein         

Lactose -0.3444 -0.3108 Lactose        

TRP -0.1212 0.4169 -0.1376 TRP       

Fuc 0.0940 -0.2944 0.0458 -0.0801 Fuc      

Sia -0.0977 0.4204 -0.5323 0.1970 -0.4853 Sia     

Undec -0.0947 0.2514 0.0171 0.0618 -0.9944 0.3951 Undec    

Sia-fuc 0.1233 0.3723 -0.4721 0.1043 0.1355 0.5178 -0.2272 Sia-fuc   

LF 0.0075 0.1724 -0.4499 0.2792 0.2041 0.2516 -0.2545 0.5337 LF  

IgA -0.1576 0.1200 -0.3115 0.2847 0.2514 0.2043 -0.2933 0.4037 0.9398 IgA 

R2 > 0.8 indicated by cell border and boldface font.  
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Table 3.28. Correlation matrix of associations between maternal milk macronutrient, HMO, and HMGP composition 
(12 months post-partum) 

 

 

 

 

 

 

 

 

 

R2>0.8 indicated by cell border and boldface font 

Fat Fat          

Protein 0.3498 Protein         

Lactose -0.7332 -0.5102 Lactose        

TRP 0.3818 0.8392 -0.3351 TRP       

Fuc -0.3418 -0.4132 0.3352 -0.4122 Fuc      

Sia 0.3302 0.4237 -0.4341 0.3823 -0.4480 Sia     

Undec 0.3258 0.3873 -0.3086 0.3917 -0.9964 0.3734 Undec    

Sia-fuc 0.0446 0.2123 -0.1580 0.1273 0.1213 0.5516 -0.1925 Sia-fuc   

LF 0.0418 -0.0040 -0.0899 -0.1061 0.0877 0.3850 -0.1268 0.3734 LF  

IgA -0.0335 -0.0156 -0.0677 -0.0792 0.1127 0.2430 -0.1398 0.2738 0.9136 IgA 
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DISCUSSION 

 Millions of years of evolution have shaped the complex, dynamic, and highly variable composition of human 

milk to meet nutritional and immunological needs of the developing infant. Maternal milk composition between 

individuals and across the course of lactation, allowing for unique milk profiles that can meet infant immunological 

and nutritional needs. Investigations between maternal, infant, and environmental factors and maternal milk 

composition in a subset of participants from the HERO-G project are discussed below.  

 Mixed effects model analyses showed that milk collection time point was a significant predictor of milk 

composition for all constituents in this analysis except lactose and milk IgA. This indicates that lactation stage is an 

important driver of milk composition during the first 12 months of lactation, which has been previously established 

in the literature. Furthermore, this finding provides justification for constructing multiple linear models separated by 

time point, which allow for more detailed assessment of temporally influenced shifts in maternal milk profiles. 

Because the introduction of non-breast milk foods (~5mo of age in this population) is a particularly immunologically 

challenging period for offspring, individual time point assessments may show compositional shifts in maternal milk 

that mirror changes in offspring needs as it relates to dietary changes. The absence of influence of collection time 

point on lactose and milk IgA is discussed in later paragraphs. 

Besides collection time point and Subject ID, none of the explanatory variables were significant predictors 

of any of the maternal milk constituents except fat and TRP. Milk fat was significantly predicted by infant sex, with 

female offspring predicting higher milk fat relative to milk from mothers of male offspring. Studies of baboon milk 

composition report higher energy and fat content for male versus female offspring28. Research in Korean and Kenyan 

mothers found that maternal milk was higher in energy for female offspring than males441. The mechanisms driving 

sex-specific differences in milk profiles are not yet fully elucidated and require further investigations. A more detailed 

understanding of sex-specific differences in milk composition will improve our understanding of unequal parental 

investment, which may also be indicative of maternal condition. 

Of particular interest in this dissertation is the impact of seasonality in The Gambia on infant feeding, 

including maternal milk composition. Here, the only milk constituent with evidence of being influenced by seasonality 

was TRP. The mixed effects model and the multiple linear regression model at 6mo both showed that TRP was 

sensitive to seasonality, with milk collected during the dry (“harvest”) season predicting greater concentrations of 

TRP relative to milk collected during the wet (“hungry”) season. Bioactive factors in milk have been shown to be 
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seasonally influenced in other populations442. TRP in maternal milk is sourced from maternal circulation, thus the 

concentration in maternal milk may reflect a mother’s own health or immune challenges. Infant needs may also be the 

driver of milk profiles. In The Gambia, the annual rains create an environment more conducive for infection and 

illness, and they influence food availability as the majority of staple crops are in stages of growth, not ready for harvest, 

during the wet season. These pressures associated with seasonality create a context through which having greater TRP 

content in milk may be related to needs and energy availability of both mother and infant. Older studies from The 

Gambia report that little agricultural work is conducted between January to March – months which fall during the dry 

season – and reduced agricultural workloads for mothers during this period may in turn result in greater energetic 

resource availability for production of certain milk constituents, particularly those which provide offspring with 

immunological support374. 

It is important to note that 6 months was the only time point in which TRP was predicted by seasonality. This 

coincides with the period in which infants are particularly immunologically vulnerable – when non-breast milk foods 

are being introduced and when they are coming into contact with foreign substances and microbes – and when they 

are experiencing rapid growth. TRP has been shown to influence production of growth factors that are important in 

early life somatic growth and aid in development of infant immune system defenses443,444. Here, TRP concentrations 

match averages seen in other populations, though data on TRP concentrations after 6 months of age are 

limited175,354,445–449.  A significant reduction in milk protein and true protein across the first year of lactation may reflect 

a reduction of maternal investment in offspring as she transitions towards her own self-maintenance or investment in 

other reproductive events, along with supplemented infant diet by non-breast milk foods. In humans, milk protein 

concentration is not impacted by maternal diet; however, it has been shown to increase with maternal weight-for-

height and decrease in mothers producing higher volumes of milk31.  

While there was a significant impact of seasonality on milk TRP, lactoferrin and IgA were not predicted by 

season of milk production across the first 12 months of lactation. Lactoferrin and immunoglobulins are among the 

principal proteins in human milk, and play important roles beyond nutritional support. Growing evidence suggests 

that production of milk-specific immune factors is energetically costly. As such, they are a form of maternal 

investment in offspring outcomes that is subject to life history tradeoffs.  

HMGPs were not predicted by any of the explanatory variables included in the multiple linear regression or  

mixed effects models. Some previous studies have found evidence to suggest that parity, nutritional status and energy 
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expenditure are connected to the production of milk IgA, though others have not found the same link436. Miller & 

McConnell (2014) report that the lack of relationship between milk IgA and maternal nutritional status in their study 

among Ariaal women in Northern Kenya may relate to the chronic undernutrition prevalent in the population. Other 

work conducted in the area showed that severe undernutrition masked evidence of reproductive-related changes in 

nutritional status450. 

Reduction in relative abundance of milk constituents over the lactation period may reflect a shift in maternal 

investment from current offspring to either future offspring or to maternal self-maintenance. The consistent production 

of certain milk components may indicate their continued value to offspring. For example, the lack of variation in the 

abundance of maternal milk IgA across the first 12 months of lactation seen in this analysis may suggest resilient 

investment in offspring despite other physiological and environmental challenges a mother may be facing at the time. 

Studies in other populations show steep declines in milk IgA during the early months of lactation, particularly between 

3 and 6 months of age. This unique pattern – the lack of sharp decline in IgA content in Gambian maternal milk – was 

noted in Miller & McConnell (2015) in a population comparison of milk IgA. Chronic inflammation or selective 

environmental pressures on the maternal immune system may be a source of this pattern in this population. In previous 

studies in The Gambia, milk IgA production was sensitive to seasonality, with mothers producing less IgA in their 

milk during the wet season when food stores are depleted and more IgA during the dry season386. However, there was 

no difference in milk IgA based on seasonality in the present analysis. Differences between the present analysis and 

previous work in The Gambia may be attributable to differences in analytical technique. Further investigations into a 

greater variety of milk immunoglobulins in relationship to seasonality may be informative in the interpretation of the 

difference in these results. 

Little is known about the relationships between maternal nutrition during pregnancy and milk composition 

throughout lactation. Here, there was no evidence to support an influence of maternal nutritional status (as defined by 

maternal MUAC measurements) during the third trimester on milk composition. For the purposes of this dissertation, 

the use of third trimester maternal MUAC measurements serves as a general proxy of maternal condition/nutritional 

status near the start of lactation. Collecting and assessing anthropometric measurements of maternal nutritional status 

(such as MUAC) in relationship to milk composition during the course of lactation is the most common approach used 

in the literature; however, there is some evidence in the existing literature that demonstrates that second and third 

trimester MUAC measurements are adequate markers of maternal malnutrition (including both under- and 
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overnutrition)266,267. Given the available data from the HERO-G study and existing literature on the topic, maternal 

MUAC during the third trimester is an appropriate time point to use as a marker of nutritional status. Another option 

that was considered here was using delta MUAC, however, there was a strong correlation in MUAC measurements 

across pregnancy and no clear outliers on either extreme. This approach would perhaps be better suited for studies 

focusing on populations with severe under or overnutrition and/or in the presence of significant increase or decrease 

in MUAC across time points. For the purposes of this study, using MUAC at a single measurement is considered 

suitable. Finally, the third trimester is also a time period which has been shown to be a strong predictor of infant birth 

outcomes and a window in which maternal nutritional supplements have proven influential on infant birth weight236,451. 

This is relevant to subsequent Chapters investigating infant growth outcomes. 

The number of children a mother has breastfed can be used as a proxy for the number of lactation cycles she 

has experienced. The current analysis did not find any effects of parity on milk macronutrient or HMGP composition. 

Without any clear relationship between macronutrients and HMGPs and maternal parity, evidence does not support a 

shift in investment in current offspring towards future offspring as measured by these specific milk constituents. 

However, a relationship was found between parity and relative abundance of sialylated and sia-fuc HMO classes, 

which may relate to hormonally regulated processes of glycogenesis, though this area of research is still growing452. 

Lactose concentrations were not significantly associated with any of the explanatory variables included in 

the models. As the principle sugar of human milk, lactose accounts for ~40% of the energy content in milk453. It is the 

least variable milk macronutrient. Because HMOs share a common backbone of the sugar lactose, the concentration 

of this primary milk sugar is also broadly representative of the HMO classes and structures. Future studies examining 

the finer contributions of individual HMO structures (71 individual structures were quantified in the present analysis) 

will help bridge knowledge gaps between our broader understanding of the role of lactose relative to the nuanced 

contributions of unique HMO structures.  

There was unexpected variation in phenotypic Secretor status over the course of lactation in four of the 

mothers in this analysis. Specifically, the designated Secretor status varied at one time point across the first 12 months 

of lactation, whereas genotypically we would expect to see uniform designation across the lactation period. Others 

have reported similar outcomes421 where a mother’s phenotypic Secretor status shifts over time when determined by 

milk composition alone as opposed to blood group (genotype obtained by PCR). This may illustrate the degree of 

individual plasticity in milk profiles over time. Additional research is necessary to understand evolutionary 
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implications of this potential flexibility in milk phenotype and the potential mechanisms driving this variation. One 

consideration for future analyses may be to incorporate measures of infant Secretor status in addition to maternal 

status. In a study of vaccine performance in Bangladesh, maternal Secretor status significantly affected vaccine 

immunogenicity454. Though infant Secretor status was not a significant predictor of seroconversion, the effect of 

maternal status on vaccine performance was more pronounced in Secretor infants than non-Secretor infants. Shifts in 

maternal HMO profiles may be dependent, in part, upon infant immunological needs, which may be determined by 

infant’s own Secretor status. Similarly, Subject ID, used in the mixed effects models to control for intraindividual 

variation, was a significant predictor of all of the milk constituents quantified in this analysis. This finding highlights 

the natural biological variation between mother-infant dyads, which may not be adequately summarized by population 

level studies. 

Assessments of correlation showed several strong connections between concentrations/abundance of 

nutritional and bioactive components of maternal milk in the analysis subset. The strongest correlations were between 

fucosylated and undecorated HMO structures, followed by protein and TRP, and lactoferrin and IgA. Structural 

similarities between milk components likely contributes to the correlations. Certain functional aspects or mechanistic 

elements (which can also relate to structure – particularly in HMOs) of these particular milk components involve 

coordination with one another or may change in concert with one another during, for example, an immunological 

response to infection. Another possibility is that maternal production of certain milk constituents may be more 

energetically costly than others, which may drive certain nutritional and bioactive milk profiles. The finding of strong 

collinearity will be incorporated in subsequent Chapters when maternal milk composition is examined via statistical 

models in relationship to infant health and growth outcomes.  

There were limitations to this study. First, milk volumes consumed by infants were not recorded as a part of 

the HERO-G project; differences in the volume of milk production/consumption may influence effects on 

macronutrient concentrations (if they are volume-dependent)338. Evaluating true caloric intake and thereby how 

variation in milk macronutrients (or other bioactive molecules) may affect infant growth and health should be 

interpreted with this context in mind. In The Gambia, prior studies have shown that 12-hour maternal milk output 

volume steadily declines during the wet season, with milk output being lowest in August through October401,455–457. 

As such, there is a tendency for rural Gambian infants to have a reduced intake of maternal milk as subsistence 

activities increase225,299,458,459. The time between birth and 24 months of age has been described as a window of 
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opportunity to address undernutrition159,460. Thus, the available data here are still reflective of nutritional intake and 

shifts in diet during a critical period of time during human development. Additionally, evidence suggests that that milk 

IgA does not vary based on milk volume. 

Inclusion of relative abundances of individual HMO structures was beyond the scope of the analyses 

conducted in this dissertation. There is great value in a more detailed assessment of the variation in HMO structures 

within a population and over the course of lactation. Mounting evidence suggests that maternal synthesis of HMOs 

varies widely, yet we still do not fully understand the level of variation or the finer details of the underlying 

mechanisms. Future investigation showing the extent to which milk composition responds to specific environmental 

pressures may help us to understand the great interindividual variation noted in this study. In particular, examining 

individual HMO structures will be a useful supplemental analysis.  

A notable strength of this study is the longitudinal design of sample collection. This allows for a clearer 

assessment of shifts in milk composition over time and the potential drivers of these patterns in the target population 

at both the group and individual level. It also creates the ability to identify and relate events to particular exposures or 

explanatory variables, and to further characterize the exposures with regard to presence, timing, and chronicity. 

Another strength of this study is that all milk samples included in the HMO and HMGP analysis were analyzed at the 

same time in the same laboratory. Additionally, all samples selected for this analysis were from the right breast, 

allowing for additional consistency and reduced source of potential variation. It is also Muslim tradition that all feeds 

should begin with the right breast (88% of all observed feeds in one rural Gambian study started on the right breast261), 

though there is mixed evidence regarding significant between-breast differences in milk composition. 

 

CONCLUSION 

The goal of Chapter 3 was to characterize maternal milk nutrition and bioactive composition across the first 

year of lactation in a subset of individuals from the larger HERO-G cohort. Concentrations of macronutrients (fat, 

protein, lactose, and true protein) and relative abundances of human milk oligosaccharides (fucosylated, sialylated, 

undectorated, and sia-fuc HMO structures) and human milk glycoproteins (lactoferrin and IgA) were assessed. Milk 

composition aligned with results from other studies quantifying macronutrients and previous studies in this region 

quantifying HMOs and human milk glycoproteins. The statistical analyses showed numerous influential factors on 

maternal milk composition during the first 12 months of lactation. Seasonality was an important driver of maternal 
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milk TRP and protein content in PLS models, which may reflect seasonal pressures on maternal and/or infant immune 

function, as TRP and protein are macronutrients which encompass many individual immune proteins. A more detailed 

investigation of maternal agricultural workload (including details on specific agricultural task types, duration of time 

away from infant while working, etc.), and maternal diet/nutritional status at the time of milk production, could provide 

more context for interpreting these findings. Collection time point, representative of stage of lactation, also 

significantly predicted maternal milk composition. This trend has been commonly noted across virtually all human 

populations. It may relate to temporally-driven pressures on milk constituents and shifts in infant 

immunological/nutritional needs as complementary foods are being introduced. It may also relate to maternal energetic 

investment in offspring, which can shift depending on tradeoffs between current and future offspring requirements. 

 Evaluating drivers of variation in maternal milk composition is critical in understanding how shifts in 

environment or physiology may contribute to the composition of early life dietary intake and subsequent infant health 

and growth outcomes. Physiological and nutritional cues received during early life can significantly affect metabolic 

and immune defense functionality in the short- and long-term. Morbidity events such as infections, chronic 

inflammation, and intestinal permeability can impact the infant’s ability to utilize nutrients from their dietary intake, 

which can subsequently impact weight and height outcomes. Suboptimal diet in particular during early life can 

contribute to impaired innate and acquired mucosal defenses, which can ultimately increase an individual’s 

susceptibility to later-life morbidities. As explored in Chapter 2, early introduction of non-breast milk foods and early 

cessation of exclusive breastfeeding has been associated with increased intestinal permeability, an overactive immune 

system response. Maternal milk conveys valuable nutritional and immunological information to the infant. In Chapter 

4, I will assess the relationships between maternal milk composition and infant morbidity occurrence.
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CHAPTER 4. ANALYSIS OF MORBIDITY OCCURRENCE 
 
INTRODUCTION 

Maternal milk provides passive immunity to infants during early life, and ample research supports that longer 

exclusive breastfeeding duration positively impacts offspring health and development217,461,462. While the immature 

infant immune system develops, maternal milk provides passive immunity to the infant, transferring specific 

components capable of defending against infections common to the local environment and to pathogens the mother 

was exposed to over her own lifetime188,216,365. The established benefits of breastfeeding are particularly critical in 

low-income counties, where diarrheal disease and other morbidities are common and significantly increase risk of 

mortality in children under 5 years of age87,357–361. These findings contributed to the World Health Organization 

(WHO) global recommendation of exclusive breastfeeding infants to 6 months of age273.  

The weaning period can be particularly dangerous for infants due to exposure to novel foods, environments, 

and thus pathogens and contamination. Nutrition and infection during early life have complex cyclical interactions 

with lasting impacts on health and development361,463,464. Whereas early weaning can trigger chronic inflammatory 

responses which can lead to infant morbidities, longer exclusive breastfeeding duration is linked to a significant 

reduction in the prevalence of diarrheal-related diseases and respiratory infections465–467. The introduction of non-

breast milk foods requires caution because of the associated increased risk of exposure to contaminated foods or water 

containing foreign pathogens, which can greatly challenge the immature infant immune system361,468–470.  

Rates of under 5 mortality from diarrhea and pneumonia in The Gambia are high and peak during 

complementary feeding age467. Breastfeeding is a nearly universal practice in The Gambia, however, the nuanced 

effects of breastfeeding duration, the types and timing of introduction of non-breast milk foods, together with other 

individual maternal and infant characteristics, can result in variation in infant health outcomes. Evaluating the possible 

impacts of human milk intake, exclusive breastfeeding duration, and introduction of non-breast milk foods on infant 

morbidity provides a framework to examine offspring health outcomes as a result of early life nutritional 

environments.  

In this Chapter, I present an overview of research on infant morbidity in The Gambia in relationship to early 

life diet. Then I provide a descriptive analysis of infant morbidities in the first year of life in the HERO-G subsample, 

and assess the potential influence of maternal milk composition and exclusive breastfeeding duration on infant 

morbidity occurrence at 3, 6, 9, and 12 months of age. To investigate possible extended effects of early life diet on 
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health outcomes, cumulative morbidity at 9 and 12 months of age was also assessed in relationship to exclusive 

breastfeeding status and maternal milk composition at 3 and 6 months of lactation. 

 

BACKGROUND 

Infant morbidity  

Diarrheal disease is the second leading cause of death and a leading cause of undernutrition in children under 

5, most of whom are from low-income countries and most of those deaths occurring in rural areas471–473. In The 

Gambia,  a 2012 study reports that approximately 9% of deaths in children under 5 are caused by diarrheal-diseases474. 

The most recent global estimates report that sub-Saharan Africa has the highest morality rate for children under 5 

years of age of any world region, with the majority of these deaths caused by preventable or treatable morbidities, 

such as malaria, diarrhea, and pneumonia471,475. Diarrhea resultant from intestinal parasites is prevalent in rural 

Gambia, especially between 6-23 months of age, becoming more prevalent after exclusive breastfeeding cessation476.  

Bacterial overgrowth in the small intestine is associated with growth faltering, and has been reported in high 

rates in children from low-income populations around the world477,478. Environmental enteropathy (EE), a condition 

that leads to chronic inflammation in the gastrointestinal tract477,478, is characterized pathologically by villous blunting, 

which likely reduces the surface area of the mature absorptive intestinal epithelial cells78. This damage can increase 

intestinal permeability, allowing large macromolecules translocate into circulation, and can also reduce the 

concentrations of important digestive enzymes. Despite these hallmark issues associated with EE, individuals with 

this condition are often seemingly asymptomatic, rarely presenting overt intestinal symptoms479.  

Intestinal damage documented in a study of a rural Gambian population began around 6 months of age, 

coinciding with the timing of introduction of home-prepared complementary foods. Jejunal biopsies performed on 

Gambian children revealed a variety of pathologies; some had normal intestinal architecture while others had flattened 

villi, and most specimens had crypt hypertrophy and high concentrations of lymphocytes479. In The Gambia, previous 

work has identified persistent and chronic damage to the gut, increasing intestinal permeability, which is associated 

with poor growth outcomes61,69,478,480. Specifically, up to 64% of observed height and weight faltering of rural Gambian 

infants could be explained by increased intestinal permeability via impaired small intestinal mucosal function69,481. 

This evidence, suggestive of a pro-inflammatory state, may reflect an advantage to remaining in a hyperimmune state: 

constant or frequent repeated infiltration of pathogens occurring in the gut may require structural and immunological 
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changes in the intestines in order to survive under the severe physiological pressures of this local environment. The 

benefits of this state of chronic immune activation may outweigh the costs. 

In addition to gastrointestinal diseases, respiratory tract infections also significantly contribute to infant 

weight faltering482. The most common infections in rural Gambian infants between birth and 6 months of age are 

respiratory infections (prevalence: 30.8%). Rowland et al. (1988) report that lower respiratory tract infections (LRTI) 

had a greater negative impact per day on weight gain than diarrhea in Gambian children. LRTI prevalence had seasonal 

variation in this region, with greater impacts on weight gain from August to October. Recent studies show that 

Gambian newborns are rapidly colonized by pneumonia-causing bacteria during the first month of life483–485. 

Relative to non-breastfed and those exclusively breastfed for less than the WHO recommended 6 months of 

age321, infants who are exclusively breastfed to or beyond 6 months of age have lower risk of morbidity and mortality, 

particularly those related to gastrointestinal infections, which are commonplace in the rural, sub-tropical Gambian 

setting. Evidence shows that Gambian infants experience extreme disease burden and suffer from high rates of 

morbidity, with the severity particularly apparent during the wet season, when infant mortality rates increase by 10-

fold216,486–490. Those born in the wet season are at much greater earlier risk of mortality due to infection than those 

born in the dry season, with these effects noted beginning in late adolescence and early adulthood216,280,490–493. Research 

has even described the region’s environmental conditions as placing the “experiment of nature” on The Gambia’s 

population126.  

Incidences of infections, including malaria, pneumonia, and diarrhea, increase during the rainy season, and 

birth during the wet season is correlated with higher risk of earlier mortality from infectious diseases during young 

adulthood in this region216,280,490–493. These findings have been corroborated elsewhere in West Africa189, and authors 

suggest that rainfall has a negative impact on survival through the reduction in breastfeeding or premature weaning 

during times of increased agricultural workload. An immunological insult during early life, linked to birth season, was 

hypothesized to disrupt immune responses to certain infectious diseases later in life in the West Kiang region. A study 

in this region found significant seasonal variation of markers of immune response (T cells, B cells, mucosal barrier 

mechanisms and secretions), though no consistent link between birth season and immune function in rural Gambian 

children (aged 6.5-9.5 years of age) was detected494. Authors suggest, however, that individuals born during or shortly 

after the wet season may be impaired during early life, resulting in a lower functional reserve that creates earlier 

susceptibility. The defect may also relate to immunological memory (acquired immune system) rather than earlier 
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immune response494. Over the last four decades, the incidence of diarrhea, malaria, and bronchiolitis decreased by 

80% in those under 1 year of age in The Gambia327; however, incidence of pneumonia has increased over time.  

As previously described, the rural Gambian environment also creates a setting with high food insecurity. 

Suboptimal dietary intake can result in a myriad of adverse health consequences, including increasing susceptibility 

to infection. This connection can fall into a cycle that can result in growth stunting73,126,495. Moore (2016) reports that 

The Gambia’s strong seasonality creates a setting in which month of birth is a strong proxy of nutrition, infectious 

diseases, and mortality in early life. This tight relationship may suggest that early life nutrition-related or unrelated 

infections may permanently damage components of human immune function in these populations216. Over 5 decades 

of consistent collection of demographic, morbidity, and mortality data (along with many others) in this region show 

that the majority of deaths with documented causes were linked to infectious etiology216,491. Moore et al. (2006) explain 

that long-term effects on immune programming in these Gambian populations likely have a nutritional-origin.  

 

Maternal milk and infant immune function 

Immune programming is also likely shaped by bioactive factors in mother’s milk, concentrations of which 

have been shown to be seasonally influenced280,334,406,437,496. The mixed effects model and multiple linear regression 

model analyses reported in Chapter 3 did not show a significant seasonal effect on relative abundances of milk 

lactoferrin or IgA. Other studies in West Kiang populations found that milk IgA increased during the wet season, 

suggesting possible environmental pressures on immune system defenses that become evident in maternal milk 

composition178,406. TRP content was influenced by environmental conditions in the milk analysis subset of HERO-G 

mothers (see Chapter 3), with higher concentrations observed in milk produced during the dry season. This may reflect 

shifts in maternal energetic resources during periods of food insecurity and increased disease burden. 

The present analysis found no apparent influence of seasonality on the relative abundance of sialylated, 

undecorated, or sia-fuc HMO classes. However, milk produced during the dry season significantly predicted lower 

relative abundance of fucosylated HMO. Davis et al. (2017) found evidence that mothers nursing during the wet season 

produced significantly lower abundances of total HMO relative to those breastfeeding during the dry season. These 

results both indicate a seasonal impact, though the directionality cannot be directly compared as total HMO includes 

abundance of all HMO classes and fucosylated HMO represents a single class. Evidence from other studies suggests 

that increased total HMO specifically is associated with infant health outcomes. Milk true protein was particularly 
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sensitive to environmental conditions (see Chapter 3), perhaps reflecting shifts in maternal energetic resources during 

periods of food insecurity and increased disease burden.  

 

Secretor status and infant health outcomes 

 Lewis et al. (2015) report that infants breastfed by non-Secretor mothers experience a delay in bifidobacteria 

colonization497. Bifidobacterium species are uniquely equipped to consume HMOs in maternal milk, and there is 

evidence that they are uniquely beneficial to infant health and development in numerous ways191,498–502. HMO 

composition, determined largely by maternal genetics (Secretor status), plays a critical role in shaping the infant gut 

microbiota503. This influence persists beyond the breastfeeding period. In fact, maternal Secretor status has an observed 

impact on gut microbiota at 2 to 3 years of age in those exclusively breastfed to at least 4 months of age503. 

Additionally, maternal Secretor status significantly affected Rotavirus vaccination performance in a cohort of 

Bangladeshi infants454. This effect was more apparent in Secretor compared to non-Secretor infants, suggesting that 

the combination of mother-infant Secretor statuses may be important in determining health outcomes. 

 

Socioeconomic position and infant health 

 In low-income countries, populations living in high socioeconomic position (SEP) are more likely to have 

access to adequate health care with care standards comparable to those in high-income countries125. Thus, populations 

most likely to face barriers in access to health and nutrition interventions or other resources are those in resource-poor 

settings, such as those in rural Gambia. 

Household crowding (>1 person per room in a household dwelling) is a risk factor in a variety of infectious 

diseases. In the Greater Banjul and Upper River region of The Gambia, strong evidence suggests an association 

between bed-sharing with someone with a cough and severe and non-severe pneumonia504. In Chapter 2, an assessment 

of household SEP in the HERO-G subsample showed that 87.3% of study participants lived in crowded households 

and many (61.4%) were of low SEP status (see Chapter 2 for methodology and questionnaire results). The calculation 

used to assess household SEP takes multiple variables into consideration at once, which is more appropriate here than 

using variables such as maternal education or livestock ownership – common factors incorporated into wealth or asset 

score measurements – as single predictor variables.  
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The Medical Research Council (MRC) has made considerable investments in healthcare and nutrition-related 

infrastructure in their core study villages in the rural region of the West Kiang; In the core study villages in the rural 

region of the West Kiang, communities have access to ante- and postnatal care, primary health care clinics, all children 

are vaccinated and receive many WHO recommended health interventions (e.g., vitamin A and mebendazole), growth 

monitoring during early life, treatment for severely malnourished children, among many other resources. Records 

show that around 1,500 patients are seen at the MRC Keneba field station clinic annually246. Clean piping for water 

supply has been installed in all compounds, which prevents health issues related to contaminated water. Universal 

primary education is free in these communities, with enrollment around 97%. The robust resource investments and 

continued individual and community-level healthcare creates a unique context, as government-implementation of such 

efforts throughout low-income countries is challenging due to required associated costs.  

 

RESEARCH AIMS 

Aims 

In this Chapter, I detail the occurrences of infant morbidity in the HERO-G subsample during the first 12 

months of life in order to: 1) characterize early life health status in this subsample; and 2) assess possible effects of 

infant diet on morbidity during infancy and early childhood. Specifically, I investigate relationships between number 

of infant morbidity occurrences, maternal milk composition (macronutrients, HMOs, HMGPs), and exclusive 

breastfeeding duration, taking into consideration the potential influences of demographic (household SEP) maternal 

(parity, Secretor status), infant (sex) and environmental factors (birth season) at 3, 6, 9, and 12 months of age. To 

investigate possible extended effects of early life diet on health outcomes, cumulative infant morbidity at 9 and 12 

months of age were assessed in relationship to exclusive breastfeeding status and maternal milk composition at 3 and 

6 months of age. 

 

METHODS 

Sample size 

The HERO-G subsample (N=194) (infants who were designated exclusive breastfeeding durations and 

characterized in Chapter 2) was utilized for the present analysis of relationships between diet and morbidity 

occurrence.  
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Infant feeding practices  

Dietary questionnaires regarding infant feeding were administered to mothers by trained field workers every 

10 days starting at one week of infant age until 12 months of infant age. Infant feeding practice was defined by 

exclusive breastfeeding status at 6 months of age, based on the WHO recommended exclusive breastfeeding duration 

of 6 months of age321. Infants were categorized as either ‘EBF <6mo’ (provision of breast milk and non-breast milk 

foods/liquids before 6mo) or ‘EBF ≥6mo’ (provision of breast milk only until 6 months or later)264,322. Additional 

details regarding infant dietary questionnaire methodology can be found in Chapter 2. 

 

Maternal milk composition 

 Concentrations of four macronutrients (fat, protein, lactose, true protein) and the relative abundances of four 

human milk oligosaccharide classes (fucosylated, sialylated, undecorated, sialylated and fucosylated [sia-fuc]) and 

two human milk glycoproteins (lactoferrin, IgA) were analyzed in milk collected from a subset of 50 mothers in the 

larger HERO-G cohort at 3, 6, 9, and 12 months of lactation following the methodologies described in Chapter 3. 

Briefly, mid-infrared technology was used to measure concentrations of the four milk macronutrients, and mass 

spectrometry was implemented to quantify the relative abundances of the four HMO classes and the two HMGPs. 

Milk intake volumes were not measured in the HERO-G study. 

 

Infant morbidity data 

Infant morbidities were diagnosed and recorded by clinicians at the MRC Keneba field station at scheduled 

clinic visits at 3, 6, 9, 12, 18, and 24 months of age, plus non-scheduled visits (caregivers sought and were provided 

MRC clinical evaluation and treatment for infant morbidity as needed). This dissertation focuses its primary analysis 

on cumulative morbidity occurrences reported at 3, 6, 9, and 12 months age. Infant morbidity diagnoses were sorted 

into umbrella categories based on etiology. The categories include: dermatological, ear, gastrointestinal (GI), 

hematological, nutritional, ophthalmological, oral, respiratory, and urinary. Diagnoses included under each category 

are detailed in Appendix Table A.6. Cumulative morbidity (defined here as the total number of morbidity occurrences 

documented at either scheduled or non-scheduled clinic visits within a specified time period) was incorporated as a 

continuous variable in the analyses.  
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Distance to MRC clinic 

Proximity of living area to the MRC clinic has been shown to influence health-seeking behavior505. Because 

the present analysis of cumulative morbidity occurrence includes both scheduled and unscheduled clinic visits, 

relationships between village type/distance to clinic and morbidity occurrence were examined to determine potential 

influences of proximity to the clinic. Linear regressions were constructed to assess these relationships.  

 

Socioeconomic position 

Fieldworkers administered a socioeconomic questionnaire during the booking visit for the HERO-G study. 

Mothers were asked to provide information regarding sociodemographic variables (maternal education attainment), 

household characteristics (crowding index [number of persons per room within a dwelling], material of dwelling walls 

and floor), and durable assets (livestock ownership, possession of a cart). Questionnaire responses describing 

sociodemographic characteristics, household characteristics, and durable assets were used to generate an asset score 

using Principal Component Analysis (PCA). Complete details on the socioeconomic position (SEP) calculation and 

categorization are provided in Chapter 2. 

 

Statistical analysis  

 Descriptive statistics were calculated for overall morbidity occurrences during the first 12 months of life and 

stratified by age (3, 6, 9, and 12 months). The dietary variables (milk composition and EBF status) at the 3 and 6 

month time points – which fall within the period of time where maternal milk is the predominant or sole food in the 

infant diet in this population – were also evaluated for both “real time” effects and possible “extended” effects of early 

life nutritional environment infant health outcomes at 9 and 12 months of age. Here, “real time” effects are assessed 

using dietary conditions (milk composition and EBF status) at output time point in relationship to health outcomes at 

that same time point (e.g., milk composition at 3 months of lactation and EBF status at 3 months of age in PLS 

regression assessing infant morbidity occurrence at 3 months of age). “Extended” effects are assessed using dietary 

conditions (milk composition and EBF status) at earlier time points in relationship to health outcomes at later output 

time point (e.g., milk composition at 3 months of lactation and EBF status at 3 months of age in PLS regression 

assessing morbidity occurrence at 12 months of age). 
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 Partial Least Squares (PLS) regression models were constructed to identify maternal, infant, 

sociodemographic, and environmental factors associated with infant health outcomes. Individual PLS regression 

models were used to examine both “real time” effects and “extended” effects of early life diet on infant health 

outcomes. PLS is a regression, classification, dimension reduction technique that has the ability to model relations 

between sets of observed variables by means of latent variables506–508.  First described by Wold (1966), PLS works by 

fitting linear models based on linear combinations, called factors, of the explanatory variables (Xs)506. These factors 

are constructed in a way that attempts to maximize the covariance between the Xs and the response(s) (Ys). In this 

way, PLS utilizes the correlations between the Xs and Ys to reveal underlying latent structures. The factors can address 

the goals of explaining response variation and predictor variation. PLS performs well in situations such as the 

following, where the use of ordinary least squares or classic linear modeling does not produce satisfactory results: 1) 

where there are more X variables than observations; 2) where there are highly correlated X variables; 3) where there 

are a large number of X variables; and 4) several Y variables and many X variables506. Factors that explain response 

variation provide good predictive models for new responses, and factors that explain predictor variation are well 

represented by the observed values of the predictors.   

In Chapter 3, maternal milk nutritional and bioactive factors showed some strong correlations (R2>0.8) with 

each other across the lactation period. Multicollinearity reduces the precision of the estimated coefficients, which 

weakens the overall statistical power of a multiple linear regression. One strategy is to reduce the full model by 

“dropping” one of the highly correlated variables based on the nature of the relationships and evidence from existing 

literature. However, reducing a model in this way may overlook effects of the explanatory variables that were 

removed. Because this dissertation aims to provide a comprehensive evaluation of the role of all dietary factors 

quantified (milk macronutrients, HMOs, HMGPs, and infant exclusive breastfeeding duration), removing certain milk 

constituents from the models may obscure the results. Additionally, the small sample sizes from the milk composition 

analysis, particularly at the 3 month collection time point, would result in a greater number of explanatory (X) 

variables than observations. In this context, PLS regression modeling is a better fit to investigate the research questions 

in the following Chapters of the dissertation.  

Validation Normalization of the observations (values of both X and Y variables) was achieved using mean 

centering and unit variance scaling. Predictors and the responses are centered and scaled to have mean 0 and standard 

deviation 1 by default. Centering the predictors and the responses ensures that the criterion for choosing successive 
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factors is based on how much variation they explain (in either the predictors, responses, or both)508. Without centering, 

both the mean variable value and the variation around that mean are involved in selecting factors. Scaling places all 

predictors and responses on an equal levels relative to their variation in the dataset. Validation of the PLS model was 

performed using 10-fold cross-validation. The number of factors, with factor being defined as the combination of 

explanatory variables, are presented in the Results section of this Chapter. The percentage of variation explained for 

cumulative Y (% of variation in output variable explained by the factor) indicates how well the explanatory variables 

can predict the output, and, alternatively the percentage of variation explained for cumulative X (% of variation in 

explanatory variables explained by the output variable) indicates how well the explanatory variables are predicted by 

the output variable. Both of these percentages are presented in the Results section of this Chapter, though emphasis is 

placed on the importance of the percentage of variation explained for cumulative Y. Results of PLS regression models 

were also assessed and interpreted using the prediction error sum of squares (PRESS) and the Variable Importance of 

the Projection (VIP) statistic.  

PRESS measures the predictive power of the model, providing information about the significance of the 

component (a component is considered significant when PRESS/Residual sum of squares < 1)507,508. Specifically, 

PRESS measures deviation between the fitted values and the observed values; it is similar to the sum of squares of the 

residual error (SSE), which is the summation of the squared residuals. However, PRESS uses a different calculation 

for the residuals. The formula used to calculate PRESS is equivalent to a process of systematically removing each 

observation from the data set, estimating the regression equation, and determining how well the model predicts the 

removed observation. An optimum number of factors is identified using the minimum Root Mean PRESS statistic. 

Generally, the smaller the PRESS value, the better the model's predictive ability. The model with minimum root mean 

PRESS has the optimal number of factors. The VIP statistic is a weighted sum of squares and it measures a predictor’s 

contribution to characterizing factors used in the PLS model or in defining the projection506,507. Cut-off values for the 

VIP vary throughout the literature, but there is some consensus that VIP values >1.0 indicate predictors that are 

“important,” or most relevant to explaining the dependent variable508.    

Results sections of PLS regression model results include presentation of: (1) number of PLS regression 

factors, with factor being defined as the combination of explanatory variables; (2) description of the percentage of 

variation explained for cumulative Y and the percentage of variation explained for cumulative X; (3) assessment of 

PRESS and the VIP statistic.  
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Explanatory variables included the PLS regression models included: concentration of macronutrients (g/dL) 

(fat, protein, lactose, true protein), relative abundances (%) of HMO classes (fucosylated, sialylated, undecorated, and 

sia-fuc), abundance of HMGPs (lactoferrin, IgA), and EBF duration, and all models were adjusted for infant sex, birth 

season, maternal parity, SEP score (see Chapter 2 for calculation details), maternal Secretor status, and maternal 

MUAC during the third trimester of pregnancy. The explanatory and outcome variables included in each PLS 

regression model are presented in Tables 4.1-4.2. Mixed effects models were constructed as a comparison of statistical 

approaches for assessment of potential predictors of health outcomes during first year of life. The mixed effects models 

incorporated all of the same explanatory variables as the PLS regression, with the exception of the relative abundance 

of undecorated HMO, which was dropped due to its high collinearity with fucosylated HMO (see Chapter 2 Results). 

Additionally, Subject ID was incorporated into the mixed effects model to control for repeated measurements, and 

collection time point was included to account for variation in lactation stage. Significant associations identified in the 

mixed effects models were summarized using the beta regression coefficients (B), 95% confidence intervals (CI), and 

P-values. The level of statistical significance was set to P < 0.05 for all analyses. All statistical analyses were 

conducted using JMP Pro 15.0 statistical software (©2019 SAS Institute, Inc.).   
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Table 4.1. PLS regression explanatory and outcome variables assessing potential “real time” effects of diet (EBF 
status and maternal milk composition) on cumulative infant morbidity at 3, 6, 9, and 12 months of age 

Outcome variables Explanatory variables 

Cumulative infant 
morbidity at 3mo of 

age 

● Infant sex (F/M) 
● Infant birth season (Wet/Dry) 
● Socioeconomic position (SEP score; continuous) 
● Maternal parity (continuous) 
● EBF status at 3mo (Yes/No) 
● Maternal Secretor status (Secretor/Non-Secretor) 
● Maternal MUACa (continuous) 
● Maternal milk composition at 3mo (Macronutrients, HMOs, HMGPs) 

Cumulative infant 
morbidity at 6mo of 

age 

● Infant sex (F/M) 
● Infant birth season (Wet/Dry) 
● Socioeconomic position (SEP score; continuous) 
● Maternal parity (continuous) 
● EBF status at 6mo (Yes/No) 
● Maternal Secretor status (Secretor/Non-Secretor) 
● Maternal MUACa (continuous) 
● Maternal milk composition at 6mo (Macronutrients, HMOs, HMGPs) 

Cumulative infant 
morbidity at 9mo of 

age 

● Infant sex (F/M) 
● Infant birth season (Wet/Dry) 
● Socioeconomic position (SEP score; continuous) 
● Maternal parity (continuous) 
● Maternal Secretor status (Secretor/Non-Secretor) 
● Maternal MUACa (continuous) 
● Maternal milk composition at 9mo (Macronutrients, HMOs, HMGPs) 

Cumulative infant 
morbidity at 12mo 

of age 

● Infant sex (F/M) 
● Infant birth season (Wet/Dry) 
● Socioeconomic position (SEP score; continuous) 
● Maternal parity (continuous) 
● Maternal Secretor status (Secretor/Non-Secretor) 
● Maternal MUACa (continuous) 
● Maternal milk composition at 12mo (Macronutrients, HMOs, HMGPs) 

aMaternal MUAC measurements were collected at 36 weeks of gestation  
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Table 4.2. PLS regression explanatory and outcome variables assessing potential “extended” effects of diet (EBF 
status and maternal milk composition) at 3 and 6 months on cumulative infant morbidity at 9 and 12 months of age 

Outcome variables Explanatory variables 

Cumulative infant 
morbidity at 9mo of age 
(3mo dietary variables) 

● Infant sex (F/M) 
● Infant birth season (Wet/Dry) 
● Socioeconomic position (SEP score; continuous) 
● Maternal parity (continuous) 
● EBF status at 3mo (Yes/No) 
● Maternal Secretor status (Secretor/Non-Secretor) 
● Maternal MUACa (continuous) 
● Maternal milk composition at 3mo (Macronutrients, HMOs, HMGPs) 

Cumulative infant 
morbidity at 9mo of age 
(6mo dietary variables) 

● Infant sex (F/M) 
● Infant birth season (Wet/Dry) 
● Socioeconomic position (SEP score; continuous) 
● Maternal parity (continuous) 
● EBF status at 6mo (Yes/No) 
● Maternal Secretor status (Secretor/Non-Secretor) 
● Maternal MUACa (continuous) 
● Maternal milk composition at 6mo (Macronutrients, HMOs, HMGPs) 

Cumulative infant 
morbidity at 12mo of age 
(3mo dietary variables) 

● Infant sex (F/M) 
● Infant birth season (Wet/Dry) 
● Socioeconomic position (SEP score; continuous) 
● Maternal parity (continuous) 
● EBF status at 3mo (Yes/No) 
● Maternal Secretor status (Secretor/Non-Secretor) 
● Maternal MUACa (continuous) 
● Maternal milk composition at 3mo (Macronutrients, HMOs, HMGPs) 

Cumulative infant 
morbidity at 12mo of age 
(6mo dietary variables) 

● Infant sex (F/M) 
● Infant birth season (Wet/Dry) 
● Socioeconomic position (SEP score; continuous) 
● Maternal parity (continuous) 
● EBF status at 6mo (Yes/No) 
● Maternal Secretor status (Secretor/Non-Secretor) 
● Maternal MUACa (continuous) 
● Maternal milk composition at 6mo (Macronutrients, HMOs, HMGPs) 

aMaternal MUAC measurements were collected at 36 weeks of gestation   
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Table 4.3. Response and explanatory variables investigated in mixed effects model 

Outcome variable* Explanatory variable 

Cumulative infant 
morbidity  

 

Fixed 
● Maternal MUACa (continuous) 
● Infant sex (F/M) 
● Season of milk collection (wet/dry) 
● Infant season of birth (wet/dry) 
● Socioeconomic position (SEP score) 
● Parity (continuous) 
● EBF duration (months) 
● Collection time point (3, 6, 9, 12mo) 

 
Random 
● Subject ID 

aMaternal MUAC measurements were collected at 36 weeks of gestation   
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RESULTS 

Maternal and infant characteristics 

A total of 194 maternal-infant pairs were included in the analysis, with a mean (±SD) maternal age of 32.0 

(±6.9) years. Of the 194 infants, there were a total of 103 male and 91 female infants, with 145 born during the dry 

(“harvest”) season and 49 born during the wet (“hungry”) season. Average age at introduction of non-breast milk 

foods was 5.0 (±1.5) months, with 59 (30.4%) infants EBF ≥6mo and 135 (69.6%) of infants EBF <6mo.  

 

Infant feeding 

The mean (±SD) age for introducing any food or liquid other than breast milk was 5.0 (±1.5) months with 

135 (69.6%) of infants EBF <6mo and 59 (30.4%) infants EBF ≥6mo. Additional details regarding infant feeding 

practices in this subsample are described in Chapter 2. 

 

Subsample morbidity profiles 

A total of 1,579 morbidities were documented across the first 12 months of life in this subsample (N=194). 

At 6 months of age, infants EBF <6mo (the threshold for categorization of EBF duration; N=135) experienced 670 

morbidity occurrences (mean: 5.36 ±3.2) compared to the 193 cumulative events (mean: 3.57, ±2.3) experienced by 

infants EBF ≥6 months (N=59) (Table 4.4). By 12 months of age, the number of morbidity occurrences increased to 

1,191 (mean: 8.95, ±4.8) in infants EBF <6mo and 388 (mean: 6.69, ±3.6) in infants EBF ≥6mo. The average number 

of morbidity occurrences was significantly higher at 3 (P=0.0029), 6 (P=0.0002), 9 (P=0.0021), and 12 (P=0.0018) 

months of age for infants EBF <6mo compared to infants EBF ≥6 months. Figure 4.1 depicts a comparison of 

morbidity occurrence between infants EBF 6mo (N=135) and ≥6mo (N=59) at 3, 6, 9, and 12 months of age. 

Appendix Table A.7 details morbidity occurrence distributions in the milk analysis subset.   
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Table 4.4. Cumulative morbidity at 3, 6, 9 and 12mo of life according to sex, birth season, parity, and  EBF duration 
Age 
(mo) Value 

Female 
(N=91) 

Male 
(N=103) 

Dry 
(N=145) 

Wet 
(N=49) 

Multiparous 
(N=177) 

Primiparous 
(N=17) 

EBF <6mo 
(N=135) 

EBF ≥6mo 
(N=59) 

3 

Mean 2.97 3.20 2.74 4.11 2.97 4.31* 3.50** 2.13 
SD 2.27 2.64 2.21 2.89 2.48 2.06 2.70 1.42 
N (infants) 72 76 110 38 135 13 103 45 
Sum 
(morbidity) 214 243 301 156 401 56 361 96 

6 

Mean 4.61 5.01 4.62 5.48 4.64 6.80* 5.36** 3.57 

SD 2.54 3.48 2.89 3.58 2.92 4.04 3.22 2.26 

N (infants) 84 95 137 42 164 15 125 54 
Sum 
(morbidity) 387 476 633 230 761 102 670 193 

9 

Mean 6.61 7.01 6.82 6.83 6.61 9.33* 7.41** 5.51 

SD 3.27 4.42 3.84 4.21 3.81 4.48 4.11 3.11 

N (infants) 88 100 142 46 173 15 130 58 
Sum 
(morbidity) 582 701 966 314 1143 140 963 320 

12 

Mean 8.04 8.46 8.09 8.79 8.10 10.13 8.95** 6.69 

SD 3.88 5.12 4.44 4.97 4.50 5.14 4.81 3.56 

N (infants) 89 102 143 48 175 16 133 58 
Sum 
(morbidity) 716 863 1157 422 1417 162 1191 388 

*P<0.05; **P<0.01; A variable with a significant difference (indicated by boldface font and p-value<0.05 or 0.01) 
indicates a significantly greater number of morbidity occurrences relative to its comparative group (e.g., a boldface 

p-value in the EBF <6mo column indicates that infants EBF <6mo experienced significantly more morbidity 
occurrences compared to infants EBF ≥6mo). 
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Figure 4.1. Comparison of morbidity occurrence between infants EBF <6mo (N=135) and ≥6mo (N=59) at 3, 6, 9, 
and 12 months of age  

Data presented as N (sum) [N: number of infants with any reported morbidity; sum: total number of morbidity 
reports by respective time point]; *P<0.05; **P<0.01 

 

Of the total morbidity reports documented over the first 12 months of life, the most commonly occurring 

morbidities were of respiratory (57.4%), dermatological (21.2%), and gastrointestinal (10.2%) origin. There was no 

significant difference between occurrence of specific morbidity types based on infant birth season, sex, or EBF 

duration (Table 4.5). Additionally, there were no significant differences in infant morbidity occurrence based on 

village proximity to the MRC clinic at 3, 6, or 9 months of age (P>0.05). However, there was a significant inverse 

relationship between total morbidity occurrences and distance to clinic at 12 months of age (P=0.0089). As such, 
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distance to clinic will be incorporated as a random variable in the mixed effects model, which assesses morbidity 

across the entire first year of life. 

 

Table 4.5. Summary statistics of reported infant morbidities between birth and 12 months of age according to infant 
sex, season of birth, and feeding practice 

Morbidity Type Total # 
of 

reports 

Sex Birth Season EBF Duration 
F 

(N=91) 
M 

(N=103) 
Dry 

(N=130) 
Wet 

(N=64) 
<6mo 

(N=135) 
≥6mo 
(N=59) 

Dermatological 516 249 267 384 132 379 137 
Ear 37 14 23 27 10 24 13 

GI 248 125 123 185 63 163 85 

Respiratory 1401 614 787 1031 370 1086 315 

Nutritional 10 1 9 3 7 5 5 

Ophthalmological 79 34 45 54 25 55 24 

Hematological 60 22 38 39 21 43 17 

Oral 65 27 38 52 13 35 30 

Urinary 26 17 9 20 6 19 7 
Total 2442 1103 1339 1795 647 1809* 633 

*P<0.05; A variable with a significant difference (indicated by boldface font and p-value<0.05 or 0.01) indicates a significantly 
greater number of morbidity occurrences relative to its comparative group (e.g., a boldface p-value in the EBF <6mo column 

indicates that infants EBF <6mo experienced significantly more morbidity occurrences compared to infants EBF ≥6mo). 
 

PLS regression results (predictors of cumulative morbidity) 

Health outcomes at 3 months of age 

 In the PLS regression for the 3 month time point, the minimum root PRESS, the measure of the predictive 

power of the model, was 0.9812, which is considered significant, and the minimizing number of factors was 1. The 

percent variation explained for cumulative X was 40.6% and the percent variation explained for cumulative Y was 

79.1%. The 1-component model showed 5 influential variables (VIP > 1.0) on infant morbidity occurrence at 3 months 

of age.   

 Exclusive breastfeeding status at 3 months of age had the strongest influence on infant morbidity occurrence 

at 3 months of age (VIP: 2.0186). Infants no longer EBF at 3 months of age were predicted to experience a greater 

number of cumulative morbidity occurrences relative to those still EBF at that time (B: 0.2084 morbidity occurrences). 

Birth season also influenced morbidity occurrence; being born during the wet (“hungry”) season predicted a greater 

number of cumulative infant morbidities by 3 months of age relative to those born in the dry (“harvest”) season (VIP: 
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1.7131; B: 0.1768 morbidity occurrences). Greater parity had a positive correlation with morbidity occurrence at 3 

months, with higher parity predicting a greater number of morbidities by 0.1409 morbidity occurrences (VIP: 1.3652). 

Milk HMO composition was also associated with infant morbidity occurrence, with greater relative abundance of the 

fucosylated HMO class structures predicting fewer morbidities (VIP: 1.979; B: -0.1340 morbidity occurrences) and 

greater relative abundance of undecorated HMO class structures predicting a greater number of morbidities (VIP: 

1.0886; B: 0.1124 morbidity occurrences). None of the other variables included in the PLS regression were influential.  

 

Health outcomes at 6 months of age  

 In the PLS regression for the 6 month time point, the minimum root PRESS was 0.9920, which is considered 

significant, and the minimizing number of factors was 1. The percent of variation explained for cumulative and Y was 

52.0% and 70.4%, respectively. The 1-component model showed 6 influential variables (VIP > 1.0) on infant 

morbidity occurrence at 6 months of age.   

Lactose content had the strongest influence on infant morbidity, with greater concentrations of lactose 

associated with fewer morbidity occurrences (VIP: 1.9913; B: -0.1286 morbidity occurrences). Next, relative 

abundance of milk IgA expressed at 6 months of lactation had a strong relationship with infant morbidity occurrence, 

with greater IgA having a positive relationship with morbidity (VIP: 1.4676; B: 0.0948 morbidity occurrences). 

Relative abundance of sia-fuc HMO class had a positive relationship with infant morbidities (VIP: 1.3521; B: 0.0873 

morbidity occurrences). TRP content had a positive association with infant morbidity occurrence at 6 months (VIP: 

1.3181; B: 0.0851 morbidity occurrences). EBF at 6 months was associated with fewer morbidities (VIP: 1.0789; -

0.0697). Greater parity was associated with a greater number of infant morbidities by 0.0713 morbidity occurrences 

(VIP: 1.1039). None of the other variables were considered influential in the PLS regression. 

 

Health outcomes at 9 months of age 

“Real time” effects 

In the PLS regression for the 9 month time point, the minimum root PRESS was 0.9975, which is considered 

significant, and the minimizing number of factors was 1. The percent of variation explained for cumulative and Y was 

41.5% and 51.8%, respectively. The 1-component model showed 7 influential variables (VIP > 1.0) on infant 

morbidity occurrence at 9 months of age.   
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Higher maternal parity had the strongest influence on was positively associated with infant morbidity 

occurrence (VIP: 1.9457; B: 0.1722). Maternal nutrition during pregnancy also had a positive relationship with 

morbidity occurrence, with higher MUAC during the 3rd trimester linked with higher morbidity occurrences by 0.0989 

morbidities (VIP: 1.1181). Greater relative abundance of fucosylated HMO had a negative relationship with infant 

morbidity occurrence (VIP: 1.7403; B: -0.1540), but a positive relationship with sialylated (VIP: 1.1782; B: 0.1042) 

and undecorated (VIP: 1.6971; B: 0.1502). Protein content was also important in predicting infant morbidity, with 

greater protein content positive associated with infant morbidity occurrence by 0.0908 morbidity occurrences (VIP: 

1.0267). Lactose had a negative influence on morbidity, with greater lactose content predicting fewer infant morbidity 

occurrences (VIP: 1.1892; B: -0.1052). None of the other variables were considered influential in the PLS regression. 

 

“Extended” effects of dietary variables at 3 months of age 

PLS regression incorporating milk composition and infant EBF status at 3 months of age to assess their 

relationships to infant health outcomes at 9 months of age had a minimum root PRESS was 0.9767 and the minimizing 

number of factors was 2. The percent of variation explained for cumulative and Y was 25.1% and 47.3%, respectively. 

The 1-component model showed 5 influential variables (VIP > 1.0) on infant morbidity occurrence at 9 months of 

age.   

Maternal parity had the strongest influence on morbidity occurrence at 9 months of age (VIP: 1.5846; B: 

0.1943). Relative abundance of HMO classes also had strong influence on infant morbidity occurrence at 9 months of 

age. Greater relative abundance of fucosylated HMO at 3 months had a negative association with morbidity occurrence 

at 9 months of age (VIP: 1.4682; B: -0.1280). Greater relative abundances of sialylated and undecorated HMO classes 

at 3 months had positive associations with morbidity occurrence at 9 months (sialylated HMO - VIP: 1.0056; B: 

0.0821; undecorated HMO – VIP: 1.4209; B: 0.1296). EBF status at 3 months had a negative association with infant 

morbidity at 9 months of age, where infants still EBF at 3 months predicted fewer morbidity occurrences by -0.1488 

occurrences (VIP: 1.4093). Finally, maternal secretor status was negatively associated with infant morbidity 

occurrence, with infants of mothers categorized as non-secretors at 3 months of lactation predicting fewer infant 

morbidity occurrences at 9 months of age by -0.1601 (VIP: 1.0593). None of the other variables were considered 

influential in the PLS regression. 
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“Extended” effects of dietary variables at 6 months of age 

PLS regression incorporating milk composition and infant EBF status at 6 months of age to assess their 

relationships to infant health outcomes at 9 months of age had a minimum root mean PRESS of 0.9874, which is 

considered significant, and the minimizing number of factors was 1. The percent variation explained for cumulative 

X was 37.2% and 45.7% for the percentage of variation explained for cumulative Y. The 1-component model showed 

5 influential variables (VIP > 1.0) on infant morbidity occurrence at 9 months of age.   

Maternal parity had the strongest influence on infant morbidity at 9 months of age (VIP: 1.9817; B: 0.1667). 

Relative abundance of fucosylated HMO at 6 months of lactation had a negative association with infant morbidity at 

9 months of age, with greater relative abundance of fucosylated HMO predicting fewer morbidity occurrences by -

0.1491 occurrences (VIP: 1.7725). Greater lactose content at 6 months of lactation had a negative influence on infant 

morbidity occurrence at 9 months of age (VIP: 1.2113; B: -0.1019), and greater protein content had a positive 

association with morbidity occurrence (VIP: 1.0457; B: 0.0880). Finally, maternal nutritional status during the 3rd 

trimester of pregnancy had a positive association with infant morbidity, with higher MUAC measurements predicting 

a greater number of morbidities by 0.0958 occurrences (VIP: 1.1388). EBF status at 6 months did not have a strong 

influence on morbidity occurrence at 9 months of age (VIP: 0.8031). None of the other variables were considered 

influential in the PLS regression. 

 

Health outcomes at 12 months of age 

“Real time” effects 

In the PLS regression for the 12 month time point, the minimum root PRESS was 0.9928, which is considered 

significant, and the minimizing number of factors was 1. The percent of variation explained for cumulative and Y was 

33.5% and 52.4%, respectively. The 1-component model showed that relative abundance of sialylated and sia-fuc 

HMO, lactose, parity, protein, IgA, and birth season were influential (VIP > 1.0) on infant morbidity occurrence by 

12 months of age.   

Relative abundance of sialylated HMO at 12 months had the strongest influence on infant morbidity 

occurrence, with greater relative abundance associated with greater number of morbidity occurrences by 0.1140 (VIP: 

1.7736). Relative abundance of sia-fuc HMO also had a strong positive association with infant morbidity occurrence  

at 12 months (VIP:1.6372; B: 0.1052). Higher lactose content predicted fewer infant morbidity occurrences by -0.1039 
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morbidities (VIP: 1.6176). Next, higher maternal parity predicted greater number of morbidity occurrences at 12 

months by 0.0961 morbidities (VIP: 1.4964). Milk protein and IgA were both positively associated with morbidity 

occurrence, with greater milk protein predicting a greater number of morbidity occurrences by 0.0732 morbidities 

(VIP: 1.1386) and greater relative abundance of milk IgA predicting a greater number of morbidity occurrences by 

0.0645 morbidities (VIP: 1.004). Finally, birth season had an important influence on infant morbidity at 12 months, 

with a positive relationship between birth during the wet season and number of morbidity occurrences (VIP: 1.0175; 

B: 0.0654). None of the other variables were considered influential in the PLS regression. 

 

“Extended” effects of dietary variables at 3 months of age 

PLS regression incorporating milk composition and infant EBF status at 3 months of age to assess their 

relationships to infant health outcomes at 12 months of age showed several influential variables. The minimum root 

mean PRESS was 0.9714 and the minimizing number of factors was 1. The percent variation explained for cumulative 

X was 40.4% and 88.0% for the percentage of variation explained for cumulative Y. The 1-component model showed 

5 influential variables (VIP > 1.0) on infant morbidity occurrence at 12 months of age.   

EBF status at 3 months of age had the strongest influence on infant morbidity occurrence at 12 months of 

age, with infants still EBF at 3 months predicted to experience fewer morbidities by -0.1378 occurrences (VIP: 

1.8195). Greater relative abundances of sialylated and sia-fuc HMO at 3 months of lactation had positive associations 

with infant morbidity at 12 months (sialylated HMO – VIP: 1.5429; B: 0.1169; sia-fuc HMO – VIP: 1.4242; B: 

0.1079). Higher lactose content in maternal milk at 3 months of lactation predicted fewer infant morbidities at 12 

months of age by -0.1066 occurrences (VIP: 1.4072). Finally, higher maternal parity had a positive association with 

infant morbidity at 12 months of age (VIP: 1.3017; B: 0.0986). None of the other variables were considered influential 

in the PLS regression. 

  

“Extended” effects of dietary variables at 6 months of age 

PLS regression incorporating milk composition and infant EBF status at 6 months of age to assess their 

relationships to infant health outcomes at 12 months of age had a minimum root mean PRESS of 0.9902, which is 

considered significant, and the minimizing number of factors was 1. The percent variation explained for cumulative 
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X was 40.4% and 78.0% for the percentage of variation explained for cumulative Y. The 1-component model showed 

7 influential variables (VIP > 1.0) on infant morbidity occurrence at 3 months of age.   

Relative abundance of sialylated HMO at 6 months of lactation had the strongest influence on infant 

morbidity at 12 months of age (VIP: 1.8005; B: 0.1132). Sia-fuc HMO relative abundance at 6 months of lactation 

also positively influenced infant morbidity at 12 months of age, with greater relative abundance of this HMO class 

predicting a greater number of morbidities by 0.1045 occurrences VIP: 1.6620). Lactose content at 6 months of 

lactation negatively influenced infant morbidity occurrence at 12 months of age (VIP: 1.6422; B: -0.1032). Greater 

maternal parity was associated with greater number of morbidity occurrences at 12 months (VIP: 1.5191; B: 0.0955). 

Milk protein content and relative abundance of IgA both had positive associations with infant morbidity occurrence 

(protein – VIP: 1.1559; B: 0.0727; IgA – VIP: 1.0193; B: 0.0641). Being born during the dry season predicted fewer 

morbidities at 12 months of age by -0.0649 occurrences (VIP: 1.0329). EBF status at 6 months of age did not have a 

strong influence on infant morbidity occurrence at 12 months of age (VIP: 0.8421).  
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Table 4.6. VIP statistics and model coefficients (B) from PLS regressions assessing “real time” and “extended” 
predictors of infant morbidity occurrence at 3, 6, 9, and 12 months of age for centered and scaled data  

 "Real time" predictors of morbidity occurrence 
Time Point 3mo 6mo 9mo 12mo 

Term VIP B VIP B VIP B VIP B 
Sex[F] 0.0066 0.0007 0.3542 -0.0229 0.7229 -0.064 0.4427 -0.0284 
Sex[M] 0.0066 -0.0007 0.3542 0.0229 0.7229 0.064 0.4427 0.0284 

BirthSeason[Dry] 1.7131 -0.1768 0.7046 -0.0455 0.5571 -0.0493 1.0175 -0.0654 
BirthSeason[Wet] 1.7131 0.1768 0.7046 0.0455 0.5571 0.0493 1.0175 0.0654 

SEP Score 0.1933 0.0200 0.0447 -0.0029 0.3510 -0.0311 0.0062 -0.0004 
Parity 1.3652 0.1409 1.1039 0.0713 1.9457 0.1722 1.4964 0.0961 

Maternal MUAC 0.7062 0.0729 0.5215 0.0337 1.1181 0.0989 0.7213 0.0463 
SecretorStatus[Non-Secretor] 0.2423 0.0250 1.4281 0.0922 0.5784 -0.0512 0.9842 0.0632 

SecretorStatus[Secretor] 0.2423 -0.0250 1.4281 -0.0922 0.5784 0.0512 0.9842 -0.0632 
EBF Status @3mo [Y] 2.0186 -0.2084 - - - - - - 
EBF Status @3mo [N] 2.0186 0.2084 - - - - - - 
EBF Status @6mo [Y] - - 1.0789 -0.0697 - - - - 
EBF Status @6mo[N] - - 1.0789 0.0697 - - - - 

Fat 0.3393 0.035 0.5845 0.0377 0.1199 -0.0106 0.8235 0.0529 
Protein 0.2699 0.0279 0.9847 0.0636 1.0267 0.0908 1.1386 0.0732 
Lactose 0.4367 -0.0451 1.9913 -0.1286 1.1893 -0.1052 1.6176 -0.1039 

True Protein 0.7355 0.0759 1.3181 0.0851 0.9743 0.0862 0.0196 0.0013 
Fucosylated HMO 1.2979 -0.134 0.1022 0.0066 1.7403 -0.1540 0.2727 -0.0175 
Sialylated HMO 0.7620 0.0787 0.8256 0.0533 1.1782 0.1042 1.7736 0.1140 

Undecorated HMO 1.0886 0.1124 0.3238 -0.0209 1.6971 0.1502 0.0927 0.0060 
Sia-fuc HMO 0.1658 -0.0171 1.3521 0.0873 0.5604 -0.0496 1.6372 0.1052 
Lactoferrin 0.1968 -0.0203 0.2524 0.0163 0.6748 -0.0597 0.5770 0.0371 

IgA 0.1671 -0.0173 1.4676 0.0948 0.0864 -0.0076 1.0040 0.0645 
 "Extended" predictors of morbidity occurrence 

Time Point 9mo_3mo 9mo_6mo 12mo_3mo 12mo_6mo 
Term VIP B VIP B VIP B VIP B 
Sex[F] 0.6411 -0.0984 0.7363 -0.0620 0.3851 -0.0292 0.4494 -0.0283 
Sex[M] 0.6411 0.0984 0.7363 0.0620 0.3851 0.0292 0.4494 0.0283 

BirthSeason[Dry] 0.8987 0.0303 0.5674 -0.0477 0.8851 -0.0671 1.0329 -0.0649 
BirthSeason[Wet] 0.8987 -0.0303 0.5674 0.0477 0.8851 0.0671 1.0329 0.0649 

SEP Score 0.3321 -0.0528 0.3575 -0.0301 0.0054 -0.0004 0.0063 -0.0004 
Parity 1.5846 0.1943 1.9817 0.1667 1.3017 0.0986 1.5191 0.0955 

Maternal MUAC 0.9937 0.1527 1.1388 0.0958 0.6274 0.0475 0.7322 0.0460 
SecretorStatus[Non-Secretor] 1.0593 -0.1601 0.5891 -0.0496 0.8562 0.0649 0.9991 0.0628 

SecretorStatus[Secretor] 1.0593 0.1601 0.5891 0.0496 0.8562 -0.0649 0.9991 -0.0628 
EBF Status @3mo [Y] 1.4093 -0.1488 - - 1.8195 -0.1378 - - 
EBF Status @3mo [N] 1.4093 0.1488 - - 1.8195 0.1378 - - 
EBF Status @6mo [Y] - - 0.8031 -0.0676 - - 0.8421 -0.0529 
EBF Status @6mo[N] - - 0.8031 0.0676 - - 0.8421 0.0529 

Fat 0.2772 0.0166 0.1221 -0.0103 0.7163 0.0543 0.836 0.0526 
Protein 0.8662 0.1251 1.0457 0.0880 0.9905 0.0750 1.1559 0.0727 
Lactose 0.9682 -0.1162 1.2113 -0.1019 1.4072 -0.1066 1.6422 -0.1032 

True Protein 0.8121 0.1142 0.9923 0.0835 0.017 0.0013 0.0199 0.0012 
Fucosylated HMO 1.4682 -0.1280 1.7725 -0.1491 0.2372 -0.018 0.2768 -0.0174 
Sialylated HMO 1.0056 0.0821 1.2000 0.1010 1.5429 0.1169 1.8005 0.1132 
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Undecorated HMO 1.4209 0.1296 1.7286 0.1454 0.0806 0.0061 0.0941 0.0059 
Sia-fuc HMO 0.6791 -0.1097 0.5708 -0.0480 1.4242 0.1079 1.6620 0.1045 
Lactoferrin 0.7281 -0.1181 0.6873 -0.0578 0.502 0.0380 0.5858 0.0368 

IgA 0.3689 -0.0480 0.0880 -0.0074 0.8734 0.0662 1.0193 0.0641 
“Extended” effects time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest and 
where Y represents the collection time point of the dietary (EBF status and milk composition) explanatory variables of interest 
(e.g., 9mo_3mo = 9mo total morbidity occurrence in relationship to 3mo dietary variables); Undec: Undecorated HMO class; 
Fuc: Fucosylated HMO class; Sia: Sialylated HMO class; Maternal MUAC: 3rd trimester maternal MUAC measurement; VIP: 

Variable Importance of Projection; B: Beta coefficient  
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Table 4.7. Summary of important (VIP > 1.0) PLS regression results (“real time” positive and negative predictors) 
of infant health outcomes at 3, 6, 9, and 12 months of age for centered and scaled data 

3mo 6mo 9mo 12mo 
Positive Negative Positive Negative Positive Negative Positive Negative 

Birth season 
(wet) 

 
Parity 

 
EBF @ 3mo (N) 

 
Undec HMO 

Birth season 
(dry) 

 
EBF @ 3mo (Y) 

 
Fuc HMO 

Parity 
 

Non-Secretor 
 

EBF @ 6mo (N) 
 

TRP 
 

Sia-Fuc HMO 
 

IgA 

Secretor 
 

EBF @ 6mo 
(Y) 
 

Lactose 

Parity 
 

Maternal 
MUAC 

 
Protein 

 
Sia HMO 

 
Undec HMO 

Lactose 
 

Fuc HMO 

Birth season (wet) 
 

Parity 
 

Protein 
 

Sia HMO 
 

Sia-Fuc HMO 
 

IgA 

Birth season (dry) 
 

Lactose 

Positive: Explanatory variable with important (VIP > 1.0) positive association with output variable; Negative: Explanatory 
variable with important (VIP > 1.0) negative association with output variable; Undec: Undecorated HMO class; Fuc: Fucosylated 

HMO class; Sia: Sialylated HMO class 
 
 
Table 4.8. Summary of important (VIP > 1.0) PLS regression results (“extended” positive and negative predictors) 
of diet (EBF status and maternal milk composition) at 3 and 6 months of age on 9 and 12 month health outcomes 

9mo_3mo 9mo_3mo 12mo_3mo 12mo_6mo 
Positive Negative Positive Negative Positive Negative Positive Negative 

Parity 
 

Secretor 
 

EBF @ 3mo (N) 
 

Sia HMO 
 

Undec HMO 

Non-Secretor 
 

EBF @ 3mo (Y) 
 

Fuc HMO 

Parity 
 

Maternal MUAC 
 

Protein 
 

Lactose 
 

Sia HMO 
 

Undec HMO 

Fuc HMO 

Parity 
 

EBF @ 3mo (N) 
 

Sia HMO 
 

Sia-Fuc HMO 

EBF @ 3mo (Y) 
 

Lactose 

Birth season (wet) 
 

Parity 
 

Protein 
 

Sia HMO 
 

Sia-fuc HMO 
 

IgA 

Birth season (dry) 
 

Lactose 

“Extended” effects time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest and 
where Y represents the collection time point of the dietary (EBF status and milk composition) explanatory variables of interest 
(e.g., 9mo_3mo = 9mo total morbidity occurrence in relationship to 3mo dietary variables); Positive: Explanatory variable with 

important (VIP > 1.0) positive association with output variable; Negative: Explanatory variable with important (VIP > 1.0) 
negative association with output variable; SeStatus: Maternal Secretor status; Undec: Undecorated HMO class; Fuc: Fucosylated 

HMO class; Sia: Sialylated HMO class; Maternal MUAC: 3rd trimester maternal MUAC measurement  
 
Mixed effects model results  
 Maternal milk composition was a significant predictor of infant morbidity occurrence across the first 12 

months of life in the mixed effects model. Specifically, higher fat content in milk predicted a greater number of infant 

morbidities by 0.46 occurrences (95% CIs: 0.11, 0.82 occurrences; P=0.0113). A greater relative abundance of sia-

fuc HMO significantly predicted fewer infant morbidities by -1.6 occurrences (95% CIs: -2.37, -0.82 occurrences; 

P<0.0001). Maternal parity was also a significant predictor of infant morbidity occurrence. Higher parity (by 1 

offspring) significantly predicted a greater number of morbidities by 0.76 occurrences (95% CIs: 0.13, 1.40 

occurrences; P=0.0202). Finally, the random variable, Subject ID, significantly predicted higher infant morbidity 
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occurrence (B: 15.32 occurrences; 95% CIs: 7.25, 23.39 occurrences; P=0.0002). Full model results are detailed in 

Table 4.9. 

 

Table 4.9. Mixed effects model results of potential predictors of cumulative morbidity across the first 12 
months of life 

 Term B LB, UB P 

Fixed Effects 

Intercept 0.74 -18, 19.48 0.9374 
Sex[F] -0.90 -2.26, 0.47 0.1919 

BirthSeason[Dry] 0.32 -1.38, 2.01 0.7084 
SEP Score 0.22 -0.28, 0.71 0.3854 

Parity 0.76 0.13, 1.40 0.0202* 
Maternal MUAC 0.13 -0.45, 0.72 0.6458 

SecretorStatus[Non-Secretor] -0.22 -1.27, 0.83 0.6772 
EBF duration (mo) -1.10 -1.98, -0.23 0.0149* 

Fat 0.46 0.11, 0.82 0.0113* 
Protein 1.32 -2.54, 5.17 0.4992 
Lactose -0.15 -1.06, 0.77 0.7493 

True Protein -0.11 -4.19, 3.96 0.9572 
Fucosylated 0.07 -0.01, 0.15 0.0690 
Sialylated -0.24 -0.74, 0.26 0.3452 

Sialofucosylated -1.60 -2.37, -0.82 <.0001** 
Lactoferrin -0.66 -2.6, 1.28 0.5030 

IgA 1.30 -2.49, 5.10 0.4977 

Random Effects 
SubjectID 15.32 7.25, 23.39 0.0002** 

Proximity to clinic 2.75 -4.72, 18.35 0.5150 
B: Coefficient estimate; LB, UB: 95% CI’s (Lower Bound, Upper Bound); P: P=P-value; *P<0.05; **P<0.01   
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DISCUSSION 

Infant health and development can be shaped by the complex cyclical interactions between nutrition and 

infection in early life361,463,464. Infants are at high risk of infection during early life while their immune systems mature, 

and leading causes of infant mortality are due to commonplace morbidities that arise from infection509. In The Gambia, 

high rates of under 5 mortality from diarrhea and pneumonia peak during complementary feeding age. Here, infant 

health outcomes were assessed in relationship to infant diet (maternal milk composition and exclusive breastfeeding 

duration) in the HERO-G subsample. Two of the most frequently reported morbidities in this subsample, respiratory 

and GI illnesses, are classified by the WHO as the leading causes of death in children under 5 years of age around the 

world509. High occurrence of dermatological morbidities, as was found here, is common in low-income countries, and 

may relate to components of the skin innate immune system, dietary factors, or environmental conditions510,511; it is a 

common manifestation of chronic inflammation.  

Two types of statistical models were constructed to evaluate potential predictors of infant morbidity 

occurrence: PLS regression models and mixed effects models. Mixed effects models are particularly useful in settings 

where repeated measures are made on the same statistical units, as is the case in longitudinal studies such as the 

HERO-G study. This statistical approach is also useful when working with datasets with fixed and random effects, 

which allows analyses to account for both within person and across person variability. In the context of understanding 

the nuanced contributions and natural biological variation in health outcomes in relationship to maternal milk 

composition, a mixed effects model approach is effective. By utilizing PLS regression models, the statistical analysis 

can handle inclusion of highly colinear variables, which was noted amongst milk constituents, particularly fucosylated 

and undecorated HMO classes. Removal of relative abundance of the undecorated HMO class from the mixed effects 

models showed a significant improvement in model fit due to its strong collinearity with the fucosylated HMO class. 

However, undecorated HMOs have been shown to be a preferred growth substrate by certain species of 

bifidobacteria421 and have important anti-microbial properties associated with immunological protection421. Thus, 

utilizing PLS regression allowed for the evaluation of individual contributions by each milk constituent. Results from 

both model types are discussed below. 

PLS regression analyses showed that EBF status at 3 months of age was important in predicting infant 

morbidity occurrence in “real time” (i.e., at 3 months of age) and showed an “extended” effect on health outcomes at 

9 and 12 months. EBF status at 6 months of age was an important predictor of infant morbidity occurrence at 6 months 
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of age but did not have an important influence in the extended effects PLS regressions on health outcomes at 9 and 12 

months of age. This suggests that EBF duration to 3 months is a stronger driver of health outcomes in later life than 

EBF duration to 6 months in this cohort, perhaps due to heighted risk of morbidity and mortality during the first 3 

months of life. Still, EBF to 6 months of age still serves protective purposes during early life in this environment, as 

evident by the significantly greater number of morbidities experienced at 6 months of age by infants no longer EBF. 

Feeding practice was also significantly linked to differences in total number of reported infant morbidities in the 

HERO-G subsample. The greater number of morbidity occurrences reported across the first 12 months of life in infants 

EBF <6 months may relate to the consequent decrease in immunological protection provided by maternal milk. 

Reduced milk consumption during the complementary feeding transition, which decreases the amount of 

immunological properties consumed by the infant, and introduction of non-breast milk foods, which exposes infants 

to new non-digestible plant carbohydrates, animal protein, and fats, and provides new substrates for growth of foreign 

bacterial species, may explain this difference in morbidity occurrence512–514. In addition to these exposures, reduction 

in milk intake by infants also results in a reduction of the protective immunoregulatory components it provides, such 

as antibodies, oligosaccharides, leukocytes, and cytokines515.  Moreover, early introduction of complementary foods 

in resource-limited environments such as in rural Gambia increases the risk of exposure to contaminated foods or 

water, including that due to pathogens foreign to the immature infant immune system36163,70,130. These factors may 

explain, in part, why the PLS models for “real time” effects of diet on health outcomes at 3 and 6 months of age 

explained a greater amount of the variation in the dataset relative to the 9 and 12 month time points.  

A review of infant morbidity in populations from low-, middle-, and high-income countries found that 

exclusive breastfeeding to 6 months of age resulted in significantly lower morbidity from GI infection compared to 

those exclusively breastfed for 3-4 months with continued breastfeeding516. Other studies have found that Gambian 

infants EBF ≥6mo are at lower risk of morbidity, particularly GI infections, which are commonplace in rural, sub-

tropical settings (12% prevalence of diarrheal morbidity in urban Gambian infants under 5 years of age)87,321,517,518. 

Birth season, which may influence breastfeeding practices due to increases in maternal agricultural workload, had an 

important influence on infant morbidity during the first 3 months and at 12 months of life, suggesting persistent effects 

of the environmental conditions at the time of birth on health outcomes, perhaps through immune programming. 

Evidence suggests that early life environmental factors, such as season of birth, influence later life health in this 



 
 
 

 143 

population through epigenetic mechanisms and through the impact of repeated episodes of morbidities on the infant’s 

developing immune system126.  

Milk constituents have numerous immunological roles and their functionality can vary over time. They may 

also have different functions at different local concentrations. For example, low concentrations of certain peptides are 

immunomodulatory, whereas higher concentrations are lethal to pathogens. Similarly, some milk constituents may be 

optimized to inhibit pathogens in the absence of inflammation, whereas others inhibit best in an inflamed environment. 

Greater relative abundances of undecorated HMO, sia-fuc HMO, and milk IgA were associated with a greater number 

of infant morbidities.    

PLS regressions showed that greater relative abundance of sia-fuc HMO was significantly associated with 

fewer morbidity occurrences between 6 and 12 months of life. The mixed effects model also showed that greater 

concentration of sia-fuc HMO significantly predicted fewer morbidity occurrences. Sialic acid has been shown to have 

immunomodulatory effects and other studies have also connected its abundance to human health outcomes. This 

suggests that the sialylated HMO structure in particular may have a modulating role in immune defense mechanisms. 

It has been shown that HMOs need to be both sialylated and fucosylated in order to have impacts on certain 

components of the immune defense system. For example, sialylation and fucosylation are required to reduce selectin 

mediated leukocyte rolling, adhesion, and activation, which may protect breastfed infants from excessive immune 

responses418,519,520. Additionally, in non-human models, a single HMO that carries not one but two sialic acids protects 

infants from necrotizing enterocolitis, one of the most common and fatal GI disorders among preterm infants418. 

While no other HMO classes were significant predictors of infant morbidity in the mixed effects model, 

relative abundances of fucosylated, sialylated, and undecorated HMO classes all had important associations with infant 

health outcomes across the first year of life in the PLS regression models. In particular, undecorated HMO showed 

both real time and extended effects on morbidity occurrence, being positively associated with greater morbidity 

occurrence, whereas fucosylated HMO had an inverse relationship with morbidity at 3 months of age. Undecorated 

and fucosylated HMOs have been shown to elicit antimicrobial and anti-inflammatory effects, and are also 

instrumental in shaping the infant gut microbiota composition. In the gut, these HMOs are primary food substrates for 

key gut bacteria. Finally, sialylated HMO had an important association with morbidity outcomes at 9 and 12 months 

of age, which may suggest shifts in immunological needs. This may relate to present or active immunological 

challenges and/or development stage of infant immune function. Because the relative abundance of undecorated HMO 
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class was dropped from the mixed effects model, any influence it had on infant health outcomes was missed. By 

breaking down the analyses into separate time points, individual relationships between morbidity occurrence in early 

life (and extended into later ages) were more apparent.  

Although mixed effects models did not detect a significant association between milk lactose and infant 

morbidity, PLS regression analyses showed that lactose content had an inverse relationship with infant morbidity 

occurrence across the first year of life. Lactose can enhance infant nutrition by increasing absorption of minerals 

including calcium, iron, and zinc452, which are involved in several immunological defense mechanisms521–523. 

Additionally, lactose is considered an inducer of innate immunity as it upregulates the antimicrobial peptide gene that 

is protective against pathogens in the gastrointestinal tract524. 

Fat content in maternal milk did not have a strong association with infant morbidity occurrence at any time 

in the PLS regression analysis. However, the mixed effects model showed that higher milk fat content was a significant 

predictor of a greater number of morbidity occurrences. Fat is the most highly variable macronutrient in human milk, 

which may relate to the variation in results between the PLS regressions and mixed effects model. This finding may 

also relate to the higher fat content in milk collected at 9 and 12 months of lactation relative to that collected at 6 

months (see Chapter 3)At 9 and 12 months of lactation, maternal milk fat content was significantly higher than at 6 

months of age (see Chapter 3). At 6 months of age, infants are beginning to receive more complementary foods and 

are thus exposed to new immunological challenges. Other evidence suggests that milk fat would have a protective 

effect on the infant immune system. Specifically, the structure of milk fat globule may benefit infants by aiding in 

structural and functional maturation of the gut via the provision of essential nutrients, or may regulate certain cellular 

events involved in infant growth and immune maturation525.  

Lactoferrin did not have a significant association with morbidity in the PLS regression analyses or mixed 

effects model. The other HMGP investigated here, IgA, did have positive relationships with morbidity occurrence at 

6 and 12 months of age in the PLS regression. The mixed effects model did not find a significant predictive effect of 

milk IgA on infant health outcomes. 

Household SEP score was not influential on infant health outcomes across the first 12 months of life in this 

analysis. This lack of a relationship suggests that other factors are stronger drivers of infant health, such as infant diet. 

This has been described in other studies. For example, Gibbs et al. (2014) found that infant feeding practices mediated 

the role between SEP and early childhood overnutrition526. However, others have found the opposite to be true. 
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Household flooring type, a component of the SEP score calculated here, and source of water have been shown to 

impact exposures to pathogens and subsequently health outcomes and occurrence of morbidity527. With age, 

behavioral development plays a role in increased exposure to contaminated environments (e.g., infants crawling on 

the ground), thus material features of the household are in a position to influence infant outcomes295,361. The 

sociodemographic data collected as a part of the larger HERO-G study and variables that are commonly used in SEP 

calculations are described in more detail in Chapter 2. The household SEP calculation implemented here has potential 

limitations. This is described in greater detail in the Discussion section of Chapter 2.  

Proximity of living area to the MRC clinic in Keneba has been shown to influence health-seeking behavior505. 

This may result from issues such as access to transportation, occupation demands, education level, gender disparities, 

household income, or perceived nature and/or severity of illness. However, I did not find an impact of village 

proximity on infant morbidity occurrence in the mixed effects model, and no significant association was observed 

between distance to MRC clinic and total morbidity occurrence at 3,6, or 9 months of age. 

Using morbidity diagnoses collected at clinic visits, this study used the presence or absence of symptoms as 

an indicator of immune activation. This approach allows for an investigation of specific morbidity types in relationship 

to early life diet. Additionally, using cumulative morbidity occurrence as the output variable allows for investigation 

of the role of diet on recurrent illness burdens, with frequent recurrence potentially driving other developmental 

outcomes in early life. It is important to note that symptomatic morbidity occurrence is only a rough proxy of immune 

activation because immunological defense mechanisms can still be active even if an individual is asymptomatic. 

Though beyond the scope of the present study, future work could incorporate an investigation of inflammatory markers 

(such as CRP) and assess any relationships between immune activation and specific components of maternal milk and 

EBF duration.  

 

CONCLUSION 

The goal of Chapter 4 was to present an overview of research on infant morbidity in The Gambia in 

relationship to early life diet, and conduct my own assessment of infant morbidity occurrence in relationship to  

maternal milk composition and complementary feeding practices across the first 12 months of life in the HERO-G 

subsample. Through use of the dietary questionnaire data presented in Chapter 2 and infant morbidity occurrence data  

recorded by clinicians at the MRC Keneba field station at clinic visits, I found that infants exclusively breastfed to 6 
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months or longer had significantly fewer morbidity reports relative to those who began receiving non-breast milk 

foods earlier. Mixed model results showed that longer exclusive breastfeeding duration predicted significantly fewer 

occurrences of infant morbidity across the first year of life, and PLS models show both “real time” and “extended” 

effects of exclusive breastfeeding duration on infant morbidity occurrence. This suggests that illness during infancy 

and childhood in this environment may be mediated by factors related to breastfeeding, such as milk composition and 

timing of introduction of non-breast milk foods. All of the milk constituents quantified here (see Chapter 3) were 

influential on infant morbidity occurrence except fat and lactoferrin. Greater total milk protein content and relative 

abundance of sialylated HMO predicted a greater number of morbidity occurrences, and higher concentrations of TRP 

predicted lower morbidity across the first year of life. True protein includes immune proteins, which have established 

protective effects for infant immune system maturation. Similarly to this, sialylated and undecorated HMO structures 

illicit protective effects and are equipped to treat features of chronic inflammation. The positive association between 

the latter milk constituents and infant morbidity may reflect maternal milk synthesis responding to infant needs. The 

negative relationships between morbidity and abundance of fucosylated and sia-fuc HMOs aligns with research from 

other studies. Future research incorporating a detailed investigation of the milk proteome and individual HMO 

structures in relationship to infant outcomes in this population would supplement the present analyses. 

  This work contributes to our understanding of the interconnections between first foods and infant morbidity. 

Infants must make a myriad of physiological adjustments during early life. During this critical developmental period, 

challenges such as undernutrition or chronic infection are drivers of adaptive expansion of the immune system. Such 

challenges may negatively impact growth outcomes and/or have permanent effects on other aspects of longer-term 

health outcomes. Detailed longitudinal infant morbidity data from a rural Gambian population allows for a strong 

model for assessing the influence of early life conditions on health-related outcomes under strong environmental 

stressors. A deeper understanding of health status during early life in this population helps improve our interpretations 

and investigations of the complex undernutrition-infection cycle during early life, and will allow for more thorough 

investigations into the lasting impacts on offspring development. 

In Chapters 2-4, I used existing datasets and analyzed biological samples from a subsample of mother-infant 

pairs in the HERO-G cohort to: (1) characterize breastfeeding and complementary feeding practices in the population; 

(2) assess maternal milk nutritional and bioactive composition across the first 12 months of lactation; and (3) describe 

patterns of infant morbidity occurrence over the first year of life. These analyses were contextualized and presented 
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in relationship to existing literature. From here, I will synthesize and use the data from Chapter 2-4 to inform and 

justify the analyses in Chapter 5, where I investigate the impact of first foods (exclusive breastfeeding duration and 

maternal milk composition) and early life health (morbidity occurrence) on infant growth outcomes in this rural 

Gambian environment.   
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CHAPTER 5. RELATIONSHIPS BETWEEN MATERNAL MILK COMPOSITION, EXCLUSIVE  
BREASTFEEDING DURATION, INFANT HEALTH & GROWTH 

 

INTRODUCTION 

Infancy and childhood are periods of rapid growth, which requires considerable energetic investment by 

offspring. Activating immunological defenses in response to illness or infection also carries bioenergetic and 

metabolic costs528. Chronic inflammation or repeated morbidities can lead to poor nutritional status, and undernutrition 

can increase risk of future infections. In early life, the cumulative impact of infections – especially those of respiratory 

and gastrointestinal origin – have been shown to impact linear growth outcomes, in particular increasing risk of growth 

stunting529,530. Breastfed infants have different growth patterns compared to non-breastfed infants531 and maternal milk 

composition has well-established benefits on health and growth outcomes. Some of these effects relate to interactions 

between certain components of maternal milk and infant gut microbiota. Adaptation of the mucosal immune system, 

including functional adaptations of gut microbiota, in response to local disease ecology and environmental stressors 

is a critical process during early life. It also has implications for longer term outcomes. Although breastfeeding rates 

are high, morbidity and growth faltering are commonly observed in infancy and early childhood in many low income 

populations in sub-Saharan Africa, including The Gambia235. Longitudinal investigations of the nuanced contribution 

of breastfeeding practices and an array of nutritional and bioactive components in mother’s milk on infant outcomes 

in these settings may help identify factors that contribute to patterns of infection and suboptimal growth.  

In this Chapter, I investigate how breastfeeding practices and maternal milk composition impact infant health 

(defined by morbidity occurrence), growth outcomes (WHZ, HAZ, WAZ), and intestinal ecology as defined by gut 

pH, in a rural Gambian population over the first 12 months of life. These analyses incorporate consideration of 

maternal milk composition, exclusive breastfeeding duration, environmental factors, sex differences, maternal 

nutritional status during pregnancy, and demographic characteristics. As an exploratory analysis to investigate 

possible extended effects of early life diet and health on growth outcomes, anthropometric measurements collected at 

9 and 12 months of age were assessed in relationship to exclusive breastfeeding status and maternal milk composition 

at 3 and 6 months of age. 
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BACKGROUND 

Nutrition and growth 

Developing infant physiology is sensitive to nutritional cues, distinguishing the early postnatal period as a 

window of significant expression of adaptive plasticity89,532–536. Continued breastfeeding during the weaning process 

allows for transfer of nutritional and bioactive factors to offspring, including macronutrients, human milk 

oligosaccharides (HMOs), and human milk glycoproteins (HMGPs), which can mitigate infection and inflammation 

as well as promote general health, growth, and development537,538.  

Linear growth faltering, which can lead to stunting, is a proxy of chronic undernutrition. Stunting, as defined 

by the WHO 2006 Child Growth Standards, includes infants and children who are < -2 SD below the recommended 

length/height-for-age (HAZ) growth scores. The causes of growth faltering are multidimensional; it often occurs 

during early infancy, and is linked to numerous causal factors, including maternal nutritional status, diet, infection, 

socioeconomic position, and environment112,539–541. Wasted status, or low weight-for-height (WHZ < -2 SD), is a 

strong predictor of mortality among children under five542. Wasting is a symptom of acute undernutrition, commonly 

a result of insufficient dietary intake or high morbidity incidence, especially diarrhea, and can impair immune system 

function. Thus, if infants and children become wasted, they experience rapid weight loss, often a direct result of a 

combination of infection and undernutrition. Compared to stunting, wasting is a relatively short-term condition and 

appears to be reversible in nature if the child has an adequate diet and is protected from infections. However, repeated 

events of wasting in early life may lead to stunting in the long term and increase risk of mortality530,543.  

An estimated 149 million children under the age of five are stunted and nearly 50 million are threatened by 

wasting471. In many low-income countries, growth faltering is common and begins with WHZ and weight-for-age 

(WAZ) declining from around 3 to 12 months of age460. Growth faltering is tightly linked with enteropathy, or chronic 

inflammation of the mucosa of the small intestine, which is the main site of digestion and nutrient absorption 

throughout the gastrointestinal tract61. In addition, chronic inflammation can lead to poor immunological defense to 

diarrheal diseases, which are prevalent health issues in environments such as The Gambia69,481,544. In older studies, up 

to 25% of growth faltering in Gambian infants can be explained by the decreased ability to digest lactose, which is 

associated with mucosal enteropathy in the small intestine480,481. Environmental factors such as seasonality and disease 

load likely contribute to growth stunting as well. Small for gestational age infants are frequently born at the end of the 
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wet season in The Gambia, which is likely attributable to maternal nutritional stress and disease burden, along with 

higher physical workloads as mothers are heavily involved in agropastoral subsistence work216,280,490–493. 

Unhygienically prepared complementary foods are channels through which gastrointestinal enteropathy can 

originate. Upon onset, it becomes a self-perpetuating cycle61,69,481. Improving nutritional status during early life (be it 

through increasing availability of critical nutrients, increased appetite, or favoring the survival and proliferation of 

certain gut microbiota that support immune defense through anti-inflammatory mechanisms), can reduce or eliminate 

certain negative impacts of morbidity on growth75,191,502,540,545–550.  

Maternal milk can communicate with infant cellular systems and contribute protective effects to the infant 

through the gut. A healthy gastrointestinal is a physiologic barrier to prevent bacteria and endotoxins from reaching 

circulation, and there is evidence to suggest that if the intestinal barrier is impaired, it can negatively impact health 

and growth outcomes. In The Gambia, persistent and chronic damage to the infant gut has caused increasing intestinal 

permeability, both of which are associated with poor growth outcomes61,69,478,480. Specifically, up to 64% of observed 

height and weight faltering of rural Gambian infants could be explained by increased intestinal permeability via 

impaired small intestinal mucosal function in older studies from the West Kiang region69,481. Although exact causes 

of the enteropathy are unknown, the intestinal damage documented in this population begins around 6 months of age, 

coinciding with the timing of introduction of home-prepared complementary foods.  

A healthy gut has been linked with reduced risk of other morbidities, such as respiratory and dermatological 

infections. Inflammatory conditions in the gut are linked to inflammation at other body sites, such as the lungs, with 

a connection between gut dysbiosis and asthma and chronic obstructive pulmonary disease551,552. Intestinal 

inflammation and gut dysbiosis are also associated with an increased risk of developing eczema during early 

childhood; however, the role of the gut microbiome in the onset and severity of atopic dermatitis remains debated553,554. 

 

Co-evolution of milk and infant gut microbiota (Bifidobacteria) 

Maternal milk is equipped to nourish offspring, and also serves as the sole food source for certain infant gut 

microbes465. The beneficial gut microbe Bifidobacterium is adapted to selectively consume human milk 

oligosaccharides (HMOs) and certain human milk glycoproteins (HMGPs)203–206. In particular, Bifidobacterium 

longum subsp. infantis (B. infantis) utilizes fucosylated HMOs such as 2’-Fucosyllactose (2’FL). This metabolic 

process results in organic acid byproducts, which lower GI pH. A lower pH, or more acidic, gut environment is 



 
 
 

 151 

inhospitable for many pathogenic bacteria, and at the same time fosters further growth of beneficial 

bifidobacteria175,207. Elevated infant fecal pH can indicate a reduction in bifidobacteria abundance208,209, and dysbiosis 

of gut microbiota, which is in turn linked to chronic inflammation and GI morbidity555,556. Repeated incidences of GI 

morbidity during early life, particularly common among weaning infants in low-income populations, can lead to 

further dysbiosis and contribute to increased risk of infection and growth faltering557.  

Growth faltering episodes commonly begin in the first 6 months of life in rural Gambian infants, as does 

prevalence of intestinal diseases69,264,307. Diarrhea was reported as the leading disease contributing to weight faltering 

in rural Gambian infants, followed by respiratory infection482. Research has demonstrated that breastfeeding can 

reduce risk of diarrheal morbidities in infants87. In the West Kiang region of The Gambia, diarrhea in weaning infants 

was four times more frequent compared to those exclusively breastfed518. However, diarrhea had no significant impact 

on growth for exclusively breastfed infants, suggesting that breastfeeding may buffer weight loss or compromised 

growth caused by diarrhea in infants482. In a recent study, exclusive breastfeeding to 6 months of age showed limited 

benefit to rural Gambian infant growth outcomes264. These results align with other findings from other studies of early 

life feeding practices and infant growth in low- and middle- income countries (LMICs)495,558–565. Alternative 

explanations provided for the weak associations between infant feeding practice and infant growth in these cohorts 

include high mean exclusive breastfeeding duration (e.g., >5 but <6 months of age) and strong environmental factors, 

such as high infectious disease load, poor sanitation, and food insecurity, which may reduce the visibility of the extent 

of impact of exclusive breastfeeding duration. In Chapter 4, results from PLS regression analyses showed that 

exclusive breastfeeding duration was a significant predictor of infant morbidity. At 3 months of age, infants EBF for 

<3 months had a greater number of cumulative morbidity occurrences compared to those EBF ≥3 months. At 6 months 

of age, infants EBF for <6mo were associated with a greater number of morbidity occurrences relative to those 

exclusively breastfed ≥6mo. 

 

Milk and gut microbes 

Despite the low pH throughout the digestive process, HMOs and HMGPs can survive the acidic conditions 

and can reach the colon, where they serve as substrate for the developing infant gut microbiota, fostering growth of 

key gut microbes such as Bifidobacterium191,566,567. In breastfed human infants, the beneficial bifidobacteria represent 
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up to 90% of gut microbiota568–570. Similar to functions of HMOs and HMGPs, bifidobacteria aid in infant immune 

system development, decrease inflammation, help prevent infection, and can treat GI morbidities498,554.   

Growing evidence demonstrates that the interrelationships between HMOs, HMGPs, and bifidobacteria can 

influence offspring health, growth, and survival. As such, these milk constituents and their interplay with certain infant 

gut microbes can contribute to maternal future reproductive success and fitness. Around 1% of HMO content is 

absorbed into the infant bloodstream while the remaining ~99% are consumed by intestinal microbes or excreted in 

feces or urine344. This suggests that an infant with certain gut microbiota profiles – particularly those dominated by 

Bifidobacterium – may be capable of optimizing maternal milk bioactives for improved health and growth. These 

relationships may be particularly important in low-income populations in environments with high pathogen load and 

food insecurity. 

 

Fecal pH 

The acidity or alkalinity of the gut environment, as defined by pH, can greatly affect microbial survival and 

proliferation571. The interaction between HMOs, HMGPs, and lactic acid bacteria (e.g., Bifidobacterium and  

Lactobacillus) results in a primary fermentative output of organic acids such as acetate and lactate, thereby creating a 

more acidic gut environment203–206. Lower gut pH subsequently prevents colonization by pathogenic bacteria and 

creates a more hospitable landscape for the beneficial bifidobacteria, providing numerous health benefits to 

offspring207. Thus, interactions between human milk bioactives and certain gut bacteria – particularly bifidobacteria – 

can optimize the intestinal phenotype to match stressors such as vulnerability to infection175,207. 

Loss or absence of bifidobacteria in the infant gut microbiome is marked by loss or significant decrease of 

this organic acid production, which results in elevated fecal pH (flagged by pH > 5.5)208,209. Because of its correlation 

with bifidobacteria abundance, increased intestinal pH may indicate disruption of the infant gut microbiota, which 

may lead to chronic inflammation or immune-mediated diseases555,556. These perturbations may have long-lasting 

effects. Additionally, a significant inverse association between fecal pH and child growth was recently reported in a 

population of rural Bangladeshi infants, reflecting the range of health indicators that fecal pH may represent572. As 

such, maintaining certain conditions within the infant gut suited to support survival and proliferation 

of Bifidobacterium is advantageous. Moreover, this evidence suggests that selective pressures on lactation and milk 

bioactive composition were driven, at least in part, by gut microbiota. Fecal pH and its association with infant gut 
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microbial composition in infants from diverse populations who are exclusively breast fed and those who are receiving 

complementary foods has not been comprehensively investigated, particularly among those with heavy disease load. 

Infants receiving complementary food experienced diarrhea four times more frequently than exclusively 

breastfed infants in rural Gambia518. Diarrheal disease becomes more prevalent around 3 to 6 months of age in rural 

Gambia, coinciding with the average weaning age307. Growth stunting parallels the onset of diarrheal disease during 

this time. Numerous pathologies were discovered in small bowel biopsies of Gambian children, including flattened 

villi and elevated intraepithelial CD8 lymphocytes, which are suggestive of pro-inflammatory GI states78,479,573. Recent 

research shows that rural Gambian infant GI tracts are dominated by the beneficial bifidobacteria, representing around 

70% of total bacteria across multiple time points within the first 6 months of life574. In the same study, when 

bifidobacteria levels decreased significantly, there were concomitant increases in infant morbidity and/or growth 

faltering, as well as large shifts in milk HMO profiles. Thus, gut microbiota appear to have associations with HMO 

composition, infant morbidity, and infant growth outcomes in this region.  

Here, longitudinal data on infant feeding practices, maternal milk composition, infant morbidity occurrence, 

fecal pH (as a proxy for intestinal ecology), and anthropometric measures over the first 12 months of life were used 

to investigate the influence of EBF duration and morbidity incidence on rural Gambian infant growth outcomes.  

 

Maternal nutrition (MUAC) during pregnancy and infant growth outcomes 

Several studies have found that maternal nutrition during conception and throughout gestation are associated 

with child anthropometrics575,576. Low body mass and short stature, which are both prevalent in low income countries, 

can lead to poor fetal development and higher risk of complications in pregnancy125. In The Gambia, chronically 

undernourished women given prenatal dietary supplementation showed reduced retardation in intrauterine growth of 

their infants577. It was also associated with a significant reduction in prevalence of stillbirth and early neonatal 

mortality. Another Gambian study found that greater weight gain during the second and third trimester (beyond a 

certain threshold) may be protective against small for gestational age578. 
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RESEARCH AIMS 

Aims 

In this Chapter, I combine the analyses conducted in Chapters 2-4 and assess associations between exclusive 

breastfeeding duration, nutritional and bioactive composition of maternal milk, and infant health (as defined by 

documented morbidity occurrence) and their influence on infant growth outcomes during the first year of life in a rural 

Gambian population. To investigate possible extended effects of early life diet and morbidity occurrence on growth 

outcomes, growth outcomes at 9 and 12 months of age are also assessed in relationship to exclusive breastfeeding 

status, maternal milk composition, and cumulative morbidity occurrence at 3 and 6 months of age. Statistical models 

will include consideration of sex differences, maternal factors, environmental conditions, and socioeconomic 

characteristics. Additionally, I present results from an exploratory analysis of infant intestinal ecology (as represented 

by fecal pH) over the first year of life, which provides insight into the landscape of the body site where first foods 

interact with gut microbiota known to influence infant health and growth outcomes. 

 

I will answer the following research question: 

What are the effects of early life diet (including maternal milk composition and infant complementary feeding 

practices) and infant morbidity on growth during the first year of life? 

 

METHODS 

Sample size 

The HERO-G subsample (N=194) (inclusion criteria detailed in Chapter 2) was selected for the present 

analysis of relationships between diet (EBF duration and maternal milk composition), morbidity occurrence, and infant 

growth outcomes.  

 

Infant dietary questionnaires 

Dietary questionnaires regarding infant feeding were administered to mothers by trained field workers every 

10 days starting at one week of infant age until 12 months of infant age. Infant feeding practice was defined by 

exclusive breastfeeding status at 6 months of age, based on the WHO recommended exclusive breastfeeding duration 

of 6 months of age321. Infants were categorized as either ‘EBF <6mo’ (provision of breast milk and non-breast milk 
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foods/liquids before 6mo) or ‘EBF ≥6mo’ (provision of breast milk only until 6 months or later)264,322. Additional 

details regarding infant dietary questionnaire methodology can be found in Chapter 2. 

 

Maternal milk composition 

 Concentrations of maternal milk macronutrients (fat, protein, lactose, true protein) and the relative 

abundances of human milk oligosaccharide classes (fucosylated, sialylated, undecorated, sialylated and fucosylated 

[sia-fuc]) and human milk glycoproteins (lactoferrin, IgA) were analyzed in a subset of 50 mothers in the HERO-G 

cohort at 3, 6, 9, and 12 months of lactation following the methodology described in Chapter 3. Briefly, mid-infrared 

technology was used to measure the milk macronutrient concentrations, and mass spectrometry was implemented to 

quantify the relative abundances of the HMO classes and the HMGPs in samples collected a subset of the HERO-G 

subsample across the first year of lactation. 

 

Infant morbidity data 

Infant morbidities were diagnosed and recorded by clinicians at the MRC Keneba field station at scheduled 

clinic visits at 3, 6, 9, 12 months of age, plus non-scheduled visits (caregivers sought and were provided MRC clinical 

evaluation and treatment for infant morbidity as needed). Additional methodological details are described in Chapter 

4.  

 

Anthropometric measurements 

Infant 

Following their naming ceremony at 1 week of age, anthropometric measurements were collected in triplicate 

every other day home visits by trained field workers until 12 months of age and at clinic visits at 3, 6, 9, and 12 months 

of age. Infants were undressed before weights were measured using electronic scales to the nearest 10g (Seca 336 

digital weighing scale) and length was measured using length boards (Seca 417) to a precision of 0.1cm. Scales were 

calibrated each day prior to measurement. Infant growth measurements collected at clinic visits at 3, 6, 9, 12, and 24 

months of age were indexed using height-for-age (HAZ), weight-for-age (WAZ), and weight-for-height (WHZ) Z-

scores according to the WHO Child Growth Standards by using WHO Anthro program (Version 3.2.2)84. Following 

WHO values, wasted, stunted, and underweight are defined as WHZ, HAZ, and WAZ Z-scores < -2SD, respectively. 
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This dissertation focuses on growth measurements collected during the first year of life, with a specific focus on the 

3, 6, 9, and 12 month collection time points. 

 

Maternal 

At a scheduled prenatal clinic visit, a HERO-G study midwife measured maternal mid-upper arm 

circumference (MUAC) at 36 weeks of gestation, during the third trimester of pregnancy. MUAC was measured using 

flexible measuring tape (Seca 212) to the nearest 0.1mm263. Undernutrition was classified as a MUAC value of < 23 

cm265. Full methodology is described in Chapter 3. 

 

Secretor status 

Secretor status (‘Secretor’ vs ‘non-Secretor’) was designated based on relative abundance of known α1–2-

linked fucosylated HMOs, including 2′FL, LDFT, TFLNH, DFLNHa, DFLNHc, and IFLNH I. Milk containing >6% 

relative abundance of α1–2-linked fucosylated HMOs were categorized as phenotypic Secretors419. Additional details 

on this methodology are described in Chapter 3. 

 

Socioeconomic position 

Fieldworkers administered a socioeconomic questionnaire during the booking visit for the HERO-G study. 

Mothers were asked to provide information regarding sociodemographic variables (maternal education attainment), 

household characteristics (crowding index [number of persons per room within a dwelling], material of dwelling walls 

and floor), and durable assets (livestock ownership, possession of a cart). Questionnaire responses describing 

sociodemographic characteristics, household characteristics, and durable assets were used to generate an asset score 

using Principal Component Analysis (PCA). Complete details on the socioeconomic position (SEP) calculation and 

categorization are provided in Chapter 2. 

 

Stool sample collection 

Prior to each scheduled clinic visit, mothers used a stool collection kit, validated in a prior study437, to collect 

a sample of infant stool. Stool samples were stored on ice in a cooler box delivered to the mother’s home the day of 

collection and brought with them to their infant’s clinic visits. Samples were processed in the MRC laboratory, and 
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subsequently kept frozen at -70°C through shipment to the University of Colorado Boulder and onward to the 

University of California Davis. 

 

Fecal pH protocol 

The pH of 450 infant fecal samples collected at 3 (N=107), 6 (N=88), 9 (N=104), and 12 (N=92) months of 

age were measured using the Orion VersaStar Pro (Thermo Scientific), which has a pH precision of 0.01. First, using 

a sterile metal spatula, 30-50mg of frozen fecal sample (weighed using Mettler Toledo Analytical Scale) was 

transferred into a sterile Eppendorf test tube. Sterile distilled water (room temperature) was added to the sample at a 

1:9 (wt:vol) ratio following published protocols579,580. Diluted fecal samples were then vortexed for 4 minutes Fisher 

Vortex Genie2 and then centrifuged at 10,000g for 5 minutes. Without making contact with the precipitate, the pH of 

the sample supernatant was measured using the Orion VersaStar Pro. Samples were stored on dry ice during the 

preparation phase, and stored for no more than 20 minutes.  

 

Population comparison of infant fecal pH in the last century 

Data were compiled from available publications on breastfed infant fecal pH published within the last century 

in order to compare to the results of our measures of intestinal acidity in the HERO-G cohort. A total of 19 publications 

were included in the present analysis and were selected based on evaluation in metaanalysis by Henrick et al. (2019).  

 

Statistical analysis 

Descriptive statistics were calculated for infant growth outcomes (WHZ, HAZ, WAZ) and infant fecal pH 

across the first 12 months of life. Partial Least Squares (PLS) regression models were constructed to examine “real 

time” effects of dietary variables (EBF status and maternal milk composition) and morbidity occurrence on WHZ, 

HAZ, and WAZ at 3, 6, 9, and 12 months of age. Additional PLS regression models were constructed to investigate 

the potential extended influence of 3 and 6 month dietary variables and morbidity occurrences on 9 and 12 month 

growth outcomes. Validation Normalization of the observations (values of both X and Y variables) was achieved using 

mean centering and unit variance scaling. Results sections of PLS regression model results include presentation of: 

(1) number of PLS regression factors, with factor being defined as the combination of explanatory variables; (2) 

description of the percentage of variation explained for cumulative Y (% of variation in output variable explained by 
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the factor) and the percentage of variation explained for cumulative X (% of variation in explanatory variables 

explained by output variable) (emphasis is placed on the importance of the percentage of variation explained for 

cumulative Y); (3) assessment of prediction error sum of squares (PRESS) and the Variable Importance of the 

Projection (VIP) statistic. Additional detail on PLS regression methodology can be found in the Methods section of 

Chapter 4. Additionally, mixed effects models were constructed as a comparison of statistical approaches for 

assessment of potential predictors of WHZ, HAZ, and WAZ during the entire first year of life. Significant associations 

identified in the mixed effects models were summarized using the beta regression coefficients (B), 95% confidence 

intervals (CI), and P-values. The level of statistical significance was set to P < 0.05 for all analyses. All statistical 

analyses were conducted using JMP Pro 15.0 statistical software (© 2019 SAS Institute, Inc.). Statistical significance 

was set at P<0.05. Mixed effects model variables and PLS regression model variables at 3, 6, 9, and 12 months of age 

and the regressions assessing 3 and 6 month dietary variables on 9 and 12 month growth outcomes and infant fecal 

pH are defined in Table 5.1-Table 5.9.  
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Table 5.1. PLS regression model variables (“Real time” effects: 3 months of age) 

Outcome Variables 
(3mo) Explanatory Variables 

WHZ ● Milk composition at 3mo (Macronutrients, HMOs, HMGPs) 
● Cumulative morbidity at 3mo (continuous) 
● EBF status at 3mo (Yes/No) 
● Maternal Secretor status (Secretor/Non-Secretor) 
● Maternal MUACa (continuous) 
● Infant birth wt (continuous) 
● Infant season of birth (Wet/Dry) 
● Infant sex (F/M) 
● Socioeconomic position (SEP score) 
● Parity (continuous) 

HAZ 

WAZ 

Fecal pH* 

aMaternal MUAC measurements were collected during the third trimester of pregnancy; *Note: Cumulative morbidity was not 
included in PLS regressions assessing potential predictors of infant fecal pH as it was not expected to be an explanatory variable 

 
Table 5.2. PLS regression model variables (“Real time” effects: 6 months of age) 

Outcome Variables 
(6mo) Explanatory Variables 

WHZ ● Milk composition at 6mo (Macronutrients, HMOs, HMGPs) 
● Cumulative morbidity at 6mo (continuous) 
● EBF status at 6mo (Yes/No) 
● Maternal Secretor status (Secretor/Non-Secretor) 
● Maternal MUACa (continuous) 
● Infant birth wt (continuous) 
● Infant season of birth (Wet/Dry) 
● Infant sex (F/M) 
● Socioeconomic position (SEP score) 
● Parity (continuous) 

HAZ 

WAZ 

Fecal pH* 

aMaternal MUAC measurements were collected during the third trimester of pregnancy; *Note: Cumulative morbidity was not 
included in PLS regressions assessing potential predictors of infant fecal pH as it was not expected to be an explanatory variable  
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Table 5.3. PLS regression model variables (“Real time” effects: 9mo of age) 

Outcome Variables 
(9mo) Explanatory Variables 

WHZ ● Milk composition at 9mo (Macronutrients, HMOs, HMGPs) 
● Cumulative morbidity at 9mo (continuous) 
● Maternal Secretor status (Secretor/Non-Secretor) 
● Maternal MUACa (continuous) 
● Infant birth wt (continuous) 
● Infant season of birth (Wet/Dry) 
● Infant sex (F/M) 
● Socioeconomic position (SEP score) 
● Parity (continuous) 

HAZ 

WAZ 

Fecal pH* 

aMaternal MUAC measurements were collected during the third trimester of pregnancy; *Note: Cumulative morbidity was not 
included in PLS regressions assessing potential predictors of infant fecal pH as it was not expected to be an explanatory variable 

 

 

Table 5.4. PLS regression model variables (“Extended” effects: 9 month outcomes with 3 month dietary and 
morbidity variables) 

Outcome Variables 
(9mo) Explanatory Variables 

WHZ ● Milk composition at 3mo (Macronutrients, HMOs, HMGPs) 
● Cumulative morbidity at 3mo (continuous) 
● EBF status at 3mo (Yes/No) 
● Maternal Secretor status (Secretor/Non-Secretor) 
● Maternal MUACa (continuous) 
● Infant birth wt (continuous) 
● Infant season of birth (Wet/Dry) 
● Infant sex (F/M) 
● Socioeconomic position (SEP score) 
● Parity (continuous) 

HAZ 

WAZ 

Fecal pH* 

aMaternal MUAC measurements were collected during the third trimester of pregnancy; *Note: Cumulative morbidity was not 
included in PLS regressions assessing potential predictors of infant fecal pH as it was not expected to be an explanatory variable  
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Table 5.5. PLS regression model variables (“Extended” effects: 9 month outcomes with 6 month dietary and 
morbidity variables) 

Outcome Variables 
(9mo) Explanatory Variables 

WHZ ● Milk composition at 6mo (Macronutrients, HMOs, HMGPs) 
● Cumulative morbidity at 6mo (continuous) 
● EBF status at 6mo (Yes/No) 
● Maternal Secretor status (Secretor/Non-Secretor) 
● Maternal MUACa (continuous) 
● Infant birth wt (continuous) 
● Infant season of birth (Wet/Dry) 
● Infant sex (F/M) 
● Socioeconomic position (SEP score) 
● Parity (continuous) 

HAZ 

WAZ 

Fecal pH* 

aMaternal MUAC measurements were collected during the third trimester of pregnancy; *Note: Cumulative morbidity was not 
included in PLS regressions assessing potential predictors of infant fecal pH as it was not expected to be an explanatory variable 

 
 
 

Table 5.6. PLS regression model variables (“Real time” effects: 12mo of age) 

Outcome Variables 
(12mo) Explanatory Variables 

WHZ ● Milk composition at 12mo (Macronutrients, HMOs, HMGPs) 
● Cumulative morbidity at 12mo (continuous) 
● Maternal Secretor status (Secretor/Non-Secretor) 
● Maternal MUACa (continuous) 
● Infant birth wt (continuous) 
● Infant season of birth (Wet/Dry) 
● Infant sex (F/M) 
● Socioeconomic position (SEP score) 
● Parity (continuous) 

HAZ 

WAZ 

Fecal pH* 

aMaternal MUAC measurements were collected during the third trimester of pregnancy; *Note: Cumulative morbidity was not 
included in PLS regressions assessing potential predictors of infant fecal pH as it was not expected to be an explanatory variable  
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Table 5.7. PLS regression model variables (“Extended” effects: 12 month outcomes with 3 month dietary and 
morbidity variables) 

Outcome Variables 
(12mo) Explanatory Variables 

WHZ ● Milk composition at 3mo (Macronutrients, HMOs, HMGPs) 
● Cumulative morbidity at 3mo (continuous) 
● EBF status at 3mo (Yes/No) 
● Maternal Secretor status (Secretor/Non-Secretor) 
● Maternal MUACa (continuous) 
● Infant birth wt (continuous) 
● Infant season of birth (Wet/Dry) 
● Infant sex (F/M) 
● Socioeconomic position (SEP score) 
● Parity (continuous) 

HAZ 

WAZ 

Fecal pH* 

aMaternal MUAC measurements were collected during the third trimester of pregnancy; *Note: Cumulative morbidity was not 
included in PLS regressions assessing potential predictors of infant fecal pH as it was not expected to be an explanatory variable 

 

Table 5.8. PLS regression model variables (“Extended” effects: 12 month outcomes with 6 month dietary and 
morbidity variables) 

Outcome Variables 
(12mo) Explanatory Variables 

WHZ ● Milk composition at 6mo (Macronutrients, HMOs, HMGPs) 
● Cumulative morbidity at 6mo (continuous) 
● EBF status at 6mo (Yes/No) 
● Maternal Secretor status (Secretor/Non-Secretor) 
● Maternal MUACa (continuous) 
● Infant birth wt (continuous) 
● Infant season of birth (Wet/Dry) 
● Infant sex (F/M) 
● Socioeconomic position (SEP score) 
● Parity (continuous) 

HAZ 

WAZ 

Fecal pH* 

aMaternal MUAC measurements were collected during the third trimester of pregnancy; *Note: Cumulative morbidity was not 
included in PLS regressions assessing potential predictors of infant fecal pH as it was not expected to be an explanatory variable  
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Table 5.9. Response and explanatory variables investigated in separate mixed effects model for WHZ, HAZ, and 
WAZ across the first 12 months of life 

Outcome variable* Explanatory variable 

WHZ 
 

Fixed 
● Maternal MUACa (continuous) 
● Maternal Secretor status (Secretor/Non-Secretor) 
● Infant sex (F/M) 
● Infant season of birth (Wet/Dry) 
● Socioeconomic position (SEP score) 
● Parity (continuous) 
● EBF duration (months) 
● Collection time point (3, 6, 9, 12mo) 
● Milk composition (Macronutrients, HMOs, HMGPs) 

 
Random 
● Subject ID 

HAZ 

WAZ 

aMaternal MUAC measurements were collected during the third trimester of pregnancy  
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RESULTS 

Maternal/infant characteristics and infant feeding 

The baseline characteristics of these subgroups, along with the larger HERO-G cohort, can be found in 

Chapter 1 and 3.  Average infant age at cessation of exclusive breastfeeding in the HERO-G subsample was 5.0 (±1.5) 

months, with 135 (69.6%) of infants EBF for less than the WHO recommended 6 months and 59 (30.4%) infants EBF 

≥6mo. Full details on infant feeding characteristics can be found in Chapter 2. 

 

Growth outcomes across the first 12 months of life 

Infant growth outcomes at 3 (N=185), 6 (N=184), 9 (N=186) and 12 (N=190) months were assessed. At 3 

months of age,  6 (3.2%) of the HERO-G subsample infants were classified as wasted (WHZ < -2 SD), 13 (7.1%) as 

stunted (HAZ < -2 SD), and 15 (8.1%) as underweight (WAZ < -2 SD). All others were within the WHO defined 

“normal” Z-score range. At 6 months of age, 13 (5.9%) were classified as wasted, 19 (10.3%) as stunted, and 12 

(8.1%) as underweight. At 9 months of age, 14 (7.5%) of infants were classified as wasted, 21 (11.3%) as stunted, and 

22 (11.8%) as underweight. By 12 months of age, these numbers continued to climb: 25 (13.2%) were classified as 

wasted, 32 (16.9%) as stunted, and 34 (17.9%) as underweight. Wasted, stunted, and underweight distributions at 3, 

6, 9, and 12 months of age are detailed in Table 5.10. Infant growth trajectories across the first 12 months of life are 

illustrated in Figure 5.1. 

 

Table 5.10. Distribution of wasted, stunted, and/or underweight infants at 3, 6, 9, and 12 months of age 
 

Age (mo) 3  
(N=185) 

6 
(N=184)* 

9  
(N=186) 

12 
(N=190) 

WHZ 
Wasted 6 (3.2) 13 (5.9) 14 (7.5) 25 (13.2) 
Normal 179 (96.8) 173 (94.0) 172 (92.5) 165 (86.8) 

HAZ 
Stunted 13 (7.1) 19 (10.3) 21 (11.3) 32 (16.9) 
Normal 171 (92.9) 165 (89.7) 165 (88.7) 158 (83.2) 

WAZ 
Underweight 15 (8.1) 12 (8.1) 22 (11.8) 34 (17.9) 

Normal 170 (91.9) 170 (91.9) 164 (88.2) 156 (82.1) 
Data are presented as N (%); *6mo: WHZ & HAZ N=184; WAZ N=185; *24mo WHZ N=180; HAZ & WAZ N=181 
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Figure 5.1. Infant WHZ, HAZ, and WAZ growth trajectories across the first 12 months of life in (A) the HERO-G 
subsample; (B) infants EBF <6mo (N=135); and infants EBF ≥6mo (N=59) 

 

PLS regression model results (predictors of infant growth outcomes)  

WHZ 

Infant WHZ across the first year of life was assessed in relationship to infant dietary, maternal, 

environmental, and sociodemographic factors using PLS regression models. Results are described below according to 

time point and detailed in Table 5.11 through Table 5.13. 

 

WHZ at 3 months of age 

In the PLS regression assessing potential drivers of WHZ at the 3 month time point, the minimum root 

PRESS, the measure of the predictive power of the model, was 0.9952, which is considered significant, and the 

minimizing number of factors was 1. The percent variation explained for cumulative X was 31.1% and the percent 

variation explained for cumulative Y was 62.1%. The 1-component model showed 9 influential variables (VIP > 1.0) 

on infant WHZ at 3 months of age.   

Milk composition at 3 months of lactation and EBF status had important influence on WHZ at 3 months of 

age. Lower WHZ was predicted by higher concentrations of protein (VIP: 1.5021; B: -0.0939 WHZs), TRP (VIP: 
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1.0625; B: -0.0664 WHZs), and relative abundances of fucosylated HMO (VIP: 1.0764; B: -0.0673 WHZs) and sia-

fuc HMO (VIP: 1.0350; B: -0.0647 WHZs), whereas greater relative abundance of undecorated HMO predicted higher 

WHZ (VIP: 1.0284; B: 0.0643). EBF to 3 months of age predicted lower WHZ by -0.0627 WHZs (VIP: 1.0029) 

compared to infants no longer EBF at 3 months. In addition to these dietary variables, maternal and environmental 

factors also influenced WHZ at 3 months of age. Maternal parity had the strongest influence on WHZ at 3 months of 

age, with greater parity predicting lower WHZ (VIP: 2.3098; B: -0.1444). Being born during the dry season predicted 

higher WHZ (VIP: 1.6079; B: 0.1005) compared to being born in the wet season.  

 

WHZ at 6 months of age 

In the PLS regression assessing potential drivers of WHZ at the 6 month time point, the minimum root PRESS 

was 0.9828, which is considered significant, and the minimizing number of factors was 1. The percent variation 

explained for cumulative X was 47.2% and the percent variation explained for cumulative Y was 64.6%. The 1-

component model showed 7 influential variables (VIP > 1.0) on infant WHZ at 6 months of age.   

Lower WHZ at 6 months of age was predicted by greater relative abundances of sia-fuc HMO (VIP: 1.4948; 

B: -0.00972 WHZs) and IgA (VIP: 1.2225; B -0.0795 WHZs) collected at 6 months of lactation. EBF status at 6 

months had a strong influence on 6 month WHZ, with EBF to 6 months of age predicting higher WHZ by 0.1196 

WHZs (VIP: 1.9392). In addition to these dietary variables, infant and maternal factors also influenced WHZ at 6 

months of age. Birth weight had the strongest influence on WHZ at 6 months of age (VIP: 2.0812; B: 0.1353 WHZs). 

Infant morbidity occurrence by 6 months negatively influenced WHZ by -0.1085 WHZs (VIP: 1.6689). Higher 

maternal parity predicted lower WHZ by -0.0926 WHZs (VIP: 1.4240). Maternal Secretor status also had an important 

influence on WHZ at 6 months, with non-Secretor status predicting lower WHZ by -0.0728 (VIP: 1.1195). 

 

WHZ at 9 months of age 

“Real time” effects. In the PLS regression assessing potential drivers of WHZ at the 3 month time point, the 

minimum root PRESS was 0.9952, which is considered significant, and the minimizing number of factors was 1. The 

percent variation explained for cumulative X was 39.8% and the percent variation explained for cumulative Y was 

49.4%. The 1-component model showed 4 influential variables (VIP > 1.0) on infant WHZ by 9 months of age.   
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Milk protein content at 9 months of lactation was the only influential dietary variable on WHZ at 9 months 

of age, with greater protein content predicting lower WHZ by -0.1104 WHZs (VIP: 1.6675). Other maternal, infant, 

and environmental factors also had strong influence on 9 month WHZ. Infant morbidity occurrence had the strongest 

influence on WHZ at 9 months of age, with a higher number of morbidity occurrences predicting lower WHZ by -

0.1491 WHZs (VIP: 2.2512). Birth during the dry season predicted lower WHZ at 9 months by -0.1188 WHZs (VIP: 

1.7932). Maternal parity also influenced WHZ at 9 months, with higher parity predicting lower WHZ by -0.1221 

WHZs (VIP: 1.8433). 

“Extended” effects of dietary variables and morbidity occurrence at 3 months of age. PLS regression 

incorporating milk composition and infant EBF status at 3 months of age to assess their relationships to infant WHZ 

at 9 months of age had a minimum root mean PRESS of 0.9882, which is considered significant, and the minimizing 

number of factors was 1. The percent variation explained for cumulative X was 57.8% and 76.4% for the percentage 

of variation explained for cumulative Y. The 1-component model showed 4 influential variables (VIP > 1.0) on infant 

WHZ at 9 months of age.   

Milk protein content at 3 months of lactation was the only dietary influence of WHZ at 9 months of age, with 

greater protein content predicting lower WHZ (VIP: 1.7450; B: -0.1105 WHZs). Other maternal, infant, and 

environmental variables were also influential. Total morbidity at 3 months of age had the strongest influence on WHZ 

at 9 months of age, with higher number of morbidity occurrences predicting lower WHZ by -0.1492 WHZs (VIP: 

2.3560). Birth during the dry season predicted higher WHZ by 0.1188 WHZs (VIP: 1.8766). Finally, higher maternal 

parity predicted lower WHZ by -0.1221 (VIP: 1.9290). 

“Extended” effects of dietary variables and morbidity occurrence at 6 months of age. PLS regression 

incorporating milk composition and infant EBF status at 6 months of age to assess their relationships to infant WHZ 

at 9 months of age had a minimum root mean PRESS of 0.9941, which is considered significant, and the minimizing 

number of factors was 1. The percent variation explained for cumulative X was 67.4% and 74.0% for the percentage 

of variation explained for cumulative Y. The 1-component model showed 5 influential variables (VIP > 1.0) on infant 

WHZ at 9 months of age. 

Milk protein and EBF status at 6 months were the only influential dietary variables on WHZ at 9 months of 

age. Greater milk protein content predicted lower WHZ by -0.1033 WHZs (VIP: 1.6441), and EBF to 6 months of age 

predicted higher WHZ by 0.0714 WHZs (VIP:1.1365). In addition to these dietary variables, other maternal, infant, 
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and environmental variables were influential on WHZ at 9 months. Total morbidity at 6 months of age had the 

strongest influence on 9 month WHZ, with greater number of morbidities predicting lower WHZ by -0.1394 WHZs 

(VIP: 2.2197). Maternal parity also had a negative association with 9 month WHZ, with higher parity predicting lower 

WHZ (VIP: 1.8175; B: -0.1142 WHZs). Finally, birth during the dry season predicted higher WHZ at 9 months by 

0.1111 WHZs (VIP: 1.7681) relative to birth during the wet season. 

 

WHZ at 12 months of age 

“Real time” effects. In the PLS regression assessing potential drivers of WHZ at the 12 month time point, 

the minimum root PRESS was 0.9851, which is considered significant, and the minimizing number of factors was 1. 

The percent variation explained for cumulative X was 38.1% and the percent variation explained for cumulative Y 

was 61.9%. The 1-component model showed 7 influential variables (VIP > 1.0) on infant WHZ at 12 months of age.   

Milk composition at 12 months of lactation had strong influence on WHZ at 12 months of age. Greater protein 

and relative abundance of milk IgA predicted lower WHZ at 12 months by -0.0647 WHZs (VIP: 1.2446) and -0.0594 

WHZs (VIP: 1.1437), respectively. Higher WHZ was predicted by greater lactose content in milk (VIP: 1.2014; B: 

0.0624). In addition to these dietary variables, other maternal, infant, and environmental variables had strong influence 

on 12 month WHZ. Total morbidity occurrence had the strongest influence on WHZ at 12 months of age, with greater 

number of morbidities predicting lower WHZ by -0.1085 WHZs (VIP: 2.0872). Birth during the dry season had a 

strong negative association with WHZ at 12 months (VIP: 1.6974; B: -0.0882). Maternal nutrition during the 3rd 

trimester also had a strong negative association with 12 month WHZ, with higher MUAC measurements predicting 

lower WHZ by -0.0717 WHZs (VIP: 1.3790). Finally, higher parity predicted lower WHZ by -0.0541 WHZs (VIP: 

1.0421). 

“Extended” effects of dietary variables and morbidity occurrence at 3 months of age. PLS regression 

incorporating milk composition and infant EBF status at 3 months of age to assess their relationships to infant WHZ 

at 12 months of age had a minimum root mean PRESS of 0.9574, which is considered significant, and the minimizing 

number of factors was 1. The percent variation explained for cumulative X was 49.0% and 72.0% for the percentage 

of variation explained for cumulative Y. The 1-component model showed 7 influential variables (VIP > 1.0) on infant 

WHZ at 12 months of age. 
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Milk composition at 3 months, but not EBF status, was influential on WHZ at 12 months of age. Lower WHZ 

at 12 months was predicted by higher 3 month milk protein content by -0.0640 WHZs (VIP: 1.3017) and greater 

relative abundance of 3 month milk IgA by -0.0588 WHZs (VIP: 1.1962). Higher lactose content in milk collected at 

3 months of lactation predicted higher WHZ as 12 months by 0.0618 WHZs (VIP: 1.2565). In addition to these dietary 

variables, additional maternal, infant, and environmental variables also had strong influence on 12 month WHZ. 

Morbidity occurrence at 3 months of age had the strongest influence on 12 month WHZ, with a greater number of 

morbidity occurrences predicting lower WHZ by -0.1073 WHZs (VIP: 2.1830). Birth during the dry season predicted 

lower WHZ relative to birth during the wet season (VIP: 1.7753; B: -0.0873). Maternal nutritional status during the 

3rd trimester also had strong influence on 12 month WHZ; higher maternal MUAC measurements predicted lower 

WHZ by -0.0709 (VIP: 1.4423). Finally, higher maternal parity predicted lower WHZ at 12 months of age by -0.0536 

WHZs (VIP: 1.0899). 

“Extended” effects of dietary variables and morbidity occurrence at 6 months of age. PLS regression 

incorporating milk composition and infant EBF status at 6 months of age to assess their relationships to infant WHZ 

at 12 months of age had a minimum root mean PRESS of 0.9742, which is considered significant, and the minimizing 

number of factors was 1. The percent variation explained for cumulative X was 54.9% and 82.9% for the percentage 

of variation explained for cumulative Y. The 1-component model showed that birth season, maternal nutritional status 

during the 3rd trimester, total infant morbidity occurrence at 6 months of age, EBF status at 6 months, and milk protein 

and lactose content were influential (VIP > 1.0) on infant WHZ at 12 months of age. 

Maternal milk composition and EBF status at 6 months of lactation had significant influences on WHZ at 12 

months of age. Lower 12 month WHZ was predicted by higher milk protein content at 6 months of lactation by -

0.0635 WHZs (VIP: 1.0782). Lactose content at 6 months of lactation had a positive relationship with WHZ at 12 

months of age (VIP: 1.0408; B: 0.0613 WHZs). EBF to 6 months of age had the strongest influence on 12 month 

WHZ, predicting higher WHZ by 0.1120 WHZs (VIP: 1.9025). In addition to these dietary variables, other maternal, 

infant, and environmental variables also had strong influence on 12 month WHZ. A greater number of infant morbidity 

occurrences at 6 months of age predicted lower WHZ at 12 months by -0.1064 WHZs (VIP: 1.8082). Birth during the 

dry season predicted higher WHZ at 12 months by 0.0865 WHZs (VIP: 1.4705). Higher maternal MUAC during the 

3rd trimester had a negative influence on 12 month WHZ, with higher MUAC predicting lower WHZ by -0.0703 

WHZs (VIP: 1.1947).  
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Table 5.11. VIP statistics and model coefficients (B) from PLS regressions assessing “real time” and “extended” 
predictors of WHZ at 3, 6, 9, and 12 months of age for centered and scaled data 

 "Real time" predictors of infant WHZ 
Time Point 3mo 6mo 9mo 12mo 

Term VIP B VIP B VIP B VIP B 
Sex[F] 0.4904 -0.0307 0.2142 -0.0139 0.1339 0.0089 0.3460 0.0180 
Sex[M] 0.4904 0.0307 0.2142 0.0139 0.1339 -0.0089 0.3460 -0.0180 

BirthSeason[Dry] 1.6079 0.1005 0.0149 -0.001 1.7932 0.1188 1.6974 0.0882 
BirthSeason[Wet] 1.6079 -0.1005 0.0149 0.001 1.7932 -0.1188 1.6974 -0.0882 

SEP Score 0.4769 0.0298 0.5399 0.0351 0.0691 0.0046 0.3703 0.0192 
Parity 2.3098 -0.1444 1.4240 -0.0926 1.8433 -0.1221 1.0421 -0.0541 

Maternal MUAC 0.7809 -0.0488 0.2509 -0.0163 0.8956 -0.0593 1.3790 -0.0717 
SecretorStatus[Non-Secretor] 0.1956 -0.0122 1.1195 -0.0728 0.6133 -0.0406 0.6645 -0.0345 

SecretorStatus[Secretor] 0.1956 0.0122 1.1195 0.0728 0.6133 0.0406 0.6645 0.0345 
BirthWt 0.4904 -0.0307 2.0812 0.1353 0.1719 0.0114 0.6629 0.0344 

TotalMorbidity 0.2075 0.013 1.6689 -0.1085 2.2512 -0.1491 2.0872 -0.1085 
EBF Status @3mo [Y] 1.0029 -0.0627 - - - - - - 
EBF Status @3mo [N] 1.0029 0.0627 - - - - - - 
EBF Status @6mo [Y] - - 1.8392 0.1196 - - - - 
EBF Status @6mo[N] - - 1.8392 -0.1196 - - - - 

Fat 0.5727 -0.0358 0.2435 0.0158 0.4239 -0.0281 0.3593 0.0187 
Protein 1.5021 -0.0939 0.0181 0.0012 1.6675 -0.1104 1.2446 -0.0647 
Lactose 0.8319 0.052 0.0559 0.0036 0.4059 0.0269 1.2014 0.0624 

True Protein 1.0625 -0.0664 0.1187 0.0077 0.7558 -0.0501 0.3854 -0.0200 
Fucosylated HMO 1.0764 -0.0673 0.1233 -0.008 0.4957 0.0328 0.5786 0.0301 
Sialylated HMO 0.8775 0.0549 0.4491 -0.0292 0.2909 -0.0193 0.1535 0.008 

Undecorated HMO 1.0284 0.0643 0.3021 0.0196 0.4847 -0.0321 0.5828 -0.0303 
Sia-fuc HMO 1.0350 -0.0647 1.4948 -0.0972 0.0969 0.0064 0.7431 -0.0386 
Lactoferrin 0.5752 -0.0360 0.1521 -0.0099 0.0024 -0.0002 0.6052 -0.0314 

IgA 0.1043 0.0065 1.2225 -0.0795 0.4561 -0.0302 1.1437 -0.0594 
 "Extended" predictors of morbidity occurrence 

Time Point 9mo_3mo 9mo_6mo 12mo_3mo 12mo_6mo 
Term VIP B VIP B VIP B VIP B 
Sex[F] 0.1402 0.0089 0.1321 0.0083 0.3619 0.0178 0.2998 0.0176 
Sex[M] 0.1402 -0.0089 0.1321 -0.0083 0.3619 -0.0178 0.2998 -0.0176 

BirthSeason[Dry] 1.8766 0.1188 1.7681 0.1111 1.7753 0.0873 1.4705 0.0865 
BirthSeason[Wet] 1.8766 -0.1188 1.7681 -0.1111 1.7753 -0.0873 1.4705 -0.0865 

SEP Score 0.0723 0.0046 0.0681 0.0043 0.3873 0.019 0.3208 0.0189 
Parity 1.9290 -0.1221 1.8175 -0.1142 1.0899 -0.0536 0.9028 -0.0531 

Maternal MUAC 0.9373 -0.0593 0.8831 -0.0555 1.4423 -0.0709 1.1947 -0.0703 
SecretorStatus[Non-Secretor] 0.6418 -0.0406 0.6047 -0.0380 0.6950 -0.0342 0.5756 -0.0339 

SecretorStatus[Secretor] 0.6418 0.0406 0.6047 0.0380 0.6950 0.0342 0.5756 0.0339 
BirthWt 0.1799 0.0114 0.1695 0.0106 0.6934 0.0341 0.5743 0.0338 

TotalMorbidity 2.3560 -0.1492 2.2197 -0.1394 2.1830 -0.1073 1.8082 -0.1064 
EBF Status @3mo [Y] 0.0102 -0.0006 - - 0.1184 0.0058 - - 
EBF Status @3mo [N] 0.0102 0.0006 - - 0.1184 -0.0058 - - 
EBF Status @6mo [Y] - - 1.1365 0.0714 - - 1.9025 0.112 
EBF Status @6mo[N] - - 1.1365 -0.0714 - - 1.9025 -0.112 

Fat 0.4437 -0.0281 0.418 -0.0263 0.3758 0.0185 0.3113 0.0183 
Protein 1.7450 -0.1105 1.6441 -0.1033 1.3017 -0.064 1.0782 -0.0635 
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Lactose 0.4247 0.0269 0.4002 0.0251 1.2565 0.0618 1.0408 0.0613 
True Protein 0.7910 -0.0501 0.7453 -0.0468 0.4031 -0.0198 0.3339 -0.0197 

Fucosylated HMO 0.5187 0.0328 0.4887 0.0307 0.6052 0.0298 0.5013 0.0295 
Sialylated HMO 0.3045 -0.0193 0.2869 -0.018 0.1606 0.0079 0.1330 0.0078 

Undecorated HMO 0.5072 -0.0321 0.4779 -0.03 0.6095 -0.03 0.5049 -0.0297 
Sia-fuc HMO 0.1014 0.0064 0.0955 0.006 0.7773 -0.0382 0.6438 -0.0379 
Lactoferrin 0.0025 -0.0002 0.0024 -0.0002 0.6330 -0.0311 0.5243 -0.0309 

IgA 0.4773 -0.0302 0.4497 -0.0282 1.1962 -0.0588 0.9909 -0.0583 
“Extended” effects time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest and 

where Y represents the collection time point of the dietary (EBF status and milk composition) and morbidity explanatory 
variables of interest (e.g., 9mo_3mo = 9mo growth outcome in relationship to 3mo dietary and morbidity variables); Maternal 

MUAC: 3rd trimester maternal MUAC measurement   
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Table 5.12. Summary of important (VIP > 1.0) PLS regression results (“real time” positive and negative predictors) 
of WHZ at 3, 6, 9, and 12 months of age 

3mo 6mo 9mo 12mo 

Positive Negative Positive Negative Positive Negative Positive Negative 

Birth season 
(dry) 

 
EBF @ 3mo (N) 

 
Undec HMO 

Parity 
 

EBF @ 3mo (Y) 
 

Protein 
 

TRP 
 

Fuc 
 

Sia-Fuc 

Birth season 
(dry) 

 
EBF @ 6mo (Y) 

 
Birth Wt 

Parity 
 

EBF @ 3mo (N) 
 

NonSecretor 
 

TotalMorbidity 
 

Sia HMO 
 

IgA 

Birth season 
(dry) 

Parity 
 

TotalMorbidity 
 

Protein 

Birth season 
(dry) 

 
Lactose 

Parity 
 

Maternal MUAC 
 

TotalMorbidity 
 

Protein 
 

IgA 

Positive: Explanatory variable with important (VIP > 1.0) positive association with output variable; Negative: Explanatory 
variable with important (VIP > 1.0) negative association with output variable; Undec: Undecorated HMO class; Fuc: Fucosylated 

HMO class 
 

Table 5.13. Summary of important (VIP > 1.0) PLS regression results (“extended” positive and negative predictors) 
of 3 and 6 month dietary conditions (maternal milk composition and EBF status) on 9 and 12 month WHZ 

9mo_3mo 9mo_6mo 12mo_3mo 12mo_6mo 

Positive Negative Positive Negative Positive Negative Positive Negative 

Birth season 
(dry) 

TotalMorbidity 
 

Protein 

Birth season 
(dry) 

 
EBF @ 6mo (Y) 

TotalMorbidity 
 

Protein 

Birth season 
(dry) 

 
Lactose 

Parity 
 

Maternal MUAC 
 

TotalMorbidity 
 

Protein 
 

IgA 

Birth season 
(dry) 

 
EBF @ 6mo (Y) 

 
Lactose 

Maternal MUAC 
 

Protein 

“Extended” effects time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest and 
where Y represents the collection time point of the dietary (EBF status and milk composition) and morbidity explanatory 

variables of interest (e.g., 9mo_3mo = 9mo growth outcome in relationship to 3mo dietary and morbidity variables); Positive: 
Explanatory variable with important (VIP > 1.0) positive association with output variable; Negative: Explanatory variable with 
important (VIP > 1.0) negative association with output variable; Maternal MUAC: 3rd trimester maternal MUAC measurement  
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HAZ 

Infant HAZ across the first year of life was assessed in relationship to infant dietary, maternal, environmental, 

and sociodemographic factors using PLS regression models. Results are described below and detailed in Table 5.14. 

Summary tables of results can be found in Table 5.15 and Table 5.16. 

 

HAZ at 3 months of age 

In the PLS regression assessing potential drivers of HAZ at the 3 month time point, the minimum root PRESS 

was 0.9982, which is considered significant, and the minimizing number of factors was 1. The percent variation 

explained for cumulative X was 37.6% and the percent variation explained for cumulative Y was 69.5%. The 1-

component model showed 6 influential variables (VIP > 1.0) on infant HAZ at 3 months of age.   

Milk composition and EBF status at 3 months had strong influence on HAZ at 3 months of age. Relative 

abundance of sialylated HMO had the strongest influence on 3 month HAZ, with greater relative abundance predicting 

lower HAZ by -0.1622 HAZs (VIP: 2.4024). Greater relative abundance of milk IgA also had a negative association 

with HAZ (VIP: 1.2261; B: -0.0828 HAZs). Higher HAZ was predicted by higher lactose content (VIP: 1.4037; B: 

0.0948 HAZs). EBF to 3 months of age predicted higher HAZ by 0.0728 HAZs (VIP: 1.0776) relative to those no 

longer EBF at 3 months. Other infant and environmental variables also had significant influence on 3 month HAZ. 

Birth weight had a strong positive association with HAZ, with higher birth weight predicting higher HAZ by 0.1092 

(VIP: 1.6165). Birth during the dry season predicted lower HAZ (VIP: 1.4356; B: -0.0969 HAZs) compared to birth 

during the wet season. 

 

HAZ at 6 months of age 

In the PLS regression assessing potential drivers of HAZ at the 3 month time point, the minimum root PRESS 

was 0.9861, which is considered significant, and the minimizing number of factors was 1. The percent variation 

explained for cumulative X was 36.8% and the percent variation explained for cumulative Y was 58.1%. The 1-

component model showed 5 influential variables (VIP > 1.0) on infant HAZ at 6 months of age.   

Milk composition and EBF status at 6 months both had strong influence on HAZ at 6 months of age. Relative 

abundance of sia-fuc HMO had the strongest influence on 6 month HAZ, with greater relative abundance predicting 

higher HAZ by 0.1520 HAZs (VIP: 1.7167). Greater milk protein content predicted lower 6 month HAZ by -0.1514 
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HAZs (VIP: 1.7100), and greater milk fat predicted higher HAZ by 0.0950 HAZs (VIP: 1.0734). EBF at 6 months of 

age predicted lower HAZ by -0.1475 HAZs (VIP: 1.6661). The environmental variable, birth season, also had strong 

influence on 6 month HAZ. Birth during the dry season predicted lower HAZ by -0.1307 HAZs (VIP: 1.4759). 

 

 
HAZ at 9 months of age 

“Real time” effects. In the PLS regression assessing potential drivers of HAZ at the 9 month time point, the 

minimum root PRESS was 0.9913, which is considered significant, and the minimizing number of factors was 1. The 

percent variation explained for cumulative X was 40.8% and the percent variation explained for cumulative Y was 

68.2%. The 1-component model showed 5 influential variables (VIP > 1.0) on infant HAZ at 9 months of age.   

Milk fat was the only dietary variable that was influential on HAZ at 9 months of age. Greater milk fat 

predicted greater HAZ by 0.1515 HAZs (VIP: 1.8036). Other influential variables included infant, environmental, and 

sociodemographic variables.  Birth season had the strongest influence on 9 month HAZ, with birth during the dry 

season predicting lower HAZ by -0.1636 (VIP: 1.9478). Total morbidity occurrence was also a strong influential 

variable, with a greater number of morbidity occurrences predicting higher HAZ by 0.1180 HAZs (VIP: 1.4041). Birth 

weight had a positive influence on 9 month HAZ, with greater birth weight predicting higher HAZ by 0.1060 HAZs 

(VIP: 1.2616). Finally, household SEP influenced 9 month HAZ. Higher household SEP scores predicted lower HAZ 

by -0.0997 HAZs (VIP: 1.1873). 

“Extended” effects of dietary variables and morbidity occurrence at 3 months of age. PLS regression 

incorporating milk composition and infant EBF status at 3 months of age to assess their relationships to infant HAZ 

at 9 months of age had a minimum root mean PRESS of 0.9955, which is considered significant, and the minimizing 

number of factors was 1. The percent variation explained for cumulative X was 45.7% and 69.9% for the percentage 

of variation explained for cumulative Y. The 1-component model showed 4 influential variables (VIP > 1.0) on infant 

HAZ at 9 months of age.   

Milk fat at 3 months of lactation was the only dietary variable that had strong influence on HAZ at 9 months 

of age. Higher milk fat was associated with higher HAZ by 0.1517 HAZs (VIP: 1.8874). Infant and environmental 

variables also had strong influence on 9 month HAZ. Birth season had the strongest influence on HAZ, with birth 

during the dry season predicting lower HAZ by -0.1638 HAZs (VIP: 2.0383). Infant morbidity at 3 months was also 
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a strong predictor of HAZ at 9 months of age, with a greater number of morbidity occurrences predicting higher HAZ 

by 0.1181 HAZs (VIP: 1.4693). Finally, birth weight was positively associated with 9 month HAZ, with higher birth 

weight predicting higher HAZ by 0.1061 HAZs (VIP: 1.3202). 

“Extended” effects of dietary variables and morbidity occurrence at 6 months of age. PLS regression 

incorporating milk composition and infant EBF status at 6 months of age to assess their relationships to infant HAZ 

at 9 months of age had a minimum root mean PRESS of 0.9548, which is considered significant,  and the minimizing 

number of factors was 1. The percent variation explained for cumulative X was 40.8% and 68.9% for the percentage 

of variation explained for cumulative Y. The 1-component model showed 5 influential variables (VIP > 1.0) on infant 

HAZ at 9 months of age. 

Milk composition and EBF status at 6 months had strong influence on HAZ at 9 months of age. Higher milk 

fat at 6 months of lactation predicted higher HAZ at 9 months of age by 0.1313 HAZs (VIP: 1.6964). EBF at 6 months 

of age predicted lower HAZ at 9 months by -0.1151 HAZs (VIP: 1.4868). Infant and environmental variables were 

also influential. Birth season had the strongest influence on 9 month HAZ, with birth during the dry season predicting 

lower HAZ by -0.1418 HAZs (VIP: 1.8321). A greater number of morbidity occurrences at 6 months of age predicted 

higher HAZ at 9 months by 0.1022 HAZs (VIP: 1.3207). Finally, birth weight had a positive association with 9 month 

HAZ, with higher birth weight predicting higher 9 month HAZ by 0.0919 HAZs (VIP: 1.1867). 

 

HAZ at 12 months of age 

In the PLS regression assessing potential drivers of HAZ at the 12 month time point, the minimum root 

PRESS was 0.9836, which is considered significant, and the minimizing number of factors was 1. The percent 

variation explained for cumulative X was 38.9% and the percent variation explained for cumulative Y was 58.1%. 

The 1-component model showed 4 influential variables (VIP > 1.0) on infant HAZ at 12 months of age.   

None of the milk constituents at 12 months of lactation had significant influence on HAZ at 12 months of 

age. Instead, infant and maternal variables were influential. Total morbidity had the strongest influence on 12 month 

HAZ, with a greater number of morbidity occurrences predicting higher HAZ by 0.1138 HAZs (VIP: 1.7363). Infant  

sex also influenced 12 month HAZ, with female infants predicting lower HAZ by -0.0994 HAZs (VIP: 1.5172). 

Maternal Secretor status at 12 months also influenced HAZ. Non-Secretor status predicted higher HAZ by 0.1050 

HAZs (VIP: 1.6022). Finally, higher birth weight predicted higher 12 month HAZ by 0.0931 HAZs (VIP: 1.4211). 



 
 
 

 176 

“Extended” effects of dietary variables and morbidity occurrence at 3 months of age. PLS regression 

incorporating milk composition and infant EBF status at 3 months of age to assess their relationships to infant HAZ 

at 12 months of age had a minimum root mean PRESS of 0.9540, which is considered significant, and the minimizing 

number of factors was 1. The percent variation explained for cumulative X was 57.8% and 63.3% for the percentage 

of variation explained for cumulative Y. The 1-component model showed 4 influential variables (VIP > 1.0) on infant 

HAZ at 12 months of age 

None of the dietary variables at 3 months predicted HAZ at 12 months of age. Instead, infant, maternal, and 

environmental variables were influential. Total morbidity at 3 months of age had the strongest influence on HAZ at 

12 months of age, with a greater number of morbidity occurrences predicting higher HAZ by 0.1178 HAZs (VIP: 

1.7895). Non-Secretor status predicted higher HAZ by 0.1087 HAZs (VIP: 1.6512). Female offspring predicted lower 

HAZ at 12 months by -0.1029 HAZs (VIP: 1.5637). Finally, birth weight also had a strong influence on 12 month 

HAZ, with a higher birth weight predicting higher HAZ by 0.0964 HAZs (VIP: 1.4646). 

“Extended” effects of dietary variables and morbidity occurrence at 6 months of age. PLS regression 

incorporating milk composition and infant EBF status at 6 months of age to assess their relationships to infant HAZ 

at 12 months of age had a minimum root mean PRESS of 0.9842, which is considered significant, and the minimizing 

number of factors was 1. The percent variation explained for cumulative X was 48.8% and 70.1% for the percentage 

of variation explained for cumulative Y. The 1-component model showed 5 influential variables (VIP > 1.0) on infant 

HAZ at 12 months of age. 

None of the milk constituents at 6 months of lactation had strong influence on HAZ at 12 months of age. 

EBF status at 6 months of age was a strong influence on HAZ, however, with continued EBF at 6 months predicting 

lower 12 month HAZ by -0.1018 HAZs (VIP: 1.5495). Other influential variables included maternal and infant 

variables. Total morbidity occurrence at 6 months of age had the strongest influence on 12 month HAZ, with a higher 

number of morbidity occurrences predicting higher HAZ by 0.1062 HAZs (VIP: 1.6164). Non-Secretor status 

predicted higher HAZ by 0.0980 HAZs (VIP: 1.4915). Female offspring were associated with lower HAZ by -0.0928 

HAZs (VIP: 1.4124). Finally, birth weight had a strong positive association with 12 month HAZ, with higher birth 

weight predicting higher HAZ by 0.0869 HAZs (VIP: 1.3229).  
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Table 5.14. VIP statistics and model coefficients (B) from PLS regressions assessing “real time” and “extended” 
predictors of HAZ at 3, 6, 9, and 12 months of age for centered and scaled data 

 "Real time" predictors of HAZ 
Time Point 3mo 6mo 9mo 12mo 

Term VIP B VIP B VIP B VIP B 
Sex[F] 0.047 0.0032 0.2968 -0.0263 0.8509 -0.0715 1.5172 -0.0994 
Sex[M] 0.047 -0.0032 0.2968 0.0263 0.8509 0.0715 1.5172 0.0994 

BirthSeason[Dry] 1.4356 -0.0969 1.4759 -0.1307 1.9478 -0.1636 0.303 0.0199 
BirthSeason[Wet] 1.4356 0.0969 1.4759 0.1307 1.9478 0.1636 0.303 -0.0199 

SEP Score 0.6536 -0.0441 0.3261 -0.0289 1.1873 -0.0997 0.5221 -0.0997 
Parity 0.8588 0.058 0.2559 -0.0227 0.6714 0.0564 0.3048 0.02 

Maternal MUAC 0.9785 0.0661 1.0759 -0.0952 0.5365 0.0451 0.9266 0.0607 
SecretorStatus[Non-Secretor] 0.686 0.0463 0.1492 -0.0132 0.9319 0.0783 1.6022 0.105 

SecretorStatus[Secretor] 0.686 -0.0463 0.1492 0.0132 0.9319 -0.0783 1.6022 -0.105 
BirthWt 1.6165 0.1092 0.6585 0.0583 1.2616 0.106 1.4211 0.0931 

EBF Status @3mo [Y] 1.0776 0.0728 - - - - - - 
EBF Status @3mo [N] 1.0776 -0.0728 - - - - - - 
EBF Status @6mo [Y] - - 1.6661 -0.1475 - - - - 
EBF Status @6mo[N] - - 1.6661 0.1475 - - - - 

TotalMorbidity 0.3256 -0.022 0.8186 0.0725 1.4041 0.118 1.7363 0.1138 
Fat 0.1124 -0.0076 1.0734 0.095 1.8036 0.1515 0.0043 0.0003 

Protein 0.2142 -0.0145 1.71 -0.1514 0.2103 0.0177 0.0108 -0.0007 
Lactose 1.4037 0.0948 0.7606 0.0673 0.3923 -0.033 0.7531 -0.0494 

True Protein 0.5953 -0.0402 0.8968 -0.0794 0.3288 0.0276 0.8123 -0.0532 
Fucosylated HMO 0.3383 0.0228 0.8627 0.0764 0.1969 -0.0165 0.0921 0.006 
Sialylated HMO 2.4024 -0.1622 0.5565 -0.0493 0.7546 -0.0634 0.6005 0.0394 

Undecorated HMO 0.01 -0.0007 0.9498 -0.0841 0.2362 0.0198 0.1528 -0.01 
Sia-fuc HMO 0.4789 0.0323 1.7167 0.152 0.4472 0.0376 0.5885 0.0386 
Lactoferrin 0.8759 -0.0591 0.2503 -0.0222 0.1589 -0.0134 0.5654 0.0371 

IgA 1.2261 -0.0828 0.114 0.0101 0.259 -0.0218 0.7 0.0459 
 "Extended" predictors of HAZ 

Time Point 9mo_3mo 9mo_6mo 12mo_3mo 12mo_6mo 
Term VIP B VIP B VIP B VIP B 
Sex[F] 0.8905 -0.0716 0.8004 -0.062 1.5637 -0.1029 1.4124 -0.0928 
Sex[M] 0.8905 0.0716 0.8004 0.062 1.5637 0.1029 1.4124 0.0928 

BirthSeason[Dry] 2.0383 -0.1638 1.8321 -0.1418 0.3122 0.0206 0.282 0.0185 
BirthSeason[Wet] 2.0383 0.1638 1.8321 0.1418 0.3122 -0.0206 0.282 -0.0185 

SEP Score 0.2425 -0.0998 0.1168 -0.0865 0.5686 -0.1033 0.4169 -0.0931 
Parity 0.7026 0.0565 0.6315 0.0489 0.3141 0.0207 0.2837 0.0186 

Maternal MUAC 0.5614 0.0451 0.5046 0.0391 0.955 0.0629 0.8626 0.0567 
SecretorStatus[Non-Secretor] 0.9752 0.0784 0.8765 0.0679 1.6512 0.1087 1.4915 0.098 

SecretorStatus[Secretor] 0.9752 -0.0784 0.8765 -0.0679 1.6512 -0.1087 1.4915 -0.098 
BirthWt 1.3202 0.1061 1.1867 0.0919 1.4646 0.0964 1.3229 0.0869 

TotalMorbidity 1.4693 0.1181 1.3207 0.1022 1.7895 0.1178 1.6164 0.1062 
EBF Status @3mo [Y] 0.0424 0.0034 - - 0.5894 0.0388 - - 
EBF Status @3mo [N] 0.0424 -0.0034 - - 0.5894 -0.0388 - - 
EBF Status @6mo [Y] - - 1.4868 -0.1151 - - 1.5495 -0.1018 
EBF Status @6mo[N] - - 1.4868 0.1151 - - 1.5495 0.1018 

Fat 1.8874 0.1517 1.6964 0.1313 0.0044 0.0003 0.004 0.0003 
Protein 0.2200 0.0177 0.1978 0.0153 0.0112 -0.0007 0.0101 -0.0007 
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Lactose 0.4106 -0.033 0.369 -0.0286 0.7762 -0.0511 0.7011 -0.0461 
True Protein 0.3441 0.0276 0.3093 0.0239 0.8372 -0.0551 0.7562 -0.0497 

Fucosylated HMO 0.2061 -0.0166 0.1852 -0.0143 0.0949 0.0062 0.0857 0.0056 
Sialylated HMO 0.7897 -0.0635 0.7098 -0.055 0.6188 0.0407 0.5590 0.0367 

Undecorated HMO 0.2472 0.0199 0.2222 0.0172 0.1575 -0.0104 0.1422 -0.0093 
Sia-fuc HMO 0.4680 0.0376 0.4207 0.0326 0.6066 0.0399 0.5479 0.0360 
Lactoferrin 0.1663 -0.0134 0.1495 -0.0116 0.5827 0.0384 0.5263 0.0346 

IgA 0.2710 -0.0218 0.2436 -0.0189 0.7214 0.0475 0.6516 0.0428 
“Extended” effects time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest and 

where Y represents the collection time point of the dietary (EBF status and milk composition) and morbidity explanatory 
variables of interest (e.g., 9mo_3mo = 9mo growth outcome in relationship to 3mo dietary and morbidity variables); Maternal 

MUAC: 3rd trimester maternal MUAC measurement   
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Table 5.15. Summary of important (VIP > 1.0) PLS regression results (“real time” positive and negative predictors) 
of HAZ at 3, 6, 9, and 12 months of age 

3mo 6mo 9mo 12mo 

Positive Negative Positive Negative Positive Negative Positive Negative 

Birth season 
(wet) 

 
Birth Wt 

 
EBF @ 3mo (Y) 

 
Lactose 

Birth season 
(dry) 

 
EBF @ 3mo (N) 

 
Sia HMO 

 
IgA 

Birth season 
(wet) 

 
EBF @ 6mo (N) 

 
Fat 

 
Sia-Fuc HMO 

Birth season 
(dry) 

 
Maternal MUAC 

 
EBF @ 6mo (Y) 

 
Protein 

Birth season 
(wet) 

 
Birth Wt 

 
TotalMorbidity 

 
Fat 

Birth season 
(dry) 

Sex (male) 
 

NonSecretor 
 

Birth Wt 
 

TotalMorbidity 

Sex (female) 
 

 Secretor 

Positive: Explanatory variable with important (VIP > 1.0) positive association with output variable; Negative: Explanatory 
variable with important (VIP > 1.0) negative association with output variable; Sia: Sialylated HMO class 

 
 
 

Table 5.16. Summary of important (VIP > 1.0) PLS regression results (“extended” positive and negative predictors) 
of 3 and 6mo dietary variables (maternal milk composition and EBF status) on 9 and 12mo HAZ 
9mo_3mo 9mo_6mo 12mo_3mo 12mo_6mo 

Positive Negative Positive Negative Positive Negative Positive Negative 

Birth season 
(wet) 

 
Birth Wt 

 
TotalMorbidity 

 
Fat 

Birth season 
(dry) 

Birth season 
(wet) 

 
Birth Wt 

 
TotalMorbidity 

 
EBF @6mo (N) 

 
Fat 

Birth season 
(dry) 

 
EBF @6mo (Y) 

Sex (male) 
 

 NonSecretor 

Sex (female) 
 

Secretor 

Sex (male) 
 

NonSecretor 
 

Birth wt 
 

TotalMorbidity 
 

EBF @6mo (N) 

Sex (female) 
 

Secretor 
 

EBF @6mo (Y) 

“Extended” effects time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest and 
where Y represents the collection time point of the dietary (EBF status and milk composition) and morbidity explanatory 

variables of interest (e.g., 9mo_3mo = 9mo growth outcome in relationship to 3mo dietary and morbidity variables); Positive: 
Explanatory variable with important (VIP > 1.0) positive association with output variable; Negative: Explanatory variable with 

important (VIP > 1.0) negative association with output variable 
 
 
WAZ 

Infant WAZ across the first year of life was assessed in relationship to infant dietary, maternal, 

environmental, and sociodemographic factors using PLS regression models. Results are described below and detailed 

in Table 5.17. Summary tables of results can be found in Table 5.18 and Table 5.19. 

 

WAZ at 3 months of age 

In the PLS regression assessing potential drivers of WAZ at the 3 month time point, the minimum root PRESS 

was 0.9809, which is considered significant, and the minimizing number of factors was 1. The percent variation 
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explained for cumulative X was 41.4% and the percent variation explained for cumulative Y was 88.4%. The 1-

component model showed 7 influential variables (VIP > 1.0) on infant WAZ at 3 months of age.   

Milk composition, but not EBF status, at 3 months had a strong influence on WAZ at 3 months of age. Sia 

HMO had the strongest influence on WAZ, with greater relative abundance of Sia predicting lower WAZ by -0.1596 

WAZs (VIP: 2.1648). Lactose also had a strong association with WAZ, with greater lactose content predicting higher 

WAZ by 0.1491 WAZs (VIP: 2.0228). Lower WAZ at 3 months of age was predicted by greater protein and TRP 

content by -0.0937 WAZs (VIP: 1.2708) and -0.1078 WAZs (VIP: 1.4623), respectively. Greater relative abundances 

of LF and IgA also predicted lower WAZ, by -0.0951 WAZs (VIP: 1.2907) and -0.0846 WAZs (VIP: 1.1482), 

respectively. The only non-dietary variable that had strong influence on WAZ at 3 months of age was birth weight. A 

higher birth weight predicted a higher WAZ ay 3 months by 0.1211 WAZs (VIP: 1.6430). 

 

WAZ at 6 months of age 

In the PLS regression assessing potential drivers of WAZ at the 6 month time point, the minimum root PRESS 

was 0.9879, which is considered significant, and the minimizing number of factors was 1. The percent variation 

explained for cumulative X was 48.1% and the percent variation explained for cumulative Y was 66.2%. The 1-

component model showed 7 influential variables (VIP > 1.0) on infant WAZ at 6 months of age.   

 Milk composition, but not EBF status, at 6 months was influential on WAZ at 6 months of age. Milk protein 

at 6 months of lactation had a negative association with 6 month WAZ, with greater milk protein content predicting 

lower WAZ by -0.1077 WAZs (VIP: 1.3016). Greater relative abundances of sialylated HMO and IgA predicted lower 

WAZ by -0.0835 WAZs (VIP: 1.0086) and -0.0920 WAZs (VIP: 1.1116), respectively. The other influential variables 

were maternal, infant, and environmental. Birth weight had the strongest association with 6 month WAZ, with a higher 

birth weight predicting higher WAZ by 0.2164 WAZs (VIP: 2.6145). Birth during the dry season also predicted higher 

WAZ at 6 months (VIP: 1.2369; B: 0.1024 WAZs). Maternal parity and maternal nutritional status during the 3rd 

trimester both had negative associations with 6 month WAZ. Specifically, higher maternal parity predicted lower 

WAZ by -0.1131 WAZs (VIP: 1.3667), and higher maternal MUAC measurements predicted lower WAZ by -0.0870 

WAZs (VIP: 1.0507). 
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WAZ at 9 months of age 

  “Real time” effects. In the PLS regression assessing potential drivers of WAZ at the 9 month time point, the 

minimum root PRESS was 0.9778, which is considered significant, and the minimizing number of factors was 1. The 

percent variation explained for cumulative X was 40.0% and the percent variation explained for cumulative Y was 

52.6%. The 1-component model showed 6 influential variables (VIP > 1.0) on infant WAZ at 9 months of age.   

Milk composition at 9 months of lactation influenced WAZ at 9 months of age. Milk protein content had the 

strongest influence on 9 month WAZ, with greater protein content predicting lower WAZ by -0.1358 WAZs (VIP: 

1.9859). Greater relative abundance of sialylated HMO also predicted lower WAZ, by -0.0868 WAZs (VIP: 1.2694). 

Greater fat content in maternal milk predicted higher WAZ at 9 months by 0.0942 WAZs (VIP: 1.3791). Other 

maternal and infant variables were also influential. Higher birth weight predicted higher WAZ at 9 months by 0.1187 

WAZs (VIP: 1.7365). Infant morbidity occurrence by 9 months of age had a negative influence on 9 month WAZ, 

with a greater number of morbidity occurrences predicting lower WAZ by -0.1042 (VIP: 1.5246). Finally, higher 

parity also predicted lower WAZ by -0.1155 WAZs (VIP: 1.6893). 

“Extended” effects of dietary variables and morbidity occurrence at 3 months of age. PLS regression 

incorporating milk composition and infant EBF status at 3 months of age to assess their relationships to infant WAZ 

at 9 months of age had a minimum root mean PRESS of 0.9963, which is considered significant, and the minimizing 

number of factors was 1. The percent variation explained for cumulative X was 36.9% and 65.1% for the percentage 

of variation explained for cumulative Y. The 1-component model showed 7 influential variables (VIP > 1.0) on infant 

WAZ at 9 months of age.   

Milk composition at 3 months of lactation, but not EBF status at 3 months, was influential on WAZ at 9 

months of age. Milk protein content at 3 months had the strongest influence on 9 month WAZ, with greater protein 

content predicting lower WAZ by -0.1348 WAZs (VIP: 2.0772). Greater relative abundance of sialylated HMO at 3 

months of lactation predicted lower WAZ at 9 months by -0.0862 WAZs (VIP: 1.3277). Higher fat content in maternal 

milk at 3 months of lactation predicted higher WAZ at 9 months by 0.0936 WAZs (VIP: 1.4425). The other influential 

variables were infant, maternal, and sociodemographic. Infant birth weight had a strong positive association with 

WAZ at 9 months, with higher birth weight predicting higher WAZ by 0.1179 WAZs (VIP: 1.8163). Infant morbidity 

at 3 months had a negative association with 9 month WAZ, with a greater number of morbidity occurrence predicting 
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lower WAZ by -0.1035 WAZs (VIP: 1.5947). Higher maternal parity predicted lower WAZ at 9 months (VIP: 1.7670; 

B: -0.1147 WAZs) and higher household SEP predicted lower WAZ as well (VIP: 1.2407; B: -0.0805 WAZs). 

“Extended” effects of dietary variables and morbidity occurrence at 6 months of age. PLS regression 

incorporating milk composition and infant EBF status at 6 months of age to assess their relationships to infant WAZ 

at 9 months of age had a minimum root mean PRESS of 0.9943, which is considered significant, and the minimizing 

number of factors was 1. The percent variation explained for cumulative X was 40.0% and 54.1% for the percentage 

of variation explained for cumulative Y. The 1-component model showed 7 influential variables (VIP > 1.0) on infant 

WAZ at 9 months of age.   

Milk composition, but not EBF status, at 6 months was influential on WAZ at 9 months of age. Milk protein 

content at 6 months of lactation had the strongest association with WAZ at 9 months of age, with greater protein 

content predicting lower WAZ by -0.1340 WAZs (VIP: 2.0737). Greater relative abundance of sia HMO also predicted 

lower WAZ (VIP: 1.3255; B:-0.0856 WAZs). Higher fat content in maternal milk at 6 months of lactation predicted 

higher WAZ at 9 months of age by 0.0930 WAZs (VIP: 1.4401). Other influential variables include infant, maternal, 

and sociodemographic. Infant birth weight had a strong influence on 9 month WAZ, with a higher birth weight 

predicting higher WAZ at 9 months by 0.1171 WAZs (VIP: 1.8135). Infant morbidity  at 6 months had a negative 

association with WAZ at 9 months, with greater number of morbidity occurrences at 6 months predicting lower 9 

month WAZ by -0.1028 WAZs (VIP: 1.5920). Higher maternal parity predicted lower WAZ by -0.1139 WAZs (VIP: 

1.7641) as did higher household SEP (VIP: 1.2386; B: -0.0800). 

 

WAZ 12 months of age 

“Real time” effects. In the PLS regression assessing potential drivers of WAZ at the 12 month time point, 

the minimum root PRESS was 0.9611, which is considered significant, and the minimizing number of factors was 1. 

The percent variation explained for cumulative X was 36.6% and the percent variation explained for cumulative Y 

was 52.7%. The 1-component model showed 4 influential variables (VIP > 1.0) on infant WAZ at 12 months of age.   

Milk composition at 12 months of lactation had strong influence on WAZ at 12 months of age. Greater protein 

and TRP content both predicted lower WAZ, by -0.1102 WAZs (VIP: 1.2094) and -0.0956 WAZs (VIP: 1.0488), 

respectively. In addition to these dietary variables, infant and environmental variables were also influential. The 

strongest influence on 12 month WAZ was birth weight. Higher birth weight predicted higher 12 month WAZ by 
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0.1797 WAZs (VIP: 1.9725). Seasonality also influenced WAZ at 12 months. Birth during the dry season predicted 

higher WAZ at 12 months compared to birth during the wet season by 0.1734 WAZs (VIP: 1.9031). 

“Extended” effects of dietary variables and morbidity occurrence at 3 months of age. PLS regression 

incorporating milk composition and infant EBF status at 3 months of age to assess their relationships to infant WAZ 

at 12 months of age had a minimum root mean PRESS of 0.9702, which is considered significant, and the minimizing 

number of factors was 1. The percent variation explained for cumulative X was 42.1% and 56.2% for the percentage 

of variation explained for cumulative Y. The 1-component model showed 5 influential variables (VIP > 1.0) on infant 

WAZ at 12 months of age.   

Milk composition, but not EBF status, at 3 months influenced WAZ at 12 months of age. Specifically, greater 

protein and TRP content in maternal milk predicted lower WAZ by -0.1021 WAZs (VIP: 1.2448) and -0.0885 WAZs 

(VIP: 1.0796), respectively. Other influential variables were infant, environmental, and sociodemographic. Infant birth 

weight had the strongest influence on WAZ at 12 months of age. Higher birth weight predicted higher 12 month WAZ 

by 0.1665 WAZs (VIP: 2.0304). Household SEP had a negative influence on 12 month WAZ, with higher SEP 

predicting lower WAZ by -0.0834 WAZs (VIP: 1.0168). Birth during the dry season predicted higher WAZ at 12 

months of age by 0.1607 WAZs (VIP: 1.9590). 

“Extended” effects of dietary variables and morbidity occurrence at 6 months of age. PLS regression 

incorporating milk composition and infant EBF status at 6 months of age to assess their relationships to infant WAZ 

at 12 months of age had a minimum root mean PRESS of 0.9956, which was considered significant, and the 

minimizing number of factors was 1. The percent variation explained for cumulative X was 23.9% and 49.8% for the 

percentage of variation explained for cumulative Y. The 1-component model showed 5 influential variables (VIP > 

1.0) on infant WAZ at 12 months of age.   

 Milk composition, but not EBF status, at 6 months influenced WAZ at 12 months of age. Specifically, higher 

protein and TRP content in maternal milk at 6 months of lactation predicted lower WAZ at 12 months by -0.1102 

WAZs (VIP: 1.2417) and -0.0955 WAZs (VIP: 1.0768), respectively. The other influential variables were infant, 

environmental, and sociodemographic. Infant birth weight had the strongest influence on 12 month WAZ, with higher 

birth weight predicting higher WAZ by 0.1797 WAZs (VIP: 2.0252). Birth during the dry season predicted higher 

WAZ by 0.1734 WAZs (VIP: 1.9540) compared to birth during the wet season. Finally, higher household SEP 

predicted lower WAZ at 12 months of age by -0.0900 WAZs (VIP: 1.0142).  
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Table 5.17. VIP statistics and model coefficients (B) from PLS regressions assessing “real time” and “extended” 
predictors of WAZ at 3, 6, 9, and 12 months of age for centered and scaled data 
 "Real time" predictors of WAZ 

Time Point 3mo 6mo 9mo 12mo 
Term VIP B VIP B VIP B VIP B 
Sex[F] 0.5893 -0.0434 0.634 -0.0525 0.7396 -0.0506 0.9173 -0.0836 
Sex[M] 0.5893 0.0434 0.634 0.0525 0.7396 0.0506 0.9173 0.0836 

BirthSeason[Dry] 0.5114 -0.0377 1.2369 0.1024 0.2782 0.0190 1.9031 0.1734 
BirthSeason[Wet] 0.5114 0.0377 1.2369 -0.1024 0.2782 -0.0190 1.9031 -0.1734 

SEP Score 0.2904 -0.0214 0.1475 0.0122 0.1861 -0.0811 0.9878 -0.0900 
Parity 0.5482 -0.0404 1.3667 -0.1131 1.6893 -0.1155 0.6836 -0.0623 

Maternal MUAC 0.5681 0.0419 1.0507 -0.0870 0.5842 -0.0399 0.5115 -0.0466 
SecretorStatus[Non-Secretor] 0.9083 0.0670 0.9882 -0.0818 0.2820 0.0193 0.83 0.0756 

SecretorStatus[Secretor] 0.9083 -0.0670 0.9882 0.0818 0.2820 -0.0193 0.83 -0.0756 
BirthWt 1.6430 0.1211 2.6145 0.2164 1.7365 0.1187 1.9725 0.1797 

TotalMorbidity 0.0285 -0.0021 0.8109 -0.0671 1.5246 -0.1042 0.4952 -0.0451 
EBF Status @3mo [Y] 0.3761 0.0277 - - - - - - 
EBF Status @3mo [N] 0.3761 -0.0277 - - - - - - 
EBF Status @6mo [Y] - - 0.3041 0.0252 - - - - 
EBF Status @6mo[N] - - 0.3041 -0.0252 - - - - 

Fat 0.4498 -0.0332 0.9929 0.0822 1.3791 0.0943 0.42 0.0383 
Protein 1.2708 -0.0937 1.3016 -0.1077 1.9859 -0.1358 1.2094 -0.1102 
Lactose 2.0228 0.1491 0.7405 0.0613 0.1239 0.0085 0.407 0.0371 

True Protein 1.4623 -0.1078 0.6155 -0.0509 0.7539 -0.0515 1.0488 -0.0956 
Fucosylated HMO 0.4132 -0.0305 0.4998 0.0414 0.4118 0.0282 0.7018 0.0639 
Sialylated HMO 2.1648 -0.1596 1.0086 -0.0835 1.2694 -0.0868 0.8237 0.0751 

Undecorated HMO 0.7396 0.0545 0.3878 -0.0321 0.3508 -0.024 0.7751 -0.0706 
Sia-fuc HMO 0.0767 -0.0057 0.0024 0.0002 0.6481 0.0443 0.061 -0.0056 
Lactoferrin 1.2907 -0.0951 0.5011 -0.0415 0.0776 -0.0053 0.0391 -0.0036 

IgA 1.1482 -0.0846 1.1116 -0.0920 0.9440 -0.0645 0.4163 -0.0379 
 "Extended" predictors of WAZ 

Time Point 9mo_3mo 9mo_6mo 12mo_3mo 12mo_6mo 
Term VIP B VIP B VIP B VIP B 
Sex[F] 0.7736 -0.0502 0.7723 -0.0499 0.9442 -0.0774 0.9418 -0.0836 
Sex[M] 0.7736 0.0502 0.7723 0.0499 0.9442 0.0774 0.9418 0.0836 

BirthSeason[Dry] 0.2910 0.0189 0.2905 0.0188 1.9590 0.1607 1.9540 0.1734 
BirthSeason[Wet] 0.2910 -0.0189 0.2905 -0.0188 1.9590 -0.1607 1.9540 -0.1734 

SEP Score 1.2407 -0.0805 1.2386 -0.08 1.0168 -0.0834 1.0142 -0.0900 
Parity 1.767 -0.1147 1.7641 -0.1139 0.7037 -0.0577 0.7019 -0.0623 

Maternal MUAC 0.6111 -0.0397 0.6101 -0.0394 0.5265 -0.0432 0.5251 -0.0466 
SecretorStatus[Non-Secretor] 0.2950 0.0191 0.2945 0.0190 0.8544 0.0701 0.8522 0.0756 

SecretorStatus[Secretor] 0.2950 -0.0191 0.2945 -0.0190 0.8544 -0.0701 0.8522 -0.0756 
BirthWt 1.8163 0.1179 1.8133 0.1171 2.0304 0.1665 2.0252 0.1797 

TotalMorbidity 1.5947 -0.1035 1.592 -0.1028 0.5098 -0.0418 0.5085 -0.0451 
EBF Status @3mo [Y] 0.1089 0.0071 - - 0.6120 0.0502 - - 
EBF Status @3mo [N] 0.1089 -0.0071 - - 0.6120 -0.0502 - - 
EBF Status @6mo [Y] - - 0.2250 -0.0145 - - 0.6564 0.0582 
EBF Status @6mo[N] - - 0.2250 0.0145 - - 0.6564 -0.0582 

Fat 1.4425 0.0936 1.4401 0.0930 0.4323 0.0355 0.4312 0.0383 
Protein 2.0772 -0.1348 2.0737 -0.134 1.2448 -0.1021 1.2417 -0.1102 
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Lactose 0.1296 0.0084 0.1293 0.0084 0.4190 0.0344 0.4179 0.0371 
True Protein 0.7886 -0.0512 0.7872 -0.0509 1.0796 -0.0885 1.0768 -0.0955 

Fucosylated HMO 0.4307 0.0280 0.4300 0.0278 0.7224 0.0592 0.7205 0.0639 
Sialylated HMO 1.3277 -0.0862 1.3255 -0.0856 0.8479 0.0695 0.8458 0.0750 

Undecorated HMO 0.3670 -0.0238 0.3663 -0.0237 0.7979 -0.0654 0.7958 -0.0706 
Sia-fuc HMO 0.6779 0.0440 0.6767 0.0437 0.0628 -0.0052 0.0627 -0.0056 
Lactoferrin 0.0811 -0.0053 0.0810 -0.0052 0.0402 -0.0033 0.0401 -0.0036 

IgA 0.9874 -0.0641 0.9857 -0.0637 0.4286 -0.0351 0.4275 -0.0336 
“Extended” effects time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest and 

where Y represents the collection time point of the dietary (EBF status and milk composition) and morbidity explanatory 
variables of interest (e.g., 9mo_3mo = 9mo growth outcome in relationship to 3mo dietary and morbidity variables); Maternal 

MUAC: 3rd trimester maternal MUAC measurement   
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Table 5.18. Summary of important (VIP > 1.0) PLS regression results (“real time” positive and negative predictors) 
of WAZ at 3, 6, 9, and 12 months of age 

3mo 6mo 9mo 12mo 

Positive Negative Positive Negative Positive Negative Positive Negative 

Birth Wt 
 

Lactose 

Protein 
 

TRP 
 

Sia HMO 
 

LF 
 

IgA 

Birth season (wet) 
 

Birth Wt 

Birth season (dry) 
 

Parity 
 

Maternal MUAC 
 

Protein 
 

Sia HMO 
 

IgA 

Birth Wt 
 

Fat 

Parity 
 

TotalMorbidity 
 

Protein 
 

Sia HMO 

Birth season (dry) 
 

Birth Wt 

Birth season (wet) 
 

Protein 
 

TRP 

Positive: Explanatory variable with important (VIP > 1.0) positive association with output variable; Negative: Explanatory 
variable with important (VIP > 1.0) negative association with output variable; Sia: Sialylated HMO class; Maternal MUAC: 3rd 

trimester maternal MUAC measurement; LF: Lactoferrin 
 
 

Table 5.19. Summary of important (VIP > 1.0) PLS regression results (“extended” positive and negative predictors) 
of 3 and 6mo dietary conditions (maternal milk composition and EBF status) on 9 and 12mo WAZ 
9mo_3mo 9mo_6mo 12mo_3mo 12mo_6mo 

Positive Negative Positive Negative Positive Negative Positive Negative 

Birth Wt 
 

Fat 

Parity 
 

TotalMorbidity 
 

Protein 
 

Sia HMO 
 

SEP 

Birth Wt 
 

Fat 

Parity 
 

TotalMorbidity 
 

Protein 
 

Sia HMO 
 

SEP 

Birth season (dry) 
 

Birth Wt 

Birth season (wet) 
 

Protein 
 

TRP 
 

SEP 

Birth season (dry) 
 

Birth Wt 

Birth season (wet) 
 

SEP 
 

Protein 
 

TRP 

“Extended” effects time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest and 
where Y represents the collection time point of the dietary (EBF status and milk composition) and morbidity explanatory 

variables of interest (e.g., 9mo_3mo = 9mo growth outcome in relationship to 3mo dietary and morbidity variables); Positive: 
Explanatory variable with important (VIP > 1.0) positive association with output variable; Negative: Explanatory variable with 

important (VIP > 1.0) negative association with output variable; Sia: Sialylated HMO class  
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Mixed effects models of growth outcomes 

WHZ 

Mixed effects model analyses showed that WHZ across the first year of life was significantly predicted by 

infant morbidity. Specifically, a greater number of cumulative infant morbidity occurrences significantly predicted 

lower WHZ by -0.07 WHZs (95% CIs: -0.12, -0.01; P=0.0186). The random variable, Subject ID, was also a 

significant predictor of WHZ (B: 0.63 WHZs; 95% CIs: 0.24, 1.01; P=0.0013). None of the dietary variables, including 

maternal milk composition or EBF duration, were significant predictors in the statistical model. 

 

HAZ 

Mixed effects model analyses showed that Subject ID significantly predicted HAZ (B: 0.88 HAZs; 95% 

CIs: 0.35, 1.4 HAZ; P=0.0011). None of the dietary variables, including maternal milk composition or EBF 

duration, were significant predictors in the statistical model. 

 

WAZ  

Birth weight, protein, Subject ID Mixed effects model analyses showed that infant birth weight was a 

significant predictor of WAZ across the first year of life. Specifically, a higher birth weight significantly predicted 

higher WAZ by 1.12 WAZs (95% CIs: 0.19, 2.05 WAZ; P=0.0196). Milk protein content, but no other milk 

constituent, significantly predicted WAZ, with lower WAZ predicted by higher protein content (B: -0.94 WAZs, 95% 

CIs: -1.77, -0.11 WAZ; P=0.0274). Subject ID was also a significant predictor of WAZ (B: 0.46 WAZs; 95% CIs: 

0.18, 0.74 WAZ; P=0.0014). EBF duration was not a significant predictor of WAZ.  
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Table 5.20. Mixed effects model results of potential predictors of growth outcomes across the first 12 months of life 

B: Coefficient estimate; 95% CIs: Confidence Intervals (Lower Bound, Upper Bound); P: P-value; *P<.0001 

 WHZ HAZ WAZ 
Term B LB, UB P B LB, UB P B LB, UB P 

Intercept -2 -7.53, 3.53 0.4709 -1.86 -7.98, 4.25 0.5424 -1.92 -6.48, 2.63 0.3994 

Time point[3] 0.32 -0.1, 0.75 0.1367 0.07 -0.36, 0.5 0.7443 0.21 -0.12, 0.55 0.2075 

Time point[6] 0.12 -0.08, 0.32 0.2234 0.13 -0.07, 0.32 0.2009 0.11 -0.05, 0.26 0.1721 

Time point[9] -0.07 -0.28, 0.13 0.4803 -0.04 -0.24, 0.16 0.6938 -0.07 -0.23, 0.08 0.3526 

Time point[12] 
Referent - - - - - - - - - 

Sex[F] -0.04 -0.37, 0.29 0.8009 -0.07 -0.45, 0.31 0.6984 -0.05 -0.33, 0.23 0.7019 

BirthSeason[Dry] 0.22 -0.18, 0.62 0.2645 -0.12 -0.58, 0.33 0.5867 0.06 -0.27, 0.4 0.6959 

SEP Score 0.02 -0.11, 0.15 0.7566 -0.05 -0.2, 0.1 0.4747 -0.01 -0.12, 0.1 0.8231 

Parity -0.03 -0.19, 0.12 0.6763 -0.06 -0.24, 0.12 0.5006 -0.06 -0.19, 0.08 0.3981 

Maternal MUAC -0.04 -0.18, 0.1 0.5833 0.03 -0.14, 0.19 0.7258 -0.01 -0.13, 0.11 0.8179 

SecretorStatus[Non-Secretor] -0.01 -0.26, 0.24 0.9310 0.03 -0.23, 0.29 0.8408 0.01 -0.19, 0.21 0.9201 

BirthWt 0.95 -0.15, 2.06 0.0892 0.75 -0.52, 2.02 0.2371 1.12 0.19, 2.05 0.0196* 

TotalMorbidity -0.07 -0.12, -0.01 0.0186* 0.01 -0.05, 0.07 0.6948 -0.04 -0.09, 0.0 0.0594 

EBF Duration (mo) -0.01 -0.24, 0.21 0.8927 0.01 -0.24, 0.27 0.9253 0 -0.19, 0.19 0.9896 

Fat 0.07 -0.02, 0.17 0.1405 -0.04 -0.14, 0.05 0.3739 0.03 -0.05, 0.1 0.4704 

Protein -1.03 -2.1, 0.04 0.0586 -0.36 -1.41, 0.69 0.4963 -0.94 -1.77, -0.11 0.0274* 

Lactose -0.04 -0.28, 0.2 0.7262 0.03 -0.2, 0.26 0.8025 -0.01 -0.19, 0.17 0.9133 

True Protein 0.2 -0.87, 1.27 0.7104 -0.13 -1.17, 0.92 0.8115 0.01 -0.82, 0.84 0.9746 

Fucosylated HMO 0.01 -0.01, 0.03 0.2592 -0.01 -0.03, 0.01 0.4482 0 -0.01, 0.02 0.9576 

Sialylated HMO 0.11 -0.05, 0.27 0.1907 -0.01 -0.17, 0.15 0.9119 0.01 -0.11, 0.13 0.8769 

Sia-fuc HMO -0.14 -0.35, 0.07 0.2011 0.15 -0.06, 0.35 0.1634 0.06 -0.11, 0.22 0.4994 

Lactoferrin 0.11 -0.4, 0.61 0.6740 -0.11 -0.6, 0.38 0.6672 -0.06 -0.45, 0.33 0.7593 

IgA -0.01 -1, 0.97 0.9800 -0.52 -1.49, 0.46 0.2937 -0.36 -1.13, 0.41 0.3542 

Subject ID 0.63 0.24, 1.01 0.0013* 0.88 0.35, 1.4 0.0011* 0.46 0.18, 0.74 0.0014* 



 
 
 

 

 

Fecal pH across the first 12 months of life 

The mean (SD) fecal pH at 3, 6, 9, and 12 months of age in this population was 4.96 (±0.6), 5.24 (±0.9), 5.46 

(±0.9), and 5.75 (±0.9), respectively (Table 5.21). Though not significantly different between each other, the average 

fecal pH at 3 and 6 months of age were significantly lower compared to the 9 and 12 time points (P<0.05). Fecal pH 

was not significantly different based on EBF duration (<6mo or ≥6mo). 

 

Table 5.21. Infant fecal pH by collection time point and according to exclusive breastfeeding duration 

Age (mo) Value 

HERO-G 
Subsample 

(N=194) 
EBF <6mo 

(N=135) 
EBF ≥6mo 

(N=59) 

3 

Mean 4.96 5.01 4.87 

SD 0.65 0.68 0.55 

N 107 74 33 

6 

Mean 5.24 5.27 5.30 

SD 0.93 0.86 1.08 

N 88 59 29 

9 

Mean 5.46 5.47 5.45 

SD 0.94 0.92 1.10 

N 104 74 30 

12 

Mean 5.75 5.78 5.69 

SD 0.93 0.96 0.87 

N 92 64 28 
SD: Standard deviation 

 

Predictors of fecal pH 

Infant fecal pH across the first year of life was assessed in relationship to infant dietary, maternal, 

environmental, and sociodemographic factors using PLS regression models. Results are described below and detailed 

in Table 5.22. Summary tables of results can be found in Table 5.23. and Table 5.24. 

 

Fecal pH at 3 months of age 

In the PLS regression assessing potential drivers of fecal pH at the 3 month time point, the minimum root 

PRESS was 0.9767, which is considered significant, and the minimizing number of factors was 1. The percent 
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variation explained for cumulative X was 49.6% and the percent variation explained for cumulative Y was 84.9%. 

The 1-component model showed 5 influential variables (VIP > 1.0) on infant fecal pH at 3 months of age.   

Maternal milk composition, but not EBF status, at 3 months was influential on infant fecal pH at 3 months 

of age. Greater protein and TRP content in maternal milk at 3 months of lactation predicted higher fecal pH at 3 

months of age by 0.1734 pH (VIP: 1.5307) and 0.1527 pH (VIP: 1.3481), respectively. Lactose had a negative 

association with fecal pH, where higher lactose content predicted lower fecal pH by -0.1561 pH (VIP: 1.3776). The 

other influential variables were maternal and sociodemographic. Household SEP had the strongest influence on fecal 

pH at 3 months of age, with higher SEP predicting lower fecal pH by -0.3052 pH (VIP: 2.6933). Higher maternal 

MUAC during the 3rd trimester predicted lower fecal pH by -0.1962 pH (VIP: 1.7317). 

 

Fecal pH at 6 months of age 

In the PLS regression assessing potential drivers of infant fecal pH at the 6 month time point, the minimum 

root PRESS was 0.9751, which is considered significant, and the minimizing number of factors was 1. The percent 

variation explained for cumulative X was 72.1% and the percent variation explained for cumulative Y was 66.2%. 

The 1-component model showed 5 influential variables (VIP > 1.0) on infant fecal pH at 6 months of age.   

Milk HMOs and HMGP were influential on fecal pH at 6 months of age. Specifically, relative abundance of 

fucosylated HMO and LF had negative associations with fecal pH. Greater relative abundance of fucosylated HMO 

predicted lower fecal pH by -0.0987 pH (VIP: 1.4804). Similarly, greater relative abundance of LF predicted lower 

fecal pH by -0.0798 pH (VIP: 1.1976). Greater relative abundance of undecorated HMO predicted higher fecal pH by 

0.1076 pH (VIP: 1.6139). In addition to these dietary factors, infant sex influenced infant fecal pH at 6mo, with female 

infants predicting lower fecal pH by -0.0870 pH (VIP: 1.3056). Finally, maternal Secretor status had the strongest 

influence on fecal pH at 6 months of age, with non-Secretor status predicting higher fecal pH by 0.1338 pH (VIP: 

2.0070). 

 

Fecal pH at 9 months of age 

“Real time” effects. In the PLS regression assessing potential drivers of infant fecal pH at the 9 month time 

point, the minimum root PRESS was 0.9665, which is considered significant, and the minimizing number of factors 

was 1. The percent variation explained for cumulative X was 51.6% and the percent variation explained for cumulative 
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Y was 72.6%. The 1-component model showed 6 influential variables (VIP > 1.0) on infant fecal pH at 9 months of 

age.   

Milk composition had an important influenced infant fecal pH at 9 months of age. Specifically, higher fat 

content in maternal milk predicted higher fecal pH by 0.1857 pH (VIP: 1.3421). Milk protein content influenced fecal 

pH, with greater protein content predicting higher fecal pH 0.2341 (VIP: 1.6918). Milk HMOs were also influential. 

Greater relative abundance of fucosylated HMO and sia-fuc HMO predicted higher fecal pH by 0.1444 pH (VIP: 

1.0440) and 0.2448 (VIP: 1.7694), respectively. Undecorated HMO had an inverse relationship with fecal pH, with 

greater relative undecorated HMO predicting lower fecal pH by -0.1612 pH (VIP: 1.1649). Maternal parity had the 

strongest influence on infant fecal pH at 9 months, with greater parity predicting higher fecal pH by 0.3242 pH (VIP: 

2.3434). Higher maternal MUAC during the 3rd trimester predicted higher fecal pH by 0.1690 pH (VIP: 1.2218). 

“Extended” effects of dietary variables and morbidity occurrence at 3 months of age. PLS regression 

incorporating milk composition and infant EBF status at 3 months of age to assess their relationships to infant fecal 

pH at 9 months of age had a minimum root mean PRESS was 0.9981, which is considered significant, and the 

minimizing number of factors was 1. The percent variation explained for cumulative X was 25.6% and 84.0% for the 

percentage of variation explained for cumulative Y. The 1-component model showed 8 influential variables (VIP > 

1.0) on infant fecal pH at 9 months of age.  

Maternal parity was the strongest predictor of infant fecal pH at 9 months of age, with higher parity predicting 

higher fecal pH by 0.3465 pH (VIP: 2.3083). Greater relative abundances of fucosylated HMO and sia-fuc HMO in 

milk collected at 3 months of age predicted higher fecal pH at 9 months of age by 0.1544 pH (VIP: 1.0284) and 0.2616 

pH (VIP: 1.7429), respectively. Relative abundance of undecorated HMO at 3 months of lactation had a negative 

association with infant fecal pH at 9 months of age (VIP: 1.1474; B: -0.1722). Greater milk fat and protein content at 

3 months of lactation predicted higher infant fecal pH at 9 months of age by 0.1984 (VIP: 1.3220) and 0.2501 pH 

(VIP: 1.6665), respectively. Maternal nutritional status during the 3rd trimester was also positively associated with 

infant fecal pH at 9 months of age (VIP: 1.2035; B: 0.1806). Finally, infants still EBF at 3 months of age predicted 

lower fecal pH at 9 months of age by -0.1700 pH (VIP: 1.1324).  

“Extended” effects of dietary variables and morbidity occurrence at 6 months of age. PLS regression 

incorporating milk composition and infant EBF status at 6 months of age to assess their relationships to infant fecal 

pH at 9 months of age had a minimum root mean PRESS of 0.9984, which is considered significant, and the 
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minimizing number of factors was 1. The percent variation explained for cumulative X was 28.3% and 70.8% for the 

percentage of variation explained for cumulative Y. The 1-component model showed 6 influential variables (VIP > 

1.0) on infant fecal pH at 9 months of age.   

Maternal parity had the strongest influence on infant fecal pH at 9 months of age, with higher parity predicting 

higher fecal pH by 0.3206 pH (VIP: 2.4608). Relative abundances of fucosylated HMO and sia-fuc HMO in maternal 

milk collected at 6 months of lactation had positive associations with infant fecal pH at 9 months of age (fucosylated 

– VIP: 1.0963; B: 0.1428; sia-fuc – VIP: 1.8580; B: 0.2421). Greater relative abundances of undecorated HMO at 6 

months of lactation predicted lower infant fecal pH by -0.1594 pH (VIP: 1.2232) at 9 months of age. Greater milk fat 

and protein content at 6 months of lactation predicted higher fecal pH at 9 months of age by 0.1836 pH (VIP: 1.4093) 

and 0.2314 pH (VIP: 1.7765), respectively. Finally, maternal nutrition during the 3rd trimester also had a positive 

association with infant fecal pH at 9 months of life (VIP: 1.2830; B: 0.1672). 

 

Fecal pH at 12 months of age 

“Real time” effects. In the PLS regression assessing potential drivers of fecal pH at the 12 month time point, 

the minimum root PRESS was 0.9844, which is considered significant, and the minimizing number of factors was 1. 

The percent variation explained for cumulative X was 38.4% and the percent variation explained for cumulative Y 

was 54.6%. The 1-component model showed 5 influential variables (VIP > 1.0) on infant fecal pH at 12 months of 

age.   

Greater relative abundance of milk IgA at 12 months of lactation predicted higher fecal pH by 0.1448 pH 

(VIP: 1.9291). Lactose content had a negative association with fecal pH, with higher lactose predicting lower fecal 

pH by -0.0787 pH (VIP: 1.0481). Lower fecal pH was predicted by greater relative abundance of fucosylated HMO 

by -0.1042 (VIP: 1.3888), and higher fecal pH was predicted by greater relative abundance undecorated HMO by 

0.1047 pH (VIP: 1.3953). Household SEP had the strongest influence on infant fecal pH at 12 months of age, with 

higher SEP predicting higher fecal pH by 0.1908 pH (VIP: 2.5425).  

“Extended” effects of dietary variables and morbidity occurrence at 3 months of age. PLS regression 

incorporating milk composition and infant EBF status at 3 months of age to assess their relationships to infant fecal 

pH at 12 months of age had a minimum root mean PRESS of 0.9988 and the minimizing number of factors was 1. 

The percent variation explained for cumulative X was 21.6% and 36.9% for the percentage of variation explained for 
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cumulative Y. The 1-component model showed 6 influential variables (VIP > 1.0) on infant fecal pH at 12 months of 

age. 

Household SEP had the strongest influence on infant fecal pH at 12 months of age (VIP: 2.5263; B: 0.1836). 

Relative abundances of undecorated HMO and milk IgA collected in milk at 3 months of lactation had positive 

associations with infant fecal pH  at 12 months of age (undecorated – VIP: 1.3864; B: 0.1007; IgA – VIP: 1.9168; B: 

0.1393). Relative abundances of fucosylated HMO in milk collected at 3 months of age had a negative association 

with infant fecal pH at 12 months of age (VIP: 1.3799; B: -0.1003). Lactose content at 3 months of age also had a 

negative relationship with infant fecal pH, with greater lactose content predicting lower fecal pH by -0.0757 pH (VIP: 

1.0414). 

“Extended” effects of dietary variables and morbidity occurrence at 6 months of age. PLS regression 

incorporating milk composition and infant EBF status at 6 months of age to assess their relationships to infant fecal 

pH at 12 months of age had a minimum root mean PRESS was 0.9912 and the minimizing number of factors was 1. 

The percent variation explained for cumulative X was 27.8% and 34.4% for the percentage of variation explained for 

cumulative Y. The 1-component model showed that household SEP, milk lactose content at 6 months of lactation, and 

relative abundances of fucosylated HMO, sialylated HMO, and milk IgA at 6 months of lactation were influential 

(VIP > 1.0) on infant fecal pH at 12 months of age.   

Household SEP had the strongest influence on infant fecal pH at 12 months of age in this PLS regression 

(VIP: 2.6718; B: 0.1897). Relative abundance of milk IgA at 6 months of lactation also had a strong association with 

infant fecal pH at 12 months of age, with greater relative abundance of IgA predicting higher fecal pH by 0.1439 pH 

(VIP: 2.0272). Relative abundances of sialylated HMO and undecorated HMO in milk collected at 6 months of 

lactation both had positive associations with infant fecal pH at 12 months of age (sialylated – VIP: 1.025; B: 0.0728; 

undecorated – VIP: 1.4663; B: 0.1041). Relative abundance of fucosylated HMO at 6 months of lactation predicted 

lower infant fecal pH by -0.1036 pH (VIP: 1.4594). Lactose content in milk collected at 6 months of lactation predicted 

lower infant fecal pH at 12 months of age by -0.0782 pH (VIP: 1.1014).  
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Table 5.22. Results of PLS regression assessing potential "real time" and "extended" predictors of infant fecal pH 
across the first 12 months of life  

"Real time" predictors of fecal pH 
Time Point 3mo 6mo  9mo 12mo 

Term VIP B VIP B VIP B VIP B 
Sex[F] 0.2293 0.0260 1.3056 -0.087 0.4606 0.0637 0.2331 0.0175 
BirthSeason[Dry] 0.8846 0.1002 0.2340 0.0156 0.0361 -0.005 0.7539 -0.0566 
Maternal MUAC 1.7317 -0.1962 0.8936 -0.0596 1.2218 0.1690 0.2937 -0.0220 
SecretorStatus[Non-Secretor] 0.6469 -0.0733 2.0070 0.1338 0.1177 0.0163 0.3605 -0.0271 
SEP Score 2.6933 -0.3052 0.6141 -0.0409 0.4624 0.0640 2.5425 0.1908 
Parity 0.1109 0.0126 0.3925 -0.0262 2.3434 0.3242 0.0004 0 
EBF Status @3mo [Y] 0.2516 0.0285 - - - - - - 
EBF Status @3mo [N] 0.2516 -0.0285 - - - - - - 
EBF Status @6mo [Y] - - 0.4537 -0.0302 - - - - 
EBF Status @6mo[N] - - 0.4537 0.0302 - - - - 
Fat 0.5851 0.0663 0.6575 -0.0438 1.3421 0.1857 0.7639 0.0573 
Protein 1.5307 0.1734 0.3326 0.0222 1.6918 0.2341 0.7174 -0.0538 
Lactose 1.3776 -0.1561 0.5077 0.0338 0.2259 -0.0313 1.0481 -0.0787 
True Protein 1.3481 0.1527 0.3138 0.0209 0.9184 0.1271 0.1129 0.0085 
Fucosylated HMO 0.2399 -0.0272 1.4804 -0.0987 1.0440 0.1444 1.3888 -0.1042 
Sia-fuc HMO 0.6806 -0.0771 0.3633 -0.0242 1.7694 0.2448 0.3758 -0.0282 
Sialylated HMO 0.7548 0.0855 0.5257 -0.035 0.1033 -0.0143 0.9754 0.0732 
Undecorated HMO 0.1789 0.0203 1.6139 0.1076 1.1649 -0.1612 1.3953 0.1047 
Lactoferrin 0.1070 -0.0121 1.1976 -0.0798 0.4452 -0.0616 0.2117 0.0159 
IgA 0.7528 -0.0853 0.3821 0.0255 0.0522 0.0072 1.9291 0.1448 
 "Extended" predictors of fecal pH 

Time Point 9mo_3mo 9mo_6mo 12mo_3mo 12mo_6mo 
Term VIP B VIP B VIP B VIP B 

Sex[F] 0.4537 0.0681 0.4836 0.063 0.2317 0.0168 0.2450 0.0174 
BirthSeason[Dry] 0.0356 -0.0053 0.0379 -0.0049 0.7491 -0.0544 0.7923 -0.0563 
Maternal MUAC 1.2035 0.1806 1.2830 0.1672 0.2918 -0.0212 0.3086 -0.0219 
SecretorStatus[Non-Secretor] 0.1160 0.0174 0.1236 0.0161 0.3582 -0.0260 0.3788 -0.0269 
SEP Score 0.4555 0.0684 0.4855 0.0633 2.5263 0.1836 2.6718 0.1897 
Parity 2.3083 0.3465 2.4608 0.3206 0.0004 0 0.0004 0 
EBF Status @3mo [Y] 1.1324 -0.1700 - - 1.0587 0.0769 - - 
EBF Status @3mo [N] 1.1324 0.1700 - - 1.0587 -0.0769 - - 
EBF Status @6mo [Y] - - 0.1567 0.0204 - - 0.0973 -0.0069 
EBF Status @6mo[N] - - 0.1567 -0.0204 - - 0.0973 0.0069 
Fat 1.3220 0.1984 1.4093 0.1836 0.7590 0.0551 0.8027 0.0570 
Protein 1.6665 0.2501 1.7765 0.2314 0.7128 -0.0518 0.7539 -0.0535 
Lactose 0.2226 -0.0334 0.2373 -0.0309 1.0414 -0.0757 1.1014 -0.0782 
True Protein 0.9047 0.1358 0.9644 0.1256 0.1122 0.0081 0.1186 0.0084 
Fucosylated HMO 1.0284 0.1544 1.0963 0.1428 1.3799 -0.1003 1.4594 -0.1036 
Sia-fuc HMO 1.7429 0.2616 1.858 0.2421 0.3734 -0.0271 0.3949 -0.0280 
Sialylated HMO 0.1017 -0.0153 0.1084 -0.0141 0.9692 0.0704 1.025 0.0728 
Undecorated HMO 1.1474 -0.1722 1.2232 -0.1594 1.3864 0.1007 1.4663 0.1041 
Lactoferrin 0.4386 -0.0658 0.4675 -0.0609 0.2103 0.0153 0.2224 0.0158 
IgA 0.0514 0.0077 0.0548 0.0071 1.9168 0.1393 2.0272 0.1439 
“Extended” effects time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest and 

where Y represents the collection time point of the dietary (EBF status and milk composition) variables of interest (e.g., 
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9mo_3mo = 9mo fecal pH in relationship to 3mo dietary variables); Maternal MUAC: 3rd trimester maternal MUAC 
measurement   
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Table 5.23. Summary of important (VIP > 1.0) PLS regression results (“real time” positive and negative predictors) 
of infant fecal pH at 3, 6, 9, and 12 months of age 

3mo 6mo 9mo 12mo 
Positive Negative Positive Negative Positive Negative Positive Negative 

Protein 
 

TRP 

Maternal MUAC 
 

SEP 
 

Lactose 

Sex (male) 
 

 NonSecretor 
 

Undec HMO 

Sex (female)  
  

Secretor 
 

Fuc HMO 
 

LF 

Maternal MUAC 
 

Parity 
 

Fat 
 

Protein 
 

Fuc HMO 
 

Sia Fuc HMO 

Undec HMO 

SEP 
 

Undec HMO 
 

IgA 

Lactose 
 

Fuc HMO 

Positive: Explanatory variable with important (VIP > 1.0) positive association with output variable; Negative: Explanatory 
variable with important (VIP > 1.0) negative association with output variable; Undec: Undecorated HMO class; Fuc: Fucosylated 

HMO class; Sia: Sialylated HMO class; LF: Lactoferrin 
 

 

Table 5.24. Summary of important (VIP > 1.0) PLS regression results (“extended” positive and negative effects) of 
3 and 6 month dietary variables (maternal milk composition and EBF status) on 9 and 12 month fecal pH 

9mo_3mo 9mo_6mo 12mo_3mo 12mo_6mo 
Positive Negative Positive Negative Positive Negative Positive Negative 

Maternal MUAC 
 

Parity 
 

EBF @ 3mo (N) 
 

Fat 
 

Protein 
 

Fuc HMO 
 

Sia-Fuc HMO 

EBF @ 3mo (Y) 
 

Undec HMO 

Maternal MUAC 
 

Parity 
 

Fat 
 

Protein 
 

Fuc HMO 
 

Sia-Fuc HMO 

Undec HMO 

SEP 
 

EBF @ 3mo (Y) 
 

Undec HMO 
 

IgA 

EBF @ 3mo (N) 
 

Lactose 
 

Fuc HMO 

SEP 
 

Sia HMO 
 

Undec HMO 
 

IgA 

Fuc HMO 
 

Lactose 

“Extended” effects time points denoted as: Xmo_Ymo, where X represents the collection time point of the output of interest and 
where Y represents the collection time point of the dietary (EBF status and milk composition) and morbidity explanatory 

variables of interest (e.g., 9mo_3mo = 9mo growth outcome in relationship to 3mo dietary and morbidity variables); Positive: 
Explanatory variable with important (VIP > 1.0) positive association with output variable; Negative: Explanatory variable with 

important (VIP > 1.0) negative association with output variable; Undec: Undecorated HMO class; Fuc: Fucosylated HMO class; 
Sia: Sialylated HMO class; Maternal MUAC: 3rd trimester maternal MUAC measurement  
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Mixed effects model results (fecal pH) 
 
 Results from the mixed effects model showed that, after adjusting for sample collection time point, infant 

sex, season of birth, household SEP, maternal parity, maternal nutritional status during pregnancy, and maternal 

Secretor status, significant predictors of infant fecal pH across the first year of life include relative abundances of 

sialylated HMO and milk IgA. Greater relative concentrations of sialylated HMO significantly predicted lower fecal 

pH by -0.23 pH (95% CIs: -0.48, 0.01; P=0.0476). Higher fecal pH was predicted by greater relative abundance of 

milk IgA by 0.93 pH (95% CIs: 0.3, 3.55; P=0.0211). EBF duration was not a significant predictor of fecal pH. Full 

model results are detailed in Table 5.25. 

 
Table 5.25. Mixed effects model results of potential predictors of fecal pH across the first 12 months of life 

Term B LB, UB P 

Intercept 8.63 1.62, 15.65 0.0168* 

Time point[3] 0.05 -0.54, 0.64 0.8707 

Time point[6] 0.03 -0.4, 0.45 0.8978 

Time point[9] 0.03 -0.41, 0.47 0.8878 
Time point[12] 

Referent - - - 

Sex[F] 0.27 -0.02, 0.57 0.0640 

BirthSeason[Dry] 0.07 -0.3, 0.43 0.7136 

SEP Score -0.03 -0.14, 0.07 0.5321 

Parity 0.02 -0.11, 0.14 0.7536 

Maternal MUAC -0.07 -0.19, 0.04 0.2139 

SecretorStatus[Non-Secretor] -0.08 -0.41, 0.26 0.6523 

EBF Duration (mo) 0.04 -0.13, 0.21 0.6427 

Fat -0.04 -0.23, 0.14 0.6348 

Protein -0.3 -2.27, 1.66 0.7589 

Lactose -0.01 -0.63, 0.6 0.9630 

True Protein 0.77 -1.34, 2.87 0.4680 

Fucosylated HMO -0.02 -0.05, 0 0.1045 

Sialylated HMO -0.23 -0.48, 0.01 0.0476* 

Sia-fuc HMO 0.07 -0.29, 0.44 0.6903 

Lactoferrin -0.55 -1.57, 0.47 0.2882 

IgA 0.93 0.3, 3.55 0.0211* 

Subject ID -0.1 -0.32, 0.12 0.3870 
B: Coefficient estimate; 95% CIs: Confidence Intervals (Lower Bound, Upper Bound); P: P-value; *P<.0001



 
 
 

 

Population comparison of infant fecal pH in the last century 

Data were compiled from available publications on breastfed infant fecal pH published within the last century 

in order to compare to the results of our measures of intestinal acidity in the HERO-G cohort. A total of 19 publications 

were included in the present analysis. The average rural Gambian infant fecal pH is significantly lower (more acidic) 

compared to infants of similar age in other populations (P<0.0001) (Table 5.26). The average infant fecal pH within 

the last 50 years is 5.9, whereas rural Gambian infants of similar age have an average pH of 5.1. Additionally, of the 

available publications, only three were conducted in low-income populations. As such, further research in LMIC 

populations is required in order to evaluate whether infants from The Gambia are significantly different from 

populations under similar pressures. 

 

Table 5.26. Population comparison of infant fecal pH in the last century 

Country Year N Age (mo) Fecal pH SD Author 

The Gambia Present 121 3 4.98 0.64 Present Analysis 

The Gambia Present 97 6 5.24 0.91 Present Analysis 

The Gambia Present 115 9 5.49 0.95 Present Analysis 

The Gambia Present 104 12 5.75 0.93 Present Analysis 

The Gambia Present 84 18 5.92 0.88 Present Analysis 

The Gambia Present 63 24 5.87 0.86 Present Analysis 

Argentina 1992 7 1-5 5.8 0.6 Ogawa et al. 

Bangladesh 2019 100 12-18 5.84 1.11 Hossain et al. 

Canada 1924 NR 0.5 4.7-5.1 NR Tisdall 

Denmark 1942 17 0.5-5.5 5.5 0.56 Uldall 

Germany 1917 NR NR 4.6-5.6 NR Eitel 

Germany 1921 NR NR 4.8-5.6 NR Freudenberg & Heller 

Germany 2005 21 2-3 5.8 NR Knol et al. 

Germany 2008 32 1 6.38 0.1 Mohan et al. 

Japan 1960 9 NR 5.3 0.25 Nagai 

Japan 2016 15 1 5.9 0.6 Matsuki 

UK 1971 10 NR 5.2 0.43 Bullen & Willis 

UK 1977 13 NR 5.1 NR Bullen et al. 

UK 1982 17 1.5 5.9 NR Simhon et al. 
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Country Year N Age (mo) Fecal pH SD Author 

UK 1989 38 1 6.18 0.67 Balmer & Wharton 

US 1926 19 NR 4.88 0.22 Norton 

US 1952 7 0.5-3 5.5 NR Barbero et al. 

US 1955 71 NR 5.4 NR Pratt & Read 

US 2011 33 1-3 6.41 0.11 Holscher et al. 
US 2017 18 1 5.97 0.57 Frese et al. 

NR: Not reported 

Fecal pH and growth 

Wilcoxon rank sums tests showed that infant fecal pH was significantly higher (P=0.0380) in wasted infants 

(N=8) compared to those with normal WHZ (N=83) at 12 months of age. On average, wasted infants had a fecal pH 

of 6.5 (±1.0) and those of normal WHZ had an average pH of 5.7 (±0.9) (Figure 5.2). There were no significant 

differences in infant fecal pH according to WHZ growth outcomes at 3, 6, or 9 months of age. 

 

Figure 5.2. Fecal pH in wasted (WHZ < -SD) compared to normal (WHZ > -2SD) infants at 12 months of age 

 
*P<0.05 

 

There were no significant differences in infant fecal pH according to WAZ growth outcomes at 3, 6, 9, or 12 

months of age. Similarly, there was no significant difference in fecal pH at any time point for stunted versus normal 
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height-for-age infants. Mean (SD) fecal pH values across the first 12 months of life and according to WHZ, HAZ, and 

WAZ group are detailed in Table 5.27. 

 

Table 5.27. Mean (SD) fecal pH across the first 12 months of life and according to growth outcome 

Age 
(mo) 

WHZ HAZ WAZ 
Normal Wasted Normal Stunted Normal Underweight 

N Mean (SD) N Mean (SD) N Mean (SD) N Mean (SD) N Mean (SD) N Mean (SD) 

3 102 4.96 (0.6) 3 5.27 (0.6) 94 4.96 (0.6) 11 5.02 (0.7) 95 4.95 (0.6) 10 5.16 (0.7) 

6 83 5.25 (0.9) 4 5.70 (0.6) 81 5.30 (1.0) 6 4.90 (0.5) 78 5.28 (1.0) 9 5.16 (0.7) 

9 93 5.46 (1.0) 10 5.57 (0.9) 93 5.48 (1.0) 10 5.34 (0.8) 87 5.43 (1.0) 15 5.61 (0.9) 

12 83 5.68 (0.9) 8 6.52 (1.0)* 75 5.75 (0.9) 17 5.75 (1.1) 75 5.70 (0.9) 17 5.97 (1.2) 

Significantly higher fecal pH indicated by boldface font and gray cell color; *P<0.05 
 

DISCUSSION 

The interrelationships between diet, health, and growth in early life are complex. In this Chapter, I examined 

associations between infant diet (maternal milk composition and exclusive breastfeeding duration), health status 

(morbidity occurrence), and linear growth outcomes (WHZ, HAZ, WAZ) across the first 12 months of life in the 

HERO-G subsample. Through these analyses, I identified “real time” and “extended” effects of breastfeeding 

practices, maternal milk composition, and infant morbidity on growth at 3, 6, 9, and 12 months of age. This work 

demonstrates the persistent contributions of first foods on offspring outcomes. 

EBF duration had a significant positive association with growth outcomes in the PLS regression models at 3 

and 6 months of life in this population. However, it is important to note that the coefficients for the influence of EBF 

on growth outcomes were sometimes small. Several other studies investigating the effect of exclusive breastfeeding 

to 6 months of age on infant growth in LMICs also report limited benefit to growth outcomes during early life, aligning 

with these results264,562–565. The majority of existing studies examining the impact of exclusive breastfeeding to 6 

months of age have been conducted in affluent populations or in urbanized regions of LMICs264,561,581–584. Malnutrition 

in the form of overweight and obesity are generally more prevalent in these populations compared to growth stunting 

or faltering, as is use of commercial formulas during the transition from exclusive breastfeeding539,585–587.  
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Maternal milk composition also impacted growth outcomes during the first year of life in this subsample. 

First, protein was a significant driver of WAZ across the first year of life in the PLS regression models and mixed 

effects model, where greater protein content in maternal milk predicted lower WAZ. This challenges findings from 

other studies, which show that dietary protein has a positive correlation with body weight531,588. In fact, high 

concentrations of protein are commonly used in infant formulas to supplement the diet of infants born prematurely 

and those with low birth weights589. Feeding frequency has been shown to impact the timing and amount of milk 

protein produced in maternal milk, which has been suggested to influence infant appetite590. One possible explanation 

relates to the general trend in growth outcomes in rural Gambia over the last four decades, where infants are born 

small and continue to fall away from the WHO growth centiles over the first two years of life261. The growth trends 

for the HERO-G subsample followed these trends. While infants are still exclusively breastfed and thus receiving 

protection from infectious via maternal milk, rural Gambian infant weight shows early growth catchup261. The trend 

is clear in WHZ as there is a decline in length during this time relative to body weight. Milk protein was not negatively 

associated with infant WHZ at 3 or 6 months of age in the HERO-G subsample, which encapsulates the period in 

which infants are exclusively or primarily receiving maternal milk in this population. Along these same lines, infant 

HAZ was not strongly influenced by milk protein at any time point in this analysis. Milk fat content had a positive 

relationship with HAZ but not WHZ or WAZ in the present analysis. Higher total lipid content in human milk has 

been linked to lower infant weight, adiposity and BMI gain between months 3 and 12 months  of age452. 

Here, a relationship was also found between infant WHZ and fucosylated HMO. This has been documented 

in two other studies in human populations. Saben et al. (2021) found that sialylated HMOs (specifically infant intakes 

of 3’FL, 3’SL, 6’SL, disialyllacto-N-tetraose, disialyllacto-N-hexaose, and total acidic HMOs) were positively 

associated with infant growth during the first 6 months of life in a US population591. Charbonneau et al. (2016) found 

that Malawian mothers whose infants were stunted produced milk with significantly lower concentrations of 

fucosylated, sialylated, and total HMOs compared to those whose infants were growing well592. One report has 

demonstrated a causal microbiota-dependent association between sialylated HMOs and infant growth outcomes 

through an improved ability to utilize nutrients for anabolism592. Mouse and piglet models showed that, in offspring 

colonized with feces from 6 month old growth stunted infants from Malawi, diets supplemented with sialylated HMOs 

resulted in improved growth; they noted an increase in body weight gain, lean mass, changes in bone morphology, 

and metabolic shifts indicative of appropriate substrate utilization patterns592. The animals that were not colonized 
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with the feces from the stunted infant did not have the same results. This model was representative of the transitional 

period from exclusive breastfeeding to introduction of complementary foods, thus providing particularly useful 

context for the purposes of this dissertation592. It has also been suggested that HMO composition may impact infant 

feeding behaviors, thereby directly influencing growth outcomes through changes in caloric intake593. Menzel et al 

(2021) found that associations between HMOs (including sialylated HMOs) and infant growth outcomes may extend 

beyond periods of exclusive breastfeeding, highlighting the importance of evaluating both maternal and infant factors 

in assessments of underlying associations594. Previous studies have shown that shifts in maternal milk HMO 

composition is associated with infant health in The Gambia437. Future studies should further examine individual HMO 

structures in relationship to infant health and growth outcomes. A relationship between the relative abundance of 

LNFP I was higher in infants experiencing morbidity compared to those who were not437. Relative abundance of LNFP 

I was also predictive of HAZ at 20 weeks of age. This may suggest involvement of this particular HMO structure in 

protecting the infant from infection and thus supporting growth outcomes437. Available evidence to determine potential 

mechanisms for infant growth promotion through HMO consumption is scarce. The data that do exist show strong 

evidence that the infant gut microbiome plays a mediatory role in the process, as HMOs are indigestible to human 

infants and are instead critical to the establishment of a healthy gut microbiota composition570,591.  

Here, lower WHZ was significantly predicted by greater cumulative infant morbidity in the mixed effects 

model analyses, and at 6, 9, and 12 months in the PLS regressions. Cumulative morbidity was also predictive of HAZ 

and WAZ at certain time points. Previous studies in the West Kiang region of The Gambia have found evidence of a 

significant negative impact of morbidity on infant growth, though there is some evidence that EBF infants can be 

buffered from these effects69,264,482. One study in this region reports that children weaned before 3 months of age 

showed a trend towards slowed growth and lower weight in the month following weaning compared to EBF infants, 

but the difference was insignificant156. Moore et al. (2001) report that diarrhea burdens were significantly linked with 

growth faltering, even after adjusting for numerous variables, including nutritional status during infancy595.  

Statistical models showed an important influence of birth season on growth outcomes for at least two time 

points for each growth index (and at all 4 time points for WHZ). Previous work in this region has assessed the role of 

seasonality on early life immune programming and subsequent effects on health/growth outcomes126. Chapter 4 

detailed the associations between birth season and infant morbidity occurrence across the first year of life, and reports 

findings which suggest that extended EBF duration protects offspring from morbidity in this environment.  
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Between 3 and 12 months of life in this subsample, morbidity had a negative impact on infant growth 

outcomes, with those experiencing a greater number of morbidity events having lower WHZ. These findings likely 

indicate that chronic or more frequent symptomatic illnesses divert resources away from growth and towards 

physiological systems for self-maintenance. This may be viewed as an evolutionary strategy to increase survivorship 

and maximize fitness under challenging environmental conditions. Many other studies have also found significant 

evidence linking morbidity to compromised growth during early life264,596,597. In the established undernutrition-

infection cycle (detailed in Chapter 1), infections increase nutrient needs and can reduce appetite, and poor nutritional 

intake can compromise immune function, increasing disease susceptibility547,598. Particularly in resource-limited 

populations, effects from an increase in energy expenditure towards immune function may result in poor linear growth 

outcomes. In the Greater Banjul and Upper River Regions, one study found strong evidence of an association between 

undernutrition and both severe and non-severe pneumonia, and a significant link between severe pneumonia and 

severe stunting504. Gastrointestinal illness, which was common in this subsample (see Chapter 4), has also been shown 

to influence growth outcomes in this region, and has been tied to gut microbiota composition during early life. Because 

cumulative morbidity had a significant negative impact on WHZ in particular, an interrelationship between these 

variables and seasonal pressures should be assessed in greater detail. Further investigation of the impact of the specific 

morbidities experienced (e.g., GI, respiratory, dermatological) and/or delta morbidity between time points rather than 

cumulative morbidity may further clarify the role of morbidity on growth outcomes. Ultimately, there is great 

complexity in the interplay between environmental pressures, immune function, intestinal ecology, and early life 

growth outcomes. 

Microbial landscapes in the intestines operate best under certain ecological conditions. Of interest in this 

dissertation was the response of intestinal pH to diet and the relationships between pH and growth outcomes. First, I 

did not find a significant difference in real time infant fecal pH based on exclusive breastfeeding duration. Because 

components of human milk are the sole form of food for bifidobacteria, and because nearly all infants were breastfed 

across the first year of life (Chapter 2), I interpret this lack of association as attributable to the continued and extended 

duration of breastfeeding in this population. In other studies examining infant fecal pH, there is trend towards non-

exclusively breastfed and non-breastfed infants to have more alkaline gut environments compared to those exclusively 

or partially breastfed. As such, it was unlikely that I would see a significant difference between fecal pH of the two 

groups. Additionally, previous research examining the bifidobacteria abundance in the rural Gambian infant found 
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that around 70% of the gut microbiota was composed of bifidobacteria, demonstrating a high prevalence of this 

fermentative species across the board. Future analyses of infant fecal pH in relationship to infant gut microbiota 

composition would greatly benefit a more nuanced evaluation of the relationships between infant diet and intestinal 

health in this population. With lower gut pH linked to reduced morbidity and improved growth outcomes, fecal pH 

may have promise as a non-invasive marker of intestinal health, and could perhaps be used to flag poor growth 

outcomes. There was evidence of an extended effect of EBF duration on fecal pH, where infants EBF at 3 months of 

age predicted lower fecal pH at 9 and 12 months of age. Longer-term impacts of early life intestinal pH as it relates to 

specific durations of EBF have not yet been investigated in the literature. This exploratory work sets the stage for 

future investigations. 

Greater abundance of IgA in maternal milk predicted higher infant fecal pH. IgA has anti-inflammatory 

effects and is implicated in the efficiency of mucosal barriers throughout the body, including the GI tract362–369. It is 

possible that IgA functions in a responsive model, though much of the literature suggests it plays more of a protective 

role in infant immune defense. Also, milk IgA has been observed to be elevated during periods of both maternal and 

infant infection. High relative abundance of IgA may reflect presence of a current morbidity, which could result in 

higher fecal pH. As discussed in earlier sections, a lower gut pH creates a more hospitable physical landscape for 

bifidobacteria, a key gut microbe involved in infant immune system development. A more acidic gut also prevents 

colonization by certain pathogens, providing numerous health benefits to offspring such as reduced inflammation and 

improved immune function207. Loss or absence of bifidobacteria in the infant gut significantly decreases this organic 

acid production, which results in elevated fecal pH, which is linked to poor health and growth outcomes208,209. In the 

present analysis, I observed that infant fecal pH was significantly predicted by the total number of morbidity events 

experienced by an infant across the first 24 months of life. In particular, a greater number of GI morbidity events 

predicts a significantly higher mean fecal pH in this population. Examining these results in a temporal manner with 

clinic data on infant and maternal morbidities may be useful in understanding the timing of milk IgA concentrations 

elevating and symptoms of intestinal inflammation. Additional real time markers of inflammation, as opposed to 

cumulative number of symptomatic morbidities, would pair well with future research on gut microbiota composition 

in this cohort. 

There was a significant difference in fecal pH at between wasted and those of normal WHZ at 12 months of 

age in the HERO-G subsample. No significant relationships were found between HAZ or WAZ at any time point. 
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Hossain et al. (2019) recently found evidence of relationships between fecal pH and growth outcomes, though the 

study population included only those who were stunted and at risk of stunting, whereas this analysis included a range 

of growth outcomes. Additional research is warranted on the matter to evaluate fecal pH as a flag for infants at risk of 

growth faltering. Measuring fecal pH could also present an effective and sustainable option in the field, where transport 

and storage limit opportunities for microbiome research in anthropological fieldwork in many rural population. 

Through the comparison of 19 publications, the average healthy breastfed infant fecal pH has increased from 

5.0 to 6.0 between 1926 and 2017 in high- and middle-income populations208,209. Paralleling the shift in pH, research 

has shown a concurrent reduction, or in some cases, loss of Bifidobacterium in the infant gut, along with a significant 

increase in autoimmune disorders over the last century208,209,599. These marked shifts suggest that low pH may be a 

critical condition necessary in preventing invasion of harmful bacteria and fostering growth of beneficial bacteria 

(particularly Bifidobacterium) in the infant gut208,209. Therefore, lower gut pH may be an important promoter of 

offspring survival due to its involvement in pathogen prevention and protection through modulation of gut 

microbiota600. Environmental enteropathy in rural Gambian infants and children, as evidenced by the structural and 

immunological of the gastrointestinal tract, has been suggested to be a possible advantage to local environmental 

conditions479. Constant exposure to fecal-oral contamination and/or pathogenic infiltration into the gut mucosa may 

result in an individual remaining in an inflammatory, hyperimmune state may be the body’s adaptive response to such 

challenges. The fluctuations in disease related to the stark seasonality in The Gambia are not commonly seen in other 

regions of the world, so it is possible that such a distinction in gut pH is further evidence of a maintained advantageous 

state in response to local challenges. Ultimately, further investigations into the intestinal ecology of rural Gambian 

infants – including research on gut morphology, inflammatory responses, and acidity conditions within the gut – are 

required to make stronger inferences about the relationships between the intestinal landscape during early life and its 

possible roots in developmental plasticity as an evolutionary adaptation in response to the challenging environment. 

First foods – including maternal milk and introduction of non-breast milk foods – communicate important 

information about the local environment and present immunological challenges that can help ‘teach’ the immune 

system how to optimally respond to such pressures. It is possible that EBF duration relates to health and growth 

outcomes depending on presence or absence of symptoms. Infant health and growth attainment may influence a 

mother’s decision to introduce complementary foods to her infant earlier; however, existing research provides mixed 

results on the directionality of these relationships. For example, mothers may cease EBF or alter breastfeeding or 
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complementary feeding practices because their infants are ill (perhaps hospitalized), type of illness, or perception that 

maternal milk is not meeting the infant’s needs158. Others may wean infants perceived as healthy (e.g., fewer 

occurrences of morbidity) at earlier ages, which may result in increased incidence of morbidity due to reduced 

immunological protection from maternal milk. Infants perceived as growing well may receive NBMFs earlier if they 

seem demand more feeding; mothers may also EBF for longer durations if they perceive breastfeeding as deterministic 

to healthy growth264. The variation in perceptions may bias the order of causality and lead to inaccurate estimation of 

the immediate protective effects of EBF.  

 
 
CONCLUSION 

The goal of Chapter 5 was to incorporate findings and data from Chapters 2-4 to assess the influence of early 

life diet (maternal milk composition, exclusive breastfeeding duration), infant morbidity occurrence, environmental 

factors, sex differences, maternal nutritional status during pregnancy, and demographic characteristics on infant 

growth outcomes (WHZ, HAZ, and WAZ)  across the first 12 months of life in the HERO-G subsample. Growth 

outcomes, which followed patterns documented in rural Gambia over the last four decades, were impacted by infant 

morbidity occurrence and maternal milk composition in the present analyses.  

Humans, like other animals, have the ability to alter development, physiology, growth, and behavior in 

response to environmental conditions. Tradeoffs (e.g., growth versus self-maintenance or investment in current 

offspring versus future offspring) are physiologically computed by taking into account energy balance and 

environmental stress, and subsequent biological and/or behavioral alterations are initiated in response. Using findings 

from Chapters 2-4, Chapter 5 found evidence of tradeoffs between immune function and growth outcomes  across the 

first year of life in the rural Gambian environment. Weight, as opposed to height (representative of skeletal growth), 

is prone to fluctuation, which can reflect “real time” shifts in nutritional environment or food security (amongst other 

possible explanatory factors). Evidence of the tradeoff between self-maintenance and growth was more apparent in 

WHZ and WAZ outcomes in the HERO-G subsample, suggesting shorter-term buffering or modifications to 

physiological and developmental systems. Statistical models also found that breastfeeding practices (often influenced 

by factors such as annual shifts in maternal agricultural workloads in this region – see Chapter 2) impacted WHZ and 

HAZ outcomes during the first 6 months of life.  
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Maternal energy investment in milk composition throughout the course of lactation contributes to offspring 

growth, survival, and future reproductive success of the mother. The mechanisms in place to allow for such effects 

are influenced, in part, by infant gut microbiota and their interactions with dietary variables. In the exploratory analysis 

of infant fecal pH across the first year of life, the intestinal landscape appears to be influenced by maternal milk 

components and breastfeeding practices, along with its own links to infant growth outcomes. Several milk constituents 

were also influential on growth outcomes, both in real time and as extended effects. The strong impact of individual 

variation in maternal milk profiles and infant health and growth outcomes in this rural Gambian environment speaks 

to an underlying complexity and persistent contribution of first foods on offspring outcomes.  

Using symptomatic infant morbidity occurrence as a proxy for immune activation, the present results likely 

indicate that chronic or more frequent symptomatic illnesses divert resources away from growth and towards 

physiological systems for self-maintenance. This could represent a strategy to increase survivorship and maximize 

fitness in response to challenging environmental pressures. Future investigations may consider assessing milk 

micronutrients, gut microbiota composition, biological markers of inflammation, exposure or risk of exposure to 

pathogens, and more detailed assessments of household SEP, all of which have been shown to impact growth or 

physiological systems related to growth in existing studies. Finally, infant fecal pH was linked to certain growth 

outcomes in this population, and a larger sample size will be helpful in identifying any population-level patterns. This 

work sets a strong foundation for such future investigations. 

  



 
 
 

 208 

CHAPTER 6. MAJOR CONCLUSIONS AND FUTURE DIRECTIONS 
 
PROJECT GOALS 

The major goal of this project was to investigate the impact of first foods – including maternal milk and non-

breast milk foods – on early life health and growth in a population under considerable environmental and physiological 

stress. I utilized data from a subsample of 194 mother-infant pairs from the larger HERO-G study in the West Kiang 

region of The Gambia to investigate my research questions.  

 

SUMMARY OF MAIN RESULTS 

In Chapter 2, I characterized infant breastfeeding and complementary feeding practices and assessed 

determinants of exclusive breastfeeding duration over the first year of life in the HERO-G subsample. This analysis 

provided a broad understanding of infant feeding practices across 194 mother-infant pairs. The average exclusive 

breastfeeding duration in this subsample was 5.0 (±1.5) months, slightly lower than the WHO recommended duration 

of 6 months. Most infants (69.6%) were exclusively breastfed for less than 6 months. On average, infants born in May 

– shortly before the start of the wet season – began receiving non-breast milk before the end of the wet season and had 

the shortest exclusive breastfeeding duration (3.5 ±1.9 months) compared to those born in any other month (except 

October). A more detailed understanding of maternal workload and childcare practices at the time of exclusive 

breastfeeding cessation could provide more context for this finding. EBF duration was not significantly associated 

with household socioeconomic position (SEP). However, future work should carefully consider sociocultural 

influences on infant feeding practices in this agropastoral population, traditional structure of asset ownership (e.g., 

livestock are owned predominantly by men, low rates of formal education), and the complex interplay between these 

factors and household family structure. Additional demographic and durable asset information in future studies may 

improve the accuracy of the SEP calculation. 

In Chapter 3, I reported on the results of mid-infrared technology to measure milk macronutrient 

concentrations (fat, total protein, lactose, TRP), and mass spectrometry to quantify the relative abundances of HMO 

classes (sialylated, fucosylated, undecorated, sia-fuc) and HMGPs (lactoferrin, IgA) in samples collected from a subset 

of the HERO-G subsample across the first year of lactation. Milk composition (concentrations of macronutrients and 

relative abundances of HMOs and HMGPs) aligned with results from other studies quantifying macronutrients and 

previous studies in this region quantifying HMOs and HMGPs. Seasonality was an important driver of maternal milk 
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TRP and protein content in PLS models, which may reflect seasonal pressures on immune function, as TRP and protein 

are macronutrients which encompass many individual immune proteins. Future investigations including detailed 

information about maternal agricultural workload (including details on specific agricultural tasks, time spent in the 

field, etc.), and maternal diet/nutritional status at the time of milk production, could provide more context for 

interpreting these findings. Collection time point, representative of stage of lactation, was a significant predictor of 

milk composition, likely due to temporally-driven pressures on milk constituents and shifts in infant 

immunological/nutritional needs as complementary foods are being introduced.  

In Chapter 4, I assessed and described infant morbidity occurrences across the first 12 months of life in the 

HERO-G subsample using data recorded by clinicians at the MRC Keneba field station at scheduled and non-

scheduled visits (caregivers sought and were provided MRC clinical evaluation and treatment for infant morbidity as 

needed). By 12 months of age, infants exclusively breastfed to 6 months or longer had significantly fewer morbidity 

reports relative to those who began receiving non-breast milk foods before 6 months of age. Mixed model results 

showed that longer exclusive breastfeeding duration predicted significantly fewer occurrences of infant morbidity 

across the first year of life, and PLS models show both “real time” and “extended” effects of exclusive breastfeeding 

duration on morbidity occurrence. This suggests that breastfeeding plays an important role in mediating illness during 

infancy and childhood in this environment. All of the milk constituents quantified here were influential on morbidity 

except fat and lactoferrin. Greater total milk protein content and relative abundance of sialylated HMO predicted more 

morbidity occurrences, and higher concentrations of TRP predicted lower occurrence of morbidity across the first year 

of life. True protein includes immune proteins, which have established protective effects for infant immune system 

maturation. Similarly, sialylated and undecorated HMOs have been shown to have protective effects and capabilities 

to treat chronic inflammation; the positive association might represent maternal milk synthesis responding to infant 

needs. The negative relationships between morbidity and abundance of fucosylated and sia-fuc HMOs aligns with 

research from other studies. Future research should conduct a more thorough investigation of the milk proteome and 

individual  HMO structures in relationship to infant outcomes in this population.  

In Chapter 5, I compiled results from Chapters 2-4 and assessed their relationships to infant growth outcomes, 

with a focus on WHZ, HAZ, and WAZ across the first 12 months of life. Growth outcomes followed patterns 

documented in rural Gambia over the last four decades, where, at birth, infants are small, and they continue to fall 

away from the WHO child growth centiles over the first two years of life261. Diet and illness are factors that are known 
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to influence infant growth outcomes in a complex manner. Morbidity and milk composition had strong impacts on 

growth outcomes in the statistical models. Using symptomatic infant morbidity occurrence as a proxy for immune 

activation, these results likely indicate that chronic or more frequent symptomatic illnesses divert resources away from 

growth and towards physiological systems for self-maintenance (immune defense). This may be a strategy to increase 

survivorship and maximize fitness under harsh environmental conditions. Future investigations may consider 

assessing milk micronutrients, gut microbiota composition, biological markers of inflammation, exposure or risk of 

exposure to pathogens, and more detailed assessments of household SEP, all of which have been shown to impact 

growth or physiological systems related to growth in existing studies. Finally, infant fecal pH was linked to certain 

growth outcomes in this population, and a larger sample size will be helpful in identifying any population-level 

patterns. This work sets a strong foundation for such future investigations. 

   

CONCLUSIONS 

         In this project, I set out to investigate the impact of first foods on infant outcomes in a low-income population 

from the rural West Kiang region of The Gambia. Using longitudinal data collected as a part of the larger HERO-G 

project, I found evidence to suggest that exclusive breastfeeding and maternal milk macronutrients, HMOs, and 

HMGPs mediate morbidity during the first year of life in this environment. Greater morbidity occurrence negatively 

influenced infant weight-for-height and weight-for-age across the first year of life, with both “real time” and 

“extended” effects, suggesting a possible tradeoff between immune function and growth (particularly body weight) in 

this population. Similar findings have been noted in previous studies from this region.  

Research on maternal milk composition and infant health and growth outcomes continues to expand. Still, 

there are knowledge gaps left to bridge. For example, maternal Secretor status (as designated by relative abundances 

of a1-2 fucosylated HMOs) was inconsistent across the course of lactation for some mothers. This raises questions as 

to the accuracy of using milk phenotypes in place of genotyping. A lack of uniformity across lactation may indicate a 

greater degree of plasticity in milk composition than previously understood. Future analyses investigating possible 

alternative pathways that may influence milk composition (including functional mechanisms related to Secretor status) 

are required to unpack this finding.  

Additionally, revisiting details of household socioeconomic position, especially as it relates to maternal 

agricultural employment in the contemporary setting throughout pregnancy and over the course of lactation in the 
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West Kiang region – a topic that has been rigorously investigated in earlier studies – would provide further insight 

into the biological influences of the livelihoods of the communities in this region. Interviews or focus groups, to 

supplement questionnaires, might enhance the ability of future studies to provide additional context for the 

interpretation of the causes and consequences of infant feeding decisions in a highly seasonal environment.  

Evaluating drivers of variation in maternal milk composition is critical in understanding how shifts in 

environment or physiology may contribute to the composition of early life dietary intake and subsequent infant health 

and growth outcomes. The physiological and nutritional cues received by offspring during early life can significantly 

impact both short- and long-term metabolic and immune defense function. Morbidity events such as infections, 

chronic inflammation, and intestinal permeability can impact an infant’s ability to utilize nutrients from their dietary 

intake, which can subsequently impact weight and height. Suboptimal diet during early life can contribute to 

diminished innate and acquired mucosal defenses, which can subsequently increase an individual’s vulnerability to 

later-life morbidities. Understanding the nuanced changes in milk composition would allow for greater understanding 

of the relationships between environmental conditions, as experienced by the mother, and their impact on infant diet. 

Without measurements of milk volume intake, however, precise claims regarding the amount of nutritional and 

immunological factors received from mother’s milk are not feasible.  

Few longitudinal studies have comprehensively evaluated the interrelationships between milk composition, 

infant feeding practices, and infant health and growth outcomes. Examining these variables in isolation, or as part of 

a cross-sectional study design, may impact a researcher’s ability to discriminate between individual and combined 

effects on outcomes of interest. A comprehensive understanding of the influence of early life diet on health and growth 

outcomes is of particular importance in low-income populations that experience marked seasonality associated with 

annual food insecurity, heavy maternal workload, and fluctuations in infectious disease burden. In such populations, 

these factors influence early life growth outcomes and are often linked to high rates of infant and childhood morbidity 

and mortality.   

In addition to building a longitudinal framework for understanding the effects of first foods on infant health 

and growth outcomes, this study lays the groundwork for future evaluations of fecal pH as a reliable proxy for breastfed 

infant intestinal ecology and gut microbiota composition. This is study is among the first to evaluate relationships 

between fecal pH and infant health and growth outcomes across the first year of life in a population under significant 
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environmental and physiological stress. Future work will look in detail at how fecal pH relates to gut microbiota 

composition in HERO-G infants. 

Early life diet is a complex multi-faceted system. In this dissertation, I found that maternal milk composition 

is influenced by a number of exogenous factors, and that breastfeeding practices and maternal milk composition are 

important drivers of infant health and growth outcomes. I found evidence of extended effects of early life diet on 

health and growth outcomes in this cohort, highlighting that first foods can make persistent contributions and leave 

lasting impacts on offspring outcomes. Future research is needed to explore other physiological, evolutionary, 

ecological, and sociocultural mechanisms that help address questions related to nutrition, variation in human milk 

profiles, and subsequent influences on infant health and growth outcomes.  



 
 
 

 213 

REFERENCES 
1.  Stearns SC. The Evolutionary Significance of Phenotypic Plasticity. Bioscience. 1989;39(7):436-445. 

doi:10.2307/1311135 
2.  Stearns S. The Evolution of Life Histories. Oxford University Press; 1992. 
3.  Perrin N, Sibly RM. Dynamic models of energy allocation and investment. Annu Rev Ecol Syst. 

1993;24:379-410. doi:10.1146/annurev.es.24.110193.002115 
4.  Levins R. Evolution in Changing Environments: Some Theoretical Explorations. Princeton University Press; 

1968. 
5.  Wells JCK. Life history trade-offs and the partitioning of maternal investment. Evol Med Public Heal. 

2018;2018(1):153-166. doi:10.1093/emph/eoy014 
6.  Stearns SC. Trade-Offs in Life-History Evolution. Funct Ecol. 1989;3(3):259. doi:10.2307/2389364 
7.  Stearns SC, Stearns SC. Life History Evolution: Successes, Limitations, and Prospects. Vol 87. Springer-

Verlag; 2000. 
8.  Svensson E, RÅberg L, Koch C, Hasselquist D. Energetic stress, immunosuppression and the costs of an 

antibody response. Funct Ecol. 1998;12(6):912-919. doi:10.1046/j.1365-2435.1998.00271.x 
9.  Dewey KG. Energy and protein requirements during lactation. Annu Rev Nutr. 1997;17(1):19-36. 

doi:10.1146/annurev.nutr.17.1.19 
10.  Borgerhoff Mulder M. Optimizing offspring: the quantity–quality tradeoff in agropastoral Kipsigis. Evol 

Hum Behav. 2000;21(6):391-410. doi:10.1016/S1090-5138(00)00054-4 
11.  Bogin B, Varea C, Hermanussen M, Scheffler C. Human life course biology: A centennial perspective of 

scholarship on the human pattern of physical growth and its place in human biocultural evolution. Am J 
Phys Anthropol. 2018;165(4):834-854. doi:10.1002/ajpa.23357 

12.  Hill K, Kaplan H. Life History Traits in Humans: Theory and Empirical Studies. Annu Rev Anthropol. 
1999;28(1):397-430. doi:10.1146/annurev.anthro.28.1.397 

13.  Charnov EL, Berrigan D. Why do female primates have such long lifespans and so few babies? or Life in 
the slow lane. Evol Anthropol Issues, News, Rev. 1993;1(6):191-194. doi:10.1002/evan.1360010604 

14.  Koz’lowski J, Wiegert RG. Optimal Age and Size at Maturity in Annuals and Perennials with Determinate 
Growth. Vol 1.; 1987. 

15.  Hill SE, Kern Reeve H. Low fertility in humans as the evolutionary outcome of snowballing resource 
games. Behav Ecol. 2004;16(2). doi:10.1093/beheco/ari001 

16.  Walker RS, Gurven M, Burger O, Hamilton MJ. The trade-off between number and size of offspring in 
humans and other primates. Proc R Soc B Biol Sci. 2008;275(1636):827-833. doi:10.1098/rspb.2007.1511 

17.  Kramer KL, Greaves RD, Ellison PT. Early reproductive maturity among Pumé foragers: Implications of a 
pooled energy model to fast life histories. Am J Hum Biol. 2009;21(4):430-437. doi:10.1002/ajhb.20930 

18.  Hayssen V. Empirical and Theoretical Constraints on the Evolution of Lactation. J Dairy Sci. 
1993;76(10):3213-3233. doi:10.3168/JDS.S0022-0302(93)77659-6 

19.  Harvey PH, Cutrron-Brock TH. Life History Variation in Primates. Vol 39.; 1985. 
20.  Bernstein RM. The big and small of it: How body size evolves. Am J Phys Anthropol. 2010;143(S51):46-62. 

doi:10.1002/ajpa.21440 
21.  Kirkwood RN, Aherne FX. Energy Intake, Body Composition and Reproductive Performance of the Gilt. J 

Anim Sci. 1985;60(6):1518-1529. doi:10.2527/jas1985.6061518x 
22.  Leigh SR. Evolution of human growth. Evol Anthropol Issues, News, Rev. 2001;10(6):223-236. 

doi:10.1002/evan.20002 
23.  Kamilar JM, Cooper N. Phylogenetic signal in primate behaviour, ecology and life history. Philos Trans R 

Soc B Biol Sci. 2013;368(1618). doi:10.1098/rstb.2012.0341 
24.  Gurven M, Walker R. Energetic demand of multiple dependents and the evolution of slow human growth. 

Proc R Soc B Biol Sci. 2006;273(1588):835-841. doi:10.1098/rspb.2005.3380 
25.  Isler K, van Schaik CP. Allomaternal care, life history and brain size evolution in mammals. J Hum Evol. 

2012;63(1):52-63. doi:10.1016/J.JHEVOL.2012.03.009 
26.  Stearns SC, Koella JC. The evolution of phenotypic plasticity in life history traits: Predictions of reaction 

normsfor age and size at maturity. Evolution (N Y). 1986;40(5):893-913. doi:10.1111/j.1558-
5646.1986.tb00560.x 

27.  Bogin B, Bragg J, Kuzawa C. Annals of Human Biology Humans are not cooperative breeders but practice 
biocultural reproduction. Published online 2014. doi:10.3109/03014460.2014.923938 

28.  Hinde K, German J. Food in an evolutionary context: insights from mother’s milk. J Sci Food Agric. 



 
 
 

 214 

2012;92(11):2219-2223. 
29.  Hinde K, Milligan LA. Primate milk: Proximate mechanisms and ultimate perspectives. Evol Anthropol 

Issues, News, Rev. 2011;20(1):9-23. doi:10.1002/evan.20289 
30.  Emery Thompson M. Comparative Reproductive Energetics of Human and Nonhuman Primates. Annu Rev 

Anthropol. 2013;42(1):287-304. doi:10.1146/annurev-anthro-092412-155530 
31.  Ballard O, Morrow AL. Human milk composition: nutrients and bioactive factors. Pediatr Clin North Am. 

2013;60(1):49-74. doi:10.1016/j.pcl.2012.10.002 
32.  McDade TW, Reyes‐García V, Tanner S, Huanca T, Leonard WR. Maintenance versus growth: 

Investigating the costs of immune activation among children in lowland Bolivia. Am J Phys Anthropol. 
2008;136(4):478-484. doi:10.1002/ajpa.20831 

33.  Skibiel A, Downing L, Orr T, Hood W. The evolution of the nutritent composition of mammalian milks. J 
Anim Ecol. 2013;82(6):1254-1264. 

34.  Bogin B. Patterns of Human Growth. 2nd ed. Cambridge University Press; 1999. 
35.  Bogin B. Evolutionary Hypotheses for Human Childhood. Vol 40. Wiley-Liss, Inc; 1997. 

doi:10.1002/(SICI)1096-8644(1997)25+<63::AID-AJPA3>3.0.CO;2-8 
36.  Sellen D, Smay D. Relationship between subsistence and age at weaning in “preindustrial” societies. Hum 

Nat. 2001;12(1):47-87. 
37.  Sellen DW. Infant and young child feeding practices among African pastoralists: The Datoga of Tanzania. J 

Biosoc Sci. 1998;30(4):481-499. doi:10.1017/S0021932098004817 
38.  Chinique de Armas Y, Pestle W. Assessing the association between subsistence strategies and the timing of 

weaning among indigenous archaeological populations of the Caribbean. Int J Osteoarchaeol. 
2018;28(5):492-509. doi:10.1002/oa.2695 

39.  Sellen DW. Evolution of Infant and Young Child Feeding: Implications for Contemporary Public Health. 
Annu Rev Nutr. 2007;27:123-158. doi:10.1146/annurev.nutr.25.050304.092557 

40.  Sellen D. Lactation, complementary feeding, and human life history. Evol Hum Life Hist. Published online 
2006:155-196. 

41.  Van Loon H, Saverys V, Vuylsteke JP, Vlietinck RF, Eeckels R. Local versus universal growth standards: 
The effect of using NCHS as universal reference. Ann Hum Biol. 1986;13(4):347-357. 
doi:10.1080/03014468600008531 

42.  Chung S. Growth and Puberty in Obese Children and Implications of Body Composition. J Obes Metab 
Syndr. 2017;26(4):243-250. doi:10.7570/jomes.2017.26.4.243 

43.  Kuzawa CW. Adipose tissue in human infancy and childhood: An evolutionary perspective. Am J Phys 
Anthropol. 1998;107(S27):177-209. doi:10.1002/(SICI)1096-8644(1998)107:27+<177::AID-
AJPA7>3.0.CO;2-B 

44.  Oftedal OT, Gittleman JL. Patterns of Energy Output During Reproduction in Carnivores. In: Carnivore 
Behavior, Ecology, and Evolution. Springer US; 1989:355-378. doi:10.1007/978-1-4757-4716-4_14 

45.  Garn S, Greaney G, Young R. Fat Thickness and Growth Progress During Infancy. Hum Biol. 1956;28(2):1-
19. Accessed April 27, 2021. https://search.proquest.com/docview/1301822586?pq-
origsite=gscholar&fromopenview=true&imgSeq=1 

46.  Cunnane SC, Crawford MA. Survival of the fattest: Fat babies were the key to evolution of the large human 
brain. Comp Biochem Physiol - A Mol Integr Physiol. 2003;136(1):17-26. doi:10.1016/S1095-
6433(03)00048-5 

47.  Bogin B. Evolution of human growth. In: Human Evolutionary Biology. ; 2010:379. 
48.  Foley RA, Lee PC. Ecology and energetics of encephalization in hominid evolution. Philos Trans - R Soc 

London, B. 1991;334(1270):223-232. doi:10.1098/rstb.1991.0111 
49.  Leonard WR, Robertson ML, Snodgrass JJ, Kuzawa CW. Metabolic correlates of hominid brain evolution. 

Comp Biochem Physiol - A Mol Integr Physiol. 2003;136(1):5-15. doi:10.1016/S1095-6433(03)00132-6 
50.  Aiello LC, Wheeler P. The Expensive-Tissue Hypothesis: The Brain and the Digestive System in Human 

and Primate Evolution. Curr Anthropol. 1995;36(2):199-221. doi:10.1086/204350 
51.  Urlacher SS, Ellison PT, Sugiyama LS, et al. Tradeoffs between immune function and childhood growth 

among Amazonian forager-horticulturalists. Proc Natl Acad Sci U S A. 2018;115(17):E3914-E3921. 
doi:10.1073/pnas.1717522115 

52.  Georgiev A, Kuzawa C, McDade T. Early developmental exposures shape trade-offs between acquired and 
innate immunity in humans. Evol Med public Heal. 2016;2016(1):256-269. 

53.  Young V, Scrimshaw N. The physiology of starvation. Sci Am. 1971;225(4):14-21. 



 
 
 

 215 

54.  Pond CM. Physiological and ecological importance of energy storage in the evolution of lactation: evidence 
for a common pattern of anatomical organization of adipose tissue in mammals. In: Peaker M, Vernon R, 
Knight C, eds. Physiological Strategies in Lactation : The Proceedings of a Symposium Held at the 
Zoological Society of London on 11 and 12 November 1982. London : Academic Press, 1984.; 1984. 
Accessed January 14, 2019. http://agris.fao.org/agris-search/search.do?recordID=US201302653485 

55.  Pond C. Morphological aspects and the ecological and mechanical consequences of fat deposition in wild 
vertebrates. Annu Rev Ecol Syst. 1978;9:519-570. 

56.  Waterlow JC, Payne PR. The protein gap. Nature. 1975;258(5531):113-117. doi:10.1038/258113a0 
57.  Zafon C. Oscillations in total body fat content through life: an evolutionary perspective. Obes Rev. 

2007;8(6):525-530. doi:10.1111/j.1467-789X.2007.00377.x 
58.  Wells JCK, Cortina-Borja M. Different associations of subscapular and triceps skinfold thicknesses with 

pathogen load: An ecogeographical analysis. Am J Hum Biol. 2013;25(5):594-605. 
doi:10.1002/AJHB.22418 

59.  Abrams ET, Miller EM. The roles of the immune system in Women’s reproduction: Evolutionary 
constraints and life history trade-offs. Am J Phys Anthropol. 2011;146(S53):134-154. 
doi:10.1002/ajpa.21621 

60.  Rackaityte E, Halkias J. Mechanisms of Fetal T Cell Tolerance and Immune Regulation. Front Immunol. 
2020;0:588. doi:10.3389/FIMMU.2020.00588 

61.  Lunn PG. The impact of infection and nutrition on gut function and growth in childhood. Proc Nutr Soc. 
2000;59:147-154. doi:10.1017/S0029665100000173 

62.  Lochmiller RL, Deerenberg C. Trade-offs in evolutionary immunology: just what is the cost of immunity? 
Oikos. 2000;88(1):87-98. doi:10.1034/j.1600-0706.2000.880110.x 

63.  Castillo-Duran C, Heresi G, Fisberg M, Uauy R. Controlled trial of zinc supplementation during recovery 
from malnutrition: effects on growth and immune function. Am J Clin Nutr. 1987;45(3):602-608. 
doi:10.1093/ajcn/45.3.602 

64.  Rytter MJH, Kolte L, Briend A, Friis H, Christensen VB. The immune system in children with malnutrition 
- A systematic review. PLoS One. 2014;9(8):e105017. doi:10.1371/journal.pone.0105017 

65.  Bourke CD, Berkley JA, Prendergast AJ. Immune Dysfunction as a Cause and Consequence of 
Malnutrition. Trends Immunol. 2016;37(6):386-398. doi:10.1016/j.it.2016.04.003 

66.  Martorell R, Yarbough C, Yarbough S, Klein R. The impact of ordinary illnesses on the dietary intakes of 
malnourished children. Am J Clin Nutr. 1980;33(2):345-350. 

67.  Briscoe J. The quantitative effect of infection on the use of food by young children in poor countries. Am J 
Clin Nutr. 1979;32(3):648-676. doi:10.1093/ajcn/32.3.648 

68.  Paintal K, Aguayo VM. Feeding practices for infants and young children during and after common illness. 
Evidence from South Asia. Matern Child Nutr. 2016;12:39-71. doi:10.1111/mcn.12222 

69.  Campbell DI, Elia M, Lunn PG. Growth faltering in rural Gambian infants is associated with impaired small 
intestinal barrier function, leading to endotoxemia and systemic inflammation. J Nutr. 2003;133(5):1332-
1338. doi:10.1093/jn/133.5.1332 

70.  Solomons NW, Mazariegos M, Brown KH, Klasing K. The Underprivileged, Developing Country Child: 
Environmental Contamination and Growth Failure Revisited. Nutr Rev. 1993;51(11):327-332. 
doi:10.1111/j.1753-4887.1993.tb03758.x 

71.  Kuzawa CW, McDade TW, Adair LS, Lee N. Rapid weight gain after birth predicts life history and 
reproductive strategy in Filipino males. Proc Natl Acad Sci U S A. 2010;107(39):16800-16805. 
doi:10.1073/pnas.1006008107 

72.  Rowland MGM, McCollum JPK. Malnutrition and gastroenteritis in The Gambia. Trans R Soc Trop Med 
Hyg. 1977;71(3):199-203. doi:10.1016/0035-9203(77)90006-2 

73.  Millward DJ. Nutrition, infection and stunting: the roles of deficiencies of individual nutrients and foods, 
and of inflammation, as determinants of reduced linear growth of children. Nutr Res Rev. 2017;30:50-72. 
doi:10.1017/S0954422416000238 

74.  Collado MC, Cernada M, Neu J, Pérez-Martínez G, Gormaz M, Vento M. Factors influencing 
gastrointestinal tract and microbiota immune interaction in preterm infants. Pediatr Res. 2015;77(6):726-
731. doi:10.1038/pr.2015.54 

75.  Kelly P, Shawa T, Mwanamakondo S, et al. Gastric and intestinal barrier impairment in tropical enteropathy 
and HIV: Limited impact of micronutrient supplementation during a randomised controlled trial. BMC 
Gastroenterol. 2010;10(1):1-9. doi:10.1186/1471-230X-10-72 



 
 
 

 216 

76.  Vazquez-Gutierrez P, de Wouters T, Werder J, Chassard C, Lacroix C. High iron-sequestrating 
bifidobacteria inhibit enteropathogen growth and adhesion to intestinal epithelial cells in vitro. Front 
Microbiol. 2016;7(SEP). doi:10.3389/fmicb.2016.01480 

77.  Dewey KG, Mayers DR. Early child growth: how do nutrition and infection interact? Matern Child Nutr. 
2011;7:129-142. doi:10.1111/j.1740-8709.2011.00357.x 

78.  Gilmartin AA, Petri WA. Exploring the role of environmental enteropathy in malnutrition, infant 
development and oral vaccine response. Philos Trans R Soc B Biol Sci. 2015;370(1671). 
doi:10.1098/rstb.2014.0143 

79.  Menzies IS, Zuckerman MJ, Nukajam WS, et al. Geography of intestinal permeability and absorption. Gut. 
1999;44(4):483-489. doi:10.1136/GUT.44.4.483 

80.  Budge S, Parker AH, Hutchings PT, Garbutt C. Environmental enteric dysfunction and child stunting. Nutr 
Rev. 2019;77(4):240-253. doi:10.1093/nutrit/nuy068 

81.  McDade TW, Worthman CM. The Weanling’s Dilemma Reconsidered: A Biocultural Analysis of 
Breastfeeding Ecology. J Dev Behav Pediatr. 1998;19(4):286-299. doi:10.1097/00004703-199808000-
00008 

82.  Mata LJ, Kromal RA, Urrutia JJ, Garcia B. Effect of infection on food intake and the nutritional state: 
perspectives as viewed from the village. Am J Clin Nutr. 1977;30(8):1215-1227. doi:10.1093/ajcn/30.8.1215 

83.  Gershwin M. Nutrition and Immunity. Elsevier; 2012. 
84.  (WHO) WHO. Assessment of Differences in Linear Growth among Populations in the WHO Multicentre 

Growth Reference Study. Vol 450.; 2006. 
85.  Ferreira HDS. Anthropometric assessment of children’s nutritional status: A new approach based on an 

adaptation of Waterlow’s classification. BMC Pediatr. 2020;20(1). doi:10.1186/s12887-020-1940-6 
86.  Rohde J, Northrup R. Diarrhea is a nutritional disease. Indian Pediatr. 1988;25(10):914-929. 
87.  Victora C. Effect of breastfeeding on infant and child mortality due to infectious diseases in less developed 

countries: a pooled analysis. Lancet. 2000;355:451-455. 
88.  Schwarzenberg SJ, Georgieff MK. Advocacy for improving nutrition in the first 1000 days to support 

childhood development and adult health. Pediatrics. 2018;141(2). doi:10.1542/peds.2017-3716 
89.  Said-Mohamed R, Pettifor JM, Norris SA. Life History theory hypotheses on child growth: Potential 

implications for short and long-term child growth, development and health. Am J Phys Anthropol. 
2018;165(1):4-19. doi:10.1002/ajpa.23340 

90.  Schäffler A, Schölmerich J, Salzberger B. Adipose tissue as an immunological organ: Toll-like receptors, 
C1q/TNFs and CTRPs. Trends Immunol. 2007;28(9):393-399. doi:10.1016/j.it.2007.07.003 

91.  Chu DM, Meyer KM, Prince AL, Aagaard KM. Impact of maternal nutrition in pregnancy and lactation on 
offspring gut microbial composition and function. Gut Microbes. 2016;7(6):459-470. 
doi:10.1080/19490976.2016.1241357 

92.  Mokoena MP, Mutanda T, Olaniran AO. Perspectives on the probiotic potential of lactic acid bacteria from 
African traditional fermented foods and beverages. Food Nutr Res. 2016;60(1):29630. 
doi:10.3402/fnr.v60.29630 

93.  Blackwell AD, Trumble BC, Maldonado Suarez I, et al. Immune function in Amazonian horticulturalists. 
Ann Hum Biol. 2016;43(4):382-396. doi:10.1080/03014460.2016.1189963 

94.  Blackwell AD, Pryor G, Pozo J, Tiwia W, Sugiyama LS. Growth and market integration in Amazonia: A 
comparison of growth indicators between Shuar, Shiwiar, and nonindigenous school children. Am J Hum 
Biol. 2009;21(2):161-171. doi:10.1002/ajhb.20838 

95.  Garcia AR, Blackwell AD, Trumble BC, Stieglitz J, Kaplan H, Gurven MD. Evidence for height and 
immune function trade-offs among preadolescents in a high pathogen population. Evol Med Public Heal. 
2020;2020(1):86-99. doi:10.1093/emph/eoaa017 

96.  Gurven MD, Trumble BC, Stieglitz J, et al. High resting metabolic rate among Amazonian forager-
horticulturalists experiencing high pathogen burden. Am J Phys Anthropol. 2016;161(3):414-425. 
doi:10.1002/ajpa.23040 

97.  Sprockett DD, Martin M, Costello EK, et al. Microbiota assembly, structure, and dynamics among Tsimane 
horticulturalists of the Bolivian Amazon. Nat Commun. 2020;11(1):1-14. doi:10.1038/s41467-020-17541-6 

98.  Blackwell AD, Gurven MD, Sugiyama LS, et al. Evidence for a Peak Shift in a Humoral Response to 
Helminths: Age Profiles of IgE in the Shuar of Ecuador, the Tsimane of Bolivia, and the U.S. NHANES. 
Yazdanbakhsh M, ed. PLoS Negl Trop Dis. 2011;5(6):e1218. doi:10.1371/journal.pntd.0001218 

99.  McDade TW, Leonard WR, Burhop J, et al. Predictors of C-reactive protein in Tsimane’ 2 to 15 year-olds in 



 
 
 

 217 

lowland Bolivia. Am J Phys Anthropol. 2005;128(4):906-913. doi:10.1002/ajpa.20222 
100.  Vasunilashorn S, Finch CE, Crimmins EM, et al. Inflammatory Gene Variants in the Tsimane, an 

Indigenous Bolivian Population with a High Infectious Load. Biodemography Soc Biol. 2011;57(1):33-52. 
doi:10.1080/19485565.2011.564475 

101.  Vasunilashorn S, Crimmins EM, Kim JK, et al. Blood lipids, infection, and inflammatory markers in the 
Tsimane of Bolivia. Am J Hum Biol. 2010;22(6):731-740. doi:10.1002/ajhb.21074 

102.  Gurven M, Stieglitz J, Trumble B, et al. The Tsimane Health and Life History Project: Integrating 
anthropology and biomedicine. Evol Anthropol Issues, News, Rev. 2017;26(2):54-73. 
doi:10.1002/evan.21515 

103.  Blackwell AD, Urlacher SS, Beheim B, et al. Growth references for Tsimane forager-horticulturalists of the 
Bolivian Amazon. Am J Phys Anthropol. 2017;162(3):441-461. doi:10.1002/AJPA.23128 

104.  Bernstein RM, O’Connor GK, Vance EA, et al. Timing of the Infancy-Childhood Growth Transition in 
Rural Gambia. Front Endocrinol (Lausanne). 2020;11:142. doi:10.3389/fendo.2020.00142 

105.  Prendergast A, Rukobo S, CHasekwa B, et al. Stunting is characterized by chronic inflammation in 
Zimbabwean infants. PLoS One. 2014;9(2):e86928. 

106.  Rytter M, Namusoke H, Ritz C, et al. Correlates of thymus size and changes during treatment of children 
with severe acute malnutrition: a cohort study. BMC Pediatr. 2017;17(70):1-12. 

107.  Rytter M, Cichon B, Fabiansen C, et al. Thymus size in children with moderate malnutrition: a cohort study 
from Burkina Faso. Pediatr Res. Published online 2021:1732-1741. 

108.  Nabukeera-Barungi N, Grenov B, Friis H, et al. Thymus gland size during recovery from complicated severe 
acute malnutrition: a prospective study of the role of probiotics. Pediatr Int Child Heal. 2019;39:95-103. 

109.  Savino W, Dardenne M, Velloso L, Silva-Barbosa S. The thymus is a common target in malnutrition and 
infection. Br J Nutr. 2007;98(1):11-16. 

110.  Prentice A. The thymus: a barometer of malnutrition. Br J Nutr. 1999;81:345-347. 
111.  Martin RD. Human Brain Evolution in an Ecological Context.; 1983. 
112.  Kpewou DE, Poirot E, Berger J, et al. Maternal mid-upper arm circumference during pregnancy and linear 

growth among Cambodian infants during the first months of life. Matern Child Nutr. 2020;16(S2). 
doi:10.1111/mcn.12951 

113.  Martin RD, MacLarnon AM. Gestation period, neonatal size and maternal investment in placental mammals. 
Nature. 1985;313(5999):220-223. doi:10.1038/313220a0 

114.  Neville MC, Picciano MF. Regulation of milk lipid secretion and composition. Annu Rev Nutr. 
1997;17(1):159-184. doi:10.1146/annurev.nutr.17.1.159 

115.  Oftedal OT. Use of maternal reserves as a lactation strategy in large mammals. In: Proceedings of the 
Nutrition Society. Vol 59. CAB International; 2000:99-106. doi:10.1017/S0029665100000124 

116.  Centers for Disease Control and Prevention Division of Reproductive Health. Weight Gain During 
Pregnancy. Published 2021. Accessed July 12, 2021. 
https://www.cdc.gov/reproductivehealth/maternalinfanthealth/pregnancy-weight-gain.htm 

117.  Centers for Disease Control and Prevention. Body Mass Index: Considerations for Practitioners.; 2010. 
Accessed July 12, 2021. http://apps.nccd.cdc.gov/dnpabmi/ 

118.  Frisancho A. Anthropometric standards: an interactive nutritional reference of body size and body 
composition for children and adults. Univ Michigan Press. Published online 2008. 

119.  Fakier A, Petro G, Fawcus S. Mid-upper arm circumference: A surrogate for body mass index in pregnant 
women. South African Med J. 2017;107(7):606-610. doi:10.7196/SAMJ.2017.V107I7.12255 

120.  Okereke C, Anyaehie U, Dim C, Iyare E, Nwagha U. Evaluation of some anthropometric indices for the 
diagnosis of obesity in pregnancy in Nigeria: a cross-sectional study. Afr Health Sci. 2014;13(4):1034-1040. 
doi:10.4314/ahs.v13i4.25 

121.  Jeyakumar A, Ghugre P, Gadhave S. Mid-Upper-Arm Circumference (MUAC) as a Simple Measure to 
Assess the Nutritional Status of Adolescent Girls as Compared With BMI: 
http://dx.doi.org/101177/1941406412471848. 2013;5(1):22-25. doi:10.1177/1941406412471848 

122.  Suresh M, Jain S, Kaul NB. Evaluation of MUAC as a tool for assessing nutritional status during pregnancy 
(>20 weeks of gestation) in Delhi India. World Nutr. 2021;12(1):65-72. doi:10.26596/WN.202112165-72 

123.  Humanitarian Charter. Humanitarian Charter and Minimum Standards in Humanitarian Response The 
Sphere Project 2011. Third Edition. The Sphere Project; 2011. Accessed July 11, 2021. 
www.sphereproject.org 

124.  Association S. The Sphere Handbook: Humanitarian Charter and Minimum Standards in Human Response. 



 
 
 

 218 

Fourth.; 2018. 
125.  World Health Organization (WHO). Global Nutrition Targets 2025: Low Birth Weight Policy.; 2014. 
126.  Moore SE. Early life nutritional programming of health and disease in The Gambia. J Dev Orig Health Dis. 

2016;7(2):123-131. doi:10.1017/S2040174415007199 
127.  Krasovec K, Anderson MA. Maternal nutrition and pregnancy outcomes: anthropometric assessment. Sci 

Publ. Published online 1991. Accessed April 28, 2021. https://agris.fao.org/agris-
search/search.do?recordID=US9544861 

128.  Sebayang SK, Dibley MJ, Kelly PJ, Shankar A V., Shankar AH. Determinants of low birthweight, small-
for-gestational-age and preterm birth in Lombok, Indonesia: analyses of the birthweight cohort of the 
SUMMIT trial. Trop Med Int Heal. 2012;17(8):938-950. doi:10.1111/j.1365-3156.2012.03039.x 

129.  Ogbonna C, Woelk GB, Ning Y, Mudzamiri S, Mahomed K, Williams MA. Maternal mid-arm 
circumference and other anthropometric measures of adiposity in relation to infant birth size among 
Zimbabwean women. Acta Obstet Gynecol Scand. 2007;86(1):26-32. doi:10.1080/00016340600935664 

130.  Ojha N, Malla DS. Low birth weight at term: Relationship with maternal anthropometry. J Nepal Med 
Assoc. 2007;46(166):52-56. doi:10.31729/jnma.280 

131.  Sen J, Roy A, Mondal N. Association of Maternal Nutritional Status, Body Composition and Socio-
economic Variables with Low Birth Weight in India. J Trop Pediatr. 2010;56(4):254-259. 
doi:10.1093/tropej/fmp102 

132.  Ghosh S, Spielman K, Kershaw M, et al. Nutrition-specific and nutrition-sensitive factors associated with 
mid-upper arm circumference as a measure of nutritional status in pregnant Ethiopian women: Implications 
for programming in the first 1000 days. PLoS One. 2019;14(3). doi:10.1371/journal.pone.0214358 

133.  Pusdekar Y V., Patel AB, Kurhe KG, et al. Rates and risk factors for preterm birth and low birthweight in 
the global network sites in six low- and low middle-income countries. Reprod Heal 2020 173. 2020;17(3):1-
16. doi:10.1186/S12978-020-01029-Z 

134.  Harshman L, Zera A. The cost of reproduction: the devil in the details. Trends Ecol Evol. 2007;22. 
135.  Fisher DO, Blomberg SP. Costs of Reproduction and Terminal Investment by Females in a Semelparous 

Marsupial. Helle S, ed. PLoS One. 2011;6(1):e15226. doi:10.1371/journal.pone.0015226 
136.  Skibiel AL, Speakman JR, Hood WR. Testing the predictions of energy allocation decisions in the evolution 

of life-history trade-offs. Fox C, ed. Funct Ecol. 2013;27(6):1382-1391. doi:10.1111/1365-2435.12130 
137.  Dufour DL, Sauther ML. Comparative and evolutionary dimensions of the energetics of human pregnancy 

and lactation. Am J Hum Biol. 2002;14(5):584-602. doi:10.1002/ajhb.10071 
138.  van Raaij JM, Schonk CM, Vermaat-Miedema SH, Peek ME, Hautvast JG. Energy cost of lactation, and 

energy balances of well-nourished Dutch lactating women: reappraisal of the extra energy requirements of 
lactation. Am J Clin Nutr. 1991;53(3):612-619. doi:10.1093/ajcn/53.3.612 

139.  Butte NF, Hopkinson JM. Body composition changes during lactation are highly variable among women. In: 
Journal of Nutrition. Vol 128. American Society for Nutrition; 1998:381S-385S. doi:10.1093/jn/128.2.381s 

140.  Trivers RL. Parent-Offspring Conflict. Vol 14.; 1974. Accessed February 24, 2021. 
https://academic.oup.com/icb/article/14/1/249/2066733 

141.  Wells JCK. Natural selection and sex differences in morbidity and mortality in early life. J Theor Biol. 
2000;202(1):65-76. doi:10.1006/jtbi.1999.1044 

142.  Fouts HN. Social and emotional contexts of weaning among Bofi farmers and foragers. Ethnology. 
2004;43(1):65-81. doi:10.2307/3773856 

143.  Hill K, Kaplan H. Life History Traits in Humans: Theory and Empirical Studies. Annu Rev Anthropol. 
1999;28(1):397-430. doi:10.1146/annurev.anthro.28.1.397 

144.  Fouts H, Lamb M. Weanling emotional patterns among the Bofi foragers of Central Africa. In: Hunter-
Gatherer Childhoods: Evolutionary, Developmental, and Cultural Perspectives. ; 2005:309-321. Accessed 
January 14, 2019. 
https://books.google.com/books?hl=en&lr=&id=FLcMONS_7AwC&oi=fnd&pg=PA309&dq=+Fouts+HN,
+Lamb+ME.+2005.+Weanling+emotional+patterns+among+the+Bofi+foragers+of+Central+Africa:+the+ro
le+of+maternal+availability.+See+Ref.+104a,+pp.+309–21&ots=MTojNEQLi 

145.  Wells JCK. Parent-offspring conflict theory, signaling of need, and weight gain in early life. Q Rev Biol. 
2003;78(2):169-202. doi:10.1086/374952 

146.  Daly M, Wilson M. Evolutionary social psychology and family homicide. Science (80- ). 
1988;242(4878):519-524. doi:10.1126/science.3175672 

147.  Haig D. The evolution of unusual chromosomal systems in sciarid flies: intragenomic conflict and the sex 



 
 
 

 219 

ratio. J Evol Biol. 1993;6(2):249-261. doi:10.1046/j.1420-9101.1993.6020249.x 
148.  Draper P, Harpending H. Parenting across the lifespan: Biosocial dimensions. In: Parent Investment and the 

Child’s Environment. ; 1987:207-235. 
149.  Altmann J. Baboon Mothers and Infants. Harvard Univ. Press; 1980. Accessed January 14, 2019. 

https://books.google.com/books?hl=en&lr=&id=7x6i9RAgSGAC&oi=fnd&pg=PR15&dq=Altmann+J.+198
0.+Baboon+Mothers+and+Infants.+Cambridge,+MA:+Harvard+Univ.+Press&ots=qKCH7cmbfC&sig=fp5
BQtnavMHTe59r0wpr99Zey0M#v=onepage&q=Altmann%2520J.%25201980.%2520Baboon%2520Mothe
rs%252 

150.  Godfray HCJ. Evolutionary theory of parent–offspring conflict. Nature. 1995;376(6536):133-138. 
doi:10.1038/376133a0 

151.  Dettwyler K. When to Wean: Biological Versus Cultural Perspectives. Clin Obstet Gynecol. 
2004;47(3):712-723. doi:10.1097/01.grf.0000137217.97573.01 

152.  Dettwyler KA, Fishman C. Infant Feeding Practices and Growth. Annu Rev Anthropol. 1992;21(1):171-204. 
doi:10.1146/annurev.an.21.100192.001131 

153.  Hayssen V. Empirical and Theoretical Constraints on the Evolution of lactation. J Dairy Sci. 
1993;76(10):3213-3233. doi:10.3168/jds.S0022-0302(93)77659-6 

154.  Sheth M, Dwivedi R. Complementary Foods Associated Diarrhea. Indian J Pediatr. 2006;73(1):61-64. 
Accessed January 8, 2019. https://link.springer.com/content/pdf/10.1007/BF02758262.pdf 

155.  Hazir T, Senarath U, Agho K, et al. Determinants of inappropriate timing of introducing solid, semi-solid or 
soft food to infants in Pakistan: Secondary data analysis of Demographic and Health Survey 2006-2007. 
Matern Child Nutr. 2012;8(SUPPL. 1):78-88. doi:10.1111/j.1740-8709.2011.00383.x 

156.  Rowland MGM, Rowland SG, Dunn DT. The relation between weaning practices and patterns of morbidity 
from diarrhea: an urban Gambian case study. In: Diarrhea and Malnutrition in Childhood. ; 1986:7-13. 

157.  Robinson SM. Infant nutrition and lifelong health: Current perspectives and future challenges. J Dev Orig 
Health Dis. 2015;6(5):384-389. doi:10.1017/S2040174415001257 

158.  Horta BL, Victora CG. Short-Term Effects of Breastfeeding: A Systematic Review on the Benefits of 
Breastfeeding on Diarrhea and Pneumonia Mortality. World Health Organization; 2013. Accessed 
September 7, 2020. www.who.int 

159.  Shrimpton R, Victora CG, de Onis M, Lima RC, Blössner M, Clugston G. Worldwide timing of growth 
faltering: implications for nutritional interventions. Pediatrics. 2001;107(5):e75-e75. 
doi:10.1542/peds.107.5.e75 

160.  Crespi B. The evolutionary biology of child health. Proc R Soc B Biol Sci. 2011;278(1711):1441-1449. 
doi:10.1098/rspb.2010.2627 

161.  Gurven M. Infant and fetal mortality among a high fertility and mortality population in the Bolivian 
Amazon. Soc Sci Med. 2012;75(12):2493-2502. doi:10.1016/j.socscimed.2012.09.030 

162.  Blaxter K. The comparative biology of lactation. In: Falconer IT. ; 1971:51-59. 
163.  Derrickson EM. Comparative Reproductive Strategies of Altricial and Precocial Eutherian Mammals. Funct 

Ecol. 1992;6(1):57. doi:10.2307/2389771 
164.  Tarnaud L. Ontogeny of feeding behavior in Eulemur fulvus in the dry forest of Mayotte. Int J Primatol. 

2004;25(4):803-824. 
165.  Lee PC. Comparative Primate Socioecology. Cambridge University Press; 1999. Accessed August 16, 2019. 

https://www.cambridge.org/us/academic/subjects/life-sciences/biological-anthropology-and-
primatology/comparative-primate-socioecology?format=PB&isbn=9780521004244 

166.  Cassidy T, Tom AOE-. Ethnographies of Breastfeeding : Cultural Contexts and Confrontations. Accessed 
May 30, 2018. 
https://books.google.com/books?id=Z_rrBQAAQBAJ&dq=wet+nursing+gambia&source=gbs_navlinks_s 

167.  Kennedy GE. From the ape’s dilemma to the weanling’s dilemma: early weaning and its evolutionary 
context. J Hum Evol. 2005;48(2):123-145. doi:10.1016/J.JHEVOL.2004.09.005 

168.  Bădescu I, Watts DP, Katzenberg MA, Sellen DW. Alloparenting is associated with reduced maternal 
lactation effort and faster weaning in wild chimpanzees. R Soc Open Sci. 2016;3(11). 
doi:10.1098/rsos.160577 

169.  Kim J, Gallien TL. Childcare arrangements and infant feeding practices by family structure and household 
income among US children aged 0 to 2 years. Matern Child Nutr. 2016;12(3):591-602. 
doi:10.1111/mcn.12152 

170.  Humphrey LT. Weaning behaviour in human evolution. Semin Cell Dev Biol. 2010;21(4):453-461. 



 
 
 

 220 

doi:10.1016/J.SEMCDB.2009.11.003 
171.  Tardif SD, Power M, Oftedal OT, Power RA, Layne DG. Lactation, Maternal Behavior and Infant Growth 

in Common Marmoset Monkeys (Callithrix Jacchus): Effects of Maternal Size and Litter Size. Vol 51.; 2001. 
Accessed April 28, 2021. https://www.jstor.org/stable/4602012 

172.  Garber PA. One for all and breeding for one: Cooperation and competition as a tamarin reproductive 
strategy. Evol Anthropol Issues, News, Rev. 1997;5(6):187-199. doi:10.1002/(SICI)1520-
6505(1997)5:6<187::AID-EVAN1>3.0.CO;2-A 

173.  Delgado C, Matijasevich A. Lactancia materna por dos o más años y su influencia en el crecimiento y 
desarrollo infantil: Una revisión sistemática. Cad Saude Publica. 2013;29(2):243-256. doi:10.1590/S0102-
311X2013000200012 

174.  Oftedal OT. The Mammary Gland and Its Origin During Synapsid Evolution. J Mammary Gland Biol 
Neoplasia. 2002;7(3):225-252. doi:10.1023/A:1022896515287 

175.  Lönnerdal B, Erdmann P, Thakkar SK, Sauser J, Destaillats F. Longitudinal evolution of true protein, amino 
acids and bioactive proteins in breast milk: a developmental perspective. J Nutr Biochem. 2017;41:1-11. 
doi:10.1016/J.JNUTBIO.2016.06.001 

176.  McClellan HL, Miller SJ, Hartmann PE. Evolution of lactation: nutrition v. protection with special reference 
to five mammalian species. Nutr Res Rev. 2008;21(2):97-116. doi:10.1017/S0954422408100749 

177.  Pham Q, Patel P, Baban B, Yu J, Bhatia J. Factors Affecting the Composition of Expressed Fresh Human 
Milk. Breastfeed Med. 2020;15(9):551-559. doi:10.1089/bfm.2020.0195 

178.  Fujita M, Wander K, Paredes Ruvalcaba N, Brindle E. Human milk sIgA antibody in relation to maternal 
nutrition and infant vulnerability in northern Kenya. Evol Med Public Heal. 2019;2019(1):201-211. 
doi:10.1093/emph/eoz030 

179.  Food and Nutrition Board. Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, 
Cholesterol, Protein, and Amino Acids.; 2005. Accessed April 28, 2021. http://www.nap.edu. 

180.  World Health Organization (WHO). WHO Infant and Young Child Feeding Fact Sheet.; 2021. Accessed 
October 11, 2021. https://www.who.int/news-room/fact-sheets/detail/infant-and-young-child-feeding 

181.  Schrezenmeir J, Korhonen H, Williams C, Gill H, Shah N. Bioactive substances in milk and colostrum is 
mother language on a substrate basis. Br J Nutr. 2000;84. 

182.  Garrido D, Nwosu C, Ruiz-Moyano S, et al. Endo-N-acetylglucosaminidases from Infant Gut-associated 
Bifidobacteria Release Complex N-glycans from Human Milk Glycoproteins* □ S. Published online 2012. 
doi:10.1074/mcp.M112.018119 

183.  Garrido D, Ruiz-Moyano S, Jimenez-Espinoza R, Eom HJ, Block DE, Mills DA. Utilization of 
galactooligosaccharides by Bifidobacterium longum subsp. infantis isolates. Food Microbiol. 
2013;33(2):262-270. doi:10.1016/j.fm.2012.10.003 

184.  Kiyohara M, Nakatomi T, Kurihara S, et al. N-Acetylgalactosaminidase from Infant-associated 
Bifidobacteria Belonging to Novel Glycoside Hydrolase Family 129 Is Implicated in Alternative Mucin 
Degradation Pathway. J Biol Chem. 2012;287(1):693-700. doi:10.1074/jbc.M111.277384 

185.  Beijers RJW, Graaf FVD, Schaafsma A, Siemensma AD. Composition of premature breast-milk during 
lactation: constant digestible protein content (as in full term milk). Early Hum Dev. 1992;29(1-3):351-356. 
doi:10.1016/0378-3782(92)90191-I 

186.  Valentine C, Morrow G, Reisinger A, Dingess K, Morrow A, Rogers L. Lactational Stage of Pasteurized 
Human Donor Milk Contributes to Nutrient Limitations for Infants. Nutrients. 2017;9(3):302. 
doi:10.3390/nu9030302 

187.  Kirmiz N, Robinson RC, Shah IM, Barile D, Mills DA. Milk Glycans and Their Interaction with the Infant-
Gut Microbiota. Annu Rev Food Sci Technol. 2018;9:429-450. doi:10.1146/annurev-food-030216-030207 

188.  Klein LD, Huang J, Quinn E, et al. Variation among populations in the immune protein composition of 
mother’s milk reflects subsistence pattern. Evol Med Public Heal. 2018;2018(1):230-245. 
doi:10.1093/emph/eoy031 

189.  Jorgensen JM, Young R, Ashorn P, et al. Associations of human milk oligosaccharides and bioactive 
proteins with infant growth and development among Malawian mother-infant dyads. Am J Clin Nutr. 
2021;113(1):209-220. doi:10.1093/ajcn/nqaa272 

190.  Czosnykowska-Łukacka M, Lis-Kuberka J, Królak-Olejnik B, Orczyk-Pawiłowicz M. Changes in Human 
Milk Immunoglobulin Profile During Prolonged Lactation. Front Pediatr. 2020;8:428. 
doi:10.3389/fped.2020.00428 

191.  Zivkovic AM, German JB, Lebrilla CB, Mills DA. Human milk glycobiome and its impact on the infant 



 
 
 

 221 

gastrointestinal microbiota. Proc Natl Acad Sci U S A. 2011;108(SUPPL. 1):4653-4658. 
doi:10.1073/pnas.1000083107 

192.  Bode L. Human milk oligosaccharides: Prebiotics and beyond. In: Nutrition Reviews. Vol 67. ; 2009. 
doi:10.1111/j.1753-4887.2009.00239.x 

193.  Martin MA, Sela DA. Infant Gut Microbiota: Developmental Influences and Health Outcomes. In: Building 
Babies. Springer New York; 2013:233-256. doi:10.1007/978-1-4614-4060-4_11 

194.  Allen-Blevins CR, Sela DA, Hinde K. Milk bioactives may manipulate microbes to mediate parent-offspring 
conflict. Evol Med Public Heal. 2015;2015(1):106-121. doi:10.1093/emph/eov007 

195.  De Leoz MLA, Kalanetra KM, Bokulich NA, et al. Human milk glycomics and gut microbial genomics in 
infant feces show a correlation between human milk oligosaccharides and gut microbiota: A proof-of-
concept study. J Proteome Res. 2015;14(1):491-502. doi:10.1021/pr500759e 

196.  Thurl S, Munzert M, Henker J, et al. Variation of human milk oligosaccharides in relation to milk groups 
and lactational periods. Br J Nutr. 2010;104(9):1261-1271. 

197.  Ruhaak LR, Lebrilla CB. Advances in Analysis of Human Milk Oligosaccharides. Adv Nutr. 
2012;3(3):406S-414S. doi:10.3945/an.112.001883 

198.  LoCascio RG, Ninonuevo MR, Freeman SL, et al. Glycoprofiling of bifidobacterial consumption of human 
milk oligosaccharides demonstrates strain specific, preferential consumption of small chain glycans secreted 
in early human lactation. J Agric Food Chem. 2007;55(22):8914-8919. doi:10.1021/jf0710480 

199.  Sela DA, Mills DA. Nursing our microbiota: Molecular linkages between bifidobacteria and milk 
oligosaccharides. Trends Microbiol. 2010;18(7):298-307. doi:10.1016/j.tim.2010.03.008 

200.  Lee J-H, O’sullivan DJ. Genomic Insights into Bifidobacteria. Microbiol Mol Biol Rev. 2010;74(3):1092-
2172. doi:10.1128/MMBR.00004-10 

201.  Smilowitz JT, Lebrilla CB, Mills DA, German JB, Freeman SL. Breast Milk Oligosaccharides: Structure-
Function Relationships in the Neonate. Annu Rev Nutr. 2014;34(1):143-169. doi:10.1146/annurev-nutr-
071813-105721 

202.  Le Doare K, Holder B, Bassett A, Pannaraj PS. Mother’s Milk: A Purposeful Contribution to the 
Development of the Infant Microbiota and Immunity. Front Immunol. 2018;9:361. 
doi:10.3389/fimmu.2018.00361 

203.  Garrido D, Nwosu C, Ruiz-Moyano S, et al. Endo-β-N-acetylglucosaminidases from infant gut-associated 
bifidobacteria release complex N-glycans from human milk glycoproteins. Mol Cell Proteomics. 
2012;11(9):775-785. doi:10.1074/mcp.M112.018119 

204.  Kitaoka M. Bifidobacterial Enzymes Involved in the Metabolism of Human Milk Oligosaccharides. Adv 
Nutr. 2012;3(3):422S-429S. doi:10.3945/an.111.001420 

205.  Stiles ME. Biopreservation by lactic acid bacteria. Antonie van Leeuwenhoek, Int J Gen Mol Microbiol. 
1996;70(2-4):331-345. doi:10.1007/BF00395940 

206.  Marcobal A, Sonnenburg JL. Human milk oligosaccharide consumption by intestinal microbiota. Clin 
Microbiol Infect. 2012;18(SUPPL. 4):12-15. doi:10.1111/j.1469-0691.2012.03863.x 

207.  Scanlan P. Microbial evolution and ecological opportunity in the gut environment. Proc Natl Acad Sci. 
2019;286(1915). doi:https://doi.org/10.1098/rspb.2019.1964 

208.  Duar R, Kyle D, Casaburi G. Colonization Resistance in the Infant Gut: The Role of B. infantis in Reducing 
pH and Preventing Pathogen Growth. High-Throughput. 2020;9(7):1-7. 

209.  Henrick BM, Hutton AA, Palumbo MC, et al. Elevated Fecal pH Indicates a Profound Change in the 
Breastfed Infant Gut Microbiome Due to Reduction of Bifidobacterium over the Past Century. Published 
online 2018. doi:10.1128/mSphere 

210.  Mousseau TA, Fox CW. The adaptive significance of maternal effects. Trends Ecol Evol. 1998;13(10):403-
407. doi:10.1016/S0169-5347(98)01472-4 

211.  Gowland R, Halcrow S. The Mother-Infant Nexus in Anthropology Small Beginnings, Significant Outcomes. 
(Martin D, ed.). Springer Nature Switzerland AG; 2020. Accessed May 20, 2020. 
http://www.springer.com/series/11976 

212.  Crespi EJ, Denver RJ. Ancient Origins of Human Developmental Plasticity. J Hum Biol. 2005;17:44-54. 
doi:10.1002/ajhb.20098 

213.  Jones JH. Fetal programming: Adaptive life-history tactics or making the best of a bad start? Am J Hum 
Biol. 2005;17(1):22-33. doi:10.1002/ajhb.20099 

214.  Fewtrell MS, Mohd Shukri NH, Wells JCK. “Optimising” breastfeeding: What can we learn from 
evolutionary, comparative and anthropological aspects of lactation? BMC Med. 2020;18(1):4. 



 
 
 

 222 

doi:10.1186/s12916-019-1473-8 
215.  Hanson M, Godfrey KM, Lillycrop KA, Burdge GC, Gluckman PD. Developmental plasticity and 

developmental origins of non-communicable disease: Theoretical considerations and epigenetic 
mechanisms. Prog Biophys Mol Biol. 2011;106(1):272-280. doi:10.1016/J.PBIOMOLBIO.2010.12.008 

216.  Moore SE, Collinson AC, Tamba N’Gom P, Aspinall R, Prentice AM. Early immunological development 
and mortality from infectious disease in later life. Proc Nutr Soc. 2006;65(3):311-318. 
doi:10.1079/PNS2006503 

217.  Kuzawa CW, Quinn EA. Developmental Origins of Adult Function and Health: Evolutionary Hypotheses. 
Annu Rev Anthropol. 2009;38(1):131-147. doi:10.1146/annurev-anthro-091908-164350 

218.  Saben JL, Sims CR, Abraham A, Bode L, Andres A. Human milk oligosaccharide concentrations and infant 
intakes are associated with maternal overweight and obesity and predict infant growth. Nutrients. 
2021;13(2):1-16. doi:10.3390/nu13020446 

219.  Quilter CR, Harvey KM, Bauer J, et al. Identification of methylation changes associated with positive and 
negative growth deviance in Gambian infants using a targeted methyl sequencing approach of genomic 
DNA. FASEB BioAdvances. 2021;3(4):205-230. doi:10.1096/fba.2020-00101 

220.  Wells JCK. Life history trade-offs and the partitioning of maternal investment: Implications for health of 
mothers and offspring. Evol Med Public Heal. 2018;2018(1):153-166. doi:10.1093/emph/eoy014 

221.  Young S, Pelto G. Core concepts in nutritional anthropology. In: Nutritional Health. Humana Press Inc.; 
2012:523-537. 

222.  Perez G, Garcia A. Nutritional Taboos among the Fullas in Upper River Region, The Gambia.: EBSCOhost. 
J Anthropol. 2013;2013(ID 873612):1--9. 

223.  Njai M, Dixey R. A study investigating infant and young child feeding practices in Foni Kansala district, 
western region, Gambia. J Clin Med Res. 2013;5(6):71-79. 

224.  O‘Neill S, Clarke E, Peeters Grietens K. How to protect your new-born from neonatal death: Infant feeding 
and medical practices in the Gambia. Womens Stud Int Forum. 2017;60:136-143. 
doi:10.1016/j.wsif.2016.11.003 

225.  Semega-Janneh IJ, Bøhler E, Holm H, Matheson I, Holmboe-Ottesen G. Promoting breastfeeding in rural 
Gambia: combining traditional and modern knowledge. Health Policy Plan. 2001;16(2):199-205. 
doi:10.1093/heapol/16.2.199 

226.  Semega-Janneh I, Bøhler E, Holm H, Matheson I, Holmboe-Ottesen G. Promoting Breastfeeding in Rural 
Gambia: Combining Traditional and Modern Knowledge. Vol 16.; 2001. doi:10.1093/heapol/16.2.199 

227.  Kamudoni P, Maleta K, Shi Z, de Paoli M, Holmboe-Ottesen G. Breastfeeding perceptions in communities 
in Mangochi district in Malawi. Acta Paediatr. 2010;99(3):367-372. doi:10.1111/j.1651-2227.2009.01603.x 

228.  Sellen DW. Infant and young child feeding practices among African pastoralists: The Datoga of Tanzania. J 
Biosoc Sci. 1998;30(4):481-499. doi:10.1017/S0021932098004817 

229.  Mabilia M. Beliefs and practices in infant feeding among the Wagogo of Chigongwe (Dodoma rural district) 
Tanzania II. Weaning. Ecol Food Nutr. 1996;35(3):209-217. doi:10.1080/03670244.1996.9991490 

230.  Armelagos G, Cohen M. Paleopathology at the Origins of Agriculture. In: Orlando, FL Academic Press; 
1984:235-269. 

231.  Flannery K V. The Origins of Agriculture. Annu Rev Anthropol. 1973;2(1):271-310. 
doi:10.1146/annurev.an.02.100173.001415 

232.  Larsen CS. Biological Changes in Human Populations with Agriculture. Annu Rev Anthropol. 
1995;24(1):185-213. doi:10.1146/annurev.an.24.100195.001153 

233.  McDade TW, Adair LS. Defining the “urban” in urbanization and health: a factor analysis approach. Soc Sci 
Med. 2001;53(1):55-70. doi:10.1016/S0277-9536(00)00313-0 

234.  Brewster DR, Greenwood BM. Seasonal variation of paediatric diseases in the Gambia, West Africa. Ann 
Trop Paediatr. 1993;13(2):133-146. doi:10.1080/02724936.1993.11747637 

235.  Nabwera HM, Fulford AJ, Moore SE, Prentice AM. Growth faltering in rural Gambian children after four 
decades of interventions: a retrospective cohort study. Lancet Glob Heal. 2017;5(2):e208-e216. 
doi:10.1016/S2214-109X(16)30355-2 

236.  Ceesay SM, Prentice AM, Cole TJ, et al. Effects on birth weight and perinatal mortality of maternal dietary 
supplements in rural Gambia: 5 year randomised controlled trial . BMJ. 1997;315(7111):786-790. 
doi:10.1136/BMJ.315.7111.786 

237.  Johnson W, Elmrayed SAA, Sosseh F, Prentice AM, Moore SE. Preconceptional and gestational weight 
trajectories and risk of delivering a small-for-gestational-age baby in rural Gambia. Am J Clin Nutr. 



 
 
 

 223 

2017;105(6):1474-1482. doi:10.3945/ajcn.116.144196 
238.  Rayco-Solon P, Fulford AJ, Prentice AM. Differential effects of seasonality on preterm birth and 

intrauterine growth restriction in rural Africans. Am J Clin Nutr. 2005;81(1):134-139. 
doi:10.1093/ajcn/81.1.134 

239.  Schoenbuchner SM, Dolan C, Mwangome M, et al. The relationship between wasting and stunting: A 
retrospective cohort analysis of longitudinal data in Gambian children from 1976 to 2016. Am J Clin Nutr. 
2019;110(2):498-507. doi:10.1093/ajcn/nqy326 

240.  The World Bank. World Population Prospects: 2019 Revision.; 2019. Accessed March 1, 2021. 
https://data.worldbank.org/indicator/SP.POP.TOTL?locations=GM 

241.  Mungai R, Amouzou A, Kossivi G. The Gambia: A Look at Agriculture. World Bank, Washington, DC; 
2019. Accessed March 1, 2021. https://openknowledge.worldbank.org/handle/10986/34341 

242.  Jaitner J, Sowe J, Secka-Njie E, Demp¯e L. Ownership pattern and management practices of small 
ruminants in The Gambia Ð implications for a breeding programme. Small Rumin Res. 2001;40:101-108. 
Accessed July 5, 2018. https://ac-els-cdn-com.colorado.idm.oclc.org/S0921448800002212/1-s2.0-
S0921448800002212-main.pdf?_tid=42b5c7a1-3779-4668-bf32-
25d796521a94&acdnat=1530812647_0ee26bafb562621fb8b8f147d3d13719 

243.  Somda J, Kamuanga M, Tollens E. Characteristics and economic viability of milk production in the 
smallholder farming systems in The Gambia. Agric Syst. 2005;85(1):42-58. 
doi:10.1016/J.AGSY.2004.07.011 

244.  Kutir C, Baatuuwie BN, Keita3 S, Sowe M. Farmers Awareness and Response to Climate Change: A Case 
Study of the North Bank Region, The Gambia. Vol 6. Online; 2015. Accessed April 19, 2021. www.iiste.org 

245.  Olaniyan O, Camara S. Rural household chicken management and challenges in the Upper River Region of 
the Gambia. doi:10.1007/s11250-018-1649-9 

246.  Hennig B, Unger S, Dondeh B, et al. Cohort Profile: The West Kiang Longitudinal Population Study 
(KWLPS) - a platform for integrated research and health care provision in rural Gambia. Int J Epidemiol. 
2017;46(2):e13. 

247.  Dierickx S, Coene G, Jarju B, Longman C. Women with infertility complying with and resisting polygyny: 
an explorative qualitative study in urban Gambia. doi:10.1186/s12978-019-0762-1 

248.  Ejlertsen M, Poole J, Marshall K. Traditional breeding objectives and practices of goat, sheep and cattle 
smallholders in The Gambia and implications in relation to the design of breeding interventions. Trop Anim 
Heal Prod 2012 451. 2012;45(1):219-229. doi:10.1007/S11250-012-0194-1 

249.  Ignacio P, Garcia L. Production objectives and selection criterions of three endemic ruminant breeds in The 
Gambia and Senegal. Published online 2012. http://epsilon.slu.se 

250.  Falvey JL, Chantalakhana C, International Livestock Research Institute. Smallholder Dairying in the 
Tropics. International Livestock Research Institute; 1999. Accessed August 20, 2018. 
https://books.google.com/books?id=FxYrS17mZGMC&dq=Falvey,+L.+(1999).+Smallholder+dairying+in+
the+tropics.+Nairobi:+International+Livestock+Research+Institute.&lr=&source=gbs_navlinks_s 

251.  Rass N. Policies and Strategies to Address the Vulnerability of Pastoralists in Sub-Saharan Africa.; 2006. 
Accessed August 20, 2018. 
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.134.1896&rep=rep1&type=pdf 

252.  Mungai R, Amouzou Agbe GMK. The Gambia. World Bank, Washington, DC; 2019. doi:10.1596/34341 
253.  Brown. Await the Jarga: Cattle, Disease, and Livestock Development in Colonial Gambia. Agric Hist. 

2016;90(2):230. doi:10.3098/ah.2016.090.2.230 
254.  Brown T. The N’Dama dilemma: ethnogenetics and small ruminant breed dynamics in the tsetse zone, The 

Gambia. Outlook Agric. 2015;44(3):173-178. doi:10.5367/oa.2015.0210 
255.  Kuye Donham S Marquez RK, Agric Environ Med A, Kuye R, et al. Agricultural Health in The Gambia I: 

Agricultural Practices and Developments. Vol 13.; 2006. 
256.  Olaniyan OF. Sustaining N’Dama Cattle for the Resource-Poor Farmers in The Gambia. Bull Anim Heal 

Prod Africa. 2015;63:83-92. Accessed July 2, 2018. https://www.researchgate.net/publication/285397043 
257.  Wilson RT. International Journal of Livestock Production Review History, status and use of equines in the 

West African Republic of Gambia. 2017;8(5):57-66. doi:10.5897/IJLP2016.0352 
258.  The Gambia Bureau of Statistics. The Gambia Multiple Indicator Cluster Survey 2018.; 2019. 
259.  Bonell A, Hirst J, Vicedo-Cabrera AM, Haines A, Prentice AM, Maxwell NS. A protocol for an 

observational cohort study of heat strain and its effect on fetal wellbeing in pregnant farmers in The Gambia. 
Wellcome Open Res. 2020;5. doi:10.12688/wellcomeopenres.15731.2 



 
 
 

 224 

260.  Sarr A. Gender, Spirituality, and Economic Change in Rural Gambia: Agricultural Production in the Lower 
Gambia Region, c. 1830s–1940s. Afr Econ Hist. 2017;45(2):1-21. Accessed February 28, 2021. 
https://muse-jhu-edu.colorado.idm.oclc.org/article/679736 

261.  Nabwera HM, Fulford AJ, Moore SE, Prentice AM. Growth faltering in rural Gambian children after four 
decades of interventions: a retrospective cohort study. Lancet Glob Heal. 2017;5(2):e208-e216. 
doi:10.1016/S2214-109X(16)30355-2 

262.  Gambia NNAT. The Republic of The Gambia National Nutrition Policy 2018-2025.; 2018. 
263.  Moore SE, Doel AM, Ong KK, et al. Identification of nutritionally modifiable hormonal and epigenetic 

drivers of positive and negative growth deviance in rural African fetuses and infants: Project protocol and 
cohort description. Gates Open Res. 2020;4:25. doi:10.12688/gatesopenres.13101.1 

264.  Eriksen KG, Johnson W, Sonko B, Prentice AM, Darboe MK, Moore SE. Following the World Health 
Organization’s Recommendation of Exclusive Breastfeeding to 6 Months of Age Does Not Impact the 
Growth of Rural Gambian Infants. J Nutr. 2017;147(2):248-255. doi:10.3945/jn.116.241737 

265.  Tang AM, Chung M, Dong K, et al. Determining a Global Mid-Upper Arm Circumference Cutoff to Assess 
Malnutrition in Pregnant Women.; 2016. Accessed June 16, 2021. www.fantaproject.org 

266.  Ververs M tesse, Antierens A, Sackl A, Staderini N, Captier V. Which Anthropometric Indicators Identify a 
Pregnant Woman as Acutely Malnourished and Predict Adverse Birth Outcomes in the Humanitarian 
Context? PLoS Curr. 2013;5(JUNE). doi:10.1371/currents.dis.54a8b618c1bc031ea140e3f2934599c8 

267.  Hediger ML, Luke B, van de Ven C, Nugent C. Midupper Arm Circumference (MUAC) Changes in Late 
Pregnancy Predict Fetal Growth in Twins. Twin Res Hum Genet. 2005;8(3):267-270. 
doi:10.1375/twin.8.3.267 

268.  Bernstein R. The HERO-G Project. Open Science Framework. doi:10.17605/OSF.IO/5ND3Y 
269.  Issaka AI, Agho KE, Ezeh OK, Renzaho AM. Population-attributable risk estimates for factors associated 

with inappropriate complementary feeding practices in The Gambia. Public Health Nutr. 2017;20(17):3135-
3144. doi:10.1017/S1368980017002014 

270.  Issaka AI, Agho KE, Burns P, Page A, Dibley MJ. Determinants of inadequate complementary feeding 
practices among children aged 6-23 months in Ghana. Public Health Nutr. 2015;18(4):669-678. 
doi:10.1017/S1368980014000834 

271.  Kabir I, Khanam M, Agho KE, Mihrshahi S, Dibley MJ, Roy SK. Determinants of inappropriate 
complementary feeding practices in infant and young children in Bangladesh: Secondary data analysis of 
Demographic Health Survey 2007. Matern Child Nutr. 2012;8(SUPPL. 1):11-27. doi:10.1111/j.1740-
8709.2011.00379.x 

272.  Ng CS, Dibley MJ, Agho KE. Complementary feeding indicators and determinants of poor feeding practices 
in Indonesia: A secondary analysis of 2007 Demographic and Health Survey data. Public Health Nutr. 
2012;15(5):827-839. doi:10.1017/S1368980011002485 

273.  World Health Organization. The Optimal Duration of Exclusive Breastfeeding.; 2001. Accessed January 8, 
2019. http://www.who.int/child-adolescent-health 

274.  Manjang B, Hemming K, Bradley C, et al. Promoting hygienic weaning food handling practices through a 
community-based programme: intervention implementation and baseline characteristics for a cluster 
randomised controlled trial in rural Gambia. BMJ Open. 2018;8(8):e017573. doi:10.1136/bmjopen-2017-
017573 

275.  Onofiok NO, Nnanyelugo DO. Weaning Foods in West Africa: Nutritional Problems and Possible Solutions. 
Food Nutr Bull. 1998;19(1):27-33. doi:10.1177/156482659801900105 

276.  Weaver LT. The impact of milk and weaning diet on gastrointestinal permeability in English and Gambian 
infants. Trans R Soc Trop Med Hyg. 1988;82(5):784-789. doi:10.1016/0035-9203(88)90236-2 

277.  Czosnykowska-Łukacka M, Królak-Olejnik B, Orczyk-Pawiłowicz M. Breast Milk Macronutrient 
Components in Prolonged Lactation. Nutrients. 2018;10(12). doi:10.3390/NU10121893 

278.  Roberts SB, Paul AA, Cole TJ, Whitehead RG. Seasonal changes in activity, birth weight and lactational 
performance in rural Gambian women. Trans R Soc Trop Med Hyg. 1982;76(5):668-678. doi:10.1016/0035-
9203(82)90239-5 

279.  UNICEF Multiple Indicator Cluster Surveys (MICS) Central Statistics Department. Multiple Indicator 
Cluster Survey 2000 - The Gambia.; 2013. Accessed September 3, 2020. 
https://microdata.worldbank.org/index.php/catalog/685/data-dictionary 

280.  Eriksen K. Maternal nutrition, breast milk micronutrients and infant growth in rural Gambia. Published 
online 2017. Accessed October 17, 2019. 



 
 
 

 225 

https://www.repository.cam.ac.uk/bitstream/handle/1810/271808/Eriksen-2018-
PhD.pdf?sequence=1&isAllowed=y 

281.  Bates CJ, Prentice AM, Paul AA, Prentice A, Sutcliffe BA, Whitehead RG. Riboflavin status in infants born 
in rural Gambia, and the effect of a weaning food supplement. Trans R Soc Trop Med Hyg. 1982;76(2):253-
258. doi:10.1016/0035-9203(82)90291-7 

282.  Whitehead RG. Nutritional Requirements Infant Feeding Practices and the Development of Malnutrition in 
Rural Gambia. Vol 1.; 1979. 

283.  Jones AD, Ickes SB, Smith LE, et al. World Health Organization infant and young child feeding indicators 
and their associations with child anthropometry: A synthesis of recent findings. Matern Child Nutr. 
2014;10(1):1-17. doi:10.1111/MCN.12070/FULL 

284.  World Health Organization. Indicators for Assessing Infant and Young Child Feeding Practices Part 1 
Definitions.; 2008. Accessed January 2, 2019. 
http://apps.who.int/iris/bitstream/handle/10665/43895/?sequence=1 

285.  Issaka AI, Agho KE, Ezeh OK, Renzaho AM. Population-attributable risk estimates for factors associated 
with inappropriate complementary feeding practices in The Gambia. Public Health Nutr. 2017;20(17):3135-
3144. doi:10.1017/S1368980017002014 

286.  The Gambia Bureau of Statistics (GBOS) and ICF International. The Gambia Demographic and Health 
Survey 2013.; 2014. Accessed January 10, 2019. www.DHSprogram.com. 

287.  World Health Organization. Infant and Young Child Feeding: Model Chapter for Textbooks for Medical 
Students and Allied Health Professionals.; 2009. 

288.  Xu Y, Doel A, Watson S, et al. Study of an educational hand sorting intervention for reducing Aflatoxin B1 
in groundnuts in rural Gambia. J Food Prot. 2017;80(1):44-49. 

289.  Paul AA, Bates CJ, Prentice A, Day KC, Tsuchiya H. Zinc and phytate intake of rural Gambian infants: 
contributions from breastmilk and weaning foods. Int J Food Sci Nutr. 1998;49(2):141-155. 
doi:10.3109/09637489809089394 

290.  Prentice A, Laskey MA, Shaw J, et al. The calcium and phosphorus intakes of rural Gambian women during 
pregnancy and lactation. Br J Nutr. 2017;69:885-896. doi:10.1079/BJN19930088 

291.  Prentice A. Calcium intakes and bone densities of lactating women and breast-fed infants in The Gambia. In: 
Nutrient Regulation during Pregnancy, Lactation, and Infant Growth. Springer; 1994. doi:978-1-4899-
2575-6 

292.  Prynne CJ, Paul AA. Food Composition Table for Use in The Gambia.; 2011. Accessed August 14, 2020. 
www.mrc-hnr.cam.ac.uk 

293.  Davidson A. National & Regional Styles of Cookery. In: National & Regional Styles of Cookery: 
Proceedings: Oxford Symposium. ; 1981. 

294.  Huffman SL. Determinants of breastfeeding in developing countries: overview and policy implications. Stud 
Fam Plann. 1984;15(4):170-183. doi:10.2307/1966134 

295.  Mwangome M, Prentice A, Plugge E, Nweneka C. Determinants of appropriate child health and nutrition 
practices among women in rural Gambia. J Health Popul Nutr. 2010;28(2):167-172. 
doi:10.3329/jhpn.v28i2.4887 

296.  Ekpo U, Omotayo A, Dipeolu M. Changing lifestyle and prevalence of malnutrition among settled pastoral 
Fulani children in Southwest Nigeria. Ann Agric Env Med. 2008;15:187-191. 

297.  Abubakar A, Holding P, Mwangome M, Maitland K. Maternal perceptions of factors contributing to severe 
under-nutrition among children in a rural African setting. Rural Remote Health. 2011;11(1):1423. Accessed 
November 30, 2020. /pmc/articles/PMC3651965/?report=abstract 

298.  Roberts SB, Paul AA, Cole TJ, et al. Seasonal changes in activity, birth weight and lactational performance 
in rural Gambian women. Trans R Soc Trop Med Hyg. 1982;76(5):668-678. doi:10.1016/0035-
9203(82)90239-5 

299.  Roberts SB, Paul AA, Cole TJ, Whitehead RG. Seasonal changes in activity, birth weight and lactational 
performance in rural Gambian women. Trans R Soc Trop Med Hyg. 1982;76(5):668-678. doi:10.1016/0035-
9203(82)90239-5 

300.  Schofield S. Seasonal Factors affecting Nutrition in Different Age Groups and especially Preschool 
Children. J Dev Stud. 1974;11(1):22-40. doi:10.1080/00220387408421510 

301.  Rowland MGM, Cole TJ, Whitehead RG. A quantitative study into the role of infection in determining 
nutritional status in Gambian village children. Br J Nutr. 1977;34(441):441-450. Accessed January 2, 2019. 
http://discovery.ucl.ac.uk/1347691/1/download14.pdf 



 
 
 

 226 

302.  Barrell RAE, Rowland MGM. Infant foods as a potential source of diarrhoeal illness in rural West Africa. 
Trans R Soc Trop Med Hyg. 1979;73(1):85-90. doi:10.1016/0035-9203(79)90136-6 

303.  Motarjemi Y, Kaferstein ’ F, Moy,’ G, Quevedo1 F. Contaminated weaning food: a major risk factor for 
diarrhoea and associated malnutrition*. Bull World Health Organ. 1993;71(1):79-92. Accessed January 7, 
2019. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2393433/pdf/bullwho00035-0091.pdf 

304.  Hempen M, Unger F, Munstermann S, Seck MT, Niamy V. The hygienic status of raw and sour milk from 
smallholder dairy farms and local markets and potential risk for public health in The Gambia, Senegal and 
Guinea. Anim Heal Res (Working Pap. Published online 2004. Accessed May 30, 2018. 
https://www.researchgate.net/publication/318987907 

305.  Manjang B, Hemming K, Bradley C, et al. Promoting hygienic weaning-food handling practices through a 
community based programme: protocol for a cluster-randomised controlled trial in rural Gambia. Published 
online 2017. Accessed June 5, 2018. https://clahrcwmblog.files.wordpress.com/2017/04/protocol-e28093-
manjang-et-al-promoting-hygienic-weaning-food-handling-practices-2017.pdf 

306.  Washabaugh JR, Olaniyan OF, Secka A, Jeng M, Bernstein RM. Milk hygiene and consumption practices in 
the Gambia. Food Control. 2019;98:303-311. doi:10.1016/J.FOODCONT.2018.11.042 

307.  Rowland MG., Barrell RA., Whitehead R. Bacterial contamination in traditional Gambian weaning foods. 
Lancet. 1978;311(8056):136-138. doi:10.1016/S0140-6736(78)90432-4 

308.  Hempen M, Unger F, Munstermann S, Seck M, Niamy V. The Hygienic Status of Raw and Sour Milk from 
Smallholder Dairy Farms and Local Markets and Potential Risk for Public Health in The Gambia, Senegal 
and Guinea.; 2004. Accessed August 23, 2018. https://www.researchgate.net/publication/318987907 

309.  Semega-Janneh IJ. A Summary Report of a Survey on Infant Feeding Practices in The Gambia - with 
Emphasis on Breastfeeding.; 1990. 

310.  Hollos M, Larsen U. Which African men promote smaller families and why? Marital relations and fertility 
in a Pare community in Northern Tanzania. Soc Sci Med. 2004;58(9):1733-1749. doi:10.1016/S0277-
9536(03)00365-4 

311.  Ghosh R, Mascie-Taylor CGN, Rosetta L. Longitudinal study of the frequency and duration of breastfeeding 
in rural Bangladeshi women. Am J Hum Biol. 2006;18(5):630-638. doi:10.1002/ajhb.20533 

312.  Washabaugh J, Bernstein R, Moore S, Ong K, Dunger D. Infant feeding practices and skin infection in rural 
Gambian infants. In: Human Biology Association. ; 2015. 

313.  Howcroft R, Bugajska K, Guminski W, et al. Breastfeeding and weaning practices during the Neolithic and 
early Bronze Age in Poland. Published online 2013. 

314.  Li D, Daniel B•, Fong YT, Tarrant M. Factors Associated with Breastfeeding Duration and Exclusivity in 
Mothers Returning to Paid Employment Postpartum. Matern Child Health J. 2015;19:990-999. 
doi:10.1007/s10995-014-1596-7 

315.  Rowland MG., Barrell RA., Whitehead R. Bacterial Contamination in Traditional Gambian Weaning Foods. 
Lancet. 1978;311(8056):136-138. doi:10.1016/S0140-6736(78)90432-4 

316.  Faul F, Erdfelder E, Lang A, Buchner A. Statistical power analysis using G*Power 3.1: Tests for correlation 
and regression analyses. Behav Res Methods. 2009;41:1149-1160. 

317.  McKenzie D. Measuring inequality with asset indicators. J Popul Econ. 2005;18:229-260. 
318.  Houweling T, Kunst A, Mackenbach J. Measuring health inequality among children in developing countries: 

does the choice of the indicator of economic status matter? Int J Equity Health. 2003;2(8):1-12. 
319.  Traoré SA, Markemann A, Reiber C, Piepho HP, Zárate AV. Production objectives, trait and breed 

preferences of farmers keeping N’Dama, Fulani Zebu and crossbred cattle and implications for breeding 
programs. Int Fund Agric Dev. 2012;1:1-187. doi:10.1017/S1751731116002196 

320.  Ejlertsen M, Poole J, Marshall K. Traditional breeding objectives and practices of goat, sheep and cattle 
smallholders in The Gambia and implications in relation to the design of breeding interventions. Trop Anim 
Health Prod. 2012;45(1):219-229. doi:10.1007/s11250-012-0194-1 

321.  World Health Organization. The Optimal Duration of Exclusive Breastfeeding: A Systematic Review.; 2001. 
Accessed November 16, 2019. http://www.who.int/child-adolescent-health 

322.  Eriksen KG, Christensen SH, Lind M V., Michaelsen KF. Human milk composition and infant growth. Curr 
Opin Clin Nutr Metab Care. 2018;21(3):200-206. doi:10.1097/MCO.0000000000000466 

323.  Victora CG, Bahl R, Barros AJ, et al. Breastfeeding in the 21st century: epidemiology, mechanisms, and 
lifelong effect. Lancet. 2016;387(10017):475-490. 

324.  Bhattacharjee N V., Schaeffer LE, Marczak LB, et al. Mapping exclusive breastfeeding in Africa between 
2000 and 2017. Nat Med. 2019;25(8):1205-1212. doi:10.1038/s41591-019-0525-0 



 
 
 

 227 

325.  Sellen DW. Evolution of Infant and Young Child Feeding: Implications for Contemporary Public Health. 
Annu Rev Nutr. 2007;27(1):123-148. doi:10.1146/annurev.nutr.25.050304.092557 

326.  Fulford A. The coefficient of cyclic variation: a novel statistic to measure the magnitude of cyclic variation. 
Emerg Themes Epidemiol. 2014;11:15. 

327.  Nabwera HM, Fulford AJ, Moore SE, Prentice AM. Growth faltering in rural Gambian children after four 
decades of interventions: a retrospective cohort study. Lancet Glob Heal. 2017;5(2):e208-e216. 
doi:10.1016/S2214-109X(16)30355-2 

328.  National Nutrition Agency (NaNA), ECOWAS Nutrition Forum. The Baby Friendly Community Initiative: 
The Gambia Experience.; 2002. 

329.  Kleinbaum, D. G., Kupper, L. L., Morgenstern H. Epidemiologic Research: Principles and Methods. Wiley; 
1982. 

330.  Launer LJ, Forman MR, Hundt GL, et al. Maternal recall of infant feeding events is accurate. J Epidemiol 
Community Health. 1992;46:203-206. doi:10.1136/jech.46.3.203 

331.  Natarajan L, Pu M, Fan J, et al. Measurement Error of Dietary Self-Report in Intervention Trials. Am J 
Epidemiol. 2010;172(7):819-827. doi:10.1093/aje/kwq216 

332.  Bland RM, Rollins NC, Coutsoudis A, Coovadia HM. Breastfeeding practices in an area of high HIV 
prevalence in rural South Africa. Acta Paediatr. 2002;91(6):704-711. doi:10.1080/080352502760069151 

333.  Engebretsen IMS, Wamani H, Karamagi C, Semiyaga N, Tumwine J, Tylleskär T. Low adherence to 
exclusive breastfeeding in Eastern Uganda: A community-based cross-sectional study comparing dietary 
recall since birth with 24-hour recall. BMC Pediatr. 2007;7. doi:10.1186/1471-2431-7-10 

334.  Whitehead RG, Rowland MGM, Hutton M, Prentice AM, Müller E, Paul A. Factors influencing lactation 
performance in rural Gambian mothers. Lancet. 1978;312(8082):178-181. doi:10.1016/S0140-
6736(78)91920-7 

335.  Jenness R. The composition of human milk. Semin Perinatol. 1979;3(3):225-239. doi:10.1111/j.1442-
200x.1966.tb02044.x 

336.  Koletzko B. Human Milk Lipids. Ann Nutr Metab. 2016;69(Suppl. 2):27-40. doi:10.1159/000452819 
337.  Quinn EA, Diki Bista K, Childs G. Milk at altitude: Human milk macronutrient composition in a high-

altitude adapted population of tibetans. Am J Phys Anthropol. 2016;159(2):233-243. doi:10.1002/ajpa.22871 
338.  Miller EM, Aiello MO, Fujita M, Hinde K, Milligan L, Quinn EA. Field and Laboratory Methods in Human 

Milk Research. J Hum Biol. 2012;00:0-000. doi:10.1002/ajhb.22334 
339.  Agostoni C, Marangoni F, Bernardo L, Lammardo A, Galli C, Riva E. Long-chain polyunsaturated fatty 

acids in human milk. Acta Paediatr. 2007;88:68-71. doi:10.1111/j.1651-2227.1999.tb01303.x 
340.  Kumar H, du Toit E, Kulkarni A, et al. Distinct patterns in human milk microbiota and fatty acid profiles 

across specific geographic locations. Front Microbiol. 2016;7(OCT). doi:10.3389/fmicb.2016.01619 
341.  Prentice AM, Roberts SB, Watkinson M, et al. Dietary supplementation of Gambian nursing mothers and 

lactational performace. Lancet. 1980;316(8200):886-888. doi:10.1016/S0140-6736(80)92048-6 
342.  Feng P, Gao M, Burgher A, Zhou TH, Pramuk K. A nine-country study of the protein content and amino 

acid composition of mature human milk. Food Nutr Res. 2016;60. doi:10.3402/fnr.v60.31042 
343.  Picariello G, Ferranti P, Mamone G, Roepstorff P, Addeo F. Identification of N-linked glycoproteins in 

human milk by hydrophilic interaction liquid chromatography and mass spectrometry. Proteomics. 
2008;8(18):3833-3847. doi:10.1002/pmic.200701057 

344.  Bode L. The functional biology of human milk oligosaccharides. Early Hum Dev. 2015;91(11):619-622. 
doi:10.1016/j.earlhumdev.2015.09.001 

345.  Chaturvedi P, Warren C, Altate M, et al. Fucosylated Human Milk Oligosaccharides Vary Between 
Individuals and Over the Course of Lactation. Glycobiology. 2001;11(5):356-372. 

346.  Holscher HD. Dietary fiber and prebiotics and the gastrointestinal microbiota. Gut Microbes. 2017;8(2):172-
184. doi:10.1080/19490976.2017.1290756 

347.  Kuntz S, Rudloff S, Kunz C. Oligosaccharides from human milk influence growth-related characteristics of 
intestinally transformed and non-transformed intestinal cells. Br J Nutr. 2008;99(3):462-471. 
doi:10.1017/S0007114507824068 

348.  Wang B. Sialic Acid Is an Essential Nutrient for Brain Development and Cognition. Annu Rev Nutr. 
2009;29(1):177-222. doi:10.1146/annurev.nutr.28.061807.155515 

349.  Liu B, Newburg DS. Human milk glycoproteins protect infants against human pathogens. Breastfeed Med. 
2013;8(4):354-362. doi:10.1089/bfm.2013.0016 

350.  Dupont TL. Donor Milk Compared with Mother’s Own Milk. In: Hematology, Immunology and Genetics. 



 
 
 

 228 

Elsevier; 2019:43-52. doi:10.1016/b978-0-323-54400-9.00004-7 
351.  Lawrence RA, Lawrence RM. Biochemistry of Human Milk. In: Breastfeeding. Elsevier; 2011:98-152. 

doi:10.1016/b978-1-4377-0788-5.10004-5 
352.  Mastromarino P, Capobianco D, Campagna G, et al. Correlation between lactoferrin and beneficial 

microbiota in breast milk and infant’s feces. BioMetals. 2014;27(5):1077-1086. doi:10.1007/s10534-014-
9762-3 

353.  Vorland LH. Lactoferrin: A multifunctional glycoprotein. APMIS. 1999;107(7-12):971-981. 
doi:10.1111/j.1699-0463.1999.tb01499.x 

354.  Rai D, Adelman AS, Zhuang W, Rai GP, Boettcher J, Lönnerdal B. Longitudinal Changes in Lactoferrin 
Concentrations in Human Milk: A Global Systematic Review,. Crit Rev Food Sci Nutr. 2014;54(12):1539-
1547. doi:10.1080/10408398.2011.642422 

355.  de la Rosa G, Yang D, Tewary P, Varadhachary A, Oppenheim J. Lactoferrin Acts as an Alarmin to 
Promote the Recruitment and Activation of APCs and Antigen-Specific Immune Responses. J Immunol. 
2008;180:6868-6876. doi:10.4049/jimmunol.180.10.6868 

356.  Plaut AG, Geme JS. Lactoferrin. In: Handbook of Proteolytic Enzymes. Vol 3. Elsevier Ltd; 2013:3635-
3640. doi:10.1016/B978-0-12-382219-2.00805-X 

357.  Kosek M, Bern C, Guerrant RL. The global burden of diarrhoeal disease, as estimated from studies 
published between 1992 and 2000. Bull World Health Organ. 2003;81(3):197-204. doi:10.1590/S0042-
96862003000300010 

358.  Lamberti LM, Fischer Walker CL, Noiman A, Victora C, Black RE. Breastfeeding and the risk for diarrhea 
morbidity and mortality. BMC Public Health. 2011;11(SUPPL. 3):S15. doi:10.1186/1471-2458-11-S3-S15 

359.  Sankar MJ, Sinha B, Chowdhury R, et al. Optimal breastfeeding practices and infant and child mortality: A 
systematic review and meta-analysis. Acta Paediatr Int J Paediatr. 2015;104:3-13. doi:10.1111/apa.13147 

360.  Fauveau V, Henry FJ, Briend A, Yunus M, Chakraborty J. Persistent diarrhea as a cause of childhood 
mortality in rural Bangladesh. Acta Paediatr. 1992;81(s383):12-14. doi:10.1111/j.1651-
2227.1992.tb12365.x 

361.  Fawzy A, Arpadi S, Kankasa C, et al. Early weaning increases diarrhea morbidity and mortality among 
uninfected children born to HIV-infected mothers in Zambia. J Infect Dis. 2011;203(9):1222-1230. 
doi:10.1093/infdis/jir019 

362.  Reddy V, Bhaskaram C, Raghuramulu N, Jagadeesan V. Antimicrobial factors in human milk. Acta 
Paediatr. 1977;66(2):229-232. doi:10.1111/j.1651-2227.1977.tb07838.x 

363.  Prentice A, Prentice A, Cole T, Paul A, Whitehead R. Breast-milk Antimicrobial Factors of Rural Gambian 
Mothers: Influence of Stage of Lactation and Maternal Plane of Nutrition. Acta Paediatr. 1984;73(6):796-
802. doi:10.1111/j.1651-2227.1984.tb17778.x 

364.  Cianga P, Medesan C, Richardson JA, Ghetie V, Ward ES. Identification and function of neonatal Fc 
receptor in mammary gland of lactating mice. Eur J Immunol. 1999;29(8):2515-2523. 
doi:10.1002/(SICI)1521-4141(199908)29:08<2515::AID-IMMU2515>3.0.CO;2-D 

365.  Van de Perre P. Transfer of antibody via mother’s milk. Vaccine. 2003;21(24):3374-3376. 
doi:10.1016/S0264-410X(03)00336-0 

366.  Brandtzaeg P. Role of secretory antibodies in the defence against infections. Int J Med Microbiol. 
2003;293(1):3-15. doi:10.1078/1438-4221-00241 

367.  Brandtzaeg P. Update on mucosal immunoglobulin A in gastrointestinal disease. Curr Opin Gastroenterol. 
2010;26(6):554-563. doi:10.1097/MOG.0b013e32833dccf8 

368.  Castellote C, Casillas R, Ramírez-Santana C, et al. Premature Delivery Influences the Immunological 
Composition of Colostrum and Transitional and Mature Human Milk. J Nutr. 2011;141(6):1181-1187. 
doi:10.3945/jn.110.133652 

369.  Parham P. The Immune System. 4th ed. Garland Science; 2014. 
370.  Lonnerdal B, Forsum E, Gebre Medhin M, Hambraeus L. Breast milk composition in Ethiopian and 

Swedish mothers. II. Lactose, nitrogen, and protein contents. Am J Clin Nutr. 1976;29(10):1134-1141. 
doi:10.1093/ajcn/29.10.1134 

371.  Lonnerdal B, Forsum E, Hambraeus L. A longitudinal study of the protein, nitrogen, and lactose contents of 
human milk from Swedish well nourished mothers. Am J Clin Nutr. 1976;29(10):1127-1133. 
doi:10.1093/ajcn/29.10.1127 

372.  Ogra PL, Rassin DK, Garofalo RP. Human Milk. In: Infectious Diseases of the Fetus and Newborn Infant. 
Elsevier Inc.; 2006:211-243. doi:10.1016/B0-72-160537-0/50007-4 



 
 
 

 229 

373.  Wilkinson AL, Pedersen SH, Urassa M, et al. Associations between gestational anthropometry, maternal 
HIV, and fetal and early infancy growth in a prospective rural/semi-rural Tanzanian cohort, 2012-13. BMC 
Pregnancy Childbirth. 2015;15(1). doi:10.1186/s12884-015-0718-6 

374.  Lawrence M, Coward WA, Lawrence F, Cole TJ, Whitehead RG. Fat gain during pregnancy in rural African 
women: the effect of season and dietary status. Am J Clin Nutr. 1987;45(6):1442-1450. 
doi:10.1093/ajcn/45.6.1442 

375.  Neville MC, Allen JC, Archer PC, et al. Studies in human lactation: milk volume and nutrient composition 
during weaning and lactogenesis. Am J Clin Nutr. 1991;54(1):81-92. doi:10.1093/ajcn/54.1.81 

376.  Prentice AM, Roberts SB, Prentice A, et al. Dietary supplementation of lactating Gambian women. I. Effect 
on breast-milk volume and quality. Hum Nutr Clin Nutr. 1983;37(1):53-64. Accessed May 10, 2021. 
https://europepmc.org/article/med/6341320 

377.  Lang SLC, Iverson SJ, Bowen WD. The influence of reproductive experience on milk energy output and 
lactation performance in the grey seal (Halichoerus grypus). PLoS One. 2011;6(5). 
doi:10.1371/journal.pone.0019487 

378.  Innis SM. Human milk: maternal dietary lipids and infant development. Proc Nutr Soc. 2007;66(397-404). 
doi:10.1017/S0029665107005666 

379.  Innis SM. Impact of maternal diet on human milk composition and neurological development of infants. Am 
J Clin Nutr. 2014;99(3):734S-741S. doi:10.3945/ajcn.113.072595 

380.  Kashtanova DA, Popenko AS, Tkacheva ON, Tyakht AB, Alexeev DG, Boytsov SA. Association between 
the gut microbiota and diet: Fetal life, early childhood, and further life. Nutrition. 2016;32(6):620-627. 
doi:10.1016/j.nut.2015.12.037 

381.  Quinn E, Largado F, Power M, Kuzawa C. Predictors of breast milk macronutrient composition in Filipino 
mothers. Am J Hum Biol. 2012;24:533-540. 

382.  Seferovic MD, Mohammad M, Pace RM, et al. Maternal diet alters human milk oligosaccharide 
composition with implications for the milk metagenome. Sci Rep. 2020;10(1):1-18. doi:10.1038/s41598-
020-79022-6 

383.  Rakicioglu N, Samur G, Topcu A, Topcu A. The effect of Ramadan on maternal nutrition and composition 
of breast milk. Pediatr Int. 2006;48:278-283. 

384.  Qiao Y, Feng J, Yang J, Gu G. The Relationship between Dietary Vitamin A Intake and the Levels of Sialic 
Acid in the Breast Milk of Lactating Women. J Nutr Sci Vitaminol (Tokyo). 2013;59(4):347-351. 
doi:10.3177/JNSV.59.347 

385.  Seferovic MD, Mohammad M, Pace RM, et al. Maternal diet alters human milk oligosaccharide 
composition with implications for the milk metagenome. Sci Reports 2020 101. 2020;10(1):1-18. 
doi:10.1038/s41598-020-79022-6 

386.  Weaver LT, Arthur HML, Bunn JEG, Thomas JE. Human milk IgA concentrations during the first year of 
lactation. Arch Dis Child. 1998;78(3):235-239. doi:10.1136/adc.78.3.235 

387.  Boris J, Jensen B, Salvig JD, Secher NJ, Olsen SF. A randomized controlled trial of the effect of fish oil 
supplementation in late pregnancy and early lactation on the n-3 fatty acid content in human breast milk. In: 
Lipids. Vol 39. Springer; 2004:1191-1196. doi:10.1007/s11745-004-1347-7 

388.  Ortega RM, Andrés P, Martínez RM, López-Sobaler AM. Vitamin A status during the third trimester of 
pregnancy in Spanish women: Influence on concentrations of vitamin A in breast milk. Am J Clin Nutr. 
1997;66(3):564-568. doi:10.1093/ajcn/66.3.564 

389.  Barrera C, Valenzuela R, Chamorro R, et al. The impact of maternal diet during pregnancy and lactation on 
the fatty acid composition of erythrocytes and breast milk of chilean women. Nutrients. 2018;10(7):839. 
doi:10.3390/nu10070839 

390.  Seppo AE, Kukkonen AK, Kuitunen M, et al. Association of Maternal Probiotic Supplementation with 
Human Milk Oligosaccharide Composition. JAMA Pediatr. 2019;173(3):286-288. 
doi:10.1001/jamapediatrics.2018.4835 

391.  Neumann C, Oace S, Chaparro M, Herman D, Drorbaugh N, Bwibo N. Low vitamin B12 intake during 
pregnancy and lactation and lower breastmilk vitamin B12 content in rural Kenyan women consuming 
predominantly maize diets. Food Nutr Bull. 2013;34(2):151-159. 

392.  Jarjou LMA, Prentice A, Sawo Y, et al. Randomized, placebo-controlled, calcium supplementation study in 
pregnant Gambian women: Effects on breast-milk calcium concentrations and infant birth weight, growth, 
and bone mineral accretion in the first year of life. Am J Clin Nutr. 2006;83(3):657-666. 
doi:10.1093/ajcn.83.3.657 



 
 
 

 230 

393.  Valent F, Horvat M, Mazej D, Stibilj V, Barbone F. Maternal diet and selenium concentraions in human 
milk from an Italian population. J Epidemiol. Published online 2011:105250232-1105250232. 

394.  Tonon KM, De Morais MB, Cristina A, Abrão F V, Miranda A, Morais TB. Maternal and Infant Factors 
Associated with Human Milk Oligosaccharides Concentrations According to Secretor and Lewis 
Phenotypes. mdpi.com. 2019;11(6). doi:10.3390/nu11061358 

395.  Larsson MW, Lind M V., Laursen RP, et al. Human Milk Oligosaccharide Composition Is Associated With 
Excessive Weight Gain During Exclusive Breastfeeding—An Explorative Study. Front Pediatr. 2019;7. 
doi:10.3389/fped.2019.00297 

396.  McGuire MK, Meehan CL, McGuire MA, et al. What’s normal? Oligosaccharide concentrations and 
profiles in milk produced by healthy women vary geographically. Am J Clin Nutr. 2017;105(5):1086-1100. 
doi:10.3945/ajcn.116.139980 

397.  Rahfiludin M, Pangestuti D. Lactoferrin association with maternal nutritional status and lactation stages. 
Curr Res Nutr Food Sci. 2020;8(1):1-12. 

398.  Ettyang G, van Marken Lichtenbelt W, Esamai F, Saris W, Westerterp K. Assessment of body composition 
and breast milk volume in lactating mothers in pastoral communities in Pokot, Kenya, using deuterium 
oxide. Ann Nutr Metab. 2005;49:110-117. 

399.  Dewey KG, Nommsen-Rivers LA, Heinig MJ, Cohen RJ. Risk factors for suboptimal infant breastfeeding 
behavior, delayed onset of lactation, and excess neonatal weight loss. Pediatrics. 2003;112(3 I):607-619. 
doi:10.1542/peds.112.3.607 

400.  Prentice A, Jarjou LMA, Drury PJ, Dewit O, Crawford MA. Breast-milk fatty acids of rural Gambian 
mothers: Effects of diet and maternal parity. J Pediatr Gastroenterol Nutr. 1989;8(4):486-490. 
doi:10.1097/00005176-198905000-00011 

401.  Prentice AM. Variations in maternal dietary intake, birthweight and breast-milk output in the Gambia. Var 
Matern Diet intake, birthweight breast-milk output Gambia. Published online 1980:167-183. Accessed 
August 15, 2019. https://www.cabdirect.org/cabdirect/abstract/19810468060 

402.  Han SM, Derraik JGB, Binia A, Sprenger N, Vickers MH, Cutfield WS. Maternal and Infant Factors 
Influencing Human Milk Oligosaccharide Composition: Beyond Maternal Genetics. J Nutr. 
2021;151(6):1383-1393. doi:10.1093/JN/NXAB028 

403.  Azad MB, Robertson B, Atakora F, et al. Human Milk Oligosaccharide Concentrations Are Associated with 
Multiple Fixed and Modifiable Maternal Characteristics, Environmental Factors, and Feeding Practices. J 
Nutr. 2018;148(11):1733-1742. doi:10.1093/jn/nxy175 

404.  Samuel TM, Binia A, Castro CA de, et al. Impact of maternal characteristics on human milk oligosaccharide 
composition over the first 4 months of lactation in a cohort of healthy European mothers. Sci Reports 2019 
91. 2019;9(1):1-10. doi:10.1038/s41598-019-48337-4 

405.  Hennart PF, Brasseur DJ, Delogne-Desnoeck JB, Dramaix MM, Robyn CE. Lysozyme, lactoferrin, and 
secretory immunoglobulin A content in breast milk: influence of duration of lactation, nutrition status, 
prolactin status, and parity of mother. Am J Clin Nutr. 1991;53(1):32-39. doi:10.1093/ajcn/53.1.32 

406.  Prentice A, Prentice AM, Cole J, Whitehead RG. Determinants of variations in breast milk protective factor 
concentrations of rural Gambian mothers. Arch Dis Child. 1983;58. doi:10.1136/adc.58.7.518 

407.  Shashiraj, Faridi MMA, Singh O, Rusia U. Mother’s iron status, breastmilk iron and lactoferrin – are they 
related? Eur J Clin Nutr. 2006;60(7):903-908. doi:10.1038/sj.ejcn.1602398 

408.  Anderson SM, Rudolph MC, McManaman JL, Neville MC. Key stages in mammary gland development. 
Secretory activation in the mammary gland: It’s not just about milk protein synthesis! Breast Cancer Res. 
2007;9(1):1-14. doi:10.1186/bcr1653 

409.  Rudolph MC, McManaman JL, Hunter L, Phang T, Neville MC. Functional development of the mammary 
gland: Use of expression rofiling and trajectory clustering to reveal changes in gene expression during 
pregnancy, lactation, and involution. J Mammary Gland Biol Neoplasia. 2003;8(3):287-307. 
doi:10.1023/B:JOMG.0000010030.73983.57 

410.  Rudolph MC, McManaman JL, Phang TL, et al. Metabolic regulation in the lactating mammary gland: A 
lipid synthesizing machine. Physiol Genomics. 2007;28(3):323-336. 
doi:10.1152/physiolgenomics.00020.2006 

411.  Russo J, Russo IH. Development of the human breast. In: Maturitas. Vol 49. Elsevier; 2004:2-15. 
doi:10.1016/j.maturitas.2004.04.011 

412.  Farmer C, Palin MF, Martel-Kennes Y. Impact of diet deprivation and subsequent overallowance during 
gestation on mammary gland development and lactation performance. J Anim Sci. 2014;92(1):141-151. 



 
 
 

 231 

doi:10.2527/jas.2013-6558 
413.  Rezaei R, Wu Z, Hou Y, Bazer FW, Wu G. Amino acids and mammary gland development: Nutritional 

implications for milk production and neonatal growth. J Anim Sci Biotechnol. 2016;7(1):1-22. 
doi:10.1186/s40104-016-0078-8 

414.  Moossavi S, Atakora F, Miliku K, et al. Integrated analysis of human milk microbiota with oligosaccharides 
and fatty acids in the child cohort. Front Nutr. 2019;6. doi:10.3389/fnut.2019.00058 

415.  Cabrera-Rubio R, Kunz C, Rudloff S, et al. Association of Maternal Secretor Status and Human Milk 
Oligosaccharides With Milk Microbiota: An Observational Pilot Study. J Pediatr Gastroenterol Nutr. 
2019;68(2):256-263. doi:10.1097/MPG.0000000000002216 

416.  Jantscher-Krenn E, Bode L. Human milk oligosaccharides and their potential benefits for the breastfed 
neonate. Minerva Pediatr. 2012;64(1):83.99. 

417.  Sprenger GA, Baumgärtner F, Albermann C. Production of human milk oligosaccharides by enzymatic and 
whole-cell microbial biotransformations. J Biotechnol. 2017;258:79-91. doi:10.1016/j.jbiotec.2017.07.030 

418.  Bode L, Jantscher-Krenn E. The Glycobiology of Human Milk Oligosaccharides Structure-Function 
Relationships of Human Milk Oligosaccharides. Adv Nutr. 2012;3:383S-391S. doi:10.3945/an.111.001404 

419.  Biddulph C, Holmes M, Kuballa A, et al. Human milk oligosaccharide profiles and associations with 
maternal nutritional factors: A scoping review. Nutrients. 2021;13(3):1-20. doi:10.3390/nu13030965 

420.  McGuire MK, Meehan CL, McGuire MA, et al. What’s normal? Oligosaccharide concentrations and 
profiles in milk produced by healthy women vary geographically. Am J Clin Nutr. 2017;105(5):1086-1100. 
doi:10.3945/ajcn.116.139980 

421.  Lewis ZT, Totten SM, Smilowitz JT, et al. Maternal fucosyltransferase 2 status affects the gut 
bifidobacterial communities of breastfed infants. Microbiome. 2015;3(1):13. doi:10.1186/s40168-015-0071-
z 

422.  van Leeuwen S, Stoutjesdijk E, Kate G, et al. Regional variations in human milk oligosaccharides in 
Vietnam suggest FucTx activity besides FucTs and FucT3. Sci Rep. 2018;8(16790). 

423.  Ferreira AL, Alves R, Figueiredo A, et al. Human milk oligosaccharide profile variation throughout 
postpartum in healthy women in a Brazilian cohort. Nutrients. 2020;12(3). doi:10.3390/nu12030790 

424.  Paganini D, Uyoga MA, Kortman GAM, et al. Maternal Human Milk Oligosaccharide Profile Modulates the 
Impact of an Intervention with Iron and Galacto-Oligosaccharides in Kenyan Infants. Nutrients. 
2019;11(11):2596. doi:10.3390/nu11112596 

425.  Totten SM, Zivkovic AM, Wu S, et al. Comprehensive profiles of human milk oligosaccharides yield highly 
sensitive and specific markers for determining secretor status in lactating mothers. J Proteome Res. 
2012;11(12):6124-6133. doi:10.1021/pr300769g 

426.  Powe CE, Knott CD, Conklin-Brittain N. Infant sex predicts breast milk energy content. Am J Hum Biol. 
2010;22(1):50-54. doi:10.1002/AJHB.20941 

427.  Hahn W-H, Song J-H, Song S, Kang N mi. Do gender and birth height of infant affect calorie of human 
milk? An association study between human milk macronutrient and various birth factors. J Matern Fetal 
Neonatal Med. 2016;30(13):1608-1612. doi:10.1080/14767058.2016.1219989 

428.  Wang M, Zhao Z, Zhao A, et al. Neutral Human Milk Oligosaccharides Are Associated with Multiple Fixed 
and Modifiable Maternal and Infant Characteristics. Nutr 2020, Vol 12, Page 826. 2020;12(3):826. 
doi:10.3390/NU12030826 

429.  Coppa G V., Gabrielli O, Pierani P, Catassi C, Carlucci A, Giorgi PL. Changes in Carbohydrate 
Composition in Human Milk Over 4 Months of Lactation. Pediatrics. 1993;91(3). 

430.  Saint L, Smith M, Hartmann PE. The yield and nutrient content of colostrum and milk of women from 
giving birth to 1 month post-partum. Br J Nutr. 1984;52(1):87-95. doi:10.1079/BJN19840074 

431.  Bauer J, Gerss J. Longitudinal analysis of macronutrients and minerals in human milk produced by mothers 
of preterm infants. Clin Nutr. 2011;30(2):215-220. doi:10.1016/J.CLNU.2010.08.003 

432.  Elwakiel M, Hageman JA, Wang W, et al. Human Milk Oligosaccharides in Colostrum and Mature Milk of 
Chinese Mothers: Lewis Positive Secretor Subgroups. J Agric Food Chem. 2018;66(27):7036-7043. 
doi:10.1021/ACS.JAFC.8B02021 

433.  Xu G, Davis JC, Goonatilleke E, Smilowitz JT, German JB, Lebrilla CB. Absolute Quantitation of Human 
Milk Oligosaccharides Reveals Phenotypic Variations during Lactation. J Nutr. 2017;147(1):117-124. 
doi:10.3945/JN.116.238279 

434.  Kunz C, Meyer C, Collado MC, et al. Influence of Gestational Age, Secretor, and Lewis Blood Group Status 
on the Oligosaccharide Content of Human Milk. J Pediatr Gastroenterol Nutr. 2017;64(5):789-798. 



 
 
 

 232 

doi:10.1097/MPG.0000000000001402 
435.  Ferreira AL, Alves R, Figueiredo A, et al. Human Milk Oligosaccharide Profile Variation Throughout 

Postpartum in Healthy Women in a Brazilian Cohort. Nutr 2020, Vol 12, Page 790. 2020;12(3):790. 
doi:10.3390/NU12030790 

436.  Miller EM, McConnell DS. Milk immunity and reproductive status among Ariaal women of northern 
Kenya. Ann Hum Biol. 2015;42(1):76-83. doi:10.3109/03014460.2014.941398 

437.  Davis JCC, Lewis ZT, Krishnan S, et al. Growth and Morbidity of Gambian Infants are Influenced by 
Maternal Milk Oligosaccharides and Infant Gut Microbiota. Published online 2017. doi:10.1038/srep40466 

438.  Andreas NJ, Kampmann B, Le-Doare KM. Human breast milk: A review on its composition and bioactivity. 
Early Hum Dev. 2015;91(11):629-635. 

439.  Huang J, Kailemia MJ, Goonatilleke E, et al. Quantitation of human milk proteins and their glycoforms 
using multiple reaction monitoring (MRM). Anal Bioanal Chem. 2017;409(2):589-606. doi:10.1007/s00216-
016-0029-4 

440.  Cohen J. Statistical Power Analysis for the Behavioral Sciences. 2nd Editio. Erlbaum Associates; 1988. 
441.  Fujita M, Roth E, Lo YJ, Hurst C, Vollner J, Kendell A. In poor families, mothers’ milk is richer for 

daughters than sons: a test of Trivers-Willard hypothesis in agropastoral settlements in Northern Kenya. Am 
J Phys Anthropol. 2012;149(1):52-59. doi:10.1002/AJPA.22092 

442.  Prentice A, Prentice AM, Cole TJ, Paul AA, Whitehead RG. Breast-milk Antimicrobial Factors of Rural 
Gambian Mothers: Influence of Stage of Lactation and Maternal Plane of Nutrition. Acta Paediatr. 
1984;73(6):796-802. doi:10.1111/j.1651-2227.1984.tb17778.x 

443.  Donovan SM, Odle J. Growth factors in milk as mediators of infant development. Annu Rev Nutr. 
1994;14:147-167. doi:10.1146/annurev.nu.14.070194.001051 

444.  Rajaram S, Baylink DJ, Mohan S. Insulin-Like Growth Factor-Binding Proteins in Serum and Other 
Biological Fluids: Regulation and Functions. Endocr Rev. 1997;18(6):801-831. doi:10.1210/edrv.18.6.0321 

445.  Jackson JG, Janszen DB, Lonnerdal B, Lien EL, Pramuk KP, Kuhlman CF. A multinational study of α-
lactalbumin concentrations in human milk. J Nutr Biochem. 2004;15(9):517-521. 
doi:10.1016/J.JNUTBIO.2003.10.009 

446.  Lönnerdal B. Bioactive Proteins in Human Milk: Mechanisms of Action. J Pediatr. 2010;156(2 SUPPL.). 
doi:10.1016/j.jpeds.2009.11.017 

447.  Andersson Y, Hammarström M-L, Lönnerdal B, Graverholt G, Fält H, Hernell O. Formula feeding skews 
immune cell composition toward adaptive immunity compared to breastfeeding. J Immunol. 
2009;183(7):4322-4328. doi:10.4049/jimmunol.0900829 

448.  Lönnerdal B. Bioactive proteins in breast milk. J Paediatr Child Health. 2013;49(SUPPL. 1):1-7. 
doi:10.1111/jpc.12104 

449.  Kunz C, Lönnerdal B. Re‐evaluation of the whey protein/casein ratio of human milk. Acta Pædiatrica. 
1992;81(2):107-112. doi:10.1111/j.1651-2227.1992.tb12184.x 

450.  Shell-Duncan B, Yung SA. The maternal depletion transition in northern Kenya: The effects of settlement, 
development and disparity. Soc Sci Med. 2004;58(12):2485-2498. doi:10.1016/j.socscimed.2003.09.016 

451.  Nyaruhucha C, Msuya J, Ngowi B, Gimbi D. Maternal weight gain in second and third trimesters and their 
relationship with birth weights in Morogoro Municipality, Tanzania. Tanzan J Health Res. 2006;8(1):41-44. 
doi:10.4314/thrb.v8i1.14270 

452.  Perrella S, Gridneva Z, Lai C, et al. Human milk composition promotes optimal infant growth, development 
and health. Semin Perinatol. 2021;45:1-9. 

453.  Neville M. The physiological basis of milk secretion. Ann N Y Acad Sci. 1950;586:1-11. 
454.  Williams FB, Kader A, Colgate ER, et al. Maternal Secretor Status Affects Oral Rotavirus Vaccine 

Response in Breastfed Infants in Bangladesh. J Infect Dis. 2020;XX:1-5. doi:10.1093/INFDIS/JIAA101 
455.  Prentice A, Prentice A N AM, Whitehead DRG. Breast-milk fat concentrations of rural African women 1. 

Short-term variations within individuals. Br J Nurr. 2021;45:483. doi:10.1079/BJN19810127 
456.  Ulijaszek S, Strickland S, eds. Seasonality of reproductive performance in rural Gambia. In: Seasonality and 

Human Ecology. Cambridge University Press; 1993:17-37. 
457.  Whitehead RG, Rowland MGM, Hutton M, Prentice AM, Müller E, Paul A. Factors influencing lactation 

performance in rural Gambian mothers. Lancet. 1978;312(8082):178-181. doi:10.1016/S0140-
6736(78)91920-7 

458.  Piperata B, Mattern L. Longitudinal study of breastfeeding structure and women’s work in the Brazilian 
Amazon. Am J Phys Anthropol. 2011;144(2):226-237. 



 
 
 

 233 

459.  Nerlove S. Women’s workload and infant feeding practices: A relationship with demographic implicatinos. 
Ethnology. 1974;13(2):207-214. 

460.  Goto R, Nicholas Mascie-Taylor CG, Lunn PG. Impact of intestinal permeability, inflammation status and 
parasitic infections on infant growth faltering in rural Bangladesh. Br J Nutr. 2009;101:1509-1516. 
doi:10.1017/S0007114508083554 

461.  Fawzy A, Arpadi S, Kankasa C, et al. Early weaning increases diarrhea morbidity and mortality among 
uninfected children born to HIV-infected mothers in Zambia. J Infect Dis. 2011;203(9):1222-1230. 
doi:10.1093/infdis/jir019 

462.  Lönnerdal B. Nutritional and Physiologic Significance of Human Milk Proteins 1-4. Vol 77.; 2003. 
Accessed November 10, 2020. https://academic.oup.com/ajcn/article/77/6/1537S/4689886 

463.  Keusch G. The history of nutrition: malnutrition, infection and immunity. J Nutr. 2003;133:336-340. 
464.  Scrimshaw N, Taylor C, Gordon J. Interactions of nutrition and infection. Published online 1968. 
465.  Ho NT, Li F, Lee-Sarwar KA, et al. Meta-analysis of effects of exclusive breastfeeding on infant gut 

microbiota across populations. Nat Commun. 2018;9(1):4169. doi:10.1038/s41467-018-06473-x 
466.  Leung A, Sauve R. Whole cow’s milk in infancy. Pediatr child Heal. 2003;8(7):419-421. 
467.  Manaseki-Holland S, Manjang B, Hemming K, et al. Effects on childhood infections of promoting safe and 

hygienic complementary-food handling practices through a community-based programme: A cluster 
randomised controlled trial in a rural area of the Gambia. PLoS Med. 2021;18(1):e1003260. 
doi:10.1371/journal.pmed.1003260 

468.  Asaolu B, Kane P. Moringa oleifera in weaning foods in the Lower River Division of The Gambia. 1. An 
assessment of weaning foods under current practices. Accessed June 5, 2018. 
http://www.moringanews.org/doc/GB/Posters/Asaolu_poster.pdf 

469.  Oguntoyinbo FA. Safety Challenges Associated with Traditional Foods of West Africa. Food Rev Int. 
2014;30(4):338-358. doi:10.1080/87559129.2014.940086 

470.  Black RE, Brown KH, Becker S, Alim ARMA, Merson MH. Contamination of weaning foods and 
transmission of enterotoxigenic Escherichia coli diarrhoea in children in rural Bangladesh. Trans R Soc Trop 
Med Hyg. 1982;76(2):259-264. doi:10.1016/0035-9203(82)90292-9 

471.  UNICEF, WHO, Bank W. Levels and Trends in Child Mortality Report.; 2018. 
https://www.who.int/maternal_child_adolescent/documents/levels_trends_child_mortality_2018/en/ 

472.  Agho K, Ezeh O, Ferous A, Mbugua I, Kamara J. Factors associated with under-5 mortality in three 
disadvantaged East African districts. Int Health. 2020;12(5):417-428. 

473.  WHO (World Health Organization). Diarrhoeal disease. Published May 2, 2017. Accessed June 8, 2020. 
https://www.who.int/news-room/fact-sheets/detail/diarrhoeal-disease 

474.  Liu L, Johnson HL, Cousens S, et al. Global, regional, and national causes of child mortality: An updated 
systematic analysis for 2010 with time trends since 2000. Lancet. 2012;379(9832):2151-2161. 
doi:10.1016/S0140-6736(12)60560-1 

475.  (GHO) GHO. Causes of Child Mortality.; 2017. 
476.  Hossain MJ, Saha D, Antonio M, et al. Cryptosporidium infection in rural gambian children: Epidemiology 

and risk factors. PLoS Negl Trop Dis. 2019;13(7):e0007607. doi:10.1371/journal.pntd.0007607 
477.  Donowitz J, Haque R, Kirkpatrick B, et al. Small intestine bacterial overgrowth and environmental 

enteropathy. MBio. 2016;7(1). 
478.  Donowitz JR, Petri WA. Pediatric small intestine bacterial overgrowth in low-income countries. Trends Mol 

Med. 2015;21(1):6-15. doi:10.1016/j.molmed.2014.11.001 
479.  Sullivan PB, Lunn PG, Northrop-Clewes C, Crowe PT, Marsh MN, Neale G. Persistent diarrhea and 

malnutrition_the impact of treatment on small bowel structure and permeability. J Pediatr Gastroenterol 
Nutr. 1992;14(2):208-215. doi:10.1097/00005176-199202000-00016 

480.  Thurnham DI, Northrop‐Clewes CA, McCullough FSW, Das BS, Lunn PG. Innate Immunity, Gut Integrity, 
and Vitamin A in Gambian and Indian Infants. J Infect Dis. 2000;182(s1):S23-S28. doi:10.1086/315912 

481.  Lunn PG, Northrop-Clewes CA, Downes RM. Intestinal permeability, mucosal injury, and growth faltering 
in Gambian infants. Lancet. 1991;338(8772):907-910. doi:10.1016/0140-6736(91)91772-M 

482.  Rowland MG, Rowland SG, Cole TJ. Impact of infection on the growth of children from 0 to 2 years in an 
urban West African community. Am J Clin Nutr. 1988;47(1):134-138. doi:10.1093/ajcn/47.1.134 

483.  Egere U, Townend J, Roca A, et al. Indirect Effect of 7-Valent Pneumococcal Conjugate Vaccine on 
Pneumococcal Carriage in Newborns in Rural Gambia: A Randomised Controlled Trial. PLoS One. 
2012;7(11):e49143. doi:10.1371/journal.pone.0049143 



 
 
 

 234 

484.  Usuf E, Bojang A, Hill PC, Bottomley C, Greenwood B, Roca A. Nasopharyngeal colonization of Gambian 
infants by Staphylococcus aureus and Streptococcus pneumoniae before the introduction of pneumococcal 
conjugate vaccines. New Microbes New Infect. 2016;10:13-18. doi:10.1016/j.nmni.2015.12.002 

485.  Usuf E, Bojang A, Camara B, et al. Maternal pneumococcal nasopharyngeal carriage and risk factors for 
neonatal carriage after the introduction of pneumococcal conjugate vaccines in The Gambia. Clin Microbiol 
Infect. 2018;24(4):389-395. doi:10.1016/j.cmi.2017.07.018 

486.  Prentice AM, Moore SE, Fulford AJ. Growth faltering in low-income countries. World Rev Nutr Diet. 
2013;106:90-99. doi:10.1159/000342563 

487.  McGregor IA. Morbidity and mortality at Kenebeba The Gambia 1950-75. In: Richard G, Jamison DT, eds. 
Disease and Mortality in Sub-Saharan Africa. Oxford England Oxford University Press 1991.; 1991:306-
324. Accessed January 10, 2019. https://www.popline.org/node/318033 

488.  Jasseh M, Howie SRC, Gomez P, et al. Disease-specific mortality burdens in a rural Gambian population 
using verbal autopsy, 1998-2007. Glob Health Action. 2014;7:25598. doi:10.3402/GHA.V7.25598 

489.  Rowland MG. The Gambia and Bangladesh: the seasons and diarrhoea. Dialogue Diarrhoea. 1986;(26):3. 
490.  Collinson A, Moore S, Cole T, Prentice A. Birth season and environmental influences on patterns of thymic 

growth in rural Gambian infants. Acta Paediatr. 2007;92(9):1014-1020. doi:10.1111/j.1651-
2227.2003.tb02568.x 

491.  Moore S, Cole TJ, Collinson AC, Poskitt EM, McGregor IA, Prentice AM. Prenatal or early postnatal events 
predict infectious deaths in young adulthood in rural Africa. Int J Epidemiol. 1999;28(6):1088-1095. 
doi:10.1093/ije/28.6.1088 

492.  Brewster DR, Greenwood BM. Seasonal variation of paediatric diseases in The Gambia, West Africa. Ann 
Trop Paediatr. 1993;13(2):133-146. doi:10.1080/02724936.1993.11747637 

493.  Greenwood BM, Bradley AK, Greenwood AM, et al. Mortality and morbidity from malaria among children 
in a rural area of The Gambia, West Africa. Trans R Soc Trop Med Hyg. 1987;81(3):478-486. 
doi:10.1016/0035-9203(87)90170-2 

494.  Moore SE, Collinson AC, Prentice AM. Immune function in rural Gambian children is not related to season 
of birth, birth size, or maternal supplementation status. Am J Clin Nutr. 2001;74(6):840-847. 
doi:10.1093/AJCN/74.6.840 

495.  Prentice AM, Moore SE, Fulford AJ. Growth Faltering in Low-Income Countries. 2013;106:90-99. 
doi:10.1159/000342563 

496.  Prentice A, Prentice AM, Lamb WH. Mastitis in rural gambian mothers and the protection of the breast by 
milk antimicrobial factors. Trans R Soc Trop Med Hyg. 1985;79(1):90-95. doi:10.1016/0035-
9203(85)90245-7 

497.  Lewis ZT, Totten SM, Smilowitz JT, et al. Maternal fucosyltransferase 2 status affects the gut 
bifidobacterial communities of breastfed infants. Microbiome. 2015;3(1):1-21. doi:10.1186/s40168-015-
0071-z 

498.  Fukuda S, Toh H, Hase K, et al. Bifidobacteria can protect from enteropathogenic infection through 
production of acetate. Nat 2011 4697331. 2011;469(7331):543-547. doi:10.1038/nature09646 

499.  Liévin V, Peiffer I, Hudault S, et al. Bifidobacterium strains from resident infant human gastrointestinal 
microflora exert antimicrobial activity. Gut. 2000;47(5):646-652. doi:10.1136/GUT.47.5.646 

500.  Huda MN, Lewis Z, Kalanetra KM, et al. Stool Microbiota and Vaccine Responses of Infants. Pediatrics. 
2014;134(2):e362-e372. doi:10.1542/PEDS.2013-3937 

501.  Karav S, Le Parc A, Leite JM, et al. Oligosaccharides Released from Milk Glycoproteins Are Selective 
Growth Substrates for Infant-Associated Bifidobacteria. Published online 2016. doi:10.1128/AEM.00547-16 

502.  Lewis ZT, Mills DA. Differential Establishment of Bifidobacteria in the Breastfed Infant Gut. In: Nestle 
Nutrition Institute Workshop Series. Vol 88. S. Karger AG; 2017:149-159. doi:10.1159/000455399 

503.  Smith-Brown P, Morrison M, Krause L, Davies PSW. Mothers Secretor Status Affects Development of 
Childrens Microbiota Composition and Function: A Pilot Study. PLoS One. 2016;11(9):e0161211. 
doi:10.1371/JOURNAL.PONE.0161211 

504.  Howie SRC, Schellenberg J, Chimah O, et al. Childhood pneumonia and crowding, bed-sharing and 
nutrition: A case-control study from The Gambia. Int J Tuberc Lung Dis. 2016;20(10):1405-1415. 
doi:10.5588/IJTLD.15.0993 

505.  Rees CP, Hawkesworth S, Moore SE, Dondeh BL, Unger SA. Factors Affecting Access to Healthcare: An 
Observational Study of Children under 5 Years of Age Presenting to a Rural Gambian Primary Healthcare 
Centre. Baradaran HR, ed. PLoS One. 2016;11(6):e0157790. doi:10.1371/journal.pone.0157790 



 
 
 

 235 

506.  Wold S. PLS for multivariate linear modeling. Chemom methods Mol Des. Published online 1995:195-218. 
507.  Wold S, Sjostrom M, Eriksson L. PLS-regression: a basic tool of chemometrics. Chemom Intell Lab Syst. 

2001;58(2):109-130. 
508.  Eriksson L, Andersson P, Johansson E, Tysklind M. Megavariate analysis of environmental QSAR data: A 

basic framework founded on principal component analysis (PCA), partial least squares (PLS), and statistical 
molecular design (SMD). Mol Divers. 2006;10:169-186. 

509.  WHO (World Health Organization). Number of under-five deaths (Child mortality). World Health Data 
Platform. 

510.  Nutten S. Atopic Dermatitis: Global Epidemiology and Risk Factors. Ann Nutr Metab. 2015;66(Suppl. 1):8-
16. doi:10.1159/000370220 

511.  Ong PY, Ohtake T, Brandt C, et al. Endogenous Antimicrobial Peptides and Skin Infections in Atopic 
Dermatitis. N Engl J Med. 2002;347(15):1151-1160. doi:10.1056/nejmoa021481 

512.  Parrett AM, Edwards CA. In vitro fermentation of carbohydrate by breast fed and formula fed infants. Arch 
Dis Child. 1997;76:249-253. doi:10.1136/adc.76.3.249 

513.  Fallani M, Amarri S, Uusijarvi A, et al. Determinants of the human infant intestinal microbiota after the 
introduction of first complementary foods in infant samples from five European centres. Microbiology. 
2011;157:1385-1392. doi:10.1099/mic.0.042143-0 

514.  Thompson AL, Monteagudo-Mera A, Cadenas MB, Lampl ML, Azcarate-Peril MA. Milk- and solid-feeding 
practices and daycare attendance are associated with differences in bacterial diversity, predominant 
communities, and metabolic and immune function of the infant gut microbiome. Front Cell Infect Microbiol. 
2015;5(FEB). doi:10.3389/fcimb.2015.00003 

515.  Molbak K, Jepsen R, Gaarslev K. Bacterial Contamination of Stored Water and Stored Food: A Potential 
Source of Diarrhoeal Disease in West Africa. Vol 102.; 1989. Accessed January 8, 2019. 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2249431/pdf/epidinfect00014-0145.pdf 

516.  Robinson S, Fall C. Infant Nutrition and Later Health: A Review of Current Evidence. Nutrients. 
2012;4(8):859-874. doi:10.3390/nu4080859 

517.  Pickering H, Hayes RJ, Tomkins AM, Carson D, Dunn DT. Alternative measures of diarrhoeal morbidity 
and their association with social and environmental factors in urban children in The Gambia. Trans R Soc 
Trop Med Hyg. 1987;81(5):853-859. doi:10.1016/0035-9203(87)90052-6 

518.  Sillah F, Ho H-J, Chao JC-J. The use of oral rehydration salt in managing children under 5 y old with 
diarrhea in the Gambia: Knowledge, attitude, and practice. Nutrition. 2013;29(11-12):1368-1373. 
doi:10.1016/j.nut.2013.05.014 

519.  Lis-Kuberka J, Orczyk-Pawiłowicz M. Sialylated oligosaccharides and glycoconjugates of human milk. The 
impact on infant and newborn protection, development and well-being. Nutrients. 2019;11(2):306. 
doi:10.3390/nu11020306 

520.  Ray C, Kerketta JA, Rao S, et al. Human Milk Oligosaccharides: The Journey Ahead. Int J Pediatr. 
2019;2019:1-8. doi:10.1155/2019/2390240 

521.  Lazarus RP, John J, Shanmugasundaram E, et al. The effect of probiotics and zinc supplementation on the 
immune response to oral rotavirus vaccine: A randomized, factorial design, placebo-controlled study among 
Indian infants. Vaccine. 2018;36(2):273-279. doi:10.1016/j.vaccine.2017.07.116 

522.  Prentice A, Prentice AM, Whitehead RG. Breast-milk fat concentrations of rural African women 2.Long-
term variations within a community. Br J Nutr. 1981;45(3):495-503. doi:10.1079/bjn19810128 

523.  McClorry S, Zavaleta N, Llanos A, Casapía M, Lönnerdal B, Slupsky CM. Anemia in infancy is associated 
with alterations in systemic metabolism and microbial structure and function in a sex-specific manner: an 
observational study. Am J Clin Nutr. 2018;108(6):1238-1248. doi:10.1093/ajcn/nqy249 

524.  Cederlund A, Lai-Larsen Y, Printz G. Lactose in human breast milk as an indicator of innate immunity with 
implications for a role in intestinal homeostasis. PLoS One. 2013;8(1):e53876. 

525.  Lee H, Padhi E, Hasegawa Y, et al. Compositional dynamics of the milk fat globule and its role in infant 
development. Front Pediatr. 2018;6:313. 

526.  Gibbs BG, Forste R. Socioeconomic status, infant feeding practices and early childhood obesity. Pediatr 
Obes. 2014;9(2):135-146. doi:10.1111/j.2047-6310.2013.00155.x 

527.  Mach O, Lu L, Creek T, et al. Population-based study of a widespread outbreak of diarrhea associated with 
increased mortality and malnutrition in Botswana, January-March, 2006. Am J Trop Med Hyg. 
2009;80(5):812-818. doi:10.4269/ajtmh.2009.80.812 

528.  Meduri G, Chrousos G. General adaptation in critical illness: Glucocorticoid receptor-alpha master regulator 



 
 
 

 236 

of homeostatic corrections. Front Endocrinol (Lausanne). 2020;11(161). 
529.  Adair L, Guilkey D. Age-specific determinants of stunting in Filipino children. J Nutr. 1997;127(2):314-

320. 
530.  Black RE, Allen LH, Bhutta ZA, et al. Maternal and child undernutrition: global and regional exposures and 

health consequences. Lancet. 2008;371(9608):243-260. doi:10.1016/S0140-6736(07)61690-0 
531.  Lind MV, Larnkjær A, Mølgaard C, Michaelsen KF. Breastfeeding, Breast Milk Composition, and Growth 

Outcomes. Nestle Nutr Inst Workshop Ser. 2018;89:63-77. doi:10.1159/000486493 
532.  Wells JCK. The thrifty phenotype as an adaptive maternal effect. Biol Rev. 2007;82(1):143-172. 

doi:10.1111/j.1469-185X.2006.00007.x 
533.  Weaver LT. How did babies grow 100 years ago? Eur J Clin Nutr. 2011;65(1):3-9. 

doi:10.1038/ejcn.2010.257 
534.  Godfrey KM, Costello PM, Lillycrop KA. Development, Epigenetics and Metabolic Programming. In: 

Nestle Nutrition Institute Workshop Series. Vol 85. Karger Publishers; 2016:71-80. doi:10.1159/000439488 
535.  Romanus S, Neven P, Soubry A. Extending the Developmental Origins of Health and Disease theory: does 

paternal diet contribute to breast cancer risk in daughters? Breast Cancer Res. 2016;18(1):103. 
doi:10.1186/s13058-016-0760-y 

536.  González-Mariscal G, Melo AI. Bidirectional Effects of Mother-Young Contact on the Maternal and 
Neonatal Brains. In: Springer, Cham; 2017:97-116. doi:10.1007/978-3-319-62817-2_6 

537.  Martin MA, Sela DA. Infant Gut Microbiota: Developmental Influences and Health Outcomes. In: Building 
Babies. Springer New York; 2013:233-256. doi:10.1007/978-1-4614-4060-4_11 

538.  Verd S, Ginovart G, Calvo J, Ponce-Taylor J, Gaya A. Variation in the Protein Composition of Human Milk 
during Extended Lactation: A Narrative Review. Nutrients. 2018;10(8):1124. doi:10.3390/nu10081124 

539.  Dewey KG. Growth Characteristics of Breast-Fed Compared to Formula-Fed Infants. Neonatology. 
1998;74(2):94-105. doi:10.1159/000014016 

540.  Dewey KG, Mayers DR. Early child growth: how do nutrition and infection interact? Matern Child Nutr. 
2011;7:129-142. doi:10.1111/j.1740-8709.2011.00357.x 

541.  Dewey KG. Reducing stunting by improving maternal, infant and young child nutrition in regions such as 
South Asia: Evidence, challenges and opportunities. Matern Child Nutr. 2016;12:27-38. 
doi:10.1111/mcn.12282 

542.  World Health Organization. WHA Global Nutrition Targets 2025: Wasting Policy Brief.; 2014. 
543.  Hanley‐Cook G, Argaw A, Dahal P, Chitekwe S, Kolsteren P. Infant and young child feeding practices and 

child linear growth in Nepal: Regression–decomposition analysis of national survey data, 1996–2016. 
Matern Child Nutr. Published online January 10, 2020:e12911. doi:10.1111/mcn.12911 

544.  Prendergast AJ, Humphrey JH. The stunting syndrome in developing countries. Paediatr Int Child Health. 
2014;34(4):250-265. doi:10.1179/2046905514Y.0000000158 

545.  Dewey KG, Mayers DR. Early child growth: How do nutrition and infection interact? Matern Child Nutr. 
2011;7(SUPPL. 3):129-142. doi:10.1111/j.1740-8709.2011.00357.x 

546.  Lawson MAE, O’Neill IJ, Kujawska M, et al. Breast milk-derived human milk oligosaccharides promote 
Bifidobacterium interactions within a single ecosystem. ISME J. 2020;14(2):635-648. doi:10.1038/s41396-
019-0553-2 

547.  Childs C, Calder P, Miles E. Diet and immune function. Nutrients. 2019;11(1933):1-9. 
548.  Ramirez-Zea M, Melgar P, Rivera JA. INCAP Oriente Longitudinal Study: 40 Years of History and Legacy. 

J Nutr. 2010;140(2):397-401. doi:10.3945/jn.109.114470 
549.  Villamor E, Mbise R, Spiegelman D, et al. Vitamin A supplements ameliorate the adverse effect of HIV-1, 

malaria, and diarrheal infections on child growth. Pediatrics. 2002;109(1):e6-e6. doi:10.1542/peds.109.1.e6 
550.  Chhagan MK, Van Den Broeck J, Luabeya KKA, Mpontshane N, Tomkins A, Bennish ML. Effect on 

longitudinal growth and anemia of zinc or multiple micronutrients added to vitamin A: A randomized 
controlled trial in children aged 6-24 months. BMC Public Health. 2010;10(1):1-11. doi:10.1186/1471-
2458-10-145 

551.  Milani C, Duranti S, Bottacini F, et al. The First Microbial Colonizers of the Human Gut: Composition, 
Activities, and Health Implications of the Infant Gut Microbiota. Microbiol Mol Biol Rev. 2017;81(4). 
doi:10.1128/mmbr.00036-17 

552.  Dang AT, Marsland BJ. Microbes, metabolites, and the gut–lung axis. Mucosal Immunol. 2019;12(4):843-
850. doi:10.1038/s41385-019-0160-6 

553.  Fujimura KE, Sitarik AR, Havstad S, et al. Neonatal gut microbiota associates with childhood 



 
 
 

 237 

multisensitized atopy and T cell differentiation. Nat Med. 2016;22(10):1187-1191. doi:10.1038/nm.4176 
554.  Martin R, Nauta A, Ben Amor K, Knippels L, Knol J, Garssen J. Early life: gut microbiota and immune 

development in infancy. Benef Microbes. 2010;1(4):367-382. doi:10.3920/BM2010.0027 
555.  Sommer F, Bäckhed F. The gut microbiota-masters of host development and physiology. Nat Rev Microbiol. 

2013;11(4):227-238. doi:10.1038/nrmicro2974 
556.  Knip M, Honkanen J. Modulation of Type 1 Diabetes Risk by the Intestinal Microbiome. Curr Diab Rep. 

2017;17(11):1-8. doi:10.1007/s11892-017-0933-9 
557.  Rowland MG, Goh Rowland SG, Cole TJ. Original Research Communications-survey Impact of infection 

on the growth of children from 0 to 2 years in an urban West African community. Am J Clin Nutr. 
1988;47:134-142. 

558.  Victora CG, De Onis M, Hallal PC, Blössner M, Shrimpton R. Worldwide timing of growth faltering: 
Revisiting implications for interventions. Pediatrics. 2010;125(3). doi:10.1542/peds.2009-1519 

559.  Whitehead RG, Paul AA. Growth charts and the assessment of infant feeding practices in the western world 
and in developing countries. Early Hum Dev. 1984;9(3):187-207. doi:10.1016/0378-3782(84)90031-8 

560.  Waterlow JC, Thomson AM. Observations on the adequacy of breast-feeding. Lancet. 1979;314(8136):238-
242. doi:10.1016/S0140-6736(79)90248-4 

561.  Kramer M, Guo T, Platt R. Infant growth and health outcomes associated with 3 compared with 6 mo of 
exclusive breastfeeding. Am J Clin Nutr. 2003;78(2):291-295. Accessed January 14, 2019. 
https://academic.oup.com/ajcn/article-abstract/78/2/291/4689938 

562.  Dewey K, Cohen R, Brown K. Age of introduction of complementary foods and growth of term, low-birth-
weight, breast-fed infants: a randomized intervention study in Honduras–. Am J Clin Nutr. 1999;69(4):679-
686. Accessed January 14, 2019. https://academic.oup.com/ajcn/article-abstract/69/4/679/4737375 

563.  Simondon KB, Simondon F. Age at introduction of complementary food and physical growth from 2 to 9 
months in rural Senegal. Eur J Clin Nutr. 1997;51(10):703-707. doi:10.1038/sj.ejcn.1600470 

564.  Khadivzadeh T, Parsai S. Effect of exclusive breastfeeding and complementary feeding on infant growth and 
morbidity. East Mediterr Heal J. 2004;10(3):289-294. 

565.  Cohen RJ, Brown KH, Dewey KG, Canahuati J, Landa Rivera L. Effects of age of introduction of 
complementary foods on infant breast milk intake, total energy intake, and growth: a randomised 
intervention study in Honduras. Lancet. 1994;344(8918):288-293. doi:10.1016/S0140-6736(94)91337-4 

566.  O’Callaghan A, van Sinderen D. Bifidobacteria and their role as members of the human gut microbiota. 
Front Microbiol. 2016;7(JUN). doi:10.3389/fmicb.2016.00925 

567.  Davis JCC, Totten SM, Huang JO, et al. Identification of Oligosaccharides in Feces of Breast-fed Infants 
and Their Correlation with the Gut Microbial Community* □ S. Mol Cell Proteomics. 2016;15:2987-3002. 
doi:10.1074/mcp.M116.060665 

568.  Lewis ZT, Mills DA. Differential Establishment of Bifidobacteria in the Breastfed Infant Gut. In: Nestle 
Nutrition Institute Workshop Series. Vol 88. S. Karger AG; 2017:149-159. doi:10.1159/000455399 

569.  Smilowitz JT, Lebrilla CB, Mills DA, German JB, Freeman SL. Breast Milk Oligosaccharides: Structure-
Function Relationships in the Neonate. Annu Rev Nutr. 2014;34(1):143-169. doi:10.1146/annurev-nutr-
071813-105721 

570.  Thomson P, Medina DA, Garrido D. Human milk oligosaccharides and infant gut bifidobacteria: Molecular 
strategies for their utilization. Food Microbiol. 2018;75:37-46. doi:10.1016/j.fm.2017.09.001 

571.  Kirchman DL. Processes in Microbial Ecology. Oxford University Press; 2016. 
572.  Shabab Hossain M, Das S, Amran Gazi M, et al. Association of faecal pH with childhood stunting: Results 

from a cross-sectional study. BMJ Paediatr Open. 2019;3(1). doi:10.1136/bmjpo-2019-000549 
573.  Korpe PS, Petri WA. Environmental enteropathy: Critical implications of a poorly understood condition. 

Trends Mol Med. 2012;18(6):328-336. doi:10.1016/j.molmed.2012.04.007 
574.  Murphy K, Curley D, O’callaghan TF, et al. The composition of human milk and infant faecal microbiota 

over the first three months of life: A pilot study. Sci Rep. 2017;7. doi:10.1038/srep40597 
575.  Hediger ML, Luke B, van de Ven C, Nugent C. Midupper Arm Circumference (MUAC) Changes in Late 

Pregnancy Predict Fetal Growth in Twins. Twin Res Hum Genet. 2005;8(3):267-270. 
doi:10.1375/twin.8.3.267 

576.  Cortés Kretzer D, Matos S, Von Diemen L, et al. Anthropometrical measurements and maternal visceral fat 
during first half of pregnancy: a cross-sectional survey. Published online 2020. doi:10.1186/s12884-020-
03258-3 

577.  SM C, AM P, TJ C, et al. Effects on birth weight and perinatal mortality of maternal dietary supplements in 



 
 
 

 238 

rural Gambia: 5 year randomised controlled trial. BMJ. 1997;315(7111):786-790. 
doi:10.1136/BMJ.315.7111.786 

578.  Johnson W, Elmrayed SAA, Sosseh F, Prentice AM, Moore SE. Preconceptional and gestational weight 
trajectories and risk of delivering a small-for-gestational-age baby in rural Gambia. Am J Clin Nutr. 
2017;105(6):1474-1482. doi:10.3945/AJCN.116.144196 

579.  Frese SA, Hutton AA, Contreras LN, et al. Persistence of Supplemented Bifidobacterium longum subsp. 
infantis EVC001 in Breastfed Infants. mSphere. 2017;2(6). doi:10.1128/msphere.00501-17 

580.  McJunkin B, Fromm H, Sarva RP, Amin P. Factors in the mechanism of diarrhea in bile acid malabsorption: 
fecal pH - a key determinant. Gasteroenterology. 1981;80(6):1454-1464. 

581.  Giugliani ERJ, Horta BL, Loret de Mola C, Lisboa BO, Victora CG. Effect of breastfeeding promotion 
interventions on child growth: a systematic review and meta-analysis. Acta Paediatr. 2015;104:20-29. 
doi:10.1111/apa.13160 

582.  Eckhardt CL, Rivera J, Adair LS, Martorell R. Full breast-feeding for at least four months has differential 
effects on growth before and after six months of age among children in a Mexican community. J Nutr. 
2001;131(9):2304-2309. doi:10.1093/jn/131.9.2304 

583.  Hawley NL, Johnson W, Nu’Usolia O, McGarvey ST. The contribution of feeding mode to obesogenic 
growth trajectories in American Samoan infants. Pediatr Obes. 2014;9(1):e1-e13. doi:10.1111/j.2047-
6310.2012.00137.x 

584.  Victora C, Morris S, Barros F, Horta B, Weiderpass E, Tomasi E. Breastfeeding and growth in Brazilian 
infants. Am J Clin Nutr. 1998;67(3):452-458. 

585.  Forbes JD, Azad MB, Vehling L, et al. Association of exposure to formula in the hospital and subsequent 
infant feeding practices with gut microbiota and risk of overweight in the first year of life. JAMA Pediatr. 
2018;172(7):181161. doi:10.1001/jamapediatrics.2018.1161 

586.  Pirilä S, Saarinen-Pihkala UM, Viljakainen H, et al. Breastfeeding and determinants of adult body 
composition: A prospective study from birth to young adulthood. Horm Res Paediatr. 2012;77(5):281-290. 
doi:10.1159/000338334 

587.  Rebhan B, Kohlhuber M, Schwegler U, Fromme H, Abou-Dakn M, Koletzko B V. Breastfeeding duration 
and exclusivity associated with infants’ health and growth: data from a prospective cohort study in Bavaria, 
Germany. Acta Paediatr. 2009;98(6):974-980. doi:10.1111/j.1651-2227.2009.01281.x 

588.  Gridneva Z, Tie WJ, Rea A, et al. Human milk casein and whey protein and infant body composition over 
the first 12 months of lactation. Nutrients. 2018;10(9):1332. doi:10.3390/nu10091332 

589.  Cristofalo EA, Schanler RJ, Blanco CL, et al. Randomized trial of exclusive human milk versus preterm 
formula diets in extremely premature infants. J Pediatr. 2013;163(6):1592-1595.e1. 
doi:10.1016/j.jpeds.2013.07.011 

590.  Khan S, Hepworth AR, Prime DK, Lai CT, Trengove NJ, Hartmann PE. Variation in fat, lactose, and protein 
composition in breast milk over 24 hours: Associations with infant feeding patterns. J Hum Lact. 
2013;29(1):81-89. doi:10.1177/0890334412448841 

591.  Saben JL, Sims CR, Abraham A, Bode L, Andres A. Human Milk Oligosaccharide Concentrations and 
Infant Intakes Are Associated with Maternal Overweight and Obesity and Predict Infant Growth. Nutrients. 
2021;13(2):446. doi:10.3390/nu13020446 

592.  Charbonneau MR, O’Donnell D, Blanton L V., et al. Sialylated Milk Oligosaccharides Promote Microbiota-
Dependent Growth in Models of Infant Undernutrition. Cell. 2016;164(5):859-871. 
doi:10.1016/j.cell.2016.01.024 

593.  Plows JF, Berger PK, Jones RB, et al. Associations between human milk oligosaccharides (HMOs) and 
eating behaviour in Hispanic infants at 1 and 6 months of age. Pediatr Obes. 2020;15(12):e12686. 
doi:10.1111/ijpo.12686 

594.  Menzel P, Vogel M, Austin S, et al. Concentrations of Oligosaccharides in Human Milk and Child Growth. 
Res Sq. Published online 2021:1-17. doi:10.21203/rs.3.rs-403458/v1 

595.  Moore S, Lima A, Conaway M, Schorling J, Soares A, Guerrant R. Early childhood diarrhoea and 
helminthiases associate with long-term linear growth faltering. Int J Epidemiol. 2001;30(6):1457-1464. 
doi:10.1093/ije/30.6.1457 

596.  Condon-Paoloni D, Cravioto J, Johnston FE, De Licardie ER, Scholl TO. Morbidity and Growth of Infants 
and Young Children in a Rural Mexican Village. Vol 67.; 1977. doi:10.2105/AJPH.67.7.651 

597.  Black RE, Brown KH, Becker S. Effects of Diarrhea Associated with Specific Enteropathogens on the 
Growth of Children in Rural Bangladesh. Vol 73. Accessed January 2, 2019. 



 
 
 

 239 

www.aappublications.org/news 
598.  Calder P, Ahluwalia N, Brouns F, et al. Dietary factors and low-grade inflammation in relation to 

overweight and obesity. Br J Nutr. 2011;106(3):S5-78. 
599.  Grześkowiak Ł, Collado MC, Mangani C, et al. Distinct Gut Microbiota in Southeastern African and 

Northern European Infants. J Pediatr Gastroenterol Nutr. 2012;54(6):812-816. 
doi:10.1097/MPG.0b013e318249039c 

600.  Beasley DE, Koltz AM, Lambert JE, Fierer N, Dunn RR. The evolution of stomach acidity and its relevance 
to the human microbiome. PLoS One. 2015;10(7). doi:10.1371/journal.pone.0134116 

 
 

  



 
 
 

 240 

Appendix 

Table A.1 HERO-G maternal milk collection protocol 
(1) Upon arrival at the clinic, mothers should be instructed to nurse infants from the right breast. Thereafter, 

mothers should not nurse their infants from that breast until the time of milk collection. Mothers can feed 

from their left breast until that time. 

(2) Breast milk samples should be collected at approximately 1:00 pm (13:00). Mothers should eat lunch before 

breast milk collection commences, and during collection mothers should be seated in a comfortable location. 

A female field or clinic worker should be present during milk collection, to assist with the infant while the 

mother hand-expresses her milk. 

(3) Once the mother is seated comfortably, she should be instructed to nurse her infant from her right breast for 

2-3 minutes. After 2-3 minutes, the infant should be gently removed from the breast and handed to the female 

field or clinic worker. 

(4) The mother should then hand-express 10mL of milk into 2 pre-labelled 5mL universal tubes, each filled to 

the 5mL level. Tubes will be labelled with the infant’s study ID (e.g. CHG0001A) and the study visit and 

breast will be indicated, e.g. WK12LB, WK12RB, WK24LB, WK24RB. Tubes should be placed in an ice 

bucket once filled. 

(5) Time since last feed (time of nursing from right breast upon arrival at clinic) and time of collection must be 

recorded.  

(6) After collection, breast milk samples should be gently inverted (not vortexed) and separated into 6 smaller 

aliquots for storage (4 x 2mL and 2 x 1mL). Where less than 10mL milk is collected, 2mL aliquots should 

be prepared first, and 1mL aliquots prepared from the remainder as available. 
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Table A.2. Maternal MUAC (Milk analysis subset N=50) 
Time Point N M SD 

20wks 24 26.55 2.06 
28wks 50 26.19 2.29 
36wks 49 26.25 2.29 

Delta20-36 24 0.35 1.68 
Delta28-36 49 0.09 1.28 

 
Table A.3. Maternal MUAC (HERO-G subsample N=194) 

Time Point N M SD 
20wks 94 27.24 2.83 
28wks 193 26.94 2.35 
36wks 189 26.78 2.15 

Delta20-36 94 0.06 1.02 
Delta28-36 188 0.09 1.02 

 
Table A.4. Maternal MUAC (HERO-G cohort N=238) 

Time Point N M SD 
20wks 118 27.07 3.8 
28wks 235 26.84 3.43 
36wks 228 26.78 3.18 

Delta20-36 116 0.09 1.02 
Delta28-36 226 0.06 1.04 
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Table A.5. Mean (SD) relative abundances of individual milk HMO structures across the first 12 months post-

partum 
Time point 3 6 9 12 

HMO NS (N=8) S (N=20) NS (N=13) S (N=32) NS (N=10) S (N=36) NS (N=12) S (N=38) 
LNT 31.94 (10.5) 26.8 (6.3) 35.02 (13.5) 23.56 (5.6) 40.25 (15.1) 26.48 (7.7) 36.88 (14.3) 0.36 (0.3) 

LNFP II 13.14 (4.0) 8.27 (4.0) 13.55 (4.3) 10.40 (3.4) 13.01 (4.8) 9.55 (4.3) 13.04 (5.3) 11.53 (7.8) 
3FL 11.75 (1.1) 6.37 (3.7) 15.83 (5.8) 10.01 (4.5) 14.75 (4.6) 9.65 (5.2) 17.95 (5.1) 11.71 (6.4) 

DFLNHb 4.14 (1.9) 1.36 (1.3) 3.64 (1.6) 1.87 (1.1) 3.65 (2.3) 1.63 (1.1) 3.08 (1.6) 1.48 (1.0) 
MFLNH I + III 3.44 (1.9) 1.09 (1.2) 2.75 (2.2) 1.02 (0.9) 2.60 (2.4) 0.93 (0.9) 2.15 (2.1) 0.74 (0.7) 

LSTb 2.94 (1.1) 1.76 (0.57) 2.36 (0.8) 1.43 (0.5) 2.13 (0.8) 1.56 (0.7) 2.30 (0.7) 9.61 (4.6) 
2020a 2.44 (0.4) 1.21 (0.8) 3.28 (1.5) 2.01 (1.1) 3.01 (1.4) 1.91 (1.2) 3.75 (1.4) 2.36 (1.5) 
4210a 2.39 (0.9) 1.74 (0.8) 1.41 (0.7) 1.64 (0.8) 1.50 (0.6) 1.40 (0.8) 1.17 (0.7) 1.13 (0.9) 

LNDFH II 2.30 (1.5) 0.97 (0.7) 2.14 (1.8) 1.16 (0.8) 1.78 (1.8) 1.07 (0.8) 2.21 (2.0) 0.27 (0.2) 
LNFP V 2.03 (0.3) 0.61 (0.3) 2.23 (0.8) 0.75 (0.3) 2.27 (0.6) 0.75 (0.4) 2.84 (0.7) 0.15 (0.2) 

LNDFH I 1.98 (0.7) 4.90 (2.3) 2.25 (1.2) 5.10 (2.4) 2.12 (1.2) 4.6 (2.7) 2.30 (1.3) 1.19 (0.9) 
FS-LNnH I 1.84 (0.9) 0.99 (1.0) 1.20 (0.6) 0..99 (0.8) 0.76 (0.4) 0.67 (0.7) 0.55 (0.3) 0.41 (0.4) 
LNFP III + 

LNFP I 1.55 (1.2) 11.67 (5.7) 1.19 (1.2) 10.55 (6.1) 0.94 (0.9) 11.79 (6.8) 1.16 (0.9) 0.88 (0.4) 

IFLNH III 1.32 (0.7) 0.83 (0.6) 0.77 (0.6) 0.87 (0.4) 0.59 (0.4) 0.73 (0.5) 0.5 (0.4) 0.54 (0.4) 
LSTc 1.10 (0.8) 1.64 (0.8) 0.63 (0.5) 0.84 (0.5) 0.42 (0.3) 0.62 (0.4) 0.28 (0.2) 1.47 (0.6) 
3000a 1.05 (0.3) 0.91 (0.2) 1.55 (0.4) 1.14 (0.26) 1.61 (0.4) 1.16 (0.2) 1.69 (0.6) 0.17 (0.3) 
3000c 0.97 (0.5) 0.49 (0.5) 0.85 (0.4) 0.50 (0.3) 0.66 (0.3) 0.46 (0.3) 0.73 (0.5) 0.14 (0.1) 
6'SL 0.96 (0.4) 0.88 (0.4) 0.68 (0.4) 0.55 (0.3) 0.46 (0.3) 0.43 (0.3) 0.27 (0.2) 0.30 (0.2) 

MFpLNH IV 0.95 (0.3) 0.33 (0.3) 0.89 (0.3) 0.49 (0.3) 0.89 (0.5) 0.43 (0.3) 0.76 (0.3) 0.40 (0.3) 
3200b 0.92 (0.5) 1.30 (0.6) 0.47 (0.4) 0.64 (0.6) 0.33 (0.2) 0.61 (0.5) 0.33 (0.3) 0.41 (0.4) 

S-LNnH II 0.83 (0.6) 1.70 (1.1) 0.34 (0.2) 0.68 (0.6) 0.21 (0.2) 0.54 (0.5) 0.16 (0.1) 0.29 (0.3) 
LNnH 0.80 (0.7) 3.55 (2.5) 0.41 (0.5) 2.15 (2.9) 0.34 (0.3) 2.17 (2.8) 0.24 (0.3) 2.07 (2.9) 
LNH 0.78 (0.5) 1.18 (0.6) 0.34 (0.3) 0.53 (0.5) 0.24 (0.1) 0.50 (0.5) 0.24 (0.2) 0.33 (0.4) 

DFpLNH II 0.72 (0.5) 0.29 (0.3) 0.42 (0.4) 0.29 (0.3) 0.35 (0.4) 0.27 (0.3) 0.40 (0.4) 0.23 (0.3) 
4110a 0.60 (0.3) 0.17 (0.1) 0.84 (0.3) 0.31 (0.2) 0.87 (0.3) 0.30 (0.2) 0.93 (0.4) 0.31 (0.2) 
3110c 0.37 (0.2) 0.14 (0.1) 0.20 (0.1) 0.12 (0.1) 0.17 (0.1) 0.13 (0.1) 0.19 (0.1) 0.06 (0.05) 

F-LSTc 0.35 (0.3) 0.21 (0.5) 0.18 (0.2) 0.19 (0.2) 0.11 (0.1) 0.12 (0.1) 0.09 (0.1) 4.69 (2.9) 
5310b 0.33 (0.2) 0.14 (0.1) 0.22 (0.3) 0.09 (0.1) 0.21 (0.3) 0.09 (0.1) 0.15 (0.2) 0.06 (0.1) 
2020b 0.33 (0.1) 1.06 (0.3) 0.27 (0.1) 1.13 (0.3) 0.18 (0.1) 1.11 (0.3) 0.18 (0.1) 1.16 (0.3) 
3'SL 0.29 (0.1) 0.32 (0.1) 0.53 (0.4) 0.37 (0.2) 0.43 (0.1) 0.41 (0.2) 0.49 (0.2) 0.45 (0.2) 

2100b 0.29 (0.1) 0.2 (0.1) 0.17 (0.1) 0.14 (0.05) 0.17 (0.1) 0.15 (0.1) 0.16 (0.1) 0.14 (0.1) 
2'FL 0.28 (0.1) 7.52 (2.5) 0.37 (0.3) 8.72 (2.5) 0.21 (0.2) 8.93 (2.6) 0.25 (0.2) 9.67 (2.9) 

DFLNO I 0.28 (0.1) 0.11 (0.1) 0.15 (0.1) 0.08 (0.06) 0.14 (0.08) 0.07 (0.05) 0.10 (0.1) 0.04 (0.04) 
4220a 0.27 (0.1) 0.05 (0.1) 0.30 (0.2) 0.06 (0.06) 0.30 (0.2) 0.05 (0.04) 0.23 (0.1) 0.05 (0.1) 

p-LNH 0.26 (0.2) 0.86 (0.7) 0.18 (0.1) 0.43 (0.5) 0.18 (0.1) 0.55 (0.6) 0.15 (0.1) 0.38 (0.5) 
5310c 0.26 (0.2) 0.24 (0.1) 0.10 (0.1) 0.16 (0.1) 0.09 (0.1) 0.13 (0.1) 0.07 (0.1) 0.09 (0.1) 

DFLNnO II 0.25 (0.2) 0.18 (0.2) 0.14 (0.2) 0.12 (0.1) 0.11 (0.1) 0.10 (0.1) 0.10 (0.1) 0.07 (0.1) 
2010b 0.25 (0.1) 0.13 (0.04) 0.17 (0.2) 0.14 (0.1) 0.14 (0.2) 0.15 (0.1) 0.21 (0.2) 0.17 (0.1) 
6410a 0.21 (0.2) 0.10 (0.1) 0.05 (0.05) 0.05 (0.06) 0.05 (0.05) 0.04 (0.1) 0.03 (0.05) 0.02 (0.1) 
3110d 0.20 (0.1) 0.12 (0.1) 0.15 (0.1) 0.12 (0.1) 0.10 (0.04) 0.09 (0.1) 0.08 (0.03) 0.09 (0.1) 

FS-LNO 0.19 (0.1) 0.14 (0.1) 0.09 (0.1) 0.08 (0.04) 0.07 (0.05) 0.06 (0.04) 0.05 (0.04) 0.03 (0.03) 
3110b 0.18 (0.1) 0.15 (0.1) 0.11 (0.1) 0.19 (0.2) 0.09 (0.1) 0.18 (0.2) 0.09 (0.1) 0.11 (0.1) 
4210a 0.17 (0.1) 0.23 (0.2) 0.09 (0.1) 0.16 (0.1) 0.07 (0.1) 0.15 (0.1) 0.08 (0.1) 0.12 (0.1) 
6400a 0.16 (0.2) 0.23 (0.1) 0.07 (0.1) 11.74 (0.1) 0.05 (0.06) 0.10 (0.1) 0.03 (0.1) 0.06 (0.1) 
4230a 0.16 (0.1) 0.11 (0.1) 0.10 (0.10) 0.10 (0.1) 0.08 (0.1) 0.08 (0.1) 0.10 (0.1) 0.07 (0.1) 
3000d 0.15 (0.1) 0.15 (0.2) 0.16 (0.1) 0.14 (0.1) 0.18 (0.1) 0.15 (0.1) 0.18 (0.2) 0.02 (0.05) 
3120a 0.15 (0.1) 0.34 (0.3) 0.10 (0.1) 0.42 (0.2) 0.09 (0.1) 0.35 (0.2) 0.10 (0.1) 0.15 (0.1) 
3000b 0.14 (0.1) 0.12 (0.1) 0.15 (0.06) 0.14 (0.22) 0.14 (0.03) 0.11 (0.04) 0.15 (0.04) 0.42 (0.2) 
4100a 0.14 (0.1) 0.27 (0.2) 0.12 (0.1) 0.21 (0.2) 0.11 (0.05) 0.22 (0.2) 0.11 (0.04) 0.22 (0.2) 
5320a 0.14 (0.1) 0.19 (0.1) 0.08 (0.04) 0.13 (0.06) 0.07 (0.06) 0.11 (0.1) 0.06 (0.04) 0.07 (0.1) 
6410a 0.14 (0.1) 0.11 (0.1) 0.13 (0.2) 0.08 (0.1) 0.13 (0.2) 0.07 (0.1) 0.09 (0.2) 0.04 (0.1) 
4210b 0.14 (0.03) 0.05 (0.03) 0.09 (0.04) 0.05 (0.03) 0.08 (0.04) 0.05 (0.03) 0.06 (0.03) 0.04 (0.02) 
5300a 0.12 (0.1) 0.47 (0.3) 0.06 (0.07) 0.25 (0.3) 0.05 (0.05) 0.23 (0.3) 0.04 (0.05) 0.18 (0.3) 
4100b 0.10 (0.1) 0.06 (0.03) 0.06 (0.04) 0.04 (0.02) 0.05 (0.03) 0.04 (0.03) 0.05 (0.03) 0.03 (0.02) 

DFLNHa 0.10 (0.1) 0.59 (0.3) 0.07 (0.04) 0.73 (0.9) 0.05 (0.04) 0.64 (0.9) 0.05 (0.04) 0.52 (0.7) 
3120b 0.08 (0.1) 0.14 (0.1) 0.05 (0.04) 0.15 (0.05) 0.04 (0.05) 0.15 (0.1) 0.05 (0.05) 0.10  (0.1) 
5310a 0.07 (0.1) 0.06 (0.1) 0.03 (0.02) 0.04 (0.02) 0.03 (0.02) 0.03 (0.03) 0.02 (0.02) 0.02 (0.02) 

TFLNH 0.07 (0.04) 0.20 (0.2) 0.05 (0.04) 0.16 (0.2) 0.05 (0.05) 0.12 (0.1) 0.04 (0.03) 0.10 (0.1) 
2010c 0.06 (0.03) 0.26 (0.1) 0.05 (0.04) 0.38 (0.2) 0.04 (0.04) 0.43 (0.2) 0.07 (0.1) 0.49 (0.2) 
2010a 0.06 (0.02) 0.23 (0.1) 0.05 (0.04) 0.36 (0.2) 0.04 (0.04) 0.41 (0.2) 0.07 (0.1) 0.47 (0.2) 
5301a 0.05 (0.03) 0.10 (0.1) 0.02 (0.01) 0.04 (0.03) 0.01 (0.01) 0.03 (0.02) 0.01 (0.01) 0.01 (0.01) 
2100a 0.04 (0.02) 0.03 (0.02) 0.04 (0.02) 0.03 (0.02) 0.06 (0.02) 0.04 (0.02) 0.05 (0.02) 0.05 (0.02) 

DFS-LNH 0.03 (0.02) 0.08 (0.1) 0.02 (0.02) 0.03 (0.03) 0.01 (0.02) 0.02 (0.02) 0.01 (0.01) 0.01 (0.01) 
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Time point 3 6 9 12 
4220b 0.03 (0.01) 0.18 (0.1) 0.01 (0.01) 0.11 (0.1) 0.01 (0.01) 0.10 (0.1) 0.01 (0.01) 0.07 (0.1) 
3000e 0.02 (0.01) 0.03 (0.1) 0.02 (0.02) 0.03 (0.1) 0.01 (0.01) 0.01 (0.02) 0.01 (0.01) 25.37 (8.1) 
3200a 0.02 (0.01) 0.35 (0.3) 0.02 (0.02) 0.13 (0.1) 0.02 (0.02) 0.16 (0.2) 0.01 (0.01) 0.05 (0.02) 

IFLNH I 0.01 (0.02) 0.25 (0.3) 0.01 (0.01) 0.11 (0.1) 0.01 (0.01) 0.18 (0.2) 0.01 (0.01) 0.12 (0.2) 

5300b 0.01 (0.01) 0.08 (0.1) 0.01 (0.01) 0.04 (0.1) 0.005 
(0.004) 0.04 (0.1) 0.004 (0.01) 0.03 (0.1) 

DFS-LNHnH 0.01 (0.004) 0.08 (0.1) 0.004 (0.002) 0.07 (0.06) 0.003 
(0.002) 0.04 (0.1) 0.003 

(0.002) 0.02 (0.02) 

LDFT 0.01 (0.002) 2.14 (1.7) 0.01 (0.01) 3.98 (2.8) 0.01 (0.01) 3.28 (2.5) 0.01 (0.01) 5.01 (3.0) 

4110b 0.002 
(0.001) 0.11 (0.1) 0.002 (0.003) 0.07 (0.1) 0.002 

(0.002) 0.08 (0.1) 0.002 
(0.002) 0.07 (0.1) 
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Table A.6. Infant morbidity categories and specific diagnoses. 
Dermatological Ear GI Hematological Nutritional Ophthalmological Oral Other 

Infectious Respiratory Urinary 

Allergic urticaria 
Chronic 

suppurative 
otitis media 

Bacterial 
intestinal 
infection 

Anemia Hypoglycemia Conjunctivitis Aphthous 
Ulcers 

Herpesviral 
infection, 

unspecified 
Asthma 

Urinary 
tract 

infection 

Cellulitis Nonsuppurative 
Otitis Media Constipation Bacterial 

sepsis  Marasmus Hyphaema Candidiasis Lymphadenitis Bronchiolitis  

Cheilitis Otitis externa Giardia Septicemia 
Severe protein-

energy 
malnutrition 

 Gingivitis 
Plasmodium 
falciparum 

malaria 

Chronic 
bronchitis 

 

Cold sore Suppurative 
otitis media 

Hookworm 
disease 

 Vitamin C 
deficiency 

 Glossitis Typhoid fever Common 
Cold 

 

Cutaneous abscess, 
furuncle & 
carbuncle 

 Intestinal 
helminthiasis 

   Oral 
candidiasis 

 Croup  

Eczema  Non infective 
diarrhea 

   Peritonsillar 
abscess 

 Pneumonia  

Impetigo  Peptic Ulcer 
Disease 

   Stomatitis    

Skin/subcutaneous 
tissue infection 

 Viral 
Gastroenteritis 

   Tonsillitis    

Paronychia 
         

Post injury infected 
wound 

        
 

Ring Worm 
         

Scabies 
         

Seborrheic 
dermatitis 

        

 

Unspecified 
contact dermatitis 

        
 

Unspecified Rash 
         

Urticaria 
         

Varicella 
         

*Morbidity classifications include: Respiratory (pneumonia, common cold, bronchiolitis, asthma); Dermatological 
(eczema, contact dermatitis, impetigo, allergic urticaria, rashes, cheilitis, cold sores, abscesses, paronychia, 

seborrheic dermatitis, ring worm, scabies, local infection of skin); Gastrointestinal (viral gastroenteritis, intestinal 
helminthiasis, bacterial intestinal infection, non-infective diarrhea, hookworm disease, giardia, peptic ulcer disease, 

constipation); Ophthalmological (conjunctivitis, hyphaema); and Oral (oral candidiasis, tonsillitis, glossitis, 
stomatitis, peritonsillar abscess, gingivitis, aphthous ulcers).  
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Table A.7. Cumulative morbidity at 3, 6, 9 and 12mo of life according to sex, birth season, parity, and  EBF 
duration (milk analysis subset) 

Age 
(mo) Value 

Female 
(N=28) 

Male 
(N=22) 

Dry 
(N=39) 

Wet 
(N=11) 

Multiparous 
(N=48) 

Primiparous 
(N=2) 

EBF <6mo 
(N=36) 

EBF ≥6mo 
(N=14) 

3 

Mean 3.2 3.73 3.11 4.5* 3.35 6 4.12* 1.7 

SD 2.0 3.13 2.63 1.77 2.51 . 2.60 1.06 

N (infants) 20 15 27 8 34 1 25 10 
Sum 
(morbidity) 64 56 84 36 114 6 103 17 

6 

Mean 4.33 5 4.37 5.75 4.55 8 5.16* 3.25 

SD 2.32 3.74 3.14 2.19 3.0 . 3.29 1.48 

N (infants) 24 19 35 8 42 1 31 12 
Sum 
(morbidity) 104 95 153 46 191 8 160 39 

9 

Mean 6.32 7.29 6.52 7.6 6.67 11 7.25 5.64 

SD 3.22 5.68 4.58 4.25 4.49 . 4.82 3.52 

N (infants) 25 21 36 10 45 1 32 14 
Sum 
(morbidity) 158 153 235 76 300 11 232 79 

12 

Mean 7.65 8.86 7.59 10.27 8.24 7.5 8.76 6.86 

SD 4.19 6.08 4.91 5.47 5.05 9.19 5.61 3.46 

N (infants) 26 22 37 11 46 2 34 14 
Sum 
(morbidity) 199 195 281 113 379 15 298 96 

*P<0.05; **P<0.01; A variable with a significant difference (indicated by boldface font and p-value<0.05 or 0.01) 
indicates a significantly greater number of morbidity occurrences relative to its comparative group (e.g., a boldface 

p-value in the EBF <6mo column indicates that infants EBF <6mo experienced significantly more morbidity 
occurrences compared to infants EBF ≥6mo). 

 


