
1 
 

THE IMPACT OF DIETARY PROTEIN IN COMPLEMENTARY 

FOODS ON INFANT GROWTH AND IRON STATUS IN A 

POPULATION FACING DOUBLE BURDEN OF 

MALNUTRITION 

 

 

 

 

KULNIPA KITTISAKMONTRI 

 

 

 

 

 

 

 

 

A thesis submitted for the degree of Doctor of Philosophy 

UCL 

 

  



2 
 

DECLARATION 

 

I, Kulnipa Kittisakmontri confirm that the work presented in this thesis in my 

own. Where information has been derived from other sources, I confirm that 

this has been indicated in this thesis. 

 

Signature: 

Date: 22-11-2021 

  



3 
 

Acknowledgement 

 

 

“Studying for a PhD reminds me of when I decided to run my first marathon in 

Amsterdam three years ago. Whilst training myself day-in day-out I had lots of 

injuries, breaks in training and doubts along the way, but with the support of 

those close to me, I could pull myself together again and again. Eventually, 

when I crossed the finishing line, I couldn’t avoid tears of pride and happiness, 

as all the hard work was over and I was a different person than the one who 

started this journey” 

 

Let’s get started on my journey 

 

Before the race, I would like to pay tribute to the generosity of the 

Anandhamahidol Foundation under the Royal Patronage of Her Royal 

Highness Princess Maha Chakri Sirindhorn that has provided me with a 

scholarship since 2017. Without this support, I would not have come this far 

and my journey would have been more difficult and stressful. 

 

0 – 10 km: Running the first 10 kilometres was quite daunting and made me 

deflated every time I realised how far I was from the finish line. Likewise, the 

first year of my degree was scary as it was the first time I had to study abroad, 

using a foreign language and living in an unfamiliar environment. However, 

with kind support and wonderful guidance from my supervisors, Professor 

Mary and Dr Julie, I was encouraged and started to believe in my ability and 

what I could achieve by starting with small steps, so I kept going without 

thinking too much of the long distance ahead of me.  

 

11 – 20 km: Moving to the next 10 kilometres was the perfect time in that I 

could run better as all my muscles were warmed up. However, I had to be alert 

to the directions along the way as at this stage, if I took the wrong direction, it 

might take too long to come back, or my race might be ended by exceeding 

the cut-off time. This stage was like the second year of my degree when I went 



4 
 

back to Thailand for the field work. There were many people who pointed me 

in the right direction at this right time. Professor Jonathan was one of them, 

helping me with the isotope technique and suggesting the great idea of using 

conditional growth. There were nurses and my colleagues at Chiang Mai 

University hospital and Chomthong hospital who provided me full support. 

Special thanks go to all the health professionals at the well-baby clinic at the 

Health Promoting hospital where I was given not only tremendous help, but 

also received love, lunch and laughs every time I did my data collection there. 

Finally, I am grateful to all the infants and their families who took part in this 

study. Without them and their cooperation, my data collection would not have 

been so successful. 

 

21 – 30 km: After running energetically through the half-way point, this was 

the time when I was struggling and had to deal with stomach cramps. I had to 

stop running but I did not stop moving; I kept walking until I felt better and could 

start running again. This period reminds me of the third year of my study when 

I had to enter huge amounts of research data and felt overwhelmed about how 

to manage them. Additionally, some laboratory analyses could not be done as 

I had expected. That was the most painful and slowest part of my study. 

Fortunately, with helpful advice from my supervisors I worked out how to 

narrow down my research data to a manageable amount. Furthermore, my 

colleagues involved in the laboratory analyses also gave me their full support 

and tried to help me out. These credits should go to my colleagues at the UCL 

Great Ormond Street Institute of Child Health, Simon and Adriana, my Thai 

colleagues at the Faculty of Medicine, Ramathibodi Hospital, Mahidol 

University as well as Professor Susan and Dr Lucas from Cambridge 

University. Their support reduced my anxiety, so I could begin to run again 

toward the finish line. 

 

31 – 42.195 km: Before the race, I had really hoped that I would finish my first 

marathon in approximately 4 hours. However, things turned out differently as 

I developed chronic pain in my right knee and foot. This pain gradually 

accumulated with every kilometre. It was very disappointing and emotional to 

realise that I would not finish this race in my time goal, but when I saw 



5 
 

someone laying down in the road receiving intravenous fluids just a few 

kilometres away from the finish line, I realised how lucky I was, at least to still 

have the chance to finish the race. The final distance was similar to the fourth 

year of my study when the COVID-19 pandemic hit the global community very 

hard. Its impact was beyond anyone’s expectation. Nevertheless, with lots of 

support and kindness from the people around me, I finally gathered my energy 

and completed the thesis just before 4.5 years - which is surprisingly similar to 

my finishing time at the Amsterdam marathon (4.42 hours). 

 

Throughout the race, I am very grateful for endless help and support from 

Professor Mary Fewtrell, my primary supervisor who is not only an excellent 

supervisor in academic life but also my mentor in non-academic life. As a 

marathon runner, she gave me lots of tips and was the first person who knew 

my official marathon time. I also feel thankful for my subsidiary supervisor, Dr. 

Julie Lanigan, who helped and guided me through many difficult times with her 

expertise and kindness. Moreover, my life as a PhD student would not have 

been complete without my lovely friends, Sarah, Amna and Jinyue who offered 

their help and support throughout my time in London. More importantly, I must 

thank my family in Thailand especially my mother, my father, my younger sister 

and brother. Whenever I felt down or upset, they were always there for me. 

Their unconditional love and tremendous support were the most powerful tool 

encouraging me to the finish line of this PhD journey. Finally, I would like to 

thank my husband, Anon, who had to balance his time doing his own PhD 

project with taking very good care of me. His understanding and endless love 

gave me strength whenever I needed it.  

 

I found only one thing that is totally different between running a marathon and 

studying for a PhD. For marathon, I can finish more races as long as I keep 

running, but for PhD degree, this will be the first and only one that I am willing 

to complete.  



6 
 

Abstract 
 

 

Dietary protein is a key macronutrient for infant growth, especially during 

complementary feeding (CF). Inadequate intake contributes to undernutrition. 

However, evidence from high-income countries suggests high protein intake, 

especially of animal-based protein (ABP), may increase obesity risk.  

Determining optimal protein intake and sources during CF is thus challenging, 

particularly in lower-income settings where the double burden malnutrition 

(DBM; co-existence of under- and overnutrition) is common; and considering 

that animal-source foods are a good source of iron during this period of high 

requirements. This thesis aimed to investigate how protein quantity and source 

during CF influence infant growth and iron status in a setting experiencing the 

DBM, and to explore potential mechanisms. A multi-centre, prospective cohort 

was conducted in 145 healthy-term infants in Chiang Mai, Thailand. Dietary 

intakes and anthropometric measurements were collected at 6, 9 and 12M. At 

12M, blood samples were analysed for iron status, serum IGF-1, IGFBP-3 and 

plasma branched-chain amino acids (BCAA). Protein consumption exceeded 

recommendations at 9-12M.  Both dairy and non-dairy ABP were positively 

associated with weight-for-age and weight-for-length z-scores after adjusting 

for type of milk-feed and non-protein calories, with no effect on linear growth. 

Dairy ABP showed a stronger association than non-dairy ABP, consistent with 

its higher association with IGF-1, IGFBP-3 and BCAA. Protein intake did not 

differ significantly between iron-sufficient versus iron-deficient (ID) infants, but 

consumption of ≥ 3 tablespoons of liver/week was associated with a nearly 

80% reduction in ID. The findings highlight differential effects of protein source 

on infant growth and iron status. Unlike dairy protein, non-diary ABP may 

promote growth without greatly increasing IGF-1, IGFBP-3 and BCAA which 

are implicated in increased obesity risk whilst also representing a good source 

of iron. The findings could help develop interventions for testing in randomised 

trials to establish causal relationships and mechanisms and contribute to 

improving CF protein recommendations.    
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Impact statement 

 

 

The first thousand days of life starting from conception until the second 

birthday is a critical period when several metabolic pathways can be 

programmed. Malnutrition - whether undernutrition or overnutrition - during this 

period can result in long-term effects on later health, so studies focusing on 

improving early-life nutrition have the potential to bring great benefit to 

individuals and populations, including reducing the risk of obesity, diabetes, 

cardiovascular diseases and cancers. However, there are many unanswered 

questions.  

 

I investigated the impact of dietary protein during the weaning (complementary 

feeding) period on infant growth and iron status. For many years, researchers 

studying this topic have generally focussed on either undernutrition or 

overnutrition. In high-income settings, most studies indicate that “too much” 

protein in early life is linked to overweight/obesity in older children and adults. 

By contrast, in resource-limited countries, researchers generally examine the 

effect of “too little” protein, both in terms of quantity and quality, on 

undernutrition. There has been little research to define the ideal amount and 

type of protein for infants in situations where both under and overnutrition 

coexist – so-called double burden malnutrition. I therefore investigated this 

issue in a population at risk of double-burden malnutrition in Northern 

Thailand. 

 

The key results from my study indicate that not only the amount, but also the 

type of protein plays an important role in infant growth. Higher consumption of 

protein from infant formula and cow’s milk was related to increased weight 

without affecting length gain. Protein from other animal sources (for example, 

eggs or meat) showed a smaller effect on weight gain, while there was no 

impact of plant-based protein. I also investigated underlying mechanisms 

linking dietary protein and infant growth. A high percentage of energy provided 

by dietary protein (%PE) from formula and cow’s milk was related to higher 
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plasma levels of branched-chain amino acids (BCAA) which stimulate 

secretion of growth factors, resulting in rapid weight gain. Other animal-based 

proteins had less effect on this pathway while plant-based protein had no effect 

found. Interestingly, higher %PE from breast milk was related to lower plasma 

BCAA, clearly supporting the continuation of breastfeeding beyond 6 months. 

My results also suggest that avoiding cow’s milk before 12 months and 

providing a tablespoon of liver three times per week could optimise both 

growth and iron status.  

 

To my knowledge, this is the first evidence from a middle-income country 

confirming the association between high protein intake in early life and rapid 

weight gain already reported in high-income settings. This study underscores 

distinctive effects of different protein sources on growth and provides 

supporting data on underlying mechanism. These key findings not only 

contribute novel information to this field of research but can also be applied to 

public health programmes, especially in countries where double burden 

malnutrition is prevalent.  
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Chapter 1  

 

Introduction 

 

 

In this first chapter of my thesis, I describe what inspired me to conduct my 

PhD project. As I had been working as a paediatrician and interested in the 

field of childhood nutrition for some time, I noticed that the prevalence of 

overweight and obesity in young children increased very rapidly while at the 

same time, I still gave a consult to many families who had toddlers who were 

underweight or had faltering growth. This paradoxical scenario was almost in 

equal measure during my practice. I wondered what was causing this 

phenomenon but did not find a convincing explanation. At that time, studies in 

Thai infants and young children mostly focused on either breastfeeding or 

micronutrient deficiencies while obesity was the most common research topic 

for older children and adults. Following discussions with my current 

supervisors and my colleagues in Thailand, I designed a cross-sectional study 

which gave some further ideas on issues related to the role of different dietary 

proteins during complementary feeding, contributing to the design of my 

prospective study.  

 

1.1 Background 

 

The double burden of malnutrition (DBM), the co-existence of under- and over-

nutrition that can take place whether in the same populations, households or 

individuals6, is an emerging public health concern in low- and middle-income 

countries (LMICs)7. A combination of under- and over-nutrition in early life may 

not only affect short-term growth and development but also has a significant 

impact on long-term health outcomes. A body of evidence demonstrates that 

the first thousand days of life, from conception to the second birthday, is a 

critical window for metabolic programming and several factors are involved in 

this process, particularly early life nutrition8. Therefore, encouraging healthy 

eating during this window of opportunity is considered as a promising way to 
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prevent later health problems such as obesity and obesity-related diseases. 

When focusing on a specific time frame, the transition from a solely liquid-

based diet to solid food during the so-called complementary feeding (CF) 

period is considered as the most challenging. During this time infants still grow 

rapidly, and breast milk alone can no longer provide adequate amounts of 

energy, protein, and other essential nutrients to meet the infant’s 

requirements. As a result, complementary foods have a vital role in promoting 

healthy growth and development, and have been suggested by the World 

Health Organisation (WHO)9 as a targeted double-duty action to ameliorate 

the DBM. 

 

In the context of complementary foods, dietary protein is one of the most 

important components. Protein is necessary to provide calories and essential 

amino acids (EAA) to promote somatic growth. In addition, protein-rich foods 

also contain many key micronutrients to fulfil nutritional gaps, for example, iron 

and zinc in red meat. According to existing evidence, protein restriction can 

lead to undernutrition ranging from severe forms such as kwashiorkor to mild 

forms of growth faltering, while over-consumption can contribute to overweight 

and obesity. Although the recommendations for total protein intake have 

existed for a very long time since 195710, there is currently insufficient data to 

make recommendations about what constitutes an appropriate proportion of 

different protein sources. Each source of dietary protein – animal-based (meat, 

dairy, egg, etc.) and plant-based (legumes, pulses, cereal, etc.) - has its 

distinctive amino acid composition as well as specifically dominant or limited 

micronutrients. Therefore, without consideration of protein quality, infants and 

young children may still be at risk of over- or undernutrition despite an 

adequate total protein intake.  

 

Furthermore, until now, there is no recommended upper limit of daily protein 

intake for infants and young children in LMICs11 even though the numbers of 

overweight/ obese children under five years of age in these populations is on 

the rise12. It should be noted that if high protein intake in early life may 

contribute to overweight/ obesity in western countries, this phenomenon can 

also happen elsewhere around the world. Particularly, in middle-income 
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countries where the dietary pattern has been westernised and the DBM is 

prevalent, research in this area would be helpful to optimise protein intake for 

those specific populations. The issue of “too much” protein in early life now 

needs more attention in LMICs. 

 

Thailand is a middle-income country where the DBM is apparent13, 14. 

According to the latest National Health Examination Survey (NHES), the 

prevalence of stunting is still unacceptable whilst the rate of overweight and 

obesity in younger children is rising15. In addition, the recent nutritional survey 

also reported that Thai infants and young children consume a higher amount 

of dietary protein than recommended16. Unfortunately, similar to the situation 

in LMICs, the issue of high protein intake in early life is overlooked by Thai 

authorities and researchers. Reliance on the old studies and the longstanding 

concept that Thai infants and children still consume low quality protein and are 

less likely to receive animal source foods (ASFs) in their diets can lead to 

ineffective interventions or nutritional programmes. Therefore, contemporary 

data is essential, and we need to consider issues related to protein intake from 

every aspect.  

 

The primary objectives of this research are therefore to investigate how the 

intake of different amounts and sources of dietary protein during the CF period 

influence the growth of Thai infants, and to investigate possible mechanisms 

underlying the effects of different protein sources (especially ASFs versus 

plant-based foods) on somatic growth. The research will specifically 

investigate whether, as suggested by some observational studies, dairy 

protein is more strongly associated with growth and adiposity than non-dairy 

animal-based protein (ABP) or plant-based protein (PBP). Moreover, the study 

will investigate potential mechanistic pathways through the growth hormone 

(GH)-Insulin-like growth factor 1 (IGF-1) and plasma amino acids. In addition 

to the primary outcomes, this study also investigates how various protein 

sources affect infant iron status, because iron deficiency (ID) and iron 

deficiency anaemia (IDA) are also the most common nutritional problem in this 

age group. 
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1.2 Overview of the thesis 
 

The organisation of this thesis is as follows: Chapter 2 provides 

comprehensive background information on the DBM, using Thailand as an 

example, and a literature review covering dietary protein in complementary 

foods, growth outcomes and mechanisms underlying their associations; 

issues requiring further research are also highlighted: Chapter 3 reports the 

key findings from a cross-sectional study and highlights how the results 

contributed to the design of the main longitudinal study: Chapter 4 presents 

the study hypotheses, research methodology and how I measured all 

outcomes for the main study; dietary assessment methods and the 

programme used to estimate nutrient intakes are also described in this 

chapter: Chapter 5 provides information on statistical analyses including 

sample size calculation, and the statistical techniques used in this study: 

Chapter 6 describes how I dealt with the dietary data gathered at three time 

points; agreement between two dietary assessing methods is also reported: 

Chapter 7: Results 1 reports the demographic data of infants and their family 

characteristics; prevalence of the DBM at all levels including individual, 

household and population: Chapter 7: Results 2 shows descriptive results 

including feeding practices and nutrient intakes during the CF period: Chapter 

7: Results 3 reports the main outcomes of the study starting by comparing the 

protein intake of Thai infants with the national recommendations; common 

sources of dietary protein during CF; the effect of different amounts of protein 

intake on growth outcomes; and the effect of different protein sources on 

growth outcomes: Chapter 7: Results 4 focuses on associations between 

dietary protein and iron intake and iron status of Thai infants; identifies dietary 

factors promoting normal iron status; and answers the question “do infants 

with normal iron status eat too much protein?”: Chapter 7: Results 5 shows 

the associations between protein intake and blood biomarkers including GH, 

IGF-1, Insulin-like growth factor binding protein 3 (IGFBP-3) and plasma 

amino acids: Finally, Chapter 8 summarises all key findings from Chapter 7, 

Results 1-5; discusses strengths and weakness of the research; and identifies 

the research implications for public health policy, clinical practices and future 

research.  
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Chapter 2  

 

Literature review 

 

 

This chapter is divided into 7 parts; 1) Addressing the DBM in Thailand; 2) 

Describing differences in dietary patterns and nutrient intakes between higher- 

and lower-income countries focusing on CF; 3) Describing differences 

between animal- and plant-based proteins; 4) Discussing how dietary protein 

may relate to the DBM; 5) Reviewing evidence for associations between 

dietary protein and growth and body composition of infants and children; 6) 

Reviewing evidence supporting an association between dietary protein, 

plasma amino acids and the GH-IGF axis. 7) Reviewing evidence on the role 

of epigenetics via microRNAs on growth mechanisms. 

 

2.1 The double burden of malnutrition in LMICs, using the current 

situation in Thailand as an example 

 

In 2016, the global prevalence of stunting in children under five years of age 

slightly decreased (21.7%; from 198 to 155 million) while the prevalence of 

overweight more rapidly increased (36.7%; from 30 to 41 million) compared to 

200017. Interestingly, both extremes of malnutrition can take place in the same 

population, in the same household or even in the same individuals, so-called 

stuntingoverweight 6, 18. Among the countries where the DBM is prevalent, 

Thailand may be a good example because, although the prevalence of acute 

severe protein energy malnutrition (PEM) and some micronutrient deficiencies 

(i.e., vitamin A and iodine deficiency) have been greatly improved, the 

prevalence of stunting and underweight has changed little since the 1990s 

while ID/ IDA is still a major public health problem13. In addition, overweight 

and obesity is constantly increasing in Thai children especially in early 

childhood14. 
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Data from Thai infants and children aged less than two years showed that the 

prevalence of stunting gradually accumulated by 6%, 6.9%, 9.5%, 14.6% and 

16.6% at birth, 6, 12, 18 and 24 months of age, respectively, but the peak 

incidence was at aged 6 months19. When focusing on childhood overweight/ 

obesity, the prevalence has continued to increase in pre-school children14. 

Recently, the fifth Thai Nutritional Health and Examination Survey (NHES) 

2014-515 reported that the prevalence of overweight/ obesity in pre-school 

children was 14.9 % compared to 13.2% in the previous NHES20. The most 

recent survey, the Multiple Indicator Cluster Survey (MICS) led by UNICEF in 

201921, demonstrated that percentages of all forms of malnutrition including 

stunting, wasting and overweight/ obesity in under-five children have 

increased around 4% since the previous survey in 201622.  

 

The DBM is not only found in urban families where westernized foods are more 

available, but it is also reported in suburban and rural communities. In 2013, 

the South East Asia Nutrition Survey (SEANUTS)16 reported that prevalence 

of undernutrition, overweight/ obesity in Thai children aged 6 to 36 months of 

age tended to be higher in rural households than in urban areas, however, 

these differences were not statistically significant (stunting 10.6 vs 6.4%; 

underweight 6.7 vs 2.5%; overweight 4.9 vs 3.1%; obesity 2.2 vs 1.1% in rural 

and urban, respectively). Following the SEANUTS, the latest NHES also 

showed that there was no significant difference in rates of malnutrition among 

under-fives who lived in municipal and non-municipal areas15. 

 

When considering other forms of undernutrition, micronutrient deficiencies, the 

results from the SEANUTS demonstrated that iron deficiency was the main 

issue showing a high prevalence across all age groups of Thai children (6 

months to 12.9 years old)16. Apart from iron, two studies reported that 25% of 

infants aged 4-6 months and 57% of school age children had serum Zinc below 

the sufficient level23. In addition, other micronutrients including calcium and 

vitamin D are currently becoming of more concern in Thailand24.  

 

Taken together, the body of evidence supports the existence of the DBM in 

both urban and rural areas of Thailand. This suggests that the habitual diet 
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and feeding practices among Thai families, especially for infants and young 

children, are sub-optimal and should be addressed.  

 

2.2 Dietary patterns and nutrient intakes of infants and young children  

 

The CF period is the most challenging and critical period of the first few years 

of life. At this time, infants are still growing rapidly while their primary diet, 

breast milk, cannot fulfil their nutrient requirements alone. During the transition 

from a solely liquid-based diet to family solid foods, multiple nutritional 

problems can arise if ‘inappropriate’ or ‘inadequate’ feeding practices are 

used. Energy and protein intakes that are mismatched to requirements can 

result in either under- or overnutrition. Likewise, micronutrient gaps might 

widen and affect both short- and long-term health outcomes if complementary 

foods provide ‘suboptimal’ amounts of those essential micronutrients. 

Therefore, tracking of dietary patterns and feeding practices during the CF 

period could be beneficial and may provide important clues on how best to 

overcome the DBM effectively. 

 

Diets in high-income countries usually include a wide variety of foods from 

animal sources which make up most of the protein in Western style diets25.  

Conversely, the coverage of animal source foods in developing regions is 

lower. Sixty to seventy per cent of the total daily protein intake in high-income 

countries comes from animal sources in contrast to only 20-40% in developing 

regions26. Unsurprisingly, these dietary patterns are also reflected in the CF 

practices. Studies from the United States and European countries found that 

ASFs, especially milk and dairy products, are major sources of dietary protein 

which covered 70-80% of total protein intake of infants aged 6 to 12 months 

while meats became more common than dairy intake in the second year of 

life27, 28.  

 

On the other hand, in lower-income settings, the introduction of dairy foods, 

meat and other ASFs during the CF period is usually delayed or they are 

offered less frequently because staple diets are commonly based on cereals 

or plant-based13, 29, 30. In 1998, Gibson et al31 reported that complementary 
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foods consumed by infants aged 9 to 11 months in developing countries 

including Thailand mainly relied on cereals and plant-based foods and 

contained only small amounts of dairy products and ASFs. A decade later, the 

4th NHES 2008-932 reported that “dairy products” provided slightly more energy 

(30%) for children aged 1-3 years compared with “grains and starchy products” 

(27%) and “meat, poultry and meat products” (14%). Regarding dietary 

protein, this survey reported that more than 90% of preschool children 

consume more dietary protein than the Thai recommendations. In addition, 

when considering protein sources, “dairy products” were a primary source 

providing around 33% of protein intake, followed by “meat, poultry and meat 

products” (21%) and “grains and starchy products” (14%). In total, combined 

ASFs (i.e., dairy, meats, eggs, fish and seafood) made up around 70% of 

protein consumption in the Thai children aged 1-3 years. According to the 4th 

NHES 2008-9, we can assume that the dietary pattern of Thai children is now 

changing toward a western pattern. However, there is no up-to-date study 

demonstrating energy and nutrient intakes during the CF period in Thai infants. 

 

At present, there is only one study from a neighbouring country that might be 

representative of the current situation in Thailand. Similar to Thailand, 

Indonesia is now facing a socioeconomic transformation and the DBM is highly 

prevalent in the population especially in young children33.  Diana et al34 

showed that breastfed infants aged 9 and 12 months consumed higher 

amounts of total protein from complementary foods than the national 

recommendation while delaying introduction of ASF was still common practice 

(<10% of infants received ASF at 6 months of age). However, the use of ASFs 

rapidly increased to 68.4 and 86.6%, at 9 and 12 months of age respectively. 

Protein intake from different sources was not reported in this study.  

 

When focusing on nutrient intakes, data from the Sustainable Micronutrient 

Interventions to control Deficiencies and Improve Nutritional Status and 

General Health in Asia (SMILING) project showed that habitual diets of infants 

and young children aged 6 to 23 months who lived in five countries of South-

East Asia (e.g., Thailand, Vietnam, Indonesia, Cambodia and Lao’s PDR) 

were deficient in many micronutrients, especially iron, zinc and calcium35.    
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In contrast to micronutrients, the survey reported that energy and protein 

intake during the CF period were acceptable in those countries.  

 
Taken together, the aforementioned studies demonstrate that dietary patterns 

during the CF period are quite different between high- and low-income 

settings. Notably, for some LMICs where the DBM is highly prevalent, the 

dietary pattern seems to be westernised to some degree. In this specific 

circumstance ASFs, especially dairy products and meats, are the major 

contributors of energy and protein intake. However, in the same population, 

concerns that poor-quality protein from plant-based foods might provide 

inadequate amounts of problematic micronutrients, contributing to a high 

prevalence of ID/ IDA and other micronutrient deficiencies, might lead to the 

promotion of greater consumption of ASFs. This paradoxical scenario has 

raised an interesting issue (Figure 2.1). What would happen to young children 

who already consume ASFs as a main food source, if recommendations and 

public health programmes move towards encouraging more ASFs to reduce 

the burden from micronutrient deficiencies. It seems that “dietary protein” is a 

main focus of this issue, but it is impossible to find the best solution for this 

conflict without understanding the differences between ABP and PBP and how 

they affect growth/ nutritional status. 

 
Figure 2.1 The paradoxical scenario in LMICs countries facing the DBM 
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2.3 Dietary protein and differences between animal- and plant-based 

protein 

 

When compared with other components in complementary foods, protein is 

the nutrient whose intake increases the most. The %PE increases from about 

5 to 15% when exclusively breastfed infants are introduced to complementary 

foods36. Apart from the noticeable change in quantity, infants are also exposed 

to a great variety of new dietary proteins such as cow’s milk, meats, eggs, 

cereals, grains, legumes and so on. Similar to the major food sources, dietary 

protein also has been divided into two main sources, ABP and PBP. 

 

At present, the best indicator of protein quality is still debated. However, the 

protein-digestibility-corrected amino acid score (PDCAAS) is one of the 

indicators commonly used. Generally, this score depends on the limiting EAA 

(mg/g protein) divided by the requirement for this amino acid and corrected for 

digestibility37. Overall, with PDCAAS truncated to 100% the value of proteins 

is in the order: ABP (meats, milk, eggs) ≥ legume (soya) proteins > cereal 

proteins (rice, wheat)38. The percentage of true digestibility of ABP is roughly 

around 95% while cereal-based proteins (e.g., rice, maize and wheat) have 

lower true digestibility of 85-88%38. Although soya protein has the highest true 

digestibility (91%) and PDCAAS among all PBP, it still has limiting amino 

acids, namely methionine and cysteine. When consider the proportion of 

protein per weight unit of food, amino acid composition and EAA content varies 

between ABP and PBP38. Less ABP is needed to meet protein requirements 

compared with PBP. While ABP provide the full complement of EAA, almost 

all types of PBP are deficient in some, especially lysine, methionine, threonine 

and tryptophan26. Furthermore, leucine, which has important effects on 

somatic growth is also found predominantly in ABP39.  

 

Beyond the amino acid pattern and the issue of EAA composition, another 

crucial element which differs between protein sources is the micronutrient 

content. Among all problematic micronutrients, iron is the most important 

mineral that is deficient in the diet of infants across the world. Iron stores at 

the time of birth in full term infants can cover iron needs only for 4 to 6 months. 
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Therefore, complementary feeding is essential to provide dietary iron and 

bridge this deficit.  To support rapid growth and the doubling of blood volume 

from 4 to 12 months of age, the requirements of exogenous iron from the diet 

are higher than at any other time in life on a body weight basis40. In addition, 

ID with or without anaemia causes adverse outcomes in both the short- and 

long-term. Neurological development can be permanently affected even if the 

deficient state or anaemia is treated.  

 

In comparison with non-haem iron in PBP, the bioavailability of haem iron, the 

major form of iron in ABP, is superior and its absorption is less inhibited by 

other minerals or foods. In addition, the high percentage of mineral inhibitors 

such as phytic acid and fibre in plant-based foods may also decrease iron 

absorption41. For these reasons, the WHO and many guidelines recommend 

the introduction of ASFs in particular red meat during the CF period to meet 

the iron gap alongside the promotion of breastfeeding. However, in some 

countries, iron-/ multiple micronutrient-fortified baby foods and/ or universal 

iron supplementation have been introduced in an attempt to reduce the 

prevalence of iron deficiency and iron deficiency anaemia in this age group. 

 

There is evidence from both observational studies and randomised-controlled 

trials (RCTs) on the impact of meat on iron status. Recently, a cross-sectional 

study in South Korean children aged 8 to 15 months found that inadequate red 

meat intake increased the odds ratio (OR) of iron deficiency after adjusting for 

other confounders (OR 1.7; 95% confidence interval (CI) 1.0-2.7)42. 

Interestingly, giving nutritional messages encouraging meat consumption at 6 

months of age also showed a positive effect on haemoglobin and haematocrit 

at 12 months of age in Colombian infants43. In addition, red meat is not the 

only protein source which might have beneficial effects on iron status. An RCT 

conducted in Cambodian infants also found that infants consuming food 

combined with small fish and edible spiders had no differences in plasma 

ferritin, soluble transferrin receptor and haemoglobin when compared with 

infants receiving iron fortified corn-soy blend products44. More clinical trials 

also reported that infants consuming “higher” amounts of meat during the CF 

period had favourable levels of haemoglobin concentration compared to those 
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with “lower” intakes45, 46. However, only one RCT found that there was an 

increased risk of developing marginal iron status in breastfed infants who 

received a “lower” amount of meat in take in the second half of infancy46. The 

other RCT did not find significant differences in iron status between groups45.  

 

It would be unethical to perform an RCT comparing iron status in infants who 

receive ASFs and non-fortified plant-based foods because a superior effect of 

meat would be expected. Nevertheless, many RCTs show similar results in 

term of iron status and haemoglobin concentration between a meat group and 

a fortified cereal group44, 47-49. Noticeably, Qasem and colleagues47 reported 

that infants who were randomized to receive iron-fortified cereal had almost 

seven times higher iron intake compared to infants in the meat puree group. 

Unsurprisingly, the cereal group also had significantly higher faecal iron in the 

stool, which was considered as unabsorbed iron, compared to the meat puree 

group.  As free iron is a high potency oxidant causing intense inflammation, 

this finding should be highlighted. Although this study found faecal reactive 

oxygen species and faecal calprotectin (as markers of oxidative stress) were 

not significantly different between the fortified cereal and meat puree group, it 

should be noted that gut microbiota differed significantly between these 

groups. In addition to this study, Krebs at al 49 also reported that infants who 

received pureed meat had more butyrate-producing Clostridium bacteria than 

the group which was randomized to consume iron-fortified cereal. Butyrate is 

a short-chain fatty acid providing energy to colonocytes and maintains 

physiological functions in colon. A RCT conducted in Sweden reported that 

iron sufficient infants randomly allocated to receive ferrous sulfate drops (6.6 

mg Fe/day) for 45 days had lower abundance of probiotics, Lactobacillus sp. 

and Streptococcus, but higher abundance of Clostridium and Bacteriodes 

compared with infants receiving a high-iron-fortified formula with prebiotic, 

galacto-oligosaccharides. Moreover, faecal calprotectin indicating intestinal 

inflammation was also positively correlated with Clostridium difficile in both 

high-iron-fortified formula and iron supplement groups50. Although the clinical 

significance of these findings is currently unclear, this issue needs to be 

considered and further investigated. Globally, single or multiple-micronutrient-

fortification seems to be an attractive option to fulfil nutritional gaps in many 
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countries. However, if such strategies may have an effect on gut microbiota, 

this may be of concern. 

 

Apart from the differences discussed above, each protein source also has a 

different impact on biological functions associated with the supply of nitrogen 

and amino acids in the body38. Scientific evidence indicates an impact of 

dietary protein on growth during early life through one of the major regulators 

of growth regulation, the mammalian target of rapamycin (mTOR)51. From this 

perspective, it is important to investigate associations between dietary protein 

during the weaning period and growth in early life which may be relevant for 

initiatives targeting childhood malnutrition.  

 

2.4 Emerging topics related to dietary protein in complementary foods: 

a chance to reduce the double burden of malnutrition   

 

Although dietary protein is needed to support healthy growth, in the context of 

complementary foods this topic has received less attention when compared to 

micronutrient problems. Since the mid-1970s, the role of protein intake in 

nutritional interventions has been overlooked due to an assumption that 

children living in developing countries consumed adequate amounts of 

protein10.   Deficiencies of dietary protein and amino acids contribute to growth 

faltering or, in a more severe form, kwashiorkor. However, after improving 

education, food availability, food safety, basic sanitation and primary health 

care, the prevalence of PEM is now lower than in the past. As a result, dietary 

protein has been less emphasized as a major concern for infants and young 

children.  

 

In recent years, much of the focus on improving growth in lower income 

settings has been on improving micronutrient intake and status. Although a 

systematic review focusing on interventions during the CF period in LMICs 

found that provision of micronutrient-fortified foods/ supplementation markedly 

increased the intake of relevant micronutrients, the effect on growth outcomes 

was still less than expected52. These findings suggest that improving 

micronutrient intake is not the only factor needed to improve growth in early 
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life. Other components in complementary foods might also play this role and 

need to be highlighted. Given the discussion in the previous section, it is timely 

to reconsider “dietary protein” as a potential factor to prevent all forms of 

malnutrition. 

 
Evidence of a possible link between dietary protein and undernutrition 

 
It is well-established that protein deficiency results in mild to severe forms of 

acute PEM, kwashiorkor, therefore in this section I will focus on the possible 

link between dietary protein and stunting, a chronic form of undernutrition, in 

which the role of protein is still unclear.  Although many factors can contribute 

to stunting, there are several scientific studies demonstrating a link to dietary 

protein. A study in a Thai population showed that stunted children consumed 

slightly higher dietary protein than a non-stunted group (median intake 1.78 vs 

1.68 g/kg/day, respectively) but the intake of ABP in the stunted children was 

less than that in the non-stunted group (median intake 18 vs 21.3 g/day, 

respectively)53. However, the results might not reflect consumption during the 

CF period as this study was conducted in school age children. Furthermore, 

diet was assessed cross-sectionally and therefore prospective associations of 

diet with growth could not be considered.  

 
Interestingly, Sari et al54 gathered national data from 1999 to 2003 and 

reported that the prevalence of stunting in Indonesian children aged 0 to 59 

months (n > 500,000 from 40,000 households) was negatively associated with 

the household expenditure on ASFs (i.e., milk, meats, eggs), while a positive 

association was observed in the household expenditure for grains (i.e., rice 

and other staples) in both rural and urban poor areas (figure 2.2). It could be 

assumed that a higher expenditure reflects a higher consumption. Therefore, 

these outcomes might be alternatively interpreted as showing that higher 

consumption of ASFs was associated with reduced stunting while higher 

intake of grains/ cereals showed the opposite trends. Overall prevalence of 

stunting in this population ranged between 30-48.1% in rural and 30.1-41.6% 

in the urban poor area. Although this evidence did not directly indicate the role 

of dietary protein in stunted children, it has underscored the different impact of 

ASFs and plant-based foods on this outcome. 
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Figure 2.2 Comparison of the associations between rate of stunting and the 

household expenditure (Q1 – lowest, Q5 - highest) for different food sources54 

 

 

 

 

 

Corresponding to the previous studies, Semba and colleagues55 also showed 

a possible link between dietary protein and stunting. They reported that among 

children aged 12 to 59 months who lived in rural Malawi, 62% were stunted 

and had lower EAA in their plasma compared with those who were non-

stunted. In addition, among 20 serum metabolites with the most significant 

correlation, the results showed that all branched-chain amino acids (BCAA) 

including leucine, isoleucine and valine as well as the amino acids limited in 

PBP (e.g., threonine, tryptophan, methionine, and lysine) were positively 
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correlated with height-for-age z-score (HAZ). As EAA only come from food, it 

can be assumed that dietary protein may be a ‘missing piece’ and might be a 

key intervention to prevent stunting. However, further study is needed to 

support this assumption.  

 

Evidence of a possible link between dietary protein and overnutrition 

 
Convincing evidence also highlights the association between dietary protein 

and childhood overweight and obesity56. Since the mid-1990s, dietary protein 

has been considered as a significant growth promoting factor, and evidence 

from developed country settings emphasizes that “high protein intake” may be 

associated with more rapid growth in early life and this impact may be long 

lasting through adulthood57. For example, an observational study reported that 

every 10 g higher protein intake at 12 months old was associated with a 0.05 

standard deviation scores (SDS) higher in body mass index (BMI) at 6 years 

old58. Furthermore, there is robust evidence from a large RCT conducted in 

five European countries which showed that infants who received high protein 

formula during first year of life had higher BMI at 2 and 6 years old compared 

with infant formula containing lower protein or breastfeeding as a control 

group59, 60. Among the different sources of dietary protein, dairy protein has 

the strongest impact on infant and young child growth followed by a more 

modest effect of other animal-based proteins such as meats and egg61. 

However, evidence for the source of protein that has the most effect during 

the CF period is limited and more research warranted. In a global context, 

there is no evidence of an association between high protein intake and rapid 

growth in low- and middle-income countries61. 

 

Taken together, for countries facing the DBM, there is some evidence that 

dietary protein in complementary foods could be a key factor to overcome both 

under- and over-nutrition in young children. Future research should investigate 

not only the amount of protein intake related to growth outcomes but also the 

source of dietary protein, ideally using rigorous dietary assessment methods. 

It cannot be assumed that a high intake of PBP will affect infant and young 

child growth in the same way as ABP. Furthermore, as the prevalence of 
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overweight/ obesity in children aged under five has constantly escalated in 

LMICs, we cannot ignore the fact that a high protein intake in early life might 

be contributing to this problem. Therefore, both “too little (amount & quality)” 

and “too much” protein intake should be addressed in equal measure for 

countries facing the DBM. To explain why each protein source has a different 

impact on nutritional status, it is necessary to understand their impacts on 

growth and body composition.      

 

2.5 Impact of different protein sources on growth and body composition 

 

Growth differences between vegan, vegetarian and omnivorous children are a 

proxy to investigate the effect of different protein sources. Studies report that 

children who are vegan tend to be ‘leaner’ and ‘shorter’ than omnivorous and 

other type of vegetarian peers62-64. However, these are observational studies 

and there are many differences between vegan/ vegetarian and omnivorous 

children which need to be considered as confounders. In the general 

population, studies that investigate how different sources of dietary protein 

influence infant and child growth fall into two main groups. The first group 

comes from low-income regions where an association between protein source 

and undernutrition (stunting, wasting, underweight and micronutrient 

deficiencies) is targeted. The other group consists of studies conducted in 

high-income settings where the association between high protein intake and 

risk of overweight and obesity has been widely investigated.  

 

From the first perspective, there are many observational studies and RCTs 

attempting to clarify the effect of different protein sources on linear growth and 

weight gain in low-income settings. In some observational studies, intake of 

animal-based protein during the CF period is significantly associated with 

improvement of linear growth and weight gain in infants and young children65-

67. The consumption of meat is associated with a reduced risk of stunting, by 

36%, after adjusting for other confounding factors67. However, a study in 

Central and South African children aged 12 to 36 months found that only milk 

intake had consistently positive correlations with HAZ in seven countries while 

meat and egg intake was associated with linear growth in only one country68. 
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For the CF trials, a RCT conducted in rural China, Tang and colleagues 

showed a beneficial effect of adding 60 g/day of meat to the usual diet for a 

year. The final analysis showed that the intake of animal-based protein was 

doubled in the meat group (average intake 16 ± 9 vs 10 ± 8 g/day in meat and 

control group, respectively) and this group showed a positive effect on change 

in length-for-age z-score (LAZ) and increased length69. In addition, two RCTs 

provided dietary proteins from animal sources that were available in their 

countries; the results showed favourable effects on weight gain and linear 

growth if egg was given70, while small fish and edible insects were not 

effective44.  

 

On the other hand, large RCTs conducted in multiple developing countries in 

Africa and South Asia found that there were no differences in any growth 

parameters at 12 and 18 months of age between groups of infants who had 

been receiving lyophilized beef since 6 months of age compared with those 

who consumed a micronutrient-fortified rice-soy cereal. Unexpectedly, the 

percentage of stunting increased from 33% to 50% at 12 and 18 months, 

respectively71. Instead of providing food as an intervention, Olaya et al43 

conducted a RCT using simple messages provided to the children’s caregivers 

when they started complementary foods at 6 months. The message, “offer 

meat at least 3 times a week along with continued breastfeeding and daily 

intake of fruits and vegetables”, was successful in increasing meat intake and 

improving haemoglobin but again there was no effect on growth parameters.  

In conclusion, although ABP, especially dairy protein, tend to favour linear 

growth and weight gain, results from LMICs are inconsistent44, 71-73. To 

understand the actual effect of ABP on growth in children living in lower-

income settings, issues specific to each country such as dietary pattern, food 

security, local feeding practices, basic sanitation, and other malnutrition-

related factors should be considered.  

 

When focusing on the second perspective, the majority of studies from 

western countries demonstrate associations between higher protein intake 

and rapid weight gain, altered body composition as well as risk of obesity. 

Several studies found that higher intake of ABP during the CF period was 
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associated with significantly higher weight gain and BMI in pre-school and 

school age children compared with lower intake or plant-based diets72-75. 

Gunther and colleagues73 reported that dairy protein intake at 12 months old 

was positively associated with percentage of body fat at 7 years old, but there 

was no significant effect of meat and cereal protein intake.  

 

For linear growth, a cross-sectional study in Danish children reported that high 

milk intake was associated with greater length in toddlers. Within the group of 

ABP, different impacts on growth were observed between dairy products and 

others (i.e., red meat, poultry, and egg) while there was no effect of plant-

based protein on growth76. To investigate causality, three RCTs were 

conducted in the United States and Canada.  Only one study, by Tang and 

colleagues77 found that the infants who were given beef puree (versus fortified 

cereal) as the first complementary food had greater changes in length-for-age 

z-score (LAZ) and weight-for-age z-score (WAZ) at 9 months of age, although 

weight-for-length z-score (WLZ) was not different. In the other RCTs, there 

was no growth difference between animal-based and fortified-cereal-based 

groups47, 78. However, the periods of intervention were shorter in these last two 

studies (only 1 to 2 months compared to approximately 4 months in Tang et 

al69). Therefore, for western populations, although ABP introduced during 

weaning may have the potential to promote rapid growth and affect body 

composition, it is unclear whether this applies to all ABP or only dairy protein. 

Evidence that non-dairy ABP induces rapid growth or increase body fatness is 

still inconclusive. 

    

Taken together, evidence from both perspectives indicates that ABP 

particularly dairy protein may provide both beneficial and negative impacts on 

infant and child growth. However, the important question of how to optimise 

growth by offering ABP without promoting ‘excessive’ growth is still unknown 

especially for the populations manifesting both under- and overnutrition. 

Regarding recommendations for protein intake, the “safe levels” have been 

well-established and revisited in all dietary guidelines for many years while the 

“upper limits” for protein consumption have been provided more recently and 

only for infants and young children living in western countries4, 79-81.  
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For LMICs, this issue has never been raised despite increasing overweight/ 

obesity in toddlers and preschool children. Therefore, more studies related to 

high protein intake and risk of overweight/ obesity in LMICs are needed. 

Furthermore, scientific knowledge explaining the association between dietary 

protein and growth through human biology and physiology is also required. In 

order to provide effective interventions, we need to understand the underlying 

mechanisms that can explain clinical outcomes. 

 

2.6 Possible mechanisms linking dietary protein and somatic growth 

through plasma amino acids and the GH-IGF axis 

 

It is known that several nutrients directly influence growth during the first year 

of life while growth hormone and genetic factors increase their roles after that 

period. However, the GH–IGF axis is still strongly modulated by nutritional 

signals82. GH is essential for normal balanced somatic growth from birth to 

adult stature. In studies using malnutrition as a model, intake of adequate 

dietary protein and calories is critical to restore serum IGF-1 after fasting83. 

Amino acids are the most important component of dietary protein for growth 

and are associated with IGF and insulin secretion. Convincing evidence from 

in vitro and in vivo studies shows that several amino acids, but especially 

BCAAs, are potent stimulators84-88.  

 

Based on a body of evidence, “the Early Protein Hypothesis” was proposed, 

suggesting that higher protein intake during early life results in rapid growth 

and increased risk of childhood obesity or even metabolic diseases in adults57. 

Supporting evidence for this hypothesis was obtained from a large, multi-

centre RCT performed in five European countries, the Childhood Obesity 

Project (CHOP). The results from this study indicate that infants who are fed 

with high protein infant formula during first year of life have higher BMI Z-

scores and increases of serum BCAA, IGF-1 and urinary C-peptide 

(representing insulin synthesis) compared with breastfed infants and infants 

fed with lower protein formula59, 60, 89.  Focussing on protein from unfortified 

cow’s milk, a non-randomized trial was performed in Danish boys aged 8 years 

old. At the same protein intake (approximately 53 g/day), boys who consumed 
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1.5 L of milk daily had higher serum IGF-1, Insulin-like growth factor binding 

protein (IGF-BP) 3 and double the increase of fasting serum insulin when 

compared to the meat group. However, this study had many limitations 

including small sample size, short intervention (7 days), lack of a control group 

and non-randomization90. 

 

In the context of complementary feeding, Hoppe et al76 reported a positive 

correlation between serum IGF-1 and animal-based protein intake in children 

aged 2.5 years. However, when separating sources of dietary protein, again, 

only milk was significantly associated with serum IGF-1 concentrations 

whereas meat and plant-based protein had no such association. In contrast, a 

RCT conducted in the United States showed conflicting results. Tang and 

colleagues77 did not find any differences in serum IGF-1, IGF-BP3 as well as 

other obesity-related biomarkers in 9M infants who had received the diet 

interventions, meat puree or iron-fortified cereal since they were about 5 

months of age. Surprisingly, these findings did not correspond to the 

favourable outcomes on WAZ and LAZ in the meat group however, the small 

sample size might be considered as an important limitation in this study. 

Interestingly, while ABP may promote growth by inducing the GH-IGF axis, a 

correlation between plant-based proteins and serum IGF-1 has not been 

reported.74, 76, 77, 91 

 

Fourteen percent of the amino acids in whey protein are leucine, a potent 

stimulator of IGF-1 secretion, compared to only 8% of the amino acids in meat 

protein; this is the highest concentration among dietary protein sources92. In 

addition, when compared with PBP, the EAA especially BCAA are higher in 

most animal sources while the PBP contain more non-essential amino acids 

(non-EAA) but have limited amounts of some essential ones93. In order to 

avoid a lack of EAA especially for young children requiring higher amounts of 

EAA compared with older children, it is necessary to use a great variety of 

PBP94. From these distinct characteristics, the impact on the GH-IGF axis 

would be expected to differ for ABP and PBP. 
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There are several studies demonstrating gender differences in the 

associations between protein intake and the GH-IGF axis. For example, 

Joslowski et al91 and Thorisdottir et al74 found that intake of ABP had a different 

impact on IGF-1 in boys and girls. The study also reported that boys who 

habitually consumed more ABP when they were 6 to 24 months of age had 

significantly ‘lower serum IGF-1’ when they reached pre-pubertal age91. This 

effect was not found in girls.  According to Thorisdottir et al74, serum IGF-1 at 

6 years of age was positively associated with intake of dairy protein during 

infancy but only in female participants.  

 

From current evidence, dietary protein may influence infant growth by two 

possible mechanisms mediated by key amino acids. The first mechanism may 

occur by stimulating IGF-1 and insulin secretion while the other promotes 

somatic growth through sending direct signals to mTOR. The mTOR is a 

central regulator of cellular metabolism, growth, proliferation and survival by 

complex signalling cascades that is directly stimulated by amino acids95. Of all 

amino acids, mTOR is most sensitive to leucine, arginine and glutamine96, 97 

Understanding the linkage between dietary protein and these two mechanisms 

would be an important basis for dietary protein recommendations for infant 

and young children. 

 

2.7 Possible mechanisms linking dietary protein and somatic growth: 

mTOR pathway and microRNAs 

 

In brief, the mTOR is a conserved serine/ threonine protein kinase that plays 

a critical role as a principal conductor of metabolism, growth, cell proliferation 

and aging through the life cycle. Although there are two specific complex forms 

of mTOR called mTOR complex 1 (mTORC1) and mTOR complex 2 

(mTORC2), the mTORC1 is the master controller of cellular growth and 

metabolism98. The inputs from diverse environmental and nutritional cues can 

activate or inhibit the mTORC1 signal and subsequently regulate multiple 

pathways of central and peripheral organ targets. Similar to mTOR, 

microRNAs have a wide range of functions in the cell cycle including 

proliferation, differentiation, apoptosis and autography99. Moreover, a growing 
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body of evidence has shown a close relationship between them and the mTOR 

pathway in most cancer types, many other diseases and under physiological 

conditions100, 101. This interplay is necessary for fine tuning of diverse cellular 

functions as well as the epigenetic changes corresponding to both intrinsic and 

extrinsic exposures101, 102. MicroRNAs are present in both target organs and 

several extracellular fluids. Weber et al103 found that twelve sources of body 

fluids contain several microRNAs, including breast milk and plasma. 

Moreover, because they are carried by extracellular vesicles, exosomes, they 

are remarkably stable from freezing-thawing cycles and resist the 

ribonuclease enzyme102. There is increasing interest in the role of microRNAs 

as novel, simple and highly sensitive biomarkers for diagnosis, prognostic 

prediction, adjunctive therapy and investigation of epigenetic mechanisms104, 

105. 

 

The microRNAs are a class of short (18-22 nucleotides) non-coding RNAs that 

regulate the expression of a wide variety of genes by silencing targeted 

messenger RNAs (mRNAs), so-called post-transcriptional translation106. 

Accumulating evidence indicates that microRNAs participate in tissue 

crosstalk through intracellular and extracellular molecules and could control 

the expression of other cross-talk molecules. At the same time, microRNAs 

per se might be regulated by those molecules as well107. 

 

From current evidence, there is a high possibility that microRNAs also play a 

major role in the regulation of somatic growth. Several studies reveal that 

various types of microRNAs can influence body growth through controlling 

longitudinal bone growth, the GH-IGF axis and a growth-limiting genetic 

program108. In an animal model, miR-140 knockout mice had a significantly 

shorter tibia length when compared to wild type. In particular, if microRNA let-

7 was also suppressed, the reduction of bone length and body size were more 

severe109. According to recent studies, there are other microRNAs such as 

miR-199a, miR-145 and miR-675 that may affect bone development by 

regulating chondrocyte differentiation108. 
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Studies demonstrate that some microRNAs in maternal blood are associated 

with the birth weight of the offspring110. Furthermore, emerging evidence also 

suggests that many microRNAs found in placental tissue are significantly 

related to pregnancy outcomes, for example, an association between miR17-

92 cluster and macrosomia111. Moving to the post-natal period, interesting 

evidence suggests that there are a huge number of microRNAs in human 

milk112, 113. Recently, an in vitro study reported that human milk microRNAs in 

exosomes can pass through the gastrointestinal tract without deterioration and 

are taken up by human intestinal cells114. It can be hypothesised that the 

diverse microRNAs would affect several physiological functions including post-

natal growth as well as transferring messages from mother to baby. However, 

the role of microRNAs in breast milk is currently speculative and more 

information is still needed.  

 

Given that some ASFs, such as egg and milk, are basically growth products 

designed to promote species-specific growth during embryogenesis and 

infancy, it might be expected that these transfer many growth factors and 

genetic-related components from mother to offspring. This may explain why 

consumption of these foods could affect human growth. However, further 

study is needed to develop this theoretical idea.   Although there are various 

factors which may influence the biogenesis of microRNAs, nutritional factors 

are expected to play a crucial role. Emerging evidence proposes that mature 

microRNAs might be synthesized endogenously or obtained from food 

sources such as breast milk109. Dietary compounds per se may alter the 

expression of endogenous microRNAs115, 116. The results from in vitro and 

animal studies reveal that administration or restriction of macro- or 

micronutrients has a significant impact on the expression of microRNAs117. For 

example, a study showed that supplementation of EAAs including BCAAs was 

associated with increasing levels of microRNAs-1 and microRNA-206 in 

skeletal muscle118. 

 

When focusing on different sources of dietary protein and their impact on 

microRNA profiles, surprisingly, only one study performed in healthy adults 

was found. Tarallo and colleagues119 demonstrated significant increases of 
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miR-92a expression in stools and plasma of vegan individuals compared with 

vegetarian participants, with the lowest values in omnivores. Interestingly, the 

miR-92a in both stools and plasma was also associated with lower BMI. In 

addition, more specific dietary sources such as cheeses and dairy 

consumption showed a strongly negative correlation to miR-92a in both 

samples while intake of meat, processed meat and fish was also inversely 

related to miR-92a but only in plasma. In stool samples, miR-16 and miR-21 

were associated with meat and fish intake in an opposite direction compared 

to vegetable consumption. Although other microRNAs did not show consistent 

or similar tends in stool and plasma, this is the first evidence showing a 

correlation between different protein sources in the diet and microRNA 

expression in humans.  

 

To my best knowledge, there is no study reporting an association between 

different sources of dietary protein and their impacts on expression of 

microRNAs in the context of complementary feeding. Despite increasing 

research on microRNAs in breast milk, it is still not clear whether or how 

microRNAs influence infant growth and epigenetic changes in infants120.  

 

In summary, this literature review has shown that Thailand could be 

considered representative of LMICs facing the DBM particularly in younger 

populations. The relevant issues of dietary protein during the CF period are 

also highlighted and discussed in this review. However, results are 

inconclusive for some issues. Figure 2.3 is an infographic summarising what 

was discussed in this chapter.  

 

The following chapter will present detailed information and results from my 

observational study that contributed to the design of my prospective study.  
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Figure 2.3 Summary of the literature review 
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Chapter 3 

 

A cross-sectional study investigating parental  

practices related to complementary feeding in Thailand  

 

 

Some data presented in this chapter have been published as “Complementary 

feeding: Attitudes, knowledge and practices of urban families in northern 

Thailand” in journal “Nutrition and Dietetics” volume 76, issue 1 page 57-66 in 

2019121. I was the principal investigator for this study. I designed the 

questionnaire used in the study with help from my supervisors. I also entered 

the research data, performed the statistical analyses and wrote the 

manuscript. 

 

Based on the literature review in the previous chapter, I conducted an 

observational study exploring common feeding practices during the CF period 

among Thai families living in Chiang Mai as a target population for my PhD 

research. Before I started this cross-sectional study, I had read the relevant 

studies about CF aiming to define the most appropriate intervention that could 

be used in a prospective RCT aiming to improve CF practices. At that time, 

there was no recent report of complementary feeding practices among Thai 

infants and young children. Although the national surveys in Thailand regularly 

reported prevalence of malnutrition, breastfeeding rate and age of introduction 

of CF, they did not provide any information about dietary intakes, common 

food sources or nutrient intakes during the CF period. Moreover, studies in 

infants and young children at that time were more likely to focus on 

micronutrient deficiency, especially iron deficiency, than on dietary intakes in 

general. I also noticed that macronutrients were generally overlooked, despite 

the national survey reporting an increasing prevalence of overweight/ obesity 

in young children15 which might be associated with high protein intake during 

the CF period. Overall, I concluded that I did not have sufficient evidence to 

design an appropriate CF intervention for my target population.  
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As a result, I decided to conduct a cross-sectional study to identify the most 

problematic issues during the CF period that could be the target of a future 

nutritional intervention for this population. At that time, I assumed that Thai 

infants and young children might consume too little dietary protein from ASFs 

due to the high prevalence of ID/ IDA. In addition, the SMILING project also 

reported that intakes of iron, zinc, calcium and other micronutrients from 

complementary foods in 5 South East Asian countries including Thailand were 

inadequate for infants and young children35. Following the results from the 

SMILING project, the Thai authorities were quite keen to promote the idea of 

adding more ASFs, especially red meat, liver, and other iron-rich ASFs to 

overcome these micronutrient deficiencies.  

 

In the next paragraphs I describe the cross-sectional study, including 

background, research methodology, key findings, discussion, and conclusion. 

 

3.1 Background 

 

There is very little information on current feeding practices particularly in terms 

of what sources of dietary protein are provided to Thai infants during 

complementary feeding. A study in 1992 by Jackson et al122 reported that the 

amount of dietary protein consumed by infants who lived in Chiang Mai, 

Thailand during weaning met the average daily intake recommended by WHO 

in 1985123 however, protein source and quality was not mentioned in this study.  

 

In 2013, a study from Rojroongwasinkul et al16 using data from single 24-hour 

recalls reported that Thai infants and young children aged 0.5 – 2.9 years old 

who lived in urban areas consumed significantly higher amounts of dietary 

protein compared to those from rural settings (35.4 vs 32.6 g/day, p < 0.05). 

The average protein intake per body weight was 3.2 and 3.1 g/kg/day for urban 

versus rural groups, respectively, and protein consumption of both groups was 

50% higher than the Thai dietary recommended intakes (DRIs) for protein at 

that time124 which suggested 15-18 g/day or 1.4-1.9 g/kg/day for this age 
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group. Similar to the research by Jackson et al, this study did not report on 

sources of dietary protein or protein quality given to infants/ young children. 

 

Given the lack of recent information on this topic, this cross-sectional study 

was conducted to investigate the feeding practices of families in Chiang Mai, 

Thailand during the CF period. The study also aimed to record the knowledge 

and attitudes of parents or caregivers toward complementary foods, especially 

different types of dietary protein, which could help us to understand the factors 

influencing feeding practices and identify potential targets for future 

interventions to improve CF practices. 

 

3.2 Study design and participants 

 

A cross-sectional study was conducted at three well-baby clinics in Chiang 

Mai, Thailand during October to November 2016. A sample size calculation 

was not performed, and respondents were included from families that had 

attended each well-baby clinics during the study period. Ethical approval was 

obtained from the Ethics committee of the Faculty of Medicine, Chiang Mai 

University (Ethical approval number was PED-2559-04304).  

 

Parents or primary caregivers of healthy term infants aged less than 18 months 

old who agreed to participate this study were asked to answer a self-

administered questionnaire while they were visiting the well-baby clinics for 

infant immunisation and health surveillance.  If the respondent was illiterate, 

another family member or health professional was asked to help them 

complete the questionnaire. The questionnaire was anonymous and contained 

no sensitive questions, therefore informed consent was not required according 

to the Ethics committee at the Faculty of Medicine, Chiang Mai University. 

 

3.3 Questionnaire 

 

The self-administered questionnaire was designed by gathering information 

from scientific evidence and knowledge at that time combined with my 

experiences as a doctor in a well-baby clinic in Thailand for nearly a decade. 
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This questionnaire was reviewed and adjusted by my current supervisors to 

ensure that it covered all relevant topics and was not too lengthy. The main 

questions related to CF were based on when, what, and how complementary 

foods were introduced/ fed. The actual questionnaire was written in Thai 

language and the English version is shown in Appendix 1. Due to the limited 

time available for the respondents in well-baby clinics, the questionnaire used 

only closed-end questions for parents to choose answers by ticking boxes. 

However, for some questions parents could give more than one choice and 

also specify more detail in case their answer was different from the given 

options. 

 

The body of the questionnaire was divided into four main sections. The first 

section included general characteristics of respondents and their children, for 

example their relationship to the infant, family type (nuclear or extended) and 

household income. The second section contained questions related to basic 

knowledge and attitudes of respondents toward infant and young child feeding. 

The last two sections focused on practical and behavioural aspects of 

complementary feeding. As infant age varied from 0-18 months, only 

respondents of infants aged 6-18 who had introduced complementary foods 

were asked to answer the last two parts of this questionnaire. 

 

3.4 Key findings  

 

I collected data from 108 respondents of whom two-thirds had provided 

complementary foods to their children and answered the sections covering 

practical and behavioural aspects. Most respondents were either the mother 

(62%) or father (31.5%) of the infant or toddler. All were literate and more than 

half were from a middle-class family (Table 3.1).  
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Table 3.1 Characteristics of respondents  

Respondents’ characteristics Results (n = 108) 

Relationship to infants/ children, n (%) 

- Mother 

- Father 

- Grandparent 

- Other family members 

 

67 (62.0) 

34 (31.5) 

6 (5.6) 

1 (0.9) 

Age of respondents (years old), n (%) 

- less than 20  

- 20-29 

- 30-39 

- 40-49 

- ≥ 50 

- Unspecified 

 

4 (3.7) 

31 (28.7) 

63 (58.3) 

6 (5.6) 

2 (1.9) 

2 (1.9) 

Educational attainment, n (%) 

- Below bachelor’s degree 

- Bachelor’s degree and above 

- Unspecified 

 

36 (33.3) 

71 (65.7) 

1 (0.9) 

Occupation, n (%) 

- Housewife 

- Agricultural section 

- Government employee 

- Other 

 

26 (24.1) 

1 (0.9) 

21 (19.5) 

59 (54.6) 

Family type, n (%) 

- Nuclear 

- Extended 

 

46 (42.6) 

62 (57.4) 

Living location, n (%) 

- Downtown 

- Suburban area 

 

51 (47.2) 

57 (52.8) 

Family income* (monthly), n (%) 

- Low  

- Middle 

- High 

- Unspecified 

 

12 (11.1) 

55 (50.9) 

39 (36.1) 

2 (1.9) 

*Considering the minimum daily wage and average monthly income of populations in 
Chiang Mai during period of data collection in 20161,2 

 
1 National Wage Committee’s notification on minimum wage rate No. 8, 2015-2017 
2 Data sheet of Average monthly income per household by region and province: 2002-2019 [Access 24 
April 2021] available at http//: statbbi.nso.go.th/staticreport/page/sector/en/08.aspx 
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Regarding basic knowledge and attitudes toward complementary feeding, only 

two-thirds of respondents agreed that complementary foods are important for 

infant growth while 82.4% of them agreed that exclusive breastfeeding until 6 

months of age has beneficial effects on growth and developmental outcomes. 

Interestingly, although 81.5% of the respondents indicated there is some 

difference between ABP and PBP, they reported more negative effects of ABP 

than positive ones. 52.8% and 25% of the respondents believed that ABP were 

difficult to digest and increased the risk of food allergy, whilst only around 15% 

agreed that ABP were a good source of essential amino acids and some 

micronutrients, especially iron and zinc (Figure 3.1). 

 

Figure 3.1 Knowledge and attitudes of respondents on complementary foods 

(respondents could make more than 1 choice, n = 108) 

 

 

*Vitamins and mineral supplementations; ABP – animal-based protein; PBP – plant-

based protein; EBF – Exclusive breastfeeding; M – Months old; EAA – essential 

amino acids; FE – Iron; ZN – Zinc 
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When considering feeding practices, I found that almost all of the infants had 

received some form of breastfeeding, whether exclusive or combined breast 

milk with infant formula during the first 6 months, but the percentages using 

formula or unfortified cow’s milk were higher in the older age groups. The 

majority of respondents provided first complementary foods when the infant 

reached 6 months of age. Less than 5% of the infants were given other types 

of foods (apart from drinking water, medication, or infant formula) before 6 

months (Table 3.2).  

 

In terms of food type, table 3.2 shows that mashed banana and home-made 

rice porridge were commonly used as the first weaning food and only 17% of 

respondents offered commercial iron-fortified baby foods to their children. On 

the contrary, ASFs were more likely to be delayed. Some respondents 

reported delaying the introduction of ASFs until their children were 8 months 

of age. The most common first ASF introduced to infants was egg yolk. 

Although the respondents thought that meat and other ASFs were appropriate 

for their baby, the percentages providing other ASFs were still limited. These 

findings seem to correspond well with aforementioned knowledge and 

attitudes toward ABP. Regarding cow’s milk and dairy products, 12.5% of the 

respondents reported using unfortified cow’s milk during the complementary 

feeding period while other dairy products such as cheese, yogurt or butter 

were rarely consumed. When focusing on the composition of meals, rice was 

usually a staple, typically combined with some vegetables, one type of ABP 

and vegetable oil depending on the infant’s age. Toddlers tended to have a 

greater variety of food groups compared with infants. However, this cross-

sectional study did not attempt to quantify nutrient intake.  
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Table 3.2 Feeding practices during the weaning period of infants and young 

children aged 6-18 months (n = 72) 

 

Feeding practices 6 – 8M 

(n = 23) 

9-12M 

(n = 24) 

13-18M 

(n = 25) 

Current type of milk feeding, n (%) 

- Only breast milk 

- Combined breast milk and formula 

- Only formula 

- Unfortified cow’s milk 

- Unspecified 

 

12 (52.2) 

3 (13.0) 

8 (34.8) 

0 

0 

 

7 (29.2) 

6 (25.0) 

7 (29.2) 

3 (12.5) 

1 (4.2) 

 

7 (28.0) 

5 (20.0) 

10 (40.0) 

2 (8.0) 

1 (4.0) 

Continue consuming breast milk along 

with CF, n (%) 

 

15 (65.2) 

 

13 (54.2) 

 

12 (48.0) 

Timing of first introduction of CF (months 

old), median age (range) 

 

6 (5-6) 

 

6 (3-7) 

 

6 (4-6) 

First complementary foods, n (%)    

- Rice porridge 

- Mashed banana 

- Commercially fortified infant foods 

- Fruit juices 

- Others (e.g., pumpkin) 

13 (56.5) 

11 (47.8) 

4 (17.4) 

1 (4.3) 

1 (4.3) 

15 (62.5) 

6 (25.0) 

4 (16.7) 

0 

1 (4.2) 

16 (64.0) 

12 (48.0) 

0 

0 

0 

Timing of first introduction of ASFs, n (%) 

- 6-7 months 

- 8-9 months 

- > 9 months 

- Unspecified 

 

16 (69.6) 

2 (8.7) 

- 

1 (4.3) 

 

12 (50.0) 

10 (41.7) 

2 (8.3) 

0 

 

12 (48.0) 

10 (40.0) 

2 (8.0) 

1 (4.0) 

Type of commonly introduced ABP, n (%) 

- Egg yolk 

- Fish 

- Liver 

- Pork 

- Whole eggs 

- Chicken 

- Beef 

 

16 (69.6) 

6 (26.1) 

4 (17.4) 

4 (17.4) 

3 (13.0) 

2 (8.7) 

0 

 

19 (79.2) 

6 (25.0) 

4 (16.7) 

6 (25.0) 

2 (8.3) 

3 (12.5) 

0 

 

17 (68.0) 

7 (28.0) 

5 (20.0) 

1 (4.0) 

5 (20.0) 

1 (4.0) 

17 (68.0) 

M – months old; CF – complementary foods; ASFs – animal source foods; ABP – 
animal-based protein  
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3.5 Discussion  

 

The main outcomes from this cross-sectional study provide a clearer picture 

of current knowledge, attitudes, and practices of parents regarding infant and 

young child feeding in the target population living in Chiang Mai, Thailand. 

Despite the appropriate introduction of complementary foods at 6 months of 

age, some inappropriate feeding practices were found in this cross-sectional 

study. The major concerns related to their attitudes and feeding practices 

around ASFs as many parents had negative perceptions about ABP and were 

not aware that they are a good source of essential amino acids, iron and zinc. 

The “Thai traditional weaning styles” such as first introduction of meat-free 

complementary foods containing only mashed banana with rice and delayed 

introduction of ABP was also reported in 1992 by Jackson et al122. In addition, 

another study revealed that complementary foods in LMICs including Thailand 

usually provided inadequate amounts of calcium, iron and zinc while having a 

high content of anti-nutrients such as phytic acid which reflected the 

widespread use of cereal-based porridge as a main complementary food31. 

Although the SEANUTS reported adequate protein intake amongst Thai 

infants and toddlers35, it seems that protein quality might be overlooked and 

this could increase the risk of some forms of malnutrition, for example, stunting 

and ID/ IDA. 

 

Some concerns were also found related to milk feeding, as 12.5% of the 

respondents reported provision of unfortified cow’s milk to their infants aged 

less than 12 months while the Thai recommendations on CF suggest avoiding 

this type of milk until the infant is 12 months old125. In addition, the study also 

demonstrated increasing use of infant and follow-on formula whereas the 

breastfeeding rate decreased during the weaning period. Although milk is 

known as a potent growth promoting factor preventing undernutrition and 

improving linear growth in many studies especially in low-income settings, 

there is also strong scientific evidence indicating its negative effects including 

increasing risk of overweight/ obesity126.  
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3.6 Conclusions and contributions from the cross-sectional study to 

planning the main research project 

 
Taken together, I saw potential links between dietary protein in complementary 

foods and the double burden of malnutrition in my target population. For 

undernutrition (i.e., underweight, wasting, stunting and iron deficiency), 

delayed introduction of ABP and provision of a low variety of ASFs during this 

transitional period may be the key drivers of sub-optimal growth, whereas 

replacing breast milk by infant or follow-on formula as well as unfortified cow’s 

milk during this period may contribute to increased risk of overweight and 

obesity. Nevertheless, without detailed information on nutrient intake and 

infant growth, we cannot draw firm conclusions about the impact of dietary 

protein in complementary foods on the double burden of malnutrition in Thai 

population and further investigation is still needed.  

 
Although a RCT would be the ideal study design to investigate if the amount 

or type of dietary protein is causally related to infant growth and nutritional 

status, I concluded that the available data were insufficient to define an 

appropriate intervention. Furthermore, current evidence on whether all 

sources of ABP – dairy and non-dairy - have the same effect on infant growth 

is unclear. It would be unacceptable to design an intervention providing more 

ABP such as meat or organ meat to Thai infants with the aim of preventing 

undernutrition, if there is a possibility this could lead to an increased risk of 

overweight/ obesity. Therefore, I decided to collect more data in a prospective 

cohort study focusing specifically on collecting detailed information on the 

intake and impact of different protein sources on infant growth, body 

composition and iron status which could be used to design the most 

appropriate intervention for a future RCT. 

 
In the next chapter, I describe the main hypotheses, research methodology 

and how I measured the outcomes for my project which is the main focus of 

this thesis. In addition, I also present a brief background of Chiang Mai 

province, the main location of this cohort study, and reasons why this province 

was considered as a representative of a city undergoing transformation where 

westernised diets meet conventional feeding practices.  
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Chapter 4  

 

A Prospective cohort study: Hypotheses, Research 

Methodology and Outcome Measurements  

 

 

As discussed in the last chapter, I decided to conduct a prospective cohort 

study in order to investigate dietary and nutrients intakes of my target 

population in greater detail, in particular the impact of amount and sources of 

dietary protein on infant growth and iron status. This chapter describes the 

main research questions and relevant hypotheses. Research methodology 

and outcome measurements including anthropometry and laboratory 

measurements are also described in this chapter.  

 

4.1 Research Questions  

 

1) How much dietary protein and other essential nutrients are consumed 

by Thai infants in Chiang Mai compared to national and international 

recommendations? 

 

2) What are the associations between amounts or sources of dietary 

protein during complementary feeding and the growth outcomes of Thai 

infants? 

 

3) What are the impacts of different protein sources – animal and plant-

based foods - during complementary feeding on the iron status of Thai 

infants? 

 

4) What possible mechanism(s) could explain a link between dietary 

protein and growth in early life? 
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4.2 Research Objectives and Hypotheses 

 

1) To describe current nutrient intakes, especially dietary protein, among 

Thai infants during the CF period and compare these to Thai Dietary 

Reference Intakes (DRIs) and global recommendations. 

 

2) To investigate the association between the amounts and different 

protein sources consumed by Thai infant aged 6 to 12 months (M) and 

conditional growth at 12M to test the hypothesis that ABP in 

recommended quantities can promote infant growth with lower 

risk of malnutrition than similar amounts of PBP. 

 
3) To compare the impact of different protein sources provided to infants 

between 6M to 12M on their body composition at 12M to test the 

hypothesis that higher consumption of ABP particularly dairy 

protein may increase body fatness during infancy. 

 
4) To investigate the effects of different protein sources, animal- versus 

plant-based protein typically introduced during the CF period, on the 

iron status of Thai infants at 12M to test the hypothesis that timely 

introduction and frequent intake of ABP especially liver and red 

meat, would improve iron status and prevent ID/ IDA. 

 
5) To investigate possible mechanism(s) underlying an influence of dietary 

protein on growth in early life through hormonal, metabolomic and 

epigenetic processes to test the hypothesis that high consumption 

of ABP may be associated with (1) increase of EAA especially 

BCAA which would positively correlate with plasma levels of 

growth GH, IGF-1 and IGFBP-3 (2) patterns of circulating 

microRNA. 
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4.3 Research Methodology 

 
4.3.1 Study design 

This study was a prospective, multi-centre, cohort study 

 
4.3.2 Ethics approvals  

The project obtained Ethics approvals from the Ethics committee at University 

College London, United Kingdom (Approval ID: 12551/ 001) and the Ethics 

committee at the Faculty of Medicine, Chiang Mai University, Thailand 

(Approval ID: PED-2561-05287) (Appendix2-3). All well-baby clinics in the 

participating hospitals, namely Chiang Mai University (CMU) hospital, Health 

Promoting hospital (HPH) and Chomthong hospital (CTH) gave official 

permission for the principal researcher to conduct this study at their clinics.  

 
4.3.3 Study location  

Having lived in Chiang Mai for fifteen years since I was an undergraduate 

student at Chiang Mai University in 2002, I can say that Chiang Mai has 

developed very rapidly compared with other provinces in Thailand. In the 

Northern region, Chiang Mai is the most developed city and also the most 

attractive location for both Thai tourists and foreigners (Figure 4.1). However, 

unlike Bangkok, it is continuing in a transitional process where urban and rural 

areas still coexist. In recent years, most areas in downtown have been 

replaced by skyline buildings, hotels, superstores, and urban neighbourhoods 

where people are living a fast-paced life and facing traffic jams every day. On 

the other hand, only few hours drive from the city centre, you are surrounded 

by nature and people still live simple lives in villages surrounded by mountains.  

 
Urbanisation has changed not only the physical elements of the city, but also 

affects the way people live and eat. In the city centre, there are several 

international chain restaurants serving expensive coffee and high-calorie 

drinks, fried chicken, pizza and burgers on almost every street corner. Rice 

and sticky rice which are staple local foods are sometimes replaced by chips 

and bread. Nowadays, frozen/ ultra-processed foods, milk, cheeses and other 

dairy products are regularly consumed by people of all ages. Although, these 
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changes are usually found in the city centre, the urban neighbourhoods are 

now expanding to more areas in Chiang Mai.  

 
Given the aforementioned issues, it is unsurprising that feeding practices and 

dietary intakes among infants and young children are also changing toward a 

western diet. Infant formula and dairy products are available in many shops 

and stores. Moreover, ASFs are also affordable and available in many forms 

which make it more convenient for families to provide more ASFs to their 

children. Nevertheless, many families, especially those who live in suburban 

and rural areas, still consume local diets containing staples and some 

vegetables/ fruits with/ without ASFs. 
 
Taken together, it is quite clear that infants and young children in Chiang Mai 

are now facing a transformation of their diets from local to global. Therefore, 

they could be a good example for populations in many LMICs. These 

considerations helped me choose the location of the study sites for my main 

study. Based on the opening time and distance between each clinic, finally, I 

chose three well-baby clinics from two hospitals in the city center; Chiang Mai 

University Hospital – CMU, Health Promoting Hospital – HPH and one in a 

suburban area; Chom Thong Hospital - CTH (Figure 4.2) 

 
Figure 4.1 Attractive places for tourists in Chiang Mai 

 

 These photographs were used in this thesis with permission of the owners:  
Dr. Chockchai Ruangroj, Dr. Sirirat Worapani, Dr. Winyou Koovimon  

and Dr. Sophida Boonsathorn 
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Figure 4.2 Study sites and scenery of urban and suburban area in Chiang Mai 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Urban area 

Chiang Mai University Hospital 

Health Promoting Hospital 

 

Suburban area 

Chom Thong Hospital 

These photographs were used in this thesis 
with permission of the owners: Dr. Sirirat 

Worapani,Dr. Sophida Boonsathorn and Dr. 
Nisachol Dejkriengkraikul 

 

These photographs were used in this thesis with permission of the owners:  
Dr. Sophida Boonsathorn and Dr. Hataithip Tangngam 
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4.3.4 Participants, Recruitment and Eligibility criteria 

The target population for this study were healthy term Thai infants aged 4 

months who attended one of the three well-baby clinics with their parents or 

legal guardian for regular immunisation and health surveillance as part of 

Thailand’s National Immunisation Programme for infants and children.  

 

The recruitment process started in June 2018 when all three hospitals gave 

official permission for access to their well-baby clinics and other hospital 

facilities. I first introduced my study protocol to the clinic staff, most of them 

nurses, before asking them to screen infants in the target group for me when 

the enrolment started. The clinic staff assessed whether the infant was born 

term, healthy and was aged between 4-6 months and sent parents/ legal 

guardians of eligible infants to me so I could provide more detailed information 

and answer their queries. If parents or legal guardians showed interest in 

participating in the study, I then asked them for contact details and gave them 

the information sheet. All families who showed interest were allowed at least 

48 hours to make their final decision before being contacted again via a phone 

call. If parents or legal guardians decided to participate, the next appointment 

was booked, and written informed consent was collected at that time.  Finally, 

221 infants met the eligibility criteria, and their parents were given the study 

information. 

 

Eligibility criteria were as follows, 
 
Inclusion criteria 

1) Full-term (gestational age ≥ 37 weeks) singleton infant aged 4 to 6 months 

2) Birth weight ≥ 2,500 grams  
 
Exclusion criteria 

1) Infant with underlying poor-health or chronic disease likely to affect their 

growth 

2) Known case of PEM or recovery from PEM 

3) Infant receiving any medication regularly, except for vitamins and mineral 

supplementation 
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4.3.5 Study period, Follow-up protocol and Data collection 

Enrolment took place between June 2018 and September 2018. Data 

collection was completed in May 2019. The follow-up protocol is illustrated in 

Figure 4.3. 

 
Figure 4.3 Follow-up protocol 

 

24H recall – 24-hour food recall; 3D food record – 3-day food record; FFQ – food 
frequency questionnaire; GH – growth hormone; IGF-1 – insulin-like growth factor 1; 
IGFBP-3 – insulin-like growth factor binding protein 3 

 
After enrolment, there were 3 visits for data collection from each participant at 

6, 9 and 12 months of age. Apart from data collection, at the first visit, I also 

provided a brief session teaching the parent or caregiver to estimate infant 

dietary intake using their household utensils, and how to write the 3-day dietary 

record properly.  

 

First visit: 6 months 

1) Demographic data  

Family and parents - Family type, monthly income, parental age, parental 

education, parental occupation, parent-reported weight and height 

Infants - Prenatal diagnosis, gestational age at birth, mode of delivery, sex, 

birth weight and height, post-natal problem, type of milk feeding, duration 

of breastfeeding, age at first introduction of complementary foods, general 

health of infants including frequency of illness, feeding problems and food 

allergy 

2) Anthropometric measurements 

Body weight and recumbent length 

3) Dietary data 

- a 24-hour food recall (24-HR)  

- a semi-quantitative food frequency questionnaire (FFQ)  
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Second visit: 9 months 

1) Anthropometric measurements 

Body weight and recumbent length 

2) Dietary data 

- a 3-day food record (3-DFR) 

- a 24-HR  

- a semi-quantitative FFQ 

3) Other information 

Type of milk feeding, feeding problems, acute illness or hospitalisation 

 

Third visit: 12 months 

1) Anthropometric measurements 

Body weight and recumbent length 

2) Dietary data 

- a 3-day food record (3-DFR) 

- a 24-HR  

- a semi-quantitative FFQ 

3) Other information 

Type of milk feeding, feeding problems, acute illness, or hospitalisation 

4) Biological samples 

- Blood samples for serum GH, IGF1, IGFBP-3, plasma amino acids, serum 

iron (SI), total iron-binding capacity (TIBC), ferritin, erythrocyte sediment 

rate (ESR), complete blood count (CBC) and microRNAs 

- Urine samples for deuterium analysis 

 

4.3.6 Blood sample collection, plasma preparation and storage 

Non-fasting venous blood samples were collected when infants reached 12 

months of age by health professionals at each well-baby clinic. Local 

anaesthesia using 0.5% lidocaine gel was offered before puncture, but only 

parents decided whether they used it or not. In total, 5 ml of venous blood was 

drawn and separated into 5 tubes depending on the analysis to be performed. 

Table 4.1 shows the type of collecting tube and blood volume required for each 

test. All blood samples were kept in a fridge until they were analysed the same 

day or prepared as serum or plasma samples for further analysis following 
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storage. Some photographs illustrating how I handled infant blood samples 

are included in appendix 4. 

 

Table 4.1 Blood samples collection 

Tube no.  Blood volume  Analytic method 

1. EDTA tube 2 ml ESR, plasma amino acids 

2. EDTA tube 1 ml microRNAs 

3. EDTA microtube 0.5 ml complete blood count 

4. Clotted blood tube 1 ml serum GH, IGF-1, IGFBP-3 

5. Heparinised microtube 0.5 ml SI, TIBC, ferritin 

EDTA – ethylenediaminetetraacetic acid; ESR – erythrocyte sediment rate; GH – 
growth hormone; IGF-1 – insulin-like growth factor 1; IGFBP-3 – insulin-like growth 
factor binding protein 3; SI – serum iron; TIBC – total iron-binding capacity 
 

Plasma preparation and storage 

Blood tests for investigating iron status (i.e., ESR, complete blood count, SI, 

TIBC, ferritin) were done on the day of blood sample collection. For analysis 

of GH, IGF-1 and IGFBP-3, serum was separated from clotted blood at room 

temperature using 3000 rpm centrifuge for 10 minutes and kept in a –20OC 

freezer. Plasma for evaluating amino acid concentrations and microRNAs 

were prepared using the same centrifugal force and duration but at 4OC and 

immediately frozen at –80OC until further analyses. 

 

4.3.7 Deuterium dilution technique: Dosing, sample collection and storage 

Infant body composition was measured by the isotope dilution technique using 

deuterium (2H2), a stable isotope of hydrogen (1H) with a neutron in its nucleus. 

By using this technique, the total body water (TBW) is estimated by the dilution 

of deuterium into the body water pool127. Detailed information is described in 

section 4.5: outcome measurements and analysis methods. 

 

Dosing 

At 12M, the dose of deuterium oxide was calculated according to infant body 

weight (0.1 g per kg 2H2O body weight), prepared as a solution (in water or 

juice) and orally administered to infants during their final visit.  
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Figure 4.4  

(A) The standard dosing set included deuterium solution, napkins, syringe 

and a spoon (either of them can be chosen for oral administration). 

Participant ID was labelled on the upper corner of the plastic bag. 

(B) Oral administration using a syringe. Weighed napkins were placed near 

the infant’s mouth to collect any spillage. 

 

Sample collection 

Urine samples were obtained by using a urine collecting tube/ bag or in some 

cases by placing cotton balls in the infant’s nappy at three specific times, 

namely before dosing (prior to dose or baseline sample) and after dosing at 6 

and 24 hours. All drinking fluids (e.g., water, milk, soup, etc.) were recorded 

by parents after dosing and before the second urine sample was collected at 

6 hours. Appendix 5 shows details for this analysis.  

 

Storage 

Urine samples were stored at -80oC until analysis.  

 

A B 
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4.4 Dietary assessment methods and estimation of nutrient intake 
 

4.4.1 Dietary assessment methods 

In general, a first and foremost step when investigating the association 

between dietary consumption and health outcomes is collecting valid data on 

nutrient intake data from the target population. Although a multiple day-

weighed record is recommended as the gold standard approach, this method 

is time consuming, burdensome, more expensive, and incurs a higher drop-

out rate compared with other dietary assessment methods128.  Therefore, I 

selected more convenient tools which are acceptable for an infant 

population129-131.  

 

Three types of dietary assessment methods were used in this study to meet 

two objectives.  

1) To quantify nutrient intakes of infants on a daily basis at each visit, I 

used a 24-HR and an estimated 3-DFR. 

2) To assess habitual intake of some specific foods consumed by Thai 

infants, I used a semi-quantitative FFQ. 

 
24-HR 

This method was an interview-based dietary assessment collected by a 

trained healthcare professional at each study visit. The report form of the 24-

HR consisted of study ID, date and time of data collection and dietary data 

including type and amount of food consumed by infants over 24 hours on the 

day before the interview (Appendix 6). During the interview, an interviewer 

showed standard household utensils to aid an estimation of amount of dietary 

intakes. 

 
Estimated 3-DFR 

In contrast to the 24-HR and FFQ, this method was used to collect dietary 

intake only at the second and third visit. I did not used this method to collect 

dietary intake at the first visit because my cross-sectional study (more details 

in Chapter 3) showed that Thai infants were rarely given complementary foods 

before 6M and their dietary patterns were therefore less variable than at 9M 

and 12M, so I considered that the 24-HR and FFQ would provide adequate 
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information. Furthermore, it would reduce the burden on parents so, they 

would be willing to complete the records at 9 and 12 months. 

 

The report form for the 3-DFR was adapted from one validated by Lanigan et 

al4 with the author’s permission and translated into Thai language by a Thai 

native speaker. The 3-DFR contains four main parts. The first part shows 2-

dimensional pictures of various types of spoons with labels. The second part 

includes some examples of dietary records and is followed by the recording 

section. This section has free spaces for caregivers to complete the date, 

mealtimes and details of food consumption. The recipe section is the last part, 

where caregivers can freely describe the recipes recorded in the third part if 

they are used in multiple meals or contain many ingredients (Appendix 7). 

 

To improve accuracy of the quantitative data, all parents and caregivers 

received a brief session teaching them how to estimate dietary intake using 

their household utensils and how to record the 3-DFR properly.  

 

Semi-quantitative food frequency questionnaire 

Given the lack of a validated FFQ suitable for obtaining dietary data in Thai 

infants, I developed the FFQ used in this study by gathering food items 

consumed by Thai infants and toddlers aged 0 – 3 years old from a national 

survey, the Food Consumption Data of Thailand in 2016132. Finally, 130 food 

items were selected and classified into 11 different groups namely,  

1) Milk and dairy products  

2) Meat and meat products 

3) Eggs  

4) Cereals and cereal-based products 

5) Legumes 

6) Vegetables 

7) Fruits 

8) Beverage and snacks 

9) Sugar and sweets 

10) Oils and seasonings 

11) Dietary supplementation 
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The quantity and frequency of consumption of each item were recorded by a 

field researcher at each visit. The aim of the FFQ was to record information on 

the habitual dietary intake of each infant between the study visits (Appendix 

8). 

 

As I was the only field researcher, both 24-HR and FFQ were recorded by me. 

A small number of infants, on average 3 (range 1-7), visited each well-baby 

clinic at each appointment, thus I was able to collect all the information. 

However, in cases of time-constraints, some 24-HR were obtained later by a 

telephone call within 24-72 hours.   

 

4.4.2 Nutrient analysis software and Dietary composition databases 

The study mainly used the Thai food composition software called the 

INMUCAL-Nutrients programme, version 4.0 (2018)133 developed by the 

Institute of Nutrition, Mahidol University, Thailand, to convert dietary data to 

nutrient intakes. Micronutrients including calcium, phosphorous, iron, zinc, 

vitamin A, vitamin B1, vitamin B2 and vitamin C were reported along with 

calories and macronutrients. In some cases when nutrient profiles were not 

available in this software, other reliable sources such as the United States 

Department of Agriculture (USDA)134 or the Food and Agriculture Organisation 

of the United Nations (FAO)135 were used instead.  

 

For some commercial products for which nutritional information was 

unavailable in the INMUCAL-Nutrients software, parents were asked to bring 

or show packages from the products to a field researcher to find out more 

details.  

 
4.5 Outcome measurements and analysis methods  
 

According to the aforementioned hypotheses, the study outcomes were 

divided into three main categories including evaluation of infant growth and 

body composition, assessment of infant iron status and finally, investigation of 

underlying mechanisms linking dietary protein intake and infant growth. 

Anthropometric measurements were carried out at all study visits while the 
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rest of the outcomes (i.e., body composition, iron status, plasma amino acids 

and microRNAs) were measured when infants were 12M.  

 

4.5.1 Anthropometric measurements, Standard deviation scores (z-scores), 

and Conditional growth 

Infant growth was presented as both linear and ponderal growth. Recumbent 

length was reported in centimetres while kilograms were used to report infant 

body weight. Table 4.2 shows the measuring tools used in this study. All 

measuring tools were regularly calibrated throughout the study period. The 

trained health professionals at each well-baby clinic measured and recorded 

body weight and length. In the first few weeks of data collection, I observed 

while they were measuring weight and length to make sure that they 

understood how to measure weight and length correctly. In addition, I also re-

checked the records and asked for re-measurement if the reported figures 

were in doubt. 

 

Table 4.2 Anthropometric measurements 

 

Parameters Measuring tools Methods 

Recumbent 

length*,** 

A standard wood 

board accurate to  

0.1 cm 

Infant’s body is in a supine position with 

head against a fixed board while the 

body is parallel to the board’s axis 

following the Frankfurt Plane position 

(Figure 4.5) and both legs were 

straightened 

Body weight*  An electronic scale† 

accurate to 0.01 kg 

Infant wears a nappy with other 

accessories being removed 

*Both parameters were measured once, but if figure was unusual, the measurement 
was repeated; **There were 2 people involving in this measurement. A health 
professional was a recorder while one parent/ caregiver held infants in a straight 
position; †The models used at each clinic were KROTRON® SKS-2001SB (Chiang 
Mai University hospital), SECA® 374 (Chomthong hospital) and TSCALE® M101 
(Health-promoting hospital). The precision of these scales was ± 5 grams and all 
scales were regularly calibrated with the same weight. 
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Figure 4.5 Frankfurt Plane Position 

 

 

 

 

 

 

 

All measured weights and lengths were converted into standard deviation 

scores (z-scores) for the infant’s age and sex using the WHO software (Anthro 

version 3.2.2) which incorporates data from the WHO growth standard 

2007136. All growth parameters, namely weight-for-age z-score (WAZ), weight-

for-length z-score (WLZ), body mass index z-score (BMIZ) and length-for-age 

z-score (LAZ) were used as indicators of infant growth in this study. Although 

the WHO recommends that weight-for-length should be used to determined 

wasting and overweight for children aged less than 2 years, a recent study 

showed that infant BMI had higher positive predictive value than weight-for-

length for childhood obesity137 thus, I presented both indices. Definitions of 

nutritional status are described in “List of Definitions (page 16)”. 

 

In addition to the standard deviation scores, I also presented the growth 

outcomes in the form of “conditional growth”. Conditional growth is considered 

a better indicator representing growth at any given age regardless of the 

influence of previous body size138, 139. Infants who are born bigger tend to be 

heavier when they are older than infants having a lower birth weight, with a 

similar pattern for linear growth. Therefore, to investigate the impact of dietary 

protein in complementary foods on infant growth, conditional growth at 12M is 

preferable as it removes the influences of birth weight and body weight at 6 

months of age from the final growth outcomes. It essentially indicates whether 

an infant grows more or less than expected over a period of time, taking into 

account its measurement at the start. This approach is widely used in research 

investigating how growth in early life affects later body size and body 

composition, including long term health effects such as hypertension and 

diabetes140-143. 
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Conditional growth, so-called conditional body size, is a residual between a 

measured growth parameter, such as body weight or length, at a given age 

and the expected value at that age given the earlier body size. A linear 

regression model is used to calculate the expected growth. For example, to 

calculate conditional length at 12 months (M) using length at 6M, I firstly use 

a linear regression model with measured length at 12M as the outcome and 

measured length at 6M as the predictor. The simplest equation would be: 

 

 

Expected Length 12M = a + b (Length 6M) 

 

 

        If a is a constant when length at 6M is equal to zero 

           b is a regression coefficient indicating change in the expected length    

              at 12M corresponded to every 1 cm increase in length at 6M 

 

The next step is to calculate conditional length at 12M of age by subtracting 

expected length from measured length at 12M as shown below: 

 

 

Conditional length 12M = Measured length 12M – Expected length 12M 

 

 

In this study, I also standardized all conditional growth measurements by 

dividing them by the standard deviation to demonstrate how they deviate from 

the median. Interpretations of conditional growth are shown in the following 

table. Figure 4.4 is an example of conditional WLZ at 12M using my data set.  
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Table 4.3 Interpretations of conditional growth 

 

If conditional growth is Interpretation 

Negative value Infant grows less than expected for the given 

population which might suggest increased risk of 

undernutrition 

Around Zero Infant grows as expected compared to the growth 

pattern of the given population 

Positive value Infant grows more than expected for the given 

population which might suggest increased risk of 

overweight/ obesity 

 

Figure 4.6 Correlation between conditional WLZ at 12M and regression line 
 
 

 

 

Fig 4.6 The red line represents a regression (median) line formulated by using measured 

weight-for-length z-score (WLZ) 6 months old (M) to predict WLZ at 12M; Double headed 

arrows represent residuals (conditional WLZ 12M); A is a residual with a value equal to 

zero (growth as expected); B has a negative value (growth less than expected); C has a 

positive value (growth more than expected). The conditional growth value indicates the 

magnitude of deviation from expected growth. 
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4.5.2 Body composition 

In this study, I used the deuterium dilution technique to determine total body 

water (TBW) of infants and thus to estimate fat free mass (FFM), assuming a 

FFM hydration of 79%. Dilution techniques are based on the equation144: 

C1V1 = C2V2 = Constant 

C is the tracer (Deuterium oxide) concentration; V is the volume 

 

When the infant is given a known amount of deuterium oxide (C1 x V1) which 

is diluted in a given body compartment, the volume of the body compartment 

(V2) can be calculated by dividing the constant value by the concentration of 

deuterium in that body compartment (C2) after equilibrium has been reached 

(mostly around 3-5 hours after dosing). Details of dosing, sample collection 

and storage were described in section 4.3.7. 

 

Deuterium enrichment of urine samples is measured using isotope ratio mass 

spectrometry (IRMS, Gasbench-Delta XP system, Thermofisher Scientific, 

Bremen, Germany) at UCL GOSH ICH. The data are used to calculate the 

deuterium space (N) using the back-extrapolation method (Formula 1). As 

deuterium exchanges in the body with hydroxyl groups from other molecules, 

thus the deuterium space has to be corrected for the non-aqueous dilution (4-

5%)144. Formula 2 shows TBW corrected by hydrogen space. Based on 

assumption that 79% of FFM in infants is water, FFM is finally calculated by 

using Formula 3. Other parameters namely fat mass (FM), fat free mass index 

(FFMI), fat mass index (FMI) and percentage of body fat (%BF) can be 

calculated using Formulae 4 to 7, respectively. 

Formula using to calculate body composition 

1) Deuterium space (N) = AT/ a (Ed – Et/ Es – Ep) 

A is the dose given to infants, T is the volume of tap water in which the dose is 

diluted, a is the portion of dose diluted, E is the isotope enrichment of: d – dose; 

t – tap water; s – post-dose and p – pre-dose 

2) TBW (kg) = Deuterium space (N) x hydrogen space (0.96) 

3) FFM (kg) = TBW/ 0.79 

4) FM (kg) = Body weight (kg) – FFM 

5) FFMI (kg/ m2) = FFM/ length (m)2  
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6) FMI (kg/ m2) = FM/ length (m)2 

7) %BF = 100 x (FM/ Body weight) 

 

4.5.3 Anaemia and iron status 

Definitions of anaemia, iron deficiency (ID) and iron deficiency anaemia (IDA) 

have been described in the “List of Definitions”. Several tests were used to 

evaluate these outcomes, namely complete blood count (CBC), serum iron 

(SI), total iron binding capacity (TIBC), serum ferritin (SF) and erythrocyte 

sediment rate (ESR). Details of the tests, machines and quality controls are 

shown in Table 4.4. For anaemic infants who had normal iron status, 

peripheral blood smears were examined by a paediatrician under supervision 

of a paediatric hematologist to look for Thalassemia or other causes of 

anaemia. All of these tests were carried out at the Chiang Mai University 

Hospital’s laboratory centre, Chiang Mai, Thailand on the day of blood sample 

collection. 

 

Table 4.4 Laboratory tests investigating anaemia and iron status 

 

Lab 

results 

Quality control and 

precisions 

Measuring 

Techniques 

Machines 

Hb (g/dL)  ISO15189 Automated 

haematological 

analyser 

Sysmex® XN 9000, 

Sysmex UK Ltd., UK 

SI 

(µmol/L) 

Intra-assay ≤ 1.1%  

Inter-assay ≤ 1.8% 

 

 

Chemiluminescent 

 

Cobas® modular 

analyser, Roche 

Diagnostics, F. 

Hoffmann-La Roche 

Ltd., Germany 

TIBC 

(µmol/L) 

Intra-assay ≤ 2.4% 

Inter-assay ≤ 4.7% 

SF (µg/L) Intra-assay ≤ 9.5% 

Inter-assay ≤ 13% 

ESR 

(mm/h) 

Built-in internal  

quality control 

Automated system for 

direct determination of 

ESR 

VES-MATIC cube 30, 

DIESSE Diagnostica 

Senese S.p.A., Italy 

Hb – haemoglobin; SI – serum iron; TIBC – total iron binding capacity; SF – serum 
ferritin; ESR – erythrocyte sediment rate 
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4.5.4 Plasma amino acid analysis 

High-performance liquid chromatography was used to measure plasma 

concentrations of amino acids (Biochrom® 30+ amino acid analyzer (Biochrom 

Ltd., United Kingdom)). Plasma samples that were aliquoted into 1 ml tubes 

were stored in a -20oC freezer until analysis. The plasma samples were initially 

deproteinized with 6% sulfosalicylic acid (1:1 v/v). After mixing, the samples 

were centrifuged at 10,000 rpm for 10 minutes. Then 80 L of the supernatant 

from each sample was added to 20 L of Norleucine as an internal standard 

and the pH adjusted to 2.2 with lithium hydroxide before analysis according to 

the method of Shapira et al145. Free amino acids were determined by ion 

exchange chromatography using the automatic amino acid analyser. A series 

of lithium buffer solutions were run through a lithium column containing the 

amino acids in solution. Individual amino acids were eluted according to their 

pH. Post-column derivatization with ninhydrin was utilized to elicit a spectrum 

of colours at different wavelengths (440 and 570 nm). Data analysis was 

performed using the software EZChrome Elite (SIM GmbH, Germany).  

 

This plasma amino acid analysis was performed by the laboratory centre at 

the Faculty of Medicine Ramathibodi Hospital, Mahidol University, Bangkok, 

Thailand. Quality control for this test has been regularly performed under the 

quality control schemes of the European Research Network for evaluation and 

improvement of screening, diagnosis and treatment of Inherited disorders of 

Metabolism (ERNDIM) aiming to assure and standardise procedures for 

diagnosis, treatment and monitoring of inherited metabolic diseases.  

 

4.5.5 Growth hormone, IGF-1 and IGFBP-3 

These laboratory results were analysed by using a solid-phase, enzyme-

labeled chemiluminescent immunometric assay using the IMMULITE® 2000 

systems (Siemens Healthcare Diagnostics Products Inc., United States). The 

stored serum was thawed and aliquoted into 3 tubes containing 25, 20 and 5 

µL for GH, IGF-1 and IGFBP-3 analysis, respectively.  Two-hundred beads 

coated with anti-GH, anti-IGF-1 and anti-IGFBP-3 were placed in each 

corresponding tube. The different amounts of alkaline phosphatase suggested 
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by the company’s leaflets were used to conjugate antibody in buffer for the 

tests. Serum concentrations of GH, IGF-1 and IGFBP-3 were analysed using 

a photomultiplier tube to detect photon beams from reactions between 

antibody and antigen complexes. The intra- and inter-assay variation of all 

tests were less than 8%. These tests were done at the laboratory centre, 

Department of Paediatrics, Faculty of Medicine, Chiang Mai University, Chiang 

Mai, Thailand. In case of a suspected error, the laboratory test was repeated 

for a confirmation. 
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Chapter 5 

 

Statistical Analyses 

 

 

Apart from the sample size estimation, two main statistical analysis sections 

are presented in this chapter - namely descriptive and analytical parts. The 

descriptive results present demographic data of infants and their families as 

well as nutrient intake and feeding practices during the weaning period 

including both milk and complementary foods consumed by our population. 

The prevalence of malnutrition at both levels, individual and household, are 

also shown in numbers and percentages.  

 

The second part of the analyses contains the majority of key results as the 

main hypotheses required analytical methods to investigate whether dietary 

protein affected infant growth and iron status. Furthermore, relationships 

between growth outcomes and proposed underlying mechanisms also needed 

more complex statistical methods such as multivariable linear regression 

models. I also used a directed acyclic graph (DAG) to select co-variates for 

the regression model instead of the previous approach selecting covariates 

simply based on prior knowledge or data. The use of DAG may increase 

causal inference. 

 

Statistical analyses in this thesis were performed using IBM SPSS version 

26.0 (Armonk, New York: IBM Corp) licensed for University College London. 

Significance was accepted if the p-value was less than 0.05 or 95%CI of OR 

did not include 1. 

 

5.1 Sample size estimation 

 

As no directly comparable data were available on which to base a sample size 

estimation at the time of conceptualisation of this cohort, four different 

approaches were used to estimate the number of participants required.  
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Method 1: Using two-different means formula 

Aim: To detect a significant difference in the total protein intake (g/day) 

between stunted (n = 58) and non-stunted subjects (n = 169) (based on Thai 

infants and young children) 

Mean difference = 4.7 g/day53 and SD = 8.453 

If power 80% and significance level = 0.05 

Sample size required = 102 → +15% dropouts = 117  

 

Method 2: Using two-different means formula 

Aim: To detect a significant difference in the WLZ between infants aged 6M (n 

= 230) and 12M (n = 190) based on data from Indonesian infants 

 Mean difference = 0.5 z-scores34 and SD = 1.034 

If power 80% and significance level = 0.05 

Sample size required = 126 → +15% dropouts = 148  

 

Method 3: Using two-different means formula 

Aim: To detect a significant difference in the WLZ at 12 months of age 

compared between infants who receive red meat frequently (n = 38) and 

infants who receive meat less frequently during the CF period (n =38)  

Mean difference = 0.5 z-scores43 and SD = 1.043 

If power 80% and significance level = 0.05 

Sample size required = 126 → +15% dropouts = 148 

 

Method 4: Formula for multiple regression analysis 

Aim: to calculate the minimum required sample size for a study using 

multiple regression analysis, given the desired probability level, the number 

of predictors in the model, the anticipated effect size, and the desired statistical 

power level146.  

Anticipated effect size (f2) = 0.15 (medium effect) 

Numbers of predictors* = 10 (from previous studies) 

Power of study 80%, significance level 0.05 

 Sample size required = 118 → +15% dropouts = 140  
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*Predictors = sex, birth weight, maternal BMI, maternal education, family 

income, total caloric intake, duration of breastfeeding, type of dietary proteins, 

total protein intake, baseline growth parameters 

 

Considering all these approaches,150 participants was considered to be an 

adequate target. 

 

5.2 Normality test of data distribution 

 

For continuous variables, I evaluated the normality of each variable using the 

Kolmogorov-Smirnov statistic and histogram prior to performing statistical 

tests. Normal distribution was defined if the p-value from the Kolmogorov-

Smirnov test was non-significant (p ≥ 0.05), the Q-Q plot was normal, and its 

histogram shown a symmetrical, bell-shaped curve. For normally distributed 

variables, I chose a parametric test whereas either data transformation or a 

non-parametric test was considered in case of extreme skewness (skewness 

> 1.0) based on the objective and assumptions made by the given statistical 

method.  

 

5.3 Transformation of data using natural log  

 

Transformation of data is considered as a method to turn skewed continuous 

variables into a normal distribution in order to better meet the assumptions of 

several parametric techniques. It involves mathematical modification such as 

square root, inversion and logarithm147. 

 

In this study, I preferred using log e, so-called natural log (Ln) to transform the 

extremely skewed variables. From a statistical perspective, it is unnecessary 

to back-transform the Ln transformed data in order to interpret on the original 

scale, as a difference of Ln corresponds to a fractional difference on the 

original scale. In other words, the transform y = 100 Ln (x) leads to differences, 

standard deviations (SD), and regression coefficients ( 𝛽)  of y that are 

equivalent to symmetric percentage (sympercent, s%) differences, SD and 𝛽 
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of x148. For example, if the 𝛽 of simple linear regression model predicting Ln 

(serum ferritin) by daily protein intake equals 10. It can be interpreted to mean 

that every 1 g increase of daily protein intake is associated with a 10% 

increase in serum ferritin. Table 5.1 and Figure 5.1 demonstrate an example 

of Ln transformation of serum ferritin from my actual data.  

 

Table 5.1 Normality test of serum ferritin before and after Ln transformation 

 

Normality test Serum Ferritin Ln Serum ferritin 

Kolmogorov-Smirnov p-value < 0.001 p-value 0.06 

Skewness 1.352 - 0.347 

 

Figure 5.1 Histograms and normal Q-Q plots of serum ferritin before and 

after Ln transformation 

 

  

 

 

  

Ln – natural log; Q-Q plot – quantile to quantile plot 
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5.4 Descriptive analyses 

 

Categorical variables such as infant sex, prevalence of malnutrition, exclusive 

breastfeeding rate, family’s socioeconomic status, and educational attainment 

of parents are shown as numbers and percentages. 

 

Continuous variables used to describe characteristics of infants and their 

families, nutrient intakes as well as details of feeding practices that were not 

involved in the comparison or exploration of relationship between variables 

were analysed as mean ±  SD or median with interquartile range (IQR) 

depending on their data distributions. 

 

5.5 Comparisons of independent groups and related samples 

 

For categorical variables, I used Chi-square test to explore whether observed 

frequencies or proportions of cases were different between two independent 

variables. In rare cases where less than 80% of cells had expected 

frequencies of 5 or more, I reported the results of Fisher’s exact probability 

test instead.  

 

For continuous variables, tests for comparison between independent and 

related variables were chosen based on the number of variables. Non-

parametric tests were used if a continuous variable showed extreme 

skewness. If there were at least 3 groups in a comparison, post-hoc analysis 

using Bonferroni test was applied to identify which pairs were significantly 

different. The statistical tests used to compare continuous variables are shown 

in Table 5.2. 
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Table 5.2 Statistical tests used to compare mean differences between 

independent groups and related samples 

 

Statistical tests Parametric  Non-parametric 

Dependent groups 

• 2 groups 

• ≥ 3 groups 

 

Student’s t-test 

One-way ANOVA 

 

Mann-Whitney U test 

Kruskal-Wallis test 

Related samples 

• 2 time points 

• ≥ 3 time points 

 

Paired t-test 

Repeated ANOVA 

 

Wilcoxon Signed Rank test 

Friedman test 

ANOVA – Analysis of Variance 

 

5.6 Correlation analysis 
 

Correlation analysis was used to describe strength and direction of the linear 

relationship between two variables whether it was a continuous level 

(parametric test - Pearson’s correlation) or ordinal level (non-parametric test - 

Spearman’s correlation).  

 

Correlation analysis was used to help me; 

1) Decide whether I should investigate the relationship between two 

variables of interest by using a linear regression model. For example, if 

I found a positive correlation between daily protein intake (independent 

variable) and WLZ (dependent variable), this suggested that I could 

explore this relationship in more detail by using linear regression. 

2) Describe relationships between nutrient intakes determined using two 

dietary assessment methods which I describe in more detail in section 

5.9. 

According to Cohen149, strength of correlations can be interpreted as follows; 

  Small – if correlation coefficient (r) = 0.10 to 0.29 

  Medium – if r = 0.30 to 0.49 

  Large – if r = 0.50 to 1.00 
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5.7 General Linear Models (GLM) and selection of confounding factors 

 

The majority of research hypotheses were tested by GLM including regression 

analysis, Analysis of Variance (ANOVA) and factor analysis. Types of 

regression analysis were chosen based on characteristics of independent 

variables (predictors) and dependent variables (outcomes) according to table 

5.3. ANOVA models were considered to determine differences of outcomes 

according to different groups or categories. In a similar way to regression 

analysis, confounding factors in the form of categorical or numeric variables 

can also be entered into an ANOVA model to control for their influence.  

 

The following three steps were used as to investigate whether protein intake 

could affect the outcomes (i.e., infant growth and iron status) 

 

1) Selection of confounding factors by DAG 

 

Confounding factors are variables intervening in the causal assumption 

between predictors and outcomes of interest as they influence both 

predictors and outcomes. In order to select them appropriately, I used the 

technique called DAG. This technique provides the minimum set of 

confounders to enter in multivariable regression analyses. More details of 

this technique are described later in this section.  

 

2) Univariate regression analyses 

 

This step was used to explore the effect of each predictor and potential 

confounder on particular outcomes. For potential confounders, this analysis 

will help to identify statistically significant confounders that should be 

included in the final model. With this approach, one predictor/ confounder 

was entered to predict one outcome. The statistical methods used in this 

step were simple linear regression, logistic regression and univariate 

ANOVA. 
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3) Multivariable regression analyses 

 

Multivariable regression analysis was used for all statistical analyses 

investigating impacts of protein intake on the outcomes (i.e., infant growth 

and iron status). Potential confounders were entered into the multivariable 

regression model as controlled variables in order to demonstrate the actual 

effect of protein intake on infant growth and iron status. There were two 

models at this step. The first model included all confounders suggested by 

the DAG while the final model included only confounders that were 

statistically significant in the univariate regression model/ the first model as 

co-variates of the main predictor. The statistical methods used in this step 

were multiple/ multivariate linear regression and multivariate ANOVA.  

 

Table 5.3 Types of regression analysis used in this study 
 

Regression 

Models 

Predictors Outcomes 

Characteristics Number Characteristics Number 

Linear  

- Simple 

- Multiple 

- Multivariate 

 

Continuous 

Continuous 

Continuous 

 

1 

≥ 2 

≥ 2 

 

Continuous 

Continuous 

Continuous 

 

1 

1 

≥ 2 

Logistic 

- Binary 

- Multinominal 

 

Category/Continuous 

Category/Continuous 

 

≥ 1 

≥ 1 

 

Binary 

≥ 3 Categories 

 

1   

1 

 

Directed Acyclic Graphs (DAG) 

 
As a cohort study cannot demonstrate causal relationships between predictors 

and outcomes by its nature, it is very important to consider which variables 

should be controlled for when investigating the impact of a predictor on a 

particular outcome. Although causality cannot be established in an 

observational study, careful control of potential confounders can allow greater 

causal inference to be made. Therefore, I used DAG to identify potential 

confounders of the causal assumptions between protein intake (predictor) and 

my outcomes of interest (infant growth and iron status).  
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What is a DAG? 

 

DAGs, so called causal graphs are graphical tools/ diagrams illustrating the 

key concepts of exposure/ predictor, outcomes, causation, confounding and 

bias150. In other words, they provide a structural relation between variables 

and distinguish causal effects between predictor and particular outcome from 

bias paths relating to confounders151. As suggested by the title, a path linking 

two variables has to be directed from one variable to another variable by a 

unidirectional arrow (Figure 5.2) while the paths linking ≥ 3 variables need to 

be acyclic, meaning that arrows are not allowed to go from one variable to 

another to form a closed loop (Figure 5.2). In a DAG, an arrow pointing from 

A to B means that A affects B. The complexity of a DAG depends on how many 

variables are involved in the causal path between the predictor and the 

outcome; the information usually comes from published scientific evidence 

and prior knowledge. For example, if we would like to see the effect of protein 

intake on infant growth, we must identify other variables that affect either 

protein intake or infant growth. Some of those variables might end up as 

confounding factors affecting both protein intake and infant growth and need 

to be adjusted for in the multivariable regression model.  

 

Why is the DAG a preferable approach for selecting co-variates?  

 

In general, causal inference in observational studies is limited due to biases. 

A bias is a systematic error that contributes to misinterpretation of the actual 

relationship between the predictor and the outcome150 and should be 

distinguished from a random error or lack of precision152 which can be 

eliminated by increasing sample size. Confounding bias is one type of bias 

that causes spurious relationships between predictor and outcomes. The bias 

caused by a confounder, a variable that affects both the exposure and the 

outcome, can be reduced by controlling for this variable153. In contrast to 

confounders, mediators and colliders involved in the casual path do not need 

to be controlled for. A mediator is a variable that lies on the casual path 

between the predictor and the outcome while a collider is a variable being a 
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common effect of both predictor and outcomes153. While controlling for 

confounders can reduce bias, adjusting for colliders can increase bias153, 154. 

For mediators, controlling for these variables may or may not result in bias, 

depending on the research question. If the researcher aims to investigate only 

direct effects of the predictor on the outcomes, the mediator should be 

controlled for, but if the researcher looks for the total effect, controlling for the 

mediator might diminish the total effect of the predictor on the outcomes153. 

Examples of a confounder, mediator and collider are shown in Figure 5.3. 

 

According to this information, if we use the common previous approach by 

selecting co-variates from significant correlations or significant outcomes from 

published articles, without considering the type of variable or relationships 

between variables, this might lead to unrecognized bias by controlling for the 

wrong covariates. Using the DAG can reduce subjectivity in deciding what 

variables should be adjusted for and improve the casual inference when 

investigating the effect of the predictor on the outcome. Figure 5.4 illustrates 

the difference between using the common previous approach and DAG 

approach to select co-variates for multivariable regression models.  

 

Creating and using the DAG  

 

In this thesis, I chose the widely used free browser-based software called 

“Digitty.net” version 3.0 (2020) developed by German scientists155. I have 

created two DAGs, one for growth outcomes and another for iron status shown 

in Chapters 7 Results 3 and 4, respectively. After entering all causal paths for 

the relevant variables in a section called “the Model code”, the software 

automatically created two exposure-outcome adjustment sets, one group for 

the total effect (including effect via mediator) and one for the direct effect 

(mediator effect is removed), in order to assess potential causality between 

the predictor and the outcome, based on the assumption that no other 

confounders are at play.  
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Figure 5.2 Example of casual paths between variables 
 

 

 
Figure 5.3 Example of confounder, mediator and collider 
 

(A) Confounder 

 

 

 

 

(B) Mediator 

 

 

 

 

(C) Collider 

 

 

 

 

  

Erectile dysfunction 

Obesity Ischemic heart disease 

Diabetes 

Severe COVID-19 
symptoms 

Hypercholesterolemia 

Diabetes 

Antipsychotic drug Obesity 

Direct 

Spurious 

Collider bias 

This figure illustrates type of co-variate; (A) diabetes is a confounder causing both 
erectile dysfunction and severe COVID-19 symptoms. If diabetes is not adjusted for 
in the model, there might be a spurious association (red dash line) between erectile 
dysfunction and severe COVID-19 symptoms; (B) hypercholesterolemia is a mediator 
between obesity and ischemic heart disease. However, obesity also directly affects 
ischemic heart disease via other pathways such as systemic inflammation. If 
researchers control for hypercholesterolemia, they will miss the total effect of obesity 
on ischemic heart via mediator; (C) diabetes is a common outcome between obese 
people and people taking antipsychotic drugs. If diabetes is adjusted for, it might open 
a new path (collider bias) suggesting that obesity results in taking antipsychotic drugs. 
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Figure 5.4 The difference between the commonly used previous approach 

and DAG approach 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.8 Statistics used to determine agreement between 24-HR and 3-DFR 

 

According to previous evidence, 3-4 days of dietary data are ideally required 

to provide an accurate assessment of nutrient intake in infants156,157. 

Therefore, dietary data from 3-DFR seemed to be more appropriate than 24-

HR. However, for cases where 3-DFR were missing or incomplete, I wanted 

to be able to use dietary data from the 24-HR instead.  

 

In order to justify using dietary data from 24-HR in this way, the agreement 

between the 24-HR and 3-DFR needed to be clarified. In this thesis, I applied 

6 statistical tests to analyse the agreement between these two methods which 

represented agreements at both group and individual level (Table 5.4) 

 

The outcomes of the agreement analysis between 24-HR and 3-DFR are 

presented in the next chapter (Chapter 6, section 6.4). 

 

Predictor Outcome 

Mediator 1 

Mediator 2 Mediator 3 Collider 1 

Collider 2

 Collider 3

 

Confounder 1 Confounder 2 
Confounder 3 

Confounder 1 

Confounder 2 

Confounder 3 

Confounder 1 

Mediator 2 

Collider 3

 

DAG  
Approach 

Previous 
Approach 

Variables potentially involved in the causal path 

Predictor Outcome 

Closer to causal 
inference  

Controlled for

 

Controlled for

 

Collider bias Spurious 
effect Mediator effect 
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Table 5.4 Statistical tests and interpretation criteria used to determine 

agreement between 24-HR and 3-DFR 

 

 

Statistical test 

Interpretation criteria158 

acceptable to  

good outcome 

poor outcome 

Group level 

1) Paired t-test 

 

  p-value > 0.05 

 

≤ 0.05 

2) Percent difference < 10% > 10% 

3) Weighed Kappa (Kw) Kw > 0.2 ≤ 0.2 

4) Bland-Altman analysis Narrow LOA 

Absent of bias 

Wide LOA 

Present of bias 

Individual level 

1) Correlation coefficient (r) 

 

r ≥ 0.3 

 

< 0.3 

2) Cross-classification 

    (quartiles) 

Same quartile >50% 

Opposite quartile <10% 

<50% 

>10% 

LOA – Limit of Agreement 

 

In the next chapter I will describe how I managed my research data and also 

present the outcomes from statistical analyses of agreement between 24-HR 

and 3-DFR, which is an essential first step before investigating the main 

hypotheses.   
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Chapter 6  

 

Management of dietary data  

 

 

Dietary data were an important part of data collection and required a number 

of steps to turn dietary consumptions into estimated nutrient intakes. A primary 

aim of the estimated nutrient intakes was to use them as a key predictor or co-

variate in further analyses, for example, protein intake, non-protein calories, 

iron intake. This chapter will provide details of how the dietary data were 

handled, transformed, and selected for further analyses. Figure 6.1 gives an 

overview of this chapter. 

 

Figure 6.1 An overview of the important steps in this chapter 

  

Checking completeness of  
dietary data 

 

Dealing with missing data 

Estimation of breast milk volume 

Coding & Entering of food items 

Conversion of dietary intakes  
into nutrient values 

Comparison of nutrient intake 
between 24-hour food recalls and 

3-day food records 
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6.1 Completeness of dietary data and dealing with missing data 

 

As described in Chapter 4 section 4.4, dietary data were collected by three 

dietary assessment methods including a 24-HR, 3-DFR and FFQ; however, at 

6 months only the 24-HR and FFQ were used. Each subject was expected to 

provide three data sets (at 6, 9 and 12 months old) for the 24-HR and FFQ but 

only two data sets (at 9 and 12 months old) for the 3-DFR. In total, there were 

8 sets of dietary data that needed to be checked for their completeness. 

 

Completeness of dietary data 

As the 24-HR and FFQ were obtained by interview, they were unlikely to be 

left blank unless parents did not have time to finish the interview due to their 

availability at the clinics. In these cases, the field researcher contacted them 

later within the same week and there were only rare cases where parents 

refused or were unavailable for phone interview. In contrast to these methods, 

the completeness of the 3-DFR was more problematic as there were more 

missing data, unclear handwriting and unrealistic portion sizes. Therefore, the 

completeness of dietary data from the 3-DFR were double checked by the field 

researchers at the clinics (missing data, legibility) and within the same week 

(portion size). The flow chart (Figure 6.2) shows how each problem was 

managed during data collection. 

 

Although the completeness of dietary data was carefully handled during data 

collection, there were still small numbers with missing data as shown in the 

table below (Table 6.1). The total number of 145 comes from the final number 

of infants after exclusion of dropouts (n = 4) and one infant who had developed 

multiple food allergies during the study period (n = 1) which limited his 

consumption of protein sources (Figure 6.3). 
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Figure 6.2 Flow chart demonstrating how the researcher managed to 

complete dietary data for the 3-day food record (3-DFR) 

 

Dietary data from the 3-DFR 

 

Missing data more than 2 days? 

 

Yes            No 

     

  Missing meals   Unclarity     Unrealistic  

          portion size         

      

 

 

 

 

 

 

 

 

Table 6.1 Completeness of dietary data at 6, 9 and 12 months (n = 145) 

 

Dietary methods Completeness, n (%) 

6M 9M 12M 

3-DFR - 130 (89.7%) 125 (86.2%) 

24-HR 145 (100%) 142 (97.9%) 144 (99.3%) 

FFQ 145 (100%) 142 (97.9%) 144 (99.3%) 

M – months old; 3-DFR – 3-day food record; 24-HR – 24-hour food recall; FFQ – 
food frequency questionnaire 

 

 

 

 

Parents were asked to 
add more records until 
3 days were complete 

Check with parents 
at the clinics 

1) Check with parents at the clinic/ by 
phone call 
2) Compare portion size with data from 
the 24-hour food recall and food 
frequency questionnaire 
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Figure 6.3 Flow chart showing the number of participants from enrolment to 

the end of the protocol 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CMU – Chiang Mai University Hospital 

CTH – Chom Thong Hospital;  

HPH – Health Promoting Hospital 

 

Dealing with missing data 

Given the very small number of dropouts and exclusions during the study 

period (3.3%), in general, I dealt with missing data by using pairwise deletion 

to avoid faulty assumptions that could result from replacing the missing data 

by other statistical techniques. However, dietary data needed more careful 

management as they had to be converted into nutrient intakes which were 

essential for further analyses. In this thesis, dietary data at 6 months came 

from the 24-HR while at 9 and 12 months old they were based on the 3-DFR 

Enrolled infants (n = 150) 

CMU n = 59 

CTH n = 26 

HPH n = 65 

First visit at 6M (n =149) 
CMU n = 59 

CTH n = 26 

HPH n = 64 

 

Second visit at 9M (n =145) 
CMU n = 57 

CTH n = 26 

HPH n = 62 

 

Third visit at 12M (n =145) 
CMU n = 57 

CTH n = 26 

HPH n = 62 

 

n = 1 parents lost contact 

n = 1 parents moved to new 
area 
n = 1 infant developed multiple 
food allergies  

n = 2 parents changed clinics 
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as it can help to avoid recall-bias and previous studies156, 157 also suggested 

that several days of records were required to achieve more accurate results 

for infant food consumption. As the results of analyses in section 6.5 

demonstrated good agreement between the 3-DFR and 24-HR, I decided to 

replace missing data from the 3-DFR with dietary data from the 24-HR. By 

using this approach, complete dietary data were obtained for all infants at 9 

and 12 months of age.  

 
After preparing the dietary data as described above, there was still one 

significant issue to resolve. As milk intakes for some breastfed infants were 

recorded in the form of timing (minutes per breast feed), this needed to be 

converted into milk volume before being entered into the INMUCAL-Nutrients 

programme to calculate nutrient intakes. The next section describes the 

methods I used to estimate breast milk volumes from duration of 

breastfeeding. 

 
6.2 Estimation of breast milk volume in breastfed infants 

 
In this cohort, parents were asked to record the volume of milk consumed by 

their infant unless it was breastfeeding. Mothers who breastfed their babies 

were asked to record the duration of each breastfeeding-episode from the 

beginning until the infant completely stopped sucking.  

 
I applied two techniques used in previous studies to estimate the volume of 

breast milk from duration of breastfeeding. 

1) According to Lanigan et al129, if the duration of breastfeeding (per 

episode) was at least 10 minutes, the volume of breast milk was 

estimated to be approximately 135 g and 100 g for 6-7- and 8–12-

month-old infants, respectively. If the duration of breastfeeding was less 

than 10 minutes, the volume of breast milk was calculated 

proportionally. 

2) An algorithm was developed by Olaya GA159 using information from a 

previous study160 and her unpublished data. The volume of breast milk 

was estimated using data on the number of breastfeeds, duration of 

each episode and infant appetite.  
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I used the average volume from these two methods as my final result. After 

dietary data had been prepared, the next step was to encode and enter all 

food items into the INMUCAL-Nutrients programme. 

 

6.3 Coding and entering of food items 

 

All food items from the 24-HR and 3-DFR were coded according to the 

suggestions in the manual of INMUCAL-Nutrients version 4.0. Four main 

sections including food groups, meals, cooking methods and unit were coded 

as shown in table 6.2. Identification data, sex, age and health status were 

required before entering data into the platform (Figure 6.4). 

 

Dietary data from each participant were entered into the 5 separate files based 

on dietary assessment methods and infant age. Those files included dietary 

data from the 24-HR at 6, 9 and 12M and from the 3-DFR at 9 and 12 months. 

Figure 6.4 demonstrates the appearance of the pages from the platform where 

food items were entered. For the 3-DFR, the programme also allows the user 

to input more than one day of food records by specifying numbers in the 

specific box (figure 6.5). Although the INMUCAL-Nutrients version 4.0 is the 

most up-to-date programme and covers almost every food item usually 

consumed by Thai infants, it still lacks data for some items. In those cases, 

the nutrient compositions were taken from the nutrition facts (on commercial 

foods) or other food composition databases such as the United States 

Department of Agriculture (USDA) and Food Agriculture Organisation of the 

United Nation (FAO/ UN). 
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Table 6.2 Food groups and codes of food items 

 

Food groups Codes 

Meals Cooking methods Unit 

01 Cereals 

02 Starchy roots & 

tubers 

03 Legumes, Nuts 

& Seeds 

04 Vegetables 

05 Fruits 

06 Meat & meat 

products 

07 Finfish and 

shellfish 

08 Eggs 

09 Milk and milk 

products 

10 Fat and oils 

11 Sugars, syrups 

and confectionery 

12 Condiments 

13 Beverages, 

Alcoholic 

14 Beverages, 

Non-Alcoholic 

15 Snack foods, 

Puff products 

16 Fast foods 

17 Local dishes, 

mixed food 

18 Dessert 

19 Insects 

20 Miscellaneous 

21 Baby foods 

22 Medical foods 

 

SB = Snack 

before breakfast 

 

BR = Breakfast 

 

SM = Snack mid-

morning 

 

LU = Lunch 

 

SA = Snack mid-

afternoon 

 

DI = Dinner 

 

SD = Snack after 

dinner/ bedtime 

 

 

BL = Blanch 

 

BO = Boiling 

 

FR = Frying 

 

GR = Grill 

 

RA = Raw 

 

RE = Ready to eat 

 

SF = Stir fry 

 

ST = Steaming 

 

KG = Kilogram 

 

GR = Gram 

 

LD = Ladle 

 

CU = Cup 

 

TB = Tablespoon 

 

TS = Teaspoon 

 

LA = Large size 

 

MI = Medium size 

 

SM = Small size 
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Figure 6.4 Appearance of the identification page 

 

 

 

Figure 6.5 Appearance of the data entry platform 

 

 

 

 

Study ID of infants 

Specific day  
of record 
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6.4 Conversion of dietary data into nutrient values 

 

Dietary data entered into the INMUCAL-Nutrients programme were converted 

into nutrient intakes automatically. Nutrients including energy, calorie 

distribution, macronutrients, micronutrients and phytate were reported in the 

Nutrient Value page (Figure 6.6). Both protein and iron were also separately 

reported by food source; animal- and plant-based foods. Additionally, the 

nutrient values were compared with the recommended intakes using the 

previous version of Thai DRIs (version 2003) and reported as percentages. 

 

The nutrient values for all infants could be exported into a Microsoft Excel 

spreadsheet shown in Figure 6.7. In some cases when food items were not 

included in the database, nutrient values from nutrition facts or other 

databases were manually added later to the Excel spreadsheets. However, 

there was still a problem for phytate because its content was absent from the 

nutrition facts of commercial products. Therefore, I had to exclude phytate 

from further analyses. 

 

The completed nutrient data in the Excel spreadsheets were exported to SPSS 

for checking normality and outliers. Extreme or ambiguous values were 

managed by checking for errors that could have occurred during data 

collection and processing. Only final verified data were used to investigate 

agreement between the 24-HR and 3-DFR.  

 

The next section will demonstrate the agreement between the 24-HR and 3-

DFR for nutrient intake at 9 and 12 months of age using the statistical tests 

described in Chapter 5, section 5.8. In this thesis, I report agreement for 

energy, protein and iron intake which are key exposures for my study.  
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Figure 6.6 Appearance of nutrient value page 

 

 

 

Figure 6.7 An example of nutrient values in the Excel spreadsheet 

 

 
 

 
 
 

  

Calories distribution 

Calories 
distribution 

% THAI DRI 
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6.5 Dietary data agreement between the 24-HR and 3-DFR 

 

Although I used two dietary assessment methods to collect food consumption 

of infants at 9 and 12 months, only nutrient intakes from the 3-DFR were 

considered as the primary resource for further analyses, because at least 3 

days of records are ideally required to provide accurate dietary data. 

Nevertheless, as the aforementioned section showed higher percentages of 

missing data from 3-DFR, it was necessary to replace the missing data by 

using nutrient values from the 24-HR (10% and 14% of nutrient values at aged 

9 and 12 months, respectively). In order to fill those gaps, the agreement 

between the methods should be acceptable. 

 

In this section, I used various statistical tests to demonstrate the agreement 

between 24-HR and 3-DFR at both individual and group level. The agreements 

for total energy intake (kcal/day), total protein intake (g/day), percentage of 

protein energy distribution (%PE) and iron intake (mg/day) are reported here. 

At individual level of agreement, I used Pearson’s correlations and cross-

classifications while results from paired t-tests, percentage of mean difference, 

weighted kappa (Kw) and Bland-Altman analysis were used to test the 

agreement at group level. The next paragraphs describe the outcomes from 

these analyses. 

 

Agreement of nutrient intake at individual level 

According to table 6.3, the correlation coefficients of all selected nutrients were 

good to excellent (range from 0.63 to 0.90) and scatter plots also 

demonstrated positive correlations between the two methods (Figure 6.8). 

Considering the results from the cross-classification, percentages of the same 

quartile for all nutrients reached an acceptable value (more than 50%) and 

also showed very low percentages of the opposite quartiles (acceptable value 

is less than 10%) for all selected nutrients at both 9 and 12 months. These 

outcomes indicated acceptable agreement between the 24-HR and 3-DFR at 

individual level.  
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Agreement of nutrient intake at group level 

There was no difference in the paired t-tests and the percentages of mean 

difference were low (less than 10%) which reflected acceptable agreement 

between the two methods (Table 6.4). In addition, the weighted kappa also 

showed acceptable agreements (more than 0.2) as shown in table 6.5. The 

Bland-Altman plots did not show direction of bias for the selected nutrients 

(Figure 6.9) and the majority of mean differences were between the lower and 

upper limits of agreement (LOA). Although the mean differences for all 

selected nutrients were small, the LOA representing the range of mean 

differences were quite wide for most nutrients (Table 6.5). These reflected the 

fact that nutrient intakes of some infants differed quite markedly between the 

two methods. 

 

Although the results demonstrated acceptable to good agreement between 

the two methods at individual and group level for almost all statistical analyses 

apart from some issues on LOA, it was still unclear how reliable they were as 

I had collected dietary data once at each visit. However, to investigate this 

point, the next paragraph will show the variation in energy and protein intake 

of infants using data from the individual days of the 3-DFR.  

 

Variation of total energy and protein intake from 3-DFR 

Energy and protein intake from the three different days at 9 and 12 months old 

from the 3-DFR were compared. Energy consumption from milk intake and 

complementary foods are presented separately. Repeated ANOVA 

measurement was used to determine these variations. As shown in table 6.6, 

there were no significant differences in energy and protein intake over three 

separate days and daily intakes were almost the same at both 9 and 12 

months old, although more variation was found at 12 months of age. Energy 

intakes whether from milk or complementary foods also showed very small 

variations from day to day. These findings indicated that infants have limited 

variation in food consumption from day to day which could explain the good 

agreement between 24-HR and 3-DFR.  
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Taken together, these results indicate acceptable agreement for the selected 

nutrients between 24-HR and 3-DFR at both 9 and 12 months of age in this 

population whether at individual or group level. Therefore, for further statistical 

analyses, when nutrient values from 3-DFR were missing, I subsequently used 

the nutrient values from 24-HR. 

 

The full report, including the dietary agreement for other nutrients, namely 

carbohydrate, fat, calcium, phosphorus, zinc, vitamin B1, vitamin B2 and 

vitamin C has been published elsewhere161. The results also indicate 

acceptable to good agreement for those nutrients with a few exceptions for 

some micronutrients. For example, vitamin A showed lower Kw and 

percentages in the same quartile than acceptable values and its LOA were 

wider compared with other nutrients at both 9 and 12 months old. 

 

The next chapter will present the demographic data and prevalence of double 

burden of malnutrition at individual, household, and population level in the 

study population. 

 

Table 6.3 Pearson’s correlation coefficients and cross-classification of 

selected nutrients between 24-HR and 3-DFR 

 
 

Nutrients 

Correlation 

coefficients (r)* 

% same quartiles % opposite quartiles 

9M 12M 9M 12M 9M 12M 

Energy (kcal/d) 0.81 0.75 54.8 53.2 0 1.6 

Protein (g/day) 0.79 0.74 57.1 50.8 0.8 1.6 

%PE 0.63 0.67 54.5 50.8 3.6 1.6 

Iron (mg/d) 0.90 0.84 57.9 59.7 0 0 

*All p-value < 0.001; M – months 
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Figure 6.8 Scatter plots demonstrating relationships between nutrient intakes 

between the 24-hour food recalls (24-HR) and 3-day food records (3-DFR) 

 

 

 

 

Energy intake at 9M Energy intake at 12M 

Protein intake at 9M Protein intake at 12M 

%PE at 9M %PE at 12M 

Iron intake at 9M Iron intake at 12M 

24-HR 

3-DFR 

24-HR 

3-DFR 

24-HR 

3-DFR 3-DFR 

24-HR 

24-HR 

3-DFR 3-DFR 

24-HR 

3-DFR 3-DFR 

24-HR 

24-HR 
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Table 6.4 Paired t-test and mean difference for selected nutrients compared 

between 24-HR and 3-DFR 

 

 

Nutrients 

9M 12M 

mean ± SD ∆mean 

(%) 

p mean ± SD ∆mean 

(%) 

p 

Energy (kcal/d) 

- 24-HR 

- 3-DFR 

 

624.5±193.9 

630.0±191.4 

 

-5.6  

(0.9) 

 

0.60 

 

725.5±236.9 

747.0±222.5 

 

-21.6 

(2.9) 

 

0.14 

Protein (g/d) 

- 24-HR 

- 3-DFR 

 

19.8±8.4 

20.2±7.9 

 

-0.4 

(2.0) 

 

0.41 

 

28.4±10.5 

29.3±10.1 

 

-0.9  

(3.1) 

 

0.21 

%PE  

- 24-HR 

- 3-DFR 

 

12.4±2.8 

12.7±2.6 

 

-0.3 

(2.4) 

 

0.36 

 

15.9±3.7 

15.7±3.0 

 

0.2 

(1.3) 

 

0.57 

Iron (mg/d) 

- 24-HR 

- 3-DFR 

 

5.0±4.0 

4.9±3.8 

 

0.1 

(2.0) 

 

0.76 

 

 

5.9±4.0 

6.2±4.3 

 

-0.3 

(4.8) 

 

0.15 

∆ mean – mean differences 
M – months old; SD – standard deviation; 24-HR – 24 hour-food recall; 3-DFR – 3 
day-food record 

 

Table 6.5 Weighted kappa and Bland-Altman limit of agreement of selected 

nutrients compared between 24-HR and 3-DFR 

 

Nutrients Kw* LOA (∆mean, ±1.96SD) 

9M 12M 9M 12M 

Energy 

(kcal/d) 

0.33 0.30 -5.6, 

±233.7 

-21.6, 

±318.9 

Protein (g/d) 0.35 0.28 -0.4, 

±10.7 

-0.9, 

±14.5 

%PE 

 

0.27 0.28 -0.3, 

±5.5 

0.2, 

±5.5 

Iron (mg/d) 0.36 0.37 0.1, 

±3.5 

-0.3, 

±4.7 

*All p-value < 0.001; M – months old; Kw – weighted kappa; LOA – limit of agreement 
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Figure 6.9 Bland-Altman plots for selected nutrients 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Energy intake at 9M Energy intake at 12M 

Protein intake at 9M Protein intake at 12M 

%PE at 9M %PE at 12M 

Iron intake at 9M Iron intake at 12M 

∆ mean ∆ mean 

mean mean 

∆ mean 
∆ mean 

mean mean 

∆ mean 
∆ mean 

mean mean 

∆ mean 

mean mean 

∆ mean 

This figure shows the Bland-Altman plots for selected nutrients at aged 9 (left 
column) and 12 months (M) (right column). The x axes represent mean values for 
nutrient intake from 24-hour food recalls and 3-day food records while the y axes 
represent mean differences between these two methods. The red line indicates a 
zero difference when the mean difference between two methods is zero regardless 
of mean nutrient intake. The green lines represent ± 1.96 standard deviation of 
mean differences reflecting the upper and lower limit of agreement.  

Energy intake (kcal/day) at 9M Energy intake (kcal/day) at 12M 

Protein intake (g/day) at 9M Protein intake (g/day) at 12M 

Protein-Energy ratio (%) at 9M Protein-Energy ratio (%) at 12M 

Iron intake (mg/day) at 9M Iron intake (mg/day) at 12M 
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Table 6.6 Change in average energy and protein intakes over 3 days at 9M 

and 12M based on the 3-day food records 

 

Nutrients Day 1  

mean±SD 

Day 2 

mean±SD 

Day 3 

mean±SD 

p-value 

Total energy 

(kcal/d) 

- 9M 

-12M 

 

 

613.2±202.5 

746.2±238.0 

 

 

618.4±197.9 

730.7±234.1 

 

 

633.0±228.3 

744.5±255.9 

 

 

0.12 

0.90 

Energy from milk 

(kcal/d) 

- 9M 

- 12M 

 

 

366.2±161.6 

346.6±169.7 

 

 

356.8±158.0 

342.7±162.9 

 

 

365.0±182.5 

350.8±187.1 

 

 

0.89 

0.64 

Energy from 

complementary 

foods (kcal/d) 

- 9M 

- 12M 

 

 

 

248.3±119.4 

402.5±165.4 

 

 

 

262.3±128.1 

390.6±158.0 

 

 

 

268.7±143.3 

396.8±159.8 

 

 

 

0.06 

0.62 

Protein intake 

(g/d) 

- 9M 

- 12M 

 

 

19.7±8.6 

29.0±10.5 

 

 

19.8±8.1 

28.6±10.9 

 

 

20.2±9.4 

29.3±11.3 

 

 

0.36 

0.70 

M – months old; SD – standard deviation 
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Chapter 7: Results 1 

 

Demographic data and Prevalence of  

the Double Burden of Malnutrition in the study population 

 

 

In this chapter, demographic data of infants and their families are described to 

provide a clear picture of the study population. Subsequently, I present the 

prevalence of the DBM found in this cohort from individual to population level. 

In the last section, key findings and interesting points are summarised and 

discussed. 

 

R1.1 Demographic data of participants and their family characteristics 

 

Of 145 infants, there were equal numbers of boys and girls. All were born full-

term with appropriate birth weight and length, although some mothers had 

been diagnosed with prenatal problems such as gestational diabetes or 

anaemia. Around two-thirds of infants were the first-born child and one-third 

were delivered by caesarean section (Table R1.1).  

 

Considering parents’ characteristics (Table R1.2), mean ages of mothers and 

fathers were around 30 years old. Although average heights of both parents 

were similar to the Thai population, the mean BMI especially for fathers 

approached the cut-off BMI for overweight in Asian populations162. Almost all 

parents had completed the compulsory education in Thailand (secondary 

school) and more than half of both parents graduated with a bachelor’s or 

higher degree. Interestingly, nearly 98% of mothers were working and the 

majority of them were in the private sector or self-employed. 

 

Consistent with the high rate of working mothers, the results shown in table 

R1.3 are consistent with the characteristics of middle-class families where 

both parents share childcare responsibilities and contribute financially. 
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Nevertheless, nearly two-thirds of infants lived in an extended family and 

grandparents were also involved in childcare. More than 80% of the families 

reported incomes ranging between the lowest rate calculated from the 

minimum daily wage and the highest rate which was about twice the average 

monthly income of Thai families according to figures from Thai National 

Statistics Office (NSO) in 2019163. 

 

Table R1.1 Demographic data of infants (n =145) 

 

Characteristics Results  

Gender, male (n, %) 73 (50.3) 

Gestational age, week (mean ± SD) 38.8 ± 1.0 

Route of delivery (n, %) 

- Vaginal delivery 

- Caesarean section 

 

96 (66.2) 

49 (33.8) 

Child order (n, %) 

- First born 

- Second child 

- Third/Forth child 

 

93 (64.1) 

48 (33.1) 

4 (2.8) 

Birth weight, grams (mean ± SD) 3,156 ± 364 

Birth length, cm (mean ± SD) 49.3 ± 1.9 

Birth head circumference, cm (mean ± SD) 33.3 ± 1.4 

Maternal screening (n, %) 

- Iron deficiency anaemia/ other anaemia 

- Gestational diabetes  

- Viral hepatitis B carrier 

- Hypertension 

 

  5 (3.5) 

13 (9.0) 

  3 (2.1) 

  2 (1.4) 

SD – standard deviation 
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Table R1.2 Parental characteristics 

 
Characteristics Results 

Parental age, years old (mean ± SD)  

- Mothers 29.8 ± 5.7 

- Fathers 32.0 ± 5.9 

Parental height, cm (mean ± SD)  

- Mothers  157.7 ± 5.7 

- Fathers 170.4 ± 5.8 

Parental BMI, kg/m2 (mean ± SD)  

- Mothers 22.8 ± 4.0 

- Fathers 24.7 ± 3.6 

Maternal educational attainment (n, %) 

- No formal education 

- Primary school 

- Secondary school 

- College 

- Bachelor 

- Postgraduate 

 

2 (1.4) 

5 (3.5) 

52 (35.9) 

17 (11.7) 

61 (42.1) 

8 (5.5) 

Paternal educational attainment (n, %) 

- No formal education 

- Primary school 

- Secondary school 

- College 

- Bachelor 

- Postgraduate 

 

3 (2.1) 

9 (6.2) 

49 (33.8) 

24 (16.6) 

52 (35.9) 

6 (4.1) 

Employed parents (n, %)  

- Fathers 142 (97.9) 

- Mothers   94 (64.8) 

Maternal occupation (n, %) 

- Government officer 

- State enterprise 

- Private section 

- Self-employment 

- Agriculture  

 

26 (17.9) 

16 (11.0) 

59 (40.7) 

34 (23.5) 

6 (4.1) 
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Paternal occupation (n, %) 

- Government officer 

- State enterprise 

- Private section 

- Self-employment 

- Agriculture 

 

24 (16.6) 

5 (3.5) 

41 (28.3) 

21 (14.5) 

2 (1.4) 

SD – standard deviation 

 
Table R1.3 Family characteristics 
 

Characteristics Results 

Dietary data provider (n, %) 

- Mothers 

- Fathers 

- Grandparents 

- Others 

 

134 (92.4) 

  6 (4.1) 

17 (11.7) 

2 (1.4) 

Main caregivers (n, %), choose more than 1 

- Mothers 

- Fathers 

- Grandparents 

- Others 

 

139 (95.9) 

11 (7.6) 

   61 (42.1) 

11 (7.6) 

Number of main caregivers (n, %) 

- 1 person 

- 2 people 

- ≥ 3 people 

 

77 (53.1) 

54 (37.2) 

 14 (9.7) 

Family type (n, %) 

- Nuclear type 

- Extended type 

 

50 (34.5) 

95 (65.5) 

Family house (n, %) 

- Owner 

- Rental 

- Others (e.g., employer’s accommodation) 

 

57 (39.3) 

24 (16.6) 

64 (44.1) 

Number of rooms in family house (n, %) 

- 1 room 

- 2 rooms 

- 3 rooms 

- ≥ 4 rooms 

 

15 (10.3) 

59 (40.7) 

48 (33.1) 

23 (15.9) 
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Source of drinking water (n, %) 

- Unfiltered water 

- Filtered water 

- Buying from dealer 

 

3 (2.1) 

26 (17.9) 

116 (80.0) 

Main financial providers (n, %), choose more than 1 

- Mother 

- Father 

- Grandparents 

- Others 

92 (63.5) 

140 (96.6) 

13 (9.0) 

2 (1.4) 

Number of main financial providers (n, %) 

- 1 person 

- 2 people 

- 3 people 

- ≥ 4 people 

 

52 (35.9) 

83 (57.2) 

7 (4.8) 

3 (2.1) 

Family income per month*#, Thai Baht (n, %) 

- less than 10,000 

- 10,000-29,999 

- 30,000-49,999 

- ≥ 50,000 

 

             11 (7.6) 

65 (44.8) 

51 (35.2) 

18 (12.4) 

*Minimum wage in Chiang Mai was 320 Baht per day during period of data collection164 
 #Average monthly income of Thai families reported by the National Statistical Office of 
Thailand 2019 was 26,018 Baht163  

 

As Thailand is an upper-middle income country according to the World Bank’s 

classification165, the socioeconomic characteristics of my study population 

were similar to a majority of Thai families especially, for those who live in urban 

areas. In addition, parents’ occupations reflected socioeconomic transition as 

there were only a small proportion of parents still working in the agricultural 

sector, with most working in the private sector which included factories or other 

industries. In the next section I present data on the prevalence of the DBM 

from individual to population level.  

 
R1.2 Prevalence of the double burden of malnutrition 
 

According to the WHO, the DBM can manifest at three levels including 

individuals, households and populations6. I examined the prevalence of the 

DBM at all levels, although the prevalence might be underestimated for 
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parents as I did not obtain data on non-communicable diseases and their 

anthropometry data were self-reported. The DBM requires the co-existence of 

two opposite extremes of nutrition within individuals, households or 

populations. In this thesis I categorised wasting, underweight, stunting/ short 

stature and iron deficiency as undernutrition, and overweight and obesity as 

overnutrition.  

 

As shown in table R1.4, the DBM was found at individual, household, and 

population levels, except for infants individually. The prevalence of infant 

malnutrition shown in this table was assessed when the infants were age 12 

months. 2.8% and 0.7%, respectively, of mothers and fathers were short and 

overweight/ obese indicating the DBM at individual level. The most common 

form of the DBM present at the household level was the combination of iron 

deficient infants living with overweight/ obese parents followed by stunted/ 

wasted/ underweight infants who lived with overweight/ obese parents. 

Interestingly, more than two-thirds (71%) of the infants with ID/ IDA lived with 

overweight/ obese parents.  

 

At population level, the number of infants with undernutrition was higher than 

those who were overweight whilst the opposite was found in parents. More 

than one-third of mothers and almost two-thirds of fathers were overweight/ 

obese while only small proportions had undernutrition. Although the 

prevalence of infant malnutrition was quite small, Figure R1.1 shows that the 

percentages increased over time, except for overweight/ obesity. At 12M, the 

percentages of all forms of undernutrition were higher than at 6M and 9M while 

the percentages for overweight/ obesity were stable over 6M.  

 

For undernutrition, the prevalence of wasting and underweight was stable 

between aged 6-9M. However, prevalence trebled at 12M while the 

prevalence of stunting increased over the CF period. Furthermore, the number 

of infants with ID/ IDA was very high (43% of all infants). Altogether, around 1 

in 2 infants in this cohort suffered from at least one form of malnutrition at 12M. 
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Table R1.4 Prevalence of double burden of malnutrition  

 
Type of DBM Prevalence, n (%) 

Individual level 

- Infants (n =145) 

- Mothers (n = 145) 

- Fathers (n = 138) 

0 

4 (2.8) 

1 (0.7) 

Household level 

- Wasted/ underweight/ stunted infants living with 

overweight/ obese parent 

- Infants with ID/ IDA living with overweight/ obese parent 

- Overweight infant living with underweight parent 

8 (5.5) 

 

44 (30.3) 

1 (0.7) 

Population level 

Infant  

  - Underweight  

  - Wasting 

  - Overweight 

  - Stunting 

  - ID 

  - IDA 

 

6 (4.1) 

5 (3.5) 

1 (0.7) 

7 (4.8) 

35 (24.1) 

27 (18.6) 

Mother  

  - Underweight* 

  - Overweight/ Obese* 

  - Short stature† (height < 147.2 cm) 

 

9 (6.2) 

55 (37.9) 

6 (4.1) 

Father 

  - Underweight* 

  - Overweight/ Obese* 

  - Short stature† (height < 157.7 cm) 

 

6 (4.3) 

89 (64.5) 

1 (0.7) 

*Cut-off BMI in Asian populations162; †Defined by less than -2SD of average height of 

Thai female and male adults166; ID – Iron deficiency; IDA – Iron deficiency anaemia 
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Figure R1.1 Prevalence of malnutrition at 6, 9 and 12 months of age (M)  

(n = 145) 

 

 

 

R1.3 Summary of key results and discussion 
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Key results 

• The prevalence of infant stunting, wasting and underweight 

increased with age and was highest at 12 months. 

• During infancy, the prevalence of overweight/ obesity was less than 

that of undernutrition. 

• Nearly 1 in 2 of the infants in this cohort had at least one form of 

malnutrition whether under- or overnutrition while ID/ IDA was the 

most common form of malnutrition. 

• The DBM is evident in this Thai population at all levels, although 

there were no stunted-overweight infants. 
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The results presented in this chapter provided a clear picture of the study 

population and the prevalence of DBM. The demographic data are consistent 

with the socioeconomic transition in Thailand as the results showed a good 

number of highly educated parents, a high percentage of working mothers, a 

majority of families with a moderate income and changing employment from 

agriculture to industrial sectors. Similar to many LMICs experiencing the 

transition this can lead to public health problems, including the double burden 

of malnutrition, which is evident in this cohort at all levels except for individual 

infants. Noticeably, more than one-third of all infants were living in households 

where the DBM existed. 

 

Focusing on global figures for childhood malnutrition, in 2020, the prevalence 

of stunting in children under-five was still highest (144 million) followed by 

wasting (47 million) and obesity (38 million)167. Although, the numbers for all 

forms of malnutrition slightly decreased compared with the estimations in 

201747, the reduction of stunting and wasting are still far behind the global 

targets for 2025 proposed by the World Health Organisation (WHO)168. These 

figures also indicate that the DBM is a huge burden in many countries across 

the world.  

 

Globally, prevalence of the DBM varies from country to country169-171, but the 

trends are accelerating more rapidly among middle-income countries where 

socioeconomic and nutrition transition are most rapid172. A recent systematic 

review of nationally representative data in under-five children showed that 5 

out of 93 LMICs worldwide are facing the DBM at national level as the 

prevalence of both under- and overnutrition in those countries exceeds the 

international threshold: 20% stunting and 10% overweight/ obesity173, while 

the median prevalence of stunted-overweight children who are under-five in 

LMICs is 1.4% (IQR 0.9 – 2.6)171.  

 

More specifically, among eight country members in the Association of South 

East Asian Nations (ASEAN) including Thailand, Rachmi et al174 demonstrated 

the DBM in infants and children was present at all three levels. The prevalence 
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of DBM at national level varied among ASEAN countries while at household 

level, the figures were between 5% (Vietnam) and 30.6% (Indonesia). Only 

two countries reported the prevalence of DBM at individual level. The figures 

for stunted-overweight children were 1.2% and 7.2% in the recent surveys in 

Vietnam and Indonesia, respectively174. In this paper, during 2011 - 2017, the 

prevalence of undernutrition in Thai children and adolescents gradually 

decreased while the percentages of overweight/ obesity constantly increased. 

The DBM at household and individual level was not reported in the Thai 

population in this article or in other studies.  

 

It is well recognised that Thailand was successful in dramatically reducing the 

prevalence of acute severe wasting and other forms of undernutrition during 

the 1980s to mid-1990s due to implementation of several nutritional 

programmes and improvement of primary health services13. However, in the 

last few decades, the percentage of ID/ IDA has remained high while the 

prevalence of stunting has reached a plateau which is around 10-12% and 

underweight remains at 10-15% in the paediatric population. In contrast, the 

rate of overweight/ obesity has been rising, with higher figures found in 

younger generations20. In 2014, Thailand was recognised as a country where 

both wasting and overweight in under-five children were overlapping burdens 

at national level175. 

 

Figure R1.2 shows the comparison of prevalence of malnutrition among the 

three latest national surveys in Thai children using the WHO growth standard 

2007 and a consistent definition of malnutrition16, 21, 22. This line graph 

demonstrates that the prevalence of stunting, wasting and underweight among 

children aged under-five was unchanged, despite a small drop in 2016 while 

the percentages of overweight/ obesity reached the highest figure in 2019. 

Unlike the results from these national surveys, the prevalence of undernutrition 

and overweight in our cohort were measured earlier and over a narrower age 

range (6-12 months vs 0-59 months) which might explain the relatively low 

percentages compared to those surveys. In addition, the exclusion of low-birth 

weight and preterm infants who are at risk of undernutrition, and the high 
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proportion of breastfed infants which may mitigate risk of overweight, could 

result in reduced rates of both under and over-nutrition. 

 

Figure R1.2 Comparison of the prevalence of stunting, wasting, underweight 

and overweight/ obesity among under-five children in 3 Thai national 

surveys16, 21, 22  

 

 

 

Nevertheless, to my best knowledge, this is the first study presenting the 

prevalence of DBM at household and individual level in a Thai population. 

Although DBM was absent in infants at individual level, the results for 

household DBM were still interesting. Considering the household DBM based 

on only anthropometric data in this cohort, the prevalence of malnourished 

infants who lived with at least one parent who had the opposite form of 

malnutrition was about 6.2% which was similar to the prevalence in some 

countries in ASEAN (5% in Vietnam and 8% in Malaysia)174. Furthermore, this 

may be the first study considering the combination of infants with ID/ IDA and 

overweight/ obese parents as one type of household DBM. 

 

As iron deficiency is the most common micronutrient deficiency and a major 

public health problem regardless of a country’s socioeconomic status, the high 

proportion of this type of household DBM found in this cohort may provide a 

new perspective for primary prevention of ID/ IDA in infants and young 
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children. As shown in table R1.4, the high prevalence of infants with ID/ IDA 

living with overweight/ obese parents in this cohort highlights the importance 

of considering family diet and parental eating behaviours when considering 

the prevention and treatment of iron deficiency in infants and young children. 

Energy-dense foods with poor nutritional value can lead to overweight/ obesity 

and the family diet is known to be highly influential for infant feeding.  

 

In this cohort, the prevalence of ID and IDA were still high, although the figures 

were slightly lower than the latest study conducted between 2016-2017 in Thai 

infants aged between 9-12 months of age which reported 34% had ID and 

25.7% IDA176. Over a decade, the situation of IDA in Thai infants, especially 

for breastfed infants has not improved177 despite the implementation of a 

universal iron screening and iron supplementation programme for infants aged 

6-12 months in public hospitals by the Thai government in 2013178. 

 

Taken together, data presented in this chapter confirm the DBM as a current 

threat for the Thai population. It seems likely that all forms of malnutrition might 

share some common aetiologies and be linked to the other forms in some way. 

Therefore, understanding the DBM holistically by identifying its “shared 

drivers” - factors that can lead to either under- or overnutrition - should be a 

good starting point to develop more effective interventions or nutritional 

policies that simultaneously reduce all forms of malnutrition, so-called “double-

duty actions”. According to the WHO, the shared drivers of DBM could be 

biological, environmental or socioeconomic factors and five potential 

candidates for double-duty actions were proposed in 2017 (Figure R1.3)9. 

However, there is no suggestion from the WHO which actions should be 

prioritised.  

 

Pradeilles and colleagues179 gathered all factors related to all forms of 

malnutrition through the existing conceptual frameworks, and finally identified 

83 out of 207 factors that could be shared drivers of DBM at all levels. In this 

review, the authors also compared the percentages of shared drivers that were 

addressed by the double-duty actions proposed by the WHO.  The results 
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showed that “Regulation of marketing” addressed 65.1% of shared drivers 

followed by “Promotion of appropriate early and complementary feeding 

in infants” (53%). “Maternal nutrition and antenatal care programmes” 

and “School food programmes and policies” contained 43.4% and 41% of 

shared drivers, respectively while “Initiatives to promote and protect 

exclusive breastfeeding in the first 6 months, and beyond” came last, 

addressing 24% all of shared drivers.  

 

From this review, it seems that complementary feeding related programmes 

or interventions could potentially alleviate the DBM and should be prioritised 

as a potential solution. Nevertheless, it is necessary to understand the current 

situation and feeding practices in a given population before planning 

interventions. The next chapter will provide more details of complementary 

feeding in the study population including feeding practices, characteristics of 

complementary foods and nutrient intakes. These results might help identify 

the factors that underlie the DBM in this population. 

 

Figure R1.3 Five potential candidates for double-duty actions identified by the 

WHO 
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Chapter 7: Results 2 

 

Feeding practices and Nutrient intakes during the 

complementary feeding period 

 

 

As discussed in the previous chapter, interventions or policies targeting 

optimal complementary feeding are potentially a double-duty action that could 

reduce all forms of malnutrition and also establish a good foundation for health 

throughout life. However, many factors related to complementary feeding can 

impact the infant’s nutritional status, contributing to malnutrition, whether 

under- or overnutrition. Therefore, it is necessary to understand current 

practices and actual nutrient intakes of the targeted population as this 

information will help determine the most problematic issues that should be 

modified in order to diminish the DBM. The first two sections of this chapter 

will describe feeding practices of the parents and nutrient intakes of the infants 

from my cohort, reflecting the current situation in Chiang Mai, Thailand. The 

last section will highlight key findings and discuss these in detail. 

 

R2.1 Complementary feeding practices 

 

When considering complementary feeding, there are three common questions 

that are widely asked in terms of feeding practices. These questions are when 

(timing of first introduction), what (type of foods given to infants) and how 

(amount of food, number of meals, combination of food groups, type and 

amount of milk, etc.). The following sub-sections will provide this information 

for my study population.  

 

R2.1.1 Age of first introduction of complementary foods 

Consistent with my cross-sectional study (Chapter 3), parents usually 

introduced first complementary food when their infants were 4 to 6 months old 

(n = 141, 97.2%) and rarely started CF before 4 months (n =3, 2.1%) or later 

than 6.5 months (n = 1, 0.7%). Rice, as a Thai staple, was the first 
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complementary food provided to infants, followed by fruits and vegetables 

while ASFs were introduced later (Table R2.1). These findings were in line 

with the first foods chosen by parents. According to table R2.1, 20% of parents 

started weaning their child with ASFs and only 17.9% first introduced 

commercial foods which are usually fortified with iron and some 

micronutrients. 

 

Table R2.1 Introduction of complementary feeding†  

 

Variables Results  

- Age (months) at first introduction of CF, (mean + SD) 5.7 + 0.6  

- Age of introduction each food group (mean + SD) 

  Rice 

  Fruits 

  Vegetables 

  Eggs 

  Meats 

  Fishes 

  Dairy products (excluding infant/ follow-on formula) 

 

5.7 + 0.6 

5.8 + 0.6 

5.9 + 0.5 

6.0 + 0.5 

6.3 + 0.9 

6.5 + 0.9 

9.9 + 2.2 

- First complementary foods * (n, %)  

  Rice  

  Fruits 

  Rice added to breast milk 

  ASFs  

  Commercial baby foods 

  Vegetables 

 

67 (46.2) 

49 (33.8) 

32 (22.1) 

29 (20.0) 

26 (17.9) 

17 (11.7) 

†Data were based on the study record form; *Parents could choose more than one 
food group if they used a combination; CF – complementary foods, SD – standard 
deviation; ASFs – animal-source foods 

 

R2.1.2 Milk feeding practices 

Along with complementary foods, milk is a key component in meeting energy 

and essential nutrient requirements for infants during this transitional period. 

Two main types of milk were given to the study infants, breast milk and 

formula. As shown in table R2.2, 44.1% were exclusively breastfed until 6 

months of age and more than 80% of these infants continued to consume only 



133 
 

breast milk along with complementary foods. However, the majority of infants 

discontinued breastfeeding at around 9 months of age based on the average 

duration of any breastfeeding. Sixty percent of the infants were given infant/ 

follow-on formula during the CF period, and it was concerning that nearly 15% 

of the infants consumed unfortified cow’s milk, despite the Thai authorities 

suggesting it should be avoided until 12 months180. Unsurprisingly, since solid 

food had been introduced, the average milk intakes fell by 26% at 9 months 

and 35% at 12 months compared with the average volume at 6 months. 

 

Table R2.2 Milk feeding practices 

 
Variables Results 

Breastfeeding practices 

- Exclusive BF until 6M (n, %)  

- Providing only breast milk alongside CF until 12M (n, %) 

- Any BF (n, %) 

- Duration of exclusive BF, months (mean + SD) 

- Duration of predominant BF, months (mean + SD) 

- Duration of any BF, months (mean + SD) 

 

64 (44.1) 

53 (36.6) 

144 (99.3) 

4.4 + 2.0 

8.4 + 4.4 

9.2 + 3.9 

Formula and dairy products 

- Number of infants receiving formula feeding (n, %) 

- Duration of formula feeding, months (median, IQR) 

- Number of infants receiving cow’s milk* before 12M (n, %) 

 

87 (60) 

3 (0, 9) 

21 (14.5) 

Average intake of breast milk/ formula ml/day (mean ± SD) 

- 6M† 

- 9M‡ 

- 12M‡ 

 

832.2 ± 182.5 

613.0 ± 198.6 

542.2 ± 198.0 

†The average intake was based on the 24-hour food recalls; ‡Average intakes were 
mainly based on the 3-day food records; *Unfortified cow’s milk; BF – breastfeeding; 
CF – Complementary food; SD – standard deviation; M – months old 
 

 

R2.1.3 Meal composition 

Before demonstrating the results from my cohort, some terminology should be 

explained. In the Thai context, mealtimes are divided into main meals (i.e., 

breakfast, lunch and dinner) and additional meals, so-called snack times. 
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According to the Thai complementary feeding recommendations, the number 

of main meals vary based on infant age while snacks should be provided 1-2 

times a day. The Thai CF recommendations were based on the OPTIFOOD 

linear programme estimating appropriate complementary foods for infants and 

young children to optimise nutrient intakes during the CF period181 (Appendix 

11). Traditionally, only one course is served in each main meal for Thai infants. 

It usually consists of a staple (i.e., rice/ sticky rice/ noodle/ rice porridge), a 

dietary protein (e.g., egg, liver, pork, poultry, etc), and some vegetables. 

Although some parents offered fruits as a part of the main meal, a more 

common practice is to give them as a snack in a separate meal. In this cohort, 

milk intake (i.e., breast milk, formula, unfortified cow’s milk) was counted 

independently from main meals and snacks while other dairy products (e.g., 

cheese, yoghurt) were counted as snacks according to common feeding 

practices among Thai parents. 

 
As shown in table R2.3, the number of meals increased with age. At 9 months 

of age, the median number of main meals reached three times a day which 

was similar to their family members. When considering dietary composition of 

each main meal, at 6M, only half of parents provided ASFs to their children, 

but the ratio was dramatically increased at 9 and 12 months when almost all 

of them offered ASFs in every main meal. The dietary composition of each 

main meal was more diverse when infants reached 9 months old. The Thai 

complementary feeding recommendations suggest that parents should add ½ 

teaspoon of vegetable oil per day, but less than a quarter of families complied 

with this advice. 

 
Likewise, snacks were also given more often and were more varied at 9 and 

12 months. Fruits were the most common snack across age groups, but 

western snacks (i.e., bread/ pastry and dairy products) were increasingly 

offered especially in older infants. Although parents hardly ever offered 

sweets/ sugary beverages to their infants, other common snacks such as Thai 

commercial snacks may also contain some added sugar. 
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Table R2.3 Number of daily meals and meal composition† 

 

Variables 6M 9M 12M 

Numbers of meals per day, (median, IQR) 1 (1, 2) 4 (2, 3) 5 (4, 5) 

Numbers of main meals per day 

(median, IQR) 

 

1 (1,1) 

 

3 (2, 3) 

 

3 (3, 3) 

Food composition in main meal*, (n, %) 

- Staple  

- ASFs  

- Vegetables 

- Fruits 

- Legumes/ nuts 

- Commercial baby foods 

- Added oils 

 

94 (64.8) 

72 (49.7) 

76 (52.4) 

31 (21.4) 

5 (3.4) 

37 (25.5) 

3 (2.1) 

 

143 (98.6) 

144 (99.3) 

135 (93.1) 

71 (49.0) 

18 (12.4) 

9 (6.2) 

36 (24.8) 

 

145 (100) 

144 (99.3) 

138 (95.2) 

60 (41.4) 

19 (13.1) 

1 (0.7) 

26 (17.9) 

Food groups† in each main meal, (n, %) 

- 1 group 

- 2 groups 

- 3 groups 

- ≥ 4 groups 

 

17 (11.7) 

64 (44.1) 

49 (33.8) 

6 (4.1) 

 

3 (2.1) 

31 (21.4) 

92 (63.4) 

20 (13.8) 

 

2 (1.4) 

46 (31.7) 

89 (61.4) 

10 (6.9) 

Number of snacks per day, (median, IQR) 0 (0,0) 1 (1, 2) 2 (1, 2) 

Type of snacks*, (n, %) 

- Fruits 

- Vegetables 

- Traditional Thai snacks 

- Commercial snacks 

- Bread/ pastry  

- Sugary sweets/ beverage 

- Dairy products  

- Others 

 

33 (22.8) 

1 (0.7) 

1 (0.7) 

1 (0.7) 

0 

0 

1 (0.7) 

0 

 

120 (82.8) 

22 (15.2) 

28 (19.3) 

24 (16.6) 

36 (16.6) 

0 

8 (5.5) 

13 (9.0) 

 

124 (85.5) 

21 (14.5) 

42 (29.0) 

34 (23.4) 

55 (37.9) 

4 (2.8) 

26 (17.9) 

21 (14.5) 

†Data were based on the study record form and food frequency questionnaires; 
*Parents can choose more than one group; † Food groups include carbohydrate (rice, 
sticky rice, noodle, etc.), protein (ASFs, nuts, legumes), fat (cooking oils, butter, lard, 
etc.), vegetables, and fruits; IQR – interquartile rank; M – months old 
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R2.1.4 Acceptability, Tolerance and Affordability of complementary foods 

 

Other aspects of complementary foods must be considered in order to 

understand feeding practices and dietary patterns. These aspects include food 

preferences, food intolerances, and food price. These factors could result in 

limited food diversity in some specific areas/ populations.  

 

In this section, the bar charts in figure R2.1 demonstrate the “Acceptability”, 

“Tolerance” and “Affordability” towards complementary foods among our study 

population from 6 to 12 months of age. In general, there was no significant 

problem in terms of acceptability, food tolerance and affordability. When 

focusing on acceptability, liver was more likely to be reported as being disliked 

by infants while other ASFs such as red meat, chicken, fishes and eggs were 

more accepted. In addition, the majority of infants were reported to enjoy 

eating rice, fruits and vegetable and around 40-50% of infants had no 

experience with dairy products, legumes and commercial baby foods. In terms 

of food tolerance, although 2% of parents reported non-specific rashes in their 

children after egg consumption, no serious reactions were reported. 

Furthermore, there was almost 100% affordability for all food groups given to 

the infants during the complementary feeding period.  

 

Although most feeding practices seemed to be appropriate, there were some 

concerns related to ASFs as the introduction was slightly delayed in some 

families and the establishment of ASFs as a daily main meal occurred at older 

ages. A considerable number of infants received formula and unfortified cow’s 

milk during complementary feeding. Those practices can contribute to either 

too little or too much intake of dietary protein, thus it is important to know how 

they affect the nutrient intakes of the infants. 
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Figure R2.1 Acceptability, tolerance and affordability of complementary 
foods 
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R2.2 Nutrient intakes during complementary feeding 

 

In this section, dietary consumptions were converted into nutrient intakes and 

subsequently compared with the Dietary Reference Intake for Thais (Thai DRI) 

launched in 2020182. The outcomes demonstrate the dynamic changes of 

nutrient intakes from 6 to 12 months of age and also illustrate the differences 

between actual intakes of the study population and the latest Thai DRI. 

 

R2.2.1 Nutrient intakes of the study population 

Overall, the results showed that the intake of most nutrients increased with 

infant age but to different degrees. Protein intake dramatically increased 60-

80% from 6 to 9 months and around 25% from 9 to 12 months, whether 

expressed as percent protein-energy (%PE) or protein weight ratio (PW). At 

12 months, the protein intake was twice the intake at 6 months and around 

90% of dietary protein came from ASFs. Consumption of protein from plant-

based foods was nearly 7 times lower than protein from ASFs at 12 months. 

Energy consumption increased by 42% from 6 to 12 months while there were 

small changes in percentages of energy distribution from carbohydrate 

(%CHO), and fat (%fat) as shown in table R2.4. 

 

The same pattern of older infants having higher nutrient intakes was also found 

for micronutrients, except for vitamin A intake. Unlike other micronutrients, the 

peak of vitamin A intake was at 9 months and then fell by 42% at 12 months. 

Interestingly, the iron intake also increased sharply from 6 to 9 months (1.2 

times) and tripled at 12 months. Similar to protein intake, ASFs were the main 

sources of iron during this period. The findings for protein and iron intake were 

consistent with the results in the previous section (section R2.1.3) that showed 

increasing provision of ASFs in the main meal at 9 and 12 months of age. 

 

Although the data shown in table R2.4 demonstrate the dynamic changes of 

nutrient intakes during the transitional period, it is very difficult to define the 

adequacy of these nutrient intakes unless they are compared with the national 

recommendations. This information is provided in section R2.2.2. 
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Table R2.4 Nutrient intakes of infants at 6 to 12 months (n = 145) 

 

Variables 6M† 9M‡ 12M‡ 

Total energy, kcal (mean + SD) 529.8 ± 145.1 639.5 ± 203.7 750.8 ± 215.4 

%E distribution, (mean + SD) 

- Carbohydrate 

- Protein 

  Animal-based 

  Plant-based 

- Fat  

 

47.6 ± 2.8 

7.8 ± 1.5 

7.4 ± 1.4 

0.4 ± 0.3 

44.6 ± 2.6 

 

50.6 ± 5.3 

12.6 ± 2.7 

10.8 ± 2.8 

1.8 ± 1.0 

36.7 ± 5.4 

 

48.0 ± 7.0 

15.6 ± 3.0 

13.6 ± 3.1 

2.1 ± 0.7 

36.4 ± 5.7 

Protein weight ratio, g/kg 

(mean + SD) 

 

1.4 ± 0.6 

 

2.5 ± 1.0 

 

3.2 ± 1.1 

Calcium intake, 

mg (mean + SD) 

 

295.6 ± 156.5 

 

347.0 ± 264.5 

 

464.4 ± 285.8 

Phosphorus intake,  

mg (mean + SD) 

 

181.4 ± 109.9 

 

326.7 ± 197.0 

 

461.3 ± 226.8 

Iron intake, mg (median, IQR) 

- All food sources 

- Animal-based  

- Plant-based  

 

1.6 (1.1, 5.8) 

1.4 (1.0, 5.4)  

0.1 (0.04, 0.2) 

 

3.5 (2.2, 7.6) 

2.4 (1.5, 6.8) 

0.9 (0.4, 0.9) 

 

4.8 (2.9, 9.2) 

3.9 (1.8, 7.9) 

0.8 (0.6, 1.2) 

Zinc intake,  

mg (median, IQR) 

 

1.5 (1.2, 3.8) 

 

2.4 (1.6, 4.5) 

 

3.5 (2.2, 5.4) 

Vitamin A, retinol activity 

equivalents (median, IQR) 

474.0  

(386.5, 617.5) 

1060  

(486.3,1736.6) 

606.0  

(382.9, 1115.5) 

Vitamin B1,  

mg (median, IQR) 

 

0.1 (0.1, 0.4) 

 

0.3 (0.2, 0.5) 

 

0.4 (0.3, 0.7) 

Vitamin B2,  

mg (median, IQR) 

 

0.3 (0.2, 0.9) 

 

0.6 (0.4, 1.2) 

 

1.0 (0.5, 1.3) 

Vitamin C,  

mg (median, IQR) 

40.8  

(32.6, 80.6) 

66.6  

(41.0, 98.2) 

64.2  

(40.2, 101.6) 

†Data were based on the 24-hour food recalls; ‡Data were mainly based on the 3-
day food records; %E – percentage of energy distribution; SD – standard deviation; 
IQR – interquartile rank 
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R2.2.2 Comparison of nutrient intakes between the study population and the 

Thai DRI 2020 

In the Thai DRI 2020182, the reference intakes of infants during the 

complementary feeding period were separated into two age groups: 6-11 

months and 1-3 years of age. Therefore, in this cohort, I have compared 

nutrient intakes at 6 and 9 months with the Thai DRI for infants aged 6-11 

months and young children aged 1-3 years. Detailed information of the Thai 

DRI for both age groups are in appendix 12. 

 

The bar charts in figure R2.2 demonstrate the percent differences between the 

average nutrient intakes found in our cohort and Thai DRI 2020. A red bar 

illustrates percent difference when the nutrient intake found in this cohort is 

lower than the Thai DRI 2020 while a blue bar represents a higher intake. 

Overall, the outcomes in this section were consistent with the results in the 

previous sections of this chapter. At the beginning (6 months of age), nutrient 

intakes were mostly lower than the reference intakes but started to improve at 

9 and 12 months old, except for %fat, calcium and vitamin A. However, %fat 

and calcium intake were just a bit higher than the Thai DRI while vitamin A 

intake was nearly 90% higher than the recommendation at 6 months. In 

addition, vitamin A intakes were consistently higher than the Thai DRI while 

energy, iron and zinc intakes were still lower than the Thai DRIs throughout 

the weaning period. 

 

Noticeably, consistent with the results in section R2.1.3 and R2.2.1 which 

showed increasing consumption of ASFs over the weaning period, protein and 

iron intakes also increased dramatically at 9 and 12 months old.  Protein intake 

started from a small percent lower than the Thai DRI but was significantly 

above the reference values at age 9 months (60%) and 12 months (166%), 

whereas the iron intake was still 82%, 61% and 4% lower than the reference 

intake at age 6, 9 months and 12 months of age, respectively. Although ASFs 

are also a better source of zinc compared to plant-based foods, the infants still 

received less zinc from the diet than the recommendation, indicating zinc is a 

problem nutrient among the study population. Vitamin C is the only vitamin 
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reported in this cohort for which the DRI at 1-3 years old is less than that at 6-

11 months old: 25 vs 40 mg/day, respectively, thus it was unsurprising to see 

a higher intake of vitamin C than the Thai DRI at 12 months.  

 

Figure R2.2 Comparison of nutrient intakes with Thai Dietary Recommended 

Intake (DRI) 2020 
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%CHO – percentage of energy provided by dietary carbohydrate; %Fat – percentage 
of energy provided by dietary fat; Ca – calcium; P – phosphorus; Fe – iron; Zn – zinc; 
RAE – retinol activity equivalents 
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R2.3 Summary of key results and discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results presented in this chapter reflect the paradoxical practices of 

protein consumption especially protein from ASFs among Thai families. While 

some infants were introduced late to animal-based protein, other infants were 

exposed to high protein intake throughout the complementary feeding period, 

particularly those receiving infant formula. 

 

Similar to the results from this cohort, recent studies have reported more 

appropriate timing of introduction of complementary feeding among LMICs as 

the majority of infants receive complementary foods at approximately 6 

months of age183, 184 which follows the WHO recommendations185, 186. In the 

Thai context, over a decade ago Jackson et al122 reported that Thai parents 

living in Chiang Mai province introduced complementary foods to infants as 

early as 7 days after birth and the median age of introduction of 

complementary foods was about 1 months old. By contrast, more recent 

studies in Thai infants including our cross-sectional study demonstrate that 

most infants are given complementary foods at around 6 months old121, 187, 188   

Key results 

• Thai infants were introduced to complementary foods at an appropriate 

time and received an age-appropriate number of meals daily. 

• There was a delay in the introduction of ASFs in some families. 

• Dietary composition in the early stages of weaning was less diverse and 

only half of infants were offered ASFs at 6 months old. 

• The consumption of ASFs was greater at 9 and 12 months old which 

contributed to the rapid increase in protein consumption and higher 

intake of iron and zinc during this period. 

• Consumption of animal-based protein increased from 6 to 12 months 

and provided nearly 90% of dietary protein. 

• From 9 months onwards, there was a rapid increase in dietary protein 

that may be partly attributed to increasing provision of formula and cow’s 

milk as breastfeeding was usually discontinued at around this age. 
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As shown in figure R2.3, the percentages of infants who are exclusively 

breastfeeding until 6 months have been rising since 2009 despite a small drop 

in the latest national survey. However, the figures are less than the percentage 

of infants exclusively breastfed until 6 months in our cohort (44.1%). One of 

the study sites, the Health Promoting hospital, is a baby-friendly hospital 

where breastfeeding is intensively promoted and use of infant formula is very 

restricted, which may affect the overall percentage of exclusive breastfeeding 

found in our study. The figure from our cohort is also similar to the global 

prevalence (41%) reported by the WHO/ UNICEF but still far below the target 

of 70% for 2030189. The combination of these positive factors for infant growth, 

namely timely introduction of complementary feeding with a higher rate of 

exclusive breastfeeding until 6 months of age, might suggest that the 

prevalence of DBM should be ameliorated over the next decade. However, as 

the DBM is still present, there might be other specific issues underlying this 

burden. The following paragraphs will discuss whether other key findings could 

be linked to the DBM. 

 

Figure R2.3 Comparison of prevalence of exclusive breastfeeding until 6 

months among the national surveys in Thailand during 2009 to 201915, 21, 22, 190 

 

 

 

  

7.1%

15%

23.1%

14%

2009 2015 2016 2019

PREVALENCE OF EXCLUSIVE BREASTFEEDING UNTIL 6M



145 
 

Other key results from this cohort potentially relevant for the DBM can be 

divided into two distinctive groups. Firstly, the provision of a low variety of food 

groups at an early stage of weaning and delaying introduction of ASFs might 

contribute to undernutrition. Secondly, consuming high amounts of dietary 

protein in particular dairy protein during the complementary feeding period 

may lead to overweight/ obesity. These findings are supported by several 

studies. 

 

Previous studies reported that the diversity of complementary foods is 

positively correlated with attained length of infants and may reduce the risk of 

stunting191-193. Additionally, in countries where undernutrition (i.e., wasting, 

underweight and stunting) is prevalent, the variety of complementary foods is 

usually low194-196. In particular for the South and South-East countries facing 

high prevalence of undernutrition, infants and young children consumed a 

lower variety of food groups including legumes and nuts, dairy products, meat 

and organs compared with the total intakes of all infants living in 42 LMICs196. 

According to the WHO infant and young child feeding indicator197, the diversity 

of dietary intake can predict dietary quality and adequacy of micronutrient 

intake among infants and young children198. Noticeably, in Asian populations, 

ASFs such as flesh meat, eggs, fish and dairy products are not typically 

introduced as the first complementary foods, although they have more impact 

on dietary quality than other food groups183, 199.  

 

Delaying introduction of ASFs is another factor that can contribute to 

undernutrition. Although eggs were introduced from the start of the weaning 

process in our cohort, other ASFs were delayed until infants reached 7-8 

months old in some families. This finding is consistent with the result from my 

previous study showing that 36% of Thai parents offered ASFs after infants 

were 7 months old121. This issue can cause more serious problems for 

breastfed infants as ASFs provide many essential nutrients, especially iron 

and zinc, that can fill the nutrient gap after 6 months of age when breast milk 

alone cannot meet infant requirements for these nutrients. A prospective 

cohort study assessing dietary intakes of Indonesian infants aged 6 to12 
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months also showed that consumption of ASFs was related to a decreased 

risk of stunting200 while another study reported that stunted children consume 

ASFs less than non-stunted children201. Rice-based complementary foods 

traditionally given to Asian infants including Thai infants generally contain low 

energy200 and inadequate amounts of “problem micronutrients” such as iron, 

zinc, calcium, vitamin A and iodine31, 202. Therefore, without an appropriate 

amount of ASFs introduced in a timely fashion, infant growth could be 

compromised and might lead to undernutrition. Conversely, a rapid increase 

and excess intake of dietary protein, especially from formula and cow’s milk, 

may also be undesirable. 

 

As shown in table R2.4, protein is the only macronutrient that consistently 

increases throughout the complementary feeding period. Noticeably, protein 

intakes were significantly higher than the Thai DRIs at 9 and 12 months when 

the majority of Thai mothers had discontinued breastfeeding, according to the 

average duration of ‘any breastfeeding’ (Table R2.2). When combined with 

premature exposure to unfortified cow’s milk and providing dairy products as 

snacks, it can be assumed that high protein intakes at 9 to 12 months result 

not only from non-dairy ASFs, but that dairy protein is a main contributor. For 

infants who are predominantly formula-fed, their protein intakes might be too 

high for a longer duration compared with breastfed infants. 

 

The increasing intake of animal-based protein reported in this cohort is quite 

different from the previous reports in Thai infants31, 203 but closer to the 

situation in high-income settings where protein in complementary foods mainly 

comes from dairy products and other ASFs28, 204. According to Damianidi et 

al28, the protein intake among infants in 5 European (EU) countries often 

exceeds the EU recommendations from 9 months old and the main source of 

protein in the first 2 years of life is dairy protein from infant formula. Likewise 

in the US, a country with a high prevalence of childhood obesity, the main 

protein sources from 6-12 months of age are also infant formula and milk204. 

Undoubtedly, the relationship between high protein intake and risk of later 

overweight/ obesity is widely supported by the evidence from high-income 

countries57, 205-208 while there is still a lack of data from LMICs61. 
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Considering protein intake among the younger populations in LMICs including 

Thailand where a rapid socioeconomic transition and change in eating style towards 

western diets have already taken place, most studies on complementary feeding 

report that infants receive adequate or even high amounts of dietary protein122, 201, 209-

212. Although protein quantity is adequate, there is still a concern about protein quality 

in these populations. Researchers from LMICs are more likely to investigate the impact 

of consumption of ASFs on infant growth in the context of preventing undernutrition44, 

67, 69. As the current evidence suggests that increased consumption of ASFs can 

improve linear growth and weight gain in infants, many LMICs tend to encourage 

parents to provide more ASFs, in particular milk and dairy products, to promote infant 

and child growth25, 213.  

 

Recently, the South-East Asian Nutrition Surveys (SEANUTS)214 reported that 

infants and children aged 6 months to 12 years old in four nations (Thailand, 

Indonesia, Malaysia and Vietnam) consumed milk and dairy products regularly 

on a daily basis, especially infants and children less than 6 years of age, 

except for Thai children where almost all were regular consumers of milk 

regardless of their age. In addition, while higher maternal education and 

socioeconomic status are positively associated with dairy consumption in most 

countries, Thailand is the only nation where dairy consumption is common 

across all income and education groups. Furthermore, this survey also 

reported the amount of dairy protein intake compared to the local 

recommendations. The results showed that even children who consumed less 

than 1 dairy consumption (one dairy consumption equals 100 g of UHT milk/ 

50 g of yoghurt/ 10 g of condensed milk/ 5 g of cheese on daily basis) had a 

protein intake that was 119% of the recommendations and this reached 179% 

for children having at least 2 dairy consumptions. It seems that protein intake 

during the complementary feeding period in Thai infants has become 

westernised and is moving closer to the pattern seen in high-income countries. 

However, it should be noted that there is no UL for protein intake, therefore the 

assumption that protein intakes above the DRI could contribute to adverse 

outcomes such as overweight/ obesity still needs more robust evidence.  
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When considering adequacy of nutritional intake within the study population it 

is important to note that comparisons with Thai DRIs may not provide an 

accurate assessment.  There are a number of reasons for this.  Dietary 

assessment is subject to bias as it relies on reports of intake that may or may 

not be accurate.  Commonly, these reports rely on recall and in the case of 

children are based on parental observations, which introduces further bias.  

Day-to-day variation in intake also complicates interpretation of dietary intake 

data. Even if food records were completely accurate, the extent to which they 

reflect habitual intake is uncertain.  Further, when nutrient intakes are 

measured in a population there is considerable inter-individual variation.  

Defining inadequacy as an intake less than or equal to the DRIs could also 

lead to an overestimation as the DRIs describe intakes that are adequate for 

the majority of the population and the prevalence of inadequate intake 

depends on the shape and variation of the usual intake distribution, not on the 

average intake215.  The risk of deficiency in an individual at a given intake may 

vary from almost no risk to almost absolute certainty of risk.  However, for most 

nutrients, if the average intakes are greater than the DRIs, the prevalence of 

inadequacy could be assumed to be acceptably low216. 

 

In summary, the results presented in this chapter suggest that dietary protein 

is potentially a “shared contributor” of the DBM in the study population. Some 

infants might consume too little protein, both in quantity and quality, due to 

delayed introduction of ASFs and this, combined with a low variety of food 

groups may result in at least one form of undernutrition (e.g., stunting, wasting, 

underweight and iron deficiency). Conversely some infants, especially those 

fed formula, might consume too much protein which might increase the risk of 

childhood overweight/ obesity. However, the assumption that “dietary protein” 

might be a “shared driver” of the DBM still needs confirmation. In the next 

chapter, I will examine the relationship between dietary protein amount and 

source and infant growth outcomes.    
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Chapter 7: Results 3 

 

Amount and sources of dietary  

protein during complementary feeding  

and their associations with infant growth  

 

The aim of this chapter is to investigate the impact of dietary protein in 

complementary foods on infant growth. Protein intakes among Thai infants 

during the complementary feeding period will first be compared to international 

recommendations and the recent national survey in Thailand and South-East 

Asian (SEA) countries. Associations between protein intake and growth 

outcomes will be examined, taking into account both quantity and quality 

(protein sources). In addition, although causality cannot be proven in this 

observational study, I try to improve causal inference in the relationship 

between protein intake and growth by using a DAG to identify relevant 

confounders. The key results of this chapter are expected to address two 

important questions: (1) whether the impact of protein intake during 

complementary feeding on the growth of infants in LMICs is similar to that in 

high-income settings. (2) which protein source(s) have the most impact on 

growth.  

 

R3.1 Amount of protein intake and comparisons with international 

recommendations and the recent survey in SEA countries 

 

In the last chapter I compared the amount of dietary protein consumed by the 

infants in this cohort with the Thai DRIs. In this chapter, I compared protein 

intake reported at 6 to 12 months old with the international recommendations 

(Table R3.1). Protein intakes shown as protein-weight (PW) ratio at 9 and 12 

months old were markedly higher than the international recommendations. At 

6 months, protein intake was just above the international recommendations 

but then reached around 2 and 3 times higher at 9 and 12 months, respectively 

(Figure R3.1).  

 



150 
 

When considering the results of Thai infants aged 6 to 12 months from the 

SEANUTS217 in table R3.2 (unpublished data), although protein intake 

expressed as total protein, PW ratio and %PE were quite similar to my study, 

infants from my cohort consumed slightly more ABP and less PBP. While 

energy and other macronutrients were also slightly different, daily iron intake 

was 25% lower in my study. The next section will provide the details of food 

sources that were commonly used as complementary foods to provide a 

clearer picture of the main protein sources given to infants in my study. 

 

Table R3.1 Comparison of protein intake between this cohort and the 

international recommendations 

 

Data 6 months 9 months 12 months 

 
This study† (2018-9) 

Total daily intake, g/d 

PW ratio, g/kg/d 

%PE, %  

 
(mean ± SD) 

10.49 ± 4.03 

1.41 ± 0.56  

7.78 ± 1.46 

 
(mean ± SD) 

20.52 ± 8.66  

2.48 ± 1.04  

12.64 ± 2.73 

 
(mean ± SD) 

29.24 ± 9.98  

3.24 ± 1.05  

15.61 ± 3.03  

Thai DRIs (2020), 

PW ratio 

1.56 1.20 

IOM (USDA, 2005)81, 

PW ratio 

1.20 1.05 

WHO/ FAO/ UNICEF 

(2007)11, PW ratio   

1.31‡ 1.14‡ 

EFSA (2017)218, PW ratio   1.31* 1.14* 
 

†Data were based on the 24-hour food recalls (6 months) and the 3-day food records 

(9 and 12 months); ‡Safe levels (Average intake + 1.96SD); *Population reference 

intake (PRI); PW ratio – protein weight ratio; %PE – percentage of energy provided 

by dietary protein; SD – standard deviation; DRIs – Dietary Recommended Intakes; 

IOM – Institute of Medicine; USDA – The United States Department of Agriculture; 

WHO – The World Health Organisation; FAO – The Food and Agriculture 

Organisation; UNICEF – The United Nations Children’s Fund; EFSA – The European   

Food Safety Authority
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Figure R3.1 Comparison of the protein-weight* (PW) ratio between this cohort 

and the international recommendations 

 

 

*Unit of PW ratio is g/kg/day; IOM – the Institute of Medicine; FAO – the Food and 
Agriculture Organisation; WHO – the World Health Organisation; UNICEF – the 
United Nations Children’s Fund; EFSA – the European Food Safety Authority 

 

Table R3.2 Comparison of average nutrient intakes of Thai infants from 6 to 

12M between this cohort and the South-East Asian Nutrition Survey 

(SEANUTS)219 

 

Nutrient intakes 

(mean ± SD) 

Our study†  

(n = 145) 

SEANUTS  

(n = 135) 

Total energy (kcal/d) 639.6 ± 150.6 684.6 ± 232.5 

Total protein, mg/d 

- ABP (% of total intake) 

- PBP (% of total intake) 

19.9 ± 6.4 

17.7 ± 5.9 (88.8%) 

2.5 ± 1.4 (12.8%) 

20.4 ± 10.2 

15.8 ± 9.4 (77.5%) 

3.8 ± 2.4 (18.7%) 

PW ratio, g/kg/d 2.4 ± 0.7 2.5 ± 1.3 

%Energy distribution   

%PE 12.0 ± 0.5 11.7 ± 3.6 

%CHO  48.8 ± 3.5 54.4 ± 7.4 

%Fat 39.2 ± 3.2 33.9 ± 6.7 

Total iron intake (mg/d) 5.0 ± 3.3 6.7 ± 4.4 

†Data were mainly based on the 3-day food records; SD – standard deviation; ABP – 
animal-based protein; PBP – plant-based protein; PW ratio – protein weight ratio; 
%PE – percentage of energy provided by dietary protein; %CHO – percentage of 
energy provided by dietary carbohydrate; %Fat – percentage of energy provided by 
dietary fat 

1
.4

1

2
.4

8

3
.2

4

1
.2

0

1
.2

0

1
.0

51
.3

1

1
.3

1

1
.1

4

1
.3

1

1
.3

1

1
.1

4

6M 9M 1 2 M

This study IOM FAO/ WHO/ UNICEF EFSA



152 
 

R3.2 Sources of dietary protein in complementary foods of the study 

population 

 
As shown in table R3.3, food sources were divided into 3 groups based on the 

protein sources of interest; dairy ASFs, non-dairy ASFs and plant foods. 

Infants consumed fewer varieties of ASFs, both non-dairy and dairy compared 

with plant foods at 6 months.   However, this improved at 9 and 12 months.  

Iron-rich foods such as red meat and liver were less likely to be given to the 

infants on a daily basis compared to eggs which contain less well-absorbed 

non-haem iron. Noticeably, various types of dairy products were provided at 

12 months, but the most common product was still infant formula. Although 

the plant-based foods included a greater variety of food items, most of them 

were subtypes of “rice” which is a staple in Thai dishes. The most common 

food items from each food source that had been given to the infants on a daily 

basis since age 6 months were hens’ egg, formula and polished rice. 

 
The following sections examine whether the amount and source of dietary 

protein in complementary foods influences infant growth in my cohort. 

 

Table R3.3 Ranking of food sources providing dietary protein to Thai infants 

on a daily basis at each age (n = 145) 

 

Food sources 6M† 9M† 12M† 

Non-dairy ASFs 

(% of all infants) 

1st  

2nd 

3rd 

 

4th 

5th 

 

 

Hen egg (15.9) 

Pork (1.4) 

Chicken liver;  

River fish (0.7) 

- 

- 

 

 

Hen egg (51.7) 

Pork (18.6) 

Chicken;  

River fish (6.2) 

Sea fish (4.8) 

Pork liver (4.1) 

 

 

Hen egg (52.4) 

Pork (22.1) 

Chicken (4.1) 

 

Pork liver (2.1) 

Chicken liver;  

Duck egg (1.4) 

Dairy products 

(% of all infants) 

1st 

 

2nd 

3rd 

4th 

5th 

 

 

Infant formula 

(31.1) 

- 

- 

- 

- 

 

 

Follow-on formula 

(26.9) 

Infant formula (20) 

Others (0.7) 

- 

- 

 

 

Follow-on formula  

(38.7) 

Others* (20) 

Cow’s milk (9.7) 

Infant formula (6.2) 

Yoghurt (1.4) 
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Plant-based foods 

(% of all infants) 

1st 

2nd 

 

3rd 

4th 

 

5th 

 

 

Polished rice (44.2) 

Commercial baby 

food† (25.5) 

Banana (22.3) 

Brown rice (13.1) 

 

Pumpkin (11.1) 

 

 

Polished rice (56.6) 

Rice porridge (27.6) 

 

Banana (18.6) 

Brown rice; Orange 

(17.2) 

Pumpkin (11.1) 

 

 

Polished rice (75.9) 

Glutinous rice (34.5) 

 

Brown rice (22.8) 

Orange (17.9) 

 

Rice porridge (15.8) 
†Data were based on the food frequency questionnaires; *Cheese, Milk ice-cream, 
Fermented milk; †Cereal-based; ASFs – animal source foods; M – months old 
 

R3.3 Categorisation of High, Median and Low protein intake groups 

 
Before investigating the association between protein intake and growth, it is 

necessary to explain how I classified the cohort into high, median and low 

protein intake groups. I first needed to decide the best measure of protein to 

use in the analyses - whether total intake (g/day), PW ratio (g/kg/day) or %PE. 

Finally, I chose “%PE” to represent protein intake for 4 reasons: 

1) There is a major disadvantage to using “total protein intake” because 

larger infants consume more protein. It might therefore be very difficult 

to conclude whether protein intake affects weight gain, rather than a 

bigger infant just eating relatively more food and protein. 

2) The PW ratio also leads to another problem if the main outcome is the 

weight-related z-score. The following equations show that there is an 

inverse association between PW ratio and WAZ or WLZ via the infant 

weight when these variables are included in the same regression 

model. 

    PW = Total protein intake (g/day) 

        Individual weight (kg) 

 
   WAZ = Individual weight – mean weight of infants at same age  

         Standard deviation (SD)  

     WLZ = Individual weight – mean weight of infants at the same length 

              Standard deviation (SD) 

3) The %PE gives information on protein density which reflects one aspect 

of diet quality and has been used as a reference for the target 

population to balance risk of protein deficiency220 and excess221. In 
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addition, the literature in this field usually describes the association 

between protein intake and outcomes in the form of %PE73, 206, 222 so it 

might be easier to compare my findings with those studies using this 

measure. 

4) As the %PE is calculated based on energy intake, it is per se adjusted 

for total food consumption. In other words, the %PE can represent the 

protein intake regardless of body size and energy intake of each 

individual.  

 
The next point to consider was how to determine cut-off levels of %PE to 

categorise high, median and low protein intake. Although western authorities 

suggest that 15% is a safe level in terms of reducing risk of obesity for 

infants221, there is no strong evidence to support recommendations for protein 

intake in infants from other ethnic groups in order to reduce risk of overweight/ 

obesity. The previous international recommendations were more focused on 

protein deficiency223. Almost three decades ago, experts recommended that 

the safe level of %PE should be 6.9-7.1% and 6.2-7% based on the protein 

quality for infants aged 6-9 and 9-12 months, respectively224 while the latest 

one from the Joint WHO/ FAO/ UNU experts suggested that the safe level 

should be 7.6% and 7.8% for female and male infants225. 

 
Due to a lack of cut-off levels for high protein intake in global populations, I 

decided to categorise protein intake groups by using data from this cohort. 

Table R3.4 shows the similar values for %PE from 6 to 12 months for both 

means ± SD and median with IQR. However, the number of infants in each 

protein group using cut-off values from the median with IQR was more 

balanced than using cut-off values from means ± SD. Finally, high, median 

and low protein intakes were defined as %PE ≥ 75th percentile, 25th to 75th 

percentile and ≤ 25th percentile, respectively. Using these criteria, in the next 

section I examine growth z-scores and nutritional status among infants in 

these protein intake groups. Noticeably, the means of PW ratio exceeded the 

recommendations shown in table R3.1 when infants were 9M and 12M, even 

in the low protein intake group where the means for PW ratio at 9M and 12M 

were 1.8 and 2.7 g/kg/day, respectively.  
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Table R3.4 Categorisation of infants based on percent protein-energy from 6 

to 12M 

Protein intake Results† 

means ± SD  median (IQR) 

Percent protein-energy (%PE) 12.01 ± 1.63 12.02 (10.86, 12.92) 

Cut-off value by %PE 

High 

Median 

Low 

 

≥ 13.64a 

10.39 – 13.63b 

≤ 10.38c 

 

≥ 12.92d 

10.87 – 12.91e 

≤ 10.86f 

Number of infants in each 

protein group (n = 145) 

High 

Median 

Low 

 

 

20 (13.8%) 

102 (70.3%) 

23 (15.9%) 

 

 

36 (24.8%) 

73 (50.4%) 

36 (24.8%) 

†Data were mainly based on the 3-day food records; a ≥ means + SD; b < means – 

SD to < means + SD; c ≤ means – SD d ≥ P75; e < P25 to < P75; f ≤ P25; %PE – 
percentage of energy provided by dietary protein; SD – standard deviation; IQR – 
interquartile rank 

 

R3.4 Comparison of anthropometry and prevalence of malnutrition 

among protein intake groups 

 

In this section, I present the analyses with protein intake as a categorical 

variable based on the %PE from 6 to 12 months old as explained in section 

R3.3. The outcome measures were infant growth (z-scores) analysed as 

1continuous variables and nutritional status as categorical variables. I will 

present the dose-response effect of %PE on infant growth in the next section. 

 

Interestingly, as shown in table R3.5, the comparisons of all growth z-scores 

between groups showed a consistent pattern throughout the study period, 

although with varying degrees of statistical significance. Values were highest 

in infants from the high protein (HP) group, followed by the median protein 

(MP) group, while the infants from the low protein (LP) group had the lowest 

values. Notably, there were two opposite trends in terms of changes in weight-

related parameters (WAZ, WLZ and BMIZ) from 6 to 12M. While the z-scores 

for all weight-related parameters increased over time in the HP group, a 
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downward trend was found in both MP and LP groups. The gap in weight-

related z-scores between the HP and other groups increased with age. There 

was no significant difference between groups at 6 months, while at 9 months 

WAZ of the HP group was significantly higher than the other two groups and 

at 12 months all weight-related parameters were significantly higher in the HP 

group compared to MP and LP groups.  

 

Infants in the HP group had positive values for all weight-related conditional 

growth parameters, suggesting that they had gained more weight than 

expected between 6 and 12 months. Their values were also significantly 

different compared to the conditional WAZ, WLZ and BMIZ of the infants from 

the other two groups. Although all growth parameters were higher in the MP 

group, they were not significantly different to those of the LP group. 

Interestingly, differences in LAZ among infants the protein groups were not 

significant, except at 6 months. However, at this age, differences between 

pairs in the post-hoc analysis were not significant. Additionally, the conditional 

LAZ showed only small values in all groups suggesting length gain deviated 

little from the expected values regardless of protein intake.  

 

As shown in table R3.6, the prevalence of all forms of malnutrition did not differ 

significantly between protein intake groups although there was a trend towards 

higher percentages of infants with undernutrition in the LP group.   



157 
 

Table R3.5 Comparison of anthropometry among protein intake groups  

 

Growth 

anthropometry 

High  

(n=36) 

Median 

(n=73) 

Low 

(n=36) 

p-value 

(p)* 

p** 

H vs L 

p** 

H vs M 

p** 

M vs L 

6M# 

WAZ 

WLZ 

BMIZ 

LAZ 

 

-0.14 

 0.02 

-0.08 

-0.15 

 

-0.40 

-0.06 

-0.14 

-0.55 

 

-0.50 

-0.05 

-0.16 

-0.66 

 

0.18 

0.91 

0.93 

0.04 

 

0.23 

1.00 

1.00 

0.09 

 

0.39 

1.00 

1.00 

0.06 

 

1.00 

1.00 

1.00 

1.00 

9M# 

WAZ 

WLZ 

BMIZ 

LAZ 

 

 0.03 

0.14 

0.09 

-0.17 

 

-0.46 

-0.22 

-0.24 

-0.48 

 

-0.59 

-0.24 

-0.26 

-0.69 

 

0.003 

0.08 

0.13 

0.06 

 

0.004 

0.17 

0.27 

0.05 

 

0.01 

0.12 

0.19 

0.29 

 

1.00 

1.00 

1.00 

0.81 

12M# 

WAZ 

WLZ 

BMIZ 

LAZ 

 

0.10 

0.25 

0.29 

-0.19 

 

-0.45 

-0.30 

-0.19 

-0.55 

 

-0.60 

-0.39 

-0.31 

-0.64 

 

0.001 

0.004 

0.01 

0.08 

 

0.001 

0.008 

0.02 

0.11 

 

0.003 

0.009 

0.04 

0.17 

 

1.00 

1.00 

1.00 

1.00 

Conditional#  

WAZ 

WLZ 

BMIZ 

LAZ 

 

0.54 

0.58 

0.46 

0.07 

 

-0.13 

-0.14 

-0.13 

-0.01 

 

-0.28 

-0.30 

-0.27 

-0.04 

 

0.001 

<0.001 

0.002 

0.90 

 

0.001 

<0.001 

0.004 

1.00 

 

0.002 

0.001 

0.009 

1.00 

 

1.00 

1.00 

1.00 

1.00 

*ANOVA; **Post-hoc analysis using Bonferroni’s test; #Data were shown as mean 
values; H – high intake group; M – median intake group; L – low intake group; WAZ – 
weight-for-age z-score; WLZ – weight-for-length z-score; BMIZ – body mass index z-
score; LAZ – length-for-age z-score 
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Table R3.6 Prevalence of malnutrition among protein intake groups 

 

Prevalence  

n (%) 

HP  

(n=36) 

MP 

(n=73) 

LP 

(n=36) 

*p-value 

Underweight 

6M 

9M 

12M 

 

0 

0 

0 

 

1 (1.4%) 

1 (1.4%) 

3 (4.1%) 

 

1 (2.8%) 

1 (2.8%) 

3 (8.3%) 

 

0.73 

0.60 

0.18 

Wasting 

6M 

9M 

12M 

 

0 

0 

1 (2.8%) 

 

0 

1 (1.4%) 

4 (5.5%) 

 

1 (2.8%) 

0 

0 

 

0.22 

0.61 

0.33 

Stunting 

6M 

9M 

12M 

 

0 

0 

0 

 

1 (1.4%) 

2 (2.7%) 

3 (4.1%) 

 

3 (8.3%) 

3 (8.3%) 

  4 (11.1%) 

 

0.06 

0.14 

0.08 

Overweight 

6M 

9M 

12M 

 

1 (2.8%) 

1 (2.8%) 

0 

 

0 

0 

0 

 

1 (2.8%) 

0 

1 (2.8%) 

 

0.36 

0.22 

0.22 

*Fisher’s exact test; HP – high protein-intake group; MP – median-intake group; 
LP – low protein-intake group; M – months old 

 
 
R3.5 DAG and selection of co-variates for regression analysis 
 
Before moving to the main analyses showing the dose-response between 

protein consumption and growth outcomes, it is necessary to describe how I 

selected co-variates for inclusion in the regression analysis.  

 

I started by reviewing the relevant literature to identify which factors influence 

infant growth, whether linear or ponderal. After identifying all relevant factors 

from the literature, I used “DAGitty.net” (more detailed information on DAG 

was provided in Chapter 5) to create two separate DAGs, one for linear growth 

and one for ponderal growth, using all variables collected in my study with the 

potential to confound or mediate the relationship between protein intake and 

infant growth. This programme allowed me to enter the proposed causal path 

between my predictor (protein intake) and the outcomes of interests (linear 

and ponderal growth) as well as associations between other variables, in a 
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window called “model code” (Appendix 13). After all relations had been 

established in the model code, the programme automatically created the DAG 

and suggested the “minimal sufficient adjustment sets” excluding all non-

casual paths and leaving all casual paths that should be controlled for as “co-

variates” for the impact of protein intake on the growth outcomes (linear or 

ponderal growth). These suggested co-variates were assumed to be 

“confounders” of the causal path between protein intake and growth outcomes. 

According to the DAGs in figure R3.2, there was no mediator lying in the casual 

path between protein intake and growth outcomes, thus the minimum set of 

factors for total effect and direct effect were similar for these DAGs. The set of 

suggested co-variates that should be controlled for is shown in table R3.7.  

 

 

Figure R3.2 The directed acyclic graph for linear and ponderal growth 
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Green box: predictor; Yellow box: main outcomes; Red box: potential confounders; Blue 

box: other variables; Green arrow: casual path; Red arrow: bias path 

 

Table R3.7 Selected co-variates suggested by DAG 

 

Linear growth 

(conditional LAZ) 

Ponderal growth 

(conditional WAZ, WLZ, BMIZ) 

 

1) Type of milk feeding 

2) Non-protein energy 

(6-9M and 9-12M) 

3) Maternal age 

4) Maternal education 

5) Infection (Frequency of illness) 

6) Family income 

 

     1) Type of milk feeding 

     2) Non-protein energy 

         (6-9M and 9-12M) 

     3) Maternal age  

     4) Maternal education 

     5) Infection (Frequency of illness) 

     6) Maternal BMI 

WAZ – weight-for-age z-score; WLZ – weight-for-length z-score; BMIZ – body mass 
index z-score; BMI – body mass index; LAZ – length-for-age z-score; M – months old  
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R3.6 Associations between protein intake and growth outcomes 

 

There were three main steps for the analyses in this section. I started with a 

univariate regression analysis to see whether the predictor (%PE) and other 

co-variates were associated with the outcomes (i.e., conditional growth for 

WAZ, WLZ, BMIZ and LAZ), and then I entered both predictor and suggested 

co-variates from the DAG into the first multiple regression model. Finally, I 

used a second multiple regression model to determine effects of %PE on 

conditional growth adjusting only for significant co-variates found from the 

univariate regression analyses and the first model. Henceforth, for the 

regression analyses, I chose only the average %PE from 9-12 months old as 

the main predictor because during this time, dietary recommendations from 

the Thai complementary feeding guideline (Appendix 11) are the same and 

protein intake is more established and diverse compared to the early stage of 

CF. In addition, the supportive evidence also indicates that key food sources 

providing energy and macronutrients are fairly similar between 9 and 12 

months226 and diets at 9M are strongly related to risk of childhood stunting200. 

I chose to use conditional growth as it is free of bias from previous body size 

and represents whether infants grow more or less than expected based on the 

growth pattern of this specific population.  

 

The outcomes from the univariate regression analyses shown in table R3.8 

demonstrated that the %PE from 9-12 months was a significant positive 

predictor of all conditional weight-related z-scores while there was no relation 

between %PE from 9-12 months and conditional LAZ. According to table R3.9, 

the univariate regression models investigating correlations between other co-

variates and growth outcomes showed that “Type of milk feeding from 9-12M”, 

“Non-protein energy 6-9M” and “Non-protein energy 9-12M” were significantly 

and positively associated with conditional weight-related z-scores. In other 

words, “Formula feeding” and increasing intake of “Non-protein energy 6-9M” 

or “Non-protein energy 9-12M” may promote greater weight gain. “Type of milk 

feeding from 9-12M” showed a significant association with conditional LAZ.  
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In multiple regression analyses, only the %PE from 9-12 months of age 

showed consistent results, being significantly associated with all conditional 

weight-related z-scores regardless of non-protein energy intake and type of 

milk feeding (Table R3.11). By contrast, neither %PE nor other co-variates 

were associated with conditional LAZ. The higher adjusted R2 in the second 

multiple regression models suggest that the model predicted a higher 

proportion of the outcome overall compared to the first model. 

 
In terms of the dose-response association between %PE and infant growth, 

these analyses suggest that a 1% increase in %PE from 9-12 months is 

associated with an increase in conditional weight-related z-scores by 0.22 – 

0.27 z-scores, regardless of non-protein energy consumption during the CF 

period and type of milk feeding. 

 
Taken together, the key outcomes reported in section R3.4 and R3.6 strongly 

support the hypothesis that higher protein intake during the CF period is 

associated with more rapid infancy weight gain. The next section will 

investigate whether all protein sources have the same effect on growth.   

 

Table R3.8 Univariate regression analyses investigating association between 

%PE from 9-12 months old and conditional growth  

 

 

Predictor 

 

Outcomes 

Results 

Adj R2 ß p-value 

%PE  

9-12M 

 

Conditional WAZ 0.08 0.29 < 0.001 

Conditional WLZ 0.09 0.31 < 0.001  

Conditional BMIZ 0.06 0.25   0.002 

Conditional LAZ - 0.006 0.04 0.66 

%PE – percentage of energy provided by dietary protein; Adj R2 – adjusted 
coefficient of determination; ß – regression coefficient; M – months old; WAZ – 
weight-for-age z-score; WLZ – weight-for-length z-score; BMIZ – body mass 
index z-score; LAZ – length-for-age z-score; M -months old 
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Table R3.9 Univariate regression analyses investigating associations 

between selected co-variates and growth outcomes 

 

1) Main outcomes: Ponderal growth (i.e., conditional WAZ, WLZ, BMIZ) 

 

Co-variates 

 

Outcomes 

Results 

Adj R2 ß p-value 

Type of milk feeding 

9-12M* 

 

Breast milk1 

Combined 

Formula 

Conditional WAZ 

Combined 

Formula 

0.05 

 

 

0.02 

0.53 

 

0.91 

0.008 

Conditional WLZ 

Combined 

Formula 

0.04  

0.27 

0.55 

 

0.19 

0.006 

Conditional BMIZ 

Combined 

Formula 

0.03  

0.34 

0.50 

 

0.09 

0.01 

Non-Protein energy 

6-9M 

Conditional WAZ 0.09 0.002 < 0.001 

Conditional WLZ 0.06 0.002 0.002 

Conditional BMIZ 0.05 0.002 0.006 

Non-Protein energy 

9-12M 

Conditional WAZ 0.06 0.002 0.001 

Conditional WLZ 0.03 0.002 0.03 

Conditional BMIZ 0.02 0.001 0.05 

Maternal education* 

(graduated & above: 

Yes1/No) 

Conditional WAZ - 0.013 0.04 0.82 

Conditional WLZ - 0.014 - 0.01 0.94 

Conditional BMIZ - 0.012 - 0.08 0.62 

Frequency  

of illness 

 

Conditional WAZ - 0.006 - 0.03 0.72 

Conditional WLZ - 0.006 - 0.03 0.72 

Conditional BMIZ - 0.006 - 0.03 0.71 

Maternal BMI Conditional WAZ - 0.006 - 0.007 0.73 

Conditional WLZ - 0.007 <0.001 1.00 

Conditional BMIZ - 0.007 - 0.002 0.92 

Maternal age 

 

Conditional WAZ - 0.007 0.001 0.96 

Conditional WLZ - 0.007 <0.001 0.99 

Conditional BMIZ - 0.003 0.01 0.48 

*Categorical variables; 1reference category; Adj R2 – adjusted coefficient of 
determination; ß – regression coefficient; WAZ – weight-for-age z-score; WLZ – weight-
for-length z-score; BMIZ – body mass index z-score; BMI – body mass index; M – 
months old 
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2) Main outcome: Linear growth (conditional LAZ) 
 

 

Co-variates 

Results 

Adj R2 ß p-value 

Type of milk feeding 9-12M*  

Breast milk1 

Combined 

Formula 

0.03  

  NA 

- 0.44 

   0.04 

 

NA 

0.03 

0.86 

Non-Protein energy 6-9M 0.007 0.001 0.16 

Non-Protein energy 9-12M 0.01 0.001 0.09 

Maternal education* 

(graduated & above: Yes1/No) 

 

- 0.004 

 

0.13 

 

0.43 

Frequency of illness - 0.007 - 0.02 0.82 

Family Income* 

(≥30,000 Baht/ month: Yes1/ No) 

 

0.003 

 

- 0.20 

 

0.23 

Maternal age 0.002 -0.02 0.26 

*Categorical variables; 1reference category; NA – Not analysis; BF – breastfeeding; 
Adj R2 – adjusted coefficient of determination; ß – regression coefficient; LAZ – 
length-for-age z-score; M -months old 

 

 

Table R3.10 Summary of significant co-variates from univariate regression 

analyses 

 

Outcomes Significant Covariates 

Ponderal growth Type of Milk from 9-12M 

Non-Protein energy 6-9M 

Non-Protein energy 9-12M 

Linear growth Type of Milk from 9-12M 

  M – months old 
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Table R3.11 Multiple linear regression analyses investigating association 

between %PE from 9-12 months and conditional growth outcomes 

 

1) Main outcome: Conditional WAZ 

Predictors 

Model 1 

Adj R2 0.112 

 

ß 

 

p 

Predictors 

Model 2 

Adj R2 0.134 

 

ß 

 

p 

%PE 9-12M   0.23 0.005 /  0.25 0.002 

Type of milk 9-12M   0.03 0.80 / 0.03 0.81 

Non-Protein energy 6-9M   0.21 0.14 / 0.20 0.15 

Non-Protein energy 9-12M   0.07 0.62 / 0.08 0.56 

Frequency of illness      - 0.03 0.73  

Maternal education   0.08 0.35 

Maternal BMI     - 0.01 0.45 

Maternal age   0.01 0.92 

WAZ – weight-for-age z-score; M – months old; BMI – body mass index; Adj R2 – 
adjusted coefficient of determination; ß – regression coefficient; p – p-value 

 
 

2) Main outcome: Conditional WLZ 

Predictors 

Model 1  

Adj R2 0.104 

 

ß 

 

p 

Predictors 

Model 2 

Adj R2 0.127 

 

ß 

 

p 

%PE 9-12M  0.26 0.002 /  0.27 0.001 

Type of milk 9-12M   0.10 0.35 / 0.10 0.32 

Non-Protein energy 6-9M   0.22 0.13 / 0.21 0.13 

Non-Protein energy 9-12M - 0.07 0.61 /  - 0.07 0.60 

Frequency of illness  - 0.03 0.70  

Maternal education   0.07 0.43 

Maternal BMI - 0.04 0.60 

Maternal age   0.01 0.91 

WLZ – weight-for-length z-score; M – months old; BMI – body mass index; Adj R2 – 
adjusted coefficient of determination; ß – regression coefficient; p – p-value 
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3) Main outcome: Conditional BMIZ 

Predictors 

Model 1  

Adj R2 0.078 

 

ß 

 

p 

Predictors 

Model 2 

Adj R2 0.080 

 

ß 

 

p 

%PE 9-12M   0.22 0.01 / 0.22 0.009 

Type of milk 9-12M   0.10 0.37 / 0.10 0.34 

Non-Protein energy 6-9M   0.19 0.20 / 0.17 0.23 

Non-Protein energy 9-12M - 0.05 0.72 / - 0.05 0.73 

Frequency of illness - 0.01 0.89  

Maternal education   0.11 0.23 

Maternal BMI - 0.05 0.56 

Maternal age   0.07 0.46 

BMIZ – body mass index z-score; M – months old; BMI – body mass index; Adj R2 – 
adjusted coefficient of determination; ß – regression coefficient; p – p-value 

 

 

4) Main outcome: Conditional LAZ 

Predictors 

Model 1 

Adj R2 - 0.02 

 

ß 

 

p 

Predictors 

Model 2 

Adj R2 – 0.012 

 

ß 

 

p 

%PE 9-12M 0.02 0.86 / 0.02 0.68 

Type of milk 9-12M - 0.12 0.30 / 0.02 0.83 

Non-Protein energy 6-9M   0.05 0.72  

Non-Protein energy 9-12M   0.17 0.25 

Frequency of illness  - 0.01 0.91 

Maternal education - 0.06 0.54 

Maternal age - 0.08 0.39 

Family income   0.12 0.20 

LAZ – length-for-age z-score; M – months old; Adj R2 – adjusted coefficient of 
determination; ß – regression coefficient; p – p-value 
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R3.7 Associations between consumption of different protein sources 

and growth outcomes 

 

In these analyses, protein sources were divided into three main groups 

namely, milk, non-dairy ASFs, and plant-based foods. Milk included breast 

milk, formula, cow’s milk, and other dairy products while non-dairy ASFs 

referred to eggs, flesh meat, organs, seafoods, and other animal products. 

The last protein source was plant-based foods covering cereals, vegetables, 

fruits, legumes, nuts and seeds.  

 

In this section, I used a similar approach beginning with univariate regression 

models to investigate associations between each protein source and 

conditional growth z-scores. As the co-variates were the same set used in 

section R3.6, they were also included in the multiple linear regression models 

as the previous analyses.  

 

According to the results of univariate regression analyses shown in table 

R3.12, milk protein was the only protein source significantly associated with 

all conditional weight-related parameters. However, as breastfeeding is 

associated with a reduced risk of childhood obesity while formula and cow’s 

milk are associated with increased risk of rapid weight gain, I performed further 

analyses separating %PE from breast milk and non-breast milk (i.e., formula, 

cow’s milk, other dairy products). To avoid excluding data from infants who 

were given only breast milk or formula/ cow’s milk, I created a new variable 

called “Difference between %PE between non-breast milk (non-BM) and 

breast milk (BM)” – so called “Different %PE from milk”. This was a 

continuous variable, calculated by subtraction of %PE from BM from %PE 

from non-BM. The value of this variable could be  

• Negative – when infants received %PE from non-BM < BM 

• Zero – when infants received %PE from non-BM = BM 

• Positive – when infants received %PE from non-BM > BM 

Higher values of this variable therefore indicated more %PE from non-BM. 
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There were significant positive associations between the different %PE 

between non-BM and BM and conditional weight-related z-scores suggesting 

that increasing %PE from non-BM is associated with increased conditional 

weight-related z-scores. There was no significant association with conditional 

LAZ (Figure R3.3). In addition, it should be noted that the standardised 

regression coefficients (ß) were higher than using %PE from both types of 

milk. Altogether, these findings indicate that the protein intake from non-BM 

could be the main contributor to the results found in the univariate regression 

models (Table R3.12). 

 

In the multiple regression models, it was interesting that %PE from both 

milk/dairy and non-dairy ASFs was positively associated with conditional WAZ 

and WLZ, independent of other co-variates shown in table R3.13. Noticeably, 

only %PE from non-dairy ASFs was significantly associated with conditional 

BMIZ while the p-value for the association between %PE from milk and 

conditional BMIZ in the multiple linear regression analysis was just above the 

statistical significance threshold (p = 0.07).  

 

Table R3.13 shows higher regression coefficients from the multiple linear 

regression models focusing on %PE from milk and non-dairy ASFs as main 

predictors compared to the previous analyses when protein sources were not 

considered.  The key outcomes (using model 2) can be interpreted as follows, 

• A 1% increase in daily PE from milk/dairy from 9-12 months may 

increase the conditional WAZ and WLZ by 0.47 and 0.40 z-scores, 

respectively after adjusting for other protein sources, non-protein 

energy consumption and type of milk feeding. 

• A 1% increase in daily PE from non-dairy ASFs from 9-12 months 

may increase the conditional WAZ, WLZ, BMIZ by 0.27, 0.32 and 0.25 

z-scores, respectively after adjusting for other protein sources, non-

protein energy consumption and type of milk feeding. 
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In this cohort, none of these protein sources was associated with conditional 

LAZ and there was no relationship between %PE from plant-based foods and 

conditional growth at 12 months. 
 

Altogether, the significant results in this section underscore the impact of 

protein sources on infant growth during the complementary feeding period. It 

is therefore necessary to consider both the amount and source of protein when 

investigating associations between protein intake and growth. The final section 

of this chapter will summarise the key findings and discuss them in the context 

of other published data, highlighting the new knowledge added by this cohort, 

as well as the limitations and suggestions for further research. 

 

Table R3.12 Univariate regression analyses investigating associations 

between %PE from different protein sources from 9-12 months and 

conditional growth 

 

 

Predictor 

 

Outcomes 

Results 

Adj R2 ß p-value 

%PE from 

Milk/ dairy  

 

Conditional WAZ   0.059 0.61  0.002 

Conditional WLZ   0.046 0.54 0.006 

Conditional BMIZ   0.032 0.47 0.02 

Conditional LAZ - 0.002 0.17 0.39 

%PE – percentage of energy provided dietary protein; WAZ – weight-for-age 
z-score; WLZ – weight-for-length z-score; BMIZ – body mass index z-score; 
LAZ – length-for-age z-score; Adj R2 – adjusted coefficient of determination; 
ß – regression coefficient 

 

 

Predictor 

 

Outcomes 

Results 

Adj R2  ß p-value 

%PE from 

Non-dairy 

ASFs  

 

Conditional WAZ - 0.006   0.09 0.70 

Conditional WLZ   0.000   0.21 0.34  

Conditional BMIZ - 0.004   0.14 0.53 

Conditional LAZ - 0.006 - 0.07 0.76 

%PE – percentage of energy provided dietary protein; WAZ – weight-for-age 
z-score; WLZ – weight-for-length z-score; BMIZ – body mass index z-score; 
LAZ – length-for-age z-score; Adj R2 – adjusted coefficient of determination; 
ß – regression coefficient 
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Predictor 

 

Outcomes 

Results 

Adj R2  ß p-value 

%PE from 

Plant-based 

foods  

Conditional WAZ - 0.003 - 0.05 0.70 

Conditional WLZ - 0.004 - 0.04 0.49 

Conditional BMIZ - 0.004 - 0.04 0.55 

Conditional LAZ - 0.005 - 0.03 0.59 

%PE – percentage of energy provided dietary protein; WAZ – weight-for-age 
z-score; WLZ – weight-for-length z-score; BMIZ – body mass index z-score; 
LAZ – length-for-age z-score; Adj R2 – adjusted coefficient of determination; 
ß – regression coefficient 

 

Figure R3.3 Scatter plots showing simple linear regressions of the different 

%PE between non-breast milk and breast milk, and conditional growth  
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%PE – percentage of energy provided by dietary protein; WAZ – weight-for-age 

z-score; WLZ – weight-for-length z-score; BMIZ – body mass index z-score; LAZ 

– length-for-age z-score; ß – regression coefficient; p – p-value 
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Table R3.13 Multiple linear regression analyses investigating associations 

between %PE from different sources from 9-12 months and conditional 

growth outcomes 

1) Main outcome: Conditional WAZ 

Predictors 

Model 1 

Adj R2 0.104 

 

ß 

 

p 

Predictors 

Model 2 

Adj R2 0.119 

 

ß 

 

p 

%PE from Milk/ dairy    0.41 0.02 /  0.47 0.004 

%PE from Non-dairy ASFs   0.25 0.02 / 0.27 0.01 

%PE from Plant-based foods   0.11 0.33 / 0.13 0.22 

Type of milk 9-12M - 0.09 0.54 / - 0.09 0.56 

Non-Protein energy 6-9M   0.21 0.15 / 0.18 0.50 

Non-Protein energy 9-12 M   0.06 0.65 / 0.02 0.95 

Frequency of illness   - 0.03 0.76  

Maternal education   0.07 0.39 

Maternal BMI - 0.05 0.53 

Maternal age   0.04 0.69 

WAZ- weight-for-age z-score; ASFs – animal source foods; BMI – body mass index; M – 
months old; Adj R2 – adjusted coefficient of determination; ß – regression coefficient; p – 
p-value 

 
 

2) Main outcome: Conditional WLZ 

Predictors 

Model 1 

Adj R2 0.092 

 

ß 

 

p 

Predictor 

Model 2 

Adj R2 0.103 

 

ß 

 

p 

%PE from Milk/ dairy   0.36 0.04 /   0.40 0.02 

%PE from Non-dairy ASFs  0.30 0.004 /  0.32 0.002 

%PE from Plant-based foods  0.11 0.33 /  0.12 0.25 

Type of milk 9-12M  0.05 0.73 /  0.06 0.67 

Non-Protein energy 6-9M  0.22 0.13 / - 0.02 0.95 

Non-Protein energy 9-12M - 0.08 0.59 /  0.09 0.75 

Frequency of illness  - 0.03 0.73  

Maternal education  0.07 0.44 

Maternal BMI - 0.04 0.63 

Maternal age  0.02 0.82 

WLZ- weight-for-length z-score; ASFs – animal source foods; BMI – body mass index; 
M – months old; Adj R2 – adjusted coefficient of determination; ß – regression coefficient; 
p – p-value  
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3) Main outcome: Conditional BMIZ 

Predictors 

Model 1 

Adj R2 0.065 

 

ß 

 

p 

Predictors 

Model 2 

Adj R2 0.058 

 

ß 

 

p 

%PE from Milk/ dairy    0.30 0.09 /  0.31 0.07 

%PE from Non-dairy ASFs   0.24 0.02 / 0.25 0.02 

%PE from Plant-based 

foods 

  0.10 0.38 / 0.10 0.36 

Type of milk 9-12M   0.06 0.72 / 0.08 0.60 

Non-Protein energy 6-9M   0.19 0.20 / 0.001 1.00 

Non-Protein energy 9-12 M  - 0.06 0.69 / 0.22 0.83 

Frequency of illness  - 0.01 0.91  

Maternal education   0.11 0.23 

Maternal BMI - 0.05 0.59 

Maternal age   0.08 0.42 

BMIZ- body mass index z-score; ASFs – animal source foods; BMI – body mass index; M 
– months old; Adj R2 – adjusted coefficient of determination; ß – regression coefficient; p 
– p-value 

 

4) Main outcome: Conditional LAZ 

Predictors 

Model 1 

Adj R2 - 0.028 

 

ß 

 

p 

Predictors 

Model 2 

Adj R2 -0.020 

 

ß 

 

p 

%PE from Milk/ dairy  0.13 0.46 /  0.17 0.34 

%PE from Non-dairy ASFs <0.001 1.00 /  0.02 0.84 

%PE from Plant-based foods - 0.002 0.98 /  0.02 0.89 

Type of milk 9-12M  - 0.22 0.17 / - 0.09 0.51 

Non-Protein energy 6-9M 0.05 0.76  

Non-Protein energy 9-12 M 0.17 0.25 

Frequency of illness  - 0.01 0.92 

Maternal education - 0.06 0.49 

Maternal age - 0.06 0.57 

Family income 0.12 0.22  

LAZ- length-for-age z-score; ASFs – animal source foods; M – months old; Adj R2 – 
adjusted coefficient of determination; ß – regression coefficient; p – p-value 
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R3.8 Summary of key results and discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

According to these key findings, protein intake during the complementary 

feeding period among Thai infants is now shifting toward the “Western style” 

of consuming higher amounts of dietary protein, especially from ASFs, rather 

than relying solely on plant-based foods as reported in a previous study31. I 

also found that protein intake expressed in several ways (i.e., total protein 

(g/d), PW ratio and %PE) in our cohort was similar to the results from the 

SEANUTS survey217. The average %PE from 6 to 12 months old in the cohort 

was almost twice the safe level suggested by the WHO and was 50% higher 

than the previous figure reported a few decades ago227. More specifically, Thai 

infants aged 9-12 months tended to receive the same amount of dietary protein 

reported by researchers from high-income settings where %PE in this age 

group was around 15%28, 228.  

Key results 

• The study infants consumed much higher protein than the Thai 

DRIs and the international recommendations from 9 to 12 months 

of age. 

• Consumption of ABP increased significantly from 6 to 12 months 

while intake of PBP changed little throughout the CF period. 

• The most common ASFs for the study infants were eggs and 

formula while red meats and liver were given less often to the 

infants on a daily basis. 

• High %PE had a significant impact on infant weight but not length 

gain at 12 months. 

• There were dose-response associations between %PE and 

weight-related parameters (WAZ, WLZ and BMIZ).  

• Milk, particularly formula and cow’s milk, had the highest impact 

on infant weight gain followed by ABP from non-dairy sources. 

• There was no evidence of an association between %PE and linear 

growth, or between PBP and growth parameters in this cohort. 
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There was evidence that protein quality as well as quantity has been 

westernised. In our cohort, more than 80% of dietary protein during the CF 

period came from ASFs which, again, did not differ from the results found in 

the SEANUTS. When compared with a study before 2000, there was a major 

change of protein sources provided during the complementary feeding period. 

In 1998, Gibson et al31 reported that complementary foods in LMICs including 

Thailand were mainly based on plant-based foods such as cereals, starchy 

roots and tubers accompanied with a small quantity of ASFs which, in general, 

provided inadequate amounts of essential micronutrients such as iron, zinc, 

and calcium. According to this study dried fish was the only ASF in Thai 

complementary foods31. Since 2000, there have been no published studies 

showing the common protein sources in complementary feeding diets of Thai 

infants.  

 

The results from this cohort provide some evidence against the longstanding 

assumption that infants and young children in LMICs mainly receive poor 

quality protein from plant-based foods and consume less ASFs10, 229, 230. By 

focusing on this concept, studies from LMICs tend to promote consumption of 

ASFs while overlooking a potential impact of high protein intake, particularly 

ABP, on the risk of childhood obesity in these populations. Currently, there are 

no studies from LMICs investigating associations between high protein intake 

during infancy and risk of overweight/ obesity61 nor any nutritional programmes 

in LMICs that take this issue into account231, even though there is strong 

evidence that overweight and obesity are prevalent at early ages in many 

countries around the world, regardless of their economic status12. In Thailand, 

the prevalence of overweight/ obesity in under-five children, has increased 

from 8.2% to 12.7% according to the MICS 2015-622 and 201921, respectively. 

Although several factors might contribute to this situation, the provision of “too 

much” protein during the CF period should be considered as one possible 

factor. Further studies are needed to confirm the findings from this cohort. 
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To our knowledge, this is the first study demonstrating the impact of high 

protein intake during infancy on rapid weight gain in a population outside EU 

countries. By categorising infants into 3 groups based on their protein intakes 

from 6 to 12 months old, the outcomes clearly showed that the infants who 

consumed protein ≥13 %PE gained significantly more weight (i.e., WAZ, WLZ 

and BMIZ) from 6 to 12 months compared with the infants who consumed less 

dietary protein, while the LAZ between those groups were not different. In 

addition, the use of conditional growth reduces bias from previous body size 

and could strengthen the observed effect of dietary protein on body weight 

change during the complementary feeding period. The average %PE of the 

infants in the HP group was 14% compared to 12% and 10% in the MP and 

LP, respectively. Although the average %PE in the HP group was lower than 

other reports from western countries, the key findings from our cohort were 

still in line with a majority of studies in European populations showing a 

positive effect of high protein intake during infancy on weight gain, not linear 

growth.   

 

Over recent years, the association between high protein intake during infancy 

and rapid weight gain or childhood obesity has been shown in several 

observational studies73-75, 206, 222, 232 while a causal effect of high consumption 

of protein from infant and follow-on formula during the first year of life on 

childhood obesity was shown in a large, multi-centre, double-blinded RCT 

conducted in 5 EU countries233. Unlike the observational studies investigating 

the effect of protein intake during infancy on BMI at preschool232 and school 

age73, 74, 206, 222, my study has shown that the effect of high protein intake in 

particular between 6-12 months on child growth can be seen at an earlier age. 

Although Koletzko et al59 also reported that at 12 months, the infants who 

consumed high protein formula had higher WAZ, WLZ, and BMIZ than those 

who received lower protein formula or breastfed infants, it is difficult to draw 

conclusions about the effect of protein intake during the complementary 

feeding period per se as the intervention started before the introduction of 

complementary feeding and significant effects on weight and BMI z-scores 

were observed as early as 6 months of age. Focussing on linear growth as the 

main outcome, there is only one study from Denmark showing high protein 
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intake at 9 months was correlated with length at 10 years of age. However, 

this correlation was not significant after adjusting for the infant’s body size at 

9 months206. The EU authorities suggest limiting protein intake during the first 

years of life within 15%PE4, 80 and this concern has also translated to a 

reduction in the protein content of both infant and follow-on formulas that are 

available in EU countries234. 

 

In addition to the convincing evidence presented in the previous paragraph, 

there is a study from a LMIC relevant to the impact of dietary protein on growth 

in more vulnerable populations. Bhargava et al235 analysed data from the Cebu 

Longitudinal Health and Nutritional Surveys conducted in metropolitan Cebu 

in the Philippines from 1983 to 2005. They used dynamic random effect 

models to investigate the influence of various variables including the child’s 

dietary intake on multiple outcomes such as birth outcomes, growth and 

morbidity between ages 2-24 months, weight and height from 8-19 years old 

and final adult height at 22 years old. The results showed that protein intake 

was positively associated with weight but not length between from 2-24 

months, while calcium intake was positively associated with linear growth. The 

average intake of protein (means ± SD) reported in this study was 12.3 ± 12.1 

g/day (11%PE) and 21.6 ±15.6 (12%PE) at 1 and 2 years of age, respectively. 

In contrast to young children, protein intakes during school age and 

adolescence (8-19 years old) were positively associated with both weight and 

height (p < 0.05). However, this study did not include information on dietary 

intake during infancy, and the average energy intake in this population at 1 

year of age (434 kcal/d) was very low compared with the recommendations236 

which may indicate that they were undernourished.  

 

Taken together, it seems that increasing protein intake in early life can promote 

weight gain, regardless of predisposing nutritional status. If we see this effect 

as a spectrum, either “too little” or “too much” protein can result in malnutrition, 

but in two very different forms, “underweight/ wasting” and “overweight/ 

obesity” (figure R3.4). In the context of LMICs, the outcome of “too much” 

protein intake is usually obscured by reporting it as a “catch-up growth” or 
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“better weight gain” because of a concern about undernutrition. This bias may 

lead to a lack of scientific studies generating evidence to make a proper 

recommendation on the upper limit of protein intake for infants and young 

children in LMICs. However, with a decreasing rate of undernourished 

populations and displacement of local foods by westernised diets in many 

LIMCs, rapid weight gain from high protein intake should be seen as a 

nutritional problem, not a satisfactory outcome. In particular for countries 

where the DBM is prevalent and numbers of overweight/ obese under-five year 

olds are increasing, optimising protein intake at an early age might be one 

potential solution for these problems. In order to optimise the consumption of 

dietary protein for infants and young children, information on the “dose-

response” effect of protein intake on weight gain and identification of the most 

influential protein source(s) should be considered. 

 

Figure R3.4 Effect of protein intake on weight gain 

 

 

 

 

 

 

 

 

In this cohort, the multiple linear regression analyses suggested a “dose-

response” effect of protein intake on weight gain. A 1% increase in daily PE 

between 9-12 months was associated with a 0.40 SDS increases in the 

conditional WLZ, after adjusting for duration of predominant breastfeeding, 

non-protein energy consumption and type of milk feeding. This means that an 

increase of 8% PE would be associated with a 3 SDS greater increase in WLZ 

than expected for an infant of the same initial size. Ideally, if infants and young 

children consume dietary protein following the recommendations3, they should 

have a healthy weight gain and fulfil their growth potential. In this case, when 

more than 3%PE is added, it may contribute to increasing risk of overweight 

by increasing WLZ ≥ +1SDS2 of their previous growth potential.  
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Interestingly, Michaelsen et al227 reported that most studies focusing on the 

impact of dietary protein in the first two years of life on NCD risk in adulthood 

showed a significant association between high protein intake and growth at 12 

months and reported a %PE around 13%. In addition, the upper limits of %PE 

for infants and young children who are living in the European countries 

recommended by Agostoni et al79 and the EU authorities4, 80 are 14 and 15% 

of total energy intake, respectively. However, such figures are lacking for other 

populations, especially for those are suffering from the DBM. 

 

The outcomes found in this cohort are in line with several studies58, 72-76, 237-8 

even though some studies did not find a significant impact of meat protein on 

weight-related parameters76. More specifically, for milk protein, the results 

from my cohort also suggested that protein from formula and cow’s milk were 

a potent promoter of weight-related z-scores while protein from breast milk 

seemed to lessen this effect. However, we cannot conclude that breast milk 

has a negative impact on weight gain because infants who consumed only 

breast milk along with complementary foods still grew normally during the 

study period. Altogether, the strong effect of milk protein found in this cohort 

is more likely to reflect the effect of dairy protein than protein from breast milk.  

 

Compared to milk protein, non-dairy ABP including flesh meats, poultry, organ 

meats, eggs and other meat products showed a small but still significant 

impact on weight gain in our population. A trial comparing meat and dairy 

protein (e.g., infant yoghurt, cheese, whey powder) in formula-fed infants at 

age 5 to 12 months found that infants in the “dairy group” gained significantly 

more in WLZ compared to the “meat group” while the latter group had 

significantly higher LAZ239. In this RCT, energy and total protein intake at 

baseline, 10M and 12M were not different between two groups. Corresponding 

with these results, a recent meta-analysis also showed that provision of ABP 

to term infants or young children, whether formula or food-based animal 

protein can increase weight gain, (weighted mean difference; WMD were 

+0.14 kg; 95%CI 0.07, 0.21, I2 81.9% in the formula trial comparing higher and 

lower formula and +0.09 kg; 95%CI 0.06, 0.13 I2 85.8% in food-based animal 
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protein supplementation compared with usual diet or plant-based foods)240. 

Nevertheless, neither formula or food-based animal protein showed a 

significant effect on height (WMD were +0.01 cm; 95%CI -0.07, 0.08, I2 75.7%  

for formula and -0.02, 95%CI -0.06, 0.01, I2 97.8 for food-based animal 

protein). The authors concluded that effects of ABP are relatively modest 

depending on “baseline characteristics of undernutrition”, “background of 

diets”, and “corresponding doses and durations of supplementation”240.  

 

Unlike infants and young children in high-income countries where dairy 

consumption is relatively high, non-dairy ABP could be a good alternative 

choice for populations in LMICs, in particular for breastfed infants. Tang et al77 

suggested that a high intake of meat protein is a safe recommendation for 

breastfed infants who are in particular need of good sources of iron and zinc 

during the CF period. In addtion, Allen et al230 stated that meat consumption 

can increase weight, muscle mass and cognitive performance among children 

in low-income areas. Apart from flesh meat, Iannotti et al70 reported that infants 

aged 6 to 9 months who were randomised to eat one egg a day for 6 months 

had significantly higher LAZ and WAZ at 12 months of age, although these 

effects were absent at two year follow-up241.  

 

Moreover, when this intervention was repeated in Malawian infants, the study 

reported non-significant outcomes242. Despite some negative evidence, meats 

and other non-dairy ABP are still nutritient-dense foods for younger 

populations in LMICs. However, for some countries where the prevalence of 

overweight/ obesity in young children is on the rise, trade-offs between 

possible negative effects of this portein source on weight gain and benefits for 

iron/micronutrient status should be considered. Furthermore, it should be 

noted that ‘extra’ weight gain could be either fat mass or fat free mass, and we 

cannot assume that weight gain from increasing intake of non-dairy ABP 

during the CF period will contribute to increasing body fatness without further 

evidence. I will be able to address this issue when my collected samples for 

body composition are analysed. Until now, only high protein intake from 

formula during infancy has been shown to be strongly associated with 

increased body fatness of young children243.  
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Last but not least, when focusing on the negative findings in this cohort, the 

results did not demonstrate an impact of dietary protein on linear growth nor 

associations between PBP and growth parameters. These findings are in 

agreement with the majority of studies in this research area. According to the 

results from the European Childhood Obesity Project (CHOP) trial, no impact 

of high protein formula on linear growth was observed at 2 and 6 years old59, 

60. Likewise, the observational studies that found the promoting effect of high 

protein intake on body weight also reported non-significant effects on length/ 

height of their study populations72, 74, 240. Although some studies found an 

effect of high protein intake on linear growth, this effect was still weaker than 

that for body weight/ BMI75, 206. More importantly, the studies showing negative 

results had measured linear growth between 2 and 6 years59, 60, 72, 74, 240 while 

the positive studies had measured height at 9 and 10 years75, 206.  

 

According to Victora et al244, HAZ of young children around the world falls 

significantly from 1 month until 24 months of age, and are then quite stable 

with some small fluctuations until 59 months. In contrast to young children, at 

around prepuberty, height velocity starts to increase again. It is possible that 

during the period of linear growth faltering, an effect of high protein intake 

might be difficult to observe compared with the prepuberty period when height 

velocity begins to increase. In addition, as evidence also shows that both 

childhood obesity and high protein intake especially from dairy products and 

meats are related to an earlier onset of puberty245-248, it is possible that at age 

9-10 years, some of the children in those studies could already be in puberty. 

This could explain why an impact of high protein intake during infancy on 

height has been observed in older children. Unfortunately, pubertal stage was 

not reported in these studies75, 206. 

 

The finding that PBP intake was not associated with growth parameters in  my 

cohort was in accordance with the high protein studies conducted in the 

western populations58, 75, 76, 237. In a recent systematic review, the authors 

concluded that neither type nor amount of fortified infant cereals influence 

growth, body size, body composition or overweight/ obesity, however, it was 

not robust evidence249. We know that PBP has limited amounts of some 
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essential amino acids (e.g., lysine, methionine, and tryptophan)250 and low 

bioavailability of key micronutrients such as iron and zinc41 which are involved 

in growth mechanisms, and this may explain why PBP does not appear to 

influence growth. Nevertheless, we should consider that the absence of an 

effect could also be due to other factors such as the ratio of PBP in local diets 

and type of PBP used in any specific population. Considering the ratio of ABP 

and PBP in our cohort, while more than three-quarters of protein intake was 

ABP, just around 20% of dietary protein came from plant sources.   

 

In addition, when considering the type of PBP in this cohort, most of the infants 

consumed cereals, vegetables and fruits which, in fact, comprise only small 

amounts of protein and essential amino acids compared with legumes251. 

Some scholars call legumes “the poor man’s meat”252. According to a double-

blind RCT in rural Malawi, supplementation of cow pea or common bean flour 

between age 6 to 12 months resulted in less linear growth faltering compared 

with the control group who were given a traditional corn-soy blend253. 

Altogether, the non-significant results for PBP in my study should therefore be 

interpreted carefully. For  countries where different types of PBP are main 

components of the local diet, outcomes might be different from our findings, 

thus further studies are still needed to demonstrate whether some types of 

PBP could promote growth. 

 

In conclusion, this chapter underscores the effect of high protein intake on 

rapid weight gain during the CF period and also demonstrated “dose-

response” relations between dietary protein and weight-related parameters. 

For those countries having high intake of ASFs and increasing prevalence of 

overweight/ obesity among under-five children, the upper limits of protein 

intake during the CF period should range between 13 to 16%PE depending 

on the background diet. If formula and dairy protein are a main protein source, 

the upper limits should favour a lower percentage as the results from this 

cohort showed that dairy protein was the most potent factor associated with 

higher weight-related z-scores. On the contrary, a higher figure might be 

acceptable for breastfed infants or nutritionally vunerable children with a 

greater need for iron, zinc and other essential micronutrients from non-dairy 
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ASFs. Although the impact of high protein intake on infant growth in this cohort 

is clear and consistent, there are still more questions left to clarify. 

 

• Do infants consuming higher ABP have better iron status? 

• Can breastfed infants given high amounts of ABP achieve normal iron 

status without increasing their risk of overweight/ obesity? 

• Why does high protein consumption contribute to rapid weight gain? 

(what are the underlying mechanisms?) 

 

These issues were investigated in my study and the results are presented in 

the following chapters.  
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Chapter 7: Results 4 

 

Protein intake and iron status  

 

 

As mentioned previously, in a country where the DBM is prevalent, it is more 

complicated to determine the most appropriate recommendation for ASFs, 

considering that overconsumption of ABP may increase the risk of overweight/ 

obesity in young children. The results from Chapter 7, Results 3 clearly 

showed that protein from both formula/ dairy products and non-dairy ASFs was 

positively associated with weight gain during the CF period although with 

different effect sizes. Both types of ASF are a good source of iron, which is 

often limited in the diet of infants during the complementary feeding period. 

However, infant formula contains non-haem iron which is less easily absorbed 

than the haem iron present in non-dairy ASFs. This is important when 

considering how to balance positive and negative effects of different ASFs on 

growth and iron status.   

 

To address this issue, this chapter aims to explore the effect of the amount 

and source of protein on the iron status of infants during the CF period. The 

%PE is used as a marker of “protein intake” in this chapter to make the results 

comparable with the outcomes in Chapter 7, Results 3, while iron status is 

discussed using both continuous variables: serum ferritin (SF), transferrin 

saturation (TSAT), hemoglobin (Hb) and categorical variables: ID, IDA, normal 

iron status. The definitions of ID/ IDA were described in the “List of definitions” 

(page 16) 

 

In this chapter, I first present protein sources (i.e., milk/ dairy, non-dairy ASFs 

and plant-based foods) contributing dietary iron for infants during the CF 

period and correlations between the intake of different protein sources and 

iron intake in infants receiving only breast milk alongside complementary 

foods, as these infants are at risk of ID/ IDA. I describe the identification of 

potential confounders for multiple regression analyses using the DAG 
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approach. I also investigate whether iron-sufficient infants always had “too 

high” protein intake, and how breastfed infants can achieve normal iron status 

using a food-based approach. 

The distribution of all dependent variables entered into regression analyses 

was tested using the Kolmogorov-Smirnov (KS) method. Apart from SF, other 

variables showed a normal distribution (Hb: p-value from KS test = 0.41) or 

mild skewness (TSAT: p-value from KS test = 0.002, skewness = 0.61) which 

were acceptable for the regression model. However, SF was extremely 

skewed (p-value from KS test < 0.001, skewness = 5.31). When I excluded 

one participant with a SF of 405 ng/ml due to recent recovery from acute 

diarrhea, I found that the skewness was still 1.35. Therefore, I transformed SF 

using natural logs and the final result was more acceptable (p-value from KS 

test = 0.06, skewness = - 0.35). Ln SF was used in the statistical analyses 

presented in this chapter. 

 
R4.1 Associations between protein intake from different sources and 

iron intake 

 
In this section, both protein and iron intake were obtained from daily food 

consumption using the INMUCAL-Nutrients programme. The main objective 

was to investigate the association between protein intake from three different 

sources: milk (i.e., formula, breast milk, and dairy products), non-dairy ASFs 

(i.e., meats, organ meats, eggs, fishes, poultry, meat products) and plant-

based foods, and iron intake. It should be noted that the INMUCAL-Nutrients 

programme does not separate haem and non-haem iron, thus the iron content 

from ASFs includes both forms. 

 
As shown in figure R4.1, milk was the main contributor of total iron intake at 

both 6-9 and 9-12 months, however the proportions of iron intake from non-

dairy ASFs and plant-based foods increased in the later period. Considering 

that the iron content is relatively low in breast milk, I therefore performed sub-

group analyses in infants receiving only breast milk along with complementary 

foods (n = 45). As shown in table R4.1, protein from breast milk was negatively 

associated with total iron intake, while non-dairy ABP was the main contributor 

of total iron intake in this group.   



186 
 

Figure R4.1 Proportion of iron intake from different food sources from aged  

6-9 and 9-12 months (n =145) 

 

 
 

 

 

 

 

 
Table R4.1 Pearson’s correlations between %PE from different sources and 

iron intake in infants who received only breast milk along with complementary 

foods (n = 45) 

 

 

%PE from  

Total iron intake Iron intake from ASFs 

r p r p 

During 6-9M 

• Breast milk 

• Non-dairy ASFs 

• Plant-based foods 

 

- 0.36 

  0.58 

  0.37 

 

0.01 

<0.001 

0.01 

 

- 0.22 

  0.63 

- 

 

0.16 

<0.001 

- 

During 9-12M 

• Breast milk 

• Non-dairy ASFs 

• Plant-based foods 

 

- 0.37 

  0.60 

  0.21 

 

0.012 

<0.001 

0.16 

 

- 0.22 

0.69 

- 

 

0.16 

<0.001 

- 

All nutrient intakes were mainly based on the 3-day food records; %PE – percentage 
of energy provided by dietary protein; r – correlation coefficient; p – p-value; M – 
months old; ASFs – animal source foods 

  

58%
49%

24%
30%

18% 21%

6-9M 9-12M

Milk/ dairy Non-dairy ASFs Plant-based diets

Figure R4.1 demonstrates proportions of iron from different food sources: 
orange bars (milk and dairy products); yellow bars (Non-dairy animal 
source foods - ASFs); Green bars (plant-based foods). At both stages of 
complementary feeding, milk is the main contributor of dietary iron 
followed by non-dairy ASFs and plant-based foods. 
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R4.2 DAG and selection of co-variates for regression analysis 
 
Before moving to the main analyses, it is very important to carefully select 

covariates for the multiple regression models. A DAG was used again to 

decide which variables were potential confounders. The final result obtained 

after entering the relationships between variables into the web-based 

software, DAGitty.net (more details were described in Chapter 5), are shown 

in figure R4.2. The minimal sufficient adjustment set suggested by the DAG 

and their representatives are presented in table R4.2. Although we know that 

each protein source mainly influences iron status via its iron content (a 

mediator), the “minimal sufficient adjustment set” from this DAG reflects the 

total effect of different protein sources on iron status, including the effect via a 

mediator. 

 
In total, there were 10 variables that should be included in the multiple 

regression analyses (called the first model). All of these variables were initially 

tested in univariate regression models to examine whether they were 

associated with iron status in my cohort. The outcomes of the univariate 

regression analyses are presented in table R4.3. According to this table, “type 

of milk feeding during 6-12M”, “provision of liver ≥ 3 times/ week at 12M” 

and “Plasma ESR >10 mm/h” were significantly associated with iron status 

while “age of introduction of egg” was significantly associated with Hb. All of 

these significant variables were controlled for in the final multiple regression 

models (table R4.4). The steps of the analyses are shown below; 

 

 

 

 

 

 

 

 

 

 

  

Identifying  
suggested co-variates 

from the DAG 

Using univariate regression 
analyses to identify “significant 

co-variates” for this cohort 

First model 
Predictors: %PE from various    
                  sources 
Outcomes: Iron status  
Co-variates:  
All suggested co-variates from 
the DAG 
  

 

Final model 
Predictors: %PE from various    
                  sources 
Outcomes: Iron status  
Co-variates:  
Only significant co-variates 
from univariate regression 
analyses and the first model 
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Notably, the univariate regression analyses confirmed the contrasting effects 

of breastmilk and formula on iron status. When comparing with breast milk, 

infant formula was positively associated with all parameters of iron status. 

There was also a significant positive association between frequent 

consumption of liver at age 12 months and iron status. 

 

The next section shows the results from multiple regression analyses 

predicting iron status by protein intake from different sources. 

 

 

Figure R4.2 Directed acyclic graph predicting infant iron status  

 

 

 

 

 

  

This figure illustrates the causal path between protein intake from different sources 
and iron status. The main predictor (independent variable) was the protein intake from 
different sources while the main outcome (dependent variable) was iron status. The 
red boxes represent variables that could be confounders as they affect both predictor 
and main outcome. The blue boxes are other variables affecting iron status in infants 
and young children that are not associated with protein intake from different sources. 
All of these variables were suggested by previously published articles. 
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Table R4.2 Suggested co-variates by the DAG 

 

Suggested co-variates by DAG Representatives 

1) Age of first introduction of CF • Age of introduction of CF (months) 

2) Age of first introduction of   

    non-dairy ASFs 

• Age of introduction of meat (months) 

• Age of introduction of egg (months) 

• Age of introduction of fish (months) 

3) Type of milk feeding (category) 

 

•  Type of milk feeding during 6-12M 

- Breast milk 

- Combined feeding 

- Formula 

4) Type of milk feeding(continuous) • Amount of unfortified cow’s milk intake* at 

12M (ml/day) 

5) Provision of liver ≥3 times/ week 

(category)† 

   - Yes 

   - No 

 

 

• Provision of liver ≥3 times/week at 9M 

• Provision of liver ≥3 times/week at 12M 

6) Infection and inflammation • Frequency of illnesses (times) 

• Plasma ESR > 10 mm/h 

*This was consumption of unfortified cow’s milk including UHT milk and pasteurized 
milk at 12M. There were few reports of infants receiving these types of milk at 6,9M. 
†Infants rarely consumed liver ≥3 times/week at 6M. 
DAG – directed acyclic graph; M – months old; CF – complementary food; ASFs – 
animal source foods; ESR – erythrocyte sediment rate 
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Table R4.3 Univariate regression analyses between covariates suggested by 

the DAG and iron status 

 

Suggested variables 

by DAG 

Outcomes 

Ln SF 

ß (p) 

TSAT 

ß (p) 

Hb 

ß (p) 

Iron status‡ 

Exp (ß) (95%CI) 

Age of introduction  

of CF  

- 0.02 

(0.86) 

0.04 

(0.97) 

- 0.07 

(0.61) 

ID   1.05 (0.55, 2.00) 

IDA 1.32 (0.59, 2.96) 

Age of introduction  

of meat 

0.12 

(0.15) 

- 0.99 

(0.21) 

- 0.07 

(0.51) 

ID   0.75 (0.42, 1.36) 

IDA 1.39 (0.83, 2.33) 

Age of introduction 

of egg  

0.01 

(0.96) 

- 0.63 

(0.61) 

- 0.33 

(0.04) 

ID   0.75 (0.34, 1.66) 

IDA 1.22 (0.50, 2.98) 

Age of introduction  

of fish 

0.03 

(0.61) 

- 0.75 

(0.26) 

- 0.08 

(0.35) 

ID   0.96 (0.62, 1.50) 

IDA 1.14 (0.73, 1.81) 

Type of milk feeding 

during 6-12M (cat)* 

0.49 

(<0.001) 

2.77 

(<0.001) 

0.44 

(<0.001) 

Combined feeding 

ID   1.15 (0.43, 3.05) 

IDA 0.38 (0.23, 1.97) 

Formula 

ID   0.67 (0.23, 1.97) 

IDA 0.04 (0.01, 0.34) 

Amount of unfortified 

cow’s milk intake1 

<0.001 

(0.47) 

- 0.005 

(0.18) 

0.001 

(0.09) 

ID   0.96 (0.62, 1.50) 

IDA 1.14 (0.73, 1.81) 

Provision of liver  

≥ 3/week at 9M2 (cat) 

0.10 

(0.41) 

1.05 

(0.39) 

- 0.21 

(0.19) 

ID   0.55 (0.23, 1.22) 

IDA 0.68 (0.28, 1.62) 

Provision of liver  

≥ 3/week at 12M 

(cat)†,2 

0.05 

(0.68) 

2.62 

(0.04) 

0.04 

(0.82) 

ID   0.30 (0.12, 0.75) 

IDA 0.41 (0.16, 1.09) 

Frequency of illness 0.12 

(0.16) 

 - 0.06 

(0.51) 

0.03 

(0.75) 

ID 1.25 (0.89, 1.75) 

IDA 1.00 (0.69, 1.46) 

Plasma ESR  

> 10 mm/h 

0.20 

(0.02) 

- 0.05 

(0.55) 

- 0.14 

(0.10) 

ID 1.19 (0.45, 10.66) 

IDA 1.96 (0.74, 5.17) 

‡ Reference group = Normal iron status; *Reference group = Breast milk; †Reference group 

= No; 1Data were mainly based on the 3-day food records; 2Data were based on the food 

frequency questionnaires; DAG – directed acyclic graph; Ln – natural log; SF -serum ferritin; 

TSAT – transferrin saturation; Hb – haemoglobin; ß = regression coefficient; Exp (ß) = 

exponential of regression coefficient; p = p-value; M – months old; ID – iron deficiency; IDA 

– iron deficiency anaemia; CF – complementary feeding; ESR – erythrocyte sediment rate 
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Table R4.4 Summary of co-variates significantly associated with iron status 

in univariate regression models 

 

Outcomes Significant co-variates 

Ln SF • Type of Milk feeding 

• Plasma ESR > 10 mm/h  

TSAT • Type of Milk feeding 

• Provision of liver ≥ 3 times/week at 12M 

Hb • Type of Milk feeding 

• Age of introduction of egg 

ID/ IDA • Type of Milk feeding 

• Provision of liver ≥ 3 times/week at 12M 

Ln – natural log; SF -serum ferritin; TSAT – transferrin saturation; Hb – haemoglobin; 
M – months old; ESR – erythrocyte sediment rate 
 

 
R4.3 Associations between protein intake from different sources and 

iron status  

 

This section mainly focusses on the effect of protein intake from different food 

sources on iron status of infants at 12 months. I began with univariate 

regression analyses showing associations between the main predictors: %PE 

from milk, non-dairy ASFs and plant-based foods, and the main outcomes: Ln 

SF, TSAT, Hb and iron status (i.e., normal iron status, ID, IDA). In these 

univariate regression analyses, I divided protein intake into 2 periods using 

average intakes at 6-9 and 9-12 months, to investigate whether there was any 

difference between the early and later stages of the CF period.  

 

As shown in table R4.5, only %PE from milk was significantly associated with 

iron status, whether using continuous or categorical variables. Unlike the effect 

of %PE on growth, the results showed similar impact of %PE during both 

periods. The results suggest that increasing consumption of milk protein may 

improve iron status of infants at 12 months of age, increasing SF, TSAT, Hb 

and reducing the risk of having ID/IDA. However, as previous sections (R4.1 

and R4.2) highlighted the opposite associations between breast milk and 
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formula and iron status, I separated the two types of milk feeding using the 

same variable that was described in Chapter 7, Result 3, “Different %PE 

between non-breast milk (non-BM) and breast milk (BM)” or so-called 

“Different %PE from milk”. Although non-BM intake 9-12 months included 

protein from both formula and unfortified cow’s milk, formula was the main 

source of protein as only 13% of infants had received more than 100 ml/day 

of unfortified cow’s milk during this period and none of them were given 

unfortified cow’s milk at 6 and 9 months. Therefore, it can be assumed that the 

higher values of this variable reflect higher %PE from formula while negative 

values represent higher %PE from BM. Scatter plots (figure R4.3) showed 

positive associations between the different %PE from milk during both periods 

and for all indicators of iron status. In other words, if infants consumed 

relatively more %PE from formula than BM during the CF period, they tended 

to have higher SF, TSAT and Hb at 12 months of age. However, adjustment 

for potential confounders is needed to draw further conclusions.  

 

Table R4.5 Univariate regression analyses between %PE from different food 

sources and iron status 

 

Outcomes Predictors1 Results 

Adj R2 ß p 

Ln SF* (1) %PE from different 

sources 6-9M 

• Milk/ dairy 

• Non-dairy ASFs 

• Plant-based foods 

(2) %PE from different 

sources 9-12M 

• Milk 

• Non-dairy ASFs 

• Plant-based foods 

 

 

0.168 

 

 

 

 

0.148 

 

 

 

 

  0.17 

- 0.02 

- 0.06 

 

 

  0.11 

- 0.03 

  0.06 

 

 

<0.001 

0.66 

0.72 

 

 

0.002 

0.21 

0.60 

TSAT* (1) %PE from different 

sources 6-9M 

• Milk/ dairy 

 

 

0.102 

 

 

  1.46 

 

 

0.002 
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• Non-dairy ASFs 

• Plant-based foods 

(2) %PE from different 

sources 9-12M 

• Milk/ dairy 

• Non-dairy ASFs 

• Plant-based foods 

 

 

 

 

0.096 

 

 

- 0.40 

  0.96 

 

 

1.28 

0.01 

0.16 

0.32 

0.46 

 

 

0.001 

0.97 

0.14 

Hb* (1) %PE from different 

sources 6-9M 

• Milk/ dairy 

• Non-dairy ASFs 

• Plant-based foods 

(2) %PE from different 

sources 9-12M 

• Milk/ dairy 

• Non-dairy ASFs 

• Plant-based foods 

 

 

0.112 

 

 

 

 

0.113 

 

 

 

 

0.21 

- 0.05 

0.23 

 

 

0.17 

0.01 

0.10 

 

 

<0.001 

0.32 

0.17 

 

 

<0.001 

0.71 

0.37 

Dependent Independent Exp (ß) 95% CI P 

ID/ IDA† 

 

(1) %PE from different 

sources 6-9M 

• Milk/ dairy 

• Non-dairy ASFs 

• Plant-based foods 

(2) %PE from different 

sources 9-12M 

• Milk 

• Non-dairy ASFs 

• Plant-based foods 

 

 

0.67 

1.24 

0.61 

 

 

0.81 

1.03 

0.73 

 

 

0.49,0.91 

0.97, 1.60 

0.26, 1.46 

 

 

0.65, 1.01 

0.88, 1.20 

0.39, 1.34 

 

 

0.01 

0.09 

0.27 

 

 

0.06 

0.73 

0.31 

*Simple linear regression analysis †Binary logistic analysis, the reference value was 
infants who had normal iron status thus, the Exp(ß) represented odds ratio of having 
ID/ IDA; ‡Natural log transformation has been applied for iron intake from different 
sources due to extreme skewness; 1All predictors (%PE) were mainly based on the 
3-day food records; %PE – percentage of energy provided by dietary protein; Ln – 
natural log; SF – serum ferritin; TSAT – transferrin saturation; Hb – haemoglobin; ID 
– iron deficiency; IDA – iron deficiency anaemia; Adj R2 – adjusted coefficient of 
determination; ß – regression coefficient; Exp (ß) – exponential of regression 
coefficient; CI – confidence intervals; p – p-value; M – months old; ASFs – animal 
source foods 
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Figure R4.3 Associations between different %PE from milk at aged 6-9 

and 9-12 months, and iron status 

 
A) Natural log of serum ferritin (Ln SF) 

 

 

 

 

B) Transferrin saturation (TSAT) 
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C) Haemoglobin (Hb) 

 

 

 

 

 

 

These scatter plots demonstrate associations between “Difference of %PE between 

non-breast milk (non-BM) minus %PE from breast milk (BM)” at 6-9M or 9-12M and 

blood concentrations of serum ferritin, transferrin saturation, and haemoglobin at 12M. 

The R2 values represent the proportion of the variance of Ln SF, TSAT, and Hb 

explained by the different %PE from milk. 
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I concluded that it was reasonable to use protein intake from the whole CF 

period (6-12 months of age) in the subsequent regression analyses instead of 

two separate periods, because the univariate models showed similar results 

for associations between protein intake during both periods and iron status.  

 

In the multiple regression analyses %PE from different sources was not a 

significant predictor of iron status using continuous variables. As shown in 

table R4.6, %PE from milk during the CF period was positively associated only 

with TSAT while no significant effects were found for SF, Hb and ID/ IDA. A 

1% increase in %PE from milk between 6-12 months was associated with 

0.45% increase of TSAT at 12M. However, according to the final model 

controlling for %PE from other diet sources, the type of milk feeding, unfortified 

cow’s milk intake and provision of liver ≥ 3 times/ week at 12 months were 

significant predictors for iron status while plasma ESR was significantly 

associated only with SF which is well known as an acute phase reactant.  

  

Table R4.7 shows the models using categorical variables for iron status. There 

were no significant associations between %PE from each protein source and 

iron status (Table R4.6, Table R4.7). Apart from the main predictor, protein 

intake, it was interesting that two variables: “amount of unfortified cow’s 

milk intake at 12M” and “provision of liver ≥ 3 times/ week at 12M” were 

significantly associated with infant iron status in both models. The results 

showed a negative impact of unfortified cow’s milk on iron status while the 

provision of liver ≥ 3 times/ week showed some benefits. The findings can be 

interpreted as follows: 

 

• Every 100 ml increase in the intake of unfortified cow’s milk at 12 

months was associated with a 24% decrease in TSAT (table R4.6, final 

model) independent of protein intake, type of milk feeding, regular 

consumption of liver and inflammation. 

 

• Every 100 ml increase in the intake of unfortified cow’s milk at 12 

months was associated with 40% increasing risk of ID and IDA 
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(adjusted odd ratios in table R4.7B) regardless of protein intake, type 

of milk feeding, regular consumption of liver and inflammation. 

 

• Receiving liver ≥ 3 times/ week at age 12 months was associated with 

a 0.2% increase in TSAT (Table R4.6, final model) and with a 78% 

and 70% reduction in the risk of ID and IDA respectively (Table R4.7, 

final model), after adjusting for protein intake, type of milk feeding, and 

unfortified cow’s milk intake at 12 months old.  

 

In addition, the results from the multiple regression analyses showed an 

association between type of milk feeding and SF. Receiving a combination of 

breast milk and formula or only formula during the CF period was associated 

with higher SF compared to receiving breast milk. “Age at introduction of egg” 

was the only variable predicting Hb level in the final multiple regression model; 

earlier introduction of egg was associated with higher Hb at 12 months. 

 

The results suggest that protein intake during the CF period had less impact 

on infant iron status than other variables such as the consumption of unfortified 

cow’s milk and frequent provision of liver to infants. However, higher 

consumption of milk protein especially from formula during the CF period was 

still significantly associated with increasing TSAT, while using formula as the 

main milk also showed a positive association with SF. Notably, protein from 

either formula or cow’s milk can contribute to “too much” protein intake leading 

to rapid weight gain, but the effects on iron status were obviously different. 

While high protein intake from formula may improve iron status, increasing 

consumption of cow’s milk which also provides very high protein intake may 

lead to ID/ IDA. These conflicting findings led to the next section that will 

address the question: Do infants with normal iron status eat too much protein? 

  

  



198 
 

Table R4.6 Multiple regression analyses predicting iron status (continuous 

data) by %PE from different source during the CF period 

 

 

Outcomes 

 

Predictors  

and Co-variates 

First model Final model* 

Adj R2    0.270 Adj R2   0.284 

ß p ß p 

 

Ln SF 

 

(1) %PE Milk/ dairy1 

(2) %PE Non-dairy ASFs1  

(3) %PE Plant-based foods1 

(4) Type of milk 6-12M 

(5) Amount of unfortified cow’s 

milk Intake at 12M1 

(6) Provision of liver ≥ 3/week  

at 9M2 

(7) Provision of liver ≥ 3/week  

at 12M2 

(8) Age of introduction of CF 

(9) Age of introduction of egg 

(10) Age of introduction of meat 

(11) Age of introduction of fish 

(12) Frequency of illness 

(13) Plasma ESR > 10 mm/h 

  

  0.14 

- 0.10 

- 0.002 

 0.37 

- 0.15 

 

 0.12 

 

 0.04 

 

- 0.07 

 0.09 

 0.09 

- 0.04 

 0.07 

 0.14 

 

0.39 

0.29 

0.98 

0.005 

0.07 

 

0.14 

 

0.59 

 

0.42 

0.33 

0.31 

0.64 

0.38 

0.07 

 

  0.15 

- 0.08 

0.01 

0.37 

- 0.16 

 

- 

 

- 

 

- 

- 

- 

- 

- 

0.16 

 

0.36 

0.39 

0.94 

0.003 

0.05 

 

- 

 

- 

 

- 

- 

- 

- 

- 

0.03 

 

 

TSAT 

 

 

(1) %PE Milk/ dairy1 

(2) %PE Non-dairy ASFs1  

(3) %PE Plant-based foods1 

(4) Type of milk 6-12M 

(5) Amount of unfortified 

cow’s milk Intake at 12M1 

(6) Provision of liver ≥ 3/week  

at 9M2 

(7) Provision of liver ≥ 3/week  

at 12M2 

(8) Age of introduction of CF 

Adj R2    0.139 Adj R2   0.160 

ß p ß P 

  0.41 

- 0.04 

  0.10 

  0.05 

- 0.23 

 

- 0.001 

 

  0.20 

 

   - 0.004 

0.02 

0.67 

0.36 

0.74 

0.01 

 

0.99 

 

0.03 

 

0.97 

  0.45 

- 0.02 

  0.09 

  0.01 

- 0.24 

 

- 

 

  0.20 

 

- 

0.01 

0.88 

0.41 

0.95 

0.006 

 

- 

 

0.01 

 

- 



199 
 

(9) Age of introduction of egg 

(10) Age of introduction of meat 

(11) Age of introduction of fish 

(12) Frequency of illness 

(13) Plasma ESR > 10 mm/h 

  0.07 

- 0.07 

- 0.10 

- 0.05 

- 0.07 

0.49 

0.44 

0.31 

0.56 

0.43 

- 

- 

- 

- 

- 0.09 

- 

- 

- 

- 

0.27 

 

 

Hb 

 

 

(1) %PE Milk/ dairy1 

(2) %PE Non-dairy ASFs1  

(3) %PE Plant-based foods1 

(4) Type of milk 6-12M 

(5) Amount of unfortified cow’s 

milk Intake at 12M1 

(6) Provision of liver ≥ 3/week  

at 9M2 

(7) Provision of liver ≥ 3/week  

at 12M2 

(8) Age of introduction of CF 

(9) Age of introduction of egg 

(10) Age of introduction of meat 

(11) Age of introduction of fish 

(12) Frequency of illness 

(13) Plasma ESR > 10 mm/h 

Adj R2   0.160 Adj R2   0.169 

ß p ß P 

  0.16 

  0.01 

  0.07 

  0.22 

  0.04 

 

- 0.17 

 

  0.13 

 

  0.09 

- 0.23 

- 0.02 

- 0.02 

  0.06 

- 0.16 

0.36 

0.89 

0.53 

0.10 

0.66 

 

0.05 

 

0.13 

 

0.32 

0.02 

0.80 

0.86 

0.48 

0.05 

  0.21 

  0.02 

  0.10 

  0.22 

- 

 

- 0.14 

 

- 

 

- 

- 0.18 

- 

- 

- 

- 0.16 

0.20 

0.81 

0.34 

0.09 

- 

 

0.08 

 

- 

 

- 

0.03 

- 

- 

- 

0.05 

*Final model included main predictors (protein intake from different sources), significant 

co-variates from univariate analyses in table R4.4 and the significant co-variates from 

the first models; 1Data were mainly based on the 3-day food records; 2Data were based 

on the food frequency questionnaires; %PE – percentage of energy provided by dietary 

protein; Ln – natural log; SF – serum ferritin; TSAT – transferrin saturation; Hb – 

haemoglobin; Adj R2 – adjusted coefficient of determination; ß – regression coefficient; 

p – p-value; M – months old; ASFs – animal source foods; CF – complementary feeding; 

ESR – erythrocyte sediment rate 

 

  



200 
 

Table R4.7 Multiple regression analyses predicting iron status (categorical 

data) by %PE from different source during the CF period  

 

A) First model  

Predictors  

And Co-variates 

ID IDA 

Exp(ß) 95%CI Exp(ß) 95%CI 

 

(1) %PE Milk/ dairy1 

(2) %PE Non-dairy ASFs1          

(3) %PE Plant-based foods1 

(4) Type of milk 6-12M* 

      - Combined BM and formula  

      - Formula 

(5) Amount of unfortified cow’s 

milk intake at 12M1 

(6) Provision of liver ≥ 3 /week at 

9M†,2 

(7) Provision of liver ≥ 3/week  

at 12M†,2 

(8) Age of introduction of CF        

(9) Age of introduction of egg          

(10) Age of introduction of meat 

(11) Age of introduction of fish 

(12) Frequency of illness 

(13) Plasma ESR > 10 mm/h# 

 

0.68 

1.10 

1.17 

 

1.47 

1.79 

1.01 

 

0.57 

 

0.19 

 

2.02 

0.40 

0.66 

1.12 

1.33 

1.82 

 

0.37, 1.25 

0.78, 1.55 

1.00, 1.01 

 

0.37, 5.98 

0.21, 15.19 

1.002, 1.01 

 

0.22, 1.48 

 

0.06, 0.67 

 

0.77, 5.31 

0.12, 1.35 

0.30, 1.46 

0.62, 2.03 

0.88, 2.02 

0.59, 5.65 

 

0.79 

1.20 

0.77 

 

0.22 

0.03 

1.01 

 

0.69 

 

0.27 

 

2.22 

0.45 

1.98 

0.95 

0.98 

3.29 

 

0.36, 1.70 

0.86, 1.67 

0.18, 3.24 

 

0.04, 1.07 

0.001, 0.73 

1.001, 1.01 

 

0.23, 2.02 

 

0.08, 0.96 

 

0.72, 6.86 

0.12, 1.72 

0.89, 4.37 

0.48, 1.88 

0.59, 1.61 

0.93, 11.59 

*Reference group = Breast milk; †Reference group = No; #Reference group = No; 1Data 

were mainly based on the 3-day food records; 2Data were based on the food frequency 

questionnaires; %PE – percentage of energy provided by dietary protein; CF – 

complementary feeding; ID – iron deficiency; IDA – iron deficiency anaemia; ASFs – 

animal source foods; M -months old; BM – breast milk; CF – complementary feeding; 

ESR – erythrocyte sediment rate; Exp (ß) – exponential of regression coefficient; CI – 

confidence intervals 
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B) Final Model 

Independent variables & 

covariates 

ID IDA 

Exp(ß) 95%CI Exp(ß) 95%CI 

(1) %PE Milk/ dairy1 

(2) %PE Non-dairy ASFs1          

(3) %PE Plant-based foods1 

(4) Type of milk 6-12M* 

      - Combined BM and formula 

      - Formula 

(5) Amount of unfortified cow’s 

milk intake at 12M1 

(6) Provision of liver ≥ 3/week  

at 12M†,2 

0.66 

1.01 

1.06 

 

1.44 

1.92 

1.004 

 

0.22 

0.38, 1.14 

0.75, 1.37 

0.33, 3.44 

 

0.42, 5.00 

0.30, 12.48 

1.001, 1.01 

 

0.08, 0.62 

0.81 

1.12 

0.83 

 

0.39 

0.06 

1.004 

 

0.30 

0.41, 1.62 

0.82, 1.55 

0.21, 3.31 

 

0.10, 1.54 

0.003, 1.18 

1.001, 1.01 

 

0.10, 0.92 

*Reference group = Breast milk; †Reference group = No; 1Data were mainly based on 

the 3-day food records; 2Data were based on the food frequency questionnaires; %PE 

– percentage of energy provided by dietary protein; CF – complementary feeding; ID – 

iron deficiency; IDA – iron deficiency anaemia; ASFs – animal source foods; M -months 

old; BM – breast milk; BF – breastfeeding; CF – complementary feeding; Exp (ß) – 

exponential of regression coefficient; CI – confidence intervals  

 

R4.4 Do infants with normal iron status eat too much protein? 

 

ASFs, especially red meats and organ meats, are good sources of iron, but 

also provide high protein content that could contribute to rapid weight gain. 

This raises the concern that promoting ASFs to infants living in a country 

where both overweight/ obesity and ID/IDA are prevalent in young children is 

still appropriate. Furthermore, as shown in section R4.3, infants with high 

protein intakes from milk might not always have satisfactory iron status if they 

consume unfortified cow’s milk instead of formula, while consumption of non-

dairy ABP did not significantly affect iron status with the exception of regular 

consumption of liver. Therefore, it is interesting to consider how we can 

optimise infant iron status without increasing the risk of overweight/ obesity.  

 

Tables R4.8 and R4.9 show protein intake during the CF period in infants with 

normal iron status, ID and IDA at 12 months, considering both quantity and 

sources of protein. 
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• Quantity of protein 

 
The results in table R4.8 clearly show that there were no differences in daily 

protein intake among infants with normal iron status, ID and IDA. %PE from 

all diets were similar for all groups and also less than 15% throughout the CF 

period. In addition, when categorising infants based on %PE using the same 

criteria used in Chapter 7, Results 3 (high, median, and low), the proportions 

of infants in the protein intake groups did not differ significantly between infants 

with normal iron status or ID/ IDA. Notably, for infants with IDA, the percentage 

of infants consuming high, median and low protein were nearly equal. 

Altogether, in terms of protein quantity, the results showed that the infants with 

normal iron status did not consume more protein than infants with ID/IDA 

suggesting it is possible to achieve normal iron status without increasing the 

risk of rapid growth, overweight/ obesity due to excess intake of dietary protein. 

However, protein sources should be taken into account. 

 

• Sources of dietary protein 

 
Iron-sufficient infants received significantly more protein from milk, in particular 

formula, than infants with IDA throughout the CF period, but intake of milk 

protein was not different compared to the ID group. The amounts of milk 

consumed at all time points also confirmed that the type of milk was important. 

The patterns of milk intake were similar but in the opposite direction for formula 

and breast milk. The highest intake of formula was found in infants with normal 

iron status, with intermediate intake in infants with ID and lowest intake in 

infants with IDA. The reverse pattern was found for breast milk consumption. 

Notably, infants with normal iron status consumed less unfortified cow’s milk 

at age 12 months compared to infants with ID/ IDA but the difference was 

significant only between the normal and ID groups. 

 

Considering other protein sources, infants with IDA unexpectedly consumed a 

significantly higher amount of protein from non-dairy ASFs than infants with 

normal iron status at 6-9 months (Table R4.8). However, this difference was 

absent at 9-12 months. Intake of protein from plant-based foods was the only 
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source with very similar figures across all iron status groups throughout the 

whole CF period. Taken together the results suggest that the consumption of 

different protein sources may affect the iron status of infants to some extent, 

especially for milk protein. While infants with normal iron status tended to 

consume a higher amount of formula during the CF period, the average intakes 

of breast milk and cow’s milk were higher in ID and IDA groups.  

 

To summarise the findings addressing whether infants with normal iron 

status eat too much protein: 

 

1) Infants with different iron status consumed similar amounts of dietary 

protein throughout the whole period of CF. 

2) Infants with normal iron status consumed a higher amount of formula 

and the lowest amount of unfortified cow’s milk during the CF period 

compared to ID infants. 

3) Infants with ID/ IDA consumed larger amounts of breast milk throughout 

the CF period and tended to have higher %PE from non-dairy ASFs 

compared to infants with normal iron status. 

 
It was disappointing to find that infants who consumed more breast milk 

alongside CFs as recommended might not achieve normal iron status despite 

a higher intake of protein from non-dairy ASFs. As breast milk clearly has more 

benefits for infants than disadvantages, I next explored the dietary factors 

promoting normal iron status in infants consuming predominantly breast milk 

during the complementary feeding, to address whether it would be possible to 

improve the iron status of these infants by using a diet-based approach.  
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Table R4.8 Comparison of %PE among infants based on their iron status 
 

 

Variables 

Average ± SD 

Normal  

(n = 83) 

ID  

(n = 35) 

IDA  

(n = 27) 

%PE from all diets* 

• 6-9M 

• 9-12M 

 

10.3 ± 1.2 

14.2 ± 2.3 

 

10.2 ± 1.9 

14.1 ± 2.1 

 

10.2 ± 1.5 

14.0 ± 2.4 

% PE from milk* 

• 6-9M1 

• 9-12M2 

 

6.3 ± 1.8 

5.7 ± 2.5 

 

5.6 ± 1.4 

5.3 ± 2.0 

 

4.9± 0.8 

4.2 ± 2.0 

%PE from non-dairy ASFs* 

• 6-9M2 

• 9-12M  

 

2.9 ± 1.7 

6.6 ± 2.8 

 

3.5 ± 1.4 

6.9 ± 2.4 

 

4.1 ± 1.5 

7.8 ± 2.3 

%PE from plant-based foods* 

• 6-9M 

• 9-12M  

 

1.1 ± 0.6 

1.9 ± 0.8 

 

1.1 ± 0.5 

1.9 ± 0.5 

 

1.3 ± 0.4 

2.1 ± 0.5 

Amount of milk intake  

6M† 

• Breast milk2,3 

• Formula2,3 

9M* 

• Breast milk2,3 

• Formula2 

12M* 

• Breast milk2 

• Formula2 

• Unfortified cow’s milk4 

 

 

502.8 ± 412.5 

341.0 ± 409.4 

 

279.8 ± 275.6 

363.1 ± 397.9 

 

142.6 ± 190.9 

360.7 ± 321.1 

    35.7 ±126.8 

 

 

539.3± 371.1 

274.4± 414.7 

 

320.9± 283.3 

256.9± 324.2 

 

218.0± 254.3 

243.6± 306.3 

125.0± 264.3 

 

 

777.5± 262.2 

33.3± 124.6 

 

510.9± 231.7 

61.5± 203.6 

 

327.9± 309.5 

120.4± 215.2 

  62.8± 178.7 

1 Post-hoc analysis (Bonferrini’s) Normal vs IDA: p < 0.001 
2 Post-hoc analysis (Bonferrini’s) Normal vs IDA: p < 0.05 
3Post-hoc analysis (Bonferrini’s) ID vs IDA: p < 0.05 
4Post-hoc analysis (Bonferrini’s) Normal vs ID: p < 0.05 

*Data were mainly based on the 3-day food records; † Data were based on the 24-

hour food recalls; %PE – percentage of energy provided by dietary protein; SD – 

standard deviation; ID – iron deficiency; IDA – iron deficiency anaemia; M – months 

old; ASFs – animal source foods 
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Table R4.9 Association between iron status and protein intake groups  
 

Iron status 

 

Protein intake 

Normal 

(n = 83) 

ID 

(n = 35) 

IDA 

(n = 27) 

 

p* 

High  19 (22.9%) 9 (25.7%) 8 (29.6%)  

0.63 Median 45 (54.2%) 18 (51.4%) 10 (37.0%) 

Low 19 (22.9%) 8 (22.9%) 9 (33.3%) 

*Chi-square test 
ID – iron deficiency; IDA – iron deficiency anaemia; p – p-value 

 

R4.5 Dietary factors promoting normal iron status in infants consuming 

predominantly breast milk during complementary feeding 

 

To select infants for the subgroup analyses in this section I began by targeting 

breastfed infants who consumed only breast milk along with complementary 

foods. However, there were insufficient infants in this group (n=45) for the 

planned analyses. I then compared the duration of exclusive breastfeeding 

(EBF) and predominant BF between iron-deficient infants and infants with 

normal iron status. The duration of predominant BF was significantly longer in 

iron-deficient infants compared to infants with normal iron status while the 

duration of EBF was not different between these two groups (Appendix 14). 

Therefore, I decided to select subjects based on the duration of predominant 

BF for further analyses, including all those who had been breastfed ≥  6 

months (n = 94). The average duration of EBF and predominant BF for these 

infants was 5.5 ± 1.0 and 11.3 ± 1.3 months, respectively.  

 

Several variables shown in table R4.10 were considered as dietary factors 

influencing iron status and classified into 4 groups based on their 

characteristics. The further analyses are presented in order considering milk 

intake (group 1), protein intake from complementary foods (group 2), age of 

introduction of CF and ASFs (group 3), and frequency of provision of iron-rich 

foods (group 4). 
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Table R4.10 Dietary variables selected for investigating their impact on iron 

status in predominantly breastfed infants  

 

Dietary protein*,1 Frequency of provision 

of iron-rich foods2 

Other diet-related factors 

1) %PE all diets 6-12M 

2) PW all diets 6-12M 

3) %PE non-dairy 

ASFs 6-9M 

4) %PE non-dairy    

ASFs 9-12M 

5) %PE plant-based  

   foods 6-9M 

6) %PE plant-based    

   foods 9-12M 

 

1) Pork at 6M 

2) Pork liver at 6M 

3) Commercially fortified 

baby food at 6M 

4) Pork at 9M 

5) Pork liver at 9M 

6) Commercially fortified 

baby food at 9M 

7) Chicken liver at 9M 

8) Pork at 12M 

9) Pork liver at 12M 

10) Commercially fortified 

baby food at 12M 

11) Chicken liver at 12M 

1) Duration of EBF 

2) Duration of predominant BF 

3) Age of introduction of CF 

4) Age of introduction of meat 

5) Age of introduction of egg 

6) Age of introduction of fish 

7) Amount of BM at 6M3 

8) Amount of BM at 9M1  

9) Amount of BM at 12M1 

10) Amount of formula at 6M3 

11) Amount of formula at 9M1  

12) Amount of BM at 12M1 

13) Amount of unfortified cow’s 

milk/ dairy products at 12M1  

* %PE from milk was not included as amount of milk could be a proxy for it; 1Data were 
mainly based on the 3-day food records; 2Data were based on the food frequency 
questionnaires; 3Data were based on the 24-hour food recalls; %PE – percentage energy 
provided dietary protein; M – months old; EBF – exclusive breastfeeding; BF – 
breastfeeding; CF – complementary feeding; BM - breast milk; ASFs – animal source 
foods 
 
 

As shown in table R4.11, breastfed infants with normal iron status consumed a 

lower amount of breast milk compared with the ID/ IDA group but the difference 

was only significant at 12 months of age. Considering formula and cow’s milk 

intake, although there was no significant difference, breastfed infant with ID/ IDA 

tended to consume less formula throughout the CF period but more cow’s milk at 

12 months of age than breastfed infants with normal iron status. 

 

In addition, when performing regression analyses to predict iron status by milk 

intake at different ages (Table R4.12), only the amount of formula at 6M 

showed a significant positive association with SF (p = 0.02) while both intake 

of breast milk and cow’s milk at 12 months of age showed negative 
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associations with TSAT (p < 0.05). Furthermore, consuming a higher amount 

of breast milk and cow’s milk at 12 months of age were also associated with 

increasing risk of ID (p = 0.02). All these findings could be interpreted as 

follows: 

 
For infants who are predominantly breastfed for at least 6 months 

• Every 100 ml increase in intake of formula at 6M is associated with a 

20% increase in SF at 12 months  

• Every 100 ml increase in intake of breast milk or unfortified cow’s milk 

at 12 months old is associated with 1% decrease in TSAT at 12M. 

• Every 100 ml increase in intake of breast milk or cow’s milk at 12 

months old is associated with a 100% increase in the risk of being ID/ 

IDA. 

 

Group 1: Milk intake 
 

Table R4.11 Comparison of average amount of milk consumed by iron 

sufficient and iron-deficient infants 

 

Amount of milk intake 

(ml/day), means ± SD 

Iron status  

p Normal (n=47) ID/ IDA (n=47) 

Breast milk at 6M* 805.7 ± 192.8 787.8 ± 195.3 0.65 

Breast milk at 9M† 476.0 ± 195.9 507.9 ± 206.7 0.44 

Breast milk at 12M† 248.9 ± 194.8 348.6 ± 261.3 0.04 

Formula at 6M* 32.6 ± 118.2 8.5 ± 41.5 0.19 

Formula at 9M† 88.5 ± 233.1 57.2 ± 199.1 0.49 

Formula at 12 M† 197.8 ± 241.7 128.5 ± 231.4 0.16 

Unfortified cow’s milk at 12M† 15.7 ± 55.4 64.7 ± 184.3 0.09 

*Data were based on the 24-hour food recalls; †Data were mainly based on the 3-day 
food records; SD – standard deviation; ID – iron deficiency; IDA – iron deficiency 
anaemia; p – p-value; M – months old 
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Table R4.12 Multiple regression analyses predicting iron status by amount of 

milk intake during the CF period  

 

Outcomes Predictors 

Amount of milk intake (ml/day) 

ß p 

 

Ln SF 

6M* 

• Breast milk 

• Formula 

 

  <0.001 

  0.002 

 

0.71 

0.02 

9M† 

• Breast milk 

• Formula 

 

- 0.001 

  <0.001 

 

0.17 

0.73 

12M† 

• Breast milk 

• Formula 

• Unfortified cow’s milk 

 

- 0.001 

  <0.001 

< -0.001 

 

0.17 

0.30 

0.97 

TSAT 6M* 

• Breast milk 

• Formula 

 

  0.003 

  0.01 

 

0.52 

0.16 

9M† 

• Breast milk 

• Formula 

 

- 0.001 

  0.004 

 

0.82 

0.48 

12M† 

• Breast milk 

• Formula 

• Unfortified cow’s milk 

 

- 0.01 

< - 0.001 

- 0.01 

 

0.01 

1.00 

0.03 

Hb 6M* 

• Breast milk 

• Formula 

 

< 0.001 

  0.001 

 

0.40 

0.20 

9M† 

• Breast milk 

• Formula 

 

  < 0.001 

  0.001 

 

0.73 

0.25 

12M† 

• Breast milk 

• Formula 

• Unfortified cow’s milk 

 

 

- 0.001 

< 0.001 

  0.001 

 

0.32 

0.98 

0.30 

Outcomes Predictors 

Amount of milk intake 

ID IDA 

Exp(ß) p Exp(ß) p 

ID/ IDA 

Reference: 

normal iron 

status 

6M* 

• Breast milk 

• Formula 

 

1.00 

0.99 

 

0.29 

0.25 

 

1.00 

1.00 

 

0.58 

0.30 

9M† 

• Breast milk 

• Formula 

 

1.00 

1.00 

 

0.54 

0.93 

 

1.00 

1.00 

 

0.37 

0.80 
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12M† 

• Breast milk 

• Formula 

• Unfortified cow’s milk 

 

 

1.01 

1.00 

1.01 

 

0.02 

0.28 

0.02 

 

1.00 

1.00 

1.00 

 

0.10 

0.72 

0.44 

*Data were based on the 24-hour food recalls; †Data were mainly based on the 3-day 
food records; CF – complementary feeding; Ln – natural log; SF – serum ferritin; TSAT 
– transferrin saturation; Hb – haemoglobin; ID – iron deficiency; IDA – iron deficiency 
anaemia; M – months old; ß - regression coefficient; p – p-value; Exp (ß) – exponential 
of regression coefficient; CI – confidence intervals     

 

As shown in table R4.13, neither %PE from all diets nor from each food source 

were different among breastfed infants with different iron status. Table R4.14 

also shows that age of introduction of CF and other ASFs were not different 

between breastfed infants with normal iron status and those with ID/ IDA.  

 

As shown in table R4.15, eggs were the most common ASFs that parents 

regularly provided to breastfed infants over the entire period of CF. At 6 

months, iron-rich ASFs were not often given to breastfed infants, with less than 

10% regularly receiving iron-rich ASFs such as liver. Although the regular 

provision of meats (i.e., pork, chicken) improved at 9 and 12 months, the 

percentages with regular consumption of chicken/ pork liver was still low. Only 

around a quarter of parents reported providing either chicken/ pork liver to their 

children ≥  3 times/ week even though this is suggested by the Thai CF 

recommendations (Appendix 11). Moreover, it should be noted that iron-

fortified baby food was not popular in this group. As shown in figure R4.4, iron-

fortified baby foods were often used only at 6 months with lower percentages 

at 9 and 12 months.  

 

In line with the outcomes for the whole study population which suggested 

benefits for encouraging provision of liver ≥  3 times/week, table R4.16 

suggests that breastfed infants with normal iron status were more likely to 

receive liver ≥ 3 times/week at age 9 and 12 months compared to those with 

ID/IDA, even though the difference at 9 months was not statistically significant 

(p = 0.07). Following on from these findings, the results from table R4.17 show 

that it is not just frequency that is important; regular consumers also ate larger 

portion sizes compared to those who were offered liver < 3 times/ week. 
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According to table R4.17, regular consumers usually ate approximately 1 

tablespoon (tbs) each meal compared to roughly around a half a tbs in less-

frequent consumers. 

 
When different frequencies of consumption were considered (i.e., never eat, 

once/ twice a month, once/ twice a week, ≥ 3 times/week, daily, twice a day; 

Table R4.18), more frequent liver consumption at 9 months was associated 

with a significantly reduced risk of ID/ IDA at 12 months in these breastfed 

infants. Although not statistically significant at 12 months, the odd ratios of ID/ 

IDA were still less than 1 for regular consumption of chicken/ pork liver at 12 

months old.  

 
In summary, the significant findings in this section are generally in line with 

current knowledge/ recommendations; for example, cow’s milk should be 

avoided before 12 months and formula had a more favourable impact on iron 

status than breast milk. However, these analyses provide further evidence to 

support these recommendations. Furthermore, there was a substantial 

practical point resulting from these analyses as the results suggest that 

provision of one tablespoon of liver at least 3 times/ week as early as possible 

during the CF period could reduce risk of ID/ IDA for breastfed infants.  

 
 
Group 2: Protein intake from complementary foods 
 

Table R4.13 Comparison of average %PE from complementary foods 

between iron-sufficient and iron-deficient infants 

 
%PE* 

(Average ± SD) 

Iron status  

p Normal (n = 47) ID/ IDA (n =47) 

All diets 6-12M 11.7 ± 1.6 11.6 ± 1.5 0.87 

From non-dairy ASFs 6-9M 3.4 ± 1.8 3.9 ± 1.5 0.12 

From non-dairy ASFs 9-12M 7.5 ± 2.9 7.5 ± 2.4 0.90 

From plant-based foods 6-9M 1.2 ± 0.5 1.3 ± 0.4 0.24 

From plant-based foods 9-12M 2.1 ± 0.8 2.1 ± 0.5 0.96 

*Data were mainly based on the 3-day food records; %PE – percentage of energy 
provided by dietary protein; SD – standard deviation; ID – iron deficiency; IDA – iron 
deficiency anaemia; p – p-value; M – months old; ASFs – animal source foods 
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Group 3: Age of introduction of CF and ASFs 

 

Table R4.14 Comparison of age of first introduction of CF and other ASFs 

between iron-sufficient infants and iron-deficient infants 

 

Age of introduction 

months old, (means ± SD) 

Iron status  

p Normal (n = 47) ID (n =47) 

CF  5.7 ± 0.6 5.8 ± 0.6 0.28 

Egg  6.0 ± 0.4 6.0 ± 0.5 0.24 

Meat  6.2 ± 0.5 6.4 ± 0.9 0.26 

Fish  6.4 ± 0.8 6.6 ± 1.0 0.95 

CF – complementary feeding; ASFs – animal source foods; SD – standard deviation; 
ID – iron deficiency; p – p-value 

 
 
 
Group 4: Frequency of provision of iron-rich foods 
 

Table R4.15 Percentage of infants receiving common ASFs ≥ 3 times/week 

at 6, 9 and 12 months 

 

Rank of 

common ASFs 

6M*  

(n =94) 

9M*  

(n =94) 

12M*  

(n =94) 

1st Egg, hen 47.9% Egg, hen 83% Egg, hen 90.4% 

2nd Pork liver 6.4% 

Chicken liver 6.4% 

Pork 58.5% Pork 76.6% 

3rd  Pork 5.4% Chicken 42.6% Fish 39.4% 

4th Fish 3.2% Fish 41.5% Chicken 37.2% 

5th Chicken 2.1% Chicken liver 

29.9% 

Chicken liver 

22.3% 

6th - Pork liver 29.8% Pork liver 21.3% 

* Data were based on the food frequency questionnaires; ASFs – animal source 

foods; M – months old 
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Figure R4.4 Percentages of infants receiving iron-fortified baby foods (n = 94) 

 

 

 

 

Table R4.16 Comparison of percentage of infants consuming iron-rich foods 

≥ 3 times/week between iron-sufficient and iron-deficient infants at 6-12 

months 

Iron-rich ASFs Normal  

(n =47) 

ID/ IDA  

(n=47) 

p 

6M†  

• Iron-fortified baby food 

• Pork 

• Pork liver 

• Chicken liver 

 

11 (23.4%) 

1 (2.1%) 

4 (8.5%) 

2 (4.3%) 

 

10 (21.3%) 

4 (8.5%) 

2 (4.3%) 

4 (8.5%) 

 

1.00* 

0.24# 

0.68# 

0.68# 

9M† 

• Pork 

• Chicken 

• Pork liver 

• Chicken liver 

 

27 (57.4%) 

19 (40.4%) 

16 (34.0%) 

18 (38.3%) 

 

28 (59.6%) 

21(44.7%) 

12 (25.5%) 

10 (21.3%) 

 

0.83* 

0.83* 

0.37* 

0.07* 

12M† 

• Pork 

• Chicken 

• Pork liver 

• Chicken liver 

 

35 (74.5%) 

16 (34.0%) 

14 (29.8%) 

13 (27.7%) 

 

37 (78.7%) 

19 (40.4%) 

6 (12.8%) 

8 (17%) 

 

0.63* 

0.67* 

0.04* 

0.22* 

  †Data were based on the food frequency questionnaires; *Chi-square; #Fisher’s 
exact test; ASFs – animal source foods; ID – iron deficiency; IDA – iron deficiency 
anaemia; M – months old; p – p-value 
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The bar charts illustrate the percentages of infants who received iron-fortified baby foods 

during the CF period (6-12 months of age). The blue bars represent daily consumption, 

orange bars show percentages of infants consuming this type of food ≥ 3 times/ week 

and grey bars present percentages of those who received < 3 times/ week.  
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Table R4.17 Comparison of average portion size of liver between regular 

and less-frequency consumptions at 9 and 12 months 

 

Provision of 

liver at age 

Portion size (tablespoon/ meal), means ± SD  

p Regular consumer 

(≥ 3 times/week) 

Less-frequent consumers 

(< 3 times/week) 

 
9M* 

 
1.0 ± 0.3 

 
0.4 ± 0.5 

 
< 0.001 

12M* 1.1 ± 0.6 0.5 ± 0.5 < 0.001 

*Data were based on the food frequency questionnaires; M – months old; SD – 
standard deviation; p – p-value 
 

Table R4.18 Multiple logistic regression predicting iron status by provision of 
iron-rich foods 
 

 

Predictors* 

Frequency of provision of 

Outcomes 

ID IDA 

Exp (ß) p Exp (ß) p 

6M 

• Iron-fortified baby food 

• Pork 

• Pork liver 

• Chicken liver 

 

1.07 

1.45 

1.18 

1.25 

 

0.67 

0.25 

0.58 

0.43 

 

0.97 

1.80 

0.98 

1.03 

 

0.83 

0.05 

0.96 

0.92 

9M 

• Pork 

• Chicken 

• Pork liver 

• Chicken liver 

 

0.99 

1.27 

1.00 

0.46 

 

0.97 

0.37 

0.98 

0.002 

 

1.23 

0.94 

0.61 

0.70 

 

0.40 

0.81 

0.03 

0.10 

12M 

• Pork  

• Chicken 

• Pork liver  

• Chicken liver  

 

0.89 

1.61 

0.90 

0.84 

 

0.68 

0.11 

0.65 

0.40 

 

0.93 

1.28 

0.94 

0.79 

 

0.81 

0.38 

0.76 

0.26 

*Data were based on the food frequency questionnaires; ID – iron deficiency; IDA – 
iron deficiency anaemia; M – months old; Exp (ß) – exponential of regression 
coefficient; p – p-value 
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R4.6 Summary of key results and discussion 

 

 

 

The key findings from this chapter are clear and consistent with current 

scientific evidence. The results from multiple regression analyses strongly 

confirmed a negative impact of an early introduction of unfortified cow’s milk 

before the first birthday and the protective effect of regular consumption of 

iron-rich ASFs such as liver on infant iron status, especially for breastfed 

infants who are more susceptible to ID/ IDA than those who receive formula 

during the CF period. However, what I found most interesting are the results 

demonstrating a relationship between dietary protein and iron status, which is 

the main focus of this section.  

 
Key results 

• %PE from formula is highly correlated with daily iron intake while 

%PE from non-dairy ABP and PBP showed lower correlations. 

• When adjusted for potential confounders, %PE from formula during 

the CF period was positively associated with TSAT, but not SF, Hb, 

and iron status of infants, while no significant associations between 

non-dairy ABP or PBP intake and iron indicators were observed.  

• Infants with different iron status consumed the same amounts of daily 

%PE which were <15% during the CF period. However, those with 

normal iron status received the highest amount of formula and 

consumed the least amount of breast milk and unfortified cow’s milk. 

• Consumption of unfortified cow’s milk had a significantly negative 

impact on TSAT and iron status while provision of liver at least 3 times 

per week consistently showed a protective effect on ID/ IDA 

regardless of type of milk feeding, infection/ inflammation and %PE 

from different sources during the CF period. 

• For breastfed infants, avoiding unfortified cow’s milk and regular 

consumption of one tablespoon of liver at least 3 times per week as 

early as possible during the CF period may improve iron status and 

reduce the risk of ID/ IDA. 
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At present, there are two separate research focuses related to ASFs. While 

some researchers extensively investigate the positive impact of iron from 

ASFs on infant iron status, others emphasise the downside of too high intake 

of protein from ASFs increasing the risk of overweight/ obesity. These 

opposing considerations might be less problematic in high-income and low-

income countries where the prevalence of ID/IDA and overweight/ obesity are 

quite different in magnitude, but they present difficulties in middle-income 

countries where both nutritional problems are equally problematic. More 

importantly, in countries where iron-fortified complementary foods are not 

commonly used, it is very challenging to determine the best trade-off between 

ID/IDA and overweight/obesity when making recommendations for the 

consumption of ASFs.  

 

In high-resource settings where the prevalence of ID/ IDA in infants and young 

children are relatively low254 and meat supplements during the CF period do 

not show any significant effect on iron status46, 48, 49, 255-6, decreasing 

consumption of ASFs to reduce protein intake seems to be a reasonable 

strategy to reduce the burden of overweight/ obesity in younger generations. 

Recently, the first RCT focusing on this practice has been conducted in 

Sweden. Johansson et al257 randomly allocated term-born infants aged 4-6 

months into two groups. Baseline demographic data were not different 

between groups and average duration of exclusive breastfeeding was 

approximately 4 months in both groups. Parents in the intervention group 

received some advice to make protein-reduced complementary foods based 

on Nordic-grown, season-based regional foods enriched with fish, plant-based 

foods and vegetable oils while reducing added sugar, saturated fat, meat/ 

meat products at the same time. The control group used conventional weaning 

foods. At 9 months, protein intake was significantly lower in the intervention 

group compared to the control group (average daily protein intakes were 15.9 

vs 21.5 g/day, respectively, p < 0.001) while all growth parameters and 

laboratory results representing iron status were not different between the two 

groups. However, it should be noted that during the intervention period, infants 

in both groups were receiving unlimited amounts of iron-fortified 

complementary foods and formula. In addition, %PE at 9 months of both 
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groups were less than 15%3. Therefore, in high-resource settings, reducing 

consumption of meat/ meat products seems to be an appropriate strategy to 

promote healthy weight gain without compromising infant iron status. 

 

When considering the situation in resource-limited countries where the 

prevalence of anaemia and ID/ IDA in infants and young children are extremely 

high and have serious consequences2, encouraging consumption of iron-rich 

ASFs such as red meat and organs is one of many principal food-based 

programmes used to alleviate this burden5.  In those countries facing the 

highest burden of ID/ IDA in children aged less than 5 years254, the prevalence 

of overweight/ obesity is far below that for undernutrition, especially 

stunting258. Therefore, apart from problems related to affordability and 

availability, iron-rich ASFs seem to be better choices than iron-fortified foods 

or iron supplementation as they contain highly absorbable iron and various 

essential nutrients that could promote growth in general229. To my best 

knowledge, there is no study reporting an association between intake of ASFs 

and overweight/ obesity among infants and young children from these specific 

settings. Altogether, in resource-poor resource countries, promotion of iron-

rich ASFs along with breastfeeding seems to be an appropriate practice 

resulting in better iron status without increasing prevalence of overweight/ 

obesity. 

 

In between these two situations many mainly middle-income countries are 

facing the DBM and struggling with both nutritional problems. Although ID/ IDA 

is more of a concern as a major burden in late infancy and toddler life, there is 

increasing evidence that a high protein intake from ASFs during this period 

may accelerate the prevalence of overweight/ obesity in older age groups. This 

led me to consider how protein intake from different sources affects infant iron 

status, and whether we can identify the best strategy to provide an appropriate 

amount of ASFs to achieve normal iron status whilst also promoting healthy 

weight gain by optimising protein intake for this specific population. Although 

 
3 Data not shown in the original article, but could be calculated from the daily intake of 

energy and macronutrients shown in table 3 of the original article 
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provision of iron-fortified foods or micronutrient powders and iron 

supplementation for anaemic infants identified from universal screening 

sounds more feasible, there is still some debate on the risk of iron overload in 

countries with a high prevalence of Thalassemia like Thailand259. In addition, 

more recent studies consistently show a negative impact of unabsorbed iron 

on gut microbiota and inflammatory state in humans47, 260-2, thus it is worth 

investigating alternative ways of solving this issue. 

 

I began by examining correlations between dietary protein and iron intake. It 

was unsurprising to see that milk protein was highly correlated with iron intake, 

as the main contributor of milk protein in this cohort was formula. Both protein 

and iron content in formula are relatively high and variations of both nutrients 

among commercial brands are low compared to non-dairy ASFs and plant-

based foods. However, the correlation between non-dairy ABP and iron intake 

was still good (r = 0.5-0.6, p < 0.001) and also increased at 9-12 months when 

consumption of iron-rich ASFs increased. As shown in figure R4.5, the iron-

protein ratio (mg iron/ g protein) is quite different among ASFs, ranging from 0 

to 3.27. This index was calculated based on nutrient composition data from 

the INMUCAL-Nutrients programme estimating this ratio per 1 tbs of cooked 

ASFs/ 1 boiled egg. A higher value of this index represents a higher iron 

content, but lower protein content which would be preferable in order to 

provide adequate iron without excess intake of protein, although it does not 

take into account the haem or non-haem iron content and absorbability of each 

ASF. Noticeably, the ASFs having higher values for this index such as blood 

curd and liver are also considered as excellent sources of haem iron which is 

more absorbable. Kongkachuichai et al263 reported that cooked blood curd 

was the “best source” of haem iron compared to other ASFs commonly 

consumed by the Thai population. Blood curd contains haem iron, roughly 

around 75% of its iron content. Liver is also a good source of iron as total iron 

content is just slightly below blood curd and 18-24% of its iron content is haem 

iron. Interestingly, the study also reported high iron content in catfish and 

short-bodied mackerel which are available and affordable in Thailand. Based 

on the iron-protein ratio, some ASFs seem to be more preferrable than others. 

 



218 
 

Figure R4.5 Comparison of the log 10 of iron-protein ratio (mg/ 100 g) among 

various animal-source foods commonly used in Thailand 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although several studies try to propose food-based models aiming to meet 

dietary iron requirements for the late infancy and toddler period, the results are 

rather disappointing. A systematic review reported that among 8 studies using 

modeled diets based on locally available complementary foods in LMICs, none 

of them could provide adequate amounts of iron and zinc to infants and 

toddlers aged 6 to 23 months264. However, Vitta and Dewey265 is the only study 

demonstrating that all nutrient gaps could be fulfilled in the best-case scenario 

when chicken liver is consumed daily. This information supports the key 

finding of my cohort that regular consumption of liver at least 3 times per week 

during the CF period significantly reduced risk of being ID and IDA at 12 

months old by 78% and 70%, regardless of milk feeding, duration and protein 

intake from different sources. However, there is some evidence that an 

increasing iron intake does not always improve infant iron status49, 266. 

 

As shown in section R4.4, %PE from all diets among infants with different iron 

status were almost the same and did not exceed the proposed upper limits 

(%PE less than 15%) in all age groups. In addition, when I classified infants 
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based on their protein intake, there were no differences in percentages of 

ID/IDA observed among high, median and low protein intake groups. These 

results suggest that, for iron status, the total protein intake is less important 

than the source of dietary protein offered to infants during the CF period. 

 

In contrast to protein from formula, intake of non-dairy ABP and PBP did not 

show any significant associations with iron status. Moreover, infants with 

ID/IDA had even higher %PE from non-dairy ASFs than iron-sufficient infants 

during the CF period. However, these results should not discourage provision 

of non-dairy ASFs, but more attention should be paid to the type of ASFs that 

are consumed, especially for predominantly breastfed infants. According to 

table R4.17, egg was the first non-dairy ASFs introduced to infants at an early 

stage of CF in both iron-sufficient and iron-deficient groups. Age of introduction 

of meat and fish were slightly delayed in iron-deficient infants compared to 

infants with normal iron status, even though there was no statistical 

significance. Additionally, a high proportion of infants regularly consumed egg 

throughout the CF period. At 6 months, apart from egg, other non-dairy ASFs 

were rarely consumed while the consumption of pork, chicken and fish 

increased at aged 9 and 12 months. Noticeably, very small numbers of infants 

regularly consumed iron-rich foods such as liver at an early stage of CF and 

the percentages were still lower than other ASFs at aged 9 and 12 months. 

Therefore, it is not surprising that protein intake from non-dairy ASFs was not 

associated with iron status. Unless iron-rich ASFs are regularly consumed 

from the early stages of CF and widely used in the population, protein intake 

from ASFs might not have any apparent impact on infant iron status. 

 

Although I did not separately analyse the effect of “protein intake” from 

unfortified cow’s milk on iron status, the strong association between “amount” 

of unfortified cow’s milk and all parameters representing iron status confirms 

its negative impact. Consistent with several studies and recommendations42, 

267-269, it is clear that infants should avoid this type of milk during the transitional 

period whether they are formula-fed or breastfed. Unfortified cow’s milk not 

only has low iron content resulting in iron deficiency, but it also provides too 

much protein that increases the risk of overweight/ obesity at later ages. On 
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the other hand, liver whether pork or chicken liver, seems to be a preferable 

choice compared to other non-dairy ASFs, as the results from this cohort 

consistently suggest a protective effect against ID/ IDA. This result was in 

accordance with a cross-sectional study reporting that Thai infants aged 9-12 

months who were iron-deficient consumed lower amounts of meat and liver270 

while another study showed that delaying introduction of meat significantly 

increased the risk of iron depletion176. In addition, with an intake of one tbs at 

least 3 times per week combined with its iron-protein ratio, it is unlikely that 

protein intake from this amount and frequency of liver would be “too much” for 

infants. Unfortunately, I could not investigate the association between blood 

curd and iron status due to the very small number of infants that had consumed 

it in this cohort.  

 

Although liver consumption seems to be promising way to achieve normal iron 

status, there could be some concern about vitamin A intake. Regular 

consumption of liver, whether chicken or pork liver, at least 3 times/ week is 

more likely to provide vitamin A exceeding the ULs suggested by the Institute 

of Medicine of the United States (based on the INMUCAL-Nutrients 

programme: 1 tbs of cooked chicken and pork liver provides 1,344 and 2,859 

𝜇g of vitamin A respectively). The tolerable upper level (UL) of vitamin A for 

infants aged 0-12 months suggested by the Institute of Medicine, United 

States (600 𝜇 g/ day of preformed vitamin A) is based on proportional 

calculation by infant’s body weight using the adult UL (3,000 𝜇g/ day) which is 

presumably not the best way to establish the UL271. Acute toxicity can occur 

in children at an intake of 1500 IU/ kg/ day, equivalent to 450𝜇g/kg/day272. Until 

now there is no report of vitamin A toxicity caused by consumption of chicken 

or pork liver in infants. However, further studies should consider the effect of 

these food sources on the risk of hypervitaminosis A.  

 

In addition to hypervitaminosis A, several studies demonstrated that heavy 

metals especially toxic elements such as lead (Pb), Cadmium (Cd), Mercury 

(Hg), Arsenic (As) and Nigel (Ni) accumulate in liver and kidney more than in 

meat from poultry or pork273-278. Nookabkaew et al279 reported that both 
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chicken or porcine liver contained high amounts of toxic elements especially 

As, Cd and Pb compared to other complementary foods that were available in 

Thailand. As all toxic heavy metals are harmful to human health and can result 

in many serious consequences280 (e.g., cancers, renal failure, immunological 

problem, liver disease, cardiovascular problem, hematopoiesis dysfunction 

and neurodevelopment deterioration), food safety should be considered when 

encouraging parents to give liver to their children more frequently. However, 

there is a lack of clinical studies investigating the association between liver 

consumption and health outcomes in infants or children. 

 

Last but not least, although I did not discuss the effects of delayed cord 

clamping (DCC) and iron supplementation in this chapter, I considered the 

associations between these factors and infant iron status. Regarding DCC, 

there was no official guideline/ national programme in place at the time of my 

data collection. Although some hospitals (CMU and HPH) reported using this 

procedure in vaginally born babies, timing varied between health professionals 

and was not recorded. This procedure was not performed in CTH (hospital in 

the suburban area). I used study site as a (crude) indicator for DCC and the 

prevalence of ID/ IDA was not significantly different among the hospitals 

(Appendix 15). For iron supplementation, the Thai authorities have launched 

universal anaemia screening by using the haematocrit at 6 and 12 months and 

providing weekly iron supplementation (12.5 mg elemental iron/ week) for 

infants aged 6-12 months. However, this programme was not followed by 

health professionals at the well-baby clinic of CMU, while both HPH and CTH 

had adopted the programme. As mentioned before, there were no differences 

in the prevalence of ID/ IDA among infants from different clinics. Furthermore, 

the iron status of supplemented and unsupplemented infants was not 

significantly different (Appendix 16).  It should be noted that, according to 

parental report, only around 45% of infants given the supplementation 

complied with weekly iron supplementation. 
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In summary, I have shown that infants in a middle-income country like Thailand 

can achieve normal iron status without high intake of dietary protein during the 

CF period. Most importantly, food sources should be taken into account. As 

shown in figure R4.6, I proposed 4 outcome scenarios considering both the 

amount of protein and iron intake. Scenario A is the worst-case scenario when 

the infant mainly consumes unfortified cow’s milk along with ASFs containing 

low iron content. This scenario could result in both overweight/ obesity and ID/ 

IDA, so-called DBM at individual level. Infants in scenario B regularly consume 

formula along with regular consumption of iron-rich ASFs. In this scenario, 

infants would usually be iron-sufficient but would be more susceptible to 

overweight/ obesity if they consume large amounts of high-protein formula. In 

scenario C, infants are breastfed and consume solely/ predominantly breast 

milk whilst receiving ASFs that contain low iron content. This scenario can 

contribute to ID/ IDA and may increase the risk of being wasted or stunted if 

protein and iron intake are too low. Lastly, scenario D could be considered the 

‘ideal’ scenario where infants are mainly breastfed and regularly consume 

iron-rich ASFs such as liver in adequate amounts and with adequate 

frequency during the CF period. This scenario could produce the most 

preferable outcomes.   

 

In addition to scenario D, to prevent ID/ IDA more effectively, DCC and iron 

supplementation should be considered as public health policies for a high-risk 

population as suggested by the WHO281-2. However, it should be highlighted 

that without good compliance and adherence these policies are unlikely to 

successfully decrease the prevalence of ID/ IDA in infants and young children. 
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Figure R4.6 Scenarios derived from protein and iron intake during the 

complementary feeding period observed in my cohort 
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Figure R4.6 demonstrates four outcome scenarios based on protein and iron intake. 
The best-case scenario is scenario D when infants are breastfed and regularly 
consume adequate amount of iron-rich, animal source foods (ASFs) during the 
complementary feeding (CF) period while scenario A is the worst-case scenario when 
infants early exposure to unfortified cow’s milk during the CF period and consume only 
ASFs with low iron content. The scenario A will result in the double burden of 
malnutrition at individual level when both overweight/ obesity co-exists with iron 
deficiency/ iron deficiency anaemia. The red dashed circles represent increasing risk 
of being over- or undernutrition. For scenario B, infants are at risk of overweight/ 
obesity if they consume large amount of formula while in scenario C, risk of being 
stunted/ wasted is higher for infants who consume large amount of breast milk but eat 
small amount of ASFs. 
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Chapter 7: Results 5 

 

The proposed mechanisms underlying the impact of  

dietary protein on infant growth 

 

 

In Chapter 7, Results 3, I demonstrated a significant association between 

protein intake especially ABP on growth outcomes. In this chapter, I consider 

potential mechanisms for this association. My hypothesis is that high protein 

intake, especially from ASFs, may result in altered plasma amino acid 

concentrations which could promote growth via the GH-IGF axis. In figure 

R5.1, I describe the sequence of analyses performed to test this hypothesis. I 

started by establishing whether the GH-IGF axis was associated with 

conditional growth in my cohort, followed by investigating associations 

between %PE from 9-12 months, already shown to be strongly associated with 

weight-related conditional growth in Chapter 7, Results 3, and serum GH, IGF-

1 and IGFBP-3. After that, I used data from subgroup analysis, selecting only 

infants who had consumed milk protein, non-dairy ABP and PBP in the highest 

and lowest quartiles, to address whether the intake of different protein sources 

contributes to different growth outcomes through stimulating the GH-IGF axis, 

mediated by particular amino acids (e.g., branched-chain amino acids – BCAA 

or essential amino acids – EAA).  

 

Specifically, I hypothesised that a high intake of both dairy and non-dairy ABP 

from complementary foods may increase some amino acids, in particular 

BCAA: leucine (Leu), isoleucine (Ile) and valine (Val), as suggested by 

previous evidence in 6-month-old infants89, and that this would result in 

stimulation of IGF-1 and its binding-protein which promotes more rapid infant 

weight gain. Notably, of 145 infants, 137 (94.5%) provided sufficient blood 

samples for the analysis of GH, IGF-1 and IGFBP-3.   
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Figure R5.1 Steps used to test the hypothesis  

 

 

 

 

 

 

 

 

R5.1 Association between growth outcomes and the GH-IGF axis 

 

The role of the GH-IGF axis in growth is well-established, but as a first step in 

my analyses, I checked that the expected associations between growth-

promoting factors and growth outcomes were present in my cohort. As shown 

in table R5.1, there were significant positive correlations between serum levels 

of IGF-1 and all conditional growth parameters including WAZ, WLZ, BMIZ 

and LAZ, while the concentration of IGFBP-3 was also positively associated 

with all growth parameters except conditional LAZ. None of these growth 

parameters were correlated with concentrations of GH.  

%PE from various sources 
between 9-12M 

Plasma Amino Acids  
at 12M 

Serum GH, IGF-1,  
IGFBP-3 at 12M 

Conditional growth 

This figure illustrates how my hypothesis was tested step by step. The first step 
was to show an impact of growth-promoting factors on conditional growth. In the 
second step, I investigated whether a high protein intake was associated with 
concentrations of growth-promoting factors. Finally, the last two steps 
investigated the link between high protein intake and the GH-IGF axis via a 
potential mediator, plasma amino acids. 

(n = 145) 

(n = 145) 

(n = 137) 

(n = 54) 
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Although growth outcomes were not different in males and females, 

concentrations of IGF-1 and IGFBP-3 were significantly higher in females 

(table R5.2). Nevertheless, as shown in figure R5.2, regression lines predicting 

weight-related conditional growth (i.e., WAZ, WLZ and BMIZ) by concentration 

of IGF-1 in both sexes were almost the same, reflecting similar regression 

coefficients, while IGFBP-3 in female infants predicted these growth 

parameters slightly better than in male infants. According to figure R5.2 (D), 

the regression lines were almost horizontal in male infants indicating no 

associations between the concentration of IGF-1 or IGFBP-3 and conditional 

LAZ, while in female infants, only IGF-1 concentration showed a slightly 

positive association with conditional LAZ.  

 

Altogether, these results are in line with the current knowledge that IGF-1 and 

its most common binding protein, IGFBP-3 play a key role in growth. 

Furthermore, the results also demonstrated sex dimorphism of the GH-IGF 

axis consistent with evidence suggesting that girls usually gain weight more 

rapidly than boys in the first 2 years of life283-284. These results were a first and 

fundamental step for my further analyses. If a high intake of ABP contributes 

to rapid weight gain, it is expected to positively influence the GH-IGF axis as 

well. In the next section, I will test this assumption. 

 

Table R5.1 Pearson’s correlations between conditional growth and serum 

GH, IGF-1 and IGFBP-3 at 12 months 

 
 

Conditional 

Correlation coefficient (r)  

GH (ng/mL) IGF-1 (ng/mL) IGFBP-3 (µg/mL) 

WAZ - 0.02 0.36* 0.33* 

WLZ - 0.04 0.32* 0.33* 

BMIZ   0.05 0.24† 0.27† 

LAZ - 0.10 0.19†            0.10 

*p <0.001; †p < 0.05; GH – growth hormone; IGF-1 – insulin-like growth factor 1; 
IGFBP-3 – insulin-like growth factor binding protein 3; WAZ – weight-for-age z-
score; WLZ – weight-for-length z-score; BMIZ – body mass index z-score; LAZ – 
length-for-age z-score   
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Table R5.2 Comparison of conditional growth and serum GH, IGF-1, IGFBP-

3 between male and female infants  

 

Variables (Means±SD) Male Female p* 

 

Conditional WAZ 

(n = 74) 

- 0.11 ± 0.90 

(n = 71) 

0.11 ± 1.08 

 

0.17 

Conditional WLZ - 0.06 ± 0.91 0.06 ± 1.08 0.48 

Conditional BMIZ - 0.04 ± 0.91 0.01 ± 1.07 0.79 

Conditional LAZ - 0.15 ± 1.01 0.16 ± 0.96 0.06 

 

GH (ng/mL) 

(n = 71) 

4.60 ± 7.67 

(n = 66) 

4.32 ± 4.76 

 

0.81 

IGF-1 (ng/mL) 47.95 ± 23.73 59.98 ± 28.41 0.01 

IGFBP-3 (µg/mL) 2.50 ± 0.76 2.81 ± 0.56 0.01 

*Student’s t-test; GH – growth hormone; IGF-1 – insulin-like growth factor 1; IGFBP-
3 – insulin-like growth factor binding protein 3; WAZ – weight-for-age z-score; WLZ 
– weight-for-length z-score; BMIZ – body mass index z-score; LAZ – length-for-age 
z-score; SD – standard deviation; p – p-value   
 

 

Figure R5.2 Scatter plots showing associations between conditional growth 

and serum insulin-like growth factor 1 (IGF-1), insulin-like growth factor 

binding protein 3 (IGFBP-3) separated by infant sex  

• Predictors: serum IGF-1, IGFBP-3  

• Outcomes: Conditional growth 

 
(A) Conditional weight-for-age z-score (WAZ) 
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(B) Conditional weight-for-length z-score (WLZ) 
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(C) Conditional body mass index z-score (BMIZ) 

 

 

(C) Conditional length-for-age z-score (LAZ) 
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R5.2 Association between protein intake and the GH-IGF axis 

 

In the last section, I reported that concentrations of IGF-1 and IGFBP-3 which 

are growth promoting factors were positively associated with conditional 

growth, especially weight-related z-scores (i.e., WAZ, WLZ and BMIZ). I next 

investigated whether IGF-1 and IGFBP-3 could be mediators of the 

association between high intake of ABP and rapid weight gain found in 

Chapter 7, Results 3. Table R5.3 shows correlation coefficients (r) between 

%PE and concentrations of GH, IGF-1 and IGFBP-3. Only %PE from milk/ 

dairy was significantly correlated with IGF-1 and IGFBP-3. However, when 

using the variable “Different %PE from milk” (as I used previously in Chapter 

7, Results 3 and 4, where a positive value means higher %PE from formula 

and cow’s milk while a negative value reflects higher protein from breast milk), 

the results indicated that this correlation reflects protein from formula and 

cow’s milk rather than protein from breast milk. 

 

When I compared concentrations of IGF-1 and IGFBP-3 among protein intake 

groups using the same criteria used in Chapter 7, Results 3, there was a trend 

that infants in the high protein intake group had the highest levels of IGF-1 

compared with median and low protein intake group, although there was no 

statistical significance (p = 0.09). Combined with the correlations shown in 
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table R5.3, it seemed that without specifying protein source, the %PE in 

general showed less effect on IGF-1 and IGFBP-3 than milk protein. 

 

I therefore selected %PE from different food sources to examine their 

associations with IGF and IGFBP-3 using scatter plots. As shown in figure 

R5.4, again, only %PE from milk/ dairy was positively associated with 

concentrations of IGF-1 and IGFBP-3 and this effect was mainly attributable 

to protein from formula and cow’s milk (Figure R5.4B). Focusing on figure R5.4 

(C) and (D), associations between other protein sources and IGF-1 and 

IGFBP-3 concentrations tended to be negative but the %PE from non-dairy 

ABP or PBP explained less than 5% and 2% of IGF-1 and IGFBP-3 

concentrations in female and male infants, respectively. More importantly, it 

should be noted that female infants tended to have higher serum IGF-1 and 

IGFBP-3 compared to male subjects when they consumed similar amounts of 

milk/ dairy protein. 

 

Taken together, these results are in agreement with my hypothesis that high 

%PE was positively associated with concentrations of IGF-1 and IGFBP-3, but 

strong and consistent associations were only shown for milk/ dairy protein. 

Additionally, sex dimorphism was observed again in this section.  

 

So far, I have shown associations between dietary protein, the GH-IGF axis 

and growth outcomes. In the next section, I will investigate the role of plasma 

amino acids as a potential mediator in these associations. 
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Table R5.3 Pearson’s correlation between %PE from 9-12 months and serum 

GH, IGF-1 and IGFBP-3 at 12 months (n = 137) 

 

Protein intake* 

(%PE) 

Correlation coefficient (r)  

GH  IGF-1  IGFBP-3 

All diets - 0.12 0.11 0.13 

Milk/ Dairy - 0.10  0.33†  0.21‡ 

Different %PE between 

Non-BM vs BM 

- 0.10  0.38†  0.21‡ 

Non-dairy ASFs - 0.02 - 0.16 - 0.04 

Plant-based foods   0.02 - 0.11 - 0.09 

*Data were mainly based on the 3-day food records; †p <0.001; ‡p = 0.02; %PE – 
percentage of energy provided by dietary protein; GH – growth hormone; IGF-1 – 
insulin-like growth factor 1; IGFBP-3 – insulin-like growth factor binding protein 3; 
WAZ – weight-for-age z-score; WLZ – weight-for-length z-score; BMIZ – body mass 
index z-score; LAZ – length-for-age z-score; BM – breast milk; ASFs – animal source 
foods   
 

Figure R5.3 Mean serum GH, IGF-1 and IGFBP-3 at 12 months among 

protein intake groups  

 

 
*p-values from One-way ANOVA analyses 
GH – growth hormone; IGF-1 – insulin-like growth factor 1; IGFBP-3 – insulin-like 
growth factor binding protein 3 
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Figure R5.4 Scatter plots showing simple linear regression between %PE 

from different sources from 9-12 months and serum insulin-like growth factor 

1 (IGF-1), insulin-like growth factor binding protein 3 (IGFBP-3) at 12 months 

(M) separated by infant sex  

• Predictors: %PE from different sources 

• Outcomes: serum IGF-1, IGFBP-3 

 

(A) %PE from milk/ dairy 

 

 

 

  

Association between %PE from milk and IGFBP-3 
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(B) Different %PE from milk 

 

 

 

 

 
  

Different %PE from milk 9-12M 

Different %PE from milk 9-12M 
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(D) %PE from Non-dairy animal-based protein (ABP) 
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(D) %PE from Plant-based protein (PBP) 
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R5.3 Subgroup analysis of plasma amino acids 

 

Before demonstrating the outcomes, I will describe how I selected infants for 

subgroup analysis of amino acids, which was necessary because of limited 

time and funding.  

 

R5.3.1 Selection criteria 

Two batches of samples were chosen for plasma amino acids analysis. The 

first batch was analysed to test feasibility and the second batch aimed to 

increase the sample size to increase the power for the statistical analyses. 

• The first batch: plasma amino acids were analysed between October 

2019 to February 2020 

• The second batch: plasma amino acids were analysed between 

August and September 2020 

 
Step 1: The inclusion criteria used for sample selection were: 

1) Blood samples for plasma amino acids analysis were available. 

2) Dietary data were completed and of good quality. 

3) Plasma samples were clear (cloudy plasma indicates that the blood 

sample was drawn shortly after a meal which may lead to misinterpretation) 

 
The number of infants included at this step was 106 (73% of all infants) 

 

Step 2: Classification of protein intake groups 

• I used figures of %PE at 12 months of age to classify protein intake 

groups. 

• The %PE from each protein source was divided into three groups as 

shown in table R5.4. 

 
Step 3: Selection of the first batch for plasma amino acids analysis 

I classified the protein intake groups into 6 groups as shown in table R5.5 (A). 

The high and low protein intake groups for each protein source were infants 

who consumed protein from that source in the highest and lowest quartile 
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whilst having intakes of other protein sources in the median quartile. Using this 

approach, 29 samples were chosen for the first batch analysis. 

 
Step 4: Selection of the second batch for plasma amino acids analysis 

Given the promising results observed in the first batch samples (high 

consumption of milk protein associated with some EAA) combined with the 

positive effect of ABP on infant growth, I selected more samples for analysis 

to increase the number of samples from infants who received high and low 

protein from dairy and non-dairy ABP. Given the insignificant associations 

between PBP and growth, I selected samples for the second batch regardless 

of PBP intake. Finally, 25 more samples were selected for the second plasma 

amino acids analysis. In total, 54 samples were analysed for plasma amino 

acids.  

 

To avoid unrecognised biases, I checked whether this subgroup is 

representative of the whole cohort. Table R5.6 demonstrates similar values 

between groups including key characteristics, protein and non-protein energy 

intake at 9-12 months, which suggests that the selected group was indeed 

representative. 

 

Table R5.4 Classification of protein intake groups from each protein source 

using %PE at age 12 months 

 

%PE from* Low intake  

(less than P25) 

Median intake 

(P25 - P75) 

High intake 

(more than P75) 

Milk/ dairy  < 2.81 2.81 – 7.29 > 7.29 

Non-dairy ASFs < 5.91 5.91 – 10.14 > 10.14 

Plant-based foods < 1.64 1.64 – 2.45 > 2.45 

*Data were mainly based on the 3-day food records; %PE – percentage of energy 
provided by dietary protein; ASFs – animal source foods; P25 – 25th percentile; P75 – 
75th percentile 
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Table R5.5 Selection of subgroup for plasma amino acids analysis 

 
(A) First batch (n = 29) 

 
Protein intake 

groups 

%PE from* 

Milk/ dairy Non-dairy ASFs Plant-based foods 

High Milk (n = 5) High Median Median 

Low Milk (n = 5) Low Median Median 

High Meat (n = 5) Median High Median 

Low Meat (n = 4) Median Low Median 

High Plant (n = 5) Median Median High 

Low Plant (n = 5) Median Median Low 

*Data were mainly based on the 3-day food records; %PE – percentage of energy 
provided by dietary protein; ASFs – animal source foods  

 

(B) Second batch (n = 25) 

 
Protein intake 

groups 

%PE from* 

Milk/ dairy Non-dairy ASFs Plant-based foods 

High Milk (n = 4) High Median/ Low High/Median/Low 

Low Milk (n = 6) Low Median/ Low High/Median/Low 

High Meat (n = 10) Median/ Low High High/Median/Low 

Low Meat (n = 5) Median/ Low Low High/Median/Low 

*Data were mainly based on the 3-day food records; %PE – percentage of energy 
provided by dietary protein; ASFs – animal source foods  

 

Table R5.6 Comparison of some characteristics and nutrient intakes 

between subgroup (n = 54) and all infants (n = 145) 

 
Variables Subgroup  All infants  

Sex 

Female, number (%) 

 

26 (48.1) 

 

71 (49.0) 

Type of milk feeding 9-12M, number (%) 

• Breast milk 

• Combination 

• Formula 

 

22 (40.7) 

18 (33.3) 

14 (25.9) 

 

45 (31.0) 

49 (33.8) 

51 (35.2) 
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Duration of predominant breastfeeding 

(months), means ± SD 

 

8.4 ± 4.4 

 

9.1 ± 4.2 

%PE during aged 9-12M*, means ± SD   

• All diets  14.3 ± 2.5 14.1 ± 2.3 

• Milk/ dairy 4.5 ± 1.9 5.3 ± 2.4 

• Non-dairy ASFs 7.5 ± 2.5 6.9 ± 2.6 

• Plant-based foods 2.2 ± 0.7 2.0 ± 0.7 

Non-protein energy during aged 9-12M 

(kcal/d), means ± SD 

 

564.7 ± 167.0 

 

596.3 ± 154.2 

*Data were mainly based on the 3-day food records; SD – standard deviation; ASFs 
– animal source foods; M – months old 

 

R5.3.2 Characteristics of infants in each protein intake group  

There were 3 main groups called milk, meat and plant groups based on protein 

sources. In each group, infants were divided into high and low intake of each 

protein source as described in section R5.3.1. The results from table R5.7 

demonstrate that there were no breastfed infants in the high milk group and 

vice versa for solely formula-fed/ cow’s milk-fed infants in the low milk group. 

The %PE between high and low intake of each protein source were clearly 

different in particular for the milk and meat groups. Apart from the high milk 

and high meat groups, overall %PE were still less than 15%. 

 

Table R5.7 Characteristics of selected subjects for plasma amino acids 

analysis divided each protein intake groups (n = 54) 

 
 

Characteristics 

Milk group Meat group Plant group 

High 

(n=9) 

Low 

(n=11) 

High 

(n=15) 

Low 

(n=9) 

High 

(n=5) 

Low  

(n=5) 

Sex 

Female, n (%) 

 

5 (55.6) 

 

4 (36.4) 

 

8 (53.3) 

 

4 (44.4) 

 

3 (60.0) 

 

2 (40.0) 

Milk feeding at 

12M, n (%)  

- Breast milk 

- Combined 

- Formula 

- Unfortified CM 

 

 

0  

2 (22.2) 

4 (44.4) 

3 (33.3) 

 

 

11 

(100.0) 

0 

0 

 

 

7 (46.7) 

4 (26.7) 

3 (20.0) 

1 (6.7) 

 

 

3 (33.3) 

0 

5 (55.6) 

1 (11.1) 

 

 

1 (20.0) 

2 (40.0) 

2 (40.0) 

0 

 

 

1 (20.0) 

2 (40.0) 

2 (40.0) 

0 
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Duration of 

predominant 

BF (months), 

means ± SD 

 

 

7.3±4.8 

 

 

11.6±1.2 

 

 

 

10.1±3.7 

 

 

7.2±5.2 

 

 

6.6±5.4 

 

 

10.0 ±3.1 

%PE during 

aged 9-12M*  

Milk group Meat group Plant group 

High  Low  High  Low High  Low 

All diets 16.0±1.3 12.2±1.3 16.6±1.9 11.5±0.9 14.5±1.8 13.7±2.5 

Milk/ Dairy 7.3±1.5 2.9±0.6 3.7±1.4 4.8±1.5 4.5±1.7 5.2±1.5 

Non-dairy ASFs 6.7±1.4 7.2±1.4 10.2±2.5 4.5±1.0 7.4±1.1 7.1±0.9 

Plant-based 

foods 

1.9±0.3 2.2±0.5 2.4±0.6 2.2±1.2 2.6±0.6 1.5±0.4 

*Data were mainly based on the 3-day food records; BF – breastfeeding; SD – standard 
deviation; ASFs – animal source foods; M – months old 

 
 
R5.3.3 Comparisons of plasma amino acids among protein intake groups 

In this section, plasma concentrations of amino acids have been combined 

into three variables representing branched-chain amino acids (BCAA: Leu, Ile 

and Val), essential amino acids (EAA: Leu, Ile, Val, methionine, phenylalanine, 

threonine, tryptophan, lysine, histidine) and non-essential amino acids (NEAA: 

alanine, arginine, asparagine, aspartate, cysteine, glutamate, glutamine, 

glycine, proline, serine and tyrosine).  

 
When comparing these variables between high and low protein intake from 

each source, significant differences in plasma amino acids were only found for 

the milk group. As shown in figure R5.5 (A), concentrations of both BCAA and 

EAA were significantly higher in the high milk group (p = 0.004, and 0.04, 

respectively). Although concentrations of BCAA and EAA of infants in the high 

meat group were higher than those in the low meat group, differences were 

not statistically significant (Figure R5.5 B). In contrast to the milk and meat 

groups, infants who consumed high PBP had lower plasma concentrations of 

BCAA, EAA and NEAA compared with the low plant group but the different 

was not statistically significant.  
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Figure R5.5 Comparison of average plasma concentrations of branched 

chain amino acids (BCAA), essential amino acids (EAA) and non-essential 

amino acids (NEAA) among protein intake groups 

 
(A) Milk group (n = 20) 

 
       *Student’s t-test 
 

 

      (B) Meat group (n = 24) 

 
       *Student’s t-test 
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(C) Plant group (n = 10) 

 
      *Student’s t-test 

 

R5.3.4 Association between plasma amino acids and dietary protein 

From the previous section, we can see that protein from milk and meat were 

potentially associated with plasma BCAA and EAA. I next pooled the data from 

the high and low protein groups for each protein source to investigate dose-

response relationships between the %PE from different sources and plasma 

amino acids.  

 

As shown in table R5.8, only %PE from milk/ dairy was significantly correlated 

with plasma BCAA (correlation coefficient (r) = 0.35). In addition, I did 

multivariate regression analyses to examine which specific BCAA could be 

predicted by %PE. As I had previously demonstrated (Figure R5.5 B) that 

infants in the high meat group had higher plasma BCAA with a borderline p-

value (p = 0.07) compared to the low meat group, I decided to include %PE 

from non-dairy ASFs as a predictor along with %PE from milk/dairy in the 

multivariate regression model. As shown in table R5.9, the first model showed 

that plasma concentration of Leu and Val increased when infants consumed 

more %PE from milk/ dairy. The results suggested that a 1% increase in %PE 

from milk/ dairy from 9-12 months was associated with 8.15 and 16.85 𝜇mol/L 

increase in plasma Leu and Val at 12 months, respectively, regardless of the 

%PE from non-dairy ASFs. 
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However, it was not clear whether all types of milk have the same effect on 

plasma Leu and Val. To address this, I separated infants based on their type 

of milk feeding from 9-12 months when considering associations between 

%PE from milk/ dairy and plasma levels of each BCAA. Figure R5.6 (left 

column) clearly illustrates the contrasting associations between protein from 

formula and breast milk and plasma BCAA. While increasing %PE from 

formula/ cow’s milk showed positive associations with all BCAA, especially Val 

and Leu, (considering steep slopes and higher adjusted R2), increasing %PE 

from breast milk showed the opposite. Interestingly, when focusing on 

associations between %PE from non-dairy ASFs and plasma levels of all 

BCAA (right column of figure R5.6), all scatter plots and lines were in the same 

direction suggesting increasing consumption of %PE from non-dairy ASFs 

was positively associated with plasma Leu, Ile and Val whether infants were 

fed with breast milk or formula. However, it should be noted that formula-fed 

infants had the highest plasma levels of all BCAA regardless of how much 

protein from non-dairy ASFs had been consumed, followed by those fed a 

combination of milk types, whilst plasma levels of all BCAA were lowest in 

breastfed infants. Therefore, it was very clear that protein from formula and 

cow’s milk had a significant and great impact on plasma BCAA. 

 
Next, I test the hypothesis that plasma amino acids are associated with the 

GH-IGF axis. 

 
Table R5.8 Pearson’s correlation between %PE from 9-12 months and 

plasma concentration of BCAA, EAA, NEAA (n = 54) 

 
 

Plasma levels  

(𝜇mol/L) 

Correlation coefficient (p-value) 

%PE Milk/ dairy* %PE Non-dairy 

ASFs* 

%PE Plant-based 

foods* 

BCAA   0.35 (0.01) 0.04 (0.78) 0.01 (0.93) 

EAA   0.17 (0.22) 0.09 (0.54) 0.14 (0.31) 

NEAA - 0.22 (0.11) 0.11 (0.44) 0.25 (0.07) 

*Data were mainly based on the 3-day food records; %PE – percentage of energy 
provided by dietary protein; ASFs – animal source foods; BCAA – branched chain 
amino acids; EAA – essential amino acids; NEAA – non-essential amino acids 
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Table R5.9 Multivariate regression analysis predicting plasma Leu, Ile and 

Val by %PE from milk/ dairy and non-dairy ASFs (n = 54) 

 

 

Predictors 

Outcomes (𝜇mol/L) 

Plasma Leu 

Adj R2 0.077 

Plasma Ile 

Adj R2 0.028 

Plasma Val 

Adj R2 0.115 

• %PE Milk/dairy* 

    ß 

95% CI 

 

8.15 

1.34,14.95 

 

3.56 

- 1.40,8.53 

 

16.85 

4.88, 28.82 

• %PE Non-dairy ASFs* 

   ß 

95% CI 

 

4.47 

- 0.77, 9.70 

 

3.21 

- 0.61,7.03 

 

9.19 

- 0.02, 18.39 

*Data were mainly based on the 3-day food records; %PE – percentage of energy 
provided by dietary protein; ASFs – animal source foods; ß – regression coefficient; CI – 
confidence intervals; Adj R2 – adjusted coefficient of determination; Leu – leucine; Ile – 
isoleucine; Val – valine 

 
 
 
Figure R5.6 Scatter plots demonstrating association between %PE from 

animal source foods (ASFs) including both milk and non-dairy ASFs and all 

branched chain amino acids separated by type of milk feeding during aged 9-

12 months (M) (n = 54) 

 
(A) Plasma Leucine 
                

 

  

%PE Milk/ dairy 9-12M %PE Non-dairy 9-12M 
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(B) Plasma Isoleucine 

 

(C) Plasma Valine 

 

 

 

R5.3.5 Association between plasma amino acids and the GH-IGF axis 

So far, in section R5.3, I have demonstrated that high consumption of protein 

from formula and cow’s milk was strongly associated with plasma BCAA, 

especially Leu and Val, with a dose-response effect on plasma Leu and Val. 

Therefore, in this last section of hypothesis testing, to confirm the plausibility 

of my proposed mechanism, I investigated associations between plasma 

BCAA and the GH-IGF axis. 

 
As shown in table R5.10, plasma BCAA were highly correlated with serum 

IGF-1 and IGFBP-3 (r = 0.51 and 0.38, respectively). Plasma EAA also 

showed significant associations with IGF-1 and IGFBP-3 while there no 

correlations between plasma amino acids and GH or plasma NEAA and all 

These scatter plots demonstrate associations between %PE from ASFs from 9-12 months 
and plasma Leu, Ile, and Val separated by type of milk intake during the same period. 
Protein intake in the left column is %PE from milk/ dairy while the right column is %PE 
from non-dairy ASFs. The blue dots and lines represent solely breastfed infants; red dots 
and lines represent infants who consumed both breast milk and formula; green dots and 
lines represent solely formula-fed infants.  
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growth-promoting factors. When considering results from multivariate 

regression analysis predicting changes in serum GH, IGF-1 and IGFBP-3 by 

plasma Leu, Ile and Val, only plasma Val was significantly associated with 

IGF-1 and IGFBP-3 after adjusting for infant sex (Table R5.11). The dose-

response effect of plasma Val on IGF-1 and IGFBP-3 suggests that a 1 𝜇mol/L 

increase in plasma Val was associated with a 0.29 ng/ mL increase in serum 

IGF-1 and a 0.01 𝜇g/ mL (or 10 ng/ mL) increase in serum IGFBP-3, regardless 

of infant sex. 

 

Plasma Leu showed the same regression coefficient, but no statistical 

significance was observed. However, when considering the effect of all BCAA 

on this model through adjusted R2, the figures indicated that all BCAA and 

infant sex can explain 32.8% and 27.7% of the variability in serum IGF-1 and 

IGFBP-3, respectively. These outcomes are clearly illustrated again by figure 

R5.7 where all plasma BCAA were similarly associated with serum IGF-1 and 

IGFBP-3, but plasma BCAA have a greater impact on serum IGF-1 than 

IGFBP-3 considering the slopes of the lines. 

 

Taken together, the results in section R5.3 clearly and consistently indicate 

that higher consumption of protein from formula and cow’s milk was strongly 

associated with increasing plasma BCAA, especially Leu and Val. However, 

only plasma Val has shown a dose-response effect on serum IGF-1 and 

IGFBP-3 regardless of infant sex. Combining these outcomes with the results 

from previous sections, we can now see the link between variables more 

explicitly.  
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Table R5.10 Pearson’s correlations between plasma BCAA, EAA, NEAA and 

serum GH, IGF-1, IGFBP-3 (n = 54) 

 

BCAA – branched chain amino acids; EAA – essential amino acids; NEAA – non-
essential amino acids; GH – growth hormone; IGF-1 – insulin-like growth factor 1; 
IGFBP-3 – insulin-like growth factor binding protein 3 

 

 

Table R5.11 Multivariate regression analysis predicting serum IGF-1 and 

IGFBP-3 by plasma Leu, Ile and Val (n = 54) 

 

 

Predictors 

(𝜇mol/L) 

Outcomes*  

IGF-1 (ng/ mL) 

Adj R2 0.328 

IGFBP-3 (𝜇g/ mL) 

Adj R2 0.277 

ß 95% CI ß 95% CI 

Plasma Leu   0.29 - 0.24, 0.82   0.01 - 0.01, 0.02 

Plasma Ile - 0.70 - 1.38, - 0.01 - 0.02 - 0.03, 0.01 

Plasma Val   0.29 0.04, 0.54   0.01 0.001, 0.01 

*Adjusted for sex of infants 
GH – growth hormone; IGF-1 – insulin-like growth factor 1; IGFBP-3 – insulin-like 
growth factor binding protein 3; Adj R2 – adjusted coefficient of determination; ß – 
regression coefficient; CI – confident intervals; Leu – leucine; Ile – isoleucine; Val - 
valine  

 

  

Plasma 

(𝜇mol/L) 

Correlation coefficient (p-value) 

GH (ng/ mL) IGF-1 (ng/ mL) IGFBP-3 (𝜇g/ mL) 

BCAA - 0.11 (0.45)   0.51 (<0.001) 0.38 (0.01) 

EAA - 0.13 (0.36) 0.40 (0.003) 0.30 (0.03) 

NEAA - 0.19 (0.16) - 0.06 (0.68) 0.07 (0.64) 
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Figure R5.7 Association between each plasma branched-chain amino acids 

and the GH-IGF axis 

 
(A) Plasma leucine predicting concentration of serum insulin-like growth 

factor 1 (IGF-1) and insulin-like growth factor binding protein 3 (IGFBP-3) 

 

 
(B) Plasma isoleucine predicting concentration of IGF-1 and IGFBP-3 
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(C) Plasma valine predicting concentration of IGF-1 and IGFBP-3 

 

        

 

R5.4 Proposed underlying mechanism: how dietary protein is linked to 

growth outcomes via plasma amino acids and the GH-IGF axis 

 

In this section, all key findings have been summarised in a final figure 

demonstrating the proposed mechanism based on my results.  

 

The findings were very consistent, even though the analyses used a range of 

dependent/ independent variables and analytic methods, which increases my 

confidence in the proposed mechanism. As shown in figure R5.8, I postulated 

that high consumption of protein from formula and cow’s milk during the CF 

period plays a major role in promoting rapid weight gain through increasing 

plasma BCAA concentrations which can stimulate the GH-IGF axis, resulting 

in greater secretion of IGF-1 and IGFBP-3 and thereby promoting somatic 

growth. Protein from non-dairy ASFs may influence growth via this same 

mechanism but with less potency. However, without the results from body 

composition and microRNAs analysis, I cannot confirm an impact of high 

These scatter plots demonstrate associations between %PE from animal source 
foods (ASFs) from 9-12 months and plasma leucine, isoleucine, and valine 
separated by type of milk intake during the same period. Protein intake in the left 
column is %PE from milk/ dairy while the right column is %PE from non-dairy ASFs. 
The blue dots and lines represent solely breastfed infants; red dots and lines 
represent infants who consumed both breast milk and formula; green dots and lines 
represent solely formula-fed infants.  
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intake of ABP specifically on adiposity, or the potential role of epigenetic 

mechanisms. Unfortunately, these analyses were delayed because of the 

COVID-19 pandemic and are not available at the time of writing.  

 
Figure R5.8 The proposed mechanism underlying the impact of high protein 

intake during the complementary feeding period on growth 

 

              

 

 

 

 

From  
Formula & Cow’s milk 

Plasma BCAA 
 

GH-IGF axis 
( IGF-1, IGFBP-3) 

Protein intake during 
complementary feeding 

Somatic Growth  
& Adiposity (?) 

Epigenetics 
(?) 

This figure is the proposed mechanism underlying the impact of high protein intake 
during the complementary feeding on infant growth. Based on results in this 
chapter, high protein intake from formula and cow’s milk is positively associated 
with plasma branched chain amino acids (BCAA) which could stimulate the growth 
hormone (GH) - insulin-like growth factor (IGF) axis and result in excessive 
secretion of IGF-1 and IGFBP-3 into blood circulation promoting somatic growth 
and causing rapid weight gain if protein intake is too high. Protein from non-dairy 
animal source foods (ASFs) might affect growth via the same mechanism but with 
less potency. 

From  
Non-dairy ASFs 

+++ + 

+++ 

+++ 

+ 

+ 
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R5.5 Summary of key results and discussion 
 

 
 

Evidence demonstrating associations between dietary protein from 

different food sources and the GH-IGF axis/ Metabolomics 

 

The results from this chapter are consistent with a large scale RCT conducted 

in 5 European countries, the so-called European Childhood Obesity Project 

(CHOP) that demonstrated an important role of increasing plasma BCAA as a 

link between high protein intake during early life and rapid weight gain or risk 

of being overweight/ obese in later life89, via the GH-IGF-1 axis. This RCT 

randomly allocated infants into 2 intervention groups receiving higher or lower 

protein formula from age 3 months until 12 months without controlling for 

complementary feeding and followed the growth of these infants up to 6 years 

of age. At 2 and 6 years of age, infants in the higher protein group had 

 
Key results 

• Serum concentrations of IGF-1 and IGFBP-3 were positively correlated 

with high intake of protein from formula/ cow’s milk and weight-related 

z-scores. 

• There was evidence of sex dimorphism in the GH-IGF axis as female 

infants had significantly higher levels of IGF-1 and IGFBP-3 than male 

infants, although growth outcomes between sexes were not 

significantly different. 

• High intake of protein from formula/ cow’s milk was significantly 

associated with increasing plasma BCAA. 

• Plasma BCAA were highly correlated with blood concentration of IGF-

1 and IGFBP-3 but only plasma Val showed a dose response effect on 

both IGF-1 and IGFBP-3. 

• Although statistical significance was not observed, increasing intake of 

breast milk showed an inverse association with all BCAA while higher 

consumption of %PE from non-dairy ASFs tended to be associated with 

higher levels of each BCAA. 
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significantly higher BMIZ compared to the lower protein group and breastfed 

infants as reference group without any significant differences for linear 

growth59, 60.Combining clinical outcomes with results from metabolomic 

analyses285 and other laboratory test89 (e.g., serum amino acids, total and free 

IGF-1, IGFBP-2, IGFBP-3, blood glucose and urea, urinary creatinine and c-

peptides), they finally proposed the “Early protein hypothesis” built upon these 

key findings. The hypothesis postulates that high protein intake in excess of 

metabolic demands during early childhood may increase insulin-releasing 

amino acids, especially BCAA, whether in blood or tissue, resulting in 

secretion of insulin and IGF-1 that could trigger weight gain and induce 

adipogenesis233. However, as blood samples were obtained once when 

subjects were around 6 months of age, this hypothesis can only refer to protein 

from formula and not dietary protein in general, because most infants in the 

RCT were unlikely to have been consuming a variety of dietary proteins, or 

even to have started complementary foods at that time286.  

 

Evidence explaining the association between high protein intake during the CF 

period and rapid growth, or risk of overweight/ obesity remains limited and 

inconclusive. In 2004, Hoppe et al206 reported that protein intake at 9 months 

of age was strongly associated with body weight and length but not body 

fatness of children at aged 10 years. However, they did not find an association 

between protein intake at 9 months and serum IGF-1 at 10 years old. Only a 

positive correlation between serum IGF-1 and body weight at 10 years old (r 

= 0.31, p < 0.05) was observed. This cohort study did not analyse serum IGF-

1 at 9 months.  

 

Following the aforementioned large RCT, there was a single-centre RCT 

called the Early Protein and Obesity in Childhood study (EPOCH)287 

comparing the effect of high protein and low protein formula on the IGF-1 axis 

beyond 6 months of age. This RCT showed that infants who were randomly 

assigned to exclusively consume either high protein formula or low protein 

formula for the first 4 months of life had higher serum IGF-1 and IGFBP-3 at 4 

and 9 months compared to a reference group, breastfed infants, but no 

differences were observed between the two formula groups. The high protein 
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group had significantly higher BMI than breastfed infants at 4 and 6 months, 

although no differences were seen after 9 months of age. There were no 

differences in BMI between the high and low protein groups from birth until 60 

months of age. It should be noted that after 9 months, the protein intake did 

not differ between high and low protein groups, although no data on 

complementary feeding were reported. Although formula-fed infants had 

higher IGF-1 and IGFBP-3 at 9 months, the effects on BMI were not consistent 

with the previous large RCT. This might reflect the fact that the sample size 

calculation was based on detecting differences in IGF-1 concentration 

between the two formula groups, so the trial may not have had statistical power 

to detect differences in BMI. Another RCT examining the effects of %PE from 

formula and cow’s milk on growth and serum IGF-1 between 9 and 12 months 

also found no significant differences between groups, although a higher %PE 

was positively associated with serum IGF-1 after adjusting for sex and 

breastfeeding duration288. 

 

Recently, a short report suggested an association between protein intake and 

serum IGF-1 during the CF period. Tincu et al289 conducted a cross-sectional 

study investigating whether high protein intake is associated with body size, 

serum IGF-1, urea and glucose of Romanian infants aged 12 months (n = 75). 

The prevalence of overweight/ obesity was 14.2% for 12-month-old infants 

which is higher than the prevalence reported from my study (less than 1%). 

They also found that protein intake was positively correlated with body size 

(both weight and length) as well as serum urea and IGF-1. Additionally, infants 

who consumed protein ≥ 2.5 g/kg/day had higher serum IGF-1, urea and 

glucose than infants who consumed less protein (all p-values <0.05) and 

moreover, at 12 months of age, 70.5% of the variance of serum IGF-1 could 

be explained by protein intake. Nevertheless, very limited information is 

available from this short report, and this study did not investigate the impact of 

different protein sources. 

 
Interestingly, there is a relevant recent study from the United States 

investigating the effect of different sources of ABP (i.e., dairy products and 

meats) on growth and metabolomic outcomes during the CF period. Tang et 
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al239 reported that formula-fed infants randomly allocated to either a dairy or 

meat group (n = 32 each group) and receiving similar %PE from 5 to 12 months 

(10%PE and 15%PE at 5 and 12 months old, respectively) showed distinctive 

growth patterns. While formula-fed infants in the dairy group, who mainly 

consumed products such as cheeses and yoghurt, had greater change in WLZ 

over time (change of WLZ during 5-12M: +0.76 SDS, p <0.001 in the dairy 

group vs +0.30, p = 0.55 in meat group), the meat group had a significantly 

greater increase in length. These specific patterns continued until aged 24 

months in a follow-up study290, even though the intervention ended at 12 

months. However, there were no significant differences in serum IGF-1, 

IGFBP-3 and metabolomic profiles between the two groups239, 291. Although a 

differential effect of dairy and non-dairy ABP on the GH-IGF-1 axis and 

metabolomic profiles was not shown, this study demonstrated that serum IGF-

1 and IGFBP-3 increased significantly over time from 5 to 12 months of age in 

line with increasing %PE239. Furthermore, increasing protein intake by 

provision of ABP was positively associated with blood concentrations of EAA 

and short chain acylcarnitine such as acylcarnitine C4, C5 and C5:1, which 

are derivatives from BCAA metabolism. These findings were similar to 

outcomes from the CHOP study mentioned earlier. A principal components 

analysis showed a positive relationship between all BCAA and phenylalanine 

(the second component) and change in LAZ from 5 to 12 months which was 

stronger in the meat group than the dairy group. There were no associations 

found between this component and change in WAZ or WLZ. Disappointingly, 

this study did not report on associations between metabolomic profiles and 

growth-promoting factors, and breastfed infants were not included as a 

reference group. 

 

In contrast to the aforementioned studies, my study only focused on the CF 

period and considered all sources of dietary protein including different sources 

of milk. The comprehensive analyses from my study showed similar findings 

to the CHOP study, indicating the impact of high protein intake on rapid weight 

gain via the GH-IGF-1 axis stimulated by increasing plasma EAA, especially 

BCAA. Nevertheless, I have extended the findings of that trial by providing 

evidence that the same mechanism postulated by Koletzko et al233 continues 
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into late infancy. More importantly, my study also highlights that only high 

protein intake from ABP, especially dairy protein, is associated with rapid 

weight gain during infancy through this proposed mechanism, while 

consumption of PBP seems to have no effect at all.  

 

As expected, protein from formula and cow’s milk clearly affects growth via the 

GH-IGF axis292-294. Apart from infancy, several studies conducted in children 

also found that high consumption of cow’s milk is associated with increasing 

levels of serum IGF-1 and its binding proteins76, 295-297. Increasing consumption 

of cow’s milk can enhance final adult height298-299 and improve linear growth 

in children, especially for those who are at risk of undernutrition300-302, and this 

is explained by the many IGF-1 receptors in growth plate of long bone303. It is 

therefore unclear why high protein intake from formula and cow’s milk is more 

likely to promote weight gain and increase adiposity58, 243, 304 than to promote 

linear growth in well-nourished infants. There are several possible 

explanations based on current evidence. 

 

1) One possible reason suggested by the CHOP study is that high protein 

consumption not only stimulated IGF-1 secretion but may also have 

resulted in increased insulin concentrations. This was supported by the 

observation that the highest levels of C-peptide: creatinine ratio (an end 

product of insulin metabolism) were found in the urine of infants who 

received high protein formula. As insulin plays a major role in 

lipogenesis, it could potentially result in increasing weight and fat mass 

rather than length gain. 

 

2) Because of structural homology between IGF-1 and insulin and their 

receptors305, an excessive secretion of IGF-1 induced by high milk 

protein intake could also stimulate the insulin receptor and might 

contribute to lipogenesis. 

 

3) IGF-1 itself also has a direct effect on adipose tissue in particular for 

adipocyte differentiation306, thus IGF-1 may play a critical role in lipid 

accumulation as well307. 



257 
 

 

4) Apart from indirectly inducing rapid weight gain and adiposity through 

increasing secretion of insulin/ IGF-1 axis, high protein intake from 

formula could lead to a saturation of the BCAA degradation which may 

result in excessive amounts of BCAA in blood circulation285. As current 

evidence shows that high plasma BCAA concentrations may have an 

inhibitory effect on 𝛽 -oxidation308 and increase lipogenesis309, this 

might be another explanation for why “too much” protein intake from 

formula can affect weight gain and adiposity especially in early life. 

 

Moving to other protein sources, consistent with the results shown in this 

chapter, most other studies did not find a significant association between meat 

intake and serum IGF-1 and/or its binding proteins74, 76, 77, 293. Although non 

-dairy ABP such as meats and eggs are considered as high-quality protein 

providing all EAA that are necessary for growth in general, they show less 

effects on the GH-IGF axis compared to dairy protein. If we consider the 

proposed mechanism that high amounts of BCAA seem to be a potent 

stimulator of the GH-IGF axis, thus the lower content of BCAA found in non-

dairy ABP compared to dairy protein37, 310 might be a reason why it stimulates 

less IGF-1 secretion. As shown in figure R5.6, although increasing 

consumption of non-dairy ABP was positively associated with plasma levels of 

BCAA, the coefficients of determination (R2) predicting change in plasma Leu, 

Ile and Val by %PE were highest in those who consumed high protein from 

formula and cow’s milk. Focusing on PBP, almost all studies consistently 

report that it has no impact on growth58, 74, 76, 311, fat mass312 or the GH-IGF 

axis91, 313-314 in infants and children. This is not surprising given longstanding 

knowledge that most types of PBP have lower protein content and contain 

lower amounts of EAA250, particularly lysine/tryptophan (in cereals) and 

sulphur-containing amino acids (in legumes)315, compared to ABP.  

 

Sex dimorphism of the GH-IGF axis 

 

The sex dimorphism of serum IGF-1 and IGFBP-3 found in my study, 

regardless of type of milk feeding, is also consistent with findings from the 
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CHOP study mentioned previously. In secondary analyses of that dataset, 

Closa-Monasterolo et al316 reported that serum IGF-1 and IGFBP-3 at 6 

months of age were higher in female infants than males. Furthermore, they 

showed that the response to high protein intake from formula tended to be 

stronger in females than male infants. Consistent with my study, they did not 

find an interaction between sex and the nutritional intervention on growth 

parameters. Other studies mentioned previously also reported the same 

finding239, 289. Undoubtedly, this specific issue of sex differences in the IGF-1 

axis has been well-recognised by many studies74, 317 as well as in Thai infants 

and children318.   

 

Plasma BCAA: a mediator between dietary protein and the GH-IGF-1 axis 

 

The discussion so far partly illustrates how plasma BCAA could be a mediator 

between protein intake and the GH-IGF axis. Although I also showed positive 

correlations between the sum of plasma EAA and serum IGF-1 and IGFBP-3, 

the coefficients were less than those observed for plasma BCAA. Additionally, 

apart from those three BCAA, I did not find other individual EAA that were 

significantly associated with IGF-1 and IGFBP-3 (data not shown). Therefore, 

I will focus mainly on the plausibility of BCAA as part of this proposed 

mechanism. The BCAA including Leu, Ile and Val have been suggested as a 

potential mediator linking high protein intake in early life to rapid growth for 

many years. Rolland-Cachera et al205 hypothesised that high protein from 

formula may contribute to higher blood concentrations of BCAA, IGF-1 and 

insulin leading to rapid weight gain, increasing adiposity and risk of later 

obesity. The association between high protein formula and increasing plasma 

BCAA is supported by other studies conducted before the CHOP study319-322. 

However, the strongest evidence supporting this hypothesis came from 

metabolomic analyses of the CHOP study using blood samples at age 6 

months. Kirchberg et al285 reported that BCAA including Leu, Ile and Val were 

the most discriminant metabolites between infants receiving high and low 

protein formula. Furthermore, they also found that the degradation products of 

BCAA (i.e., short-chain acylcarnitine C4 and C5) reached a saturation point 

when plasma BCAA was too high. These results indicate when plasma levels 
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of BCAA exceed the metabolic capacity, it may result in undesirable effects 

such as overactivation of the insulin/ IGF-1 axis leading to rapid growth and 

increased adiposity.  

 

For other protein sources, Tang et al291 reported that plasma BCAA increased 

between 5 and 12 months regardless of whether formula-fed infants were 

randomly allocated into a meat-based or a dairy-based group, with no 

significant difference between groups. Some evidence in adults also shows 

that high meat intake is positively associated with plasma BCAA, however, the 

results are not consistent in different populations323. Regarding PBP, 

Lonnerdal et al322 reported that adding cereal 25g/day as complementary food 

for formula-fed infants at 4 months did not affect plasma amino acids at 7 

months while infants who received high protein formula had significantly higher 

levels of Val, Leu and histidine at 7 months old. Furthermore, a recent RCT in 

India showed that consumption of legume-based protein for a month was 

positively associated with plasma BCAA in stunted children. Although meat 

and legume-based protein tends to increase plasma BCAA, more studies are 

needed in infants and children to make a firm conclusion. 

 

At present, there are two main concepts explaining how BCAA potentially 

promote somatic growth. The first one is accordance with the “Early protein 

hypothesis” from the CHOP study and the main findings from my study, and 

proposes that BCAA may influence growth and adiposity via the IGF-1 and/ or 

insulin pathway. The second concept suggests that BCAA, especially Leu, 

may directly stimulate the mammalian target of rapamycin (mTOR) pathway 

which plays a central role in cellular metabolism, growth, proliferation and 

survival98, 324-326. Regarding the first concept, a study using an animal model 

showed that a high protein diet and BCAA-supplemented diet can improve 

fetal growth by increasing gene and protein expressions of IGF-1 and IGF-2 

in fetal liver88, while a clinical study in formula-fed infants showed that plasma 

BCAA positively affect both plasma insulin and IGF-1, but it explained more of 

the variance of plasma insulin after controlling for sex, weight and feeding 

group327. Furthermore, based on scientific evidence some researchers have 

postulated that plasma amino acids, especially Leu, from milk intake can either 
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stimulate the mTOR pathway directly or indirectly via IGF-1 and insulin328. The 

increased interest in the signalling pathway between amino acids and mTOR 

is not only relevant to high protein intake and the risk of overweight/ obesity, 

but may also explain the important role of EAA in undernourished 

populations51. Therefore, we can see the potential importance of better 

understanding mechanism in order to study the impact of dietary protein at 

both extremes on growth during infancy. However, more clinical studies are 

needed to explore the signalling pathway between plasma BCAA and mTOR.  

 

 

Breast milk and its potential role reducing risk of overweight/ obesity via 

effects on plasma amino acid concentrations 

 

Before concluding, I would like to emphasise the negative association 

observed between %PE from breast milk and plasma BCAA. This might be a 

protective effect of breast milk preparing infants for increased %PE from non-

dairy ABP during the CF period. According to Lonnerdal et al329 the true protein 

content in human milk declines from birth, becoming stable at around 4-6 

months of age, which is an appropriate time for the introduction of 

complementary foods. When non-dairy ASFs with higher protein content are 

introduced alongside continued breastfeeding, I assume that plasma amino 

acids, especially BCAA, would be more appropriate than when such foods are 

introduced alongside infant formula, resulting in more ‘optimal’ growth without 

over-activation of this proposed mechanism. However, further research with a 

larger sample size is needed to investigate whether over- consumption of non-

dairy ABP has the same adverse effects on growth via this proposed 

mechanism in breastfed infants as in those consuming formula and cow’s milk. 

 

Conclusions and ongoing laboratory work 

 

In summary, I have shown that the same mechanism proposed by Koletzko et 

al233 in relation to formula-feeding, namely that high protein intake in excess of 

metabolic demands during early childhood may increase insulin-releasing 

amino acids, especially BCAA, resulting in secretion of insulin and IGF-1 that 
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could trigger weight gain, continues until later infancy. However, I found that 

protein from formula and cow’s milk is the main factor driving this effect. The 

impact of non-dairy ABP was not as robust, and I found no effect of PBP which 

is in line with the non-significant association between PBP and growth 

outcomes reported in Chapter 9. It should be noted that my study population 

rarely consumed legumes which are a better protein source than cereals, fruits 

and vegetables; thus a further study in populations consuming more legumes 

should be considered.  

 

Last but not least, because of the COVID-19 pandemic causing a delay in body 

composition and microRNA analyses, I do not currently have data on infant 

adiposity (as an outcome) or microRNAs (as a potential part of the underlying 

mechanism). As recent in vitro studies and studies in animal models 

demonstrate a strong interplay among protein intake, somatic growth, amino 

acids, insulin/ IGF-1 axis, microRNAs, and the mTOR pathway84, 108, 324-325, 330-

331 outcomes from the microRNA analyses in this cohort will represent an 

important addition to this research field. 
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Chapter 8 

 

General discussion and Conclusions  

 

 

In the final chapter of this thesis, I first summarise and collate the key findings 

of my research. This section starts with an overview including a public health 

perspective, then addresses dietary protein intake patterns and the impact of 

dietary protein during the CF period on infant growth and iron status, before 

concluding by discussing potential mechanisms that may underpin the clinical 

outcomes. I also revisited the hypotheses described in Chapter 4 to see 

whether they were confirmed by my research. Finally, I discuss the strengths 

and limitation of the research, the implications for practice and policy, as well 

as remaining research gaps and suggestions for future research. 

 

8.1 Overview of main findings 

 

• Nutritional status and the DBM 

  
Although the participants in this relatively small prospective cohort cannot be 

considered nationally representative, the characteristics of infants and their 

families are typical for Thai middle-class, nuclear families with good standards 

of literacy and sanitation. In Chapter 7, Results 1, I showed that the DBM was 

present at all levels, from individual to population. In this cohort, nearly 1 in 2 

infants suffered from at least one form of malnutrition. The most common 

nutritional problem in infants was iron deficiency which affected 42.7% of the 

cohort. Interestingly, 71% of iron deficient infants were living with at least one 

parent who was overweight/ obese indicating a high prevalence of DBM at 

household level. Although the prevalence of other forms of undernutrition 

including wasting, underweight and stunting were quite low, they increased 

with age. Only one infant was overweight. However, the combination of high 

percentages of parental overweight/ obesity (37.9% of mothers and 64.5% of 

fathers) in this cohort with an increasing prevalence of overweight/ obesity in 
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children aged under five from a recent national survey15,21, is of concern. I next 

investigated the contribution of complementary feeding practices to infant 

nutritional status focusing on protein intake and source. 

 

• Patterns of dietary protein intake  

 
The main analyses in Chapter 7, Results 2 identified two contrasting feeding 

issues related to dietary protein. On the one hand, some parents delayed 

introduction of ASFs, and most families reported providing a low variety of 

ASFs during the early stage of CF (6 to 9 months old). These practices could 

lead to iron deficiency and undernutrition, especially for breastfed infants. On 

the other hand, at later stages of CF (9 to 12 months old), breastfeeding was 

discontinued and replaced by formula in most infants. At this time, protein 

intake especially from ASFs greatly increased and exceeded both national and 

international recommendations. Moreover, nearly 15% of infants received 

unfortified cow’s milk at this stage. These feeding practices could contribute to 

rapid weight gain. Overall, it is plausible that feeding practices relating to 

dietary protein could contribute to the DBM, so I next investigated how dietary 

protein from different sources affects infant growth and iron status. 

 

• Impact of dietary protein in complementary foods on infant growth  

 
In Chapter 7, Results 3, using multiple regression analyses to predict 

conditional growth by %PE from different food sources, the results consistently 

showed that %PE from dairy protein (formula, cow’s milk and dairy products) 

was the strongest factor positively associated with weight-related z-scores 

(i.e., WAZ, WLZ and BMIZ). There was also a dose-response relationship after 

adjusting for type of milk-feed, non-protein calories and breastfeeding 

duration. Likewise, non-dairy ABP including meats and eggs was also 

positively associated with weight-related z-scores, but the effect was less than 

for dairy protein. There was no effect of PBP on any of the growth parameters 

and none of the protein sources showed an association with linear growth.  

  



264 
 

The finding that ASFs are positively associated with weight-related Z-scores 

raises some practical issues since these foods are also a good source of iron. 

I therefore investigated whether infants could achieve adequate iron status 

without excess weight gain which might increase their risk of becoming 

overweight/ obese.  

 

• Impact of dietary protein in complementary foods on iron status 

 
As shown in the Chapter 7, Results 4, consumption of unfortified cow’s milk 

during the CF period was associated with poor iron status even after adjusting 

for protein intake from other ASFs, type of milk fed and inflammation. It also 

showed dose-response relationships with both SF and TSAT as well as 

increasing the risk of ID and IDA by 100% and 40%, respectively for every 100 

ml increase of cow’s milk consumption. In contrast to cow’s milk, higher protein 

intake from formula and regular consumption of liver (one tablespoon at least 

3 times/week) were significant predictors of normal iron status. More 

importantly, I found that average %PE were less than 15% and almost equal 

among iron-sufficient and iron-deficient infants, which indicated that infants 

with normal iron status did not eat more protein than infants with ID/ IDA, and 

their protein intake was still within the proposed upper limit. Finally, I created 

4 theoretical scenarios based on the results from my study. The best-case 

scenario balancing risk of being ID/ IDA and overweight/ obese is a breastfed 

infant who receives iron-rich ASFs such as liver regularly and soon after 

introduction of CF. For the worst-case scenario, infants having the highest risk 

of ID/IDA and overweight/ obesity are those who mainly consume unfortified 

cow’s milk along with iron-poor ASFs during the CF period. This scenario may 

lead to the DBM at individual level when the infant has both ID/IDA and 

overweight/ obesity at the same time. Although intake of formula favours better 

iron status, its adverse effect on weight gain should be considered. Therefore, 

to balance the risk of ID/IDA and overweight/obesity in infants and young 

children, avoiding consumption of unfortified cow’s milk during the CF period 

and promoting regular consumption of iron-rich ASFs alongside breastfeeding 

from the start of complementary feeding are the most appropriate measures 

to prevent the DBM at individual level. Unlike dairy protein, non-diary ABP may 
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promote growth without greatly increasing IGF-1, IGFBP-3 and BCAA which 

are implicated in increased obesity risk, whilst also providing a good source of 

iron. 

 

My findings clearly show the impact of ABP on infant growth and iron status. I 

next explored some of the potential mechanisms for the effect on growth. 

 

• Potential mechanisms explaining how dietary protein influences growth 

during the complementary feeding period 

 
The laboratory tests were selected based on longstanding knowledge that 

somatic growth is controlled by the GH-IGF axis and dietary protein the only 

source of EAA in humans. Based on the “early protein hypothesis" proposed 

by the CHOP study223, I assumed that the same mechanism may continue 

until late infancy, but unlike the CHOP study, I was also able to investigate the 

impact of different protein sources. The key findings in Chapter 7, Results 5 

were consistent with the early protein hypothesis; a high %PE from formula 

and cow’s milk was the strongest factor associated with higher plasma levels 

of BCAA and growth-promoting factors, serum IGF-1 and IGFBP-3, while non-

dairy ABP also stimulated this pathway, but with less potency. There was no 

effect of PBP on plasma amino acids nor growth-promoting factors. More 

importantly, I found that increasing %PE from breast milk could be a protective 

factor associated with lower plasma BCAA when %PE from non-dairy ABP 

increases during the CF period. The consistency of the results, especially 

between clinical and laboratory outcomes, provide convincing support for the 

proposed mechanism demonstrated in Chapter 7, Results 5, although more 

studies with larger sample size are needed to support this proposed 

mechanism. 
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8.2  Revisiting the hypotheses 

 
(1) Association between the amounts and different protein sources consumed 

by Thai infant aged 6 to 12 months and conditional growth at 12M  

Hypothesis: ABP in “recommended” quantities can promote infant growth 

with lower risk of malnutrition than similar amounts of PBP. 

The results from this cohort partly support the hypothesis – as ABP 

showed positive association with conditional growth while there was no 

association found between PBP and conditional growth. However, as my study 

population rarely consumed legumes, which are known to be better PBP than 

cereals/ fruits/ vegetable, the results cannot be generalized to all PBP. 

Additionally, as most of the study population consumed higher ABP than the 

“recommended” quantities during the CF period, it was difficult to fully test this 

hypothesis.   

 
(2) Compare the impact of different protein sources provided to infants 

between 6M to 12M on their body composition at 12M  

Hypothesis: Higher consumption of ABP particularly dairy protein may 

increase body fatness during infancy. 

The results from this cohort: awaiting body composition analyses.  

 
(3) Effects of different protein sources, animal- versus plant-based protein 

typically introduced during the CF period, on the iron status of Thai infants at 

12M  

Hypothesis: timely introduction and frequent intake of ABP especially liver 

and red meat, would improve iron status and prevent ID/ IDA 

The results from this cohort support this hypothesis 

 
(4) The possible mechanism underlying an influence of dietary protein on 

growth in early life through hormonal, metabolomic and epigenetic processes  

Hypothesis: High consumption of ABP may be associated with (1) increase 

of EAA especially BCAA which would positively correlate with plasma levels 

of growth GH, IGF-1 and IGFBP-3 (2) patterns of circulating microRNA  

The results from this cohort: (1) Support (2) awaiting microRNAs 

analyses 
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Before moving to the other sections of this chapter, I have gathered all key 

results that I have discussed into one infographic (Figure 8.1). 

 
Figure 8.1 Summary of all key findings in this thesis 

 

 

8.3 Strengths and limitations  

 

This research has several strengths. Firstly, it provides the first evidence from 

LMICs demonstrating the impact of high protein intake in early life on 

accelerating weight gain during infancy. It may remind researchers in LMICs 

especially those who are working in countries where the DBM is prevalent that 

protein intake from ASFs can present problems whether infants consume “too 
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little” or “too much”. Furthermore, this is the first study to show that the “early 

protein hypothesis” applies to infants from a non-European population. 

Secondly, the drop-out rate was only 3% - well below the 15% allowed for in 

the sample size calculation – thus providing increased statistical power. 

Thirdly, completeness of dietary intake data was very high: more than 85% for 

the 3-DFR and almost 100% for the 24-HR; and the reliability of dietary data 

was acceptable as all caregivers were trained to use their household utensils 

to estimate food intake before recording the 3-DFR. Fourthly, as the nutrient 

composition programme used in this cohort, the INMUCAL-Nutrients 

programmed, has been developed based on the nutrient composition of local 

Thai foods and ingredients, this reduced the chance of estimation errors 

arising from the use of less relevant food composition tables. Another strength 

is data quality, especially for dietary data as I used 3 dietary assessment tools 

at three consecutive ages. Furthermore, the main outcomes were objective 

and measured under standardized conditions; for example, all body weights 

and lengths were measured by health professionals according to protocols 

and laboratory tests were performed in an accredited laboratory. Lastly, the 

good agreement between clinical and laboratory outcomes were strengths of 

this cohort, and the main results were clear and consistent throughout the 

thesis, despite the use of different statistical approaches.  

 

Nevertheless, this research also has some limitations. First and foremost, the 

results from a cohort study cannot indicate causal relationships between 

predictors and outcomes, although DAGs were used to carefully select the 

‘minimum adjustment set’ of potential confounders for the regression models, 

which is argued to improve casual inference. The next limitation relates to the 

generalizability of my findings on the lack of impact of PBP on growth 

outcomes and biomarkers. As my study population rarely consumed legumes, 

which are known to be a better source of essential amino acids than cereals, 

fruits and vegetables, I cannot generalise the findings to populations in which 

legumes are more widely consumed by infants and young children. Thirdly, 

the selection of a smaller number of participants for plasma amino acids might 

have decreased the power of the study to detect significant associations 

between the intake of non-dairy ABP and plasma BCAA. Moreover, as infants 
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consumed a variety of protein sources, I could not investigate associations 

between the amino acid composition of different complementary foods and 

plasma amino acids. Lastly, with limited laboratory resources and funding, I 

was not able to investigate other potential mediators of the effect of protein on 

growth such as insulin, other metabolites or the mTOR pathway. However, as 

microRNAs analysis is now underway, I hope to gain some indirect evidence 

relating to other potential metabolic pathways via epigenetic mechanisms. 

 

8.4 Research implications 

 

The results from this study can be applied to both clinical and public health 

policy. However, generalization of these findings to other populations is 

dependent on several factors, for example, the burden of under- and 

overnutrition, breastfeeding rates, local staples, availability and affordability of 

ASFs, and availability of iron-fortified complementary foods.  

 

• Clinical implications 

 

Breastfed infants – infants should receive iron-rich ASFs as soon as the 

first solid foods are introduced, especially for infants exclusively breastfed 

for 6 months. Adequate amount of ASFs should be provided to infants 

every day but liver or other ASFs containing equivalent haem iron must be 

regularly provided - at least 3 tablespoons per week. Unfortified cow’s milk 

must be avoided until 12 months of age.  

 

Formula-fed infants – when solid food is introduced, the carers should 

consider reducing the volume of formula proportionally to increasing the 

intake of other ASFs. If possible, carers should use lower-protein formula 

instead of high-protein formula. Regular consumption of iron-rich ASFs 

should be encourage but unfortified cow’s milk must be avoided until 12 

months of age.  
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• Policy implications 

 

1) Breastfeeding should be encouraged beyond 6 months of age 

2) Promote provision of iron-rich ASFs as soon as introduction of    

    complementary feeding 

3) Emphasise consumption of liver or other ASFs containing equivalent   

    haem iron at least 3 tablespoons per week 

4) Recommend avoiding unfortified cow’s milk until 12 months old 

5) Reduce protein content in follow-on formula 

 

When considering the current Thai CF recommendations (Appendix 11), the 

first and the third points above are recommended, but the regular consumption 

of liver at least 3 times a week may not be adequately emphasised. In addition, 

a result from the MSc dissertation using some of my data showed that most 

family did not adhere to this recommendation332. For the second implication, 

although ASFs are encouraged at early stages of CF, the recommendations 

do not specify iron-rich ASFs. Finally, there is no recommendation to avoid 

cow’s milk during infancy. 

 

8.5 Remaining knowledge gaps and suggestions for future research 

 

I mentioned earlier in this thesis that before conducting my research, there 

was insufficient information available to design an appropriate intervention for 

a clinical trial to improve complementary feeding practices and infant 

outcomes in my target population. However, some key results from this thesis 

may be used to develop interventions for testing in future randomized trials. 

For example, the effect of provision of at least 3 tablespoons of liver per week 

on infant iron status, especially in breastfed infants, or a study to investigate 

the most appropriate ratio between protein from formula and non-dairy ASFs 

to decrease the risk of overweight/ obesity in formula-fed infants. In addition, I 

plan to consider a follow-up study of participants from this cohort to investigate 

the longer-term effect of protein intake during the CF period on their growth 

and adiposity.  
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As discussed previously, the proposed mechanisms investigated in this thesis 

may not be the only underlying mechanisms explaining the effect of high 

protein intake in early life on growth. There is still a lack of evidence from 

clinical research to confirm whether BCAA directly stimulate the mTOR 

pathway or indirectly stimulate the mTOR pathway via the IGF-1 axis. 

Furthermore, although some studies suggest that the GH-IGF1 axis might be 

programmed by high protein consumption in early life299, there is no convincing 

evidence to clarify which epigenetic processes might control this process. I 

hope that the microRNAs result from my cohort may inform future clinical 

studies on this topic.   
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Appendix 3 Ethics approval from the Faculty of Medicine, Chiang Mai 

University 
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Appendix 4 Blood sample collection, Plasma preparation and Storage 

 

 

 

 

 

    

Blood collecting kit 

Blood sample 
collection 

Serum 
preparations  
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Appendix 5 A record form: Deuterium dose and fluid records 

 

 

Storage of blood samples 
for plasma amino acids and 

microRNAs analysis 
(-80oC freezer) 

 

Body weight (kg) 

Dosing time 

Dosage (g) 

Date 

Urine collecting 
time 

Fluid intakes within 6 
hours after dosing 
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Appendix 6 A record form: 24-HR 

 

 

 

Appendix 7 A record form: estimated 3-DFR 

 

 

 

 

 

 

1 
2 
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3 4

 

5 6 
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7 8 

9 10 
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Appendix 8 A record form: semi-quantitative FFQ 

 

 

11 12 
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Appendix 9 A record form: main data record form 
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Appendix 10 An information sheet and a consent form 
 
An inform consent (English version) 
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An information sheet (Thai version) 
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A consent from (English version) 
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A consent form (Thai version) 
 
 

 
  



347 
 

Appendix 11 The Thai complementary feeding recommendations 
 
 

 
 
 
 
 
 

     

 
 
 
 
 
 
 
 
 
 

6 months old 7 months old 
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Appendix 12 The Thai DRIs for infants aged 6-12 months (only some 

nutrients shown in Chapter 7, Result 2) 

 

Nutrients 6-11 months old 12 months 

Total energy (kcal/day) 610 (girls) 

680 (boys) 

980 (girls),  

1050 (boys) 

Protein (g/kg/day) 1.56 1.20 

%Fat 35-40% 35-40% 

%CHO 45-65% 45-65% 

Calcium (mg/day) 260 500 

Phosphorus (mg/day) 275 460 

Iron (mg/day) 9 5 

Zinc (mg/day) 2.7 4.4 

Vitamin A (mcg/day) 250 300 

Vitamin B1 (mg/day) 0.3 0.5 

Vitamin B2 (mg/day) 0.4 0.5 

Vitamin C (mg/day) 50 25 

 

8 months old 9-12 months old 



349 
 

Appendix 13 Examples of data input in the “model mode” of Dagitty.net 

 

1. Linear growth 

 

dag { 
bb="-6.577,-5.248,5.845,5.264" 
"Birth length" [pos="0.669,-4.048"] 
"Ca intake" [pos="4.509,0.524"] 
"Duration of BF" [pos="-5.181,-1.585"] 
"Family income" [pos="-2.725,3.956"] 
"Linear growth" [outcome,pos="-0.703,0.570"] 
"Maternal age" [pos="-4.988,-3.386"] 
"Maternal height" [pos="3.498,-2.493"] 
"Maternal smoking" [pos="4.268,1.893"] 
"Milk feeding" [pos="1.223,4.279"] 
"Mum education" [pos="-5.241,2.386"] 
"Non-P energy" [pos="-3.171,-4.063"] 
"Paternal height" [pos="4.076,-1.493"] 
"Protein intake" [exposure,pos="-0.884,-4.078"] 
"Working mother" [pos="-5.072,0.524"] 
"Zn intake" [pos="4.497,-0.677"] 
Gender [pos="2.800,-3.432"] 
IUGR [pos="2.077,-4.078"] 
Infection [pos="3.197,3.171"] 
"Birth length" -> "Linear growth" 
"Ca intake" -> "Linear growth" 
"Duration of BF" -> "Protein intake" 
"Family income" -> "Duration of BF" 
"Family income" -> "Linear growth" 
"Family income" -> "Milk feeding" 
"Family income" -> "Protein intake" 
"Family income" -> Infection 
"Maternal age" -> "Duration of BF" 
"Maternal age" -> "Linear growth" 
"Maternal height" -> "Linear growth" 
"Maternal smoking" -> "Linear growth" 
"Milk feeding" -> "Ca intake" 
"Milk feeding" -> "Duration of BF" 
"Milk feeding" -> "Linear growth" 
"Milk feeding" -> "Protein intake" 
"Milk feeding" -> "Zn intake" 
"Mum education" -> "Family income" 
"Mum education" -> "Linear growth" 
"Mum education" -> "Maternal smoking" 
"Mum education" -> "Milk feeding" 
"Mum education" -> "Protein intake" 
"Mum education" -> "Working mother" 
"Non-P energy" -> "Linear growth" 
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"Non-P energy" -> "Protein intake" 
"Paternal height" -> "Linear growth" 
"Protein intake" -> "Linear growth" 
"Working mother" -> "Duration of BF" 
"Zn intake" -> "Linear growth" 
Gender -> "Linear growth" 
IUGR -> "Birth length" 
IUGR -> "Linear growth" 
Infection -> "Linear growth" 
Infection -> "Protein intake" 
} 
 

2. Ponderal growth 

 

dag { 
bb="-6.106,-4.967,5.702,5.358" 
"Birth weight" [pos="-1.506,-3.591"] 
"Duration of BF" [pos="-3.852,2.713"] 
"Family income" [pos="3.791,-1.414"] 
"Maternal BMI" [pos="-4.161,0.248"] 
"Maternal age" [pos="-3.966,-0.855"] 
"Maternal diabetes" [pos="-3.520,-3.622"] 
"Milk feeding" [pos="1.732,4.013"] 
"Mum education" [pos="-2.902,-2.503"] 
"Non-P energy" [pos="-1.884,3.937"] 
"Paternal BMI" [pos="3.036,-2.337"] 
"Ponderal growth" [outcome,pos="-0.019,0.626"] 
"Protein intake" [exposure,pos="-0.168,-2.851"] 
"Sugary diets" [pos="1.022,-3.712"] 
"Working mother" [pos="3.745,2.939"] 
Gender [pos="2.247,-3.168"] 
Infection [pos="4.375,1.080"] 
"Birth weight" -> "Ponderal growth" 
"Duration of BF" -> "Maternal BMI" 
"Duration of BF" -> "Non-P energy" 
"Duration of BF" -> "Protein intake" 
"Family income" -> "Milk feeding" 
"Family income" -> "Protein intake" 
"Family income" -> Infection 
"Maternal BMI" -> "Non-P energy" 
"Maternal BMI" -> "Ponderal growth" 
"Maternal BMI" -> "Protein intake" 
"Maternal age" -> "Maternal diabetes" 
"Maternal age" -> "Milk feeding" 
"Maternal age" -> "Mum education" 
"Maternal age" -> "Non-P energy" 
"Maternal age" -> "Protein intake" 
"Maternal diabetes" -> "Birth weight" 
"Milk feeding" -> "Duration of BF" 
"Milk feeding" -> "Non-P energy" 
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"Milk feeding" -> "Ponderal growth" 
"Milk feeding" -> "Protein intake" 
"Mum education" -> "Family income" 
"Mum education" -> "Non-P energy" 
"Mum education" -> "Ponderal growth" 
"Mum education" -> "Protein intake" 
"Mum education" -> "Sugary diets" 
"Non-P energy" -> "Ponderal growth" 
"Non-P energy" -> "Protein intake" 
"Paternal BMI" -> "Ponderal growth" 
"Protein intake" -> "Ponderal growth" 
"Sugary diets" -> "Ponderal growth" 
"Working mother" -> "Family income" 
"Working mother" -> "Milk feeding" 
Gender -> "Ponderal growth" 
Infection -> "Non-P energy" 
Infection -> "Ponderal growth" 
Infection -> "Protein intake" 
} 

 

3. Iron status: Hemoglobin, Serum ferritin, Transferrin saturation 

 

dag { 
bb="-4.488,-5.519,4.334,6.87" 
"Age first ASFs" [pos="-2.026,-0.422"] 
"Age first CF" [pos="-1.487,1.392"] 
"Duration of BF" [pos="1.983,2.625"] 
"Iron status" [outcome,pos="0.470,0.485"] 
"Iron supplementation" [pos="2.419,0.431"] 
"Liver at least 3/wk" [pos="-1.915,-1.964"] 
"Milk feeding" [pos="-0.359,2.662"] 
"Protein source" [exposure,pos="0.171,-2.599"] 
Infection [pos="2.248,-2.617"] 
"Age first ASFs" -> "Iron status" 
"Age first ASFs" -> "Protein source" 
"Age first CF" -> "Age first ASFs" 
"Age first CF" -> "Iron status" 
"Age first CF" -> "Protein source" 
"Duration of BF" -> "Iron status" 
"Iron supplementation" -> "Iron status" 
"Liver at least 3/wk" -> "Iron status" 
"Liver at least 3/wk" -> "Protein source" 
"Milk feeding" -> "Duration of BF" 
"Milk feeding" -> "Iron status" 
"Milk feeding" -> "Protein source" 
"Protein source" -> "Iron status" 
Infection -> "Iron status" 
Infection -> "Protein source" 
} 
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Appendix 14 Duration of exclusive breastfeeding and predominantly 

breastfeeding between infants with normal iron status and infants with ID/ IDA 

 

Average 

Duration of 

Normal 

(n = 83) 

ID/ IDA 

(n = 62) 

p* 

EBF (months) 4.1 4.7 0.58 

Predominant BF 

(months) 

7.7 9.3 0.04 

*Student’s t-test 

 
Appendix 15 Comparison iron status of infants from all study sites 
 

Study sites Normal ID/ IDA p* 

CMU (n = 57) 28 (49.1%) 29 (50.9%)  

0.24 CTH# (n = 26) 15 (57.7%) 11 (42.3%) 

HPH (n = 62) 40 (64.5%) 22 (38.6%) 

*Chi’s square 
#Delayed cord clamping did not perform at this site. 
 

 
Appendix 16 Comparison iron status between infants receiving weekly iron 

supplementation and infants who did not receive iron supplementation 

 

Receiving iron 

supplementation 

Normal 

 

ID/ IDA 

 

p* 

6-9M 

Yes (n = 61) 

No (n = 84) 

 

35 (57.4%) 

48 (57.1%) 

 

26 (42.6%) 

36 (42.9%) 

 

0.56 

9-12M 

Yes (n = 69) 

No (n = 76) 

 

41 (59.4%) 

42 (55.3%) 

 

28 (40.6%) 

34 (44.7%) 

 

0.37 

*Chi’s square 

 

 
 


