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Abstract 

Dietary exposure in early life, including formula feeding and early introduction of 

complementary foods, was considered as one of the main modifiable exposures associated 

with childhood allergy and obesity. During the past decades, the Chinese population has 

witnessed rapid economic development along with the unprecedented speed of 

industrialization and urbanization. Meanwhile, the consumption of infant formula has been 

increasing dramatically in recent decades worldwide, particularly in China. The observed 

remarkable growth in infant formula sales raises serious concern for child health. The 

research within this thesis focuses on the associations of feeding practice, especially the 

timing of infant formula introduction, with the development of atopic diseases and being 

overweight or obesity in young Chinese children.  

Our systematic review and meta-analysis found that relatively little high-quality evidence 

was identified to allow for definitive conclusions on the association between early cow‟s milk 

or cow‟s milk formula introduction and risk of allergic diseases. Our meta-analysis on this 

topic highlights the specific gaps in information for public recommendations regarding cow‟s 

milk or cow‟s milk formula feeding practice in an early stage of life, particularly before 3 

months of age. Then, we performed the studies based on the Born in Guangzhou Cohort 

Study (BIGCS), a population-based birth cohort in Guangzhou, China. The results suggested 

that early infant formula introduction, particularly within the first 3 months of life, may 

increase the risk of eczema during the first year of life. Also, food introduction patterns 

containing early infant formula introduction were related to a higher risk of eczema by the age 

of 3 years regardless of whether complementary foods were introduced relatively early or late. 

Furthermore, the later introduction of infant formula between 4 to 6 months seems to be 

associated with the lower BMI, weight-for-age and weight-for-length z-scores both at 1 year 
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and 3 years of age, compared with early introduction within the first 3 months. We also found 

that there may be a potential effect of early formula introduction on being persistently 

overweight from 1 year to 3 years old. The findings provide new evidence into the influence 

of formula feeding on early childhood health. The results need to be replicated in other 

cohorts to provide more robust evidence on the development of future health-related 

prevention guidelines for children. 
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Chapter 1 General Introduction 
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Allergy and obesity are two of the most significant paediatric health problems worldwide, 

particularly in industrialised countries [1, 2]. Gene-environment interactions and various 

lifestyle factors have all been suggested as having a link to these two issues [3, 4]. Dietary 

exposures in early life, including formula feeding (FF), and early introduction of 

complementary foods have been considered as one of the main modifiable exposures 

associated with childhood allergy and obesity [5-10]. During the past decades, the Chinese 

population has witnessed rapid economic development along with the unprecedented speed of 

industrialisation and urbanisation. Such development has been associated with a dramatic 

increase in the prevalence of obesity and allergic disorders in children [11, 12]. The research 

within this thesis focuses on the associations of feeding practice, especially the introduction of 

infant formula, with the development of atopic diseases and being overweight or obesity in 

young Chinese children under 3 years of age. This chapter provides a general background and 

justification for the research. 

1.1 Atopic diseases in children 

Asthma, atopic dermatitis, allergic rhinitis and food allergy are common atopic diseases in 

children and potentially linked to each other [13, 14]. Definitions of these atopic diseases or 

symptoms are defined as follows: 

Asthma: National Institute of Health (NIH) Guideline defines asthma as a chronic 

inflammatory disorder of the airways causing recurrent episodes of wheezing, coughing, 

breathlessness, and chest tightness particularly at night or in the early morning [15].  

Eczema: Also known as atopic dermatitis, it is a chronic inflammatory skin disease 

characterised by intense itching and recurrent eczematous lesions [16]. 

Allergic rhinitis: It is an inflammatory disorder of nasal mucosa characterised by sneezing, 

pruritus, nasal congestion and rhinorrhoea. It is mediated by early-phase and late-phase 
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hypersensitivity responses to indoor and outdoor environmental allergens [17]. 

Food allergy: It is defined as a range of disorders, including acute, potentially fatal reactions, 

and a host of chronic diseases that mainly affect the skin and gastrointestinal tract, caused by 

an adverse immunological response (hypersensitivity) to food [18]. 

1.1.1 The prevalence of allergic diseases in children in China 

Data from the Chinese centres participating in the International Study of Asthma and 

Allergies in Childhood (ISAAC) showed that there was a continuous rise in the prevalence of 

asthma, allergic rhinitis, and atopic eczema in children during the past decades in China [12]. 

The rate of childhood asthma has risen from 0.91% in 1999 to 6.8% in 2010 [19], and current 

wheezing rate has increased from 2.0% in 1994 to 7.9% in 2009 in the urban area [20]. Data 

from community-based random samples of schoolchildren aged 9 to 11 years in Beijing, 

Guangzhou, and Hong Kong, showed that the rate of atopy (symptoms of wheeze, asthma, 

rhinitis, and eczema) was 23.9%, 30.8% and 41.2%, respectively [21]. The first national 

survey in infants under 24 months of age from 33 Chinese cities in 2014 indicated that the 

prevalence of allergic symptoms was 40.9% (4,376 of 10,693 infants) [22]. In this survey, the 

parent-reported doctor diagnosis rate of food allergy, asthma, allergic rhinitis, and eczema 

was 2.5%, 0.2%, 0.9%, and 18.5%, respectively [22]. 

1.1.2 The prevalence of allergic diseases in preschool-aged children of other countries 

The pooled data of 18 European and United States (US) birth cohort studies (all participating 

cohorts covered deliveries from 1996 to 2011) showed that 29.2%, 15.4%, and 13.1% of 

children had wheeze in infancy (0-2 years), at preschool age (3-4 years), and at school age 

(5-8 years), respectively; 9.2% and 10.5% of children had asthma at preschool age and school 

age, respectively; 5.4% of children had allergic rhinitis at school age [23]. A population-based 
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cohort in Australia showed that the prevalence of food allergy was 11% and 3.8% at age 1 

year (year 2007-2011) and 4 years of age (year 2011-2015), respectively; the prevalence of 

doctor-diagnosed eczema and wheezing in the first year of life (year 2007-2011) was 27.6% 

and 16.2%, respectively; the prevalence of doctor-diagnosed allergic rhinitis was 3.6% at 4 

years of age (year 2011-2015) [24]. Data from two Asian cohorts, in Japan and Singapore, 

showed that the prevalence of eczema in children under 3 years was 17.5% (year 2006-2007) 

and 27.3% (year 2012-2013), respectively, and the former was similar to the prevalence 

(18.5%) in China (year 2014) (Table 1.1) [25-28]. Compared with other countries, in China, 

the prevalence of asthma, allergic rhinitis and food allergy among children under 2 years of 

age seemed to be relatively lower, only 0.2%, 0.9%, and 2.5%, respectively (year 2014). 

However, several possible reasons for the differences observed between reported prevalence 

figures in different countries should be considered, such as ethnicities, socio-economic status, 

different diagnostic guidelines, substantial heterogeneity in definitions of outcomes in various 

studies, data collection methods (self-reported or clinical records), etc. 
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Table 1.1 The prevalence of allergic diseases in preschool-aged children in different countries 

References Countries Population Sample size Year Age Atopic diseases Prevalence Measurement 

Wang et al. 

[22] 
China 33 cities of China 10,693 2014 0-24 months 

Food allergy 2.5% 

Parent report of doctor 

diagnosis 

Asthma 0.2% 

Allergic rhinitis 0.9% 

Eczema 18.5% 

Hill et al. [29] USA 

The Children‟s 

Hospital of 

Philadelphia care 

network 

187,039 2001-2013 0-3 years 

Asthma 12.3% 

ICD-9 
Allergic rhinitis 5.6% 

Eczema 7.3% 

Uphoff et al. 

[30] 

UK 

BiB 1,716 2007–2010 0-4 years Asthma 13.5% 
Parent report of doctor 

diagnosis 

Stratakis et al. 

[23] 
SWS 2,466 2001-2004 

0-2 years 

Wheeze 44.0% ISAAC questionnaire 

Grimshaw et 

al. [31] 

EuroPrevall birth 

cohort (UK) 
823 2008-2010 Food allergy 5.0% DBPCFC 

Schmidt et al. 

[32] 
Finland DIABIMMUNE 1,574 2011-2013 

0-5 years 
Wheeze 16.4% 

ISAAC questionnaire Allergic rhinitis 29.5% 

at 3 years Eczema 22.9% 

Peters et al. 

[24] 
Australia HealthNuts 4,291 

2007-2011 Before 1 year 

Food allergy 13.0% OFC 

Wheeze 16.2% Parent report of doctor 

diagnosis Eczema 27.6% 

2011-2015 At 4 years 

Food allergy 3.8% OFC 

Asthma 13.8% 
Parent report of doctor 

diagnosis 
Allergic rhinitis 3.6% 

Eczema 29.0% 

Ballardini et 

al. [33] 
Belarus PROBIT 11,668 2002-2005 Before 1 year Eczema 5.0% Skin examinations 

Miyake et al. 

[26] Japan 

Fukuoka Child 

Health Study 
2,004 2006-2007 2-3 years 

Wheeze 22.1% 

ISAAC questionnaire Asthma 9.0% 

Eczema 17.5% 

Kaneko et al. Kawasaki city 23,969 2016 1-5 years Food allergy 5.3% Primary care doctors 
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[34] diagnosed  

Loo et al. [25, 

35] 
Singapore GUSTO 

632 

2012-2013 
0-3 years 

Wheeze 40.8% 

Parent report of doctor 

diagnosis 

576 Eczema 27.3% 

577 Allergic rhinitis 39.2% 

769 18 months Food allergy 2.7% 

Uphoff et al. 

[30] 

18 

European 

and US 

birth 

cohorts* 

 
60,774 

Born 

between 

1996-2011 

0-2 years Wheeze 29.2% 

ISAAC questionnaire 

3-4 years 
Wheeze 15.4% 

Asthma 9.2% 

5-8 years 

Wheeze 13.1% 

Asthma 10.5% 

Allergic rhinitis 5.4% 

18 European and US birth cohorts* Including: ABCD, Netherlands; CONER, Italy; DNBC, Denmark; FLEHS I, Belgium; GASPII, Italy; Generation R, 

Netherlands; Generation XXI, Portugal; HUMIS, Norway; INMA, Spain; KOALA, Netherlands; Lifeways Cross Generation, Ireland; LucKi, Netherlands; 

NINFEA, Italy; PELAGIE, France; PIAMA, Netherlands; Project Viva, United States; RHEA, Greece; SWS, United Kingdom 

BiB: Born in Bradford; DBPCFC: Positive double-blind, placebo-controlled challenge; GUSTO: Growing Up in Singapore towards Healthy Outcomes; ICD: 

International Classification of Diseases; ISAAC: International Study of Asthma and Allergies in Childhood; OFC: Oral food challenges; PROBIT: Promotion 

of Breastfeeding Intervention Trial; SWS: Southampton Women's Survey 

 

 



7 

 

1.2 Overweight or obesity in children 

World Health Organization (WHO) defines being overweight and obesity (OW/OB) as an 

excess in fat accumulation to impair health [36]. The prevalence of obesity worldwide has 

nearly tripled since 1975 [36]. Epidemiological data showed that there were approximately 40 

million children under 5 years old with OW/OB in the world in 2018 [36]. OW/OB was a 

problem predominantly in high-income countries but is now increasing rapidly in some low- 

and middle-income countries, particularly in urban areas [36]. The WHO reported that in Asia, 

approximately 50% of the children under 5 years old were OW/OB in 2019 [36]. This 

prevalence has reached an alarming level that calls for urgent action. 

International comparisons of the prevalence of OW/OB are complicated by the different 

reference standards used to define OW/OB. There are four most commonly used international 

reference standards for defining childhood OW/OB (Table 1.2) [37-40]. 
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Table 1.2 Commonly used reference standards for being overweight and obesity 

References Criteria 
Year of 

publication 

Reference 

population 
Sample size Age range 

Year of 

study 

Applicable 

population 

W. H. O. Multicentre 

Growth Reference Study 

Group [37] 

WHO Growth 

Standards 
2006 

Brazil, Ghana, India, 

Norway, Oman and 

the US 

882 0-24 months 

1997-2003 0-5 years 

6,669 18-71 months 

Cole et al. [38]  IOTF 
2000 (Revised 

2012) 

Brazil, UK, Hong 

Kong, the 

Netherlands, 

Singapore, US 

192,727 0-25 years 1963-1993 2-18 years 

Cole et al. [39] 
2000 CDC Growth 

Charts for the US 
2000 US 50,076 2 months-25 years 1963-1994 0-20 years 

Kuczmarski et al. [40] 
UK1990 growth 

charts 
1990 

England, Scotland, 

Wales 
37,700 0-23 years 1972-1994 0-23 years 

CDC: Centers for disease control and prevention; IOTF: International Obesity Task Force; WHO: World Health Organization 
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1.2.1 Prevalence of being overweight or obesity in children in China 

The prevalence of OW/OB in Chinese children has increased continuously since 1985, 

particularly in urban areas [41]. A meta-analysis summarizing the research on the prevalence 

of OW/OB children and adolescents in China indicated that the prevalence of OW/OB rose 

from 5.0% and 1.7% in 1991–1995 to 11.7% and 6.8% in 2011–2015, respectively [42]. A 

study based on health care records of 55,925 Chinese children between 2009 and 2011 

showed that the prevalence of OW/OB was 36.4% and 17.7% at 1 year, 26.6% and 11.0% at 2 

years of age, 22.3% and 9.3% at 3 years of age, respectively [43]. Data from series from the 

National Survey on Physical Growth and Development of Children (NSPGDC), which 

includes the largest nationally representative sample of children under 7 years old in China, 

showed that the prevalence of being overweight increased from 0.70 to 3.48% and the 

prevalence of obesity increased from 0.17 to 0.86% between 1985 and 2015 [41]. 

1.2.2 Prevalence of being overweight or obesity in children in other countries 

Table 3 illustrates the variability in the prevalence of OW/OB in children under 5 years in 

different countries. A review of studies reporting the prevalence of OW/OB in children under 

5 years in the WHO European region member states showed that the rates ranged from 1% to 

28.6% across member states from 1998 to 2015 [44]. The prevalence of OW/OB in 2- to 

5-year-old children in the US and the UK, according to criteria of the International Obesity 

Task Force (IOTF), was 16.9% and 22.3%, respectively [45]. Children aged 2–5 years in 

Germany had a lower prevalence of OW/OB (9.5%) than those in the US and UK using the 

same criteria [46]. The prevalence of OW/OB among Danish infants was 1.2% to 7.3%, much 

lower than the rates in Ireland (19.4%) and Singapore (12.2%) using WHO growth standards. 

The rates of OW/OB at 3 years of age in Japanese children was 15.0% and 16.1% in 
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Australian children on the basis of body mass index (BMI) criteria of the IOTF [28, 47]. 

Though the lack of consistency in methods makes it difficult to compare the prevalence of 

OW/OB in children across countries, the rate of OW/OB among children aged under 5 years 

in China seems lower than that in the USA and Canada (Table 1.3).  
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Table 1.3 The prevalence of being overweight and obesity in preschool children in different countries 

References Countries Age Population Sample size Year Overweight Obesity Standards 

Yu et al.[48] China 0-5 years CNNHS 32,862  2010-2013 8.4% 3.1% WHO Growth Standards 

Lang et al. [45] USA* 

2-5 years 

NHANES 14,540 (2-17 y) 1999-2016 

24%
#
 11.9% 

2000 CDC Growth Charts for 

the US 

2-5 years 21.2%
#
 11.3% UK1990 growth charts 

2-5 years 16.9%
#
 5.6% IOTF 

Biro et al. [49] Canada 

0-2 years 

CPCSSN database 

1,127  

2013 

18%
#
 5.5% 

WHO Growth Standards 2-5 years 1,842  18.2%
#
 4.0% 

0-5 years 2,969  18.1%
#
 4.5% 

Ramasubramanian et 

al. [50] 

UK* 

3 years Millennium Cohort  10,465  2003 - 5.5% IOTF 

Lang et al. [45] 

2-5 years 

HSE 33,563 (2-17 y) 1999-2016 

31.8%
#
 14.2% 

2000 CDC Growth Charts for 

the US 

2-5 years 27.6%
#
 13.2% UK1990 growth charts 

2-5 years 22.3%
#
 6.1% IOTF 

Jabakhanji et al. 

[51] 
Ireland 

9 months 
GUI 

10,733  2008 19.4% 19.5% 
WHO Growth Standards 

3 years 9,349  2011 20.4% 22.7% 

Rajput et al. [52] New Zealand 4-5 years B4School Check 168,744  2009-2012 
18.3% 16.3% WHO Growth Standards 

17.2% 5.2% IOTF 

Hoffmann et al. [46] Germany 2-5 years KiGGS 3,288  2003-2006 9.5%
#
 - IOTF 

Schmidt Morgen et 

al. [53] 
Denmark 3-15 months 

DNBC 
155,635 1998-2010 1.2-7.3%

#
 0-1.2% WHO Growth Standards 

DHVCHD 

Nichols et al. [47] Australia 
2 years 

MaCHS database 
129,266  

2007 
12.9% 2.0% 

IOTF 
3.5 years 96,164  16.1% 3.2% 

Kuniyoshi et al. [28] Japan 3 years GEJE Affected Areas 15,563 2012-2014 15%
#
 1.1% IOTF 

Cai et al. [27] Singapore 12 months GUSTO 727  2010-2012 12.2% 2.3% WHO Growth Standards 



12 

 

Jones et al. [44] 

35 WHO 

European 

region 

member states 

0-5 years 
 

317,763  1998-2015 1.2-28.6%
#
 

 

WHO Growth Standards 

IOTF 

UK BMI 

German BMI reference 

Dutch reference growth curves 

# 
Overweight, including obesity 

* 
Sample size is the number of 2-17 years children and adolescents, the number of 2-5 years children was not provided. 

BMI: Body Mass Index; CDC: Centers for disease control and prevention; CNNHS: Chinese National Nutrition and Health Survey; CPCSSN: Canadian 

Primary Care Sentinel Surveillance Network; DHVCHD: Danish Health Visitors Child Health Database; DNBC: Danish National Birth Cohort; GEJE: 

Great East Japan Earth-quake; GUI: Growing Up in Ireland; GUSTO: Growing Up in Singapore towards Healthy Outcomes; HSE: Health Survey for 

England; IOTF: International Obesity Task Force; KiGGS: German Health Interview and Examination Survey for Children and Adolescents; MaCHS: 

Maternal and Child Health Services; NHANES: National Health and Nutrition Examination Survey; WHO: World Health Organization 
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1.3 Infant formula consumption 

1.3.1 The prevalence of infant formula consumption 

Formula consumption under 6 months of age is very common worldwide despite international 

guidelines. In a multi-country study among 90 low- and middle-income countries, there were 

26 countries where formula feed was introduced within 6 months in more than 20% of infants; 

in 5 of these countries over half of the infants started having formula feed within 6 months 

[54]. In recent decades, urbanization and rapid economic growth have led to dramatic changes 

in the lifestyle of the Chinese population, including the feeding practice of infants. The 

Chinese National Nutrition and Health Survey (CNNHS), a national representative survey 

conducted in China in 2013, reported that the exclusive breastfeeding (EBF) rate under 6 

months was 20.7%, in urban-metropolis the rate was only 18.9%, which was much lower than 

that in 1985 (33.6%) [55, 56]. Meanwhile, infant formula consumption has been increasing 

dramatically in recent decades [57]. A study on changes in feeding patterns in Chinese city 

infants showed that from 1996 to 2007, the mixed feeding rate of 42-day-old infants in the 

urban area increased from 11.8 to 33.3% [58]. An increasing number of Chinese parents, 

influenced by formula advertisements which portray formula to be as good as or better than 

breast milk, introduce the products either as the only food or as supplementation to their 

infants at an early stage [59-63]. A population-based birth cohort study of China showed that 

in the first month of life, formula feeding (FF) rate was 27.1% and mix feeding rate was 

31.7%; at the third month, FF rate was 32.5% and mix feeding rate was 34.1%; at the sixth 

month FF rate was 36.7% and mix feeding rate was 35.3% [316]. A study describing global 

trends and patterns of commercial milk-based formula sales reported that between 2008 and 

2013, China has undergone the most rapid increase in formula sales in the world, growing by 
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106.0%, and widespread usage is a major public health problem [57, 64]. The observed 

increase in the infant formula consumption in the Chinese population raises serious concerns 

for child health and calls into question the effectiveness of current infant feeding policy and 

regulatory regimes on commercial products for breast milk substitutes. 

1.3.2 The factors related to a mother’s likelihood of formula feeding 

Feeding practice can be influenced by many factors related to socioeconomic status, culture, 

and the environment [65-67]. The factors associated with mothers' decisions to formula-feed 

their infants have been reported, such as family support, feelings that formula feeding was 

more convenient and acceptable, previous feeding experience, and not receiving information 

about the benefits of breastfeeding [68, 69]. A study reporting the factors associated with 

Chinese mothers‟ decision to formula feed showed that the majority of women who chose 

formula feeding thought they had insufficient breast milk [70]. This study also found that 

some mothers had the belief that formula is more nutritious than breast milk [70]. This belief 

has also been described in studies from other countries [68, 71]. 

1.4 The potential mechanistic links between early infant formula introduction and the 

development of allergic diseases 

Epidemiological studies have identified that early exposure to certain nutrients may influence 

the development of allergic diseases, although genetic and other environmental factors may 

also play a role [5, 7-9, 72]. The cellular and molecular mechanisms leading to the 

development of allergic diseases and how alterations in these mechanisms might promote the 

development of allergy are complex. Thus far, the nutritional impacts on allergy development 

have not been completely understood, although the influence on the immune system and gut 

microbiome has been hypothesised recently [73]. 



15 

 

1.4.1 Early infant formula introduction and immune development and allergy 

The function of the immune system is to protect the host against pathogenic organisms and 

also to ensure tolerance to the host “self”, food, commensal bacteria and other environmental 

components [74]. However, a breakdown of the complex pathways of the immune system can 

promote the development of inflammatory diseases, including atopic disorders [74]. Neonatal 

immunity is immature and still developing, which is different from that of adults [75]. During 

the first three months of life, the cellular immune system matures rapidly, but it is still 

vulnerable. The maturation process can be influenced by multiple factors, among which 

nutrition is considered as a significant element [73-75].  

Early diet during infancy is the source of novel food antigens to which the immune system 

must become tolerant. Various dietary components, such as protein, fatty acids, nutritional 

antioxidants, prebiotics and probiotics may be involved in modulating the maturation and 

responses of the immune system, and manipulating T-helper 1 and T-helper 2 (Th1/Th2) 

balance [76, 77]. In 1986, Mosmann et al. proposed the Th1/Th2 balance hypothesis from 

observations in mouse T-helper cells expressing differing cytokine patterns [78]. Currently, 

much of the research indicated that the polarization of the Th1/Th2 balance is associated with 

many allergic and autoimmune disorders [79]. For avoiding the rejection of the 

immunologically compatible fetus, the immune system polarizes the Th cells towards a 

dominance of Th2 response in both mothers and fetuses. [75]. In addition, antigen-specific T 

cells are detectable in every newborn infant's cord blood, suggesting existing intrauterine 

sensitization [80]. The immune system down-regulate the pre-existing Th2 dominance 

promptly at and soon after birth in order to make the neonatal immune system competent and 

functional [75]. If the immune system cannot down-regulate the dominance of Th2 response 

effectively to maintain immune homeostasis, an allergic phenotype may develop [75]. Atopic 
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allergy, including asthma, eczema or atopic dermatitis, allergic rhinitis, and food allergy, is a 

Th2 cell-mediated disease. The timing of introducing infant formula and solid foods offer 

windows during which nutrition might affect the development of the immune system of the 

young infant [74].  

Several potential mechanisms involved in the link between infant formula introduction and 

allergy have been investigated. During early infancy, particularly in the first 3 months when 

the immune system is immature and still developing, excessive protein provided by infant 

formula, in addition to the absence of bioactive substances and bifidobacteria, synergistically 

result in insufficient regulatory T-cells (Tregs) maturation. Consequently, Tregs insufficiency 

induces Th2 cells differentiation to promote the development of atopic diseases [77, 81]. 

Long-chain polyunsaturated fatty acids (LC-PUFA) derivatives can enhance or attenuate the 

inflammatory processes at various points in the cycle, which involves interfering with the 

Th1:Th2 cytokine ratio [82]. The lipid content is different between human milk and cow‟s 

milk formula. Compared with human milk, cow‟s milk has a smaller proportion of 

unsaturated fatty acids and a lower concentration of essential fatty acids [83]. Moreover, 

LC-PUFAs in human milk can be better absorbed than those in cow‟s milk [83]. Thus, during 

immune maturation, early introduction of infant formula might influence the intake of 

LC-PUFA and their derivatives in the body, which are capable of modulating Th1- or 

Th2-like cytokine patterns to induce allergic diseases. 

1.4.2 Infant formula introduction and gut microbiome and allergy 

Recently, an increasing number of studies have indicated that the gut microbiome plays a 

major role in the development of the host immune system during early life, and therefore can 

modify the risk of allergic diseases [84, 85]. Factors that have been suggested to influence the 

bacterial colonization process and diversification of infant's gut include maternal infection or 
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illness, gestational age, delivery mode, antibiotic use, type of feeding, and the surrounding 

environment [86]. Diet plays a critical role in the composition of the gut microbiome, 

especially in the early infancy, when the bacterial community colonization has not yet been 

established. Evidence has shown that the intestinal microbiome differed between breastfed 

and formula-fed infants [87]. Compared with formula-fed infants, breastfed infants‟ gut 

contains a larger number of bifidobacteria and smaller quantities of some facultative 

anaerobic bacteria such as staphylococci, streptococci, lactobacilli enterococci, and 

enterobacteria [86, 87]. It has been reported that bifidobacteria species have 

anti-inflammatory effects through upregulating Interleukin-10 (IL-10) production by dendritic 

cells (DC) and decreasing expression of the CD80 and CD40 [88]. The absence of 

bifidobacteria in cow‟s milk formula has also been reported to be related to insufficient Treg 

maturation which promotes the development of allergic diseases [77].  

1.5 The potential mechanistic links between infant formula introduction and the 

development of obesity 

A number of hypotheses have been raised on the potential mechanism in the relationship 

between the introduction of infant formula and the development of childhood excessive 

weight gain. 

1.5.1 Formula introduction and intakes of energy and protein 

Breast- and formula-fed infants have a different suckling pattern and suckling frequency, 

which might modulate later body size [89, 90]. Formula-fed infants seem to have a higher 

feeding volume than breastfed infants [89]. Furthermore, infant formula contains a higher 

average caloric density than the mean values of human milk [83]. In addition to calories, there 

is also an obvious difference in protein content between formula and human milk [91]. 
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Cumulative evidence has shown that high protein intakes during early life were associated 

with early occurrence of adiposity rebound and high BMI during childhood [92]. The “early 

protein hypothesis” was proposed by Koletzko et al., in which they described that during early 

life, a high protein intake provided by infant formula in excess of metabolic requirements 

might give rise to the secretion of insulin and insulin-like growth factor-1 (IGF-1), which can 

enhance the infancy growth and adipogenic activity [93]. Excessive protein intake may also 

decrease lipolysis [93]. Furthermore, the introduction of infant formula is associated with the 

timing of complementary food introduction [94]. Previous evidence indicated that early 

introduction of infant formula was associated with early introduced complementary food [95], 

which caused increased daily energy intakes and predisposed the infants to increased obesity 

risk in later life [96-98]. 

1.5.2 Formula introduction and gut microbiome and metabolism 

Early-life diet plays an important role in the composition of the intestinal ecosystem [86]. 

Evidence showed that the Bifidobacteria and Lactobacillus were predominant in breastfed 

infants, whereas the Ruminococcus was predominant in formula-fed infants [99]. In addition, 

the bifidobacterial population of breastfed infants was more stable and uniform than those of 

formula-fed infants [100]. The gastrointestinal microbiome composition also plays a critical 

role in host metabolism [101]. Both animal and human studies have indicated that the 

composition of the gut microbiome was associated with the risk of obesity [102-104]. The 

intestinal ecosystem is essential for maintaining host physiology, and its alteration can 

influence the immune system and metabolism, which links to the risk of development of 

metabolic diseases [84]. For example, the bacteria in the gut ferment dietary fibres into 

short-chain fatty acids (SCFAs), whose interaction with G-protein-coupled receptors (GPCRs) 

influences insulin sensitivity in several tissues, including liver, muscle, and adipose tissue, 
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thus regulating energy metabolism [101]. A case-control study has shown that compared with 

nonobese children, obese children have a higher amount of Escherichiacoli and a lower 

amount of Bifidobacteria [105]. In children, a high concentration of Bifidobacteria during the 

early stage of life has been reported to have protective effects on later obesity [106]. 

Therefore, the early introduction of infant formula might influence the composition and 

ecosystem of the gut microbiome, which links to the development of childhood overweight or 

obesity. 

1.6 The potential relationships between adiposity and allergic disorders 

The relationship between childhood obesity and the development of allergy has been reported 

previously [107-109]. The PROBIT study from Belarus found an association between weight 

gain velocity between 0 to 3 months and ever having wheezed by 6.5 years [110]. Another 

study from the United Kingdom showed that higher weight gain from birth to 6 months was 

associated with the increased risk of atopic wheeze by 3 years of age [111]. However, a birth 

cohort study in an Asian population reported a reverse association that higher weight gain in 

the first 15 months of life was associated with a reduced risk of allergen sensitization [112]. 

Existed evidence suggests that childhood obesity is related to extensive changes in the levels 

of inflammatory and anti-inflammatory proteins and cytokines, as well as immune cells and 

their behaviour, which might cause or exacerbate allergic diseases [107]. Furthermore, in 

2009, Koletzko et al. proposed the “early protein hypothesis” that early formula feeding can 

lead to excessive protein intake inducing later obesity [113]. On the basis of this theory, a 

view of the cellular mechanisms to explain the links between infant formula feeding and the 

development of atopy and obesity has been proposed [77]. Infant formula feeding induces 

uncontrolled excessive protein intake, which overacts the infant‟s mammalian target of 

rapamycin complex 1 (mTORC1) signalling pathways. Overactivated mTORC1 enhances 
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S6K1-mediated adipocyte differentiation, but negatively regulates the growth and 

differentiation of FoxP3+ regulatory T-cells (Tregs), which are deficient in atopic individuals. 

Thus, formula feeding is considered to be associated with the development of 

mTORC1-driven diseases such as allergy and obesity [77].
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Figure 1.1 The potential mechanistic links between infant formula feeding and the risk of allergic diseases and OW/OB
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1.7 Feeding guidelines on breastfeeding and formula feeding 

Adequate nutrition during infancy is not only crucial for the growth and development of 

children but also has long-term effects on health during adulthood [91]. In 2003, the World 

Health Organization (WHO) and United Nations Children‟s Fund (UNICEF) jointly 

developed the Global Strategy for Infant and Young Child Feeding to raise global awareness 

of the impact of feeding practices on the health of infants and young children [114]. Many 

countries and authorities have published infant feeding guidelines for their health 

professionals and practitioners following the WHO feeding guidance [91, 115-123]. The 

WHO recommended that all infants should be fed exclusively on breast-milk until six months 

of age [114]. The term exclusive breastfeeding (EBF) means that an infant receives only 

breast milk and no other liquids or solids, not even water, with the exception of oral 

rehydration solution, drops or syrups consisting of vitamins, minerals supplements or 

medicines [83]. Then many countries followed this recommendation and recommended 

continuing breastfeeding beyond the first year of life [115, 120, 121, 124, 125]. However, this 

has raised concerns on whether six months‟ EBF reliably meets the requirements of growth 

for all infants [126, 127]. 

With the rapid economic development and urbanization, the consumption of commercial 

infant formula has dramatically increased worldwide, and many infants receive infant formula 

before six months of age [35, 64, 128-136]. Some national feeding guidelines recommended 

that the infants who are not breastfed should be fed infant formula, particularly iron-fortified 

infant formulas, for the first year of life [91, 115, 121, 137]. Although commercial infant 

formulas are the most appropriate alternatives for feeding the infants who cannot or should 

not be breastfed, the potential risks associated with FF should be considered. 
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This section focuses on reviewing feeding guidelines from different authorities, including 

the WHO, American Academy of Pediatrics (AAP) of USA, Government of Canada (GOC), 

National Institute for Health and Care Excellence (NICE) of UK, Food Safety Authority of 

Ireland (FSAI), National Health and Medical Research Council (NHMRC) of Australia, 

Ministry of Health (MH) of New Zealand, India Academy of Pediatrics (IAP), Ministry of 

Health, Labour and Welfare (MHLW) of Japan and Chinese Nutrition Society (CNS) of 

China. These infant feeding guidelines are regarded as authoritative in their respective 

countries and perhaps beyond. 

1.7.1 Recommendations for breastfeeding duration 

Most countries recommended EBF from birth until six months of life following the WHO 

guidance (Table 1.4). Only the FSAI of Ireland recommended that infants should be breastfed 

exclusively for the first four to six months of life and stated that some infants might benefit 

from a slightly earlier introduction of solid foods but no earlier than four months of age [117]. 

The WHO recommended that breastfeeding should continue throughout the second year and 

longer in the population with high rates of infection [91]. The GOC, FSAI, MH, IAP, and 

CNS recommended breastfeeding for up to two years or beyond as well [116-120]. The AAP 

and NHMRC recommended that breastfeeding should be continued until 12 months of age 

and beyond with appropriate complementary foods [115, 121]. The NICE suggested that 

breastfeeding should be continued for as long as the mother and the baby wish [122]. 

However, the data from many countries have shown that the current breastfeeding duration is 

far below the recommendations [115, 138-141]. 

1.7.2 Recommendations for the timing of formula feeding 
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Most of these feeding guidelines recommended that when infants were not breastfed, they 

should be fed infant formulas (Table 1.4). The WHO and AAP particularly recommended 

iron-fortified infant formulas [91, 115, 118, 120, 121]. The guidelines of FSAI and CNS 

recommended using infant formula as the supplement of breastfeeding after six months of age 

[116, 117]. The CNS also mentioned that feeding infant formula before six months of age was 

not beneficial for the baby's health [116]. The MH of New Zealand also pointed out that 

supplementing breastfeeding with formula should be strongly discouraged [120]. The WHO, 

AAP, FSAI, MH and NHMRC recommend that when the baby is not breastfed, milk-based 

infant formula should be fed through the first year of life [91, 115, 117, 120, 121]. 
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Table 1.4 Summary of recommendations on the duration of breastfeeding and the timing of infant formula introduction in the infant 

feeding guidelines from different authorities 

Country Authorities Guidelines Year 

Duration of breastfeeding Infant formula  

Exclusive 

breastfeeding 
Any breastfeeding Timing of introduction Duration 

 
WHO 

Feeding and nutrition of 

infants and young children 

Guidelines for the WHO 

European region, with 

emphasis on the former 

Soviet countries 

2003 
4-6 months 

from birth 

At least 12 months 

If infants are not breastfed, 

they should be fed a 

commercial iron-fortified 

infant formula 

In the absence of 

breastfeeding, it should be the 

main fluid in the diet for the 

first 9 months and possibly 

even beyond 

Populations with 

high rates of 

infection: up to 2 

years of age or 

beyond 

Infant and young child 

feeding 

Model Chapter for 

textbooks for medical 

students and allied health 

professionals 

2009 
The first 6 

months 

Up to 2 years of age 

or beyond   

USA AAP 
Pediatric Nutrition 7th 

Edition 
2014 

The first 6 

months 
At least 12 months. 

In the absence of human 

milk 

Iron-fortified infant formulas 

are the most appropriate 

substitutes for feeding 

healthy, full-term infants 

during the first year of life. 

Canada GOC 

Principles and 

recommendations for 

infant nutrition from birth 

to six months 

2015 
The first 6 

months 
- 

Recommend cow 

milk-based, commercial 

infant formula for an infant 

who is not exclusively fed 

breast milk.  

- 

Nutrition for Healthy 

Term Infants: 

Recommendations from 

Six to 24 Months 

2015 - 
Up to 2 years of age 

or beyond 
- - 
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UK NICE 
Maternal and child 

nutrition 
2008 

The first 6 

months 

As long as the 

mother and baby 

wish 

Mothers should have access 

to independent advice from a 

qualified health professional 

on the use of infant formula. 

This should include 

information on the potential 

risks associated with 

formula-feeding and how to 

obtain ongoing advice at 

home 

- 

Ireland FSAI 

Scientific 

Recommendations for a 

National Infant Feeding 

Policy,2nd Edition 

2011 
4-6 months 

from birth 

Up to 2 years of age 

or beyond 

For the infant who is not 

breastfed follow-on formula 

may be used from the age of 

six months 

Suitable milk-based infant 

formula should be used 

during the first year of life. 

Australia NHMRC Infant Feeding Guidelines 2012 
The first 6 

months 
At least 12 months. 

When infants are not 

breastfed 

Cow‟s milk-based formula is 

suitable for the first 12 

months of life 

New 

Zealand 
MH 

Food and Nutrition 

Guidelines for Healthy 

Infants and Toddlers 

(Aged 0-2) A background 

paper 

1995 
The first 6 

months 
Beyond six months 

When infants are not 

breastfed 

If the baby is not fed breast 

milk, then use an infant 

formula as the milk source 

until the baby is one year of 

age. 

revised 

in 2012 

India IAP 

Infant and Young Child 

Feeding Guidelines 

(IYCF) 

2004 
The first 6 

months 

Up to 2 years of age 

or beyond 
- - revised 

in 2016 

China CNS 

Feeding Guidelines for 

Infant  Under Six Months 
2016 

The first 6 

months 
- 

Using as the supplement of 

breastfeeding after 6 months 

of age. Feeding infant 

formula before 6 months is 

not good for the baby's 

health. 

- 

Feeding Guidelines for 

Infant  From Seven to 24 

Months 

2016 - 
Up to 2 years of age 

or beyond 
- - 

Japan MHLW 
Breastfeeding and 

weaning assistance Guide 
2007 

The first 6 

months 
- - - 
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AAP: American Academy of Pediatrics; CNS: Chinese Nutrition Society; FSAI: Food Safety Authority of Ireland; GOC: Government of Canada; IAP: India 

Academy of Pediatrics; NHMRC: National Health and Medical Research Council; NICE: National Institute for Health and Care Excellence; MH: Ministry of 

Health; MHLW: Ministry of Health, Labour and Welfare; WHO: World Health Organization 
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1.7.3 Evidence supporting recommendations from national and international authorities 

Exclusive breastfeeding  

The advantages of breastfeeding on the infants' health described in these guidelines included 

decreased morbidity and mortality from infectious diseases, lower risk of allergy, better 

neurodevelopment, and long-term protective effects on OW/OB, diabetes, cancer/leukaemia, 

sudden infant death syndrome (SIDS), and cardiovascular diseases [91, 115-125, 137, 142-147]. 

Though most countries just follow the recommendations of the WHO, some of them developed 

their own feeding guidelines by synthesizing current evidence. Systematic reviews and cohort 

studies were the most common types of evidence used to develop recommendations on 

breastfeeding in these guidelines. The Guidelines of the USA, Canada, UK, Ireland, Australia, 

and New Zealand included results from cohort studies in their populations in formulating 

recommendations on breastfeeding. However, there was a limited number of domestic studies to 

underpin national recommendations on breastfeeding in the feeding guidelines of China, India, 

and Japan [116, 142, 145, 146, 148]. Feeding practice is likely to be influenced by complex 

interactions between socioeconomic status, culture, and the environment [65-67]. Thus, evidence 

from domestic studies, taking into account social conditions and culture should be considered as 

the reference standard for recommendations in all national feeding guidelines.  

One systematic review commissioned by the WHO regarding the effects of EBF duration on 

the health outcomes of the child or mother was used as crucial evidence in many feeding 

guidelines [149]. Following this systematic review, the WHO revised the recommendation for 

EBF duration from 4-6 to 6 months for all infants. Then many countries changed their 
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recommendations to six months based on the WHO recommendations. However, potential biases 

within this systematic review are of concern. The systematic review indicated that the infants 

who were exclusively breastfed for six months had a lower risk of gastrointestinal and respiratory 

infection than those who were partially breastfed as of three or four months [149]. These 

conclusions were based on observational studies, and most of them came from low- and 

middle-income countries with poor sanitation [150-152]. Data from a nationally representative 

survey in the USA, the Third National Health and Nutrition Examination Survey (NHANES III), 

showed a decreased risk for respiratory tract infection in children who were exclusively breastfed 

for six vs. four months [153]. However, there might be reverse causality in this association. 

Infants with severe infection were likely to experience loss of appetite with reduced breast milk 

consumption that caused shorter breastfeeding duration [154]. By contrast, healthy infants with 

acceptable growth trajectory were likely to be exclusively breastfed continually [154].  

A systematic review indicated that though little clear evidence was identified to allow for 

definitive conclusions on recommendations for the age of complementary foods introduction, 

exclusive breast milk feeding from birth until six months might not give sufficient nutrition for 

optimal growth and development of certain populations [155]. Another expert review for EFSA 

also concluded that introducing complementary food into the diet of healthy, term infants across 

the EU between four and six months of age was safe and did not induce a risk for adverse health 

effects [156]. In addition, there are some concerns about whether EBF for six months would 

appropriately meet the iron requirements of some infants. The systematic review underpinning 

the WHO recommendation indicated that compared with infants exclusively breastfed for four 

months, six months‟ EBF was associated with a lower mean haemoglobin and ferritin 
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concentrations [149]. But the authors explained that the evidence came from developing-country 

settings where iron stores of the newborn may be suboptimal [149]. Data from NHANES III also 

showed that compared with 4-6 months, infants exclusively breastfed for 6 months were more 

likely to have iron deficiency [157]. Based on the Promotion of Breastfeeding Intervention Trial 

(PROBIT), a cluster-randomized trial conducted in the Republic of Belarus, a series of studies 

examining the benefits of breastfeeding have been conducted [158-167]. However, data from the 

PROBIT cohort did not show significant long-term beneficial effects of 6 months‟ EBF compared 

with 3 months on child health [161, 162, 166, 167]. Fewtrell and colleagues stated that the 

proposed beneficial effects of 6 months‟ EBF on the risk of infection need to be weighed against 

the other areas of clinical concern including a higher risk of iron deficiency anaemia, food allergy, 

and coeliac diseases [126]. However, there were immediate objections [168, 169]. Wright 

suggested that the effects of 6 months‟ EBF on substantial reductions in infectious diseases were 

more important than the risk of anaemia or allergy [169].  

An important issue is whether the WHO‟s revision on the recommendation for EBF duration 

from 4-6 to 6 months is generalisable to all populations. The main advantage of long EBF is 

preventing infection in infants. However, most of the evidence for this recommendation came 

from observational studies in low-income countries where the sanitary conditions are 

compromised. In addition, there are only a limited number of studies involving the delayed 

introduction of complementary foods after six months, which has an inextricable link with EBF. 

Therefore, more data are needed to justify currently recommended duration of EBF, particularly 

in high-income countries with good sanitary conditions and living environment. 
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Timing of introduction infant formula 

As is well known, there is a reverse correlation between FF and EBF. Adding infant formula to 

the infant diet appears to be detrimental to breastfeeding duration [170-172]. Longer EBF means 

later introduction of other foods, including infant formula. However, for some infants, the infant 

formula is the sole source of early nutrition and is not referred to as a complementary food. 

Therefore, there is no specific recommendation on the appropriate timing of infant formula 

introduction to the infant diet in feeding guidelines. Most of these guidelines just recommend that 

when infants are not breastfed, the infant formula should be used. The NICE in the UK stated that 

the commissioners and managers responsible for maternity, children's and primary care services 

should ensure that a qualified health professional tells the potential risks of formula-feeding to 

the mothers who plan to feed formula to their babies [122]. Ministry of Health of New Zealand 

also emphasized that supplementing breastfeeding with infant formula should be strongly 

discouraged [120]. However, we did not find any evidence on the effects of FF on children‟s 

health in the chapter on FF in these feeding guidelines. In the chapter of breastfeeding, the 

evidence derived from studies of beneficial effects of breastfeeding found that FF or mix feeding 

was associated with a higher risk of infection in infants compared with EBF [173]. However, 

most of these studies were conducted in low- and middle-income countries where infant mortality 

was largely attributable to infection. 

With increasing consumption of infant formula worldwide, the appropriate timing of infant 

formula introduction to the infant diet should be provided in feeding guidelines based on the 

scientific evidence. In addition, the evidence used in these guidelines (guidelines in Table 1.4) 

was over a decade old and may need to be updated.  
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1.8 Objectives  

The aim of this thesis was to investigate the relationships between the timing of infant formula 

introduction and the risks of developing allergic diseases and OW/OB in children under 3 years 

old. Meanwhile, the timing of complementary foods introduction was additionally considered in 

our analyses. 

Chapter 2 describes the general methods of the studies included in this thesis and the Born in 

Guangzhou Cohort Study (BIGCS). Data from primary research included in this thesis were all 

from this cohort study. Chapter 3 is a systematic review and meta-analysis on the association 

between cow‟s milk (CM) or cow‟s milk formula (CMF) introduction and risk of allergic 

diseases in children. In Chapter 4, I report a prospective cohort study on the relationship 

between the timing of infant formula introduction and risk of wheezing and eczema before 1 year 

of age. Chapter 5 investigates the association between patterns of foods introduction in the first 

year of life and risk of atopic conditions before 3 years of age. Chapter 6 studies the influence of 

early infant formula introduction and body growth before 3 years of age. In addition, the 

associations of the timing of infant formula introduction with the risks of OW/OB at 1 year and 3 

years of age were examined. 
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A detailed description of the methods of each study will be provided in individual chapters. 

Therefore, the general methods included in this thesis are described briefly in this chapter. In 

addition, as the study population included in this thesis was all from the Born in Guangzhou 

Cohort Study (BIGCS), a brief description of BIGCS is provided in this chapter. 

2.1 Systematic review (Chapter 3) 

We performed a study to systematically review the evidence describing the association of timing 

of CM or cow‟s milk formula (CMF) introduction with the development of atopic diseases during 

childhood. The protocol of this systematic review was registered in PROSPERO, registration ID 

CRD42018102108.  

2.2 Born in Guangzhou Cohort Study (BIGCS) 

2.2.1 Introduction 

The Born in Guangzhou Cohort Study (BIGCS) is a population-based prospective study of the 

mother and child living in the urban setting of Guangzhou, China [174]. The BIGCS is a 

long-term research project from the prenatal period to adulthood to examine the environmental 

influences on maternal and child‟s health. It is the largest ongoing birth cohort in China. In this 

study, the environmental factors are defined broadly to include biological and chemical factors, 

physical surroundings, social, economic, cultural, educational, family, and behavioural influences. 

The BIGCS aims at exploring the potential causes of many childhood diseases and disorders by 

linking a variety of environmental factors to different health and developmental outcome 

measures. 
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2.2.2 Study population 

The BIGCS was set at two campuses of the Guangzhou Women and Children‟s Medical Center 

(GWCMC), which is one of the best-equipped medical service providers of its kind in southern 

China. Between the two campuses, there are 12,000-15,000 deliveries annually. In the antenatal 

outpatient clinic setting of GWCMC, trained study personnel invited the participation of pregnant 

women attending for early pregnancy examination. The eligible criteria of BIGCS are including 

(1) gestational week less than 20 weeks; (2) residence in Guangzhou (3) intending to give birth at 

GWCMC. Women who were not ethnic Chinese or unable to complete questionnaires in 

Mandarin are excluded. Informed consent was obtained from all participants. Participation is 

entirely voluntary, and the participants can withdraw their consent at any time. The recruitment 

of BIGCS was commenced in February 2012, with an overall participation rate of 76.3% [174]. 

In addition, the population of BIGCS is not representative of the Guangzhou population. Mothers 

participating in BIGCS are likely to be more affluent, older and have higher education than the 

contemporary pregnant women in Guangzhou, hence limiting the generalizability of the findings 

[174]. However, in this study, a relatively widespread across all social-economic status indicators 

can be still observed within the participants of BIGCS, hence enabling us to explore the 

differences in health consequences across different social-economic status strata. 

2.2.3 Follow up strategies 

Pregnant women who agreed to participate were interviewed at recruitment (<20 weeks), 24-28 

and 33-39 weeks of gestation at antenatal clinics to collect epidemiologic data and biological 

samples. Birth samples, including placental tissue, umbilical cord and cord blood, were collected 

at delivery. Neonatal birth information such as delivery mode, birth characteristics (e.g. birth 
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weight, birth length, Apgar score) and perinatal outcomes were obtained from routine medical 

records. Mother and child were interviewed and examined in GWCMC‟s child health care clinics 

at age 6 weeks, 6, 12 and 36 months, and the follow-up interview was planned to be continued 

until children's adulthood (Figure 2.1). Participants unable to attend the appointments in person 

at the clinic were interviewed on the telephone.  
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Figure 2.1 Flowchart of BIGCS study design 

 

  



38 

 

2.2.4 Data collection 

Baseline characteristic information such as maternal age, educational level, income, lifestyle 

and other health-related factors were obtained by the first questionnaire. The information with 

the potential for change over time was queried at each visit. Details of question items in the 

questionnaires are presented in Table 2.1.  

Table 2.1 Summary of data collection items 

Data Antenatal (weeks) Postnatal (months) 

Mother ＜20 23-28 ≥33 Delivery 1 6 12 36 Continue 

Demographics / Social          

Date of birth √         

Ethnic group √         

Education √         

Marital status √         

Family members √         

Housing, income √         

Occupation / employment          

Working status √  √     √  

Working category, working hours, 
working posture 

√  √       

Working environment √  √       

Dwelling environment          

Decoration √         

Pets √  √       

Cleanness √  √       

Lampblack, insecticide, incense √  √       

Lifestyle          

Smoking status, passive smoking 
status 

√  √  √     

Alcohol √         

Drinking tea √  √  √     

Beverage √  √       

Drinking water √  √       

Physical activity √  √  √     

Hair Perming and Dying   √       

Health          

Height √         
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Weight √ √ √ √ √ √ √ √  

Blood Pressure  √ √  √ √ √ √  

Blood glucose     √ √ √ √  

Medical history √         

General health √  √   √    

Menstrual cycle √         

Family medical history √         

Obstetric history √         

Medications √  √  √ √ √ √  

Vaginal bleeding during 
pregnancy 

√  √       

Micronutrient supplements √  √  √     

Mental health √  √  √ √ √ √  

Sleeping quality √  √       

Diet/FFQ  √   √     

Biological samples          

Blood  √* √       

Faeces  √ √       

Umbilical cord, placenta    √      

Medical Records          

Clinical test results    √      

Ultrasound data    √      

Pregnancy complications (such as 
GDM, PIH) 

   √      

Medication    √      

Delivery date, delivery mode    √      

Father          

Demographics / Social          

Date of birth √         

Ethnic group √         

Education √         

Housing, income √         

Health          

Height √         

Weight √         

Medical history √         

General health √         

Family medical history √         

Biological samples          

Blood √         
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Child ＜20 23-28 ≥33 Delivery 1 6 12 36 Continue 

Gender    √ √     

Date of birth    √ √     

Birth weight / length, Apgar score    √ √     

Physical measurement          

Weight, body length/ height, head 
circumference,  chest circumference, 
abdomen circumference, upper arm 
circumference, skinfold thickness 

    √ √ √ √  

Bregmatic fontanel     √ √ √   

Blood Pressure     √ √ √ √  

Hip joint examination     √     

Dental eruption      √ √   

Sexual development        √  

Diet          

Breastfeeding     √ √ √ √  

Formula feeding     √ √ √ √  

Food introduction/preference      √ √   

Eating behaviour/dietary restraint        √  

Chinese Herbs     √ √ √ √  

Drinking water     √ √ √   

Micronutrient supplements     √ √ √ √  

Family member, parenting practices     √ √ √ √  

Sleeping     √ √ √ √  

Dwelling environment          

Lampblack, insecticide, incense     √ √ √ √  

Cleanness      √ √ √  

Router use     √ √ √ √  

Passive smoking status      √ √ √  

Pets      √ √ √  

Negative events        √  

Illnesses ( fever, skin rash, wheeze) & 
allergies 

    √ √ √ √  

Medications     √ √ √ √  

Immunization record     √ √ √   

Neurobehavioral development     √ √ √ √  

Language environment & learning 
languages 

       √  

ASQ-III     √ √ √ √  

Gesell       √   

Medical Records          

Clinical test results     √ √ √ √  

Medication     √ √ √ √  
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Diagnosis     √ √ √ √  

Biological samples          

Blood       √ √  

Faeces       √   √      
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2.2.5 Ethical approval 

Ethical approval for the BIGCS study was obtained from the ethics committees of GWCMC. 

Individual research using BIGCS data do not require separate ethical approval if only 

anonymised BIGCS data is used. 

2.2.6 Main variables included in the studies within the thesis  

Exposures 

Feeding practice 

The age of first introduction infant formula and other food, and duration of breastfeeding was 

defined from several variables reported in the self-administered questionnaire at age 6 weeks 

as well as 6, 12, and 36 months. At each time point, if the response to the question “Has your 

child been fed infant formula?” was affirmative, the mother was asked to state the type of 

formula feed (standard cow‟s milk formula, hydrolyzed formula, preterm formula, other types 

of formulas) and the age when the child first had the formula. If the child has been fed any 

food other than milk (cereal or rice porridge, vegetables, fruits, meat, offal, fish, other seafood, 

egg yolk, egg white), the age when he/she first ate the food was recorded. 

Outcomes 

Allergic disease 

For measurement of allergic disease development in children, self-administered 

questionnaires were given to the mothers or caregivers when they took their children to the 

clinic for the follow-up interview at 6 weeks, 6, 12 and 36 months of age. The questions about 

the occurrence of the symptoms and physicians‟ diagnoses of allergic diseases, including 

itchy red rash, wheezing, eczema, asthma, atopic rhinitis, and food allergy, are included in the 

questionnaires. Although the parents or other guardians who were unable to take the child to 

attend the appointments at paediatric clinics in person were interviewed on the telephone, 
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these children were excluded in these studies due to the lack of information on the allergic 

disease. 

Anthropometric Data 

Anthropometric measurements were undertaken at each follow-up visit by trained 

fieldworkers at the clinic. Abdomen circumference and upper arm circumference, in 

centimetres (cm), was measured in a supine position, using a measuring tape to the nearest 0.1 

cm. Length (cm) was measured in a supine position using an electronic scale (Shekel 

Healthweigh™) to the nearest 0.1 cm. Bodyweight, in kilograms (kg), was measured without 

shoes and with light clothing (single layer clothes) in a supine position, using a stadiometer 

(Shekel Healthweigh™) to the nearest 0.01 kg. Body mass index (BMI) measures were also 

calculated using the formula kg/m
2
. Children‟s gender and age-specific z-scores of BMI were 

recalculated through the SAS program (WHO-source-code.sas) based on the 2006 WHO 

growth standards [175]. Given the number of obese children might be insufficient for reliable 

analyses, overweight and obese children will be combined as being overweight (BMI z-score > 

+1.00 SD). Z-scores for a child‟s sex and age for weight and height (length-for-age z-score, 

LAZ; weight-for-age z-score, WAZ; weight-for-length z-score, WLZ) based on the WHO 

Growth Charts were also calculated. The extreme or biologically implausible values will be 

removed. 

Covariates  

Socio-demographic characteristics and potential confounders including maternal age, 

maternal educational level, maternal smoking and passive smoking status during pregnancy, 

maternal pre-pregnant BMI, paternal BMI, and other health-related factors, were recorded by 

the baseline questionnaire before 20 weeks of gestation. Obstetrics-related variables, 

including maternal parity, mode of delivery, gestational age, birth weight, and infant sex, 
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were extracted from the hospital clinical records. The duration of breastfeeding was also 

considered as a covariate. Given the proportion of missing data on confounder variables were 

from 0.1% to 17.3%, analyses based on complete cases may be biased. Thus, we used 

multiple imputation (MI) analysis to cope with missing data [176]. We used the fully 

conditional method (FCS) iterative method for imputation by using SAS 9.4. The confounder, 

exposure and outcome variables of each model were considered as observed covariates and 

used in the models to impute missing variables. For each imputation model, 10 imputations 

were run. We ran a procedure call proc mianalyze which combines all the estimates 

(coefficients and standard errors) across all the imputed datasets and outputs one set of 

parameter estimates for the model of interest [177]. 
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Abstract 

Infant feeding is an important early-life exposure that may influence the development of 

atopic disease. The optimal timing of introduction of food allergens, including cow‟s milk 

(CM), is not known. This study aims to systematically review the evidence describing the 

effects of timing of CM or cow‟s milk formula (CMF) introduction to the infant diet on the 

development of atopic diseases during childhood. Pubmed, Embase, CINAHL, Cochrane 

CENTRAL, and CNKI were searched through May 30, 2019. Study screening and data 

extraction by two reviewers followed the PRISMA statement. Data were extracted 

independently in duplicate, and meta-analyses were performed by pooling unadjusted and 

adjusted odds ratio (OR) separately. Heterogeneity was explored using I
2
 and publication bias 

by funnel plots and Begg‟s tests. In total, 45 studies from 20 countries were included. 

Meta-analyses using adjusted data showed that no associations were observed between early 

introduction of CM or CMF and the risk of asthma (<4 vs. ≥4 months: OR 1.16, 95% 

confidence interval (CI): 0.89, 1.51), wheeze (<6 vs. ≥6 months: OR, 1.15, 95% CI: 0.85, 1.56) 

and eczema or atopic dermatitis (<6 vs. ≥6 months: OR, 0.96, 95% CI: 0.65, 1.41). Overall, 

quite little high-quality evidence was identified to allow for definitive conclusions on the 

association between early CM or CMF introduction and risk of allergic diseases. Our 

meta-analysis on this topic highlights the specific gaps in information for public 

recommendations regarding CM or CMF feeding practice in an early stage of life, particularly 

before 3 months of age. 

Keywords: timing of introduction, cow's milk, infant formula, allergy, systematic review, 

meta-analysis  
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Manuscript (Published) 

Introduction 

The prevalence of childhood atopic disease has been increasing considerably in worldwide 

during the past decades [178]. Infant feeding is a crucial early-life exposure that may 

influence the development of atopic disease [9]. It is universally acknowledged that breast 

milk is the preferred nutrition source for the growth of infants, containing essential nutrients 

(such as fat, carbohydrates, proteins, vitamins, and minerals) and multiple bioactive 

constituents (such as secretory IgA and IgG) [179, 180]. Early exposure to human milk is 

conducive to the development of host defence mechanisms and stimulates infant immune 

systems [181]. The World Health Organization (WHO) recommended that „infants should be 

fed exclusively on breast milk from birth to 6 months of age‟ [182]. However, many infants 

receive cow‟s milk (CM) in the form of infant formula very early in life [35, 128-135, 183]. 

With the rapid development of economy and urbanization, the rate of commercial infant 

formula consumption has dramatically increased [64]. Most infant formulas are derived from 

cow‟s milk, which contains powerful food allergens. Although several studies assessing the 

role of infant formulas in the risk of atopic disease development have been performed to date, 

the findings were controversial [9, 35, 72, 128-132, 184, 185]. Previous systematic reviews 

describing the association between exposure to CM or cow‟s milk formula (CMF) and 

childhood allergy had been published but are limited in scope [9, 72, 184, 186]. Early 

introduction of food allergens, such as peanut, to the infant diet has been recommended in 

food allergy prevention guidelines [187, 188]. However, the optimal timing of other different 

allergens introduction, including cow‟s milk, is not known. Current evidence and theoretical 

rationales conclude that exposure to food proteins during a critical early window, likely to be 

4-6 months of life, could benefit the development of immune tolerance [189], whereas too 
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early exposure to the allergen may give rise to a higher risk of allergic or autoimmune 

diseases due to immature gut colonization and local immune networks [190]. The effects of 

CM or CMF on childhood allergy may vary by the period of exposure. 

 Thus, the present review aims to systematically summarize the effects of timing of CM or 

CMF introduction to the infant diet on the risk of developing atopic diseases including 

wheeze, asthma, eczema or atopic dermatitis, rhinitis or conjunctivitis, food allergy, and cow 

milk allergy. 

Methods  

We reported this systematic review following the PRISMA statement [191] (Supplementary 

material S1). The protocol of this systematic review was registered within the International 

Prospective Register of Systematic Reviews (PROSPERO) (registration ID: 

CRD42018102108). The search results were updated in May 2019. 

Search Strategy 

We searched Pubmed, Embase (via OVID) (1974 to present), CINAHL (1937 to present), 

Cochrane CENTRAL (1992 to present) and CNKI (China National Knowledge Infrastructure) 

electronic databases through May 30, 2019. Reference lists from included studies were 

scanned to identify other relevant studies. Grey literature sources OpenGrey, Zetoc, 

Conference Proceeding Citation Index (CPCI) and Science Citation Index (SCI) were also 

searched. There was no language restriction. The MeSH (medical subject headings) terms and 

free-text keywords for relevant exposures or interventions (cow‟s milk, milk products, infant 

formula, breastfeeding, and breast milk) and outcomes (atopic diseases, wheeze, eczema, 

atopic dermatitis, asthma, rhinitis, conjunctivitis, food allergy, and cow milk allergy) were 

searched (Supplementary material S2).  
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Study Selection 

Randomized controlled trials (RCT), prospective cohort or longitudinal studies, 

retrospective cohort studies, nested case-control studies or other case-control studies were 

included where the timing of the introduction of CM or CMF before one year of age is 

clearly described. If the authors did not specify the types of formula given to the infant, we 

considered the formula to be CMF. We excluded studies comparing CMF with hydrolyzed 

formula, soy formula, or milk from other animals. The studies focusing on infants 

experiencing specific diseases or conditions at baseline, such as preterm birth and low birth 

weight, were also excluded. The primary outcomes were allergic diseases, including asthma, 

wheeze, eczema/atopic dermatitis, allergic rhinitis /conjunctivitis, food allergy, and cow‟s 

milk allergy (CMA). We included studies published as full-text publications rather than only 

abstracts. Two researchers (M.Y. and M.T.) independently screened titles and abstracts of the 

relevant studies, selected the full-text articles for eligibility. Any disagreement during the 

screening process was discussed and re-examined. A third person (S.S.) was consulted when 

no consensus was reached. 

Quality assessment 

We used the Cochrane Collaboration‟s Risk of Bias Tool [182] to access the risk bias for RCT 

studies (Supplementary material S3) and the Newcastle-Ottawa quality assessment scale 

[192] for cohort studies (Supplementary material S3) and case-control studies 

(Supplementary material S3). The quality of all full-text reports was accessed independently 

by two reviewers (M.Y. and M.T.), and any disagreements were resolved by a third reviewer 

(S.S.)  

We classified each RCT study into one of the following categories: low risk of bias (low 

risk of bias for all key domains); unclear (1 or more items assessed as unclear); high risk of 
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bias (1 or more items assessed as high risk) [193]. We classified each cohort study or 

case-control study into high quality with a Newcastle-Ottawa scale score ≥ 7 and low quality 

with a score <7, because standard validated criteria for cutting points of different quality level 

have not been established. According to the method used in a previous systematic review, we 

set the critical endpoints based on the mean values, 6.5 scores, for the cohort studies [194].  

Data extraction 

Data were extracted in duplicate and summarized in an excel spreadsheet. For RCT studies, 

the extracted information included study ID, location, interventions, controls, follow-up time, 

sample size, outcomes, age at outcomes, measurements, and response rate. For cohort studies, 

the extracted information included study ID, study design (prospective or retrospective 

cohort), location, cohorts‟ name, allergic disease risk, exposures (CM or CMF), the timing of 

CM or CMF introduction, sample size, outcomes, age at outcomes, measurements, and 

follow-up rate. For the case-control study, the extracted information included study ID, 

location, sample size, definitions of the case, feeding CM or CMF, the timing of introduction, 

age at outcomes, and methods of case ascertainment. Original data for each outcome at 

different timing of introduction extracted from the included studies were shown in tables in 

the supplementary file (Supplementary material S3). 

Data analysis and synthesis 

For the observational studies, the timing of CM or CMF introduction varied. Therefore we 

used the following categories for the timing of introduction to enable the combination of 

multiple studies: <1 vs. ≥1 or <3 vs. ≥3 or <4 vs. ≥4 or <6 vs. ≥6 months duration. The event 

data were extracted from the included studies. If we were unable to get event data from the 

study, unadjusted odds ratio (OR) was used for meta-analysis. We also extracted adjusted OR 

and included those in the meta-analysis. If a study reported zero events in a group, it was not 
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included in the meta-analysis. When studies had several time points for examining outcomes, 

the most complete dataset or the largest observational case number were selected. When 

studies used multiple methods to assess the same outcome, clinical assessments, or validated 

instruments were preferred. For example, we prioritized skin prick test or double-blind, 

placebo-controlled food challenge for diagnosis of CMA over the parental report.  

The included studies were grouped by different outcomes being assessed within each time 

point comparison. The data are reported using OR with 95% confidence intervals (CI). The 

pooled OR with its 95% CI was calculated by a fix-effects model. Meta-analyses were 

undertaken using Review Manager (RevMan) (Version 5.3). Heterogeneity of the included 

studies was tested using a chi-squared test (p<0.1 to determine statistical significance) and I
2
 

statistic. Meta-analysis was performed when at least two studies were included in the analysis. 

When the number of studies in a meta-analysis was over 10, we used funnel plots and Begg‟s 

test to assess for the potential for the presence of publication bias. 

We used sensitivity analyses to assess the findings restricted to high-quality studies. 

Additionally, we conducted subgroup analyses by including only children at high risk (family 

history of allergy in at least one first degree relative) of allergic diseases. Furthermore, some 

infants who cannot be breastfed for some specific reasons or conditions are fed infant formula 

as an alternative method. For example, breastfeeding remains a potential source of infection 

for the baby with a mother living with HIV and is being discouraged in high-income countries 

[195]. Thus, we further excluded children who were exclusively formula-fed to assess the 

associations in ever breastfed children. 

Results 

A considerable amount of literature (11648 unique records) was identified by this search 

strategy. However, when screening the title or abstract, we found that most of them just 
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compared different feeding patterns, such as breastfeeding, formula feeding or mix feeding, 

without providing further information on the timing of CM or CMF formula introduction; or 

some studies involved in infants experiencing specific diseases or conditions at baseline, such 

as preterm birth, low birth weight or congenital disorders. There were 463 articles deemed 

potentially relevant to the review and obtained for assessment against the selection criteria 

(Figure 3.1). Four RCT studies (Table 3.1), 37 cohort studies (Table 3.2), and four 

case-control studies (Table 3.3) from 20 countries met the inclusion criteria. Table 3.1-3.3 

shows a summary of the characteristics of the included studies. 
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Figure 3.1 Flow diagram of Study selection 
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Table 3.1 Characteristics of included randomized control trials 

Study ID Location Intervention  Exposure time Sample size Outcomes 
Age at 

outcome 

Measures of 

outcomes 

Follow-up 

rate 
Quality  

Juvonen 

1996 
Sweden 

Human milk (HM), cow's milk 

formula (CMF) during the first 

3 days of life. 

First 3 days 

CMF: 39 

Eczema <3y Unclear 

CMF: 

88.6% 
High risk 

HM: 53 
HM: 

91.4% 

Lindfors 

1988 
Sweden 

Infants were randomized to 

receive either early feeding 

with formula before normal 

breastfeeding was started or 

"normal feeding" with 

breastmilk 

Early feeding 

before normal 

breastfeeding 

was started 

CMF:109 Wheeze/ 

18m 
Examined by 

paediatricians 

CMF: 

97.3% 

High risk 

HM:98 Eczema 
HM: 

94.2% 

Lindfors 

1992 
Sweden 

One group received cow milk 

formula during the first days of 

life before the mother's 

breastmilk production started 

and was then breastfed; the 

other was not given any 

formula before normal 

breastfeeding started. 

Early feeding 

before normal 

breastfeeding 

was started 

CMF: 95 Asthma/Rhino-conj 

4-6y 

Examined by 

paediatricians 

CMF: 

84.8% 

High risk 

HM:88 FA/CMA SPT 
HM: 

84.6% 

Saarinen 

1999 

Saarinen 

2000 

Finland 

The infants who required 

supplementary milk at the 

hospital because of insufficient 

secretion of breast milk were 

randomly assigned to one of 3 

study groups according to the 

supplement given: liquid CM 

formula; pasteurized human 

milk 

First few days at 

Maternity 

Hospital 

CMF:1758 

CMA 2.8-12.7m 

A challenge 

test with 

cow‟s milk at 

the hospital 

CMF: 

98.3% 

High risk 

HM: 1844 
HM: 

99.2% 

CM: cow‟s milk; CMA cow‟s milk allergy; CMF: cow‟s milk formula; DBPCFC double-blind, placebo-controlled food challenge; FA food 

allergy; RCT randomized controlled trial; Rhino-conj rhinitis+conjunctivitis; SPT Skin prick test 
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 Table 3.2 Characteristics of included 37 cohort studies 

Study ID Design Location 
Cohort 

Name 

Allergi

c 

disease 

risk 

Exposu

re 

Includi

ng 

exclusiv

e CMF 

feeding 

Comparativ

e groups of 

the timing 

of CM or 

CMF 

introduction 

Sample 

size 
Outcomes 

Age of 

diagnos

is 

Measures 
Follow-

up rate 

Qualit

y 

scores 

Batool 2016 PC Canada FAMILY Normal 
CM or 

CMF 
Yes <6m, ≥6m 818 FA 1y Parental report 99.2% 6 

Cogswell 

1987 
PC UK 

 

High-ri

sk 

CM or 

CMF 
Yes 

<4w, 4-13w, 

≥14w 
73 Eczema 1y 

Diagnosed by the 

paediatrician 
73.0% 6 

Azad 2017 PC Canada CHILD Normal CMF No 
<3m, ≥3m 

<6m, ≥6m 
2773 Wheeze 1y ISAACQ 84.0% 8 

Elbert 2017 PC 
Netherlan

ds 

Generati

on R 
Normal 

CM or 

CMF 
Yes <6m, ≥6m 5202 FA/Eczema 

before 

10y 

Eczema: parental 

report of 

physician 

diagnosis of 

eczema 

71.0% 8 

Food allergy: 

parental report 

Filipiak-Pittr

off 2018 

Seconda

ry 

analysis 

of RCT 

Germany 

GINI-plu

s Birth 

Cohort 

High 

risk 
CMF No <4m, ≥4m 2252 

Asthma 3-15 y 

Parental report 90.5% 4 /Eczema 1-15 y 

/Allergic rhinitis 4-15 y 

Fergusson 

1990 
PC 

New 

Zealand  
Normal 

CM or 

CMF 
Yes <4m, ≥4m 1210 Eczema 10y 

Mother's diary 

records or 

maternal recall or 

family doctor 

95.7% 6 

Gustafsson 

1992 
PC Sweden 

 
Normal CMF Yes First 8 days 736 

Asthma/ 

7y 

Hospital records 

97.6% 7 

Rhino-conj/Eczema 
Physician„s 

findings 

Host 1991 PC Denmark 
 

Normal CMF Yes 
0m, <1m, 

1-3m, ≥4m 
1749 CMA 1y 

SPT and 

AL-RAST 
100.0% 7 

Ito 2014 PC Japan 
 

Normal CMF Yes 0m, <6m, 38757 AD 6 to Parental report of 82.4% 7 
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Study ID Design Location 
Cohort 

Name 

Allergi

c 

disease 

risk 

Exposu

re 

Includi

ng 

exclusiv

e CMF 

feeding 

Comparativ

e groups of 

the timing 

of CM or 

CMF 

introduction 

Sample 

size 
Outcomes 

Age of 

diagnos

is 

Measures 
Follow-

up rate 

Qualit

y 

scores 

≥6m 42m physician 

diagnosis 

Katz 2010 PC Israel 
 

Normal CMF Yes <1m, ≥1m 11633 CMA 3-5y Blood test 98.4% 7 

Kemeny 

1991 
PC UK 

 
Normal CM Yes 

0m, <3m, 

≥3m 
189 

Wheeze/ Eczema/ 

CMA 
<1y 

Wheeze/ 

Eczema: 

examined by a 

physician; CMA: 

SPT 

94.2% 6 

Kilingberg 

2019 
PC Sweden ABIS Normal CMF No 

< 2.5 weeks 

≥ 2.5 to < 14 

weeks  

Never 

9727 Asthma 0-15 y 
National Patient 

Register 
60.7% 8 

Klopp 2017 PC Canada CHILD Normal CMF Yes 
0m, <3m, 

≥3m 
2534 Asthma 3y 

History report 

and physical 

examination 

76.9% 8 

Kumar 2010 RC USA 
 

Normal CMF Yes <6m, ≥6m 789 

FA 0-21y 
Blood test or 

SPT 

 

7 

Eczema 0-21y 

Parental report of 

physician 

diagnosis 

6 

Lossius 2018 PC Norway MoBa Normal CMF Yes 
<4m, 

4-5.9m, ≥ 6 
31930 Asthma 7y 

Based on 

dispensed 

prescriptions 

40.3% 7 

Luccioli 

2014 
PC USA Y6FU 

Normal 
CM or 

CMF 
Yes 

4m, 4–5m, All: 1258 

FA 6y 

Parental report of 

81.6% 7 High-ri

sk 
6–12m 

High-risk:

752 

physician 

diagnosis 

Marini 1996 PC Italy 
 

High-ri

sk 
CMF 

Yes 

0m, <4m, 

≥4m 
221 

Wheeze/AD/Rhino-

conj 
<3y 

Physician-diagno

sed 
78.8% 5 

Normal CMF 
0m, <4m, 

≥4m 
62 



57 

 

Study ID Design Location 
Cohort 

Name 

Allergi

c 

disease 

risk 

Exposu

re 

Includi

ng 

exclusiv

e CMF 

feeding 

Comparativ

e groups of 

the timing 

of CM or 

CMF 

introduction 

Sample 

size 
Outcomes 

Age of 

diagnos

is 

Measures 
Follow-

up rate 

Qualit

y 

scores 

CM <6m, ≥6m 62 

Moore 1985 PC UK 
 

High 

risk 
CMF Yes 

1-4w (0w), 

5-8w, 

9-12w, >12w 

475 Eczema 3m 

Medical history 

and clinical 

examination 

90.5% 6 

Nwaru 2010 PC Finland DIPP 
High-ri

sk 

CM or 

CMF 
Yes 

<0.92m, 

0.92-4m, >4

m 

994 FA 5y Blood test 93.2% 6 

Nwaru 

2013a 
PC Finland DIPP Normal 

CM or 

CMF 
Yes Cow‟s milk 3781 

Asthma /Eczema/ 

Allergic rhinitis 
5y ISAACQ 82.0% 6 

Nwaru 

2013b 
PC UK 

SEATO

N 
Normal 

CM 

Yes 

<5.75m, 

≥5.75m 
934 

Wheeze/ 

Asthma/ 

Eczema 

up to 

10y 
ISAACQ 49.0% 8 

CMF 
<0.5m, 

≥0.5m 

Perters 2019 PC Australia 
HealthNu

ts 
Normal CMF Yes <3m, ≥3m 2183 CMA 1y 

Parent-reported 

reaction to milk 

& IgE-mediated 

& allergy and 

SPT. 

41.4% 5 

Poysa 1989 PC Finland 
 

High 

risk 
CMF Yes 

<3m, 

3-6m, >6m 
70 Eczema 5y Parental report 70.0% 5 

Roduit 2012 PC 

Austria, 

Finland, 

France, 

Germany, 

Switzerla

nd 

PASTUR

E 
Normal CM Unkown 

3-12m, >12

m 
912 AD up to 4y 

Parental report/ 

SCORAD scores 
80.5% 8 

Ruiz 1992 PC UK 
 

High-ri

sk 
CMF Yes <4m, ≥4m 39 AD <1y 

Hanifin and 

Rajka criteria 
100.0% 5 

Saarinen PC Finland 
 

Normal CMF Yes <2m, All:236 FA <1y One of author 92.2% 5 
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Study ID Design Location 
Cohort 

Name 

Allergi

c 

disease 

risk 

Exposu

re 

Includi

ng 

exclusiv

e CMF 

feeding 

Comparativ

e groups of 

the timing 

of CM or 

CMF 

introduction 

Sample 

size 
Outcomes 

Age of 

diagnos

is 

Measures 
Follow-

up rate 

Qualit

y 

scores 

1979 2-6m, >6m 
High 

risk:101 
AD 

recorded signs 

and symptoms of 

atopy 

Simon 2008 PC USA 
 

Normal CMF Yes 
0m, <4m, 

≥4m 
303 Wheeze <4y Parental report 44.6% 5 

Snijders 

2008 
PC 

Netherlan

ds 
KOALA Normal 

CM or 

CMF 
Yes 

0–3m, 4–6m, 

7–9m, >9m 
1894 

Wheeze/ 

Eczema 
2y Parental report 

90.3% 

7 

AD 
2y 

United Kingdom 

Working Party 

Criteria 8 

CMA Blood test 

Soto-Ramire

z 2017 
PC USA 

IFPS II 

and 

Y6FU 

Normal CMF Yes 
0m, <1m, 

1-3m, >3m 
1379 Eczema 6y 

Parental report 

of, physician 

diagnosis 

89.9% 7 

Strassburger 

2010 
PC Brazil 

 
Normal CM Yes <4m, ≥4m 293 Wheeze/Asthma 3-4y Parental report 73.8% 8 

Tariq 1998 PC UK 
 

Normal CMF Yes <3m, ≥3m 1086 Asthma 4y 

The presence of 

typical diurnal 

variation and the 

response to 

bronchodilator 

medication. 

74.6% 7 

Tham 2018 PC Singapore GUSTO Normal 
CM or 

CMF 
Yes <10m, ≥10m 870 CMA 2y SPT 75.5% 8 

Tran 2017 PC Canada CHILD Normal 
CM or 

CMF 
Yes 

≤6m, 7-12m, 

<12 
2124 CMA 1y SPT 60.8% 7 

Tromp 2011 PC 
Netherlan

ds 

Generati

on R 
Normal 

CM or 

CMF 
Yes <6m, ≥6m 6905 Wheeze/Eczema 4y ISAACQ 87.5% 8 

Van Asperen PC Australia 
 

High CM Yes <4m, ≥4m 79 Wheeze//Rhinitis 20m Parental report 85.9% 4 
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Study ID Design Location 
Cohort 

Name 

Allergi

c 

disease 

risk 

Exposu

re 

Includi

ng 

exclusiv

e CMF 

feeding 

Comparativ

e groups of 

the timing 

of CM or 

CMF 

introduction 

Sample 

size 
Outcomes 

Age of 

diagnos

is 

Measures 
Follow-

up rate 

Qualit

y 

scores 

1984 risk 

AD 20m By examination 5 

Wright 1994 PC USA 
 

Normal CMF Yes <6m, ≥6m 747 Allergic rhinitis <6y 
Physician 

diagnosis 
60.0% 5 

Zutavern 

2004 
PC UK 

 
Normal CM Yes <6m, ≥6m 620 Wheeze/Eczema 5.5y Parental report 96.6% 7 

Name of cohort studies: ABIS: All Babies In Southeast Sweden; CHILD: Canadian Healthy Infant Longitudinal Development ; DIPP: Finnish Type 1 

Diabetes Prediction and Prevention ; FAMILY: Family Atherosclerosis Monitoring In earLY life; GINI: German Infant Nutritional Intervention; GUSTO: 

Growing Up in Singapore Towards healthy Outcomes; IFPS II: Infant Feeding Practices Study II ; KOALA: Child, Parent and health: lifestyle and genetic 

constitution (in Dutch); MoBa: The Norwegian Mother and Child Cohort Study; PASTURE: Protection Against Allergy–Study in Rural Environments ; 

SEATON: Study of Eczema and Asthma To Observe the influence of Nutrition; Y6FU: Year-6-Follow-Up Study 

AD atopic dermatitis; CM: cow‟s milk; CMA cow‟s milk allergy; CMF: cow‟s milk formula; FA food allergy; ISAACQ international study of asthma and 

allergies in children questionnaire; PC prospective study; RC retrospective study; m months; y year; Rhino-conj rhinitis and/or conjunctivitis; SPT skin prick 

test;  
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 Table 3.3 Characteristics of included 4 case-control studies 

Study ID Location Sample size Case  
Feeding 

CM/CMF 

Timing of 

introduction 

Age of 

diagnosis 
Methods of case ascertainment 

Quality 

scores 

Grimshaw 2013 UK 
Case:41 

Control:82 
FA CM 

22w vs. 26w (mean 

age in each group) 
2y DBPCFC 7 

Onizawa 2016 Japan 
Case:51 

Control:102 
CMA CMF ≤1m 2-8y Blood test 6 

Sariachvili 2010 Belgium 
Case: 252 

Control: 305 
Eczema CMF <4m  <4y ISAACQ 7 

Turati 2016 Italy 
Case: 329 

Control: 329 
AD CM 

at 1m vs. >5m 

at 2m vs. >5m 

at 3m vs. >5m 

at 4m vs. >5m 

at 5m vs. >5m 

3-24m Diagnosed by dermatologist 7 

AD atopic dermatitis; CM: cow‟s milk; CMA cow‟s milk allergy; CMF: cow‟s milk formula; DBPCFC: double-blind, placebo-controlled food challenge; 
FA food allergy; ISAACQ: the international study of asthma and allergies in children questionnaire 
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All RCT studies were assessed as high risk of bias. Methodological quality was low in 16 

(43.2%) of 37 cohort studies. In case-control studies, two of four studies were low quality 

(Supplementary material S3). 

The key results of the meta-analyses are shown in Figure 3.2-3.5. The results of 

meta-analyses of cohort studies were grouped by different outcomes being assessed within 

each time point comparison (<1 vs. ≥1 or <3 vs. ≥3 or <4 vs. ≥4 or <6 vs. ≥6 months). There 

was a study only providing ORs in figures without numerical value [196]. For this study, we 

sent an email to the authors to request additional information about the data, but no response 

was received. No data of case-control studies were pooled into meta-analyses due to the 

different outcomes in these studies (Supplementary material S3). Forest plots of the effect 

sizes for individual studies included in the meta-analyses were shown in Supplementary 

material S4. 

Asthma 

Two RCT studies with a total of 275 participants and five cohort studies with a total of 48994 

participants reported asthma. Both of the two RCT studies used CMF as the intervention. 

Results of pooled RCT studies showed that compared with breast milk feeding, there was no 

association between exposure to CMF in the first few days of life and risk of asthma 

(unadjusted OR, 0.78; 95% CI: 0.21, 2.86; I
2
=17%) (Figure 3.2) [197, 198]. Likewise, one 

cohort study not included in the meta-analyses showed that giving CMF to healthy breastfed 

term infants on maternity wards does not increase the risk of developing asthma (unadjusted 

OR, 1.48; 95% CI: 0.5, 4.6) [199]. However, results of pooled cohort studies showed that 

earlier CM or CMF introduction to the infant diet before 3 (unadjusted OR, 1.56; 95% CI: 

1.28, 1.90; I
2
=0%) or 4 (unadjusted OR, 1.20; 95% CI: 1.08, 1.32; I

2
=0%) months of age was 
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associated with higher risk of asthma (Figure 3.3) [128, 130, 131, 134, 200-202]. When 

pooling adjusted OR into the meta-analysis, the association between CM or CMF feeding 

before 4 months and risk of asthma was not significant (adjusted OR, 1.16; 95% CI: 0.89, 

1.51; I
2
=7%) [128, 131]. Introducing CM or CMF before 6 months of age had a marginal 

association with risk of asthma (unadjusted OR, 1.17; 95% CI: 1.00, 1.38; I
2
=32%) (Figure 

3.3) [130, 200]. When we restricted the meta-analysis to high-quality studies, the results did 

not change significantly (Figure 3.4). 

 

Figure 3.2 Key results of the meta-analysis of the timing of CMF introduction and risk 

of allergic diseases from randomized control trials. 

AD, atopic dermatitis; CMA, cow‟s milk allergy; CMF, cow‟s milk formula.  
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Figure 3.3 Key results of the meta-analysis of the timing of CM or CMF introduction 

and risk of atopic diseases from cohort studies. 

*: Adjusted OR 

AD, atopic dermatitis; CM, cow‟s milk; CMA, cow‟s milk allergy; CMF, cow‟s milk formula 
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Figure 3.4 Key results of the sensitivity analysis of cohort studies with high quality 

(scores≥7) 

*
: Adjusted OR. AD, atopic dermatitis; CM, cow‟s milk; CMA, cow‟s milk allergy; CMF, 

cow‟s milk formula; FA, food allergy.  
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Wheeze 

Ten cohort studies with 14024 participants reported CM or CMF introduction and risk of 

wheeze. The results of meta-analysis showed significant associations between CM or CMF 

introduction in earlier stages of infancy (<1, 3 or 4 months) and risk of wheeze (<1 vs. ≥1 

month: unadjusted OR, 2.07; 95% CI: 1.30, 3.31; I
2
=6%; <3 vs. ≥3 month: unadjusted OR, 

1.77; 95% CI: 1.14, 2.73; I
2
=56%; <4 vs. ≥4 month: unadjusted OR, 1.62; 95% CI: 1.31, 1.99; 

I
2
=0%) (Figure 3.3) [135, 201, 203-207]. However, no association was observed in <6 vs. ≥6 

months group (unadjusted OR, 1.14; 95% CI: 0.83, 1.57; I
2
=85%; adjusted OR, 1.15; 95% CI: 

0.85, 1.56; I
2
=79%) (Figure 3.3) [135, 200, 204, 206, 208, 209].  

When the analysis was restricted to high-quality studies, six cohort studies pooled in <4 vs. 

≥4 months and <6 vs. ≥6 months groups for meta-analyses showed that introducing CM or 

CMF into the infant diet before 4 months of age was still significantly associated with a 

higher risk of wheeze (unadjusted OR, 1.57; 95% CI: 1.24, 2.00; I
2
=0%), but no association 

was found in 6-month groups (unadjusted OR, 1.24; 95% CI: 0.91, 1.70; I
2
=86%; adjusted 

OR, 1.15; 95% CI: 0.85, 1.56; I
2
=79%) (Figure 3.4) [135, 200, 206, 208, 209]. Subgroup 

analysis with children at high risk of allergic diseases indicated that introducing CM or CMF 

before 4 months of life was not associated with the risk of wheeze (unadjusted OR, 1.07; 95% 

CI: 0.59, 1.94; I
2
=43%) (Figure 3.5) [131, 204, 207]. When excluding exclusively 

formula-fed children, the pooled effects from included cohort studies showed that no 

significant association was observed between exposure to CMF before 4 or 6 months of age 

and risk of wheeze (<4 vs. ≥4 months: unadjusted OR, 1.65; 95% CI: 0.81, 3.37; I
2
=43%; <6 

vs. ≥6 months: unadjusted OR, 1.88; 95% CI: 0.83, 4.28) (Figure 3.5) [135, 203-205]. 
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Figure 3.5 Key results of the subgroup analysis of cohort studies. 

*: Adjusted OR. AD, atopic dermatitis; CMF, cow‟s milk formula; FA, food allergy; 

Rhino-conj, allergic rhinitis or conjunctivitis. 
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Eczema/Atopic dermatitis 

We identified two RCT studies with a total of 299 participants, 21 cohort studies with a total 

of 60024 participants and two case-control studies with 1215 participants reporting the effects 

of initial exposure of CM or CMF on the risk of eczema or atopic dermatitis. A meta-analysis 

of two RCT studies found that there was no significant difference between feeding CMF in 

the first few days of life and human milk on the risk of eczema or atopic dermatitis 

(unadjusted OR 0.62; 95% CI: 0.23, 1.70; I
2
=30%) (Figure 3.2) [197, 210]. Meta-analyses of 

cohort studies showed that no significant associations between CM or CMF introduction and 

risk of eczema or atopic dermatitis were observed in <1 vs. ≥1 month (unadjusted OR, 1.24; 

95% CI: 0.82, 1.89; I
2
=84%), <3 vs. ≥3 months (unadjusted OR, 1.26; 95% CI: 0.87, 1.83; 

I
2
=76%) and <4 vs. ≥4 months groups (unadjusted OR, 1.10; 95% CI: 0.87, 1.40; I

2
=76%) 

(Figure 3.3) [131, 135, 203, 204, 206, 207, 211-217]. A cohort study not included in the 

meta-analyses also found that giving CMF to healthy breastfed term infants on the maternity 

wards does not increase the risk of developing eczema or atopic dermatitis (unadjusted OR, 

1.78; 95% CI: 0.80, 4.00) [199]. One case-control study reported that introducing CMF before 

4 months of age was associated with a reduced risk for eczema up to 4 years (unadjusted OR 

0.55; 95% CI: 0.38–0.81) [218]. The other case-control study also found that introducing CM 

at 1 month of age reduced the risk of atopic dermatitis (adjusted OR 0.62; 95% CI: 0.40–0.96) 

[219]. In <6 vs. ≥6 months groups, results of pooling eight cohort studies indicated that 

introducing CMF or CM before 6 months of age was associated with a lower risk of eczema 

or atopic dermatitis (unadjusted OR, 0.89; 95% CI: 0.81, 0.98; I
2
=31%) (Figure 3.3) [200, 

206, 208, 209, 212, 214, 220, 221]. However, the result of pooling adjusted ORs showed no 

significant association observed in <6 vs. ≥6 months group (adjusted OR, 0.96; 95% CI: 0.65, 

1.41; I
2
=69%) (Figure 3.3) [200, 204, 222]. Another cohort study not in this meta-analysis 
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showed that introducing CM within the first year of life showed an inverse association with 

the development of atopic dermatitis up to 4 years of age (adjusted OR, 0.46; 95% CI: 0.32, 

0.65) [223]. 

In sensitivity analysis with only high quality studies, we found that introducing CM or 

CMF before 6 months of age had a protective effect on the development of eczema or atopic 

dermatitis (unadjusted OR 0.87 ; 95% CI: 0.83, 0.91; I
2
=0%; adjusted OR, 0.84; 95% CI: 0.71, 

1.00; I
2
=0%) (Figure 3.4) [200, 206, 208, 209, 212, 222]. In subgroup analyses of high risk 

children, we found those given CM or CMF before 1 or 3 months of age had a higher risk of 

eczema or atopic dermatitis than those given later (<1 vs. ≥1 month: unadjusted OR, 2.00; 95% 

CI: 1.35, 2.96; I
2
=0%; <3 vs. ≥3 month: unadjusted OR, 1.69; 95% CI: 1.17, 2.44; I

2
=0%) 

(Figure 3.5) [204, 213, 214, 221, 224]. In other comparative groups, no associations were 

observed in the high risk children (<4 vs. ≥4 months: unadjusted OR, 1.09; 95% CI: 0.65, 

1.81; I
2
=40%, <6 vs. ≥6 months: unadjusted OR, 1.55; 95% CI: 0.66, 3.62; I

2
=0%) (Figure 

3.5) [131, 204, 207, 214, 215, 221]. When excluding exclusive formula fed children, 

introducing CM or CMF before 1, 3 or 4 months of age was associated with higher risk of 

eczema or atopic dermatitis (<1 vs. ≥1 month: OR, 1.63; 95% CI: 1.21, 2.19; I
2
=8%; <3 vs. 

≥3 month: OR, 1.48; 95% CI: 1.13, 1.94; I
2
=0%; <4 vs. ≥4 month: OR, 1.36; 95% CI: 1.13, 

1.64; I
2
=0%) (Figure 3.5) [131, 203, 204, 213, 217]. 
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Allergic rhinitis and/ or conjunctivitis 

For allergic rhinitis and/ or conjunctivitis outcomes, six cohort studies with 4097 participants 

reported the risk of allergic rhinitis and/ or conjunctivitis with the timing of CM or CMF 

introduction. Data from three cohort studies showed that there was no association between 

CM or CMF introduction before 4 months of age and risk of allergic rhinitis and/ or 

conjunctivitis (unadjusted OR 1.05; 95% CI: 0.80, 1.37; I
2
=0%) (Figure 3.3) [131, 204, 207]. 

The results did not substantially change in subgroup analyses. Likewise, one cohort study not 

in the meta-analysis found that giving CMF to healthy breastfed term children on the 

maternity wards does not increase the risk of developing rhinoconjunctivitis (unadjusted OR 

0.6; 95% CI: 0.2, 1.7) [199]. 

Food allergy 

We identified six cohort studies with 9297 participants and one case-control study with 123 

participants reporting food allergy. Data from five cohort studies were pooled and showed 

that no associations between CM or CMF introduction and risk of food allergy were observed 

in different timing cut-off groups (<3 vs. ≥3 month: OR, 1.09; 95% CI: 0.53, 2.23; I
2
=56%; 

<4 vs. ≥4 month: OR, 1.12; 95% CI: 0.78, 1.61 I
2
=44%; <6 vs. ≥6 month: OR, 1.14; 95% CI: 

0.93, 1.40; I
2
=0%) (Figure 3.3) [220, 221, 225-227]. One cohort study not in the 

meta-analysis found that children introduced to cow‟s milk before 10 months of age were 

more likely to become allergic than those introduced later [35]. 

When pooling the data from studies with high-risk children into the meta-analysis, no 

association between timing of CM or CMF introduction before 4 or 6 months of life and risk 

of food allergy was observed (<4 vs. ≥4 month: OR, 1.40; 95% CI: 0.84, 2.35; I
2
=0%; <6 vs. 

≥6 month: OR, 1.35; 95% CI: 0.78, 2.33; I
2
=0%) (Figure 3.5) [221, 226]. When we restricted 
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to high quality studies, there was no significant association observed in <6 vs. ≥6 month 

group (OR 1.19; 95% CI: 0.92, 1.53; I
2
=0%) (Figure 3.4) [220, 226]. A case-control study 

indicated that the age at introduction of cow‟s milk was earlier in the food allergy group than 

that in the control group (P=0.049) [228]. 

Cow’s milk allergy (CMA) 

Two RCT studies with 3756 participants, seven cohort studies with 19530 participants, and 

one case-control study with 153 participants reported CMA. Data of two RCT studies showed 

that there was no difference between feeding human milk and CMF in the first few days of 

life on the risk of CMA (OR 1.51; 95% CI: 0.84, 2.70; I
2
=3%) (Figure 3.2) [198, 216]. Data 

from cohort studies indicated that early exposure to CM or CMF before 1 or 4 months of age 

was not associated with risk of CMA (<1 vs. ≥1 months: unadjusted OR, 0.20 95% CI: 0.03, 

1.40; I
2
=81%; <4 vs. ≥4 months: unadjusted OR, 0.90; 95% CI: 0.63, 1.27; I

2
=0%) (Figure 

3.3) [203, 206, 229, 230]. Feeding CM or CMF before 3 months was associated with lower 

risk of CMA (unadjusted OR, 0.39; 95% CI: 0.16, 0.96; I
2
=0%) (Figure 3.3) [185, 203, 229]. 

One cohort study not in the meta-analysis reported that compared with 7-12 months, 

introducing CM between 0-6 months of life had a protective effect on the development of 

CMA (adjusted OR, 0.29; 95% CI: 0.10, 0.70) [133]. Likewise, a case-control study found 

that compared with the children starting regular CMF within the first month of life, the 

delayed introduction was associated with a higher risk of CMA (adjusted OR, 23.74; 95% CI: 

5.39, 104.52) [231]. 

When we restricted to high quality studies, no association was observed in 1 or 4 months 

groups (<1 vs. ≥1 months: unadjusted OR, 0.20; 95% CI: 0.03, 1.40; I
2
=81%; unadjusted OR, 

0.90; 95% CI: 0.63, 1.27; I
2
=0%) (Figure 3.4) [206, 229, 230].  



71 

 

Evaluation of small-study effects 

For the publication bias of the effects of introducing CM or CMF before 4 months of age on 

the risk of developing eczema or atopic dermatitis from 11 estimates, visual inspection of 

funnel plots and Begg‟s tests did not provide any evidence for meaningful small-study effects 

(Supplementary material S4). 

Discussion 

In this systematic review, we reviewed and comprehensively summarized the evidence about 

the associations between timing of CM or CMF introduction and development of atopic 

diseases. Overall, the pooled analyses of included cohort studies indicated unadjusted risks of 

asthma and wheeze in the children who were introduced CM or CMF in a very early stage of 

life. However, these associations were not significant when pooling adjusted data into the 

meta-analysis. The inconsistent results might be attributed to some important confounders. 

For example, the onset of wheeze and asthma is also associated with respiratory viral 

infections which are related to the duration of breastfeeding [232, 233]. The definitions of 

wheeze and asthma were not very clear in most included studies. It is challenging to identify 

which one was actually caused by an allergy. In addition, the absence of breastfeeding may 

increase risk of respiratory viruses that cause wheezing, which might be independent of 

allergy. However, we could not explore how these associations might be altered by restricting 

the analysis to long term breastfed children due to the limited number of studies conducted in 

breastfed children to examine the impact of CM or CMF as a supplement with breast milk on 
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the development of allergy. One cohort study found that exposure to infant formula before 14 

weeks of age was associated with a higher risk of asthma after adjustment for the duration of 

breastfeeding and other covariates (adjusted OR 1.41; 95CI: 1.14,1.74) [128]. Another study 

conducted in children with breastfeeding at least 4 months found that feeding CMF as a 

supplement to breast milk during the first 4 months of age was not associated with the 

cumulative incidence of asthma from 3 to 15 years of age (adjusted RR 1.05; 95CI: 0.67,1.66) 

[131]. In this review, the meta-analysis of RCT studies with high-risk of bias found no 

association between CMF introduction in the first few days of life and risk of asthma, eczema 

or atopic dermatitis, or CMA. In summary, these findings do not provide strong evidence for 

the association between early introduction of CM or CMF to the infant diets and risk of atopic 

diseases. 

Previous evidence indicated that genetics, microbial colonization, and nutrition had 

essential impacts on the allergy development by regulating the permeability of the gut barrier 

and passage of antigens in the early stage of life [234]. Proteins as one of the biologically 

active substances presenting in cow‟s milk have a positive effect on human health [235]. 

However, some proteins, such as casein fractions and β-lacto globulin, which are naturally not 

present in human milk, may cause positive reactions in human [236]. A previous systematic 

review concerning early feeding practice in infants and the risk of atopic diseases indicated 

that exposure to CM during the first days of life was associated with a higher risk of CMA [6]. 

In a guinea pig model, researchers evaluating the allergenicity of different infant formulas 

found that feeding pasteurized cow milk and CMF had more anaphylactic sensitivity to 



73 

 

antigens than feeding whey hydrolyzed formula [237]. In this review, pooling unadjusted data 

from included cohort studies showed that exposure to CM or CMF before 3 months was 

associated with a lower risk of CMA. However, the results of included RCTs showed that 

there was no significant association between exposure to CMF during the first days of life and 

risk of CMA. The inconsistent results might be attributed to the heterogeneity of the risk bias 

of included studies, measurement of exposures and outcomes, populations (high risk or 

normal) or complex interactions of nutrition with the immune system. Furthermore, all 

included RCTs examined whether feeding newborn infants CMF during the first few days of 

life increases the risk of CMA, with breastfeeding infants as the control group. However, in 

cohort studies, the exposure periods (in months) were much more extended than those of 

RCTs studies, and some cohorts included not only CMF but also CM [35, 133, 230]. 

Sensitivity analysis of high-quality studies found that exposure to CM or CMF before 6 

months of age had a protective effect on the risk of eczema or atopic dermatitis in the general 

population. However, in the subgroup analyses, we found the earlier introduction of (before 1 

or 3 months of age) CM or CMF to the infant was associated with a higher risk of eczema or 

atopic dermatitis in high-risk children or non-exclusive formula-fed children.  

The inconsistent results may be due to the confounding bias or reverse causality by a family 

history of atopic diseases. In addition, the included studies differed in the diagnostic 

measurement of outcomes. Some studies used physical examination and some based on 

parental reporting. Besides, feeding practice was measured by the self-report approach in 

most of the included studies. This approach can be affected by recall bias and can alter the 
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validity of the findings. Many mothers may fail to recall the formula given while in the 

maternity hospital. In addition, the evaluation of the effects of early and late introduction of 

CM or CMF could not disregard the impact of other solid food introduction. The 

heterogeneity identified in our meta-analysis indicates a need for more standardized 

approaches to evaluate the effects of early feeding practice on children‟s health. 

The current evidence and theoretical rationales concluded that early exposure to food 

proteins during a critical time window, likely to be 4-6 months of life, could benefit the 

development of immune tolerance [189]. However, too early exposure to the allergen may 

give rise to a higher risk of allergic or autoimmune diseases due to immature gut colonization 

and local immune networks [190]. One cohort study found that compared with children 

initiating formula feeding after 6 months of age, introducing between 4 to 6 months 

associated with a higher risk of asthma at age 7 years (adjusted RR 1.21; 95CI: 1.03, 1.44), 

but no significant association was observed between introducing before 4 months and the risk 

of asthma (adjusted RR 1.10; 95CI: 0.98, 1.25) [130]. In this review, the timing of CM or 

CMF introduction between comparison groups in included studies was varied. Initially, we 

wanted to identify a critical window of CM or CMF exposure during infancy, which was 

associated with the risk of atopic diseases. However, according to the data distribution and the 

limited number of eligible studies for each outcome, we instead set several timing cut-off 

points for meta-analyses. Therefore, we could not identify the critical periods related to the 

outcomes, for example, between 4 to 6 months or 7 to 9 months of age. 

There are several strengths of our systematic review. We included multiple databases, 
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searches of grey literature, and hand searching of citations to reduce the likelihood of missing 

the primary research corresponding to our inclusion criteria. In this review, we excluded the 

studies comparing CM or CMF with hydrolyzed formula, soy formula, or milk from other 

animals to minimize the heterogeneity of comparative groups. Different types of foreign 

proteins may have different effects on the health of children. [184, 238-241]. In addition, the 

potential for the presence of heterogeneity and small-study effects were quantitatively 

evaluated. Studies were identified across a range of countries (20 countries), increasing 

generalizability. 

This review has some limitations. First, for some outcomes, the statistical power was 

limited due to the sizes of the included studies. Second, most of the data extracted from 

included studies for meta-analysis was unadjusted data. The results might be affected by some 

significant confounders such as duration of breastfeeding, respiratory viral infections, the 

gender of children, maternal age at delivery, parental social status, and smoking status. Third, 

most included studies were observational studies. As a result, the observed associations may 

be attributable to confounding by factors other than the exposure being investigated. However, 

it is probably unethical to conduct a controlled trial in which some participants are 

randomised to “early feeding of infant formula” group.  

Based on the findings of this review, we think that future studies should employ a large 

sample size, a prospective design (which could establish the temporal direction of the 

associations), use validated exposure and outcome measurement methods (e.g., diet records 

for the infants, medical records for the diseases and long-term follow-up), and adjust for a 
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wide range of potential confounders (e.g., duration of breastfeeding, respiratory viral 

infections, the gender of children, maternal smoking status, and timing of other allergic food 

introduction). 

Conclusion 

Pooled analysis of the cohort studies indicated an unadjusted risk of asthma and wheeze in the 

children who were introduced CM or CMF in a very early stage of life. However, these results 

should be interpreted with caution due to the limitations of included studies and the limited 

number of studies included for each outcome. Overall, quite little high-quality evidence was 

identified to allow for definitive conclusions. Our meta-analysis on this topic highlights the 

specific gaps in information for public recommendations regarding infant feeding practice, 

particularly in an early stage; therefore, more future high-quality research is needed. 
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Chapter 4 Timing of infant formulas 

introduction and eczema and wheezing in the 

first year of life: the Born in Guangzhou Cohort 

Study (BIGCS) 
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Abstract 

Background  

Incidence of atopic conditions in children is rising rapidly in China, where widespread usage 

of infant formula is also a major public health problem. The timing of infant formula 

introduction may have a critical effect on the risk of atopic disorders in infancy, but there is 

limited evidence on the question.  

Methods 

This is a longitudinal study on singleton births between February 2012 and December 2015 in 

the BIGCS, a population-based birth cohort in Guangzhou, China. We examined the 

relationship between the timing of introduction of infant formula and the development of 

eczema and wheezing before 1 year of age using information collected by questionnaires at 6 

weeks, 6 and 12 months of age. Multiple imputation analysis was performed for dealing with 

missing covariate data. 

Results 

Among 6334 infants, 17.4% had physician-diagnosed eczema, and 7.2% had at least one 

episode of wheezing between 6 and 12 months of age. In multiple imputation models, 

compared with introducing infant formula after 6 months, introducing it within the first 3 

months (adjusted odds ratio [OR], 1.43; 95% confidence interval [CI], 1.10-1.87) and 

between 4 to 6 months of life (adjusted OR, 1.30; 95% CI, 0.93-1.83) was likely to be 

associated with the higher risk of eczema in the first year, although the latter did not reach 

statistical significance. For wheezing, after multiple imputation for missing confounders, the 

associations of introducing infant formula within the first 3 months (adjusted OR, 1.16; 95% 

CI, 0.80-1.69) or between 4 to 6 months of age (adjusted OR, 0.77; 95% CI, 0.46-1.31) with 

the risk of wheezing were not significant. However, when looking at the feeding pattern by 
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combining timing of formula introduction and breastfeeding duration, introducing infant 

formula within the first 3 months combined with shorter breastfeeding duration was 

associated with the higher risk of wheezing, compared with introducing formula after 6 

months of age (aOR, 1.52; 95% CI, 1.02-2.27). 

Conclusions 

Compared with introducing infant formula after 6 months, introducing it within the first 3 

months was significantly associated with the higher risks of eczema during the first year. In 

addition, introducing infant formula within the first 3 months combined with having shorter 

breastfeeding duration was associated with a higher risk of wheezing, compared with 

introducing formula after 6 months of age. However, the results need to be replicated in other 

well-designed studies before more firm recommendations can be made. 
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Introduction 

Incidence of childhood atopic disease has been increasing rapidly worldwide, particularly in 

the Asia-Pacific region [178]. In China, the prevalence of childhood asthma rose from 0.91% 

in 1999 to 6.8% in 2010 [19], and current wheezing increased from 2.0% in 1994 to 7.9% in 

2009 in urban areas [20]. The first national survey on allergic diseases in  infants under 24 

months of age in 2014 showed that nearly one-fifth of infants had physician-diagnosed 

eczema in China [22]. Eczema may cause distressing itch, mood changes and sleep 

deprivation and affect neurodevelopment and behaviours [242]. 

Early diet has been implicated as an important modifiable factor associated with the 

development of atopic disorders [243]. The protective effects of breastfeeding on atopic 

diseases have been examined by comparing exclusive with non-exclusive breastfeeding or 

short with long duration of breastfeeding [8, 244]. However, these findings have been 

inconsistent, particularly for the effects on eczema/atopic dermatitis [245, 246]. A 

cluster-randomized controlled trial [159] and two cohort studies [247, 248] showed protective 

effects of breastfeeding, whereas three other population-based cohort studies suggested that 

breastfeeding was associated with a higher risk of eczema [212, 249, 250]. Several reasons 

may explain the heterogeneous findings. One important factor is that among the breastfed 

children early or late introduction of different allergenic foods, including infant formula, 

might have different effects on the development of allergy. The timing of complementary 

food introduction and risk of allergy has been studied extensively [7, 9, 155, 251], yet there is 

limited evidence on the effects of the timing of infant formula introduction [252], despite the 
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fact that in many populations infant formula is usually the first food introduced for infants 

who are not exclusively breastfed. Two Australian cohort studies focusing on the effects of 

introduction of milk other than breast milk found that it was the age that milk other than 

breast milk was introduced rather than the duration of breastfeeding that was more closely 

associated with childhood asthma [132, 253]. However, the definition of milk other than 

breast milk was very broad, including cow‟s milk, soy milk, goat‟s milk and other dairy 

products. Another cohort study in the Netherlands found that introducing cow‟s milk before 6 

months of age was not significantly associated with eczema or wheezing at 2, 3, or 4 years 

[209]. These inconsistent results might be due to the heterogeneous effects of different type of 

milk on the risk of allergic diseases [240, 241].  

In the United States, the Department of Agriculture (USDA) and Department of Health and 

Human Services (HSS) commissioned a series of systematic reviews on diet and health [254]. 

One of these systematic review questions was to examine the associations of shorter versus 

longer duration of exclusive breast milk feeding prior to infant formula introduction with 

asthma, atopic dermatitis, food allergies, and allergic rhinitis [252]. However, only one 

case-control study, which was also included in our systematic review (Chapter 3), met their 

inclusion criteria [219]. Our own systematic review on the evidence describing the effects of 

the timing of cow‟s milk (CM) or cow‟s milk formula (CMF) introduction on the 

development of atopic diseases during childhood (Chapter 3) [5] also revealed that there was 

not enough high-quality evidence that would allow definitive conclusions on the associations 

of early CM or CMF introduction and risk of allergic diseases in children. Most of the studies 
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related to CMF introduction just focused on comparing different feeding patterns (such as 

exclusive breastfeeding vs. mixed feeding or exclusive breastfeeding vs. formula feeding) 

[134, 135, 204, 205, 212, 213, 217], or comparing exposure with non-exposure groups over a 

period of time [185, 200, 202, 215, 247, 255] but did not address the question of whether 

there is a critical window of infant formula exposure during infancy related to the 

development of atopic diseases. The review shows that there are only two cohort studies (both 

in European populations) that have examined the associations of different time of initiating 

formula feeding with the risk of childhood asthma [128, 130]. The first study was based on a 

Swedish cohort of 9,727 children, which showed that compared with children never 

introduced to infant formula,  initiating formula feeding before 14 weeks of age was 

associated with increased risk of non-atopic asthma until age 15 to 17 years, but introduction 

after 14 weeks was not [128]. They also found that compared with children never introduced 

to infant formula, introducing infant formula before 4 weeks of age was associated with a 

higher risk of non-atopic asthma regardless of shorter (<4 weeks) or longer (≥ 16 weeks) 

breastfeeding duration. The Norwegian Mother and Child Cohort Study (MoBa) on 31,930 

children showed that compared with the introduction at 6 months of age or later, the risk of 

asthma at age 7 years was increased when formula was introduced between 4 to 5.9 months of 

age, but not for introduction before 4 months of age [130]. 

Use of formula milk under 6 months is widespread despite international guidelines [54]. In 

a study among 90 low- and middle-income countries, there were 26 countries where formula 

feed was introduced within 6 months in more than 20% of infants; in 5 of these countries over 
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half of the infants started having formula feed within 6 months [54]. In China, exclusive 

breastfeeding is in decline, and at least 60% of infants were introduced to formula before 6 

months [57, 256]. In this study, we examined the associations of different exposure window 

periods of initiating formula feeding with the risk of eczema and wheezing in the first year of 

life within a large birth cohort in China.  

Methods 

Setting & Study Population 

The Born in Guangzhou Cohort Study (BIGCS), starting in February 2012, was set at two 

campuses of Guangzhou Women and Children‟s Medical Center (GWCMC), which is one of 

the best-equipped medical service providers of its kind in southern China and handles 12 000–

15 000 deliveries annually. Details of the recruitment have been described elsewhere [174]. 

Children of the BIGCS who were singleton births between February 2012 and December 

2015 were included in this analysis. Information about the mother and pregnancy was 

collected at recruitment (<20 gestational weeks) (Questionnaire 1, Q1), 24-28 (Q2) and 33-39 

(Q3) weeks of gestation at antenatal clinics. Follow-up of the children took place at paediatric 

clinics at the age of 6 weeks, 6, and 12 months after birth and involved questionnaires 

(completed by the mother or guardian, Q5-7) and physical examinations. Although the parents 

or other guardians who were unable to take the child to attend the appointments at paediatric 

clinics in person were interviewed on the telephone, these children were excluded in this 

analysis due to the lack of information on the allergic disease (Figure 4.1). All the 

participants of BIGCS were unaware of the specific questions to be studied. Ethical approval 
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for the study was obtained from the ethics committees of GWCMC. 
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Figure 4.1 Flow chart of the study population 

 

BIGCS, Born in Guangzhou Cohort Study 
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Measurements and assessments 

Timing of infant formula and complementary food introduction 

Information on formula feeding, complementary food introduction, and breastfeeding was 

collected via the self-administered questionnaires at 6 weeks (Q5), 6 months (Q6), and 12 

months (Q7). At each time point, if the response to the question “Has your child been fed 

infant formula?” was affirmative, the mother was asked to state the type of formula feed 

(standard cow‟s milk formula (CMF), Hydrolyzed formula, Preterm formula, and other types 

of formulas) and the age when the child first had the formula. If the child has been fed any 

food other than milk (cereal, rice porridge, vegetables, fruits, meat, offal, fish, other seafood, 

egg yolk, egg white), the age when he/she first ate the food was recorded and taken the 

earliest time as the timing of the complementary food introduction.  

Infant Outcomes 

Eczema was defined as the parental report in the 12-month questionnaire that the infants had 

eczema diagnosed by a physician at least once between 6 months and 1 year of age. We also 

collected the information on the occurrence of itchy red rash, which is a typical symptom of 

eczema, before 1 year of age. Wheezing was defined as having at least one episode of 

wheezing or whistling breathing sounds between 6 months and 1 year of age based on the 

modified International Study of Asthma and Allergies in Children (ISAAC) questionnaire 

[257]. 

Covariates  

Socio-demographic characteristics and potential confounders including maternal age, 
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maternal educational level, maternal smoking and passive smoking status during pregnancy, 

parental history of allergic diseases, and other health-related factors were recorded by the 

baseline questionnaire before 20 weeks of gestation. Obstetrics-related variables, including 

gestational age, birth weight, and infant sex, were extracted from the hospital clinical records. 

Information on antibiotics use was gathered at 6 and 12 months. 

Statistical analysis 

Logistic regression models were built to assess the relationships between the timing of infant 

formula introduction (categorized into three groups: 0-3, 4-6 and >6 months) and the 

development of eczema, itchy red rash and wheezing. The potential confounders, including 

maternal age at conception (≤25, 26-30, 31-35, >35 years), maternal education (high school or 

below, vocational/technical college, undergraduate, postgraduate), pre-pregnancy body mass 

index (BMI) (<18.5, 18.5-23.9, 24-27.9, ≥28 kg/m
2
) [258], maternal smoking during 

pregnancy (yes, no), passive smoking during pregnancy (yes, no), preterm birth (yes, no), 

parity (primiparous, multiparaous), mode of delivery (vaginal labour, cesarean delivery), 

infant sex, parental history of atopic diseases (yes, no), antibiotic usage before 12 months of 

age (yes, no), the duration of breastfeeding (0-6, >6 months), and the timing of introduction 

any complementary food (0-3, 4-6 and >6 months) were entered into the model 

simultaneously. In addition, according to the timing of infant formula introduction and 

breastfeeding duration, five combined feeding patterns were defined: early formula 

introduction within 3 months of age and short breastfeeding (6 months or less) (≤3 m Formula 

+ ≤6 m BF); early formula introduction within 3 months of age and long breastfeeding (over 6 
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months) (≤3 m Formula + >6 m BF);  formula introduction between 4 to 6 months and short 

breastfeeding (4-6 m Formula + ≤6 m BF); formula introduction between 4 to 6 months and 

long breastfeeding (4-6 m Formula + >6 m BF); and formula introduction after 6 months (>6 

m Formula). The modification effects of breastfeeding duration and complementary food 

introduction were also examined by adding an interaction term of these variables and the 

timing of infant formula introduction, respectively, in the models.  

Given the proportion of missing data on confounder variables were from 0.1% to 17.3%, 

analyses based on complete cases may be biased. Thus, we used multiple imputation (MI) 

analysis to cope with missing data [176]. We used the fully conditional method (FCS) 

iterative method for imputation by using SAS 9.4. The following variables were imputed: 

pre-pregnancy BMI, maternal smoking during pregnancy, passive smoking during pregnancy, 

parity, mode of delivery, parental history of atopic diseases, antibiotic usage before 12 months 

of age, the duration of breastfeeding, and the timing of introduction of any complementary 

food. Exposure and outcome variables of each model were considered as observed covariates 

and used in the models to impute these variables. For each imputation model, 10 imputations 

were run. We ran a procedure call proc mianalyze which combines all the estimates 

(coefficients and standard errors) across all the imputed datasets and outputs one set of 

parameter estimates for the model of interest [177]. 

To reduce the potential overlaps in the timing between exposure and the occurrence of 

disease outcomes, we also performed sensitivity analyses. For eczema, we limited the analysis 

on the children with further information on the age at diagnosis of eczema, which was 
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collected by questionnaires at 3 years of age. Among the 6334 infants, 3018 children had 

completed questionnaires at 3 years old, 422 of them were diagnosed with eczema during the 

first year of life, and 32 were diagnosed with eczema before infant formula introduction. 

Therefore, 2986 infants were included in this sensitivity analysis. For itchy red rash and 

wheezing, we did not collect the information on the age of having these two symptoms by 

3-year-old questionnaire. Thus, we only excluded the infants who had pre-existing wheezing 

and itchy red rash within the first 6 months of life, which were collected by questionnaire at 6 

months old. Among the 6334 children, 4051 children had completed questionnaires at 6 

months of age. For itchy red rash, 2484 infants were included for this sensitivity analysis. For 

wheezing, 3833 infants were included for this sensitivity.  

Furthermore, the onset of wheezing is also associated with respiratory viral infections, 

which are related to the duration of breastfeeding [232, 233]. Thus, it is difficult to identify 

which one was actually caused by allergy. Therefore, sensitivity analyses were performed by 

excluding infants who had a history of respiratory infection before 12 months of age for 

wheezing. 

The results are presented as crude odds ratios (OR) and adjusted odds ratios (aOR) with 

corresponding 95% confidence intervals (CI). The value of P ≤0.05 was used to indicate 

statistical significance. The absolute risk difference for each outcome between different 

introduction groups was also assessed to estimate the population impact of early introduction 

of infant formulas on eczema. Predicted incidence and absolute risk differences were 

calculated by use of odds ratio and 95% confidence intervals based on the methods conducted 
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by Easton et al. [259].  

All analyses were two-tailed and performed using SAS version 9.4 software (SAS Institute, 

Cary, NC). 

Results 

Study Population 

There were 11,325 singleton births between February 2012 and December 2015, 6,334 of 

whom attended the BIGCS pediatric clinic at 12 months with information on their feeding 

practice and allergic disease status recorded (Figure 4.1). Of the 6,334 infants, the prevalence 

of eczema, itchy red rash and wheezing between 6 to 12 months of age was 17.4%, 28.5% and 

7.2%, respectively. Table 4.1 shows the characteristics of maternal and obstetric information 

relating to their infants between different infant formula introduction groups. In the early 

introduction group, mothers were more likely to be older and tended to have a lower 

education level, lower maternal pre-pregnancy BMI, and more likely to have a cesarean 

delivery. The infants were more likely to be male, have birth weight less than 2,500g, and be 

breastfed shorter than 6 months. Their parents were more likely to have a history of allergy. 

Also, the infants were more likely to have early-onset of eczema and wheezing (Table 4.1). 

The characteristics of maternal and obstetric information relating to the infant between the 

analytic sample and those who were excluded (interviewed on the phone only) were shown in 

Supplementary material S5. In the telephone call interview group, mothers were more likely 

to be younger and tended to have a lower education level, lower maternal pre-pregnancy BMI, 

and more likely to be multipara. The children in the telephone call interview group were more 
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likely to have a shorter duration of breastfeeding and an earlier infant formula introduction. 
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Table 4.1 Baseline characteristics of maternal and obstetric information relating to their infants between different infant formula 

introduction groups 

Characteristics  

Timing of any infant formulas introduction, months 
No. of cases missing 

out of 6334 (%) 
≤3 m  

(n=5196) 

4-6 m  

(n=575) 

> 6 m  

(n=563) 

Mother         

Age at delivery (y), mean (SD) 29.5 (3.4) 29.1 (3.1) 29.0 (3.1) 0 (0%) 

Educational level,n (%) 

   

0 (0%) 

High school or below 417 (8.0) 42 (7.3) 39 (6.9) 

 Vocational/technical college 1315 (25.3) 129 (22.4) 127 (22.6) 

 Undergraduate 2890 (55.6) 320 (55.7) 318 (56.5) 

 Postgraduate 574 (11.1) 84 (14.6) 79 (14.0) 

 Pre-pregnancy BMI, n (%) 

   

153 (2.4%) 

<18.5 kg/m
2
 1229 (24.3) 128 (22.7) 117 (21.1) 

 
18.5-23.9 kg/m

2
 3335 (65.9) 376 (66.7) 386 (70.0) 

 
24-27.9 kg/m

2
 420 (8.3) 47 (8.3) 42 (7.6) 

 
≥28kg/m

2
 79 (1.6) 13 (2.3) 9 (1.6) 

 Parity, n (%) 

   

3 (0%) 

Primiparous 4615 (88.9) 520 (90.4) 481(85.4) 

 Multiparous 578 (11.1) 55 (9.6) 82 (14.6) 

 Delivery mode, n (%) 

   

7 (0.1%) 

Vaginal labor 3343 (64.4) 389 (67.7) 370 (65.8) 

 Cesarean delivery 1847 (35.6) 186 (32.3) 192 (34.2) 

 Smoking during pregnancy, n (%) 27 (0.5) 4 (0.7) 4 (0.7) 46 (0.7%) 

Passive smoking during pregnancy, n 

(%) 1607 (31.4) 182 (32.0) 160 (28.5) 44 (0.7%) 

Child         

Child's gender, n (%) 

   

0 (0%) 

Male 2787 (53.6) 269 (46.8) 283 (50.3) 
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Female 2409 (46.4) 306 (53.2) 280 (49.7) 

 Birth weight <2500g, n (%) 205 (4.0) 21 (3.7) 19 (3.4) 6 (0.1%) 

Preterm birth, n (%) 250 (4.8) 28 (4.9) 21 (3.7) 0 (0%) 

Duration of any breastfeeding, n (%) 

   

189 (3.0%) 

≤6 months 1453 (29.0) 107 (18.6) 2 (0.4) 

 > 6 months 3555 (71.0) 468 (81.4) 560 (99.6) 

 Parental history of allergy, n (%) 1484 (31.9) 143 (27.6) 149 (28.1) 637 (10.1%) 

Antibiotic use before 12 months, n (%) 1247 (28.9) 120 (26.1) 142 (31.1) 1098 (17.3%) 

Eczema, n (%) 939 (18.1) 92 (16.0) 71 (12.6) 15 (0.2%) 

Eczema symptom (Red itchy rash), n 

(%) 1532 (29.5) 156 (27.1) 115 (20.4) 4 (0.1%) 

Wheezing, n (%) 394 (7.6) 27 (4.7) 35 (6.2) 3 (0%) 

Complementary food introduction, n 

(%) 

   

10 (0.2%) 

≤3 m 560 (10.8) 39 (6.8) 35 (6.2) 

 4-6 m 4512 (87.0) 523 (91.0) 506 (90.0) 

 >6 m 115 (2.2) 13 (2.2) 21 (3.8)   
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Timing of infant formula and complementary food introduction 

The distribution of the timing of infant formula and complementary food introduction is 

shown in Figure 4.2. A large proportion of infants (78.4%) were introduced to infant formula 

before 4 weeks of age. Among the 6334 children, 5600 children provided information on the 

type of formula. There were 5142 (91.8%) children fed CMF, 279 (5.0%) fed hydrolyzed 

formula, 61 (1.1%) fed preterm formula, and 118 (2.1%) fed other types of formula. Cereal, 

fruit, and egg yolk were the most common complementary foods firstly introduced to the 

infant diet. Allergenic foods such as fish, other seafood, and egg white were on average 

introduced beyond 30 weeks of age in most of the infants. The distribution of formula 

introduction and breastfeeding patterns are shown in Figure 4.3. More than half of the infants 

had additionally received infant formula as a supplement within 3 months and continued to be 

breastfed for more than 6 months.  
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Figure 4.2 The distribution of the timing of infant formula and complementary food 

introduction (n=6334) 

CMF:cow‟s milk formula  
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Figure 4.3 The distribution of combined feeding patterns of infant formula introduction 

and breastfeeding duration in BIGCS population. 

 

≤3 m FM+≤6 m BF: Formula was introduced within 3 months of age and duration of 

breastfeeding was 6 months or less 

≤3 m FM+>6 m BF: Formula was introduced within 3 months of age and duration of 

breastfeeding was over 6 months 

4-6 m FM+≤6 m BF: Formula was introduced between 4-6 months of age and breastfeeding 

was 6 months or less 

4-6 m FM+>6 m BF: Formula was introduced between 4-6 months of age and duration of 

breastfeeding was over 6 months 

>6 m FM: Formula was introduced after 6 months of age 

FM: formula feeding, BF: breastfeeding 

  

24% 

58% 

2% 
7% 9% 

≤3 m FM+≤6 m BF: N=1453 

≤3 m FM+>6 m BF: N=3555 

4-6 m FM+≤6 m BF: N=107 

4-6 m FM+>6 m BF: N=468

>6 m FM: N=562
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Associations between the timing of infant formula and risk of eczema or itchy red rash 

before 1 year of age 

Among infants who started to be fed infant formula within the first 3 months of life, the risk 

of eczema before 1 year of age was 44% greater (aOR, 1.44; 95% CI, 1.06 to 1.95) and the 

risk of itchy red rash was 59% greater (aOR, 1.59; 95% CI, 1.23 to 2.05) than the risks among 

infants who were introduced to formula after 6 months of age (Figure 4.4). After multiple 

imputation, the effect size for introducing formula within the first 3 months and risk of 

eczema (aOR, 1.43; 95% CI, 1.1.10 to 1.87) and itchy red rash (aOR, 1.55; 95% CI, 1.25 to 

1.93) were changed slightly (Figure 4.4). The modification effects of breastfeeding duration 

and the complementary food introduction on these associations were non-significant 

(Supplementary material S6). 
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Figure 4.4 The associations between timing of introducing infant formulas and the risk of eczema and wheezing up to the age of 1 

year old (Before and after multiple imputation) (n=6334) 

Adjusted for maternal age at baseline, maternal education, pre-pregnancy BMI, smoking status during pregnancy, passive smoking status 

during pregnancy, parity, delivery mode, preterm birth, the gender of infant, parental history of atopy, antibiotic usage before 12 months, 

breastfeeding duration, and the timing of introduction of any complementary food. CMF: cow‟s milk formula. 
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When looking at the feeding pattern by combining timing of formula introduction and 

breastfeeding duration, compared with late infant formula introduction (after 6 months), 

introducing formula within 3 months of age was associated with an increased risk of eczema 

and itchy red rash regardless of whether the children were breastfed less than 6 months 

(Eczema: aOR, 1.57; 95% CI, 1.18 to 2.09; aOR, 1.69; Itchy red rash: 95% CI, 1.33 to 2.14, 

respectively) or over 6 months (Eczema: aOR, 1.45; 95% CI, 1.12 to 1.90; Itchy red rash: 

aOR, 1.55; 95% CI, 1.25 to 1.94) in multiple imputation models (Table 4.2). 

We also performed an analysis by stratifying the infants according to the parental history of 

atopy, and found that the associations between feeding patterns and the risk of eczema were 

kept significant in the children without a parental history of atopy. However, in the high-risk 

children, who had one or more parent with a history of atopy, the associations between 

feeding pattern and the risk of eczema became non-significant (Table 4.3). 
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Table 4.2 Combined feeding patterns of infant formula introduction and breastfeeding duration in association with risk of eczema 

and wheezing (Before and after multiple imputation) 

Feeding pattern Case （n%） 
Unadjusted 

Adjusted before multiple 

imputation 

Adjusted after multiple 

imputation 

OR (95% CI) OR (95% CI) OR (95% CI) 

Eczema   n=6319 n=4445 n=6319 

≤3 m FM + ≤6 m BF 280 (19.4) 1.69 (1.27-2.24) 1.60 (1.15-2.23) 1.57 (1.18-2.09) 

≤3 m FM + >6 m BF 627 (17.7) 1.51 (1.16-1.97) 1.43 (1.05-1.94) 1.45 (1.12-1.90) 

4-6 m FM + ≤6 m BF 15 (14.0) 1.15 (0.63-2.09) 0.88 (0.40-1.93) 1.15 (0.63-2.09) 

4-6 m FM+ >6 m BF 77 (16.5) 1.38 (0.98-1.96) 1.48 (0.99-2.22) 1.38 (0.98-1.96) 

>6 m FM 70 (12.5) 1 1  

Itchy rash   n=6330 n=4451 n=6330 

≤3 m FM + ≤6 m BF 448 (30.8) 1.73 (1.37-2.19) 1.81 (1.37-2.39) 1.69 (1.33-2.14) 

≤3 m FM + >6 m BF 1032 (29.1) 1.59 (1.28-1.98) 1.59 (1.23-2.05) 1.55 (1.25-1.94) 

4-6 m FM + ≤6 m BF 30 (28.0) 1.51 (0.95-2.42) 1.57 (0.89-2.79) 1.49 (0.93-2.40) 

4-6 m FM+ >6 m BF 126 (26.9) 1.43 (1.07-1.91) 1.52 (1.08-2.15) 1.43 (1.06-1.92) 

>6 m FM 115 (20.5) 1 1  

Wheezing   n=6331 n=4453 n=6331 

≤3 m FM + ≤6 m BF 128 (8.8) 1.46 (0.99-2.14) 1.89 (1.20-2.99) 1.52 (1.02-2.27) 

≤3 m FM + >6 m BF 248 (7.0) 1.13 (0.78-1.63) 1.26 (0.82-1.93) 1.16 (0.79-1.70) 

4-6 m FM + ≤6 m BF 7 (6.5) 1.05 (0.46-2.44) 1.61 (0.63-4.12) 1.13 (0.46-2.77) 

4-6 m FM+ >6 m BF 20 (4.3) 0.67 (0.38-1.18) 0.69 (0.35-1.38) 0.74 (0.42-1.33) 

>6 m FM 35 (8.0) 1 1 1 
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Adjusted for maternal age at conception, maternal education, pre-pregnancy body mass index, maternal smoking during pregnancy, passive 

smoking during pregnancy, preterm birth, parity, mode of delivery, infant sex, parental history of atopic diseases, antibiotic usage before 12 

months of age and the timing of introduction any complimentary food. 

≤3 m FM+≤6 m BF: Formula was introduced within 3 months of age and duration of breastfeeding was 6 months or less 

≤3 m FM+>6 m BF: Formula was introduced within 3 months of age and duration of breastfeeding was over 6 months 

4-6 m FM+≤6 m BF: Formula was introduced between 4-6 months of age and breastfeeding was 6 months or less 

4-6 m FM+>6 m BF: Formula was introduced between 4-6 months of age and duration of breastfeeding was over 6 months 

>6 m FM: Formula was introduced after 6 months of age 

FM: formula feeding, BF: breastfeeding 
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Table 4.3 Combined feeding patterns of infant formula introduction and breastfeeding duration in association with risk of eczema 

and wheezing according to the parental history of allergy 

  

High risk (n=1722) 
Children with no parents with allergies 

(n=3809) 

Likelihood-ratio 

test 

Unadjusted Adjusted after MI Unadjusted Adjusted after MI 
P-value 

OR (95% CI) OR (95% CI) 

Eczema 
     

≤3 m FM + ≤6 m BF 1.48 (0.87-2.50) 1.43 (0.84-2.41) 1.79 (1.25-2.56) 1.63 (1.15-2.31) 0.820  

≤3 m FM + >6 m BF 1.54 (0.95-2.50) 1.49 (0.93-2.40) 1.55 (1.11-2.17) 1.45 (1.05-2.00) 0.503  

4-6 m FM + ≤6 m BF 0.81 (0.26-2.54) 0.79 (0.25-2.50) 1.21 (0.56-2.61) 1.30 (0.62-2.73) 0.510  

4-6 m FM+ >6 m BF 1.54 (0.80-2.97) 1.52 (0.79-2.90) 1.34 (0.86-2.08) 1.33 (0.87-2.03) 0.439  

>6 m FM 1 1 1 1 

 Itchy rash 

     ≤3 m FM + ≤6 m BF 2.14 (1.36-3.38) 2.17 (1.36-3.45) 1.48 (1.11-1.97) 1.47 (1.11-1.95) 0.372  

≤3 m FM + >6 m BF 1.93 (1.26-2.95) 1.95 (1.28-2.98) 1.40 (1.08-1.82) 1.41 (1.09-1.82) 0.484  

4-6 m FM + ≤6 m BF 1.27 (0.52-3.10) 1.34 (0.56-3.20) 1.50 (0.83-2.69) 1.57 (0.88-2.81) 0.254  

4-6 m FM+ >6 m BF 2.22 (1.26-3.90) 2.18 (1.25-3.81) 1.16 (0.81-1.66) 1.20 (0.85-1.69) 0.071  

>6 m FM 1 1 1 1 

 Wheezing 

     ≤3 m FM + ≤6 m BF 0.96 (0.52-1.77) 0.97 (0.51-1.84) 2.01 (1.17-3.45) 1.97 (1.14-3.41) 0.894  

≤3 m FM + >6 m BF 0.77 (0.44-1.35) 0.78 (0.43-1.41) 1.50 (0.90-2.52) 1.54 (0.92-2.58) 0.905  

4-6 m FM + ≤6 m BF 0.52 (0.11-2.38) 0.46 (0.10-2.17) 1.76 (0.62-4.93) 1.84 (0.64-5.29) 0.729  

4-6 m FM+ >6 m BF 0.32 (0.10-0.98) 0.37 (0.12-1.13) 0.94 (0.45-1.97) 1.08 (0.52-2.25) 0.407  

>6 m FM 1 1 1 1   

 

Adjusted for maternal age at conception, maternal education, pre-pregnancy body mass index, maternal smoking during pregnancy, passive 
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smoking during pregnancy, preterm birth, parity, mode of delivery, infant sex, parental history of atopic diseases, antibiotic usage before 12 

months of age and the timing of introduction any complimentary food. 

≤3 m FM+≤6 m BF: Formula was introduced within 3 months of age and duration of breastfeeding was 6 months or less 

≤3 m FM+>6 m BF: Formula was introduced within 3 months of age and duration of breastfeeding was over 6 months 

4-6 m FM+≤6 m BF: Formula was introduced between 4-6 months of age and breastfeeding was 6 months or less 

4-6 m FM+>6 m BF: Formula was introduced between 4-6 months of age and duration of breastfeeding was over 6 months 

>6 m FM: Formula was introduced after 6 months of age 

BF: breastfeeding; FM: formula feeding; MI: multiple imputation
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In the sensitivity analyses, we considered potential overlap between timing of formula 

introduction and diagnosis of eczema by limiting to the infants with further information on the 

age at diagnosis. Among the 6334 infants, 3018 infants had completed questionnaires at 3 

years old, 422 of them were diagnosed with eczema during the first year of life, 32 were 

diagnosed eczema before infant formula introduction. Therefore, 2986 infants were included 

in this sensitivity analysis. We found that introducing formula within 3 months of age 

remained associated with a higher risk of eczema (aOR, 2.28; 95% CI, 1.35 to 3.87) (Table 

4.4). Furthermore, early signs of atopic sensitivity may influence breastfeeding and/or 

decision on when to introduce infant formula. The consequence could also bias the estimates 

of the association. Therefore, we performed further analysis by excluding infants with itchy 

red rash before 6 months. There were 1995 infants‟ parents reported having no itchy red rash 

before 6 months and between 6 to 12 months of age, and 489 reported having itchy red rash 

only between 6 to 12 months. Finally, 2484 infants were included for this sensitivity analysis. 

The associations between early formula introduction and risk of itchy red rash remained 

significant (Table 4.5). 
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Table 4.4 Sensitivity analyses on associations between timing of infant formula 

introduction and the risk of eczema by excluding infants who have diagnosed eczema 

earlier than the initiation of formula feeding (n=2986) 

Timing of introduction, 

months 
Case (%) 

OR (95% CI) 

Unadjusted Adjusted before MI Adjusted after MI 

Any formula 

    ≤3 m 341 (14.1) 2.18 (1.30-3.67) 2.71 (1.35-5.43) 2.28 (1.35-3.87) 

4-6 m 25 (9.8) 1.43 (0.74-2.75) 1.74 (0.74-4.08) 1.49 (0.77-2.88) 

> 6 m 16 (7.0) 1 1 

 CMF 

    ≤3 m 257 (13.5) 1.49 (0.82-2.72) 2.13 (0.96-4.73) 1.50 (0.81-2.79) 

4-6 m 14 (8.0) 1.00 (0.47-2.12) 1.15 (0.41-3.22) 1.00 (0.46-2.17) 

> 6 m 10 (6.9) 1 1 1 

Adjusted for maternal age at conception, maternal education, pre-pregnancy body mass index, 

maternal smoking during pregnancy, passive smoking during pregnancy, preterm birth, parity, 

mode of delivery, infant sex, parental history of atopic diseases, antibiotic usage before 12 

months of age, the duration of breastfeeding, and the timing of introduction any 

complimentary food.  

CMF: cow‟s milk formula; MI: multiple imputation 

 

Table 4.5 Sensitivity analyses on associations between timing of infant formula 

introduction and the risk of the itchy red rash by excluding children with the symptom 

before 6 months of age (n=2484) 

Timing of introduction, 

months 
Case (%) 

 OR (95% CI) 

Unadjusted 
Adjusted before 

MI 
Adjusted after MI 

Any formula 

    ≤3 m 418 (20.5) 1.91 (1.27-2.88) 1.68 (1.08-2.62) 1.77 (1.17-2.69) 

4-6 m 43 (20.9) 1.96 (1.17-3.29) 1.76 (0.99-3.12) 1.88 (1.12-3.17) 

> 6 m 28 (11.9) 1 1 1 

CMF 

    ≤3 m 356 (20.8) 1.62 (1.09-2.40) 1.39 (1.00-1.92) 1.52 (1.01-2.26) 

4-6 m 39 (20.3) 1.61 (0.96-2.70) 1.53 (1.00-2.34) 1.57 (0.94-2.61) 

> 6 m 26 (12.4) 1 1 1 

Adjusted for maternal age at conception, maternal education, pre-pregnancy body mass index, 

maternal smoking during pregnancy, passive smoking during pregnancy, preterm birth, parity, 

mode of delivery, infant sex, parental history of atopic diseases, antibiotic usage before 12 

months of age, the duration of breastfeeding, and the timing of introduction any 

complimentary food.  

CMF: cow‟s milk formula; MI: multiple imputation
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Associations between the timing of infant formula introduction and wheezing before 1 

year of age 

In the fully adjusted model including the timing of any complementary food introduction, no 

significant associations between the timing of infant formula (≤3 vs. >6 months: aOR, 1.24; 

95% CI: 0.80 to 1.90; 4-6 vs. >6 months: aOR, 0.78; 95% CI: 0.42 to 1.45) or CMF (≤3 vs. >6 

months: aOR, 1.17; 95% CI: 0.75 to 1.83; 4-6 vs. >6 months: aOR, 0.74; 95% CI: 0.38 to 1.43) 

introduction and risk of wheezing before 1 year of age was found (Figure 4.4). After multiple 

imputation, the association between introducing formula within the first 3 months and the risk 

of wheezing was still not significant (aOR, 1.16; 95% CI, 0.80 to 1.69) (Figure 4.4). When 

we limited the analysis to children without wheezing before 6 months, no significant 

associations between the timing of infant formula introduction and the risk of wheezing were 

found (Table 4.6). 

When looking at the feeding pattern by combining timing of formula introduction and 

breastfeeding duration, both before and after multiple imputation, introducing infant formula 

within the first 3 months and shorter breastfeeding duration was associated with the higher 

risk of wheezing compared with introducing formula after 6 months of age (Before multiple 

imputation: aOR, 1.89; 95% CI, 1.20-2.99; After multiple imputation: aOR, 1.52; 95% CI, 

1.02-2.27) (Table 4.3). When we excluded the infants with respiratory infections before 1 

year of age, there were no significant associations between these feeding patterns and the risk 

of wheezing observed in multiple imputation models (Table 4.7). 
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Table 4.6 Sensitive analyses on associations between timing of introducing infant 

formula and the risk of the wheezing by excluding pre-existing wheezing before 6 

months of age (n=3833) 

Timing of introduction, months Case (%) 

 OR (95% CI) 

Unadjusted Adjusted before MI Adjusted after MI 

Any formula 

    ≤3 m 186 (5.8) 1.30 (0.76-2.23) 1.14 (0.62-2.08) 1.13 (0.65-1.98) 

4-6 m 18 (5.7) 1.27 (0.63-2.57) 1.08 (0.48-2.43) 1.17 (0.57-2.41) 

> 6 m 15 (4.6) 1 1 1 

CMF 

    ≤3 m 159 (6.0) 1.26 (0.72-2.19) 1.02 (0.55-1.90) 1.10 (0.61-1.95) 

4-6 m 18 (6.1) 1.25 (0.60-2.58) 1.01 (0.45-2.27) 1.16 (0.55-2.44) 

> 6 m 14 (4.7) 1 1 1 

Adjusted for maternal age at conception, maternal education, pre-pregnancy body mass index, 

maternal smoking during pregnancy, passive smoking during pregnancy, preterm birth, parity, 

mode of delivery, infant sex, parental history of atopic diseases, antibiotic usage before 12 

months of age, the duration of breastfeeding, and the timing of introduction any 

complimentary food.  

CMF: cow‟s milk formula; MI: multiple imputation 

 

Table 4.7 Sensitivity analyses on associations of combined feeding patterns of infant 

formula introduction and breastfeeding duration with the risk of wheezing by excluding 

respiratory infection before 1 year of age (n=3545) 

Timing of introduction, months Case (%) 

Adjusted OR (95% CI) 

Unadjusted Adjusted before MI Adjusted after MI 

≤3 m FM + ≤6 m BF 39 (5.0) 2.01 (0.93-4.35) 4.27 (1.28-14.21) 1.95 (0.89-4.26) 

≤3 m FM + >6 m BF 79 (3.9) 1.58 (0.76-3.28) 3.05 (0.94-9.85) 1.61 (0.77-3.38) 

4-6 m FM + ≤6 m BF 3 (4.7) 1.99 (0.50-7.86) 5.60 (1.08-29.11) 1.87 (0.47-7.49) 

4-6 m FM+ >6 m BF 4 (1.5) 0.61 (0.18-2.03) 1.21 (0.24-6.10) 0.65 (0.19-2.16) 

>6 m FM 8 (6.0) 1 1 1 

Adjusted for maternal age at conception, maternal education, pre-pregnancy body mass index, 

maternal smoking during pregnancy, passive smoking during pregnancy, preterm birth, parity, 

mode of delivery, infant sex, parental history of atopic diseases, antibiotic usage before 12 

months of age and the timing of introduction any complimentary food. 

≤3 m FM+≤6 m BF: Formula was introduced within 3 months of age and duration of 

breastfeeding was 6 months or less 

≤3 m FM+>6 m BF: Formula was introduced within 3 months of age and duration of 

breastfeeding was over 6 months 

4-6 m FM+≤6 m BF: Formula was introduced between 4-6 months of age and breastfeeding 

was 6 months or less 

4-6 m FM+>6 m BF: Formula was introduced between 4-6 months of age and duration of 
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breastfeeding was over 6 months 

>6 m FM: Formula was introduced after 6 months of age 

BF: breastfeeding; FM: formula feeding; MI: multiple imputation   
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Discussion 

In this population-based prospective cohort study, we found that compared with introducing 

infant formula after 6 months, introducing it within the first 3 months and between 4 to 6 

months of life was likely to be associated with the higher risk of eczema in the first year, 

though the latter did not reach statistical significance. In addition, introducing infant formula 

within the first 3 months combined with having shorter breastfeeding duration seems to be 

associated with the higher risk of wheezing, compared with introducing formula after 6 

months of age. 

The protective effects of breastfeeding on atopic diseases have been studied extensively [8, 

245]. A multicentre, cluster-randomized controlled trial conducted in the Republic of 

Belarus, the Promotion of Breastfeeding Intervention Trial (PROBIT), indicated that the 

breastfeeding promotion intervention, increasing the duration and exclusivity of 

breastfeeding, was associated with a lower risk of atopic eczema in the first year of life (3.3% 

vs. 6.3%, adjusted OR 0.54, 95% CI: 0.31 to 0.95) [159]. However, even continuing 

breastfeeding, early introduction of milk other than breast milk may also contribute to the 

development of allergic diseases. Two Australian cohort studies demonstrated that the age of 

non-breast milk introduction was more closely related to asthma rather than the 

breastfeeding duration [253, 260].  In this study, we only looked at the timing of 

introduction of one type of non-breast milk, infant formula. Although most infant formula is 

based on processed cow‟s milk, we chose not to examine infant formula and cow‟s milk 

together, because there is a clear recommendation for optimal timing of cow‟s milk 
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introduction, not before 9 months of age [83]. 

During early infancy, particularly the first 3 months, the immune system matures rapidly 

but is still vulnerable [75]. The maturation process can be influenced by multiple factors, 

among which nutrition is considered to be a significant element [74]. A dietary trial in 

Germany among high-risk infants indicated that when compared to supplement feeding of 

CMF, exclusive breastfeeding during the first 4 months showed a protective effect on eczema 

before 3 years old (adjusted OR, 0.64; 95% CI, 0.45 to 0.90) [247]. A cohort study from the 

UK showed that during the first 3 months of life, compared with no formula feeding, children 

introduced to formula had significantly more asthma at age 4 years [202]. In addition to early 

exposure, before 3 or 4 months of age, the effects of formula exposure during 4-6 months of 

age on the risk of asthma have been examined by the MoBa study. They showed that 

compared with after 6 months of age, the risk of asthma was increased when infant formula 

was introduced between 4 to 5.9 months of age (adjusted RR: 1.21, 95%CI: 1.03 to 1.44), but 

the association was not significant for introduction before 4 months (adjusted RR 1.10,  

95%CI: 0.98 to 1.25) [130]. In our study, the risk of eczema before 1 year of age was 

increased when infant formula was introduced within 3 months of life compared with after 6 

months.  

Longer duration of breastfeeding has been considered as a preventive factor for the 

development of allergy [8, 159]. However, when we stratified the children by combining the 

timing of infant formula introduction and duration of breastfeeding, the results showed that 

introducing infant formula within 3 months of life increased the risk of eczema regardless of 
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short (≤6 months) or long (>6 months) duration of breastfeeding. The Sweden cohort study 

also found that in children with longer breastfeeding duration (over 16 weeks), early 

introduction of formula before 4 weeks of age was associated with increased risk of asthma, 

compared with those never introduced [128]. These findings indicated that, even in children 

with longer duration of breastfeeding, early infant formula introduction might be associated 

with a higher risk of allergy.  

Most evidence on the effects of early feeding emanated from observational studies, the 

possible influence of reverse causation, whereby parental history of allergy or early skin 

symptoms might influence breastfeeding behaviour and/or decision on when to feed infant 

formula, should be taken into careful consideration [261]. In our study, we found that the 

parents who reported a history of allergy did not delay the formula introduction to their 

infants. Furthermore, we performed the sensitivity analyses respectively by only including the 

infants who were diagnosed eczema after the infant formula introduction, and who started to 

have itchy red rash after 6 months. The associations were still significant, suggesting that 

reverse causation is unlikely in our study. 

For wheezing, before and after multiple imputation for missing confounders, no significant 

associations between the timing of infant formula introduction and risk of wheezing were 

found. However, the prevalence of wheezing (7.2%) was much lower than eczema (17.4%) in 

our population. Thus, we had a more modest power to detect a relationship with wheezing. 

When looking at the feeding pattern by combining timing of formula introduction and 

breastfeeding duration, we found that introducing infant formula within the first 3 months 
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combined with shorter breastfeeding duration was associated with the higher risk of wheezing, 

compared with introducing formula after 6 months of age. However, when limited the 

analyses to the infants without the respiratory infection before 1 year of age, the associations 

of combined feeding patterns with risks of wheezing turned to non-significant after multiple 

imputation. These results could be explained by the findings from previous studies that the 

onset of wheezing and asthma is also associated with respiratory viral infections which are 

related to the duration of breastfeeding [232, 233]. Further studies need to be considered to 

classify the type of wheezing in order to distinguish whether it is caused by allergy or 

infection. 

In this cohort, over 80% of infants initiated infant formula supplementation within the first 

3 months of life. Sales of infant formula are flourishing in China, which has undergone the 

greatest increase in formula sales in the world, growing by 106.0% in 2008-2013 [64]. The 

infant formula “sales boom” is not only underway in China, but also in other middle-income 

countries [64]. However, the influence of these changes of feeding practice on the short or 

long term health problems has not been assessed well outside Western countries. Our findings 

contribute new evidence regarding the association between timing of infant formulas 

introduction and risk of early-onset eczema and wheezing during infancy in an Asian 

population. Eczema/atopic dermatitis is one of the most common atopic disorders in infants 

and young children and over 60% of cases manifest during the first year of life [262]. Eczema 

may cause distressing itch, mood changes and sleep deprivation and affect neurodevelopment 

and behaviours [242]. Also, caring for an infant with eczema/atopic dermatitis  influences 
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parenting, spousal relationships and family life [263]. Several studies have provided evidence 

that early eczema was associated with the subsequent development of allergic airway diseases 

[264-266]. Therefore, early eczema should also be taken seriously. The management of breast 

milk substitute‟s sales should be strengthened to eliminate the sales promotion of these 

products for young infants. In addition, the adverse health effects of formula feeding, 

including exclusive formula or partial formula feeding, at a young age on children‟s health 

should be mentioned in guideline chapters on formula feeding, rather than simply 

emphasizing the benefits of breastfeeding.  

Strengths and limitations of the study 

In this large prospective cohort study, we adjusted for a wide range of potential confounders, 

including the timing of complementary foods introduction and evaluated the modification 

effects of parental history of atopy, breastfeeding duration, and infant‟s gender. To examine 

impact of missing confounders we performed imputation analyses addressing this. Results 

from imputation analysis strengthened our main findings that the early introduction of infant 

formula was associated with a higher risk of eczema. Also, for imputed models, we found a 

reasonable low fraction of missing information (FMI) < 0.20 (The Supplementary material S7) 

which indicates low variability between imputed data sets; that means the observed data in the 

imputation models provide much information about the missing values [267]. However, 

several limitations need to be considered when interpreting our results. The high prevalence 

of formula feeding within the first 3 months of life in the study limits the power to study the 

subgroup who was introduced between 4 to 6 months. In addition, the information on the 
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timing of infant formulas and complementary foods introduction was collected retrospectively 

when the child was 6 weeks, 6 and 12 months old. Thus, misclassification due to differential 

recall was possible but unlikely as the parents and interviewers were not informed of the 

specific research questions. However, for some parents, the information on formula feeding at 

the maternity ward might be forgotten to report, which may cause misclassification. In 

addition, some risk factors related to the development of allergy such as indoor and outdoor 

air pollution [268], microbiota [269], and pet ownership [270], were not collected in this 

study, which may have impact on our results. Another limitation of this study is the lack of 

information on the amount and duration of formula feeding which also might be associated 

with the development of allergy. For the outcomes, though the clinical diagnosis of eczema 

and wheezing would be more accurate, misclassification due to parental reports was unlikely 

to have influenced the effect of timing of food allergen introduction on the outcomes. In 

addition, the rate of parental reports of physician-diagnosed eczema in our population was 

17.4% very closed to the national survey in infants under 24 months of age that reported an 

18.5% prevalence of physician-diagnosed eczema [22]. In this study, we have only analysed 

that early-onset eczema and wheezing before 1 year of age, because previous evidence has 

indicated eczema or wheezing during this critical period could predict allergic diseases and 

autoimmune disorders later in life. It has also been shown previously that infant diet had a 

stronger effect on short-term atopic diseases than on long-term outcomes [271]. Nevertheless, 

follow-up of the BIGCS cohort is still ongoing, allowing extended evaluation of the 

association between infant diet and atopic diseases beyond the first year.  
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Conclusions 

Compared with introducing infant formula after 6 months, introducing it within the first 3 

months was significantly associated with the higher risks of eczema during the first year. In 

addition, introducing infant formula within the first 3 months combined with having shorter 

breastfeeding duration was associated with a higher risk of wheezing, compared with 

introducing formula after 6 months of age. However, the results need to be replicated in other 

well-designed studies before more firm recommendations can be made.  
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Abstract 

Importance: Cumulative evidence indicates that early dietary factors play an important role 

in the development of atopic diseases. However, prospective data on the effects of a gradual 

transition process of early infant diet on allergy development is scarce. 

Objective: To assess the association between food introduction patterns in the first year of life 

and development of atopic diseases by age 3 years. 

Design, Setting, And Participants: This prospective birth cohort study used information 

from the BIGCS cohort. There were 4346 children born between 2012 and 2015 included in 

this study. 

Exposures: Timing of introduction of infant formula and complementary food, and 

breastfeeding duration was collected by self-administered questionnaires at 6 weeks, 6 and 12 

months of age. Multiple imputation analysis was performed for dealing with missing 

covariate data. 

Main Outcomes: Information on the outcomes was collected by questionnaire on parentally 

reported physician diagnoses for eczema, asthma, atopic rhinitis, and food allergy at age 3 

years. 

Results: The four introduction patterns identified were labelled as the „early formula & late 

seafood & late egg white‟, „early formula & late complementary food‟, „early formula & early 

complementary food‟ and „late formula‟. These patterns, which reflect variations in weaning 

practice, are associated with allergy development. After multiple imputation, compared with 

„late formula‟ pattern, „early formula & late seafood & late egg white‟, „early formula & late 
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complementary food‟, and „early formula & early complementary food‟ were all associated 

with the increased risk of eczema (adjusted OR: 1.72; 95%CI, 1.06-2.80; adjusted OR: 1.85; 

95%CI, 1.08-3.19; adjusted OR:1.69; 95%CI, 1.04-2.77). There were no significant 

associations between introduction patterns and risks of other allergic outcomes. 

Conclusions: Compared with „late formula‟ pattern, „early formula & late seafood & late egg 

white‟, „early formula & late complementary food‟, and „early formula & early 

complementary food‟ patterns were all associated with the increased risk of eczema before 3 

years of age. Though the associations of food introduction patterns with asthma, allergic 

rhinitis, and food allergy were not significant in this study, the possible association should be 

considered in further studies. The results need to be replicated in other larger cohorts to 

provide more robust evidence on the development of future allergy prevention guidelines. 
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Introduction 

Atopic diseases have reached epidemic proportions worldwide, and become the most common 

chronic conditions in childhood [257]. Atopic dermatitis or eczema, asthma, allergic rhinitis, 

and food allergy, are common atopic diseases in childhood and pose a great burden to the 

family and society [17, 242, 272, 273]. Early-life exposure has been considered as an 

important role in modifying the likelihood of developing atopic diseases [274]. There is 

sustained interest in the role of diet during infancy in the risk of developing allergic 

manifestations, with research looking at the timing of important feeding events, such as the 

first time of allergic food introduction, during early life [5, 9, 275]. A systematic review on 

the timing of allergic food introduction to the infant diet and risk of allergic or autoimmune 

diseases found that the first introduction of peanut between 4 to 11 months of age was related 

to decreased peanut allergy and the first introduction of egg between 4 to 6 months of age was 

related to reduced egg allergy compared with later introduction of these foods [9]. 

Although the diet of infants is much simpler than that of adults, the gradual transition 

process from milk-based to solid-food are complex and may be the source of new antigens to 

the infants whose immune system is not mature and still vulnerable [74]. This process 

containing a number of dietary variables might be contributing to the development of allergic 

diseases in infants. Most previous studies mainly focused on the impacts of a particular 

nutrient or a single food on the development of atopic diseases [9, 276, 277], which 

oversimplifies the synergistic effects and the complex interrelationships between many foods. 

Therefore, looking at the pattern of food introduction to the infant diet instead of focusing on 



120 

 

single food introduction can better inform about interactions of known or unknown effects 

between many foods and nutrients. The dietary pattern analysis has been broadly used in 

nutritional epidemiology [278]. While accumulated data showed that the timing of solid food 

introduction is associated with the development of atopic diseases, quite limited studies 

looking at the effects of food introduction patterns during early infancy have been reported. 

As far as we know, only one nested, case-control, within-cohort study investigated whether 

infant feeding patterns were associated with the development of food allergy [279].  

This study focused on the timing patterns of introducing different food to the infant diet, i.e. 

introduction patterns, and allergy outcomes including eczema, asthma, allergic rhinitis, and 

food allergy, before 3 years of age by using data from a large prospective cohort study, Born 

in Guangzhou Cohort Study (BIGCS).  

Methods 

Study Design and Population 

The BIGCS is a prospective birth cohort study conducted in Guangzhou, China. The detail of 

BIGCS study has been described previously [174]. Pregnant women were recruited before 20 

gestational weeks from two campuses of Guangzhou Women and Children‟s Medical Center 

(GWCMC) from February 2012. This study was approved by the Institutional Ethics 

Committee of the GWCMC. All participants signed a consent form at the time of recruitment. 

The baseline questionnaire was completed before week 20 of pregnancy. Follow-up of the 

children took place at pediatric clinics at the age of 6 weeks, 6, 12 and 36 months after birth 

and involved questionnaires (completed by the mother or guardian) and physical examinations. 
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Although some parents or caregivers who were unable to take their children to attend the 

appointments in person were interviewed on the telephone, they were excluded in this 

analysis due to the lack of information on allergic disease. Children with incomplete feeding 

data were also excluded. 

Feeding Information 

Information on age of first introduction of infant formula and complementary foods, and 

duration of breastfeeding was collected via the self-administered questionnaire at age 6 weeks 

as well as 6 and 12 months. At each time point, if the response to the question “Has your child 

been fed infant formula?” was affirmative, the mother was asked to state the type of formula 

feed (standard cow‟s milk formula, hydrolyzed formula, preterm formula, other types of 

formulas) and the age when the child first had the formula. For complementary food, at each 

time point, the question “Has your child been introduced to the cereal/ rice/ porridge/ 

vegetables/ fruits/ meat/ offal/ fish/ other seafood/ egg yolk/ egg white?” was asked. If the 

response was affirmative, the age when the child first introduced to this food should be 

answered. 

Infant Outcomes 

In the 3 years‟ postpartum questionnaires, eczema/ asthma/ allergic rhinitis/ food allergy was 

defined from the answers of the following questions: “Has your child ever been diagnosed as 

having eczema/ asthma/ allergic rhinitis/ food allergy by a physician/paediatrician?” When 

this question was answered affirmatively, the age when he/she first diagnosed was recorded. 

For food allergy, the question was about all food allergies, and no further information about 
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the food type was collected. In this study, to avoid potential overlaps in the timing between 

exposure and the occurrence of disease outcomes, we excluded children who were diagnosed 

with allergic diseases before infant formula and complementary food introduction (Figure 

5.1).  

 

Figure 5.1 Flow chart of participants in this study 
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Covariates 

Duration of any breastfeeding was defined as the age in months at the cessation of 

breastfeeding and classified as ≤6 months and >6 months. The obstetrics-related information 

such as delivery mode, infant sex, birth order and gestational age were documented from 

hospital records. Maternal age, educational level, smoking status during pregnancy, passive 

smoking status during pregnancy, and other health-related factors were self-reported during 

pregnancy. Information on antibiotic use by the infant was gathered at 6 and 12 months. 

Statistical Analyses 

Cluster analysis was performed by R version 3.6.1, and the remaining analyses were 

performed using SAS 9.4. 

The patterns of food introduction were defined by using cluster analysis, which has been 

used in our previous studies [280, 281]. Cluster analysis can provide a clear description of the 

timing that the food was first introduced to the infant diet in each subgroup. The subgroups 

were created based on maximally separate introduction patterns, with descriptions of mean 

age of months at which the food was first introduced to the infant. Cluster analysis was 

performed using the k-means procedure, as described previously [280, 281]. The procedure 

was applied to separate individuals into a predetermined number of mutually exclusive groups 

by comparing Euclidean distances between any single individual and each cluster centre in an 

interactive process until no further changes occur. Several runs were conducted by varying the 

number of clusters from two to five, to identify the optimal number of clusters. After several 

runs, we found that clusters identified from the four-cluster solution could better reflect the 
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diversity of the introduction pattern of infant formula and complementary foods.  

The baseline characteristics were summarised by clusters of food introduction patterns. 

Logistic regression models were built to estimate the relationships between clusters of food 

introduction pattern and each outcome of interest. Then, according to the previous studies 

included in our systematic review (Chapter 3) [128, 130], some potential confounders, 

including maternal age (continuous), maternal education (high school or below), 

vocational/technical college, undergraduate, postgraduate), pre-pregnancy body mass index 

(BMI; <18.5, 18.5-23.9, 24-27.9, ≥28 kg/m
2
) [258], maternal smoking during pregnancy (yes, 

no), passive smoking during pregnancy (yes, no), preterm birth (yes, no), parity (primiparous, 

multiparous), mode of delivery (vaginal labour, cesarean delivery), infant sex, parental history 

of atopic diseases (yes, no), antibiotic usage before 12 months of age (yes, no) and the 

duration of breastfeeding (0-6, >6 months), were entered into the model simultaneously. The 

results are presented as adjusted odds ratios (aOR) with corresponding 95% confidence 

intervals (CI). 

Given the proportion of missing data on confounder variables were from 0.1% to 14.7%, 

analyses based on complete cases may be biased. Thus, we used multiple imputation (MI) 

analysis to cope with missing data [176]. We used the fully conditional method (FCS) 

iterative method for imputation by using SAS 9.4. The following variables were imputed: 

pre-pregnancy BMI, maternal smoking during pregnancy, passive smoking during pregnancy, 

parity, delivery mode, parental history of atopic diseases, the duration of breastfeeding, and 

antibiotic usage before 12 months of age. Exposure and outcome variables of each model 
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were considered as observed covariates and used in the models to impute these variables. For 

each imputation model, 10 imputations were run. We ran a procedure call proc mianalyze 

which combines all the estimates (coefficients and standard errors) across all the imputed 

datasets and outputs one set of parameter estimates for the model of interest [177]. The 

fraction of missing information (FMI) analysis was performed to determine potential 

efficiency gains from MI (Supplementary material S8). Values of FMI range between 0 and 1. 

A smaller FMI (close to 0) indicates low variability between imputed data sets, which means 

observed data in the imputation model provide much information about the missing values 

[267]. 

Furthermore, early skin symptoms might influence breastfeeding behaviour and/or decision 

on when to feed infant formula or complementary food. Therefore, the sensitivity analyses 

were performed by excluding infants with early symptoms of itchy red rash before 12 months 

of age. For asthma, when we excluding children with wheezing symptoms before 1 year of 

age, only 19 cases were left. Thus, it is not available to perform the regression analysis. We 

performed subgroup analyses by stratifying the children according to the combined categories 

of food introduction patterns and breastfeeding duration. Children were also stratified by 

parental history of allergic diseases.  

Results 

Clusters of Foods Introduction Pattern 

Four clusters of food introduction pattern were identified and named based on the mean age of 

months at which the food was first introduced to the infant as follows (Table 5.1 and Figure 
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5.2):  

Early formula & late seafood & late egg white: The average age when infant formula was 

first introduced was less than 1 month old, the average age when seafood or egg white was 

first introduced was older than 12 months old, and the average ages when other 

complementary foods were first introduced were less than 12 months old (n=1652, 38.0%). 

Early formula & late complementary food: The average age when infant formula was first 

introduced was less than 1 month old, the average ages when complementary foods were first 

introduced were relatively late compared with other pattern groups (n=655, 15.1%). 

Early formula & early complementary food: The average age when infant formula was first 

introduced was less than 1 month old, and the average ages when complementary foods were 

first introduced were less than 12 months of age (n=1430, 32.9%). 

Late formula: The average age when infant formula was first introduced was over 6 months of 

age (n=609, 14.0%). 
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Table 5.1 Mean age of months at which the food was first introduced to the infant within each cluster in the BIGCS study (n=4346) 

  Clusters/ Patterns 

 

Early formula & late seafood 

& late egg white 

Early formula & late 

complementary food 

Early formula & early 

complementary food 
Late formula 

Food groups 
n=1652 n=655 n=1430 n=609 

Mean SD Mean SD Mean SD Mean SD 

Formula 0.3  1.0  0.8  1.7  0.5  1.3  8.9  2.4  

Cereal 4.9  1.1  5.5  1.3  4.8  1.1  5.3  1.1  

Vegetable 6.2  1.3  9.3  2.1  6.1  1.2  6.6  1.4  

Fruit 5.6  1.1  7.4  1.8  5.5  1.1  6.0  1.2  

Meat 7.6  1.4  12.2  1.5  7.2  1.4  8.1  1.5  

Offal 9.6  1.6  12.5  1.4  8.5  1.6  9.1  1.6  

Fish 8.0  1.6  12.3  1.6  7.4  1.5  8.4  1.6  

Seafood 12.7  1.9  13.7  1.9  10.9  2.1  12.0  1.9  

Egg yolk 6.6  1.7  8.9  2.0  5.9  1.3  6.7  1.4  

Egg white 13.8  0.9  13.9  1.8  8.5  2.0  11.6  2.0  

 

  



128 

 

 

Figure 5.2 Four introduction patterns in the population by the mean age of months at which the food was first introduced to the 

infant within each cluster 
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Characteristics of the participants 

There were 4346 participants included in this study (Figure 5.1), of whom 1652 (38.0%) were 

classified into the „early formula & late seafood & late white egg‟ pattern, 655 (15.1%) into 

„early formula & late complementary food‟ pattern, 1430 (32.9%) into „early formula & early 

complementary food‟ pattern, and 609 (14.0%) into „late formula‟ pattern. According to the 

parental report, among the 4346 children, 1126 (30.3%) children have been diagnosed with 

eczema before 3 years, 89 (2.3%) have been diagnosed with asthma, 402 (10.1%) have been 

diagnosed with allergic rhinitis, and 292 (10.3%) have been diagnosed with food allergy. 

Among the children diagnosed with allergic diseases before the introduction of infant formula 

and complementary foods, 856 children had been diagnosed with eczema, 41 children had 

been diagnosed with asthma, 182 had been diagnosed with allergic rhinitis, and 180 had been 

diagnosed with food allergy. These children were excluded from the regression analyses for 

the associations of food introduction patterns with allergic outcomes, respectively. 

The characteristics of the study participants for each cluster at baseline are presented in 

Table 5.2. Overall, in the cluster of „late formula‟ pattern, mothers were more likely to be 

higher educated and chose vaginal labour. Infants with „late formula‟ pattern were more likely 

to be a girl and have a longer duration of breastfeeding. The characteristics of mothers and 

infants between the analytic sample and those who were excluded (interviewed on the phone 

only) are shown in Supplementary material S9. In the telephone call interview group, 

mothers were more likely to be younger and tended to have a lower education level, and more 

likely to be multipara. The children in the telephone call interview group were more likely to 
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have a shorter duration of breastfeeding, less likely to have a parental history of allergic 

diseases, and tended to use antibiotics during the first year of life (Supplementary material 

S9). 
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Table 5.2 Baseline characteristics of participants in different clusters in the BIGCS study (n=4346) 

Characteristics  

Early formula & 

late seafood & late 

egg white 

(n=1652) 

Early formula & 

late complementary 

food (n=655) 

Early formula & 

early 

complementary food 

(n=1430) 

Late formula 

(n=609) 

No. of cases missing 

out of 6334 (%) 

Mother           

Age at delivery (y), mean (SD) 29.4 (3.3) 29.8 (3.5) 29.6 (3.4) 29.2 (2.9) 0 (0) 

Educational level,n (%) 

    

0 (0) 

High school or below 119 (7.3) 31 (4.8) 100 (7.0) 36 (5.9) 

 Vocational/technical college 379 (22.9) 148 (22.6) 353 (24.7) 126 (20.7) 

 Undergraduate 965 (58.4) 407 (62.1) 792 (55.4) 344 (56.5) 

 Postgraduate 189 (11.4) 69 (10.5) 185 (12.9) 103 (16.9) 

 Pre-pregnancy BMI, n (%) 

    

92 (1.5) 

<18.5 kg/m
2
 395 (24.5) 148 (22.9) 327 (23.4) 132 (22.2) 

 18.5-23.9 kg/m
2
 1071 (66.4) 432 (67.1) 917 (65.5) 405 (67.8) 

 24-27.9 kg/m
2
 122 (7.6) 52 (8.1) 135 (9.6) 48 (8.0) 

 ≥28kg/m
2
 25 (1.5) 12 (1.9) 21 (1.5) 12 (2.0) 

 Parity, n (%) 

    

1 (0) 

Primiparous 1472 (89.1) 558 (85.3) 1276 (89.2) 528 (86.7) 

 Multiparous 180 (10.9) 96 (14.7) 154 (10.8) 81 (13.3) 

 Delivery mode, n (%) 

    

4 (0.1) 

Vaginal labor 1064 (64.5) 433 (66.1) 949 (66.4) 425 (69.9) 

 Cesarean delivery 586 (35.5) 222 (33.9) 480 (33.6) 183 (30.1) 

 Smoking during pregnancy, n (%) 

    

21 (0.3) 

Yes 12 (0.7) 1 (0.1) 1 (0.1) 5 (0.8) 
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No 1632 (99.3) 650 (99.9) 1421 (99.9) 603 (99.2) 

 Passive smoking during pregnancy, n (%) 

    

18 (0.3) 

Yes 481 (29.2) 178 (27.3) 413 (29.0) 181 (29.8) 

 No 1165 (70.8) 473 (72.7) 1010 (71.0) 427 (70.2) 

 Child           

Child„s gender, n (%) 

    

0 (0) 

Male 888 (53.8) 342 (52.2) 755 (52.8) 295 (48.4) 

 Female 764 (46.3) 313 (47.8) 675 (47.2) 314 (51.6) 

 Birth weight <2500g, n (%) 

    

2 (0) 

Yes 78 (4.7) 43 (6.6) 43 (3.0) 25 (4.1) 

 No 1573 (95.3) 612 (93.4) 1386 (97.0) 584 (95.9) 

 Preterm birth, n (%) 

    

0 (0) 

Yes 98 (5.9) 42 (6.4) 45 (3.2) 28 (4.6) 

 No 1554 (94.1) 613 (93.6) 1385 (96.9) 581 (95.4) 

 Duration of any breastfeeding, n (%) 

    

252 (4.0) 

≤6 months 481 (31.1) 202 (32.9) 427 (31.9) 53 (8.9) 

 > 6 months 1064 (68.9) 412 (67.1) 910 (68.1) 545 (91.1) 

 Parental history of allergy, n (%) 

    

387 (6.1) 

Yes 527 (35.1) 177 (29.6) 418 (32.4) 193 (33.8) 

 No 973 (64.9) 421 (70.4) 872 (67.6) 378 (66.2) 

 Antibiotic use before 1 year of age, n (%) 

    

929 (14.7) 

Yes 354 (25.7) 121 (30.6) 345 (28.9) 127 (28.2) 

 No 1022 (74.3) 275 (69.4) 849 (71.1) 324 (71.8) 
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Association of Food Introduction Patterns with Atopic Diseases 

Figure 5.3 shows associations between the 4 food introduction patterns and risks of atopic 

diseases. Among these food introduction patterns, the „late formula‟ pattern was closest to the 

infant feeding guidelines that all infants should be exclusively breastfed about 6 months after 

birth, and at least for the first 4 months [83]. Therefore, the „late formula‟ pattern was selected 

as the reference pattern. Compared with „late formula‟ pattern, „early formula & late seafood 

& late egg white‟, „early formula & late complementary food‟, and „early formula & early 

complementary food‟ patterns were all associated with the increased risk of eczema before 3 

years of age (aOR: 2.15; 95%CI, 1.10-4.18; aOR: 2.28; 95%CI, 1.06-4.90; aOR:2.20; 95%CI, 

1.13-4.32). After multiple imputation, slightly reduced effect size but narrower confidence 

intervals for the three patterns and eczema (aOR: 1.72; 95%CI, 1.06-2.80; aOR: 1.85; 95%CI, 

1.08-3.19; aOR: 1.69; 95%CI, 1.04-2.77) were found. There were no significant associations 

between food introduction patterns and the risk of other allergic outcomes observed in our 

population (Figure 5.3) 
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Figure 5.3 Risks of atopic diseases (eczema, asthma, allergic rhinitis, food allergy) and different clusters of food introduction 

pattern (Before and after multiple imputation) 

Adjusted for maternal age at baseline, maternal education, pre-pregnancy BMI, smoking status during pregnancy, passive smoking status 

during pregnancy, parity, delivery mode, preterm birth, the gender of infant, parental history of atopy, antibiotics use before 1 year of age 

and breastfeeding duration. 
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Sensitivity and Subgroup Analyses 

In sensitivity analyses, we excluded children with early skin symptoms, itchy red rash, before 

12 months of age. For eczema, the ORs for „early formula & late seafood & late egg white‟ 

introduction pattern became marginally significant after multiple imputation (aOR: 1.75; 95% 

CI, 0.94-3.26). The ORs for „early formula & late complementary food‟ (aOR: 2.38; 95% CI, 

1.22-4.64) and for „early formula & early complementary food‟ (aOR: 2.38; 95% CI, 

1.28-4.42) introduction patterns were significant after multiple imputation. For asthma, 

allergic rhinitis and food allergy, the associations were all non-significant (Table 5.3). 
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Table 5.3 Sensitivity analysis by excluding children with itchy red rash before 12 months 

of age 

Outcomes and clusters 
cOR (95% CI) 

aOR (95% CI) 

before MI 

aOR (95% CI) 

after MI 

Eczema 

 
  

Early formula & late seafood & late egg 

white 1.75 (0.95-3.23) 2.32 (0.96-5.62) 1.75 (0.94-3.26) 

Early formula & late complementary food 2.37 (1.23-4.57) 3.24 (1.22-8.62) 2.38 (1.22-4.64) 

Early formula & early complementary food 2.34 (1.27-4.31) 3.27 (1.35-7.88) 2.38 (1.28-4.42) 

Late formula Reference Reference Reference 

Asthma 

 
  

Early formula & late seafood & late egg 

white 1.53 (0.32-7.23) 1.81 (0.21-15.67) 1.30 (0.27-6.28) 

Early formula & late complementary food 2.11 (0.41-10.94) 0.80 (0.05-13.20) 1.67 (0.31-8.92) 

Early formula & early complementary food 3.66 (0.84-16.00) 2.80 (0.34-23.28) 3.13 (0.70-13.98) 

Late formula Reference Reference Reference 

Allergic rhinitis 

 
  

Early formula & late seafood & late egg 

white 1.03 (0.63-1.68) 1.19 (0.62-2.27) 0.99 (0.60-1.64) 

Early formula & late complementary food 0.98 (0.56-1.74) 1.31 (0.61-2.81) 0.93 (0.52-1.68) 

Early formula & early complementary food 1.09 (0.66-1.79) 1.24 (0.64-2.38) 1.06 (0.64-1.77) 

Late formula Reference Reference Reference 

Food allergy 

 
  

Early formula & late seafood & late egg 

white 1.07 (0.53-2.15) 1.13 (0.47-2.75) 1.10 (0.54-2.25) 

Early formula & late complementary food 0.88 (0.38-2.02) 0.93 (0.30-2.90) 0.87 (0.37-2.04) 

Early formula & early complementary food 0.98 (0.47-2.05) 0.97 (0.38-2.47) 1.00 (0.47-2.12) 

Late formula Reference Reference Reference 

Adjusted for maternal age at baseline, maternal education, pre-pregnancy BMI, smoking 

status during pregnancy, passive smoking status during pregnancy, parity, delivery mode, 

preterm birth, the gender of infant, parental history of atopy, antibiotics use before 1 year of 

age and breastfeeding duration. 

MI: multiple imputation 
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In subgroup analyses, as the number of children in the category of „late formula‟ pattern 

and short breastfeeding duration (≤6 months) was too small (n=53) to provide a stable model 

for analysis, we therefore just used the „late formula‟ as the reference group regardless of the 

breastfeeding duration. Table 5.4 showed that, the associations of „early formula & late 

seafood & late egg white‟ (aOR: 1.87; 95%CI, 1.22-4.69) and „early formula & early 

complementary food‟ (aOR: 2.15; 95%CI, 1.08-4.29) patterns with the risk of eczema were 

significant in children with longer breastfeeding duration (>6 months). No significant 

associations of combined categories of food introduction patterns and breastfeeding duration 

with risks of other allergic outcomes were observed.
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Table 5.4 Combined categories of food introduction patterns and breastfeeding duration in associations with risk of allergic 

outcomes 

Outcomes/ Patterns  groups Case (%) cOR (95% CI) 
aOR (95% CI)  

before MI 

aOR (95% CI) 

after MI 

Eczema 

  
 

 Breastfeeding<6m 

  
 

 Early formula & late seafood & late egg white 22 (6.5) 1.08 (0.59-1.99) 1.56 (0.70-3.47) 1.11 (0.60-2.05) 

Early formula & late complementary food 13 (9.8) 1.70 (0.83-3.48) 2.97 (1.13-7.80) 1.76 (0.85-3.62) 

Early formula & early complementary food 24 (8.8) 1.51 (0.83-2.75) 2.27 (1.03-4.97) 1.57 (0.85-2.88) 

Breastfeeding≥6m 

  
 

 Early formula & late seafood & late egg white 73 (10.6) 1.86 (1.14-3.05) 2.39 (1.22-4.69) 1.87 (1.13-3.07) 

Early formula & late complementary food 26 (9.4) 1.63 (0.90-2.94) 1.96 (0.85-4.53) 1.64 (0.90-2.97) 

Early formula & early complementary food 61 (10.2) 1.79 (1.08-2.97) 2.15 (1.08-4.29) 1.77 (1.06-2.95) 

Late formula 22 (6.0) Reference Reference Reference 

Asthma 

    Breastfeeding<6m 

    Early formula & late seafood & late egg white 6 (1.4) 1.73 (0.49-6.17) 1.91 (0.44-8.28) 1.85 (0.51-6.70) 

Early formula & late complementary food 3 (1.6) 2.00 (0.44-9.02) 1.18 (0.12-11.74) 2.02 (0.44-9.24) 

Early formula & early complementary food 8 (2.2) 2.74 (0.82-9.17) 1.16 (0.23-5.97) 2.88 (0.85-9.78) 

Breastfeeding≥6m 

    Early formula & late seafood & late egg white 8 (0.8) 1.04 (0.31-3.48) 0.79 (0.19-3.36) 1.05 (0.31-3.53) 

Early formula & late complementary food 2 (0.5) 0.65 (0.12-3.56) 0.47 (0.05-4.62) 0.68 (0.12-3.73) 

Early formula & early complementary food 13 (1.6) 2.04 (0.66-6.29) 1.83 (0.50-6.78) 2.07 (0.67-6.41) 

Late formula 4 (0.8) Reference Reference Reference 

Allergic rhinitis 

    Breastfeeding<6m 
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Early formula & late seafood & late egg white 31 (7.3) 1.36 (0.79-2.33) 1.55 (0.78-3.08) 1.30 (0.76-2.25) 

Early formula & late complementary food 7 (3.9) 0.71 (0.30-1.66) 0.91 (0.29-2.82) 0.69 (0.29-1.63) 

Early formula & early complementary food 19 (5.3) 0.96 (0.52-1.77) 1.19 (0.57-2.51) 0.94 (0.51-1.74) 

Breastfeeding≥6m 55 (5.9) 

   Early formula & late seafood & late egg white 20 (5.5) 1.09 (0.67-1.76) 1.26 (0.69-2.32) 1.06 (0.65-1.72) 

Early formula & late complementary food 47 (6.0) 1.00 (0.55-1.83) 1.16 (0.53-2.55) 0.98 (0.54-1.79) 

Early formula & early complementary food 26 (5.4) 1.12 (0.68-1.83) 1.23 (0.66-2.30) 1.11 (0.68-1.83) 

Late formula 

 

Reference Reference Reference 

Food allergy 

    Breastfeeding<6m 

    Early formula & late seafood & late egg white 17 (5.8) 1.51 (0.72-3.17) 2.23 (0.91-5.48) 1.55 (0.73-3.28) 

Early formula & late complementary food 3 (2.2) 0.56 (0.16-1.99) 0.82 (0.17-4.04) 0.56 (0.16-2.04) 

Early formula & early complementary food 8 (3.6) 0.91 (0.37-2.23) 0.68 (0.20-2.34) 0.86 (0.35-2.14) 

Breastfeeding≥6m 

    Early formula & late seafood & late egg white 28 (4.1) 1.04 (0.53-2.04) 1.05 (0.45-2.45) 1.03 (0.52-2.04) 

Early formula & late complementary food 11 (4.1) 1.05 (0.47-2.39) 0.99 (0.33-2.95) 0.99 (0.43-2.26) 

Early formula & early complementary food 24 (4.4) 1.14 (0.57-2.27) 1.32 (0.56-3.07) 1.11 (0.55-2.23) 

Late formula 13 (3.9) Reference Reference Reference 

Adjusted for maternal age at baseline, maternal education, pre-pregnancy BMI, smoking status during pregnancy, passive smoking status 

during pregnancy, parity, delivery mode, preterm birth, gender of infant, parental history of atopy, and antibiotics use before 1 year of age. 

MI: multiple imputation 
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In addition, we stratified the children according to the parental history of allergic diseases 

and found that in high risk children, the association between „early formula & early 

complementary food‟ and risk of eczema was significant (aOR, 2.75; 95% CI, 1.02-7.42). In 

children with no parental history of allergic diseases, the association between „early formula 

& late complementary food‟ and the risk of eczema was significant (aOR, 1.88; 95% CI, 

1.00-3.51). The associations of food introduction patterns with risk of asthma, allergic rhinitis 

and food allergy were non-significant in subgroup analyses (Table 5.5). 
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Table 5.5 Subgroup analyses on the associations between introduction patterns and allergic outcomes 

Outcomes 
Case 

(%) 

High risk 

(n=1315)  
Case (%) 

No parental history of atopic diseases 

(n=2644)  

Likelihood-

ratio test 

cOR (95% CI) 
aOR (95% CI) 

before MI 

aOR (95% CI) 

after MI 
cOR (95% CI) 

aOR (95% CI) 

before MI 

aOR (95% CI) 

after MI 
P-value 

Eczema 
         

Early formula & late 

seafood & late egg white 
33 (9.6) 2.16 (0.82-5.67) 1.76 (0.57-5.39) 2.41 (0.91-6.39) 60 (9.3) 1.39 (0.78-2.46) 2.43 (1.05-5.61) 1.50 (0.84-2.65) 0.696 

Early formula & late 

complementary food 
7 (6.3) 1.37 (0.42-4.47) 1.28 (0.30-5.57) 1.53 (0.47-4.96) 34 (11.6) 1.77 (0.95-3.30) 2.85 (1.12-7.23) 1.88 (1.00-3.51) 0.403 

Early formula & early 

complementary food 
31 (11.2) 2.58 (0.98-6.83) 2.00 (0.64-6.21) 2.75 (1.02-7.42) 48 (8.6) 1.27 (0.71-2.29) 2.31 (0.99-5.38) 1.34 (0.74-2.42) 0.886 

Late formula 5 (4.7) Reference Reference Reference 16 (6.9) Reference Reference Reference 
 

Asthma 
         

Early formula & late 

seafood & late egg white 
7 (1.5) 2.38 (0.29-19.51) 1.63 (0.18-15.17) 2.43 (0.29-20.59) 5 (0.6) 1.11 (0.61-2.02) 0.75 (0.14-4.16) 0.66 (0.16-2.71) 0.668 

Early formula & late 

complementary food 
1 (0.6) 0.98 (0.06-15.82) 1.22 (0.07-21.85) 1.32 (0.08-22.52) 3 (0.8) 0.92 (0.46-1.86) 0.48 (0.04-5.62) 1.01 (0.21-4.97) 0.681 

Early formula & early 

complementary food 
7 (1.9) 3.09 (0.38-25.32) 2.10 (0.23-19.34) 3.14 (0.37-26.6) 11 (1.5) 1.22 (0.67-2.23) 1.31 (0.26-6.71) 1.68 (0.46-6.14) 0.737 

Late formula 1 (0.6) Reference Reference Reference 3 (1.0) Reference Reference Reference 
 

Allergic rhinitis 
         

Early formula & late 

seafood & late egg white 
35 (7.5) 1.67 (0.72-3.83) 1.45 (0.57-3.73) 1.56 (0.68-3.57) 48 (5.7) 1.11 (0.61-2.02) 1.16 (0.54-2.49) 0.89 (0.50-1.58) 0.958 

Early formula & late 

complementary food 
9 (5.8) 1.28 (0.46-3.52) 0.75 (0.20-2.81) 1.13 (0.41-3.11) 18 (4.8) 0.92 (0.46-1.86) 1.11 (0.45-2.73) 0.76 (0.38-1.52) 0.554 

Early formula & early 

complementary food 
19 (5.4) 1.18 (0.48-2.86) 1.06 (0.39-2.89) 1.11 (0.46-2.68) 46 (6.3) 1.22 (0.67-2.23) 1.18 (0.55-2.55) 0.97 (0.54-1.74) 0.622 
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Late formula 7 (4.6) Reference Reference Reference 15(5.2) Reference Reference Reference 
 

Food allergy 
         

Early formula & late 

seafood & late egg white 
18 (5.4) 0.77 (0.33-1.82) 2.16 (0.82-5.67) 0.74 (0.30-1.83) 24 (3.8) 1.88 (0.64-5.47) 6.07 (0.80-46.22) 1.79 (0.62-5.12) 0.059 

Early formula & late 

complementary food 
4 (3.4) 0.48 (0.14-1.63) 1.37 (0.42-4.47) 0.42 (0.12-1.49) 10 (3.5) 1.73 (0.53-5.59) 4.62 (0.54-39.62) 1.41 (0.44-4.55) 0.062 

Early formula & early 

complementary food 
9 (3.6) 0.51 (0.19-1.35) 2.58 (0.98-6.83) 0.46 (0.17-1.25) 21 (4.2) 2.09 (0.71-6.17) 6.48 (0.85-49.54) 2.03 (0.70-5.89) 0.016 

Late formula 8 (6.9) Reference Reference Reference 4 (2.1) Reference Reference Reference 
 

High risk: children with the parental history of atopic diseases 

Adjusted for maternal age at baseline, maternal education, pre-pregnancy BMI, smoking status during pregnancy, passive smoking status 

during pregnancy, parity, delivery mode, preterm birth, gender of infant, parental history of atopy, antibiotics use before 1 year of age and 

breastfeeding duration. 

MI: multiple imputation 
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Discussion 

The present study examines the associations between different food introduction patterns 

during infancy and the risks of atopic diseases before 3 years of age. There were four clusters 

of food introduction patterns identified in this population based on the average age of months 

at which infant formula and complementary foods were first introduced to the infant diet. The 

results showed that infants who were introduced formula at a relatively early age, average age 

was less than 1 month old, had a higher risk of eczema during the first 3 years of life 

regardless of whether complementary foods were introduced relatively early or late. However, 

the associations between food introduction patterns with the risks of asthma, allergic rhinitis 

or food allergy were not significant as those with eczema. 

The cluster analysis of food introduction during early infancy identified 4 patterns among 

our participants. We named these 4 patterns according to the average age of each food group 

first introduced to the infant. Children with „early formula & late seafood & late egg white‟ 

pattern had a relatively early introduction of infant formula (average age was less than 1 

month old), late introduction of some allergic foods such as seafood and egg white (average 

age was over 12 months of age) and early introduction of other foods (average age was less 

than 12 months old); children with „early formula & late complementary food‟ had an early 

introduction of infant formula (average age was less than 1 month of age) and relatively late 

complementary feeding with most of the allergic foods, such as meat, fish, seafood, and egg 

white, introduced after 12 months of age on average; children with „early formula & early 

complementary food‟ had the earliest average timing of food introduction; children with „late 
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formula‟ pattern had a late infant formula introduction with an average age of introduction of 

8.9 months. Most of the children (38.0%) were classified into „early formula & late seafood & 

late egg white‟ pattern, and the fewest were classified into „late formula‟ introduction (14.0%). 

In our participants, most of the infants started complementary feeding between 4 to 12 months 

of age (89.2%), which meets infant feeding recommendations that complementary feeding 

should not be initiated before 4 months of age [83]. However, most infants were introduced to 

infant formula quite early, which led to a quite low exclusive breastfeeding rate before 4 

months of age, only 26.0%. The high proportion of early formula introduction was also found 

in another Asian cohort, Growing Up in Singapore Towards healthy Outcomes (GUSTO) 

study [35]. Most of the GUSTO infants (66.7%) were introduced to cow‟s milk in the form of 

infant formula before age 4 months. 

Although the effects of first food eaten and the age of introduction of a specific food on the 

risk of atopic diseases have been reported [9, 282], the effects of the gradual transition process 

of early infant diet (from milk-based to solid-food based) were not well assessed. In this study, 

we used cluster analysis on feeding practice data to investigate whether food introduction 

patterns in infant diet are associated with the development of atopic diseases. Our results 

showed that compared with „late formula‟ introduction pattern, other patterns containing early 

infant formula introduction were all associated with increased risk of eczema. These findings 

were consistent with the findings in Chapter 4 that early introduction of infant formula 

(within 3 months of age) was associated with eczema during the first year of life. In this 

chapter, the effects of early introduction of infant formula in combination with 
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complementary food introduction were examined, and our results further suggested that early 

formula introduction plays an essential role in the development of eczema. One systematic 

review focusing on the timing of complementary food introduction, (not including infant 

formula), found that there is no association between the age at which complementary food 

first begins and the risk of atopic dermatitis/eczema, childhood asthma, allergic rhinitis and 

food allergy [7]. To our best knowledge, only one case-control study assessed the relationship 

between infant dietary patterns and the development of food allergy [279]. In this study, 

principal component analysis (PCA) was used to analyse the diet diary data from 41 infants 

with food allergy before 2 years of age and their 82 age-matched control subjects. The authors 

found that there was no difference between the case and control groups for the early infant 

diet pattern [279]. We also did not found significant associations between food introduction 

patterns and food allergy before 3 years of age. Nevertheless, the methods used to define 

dietary patterns were different between the two studies. The PCA method, a form of factor 

analysis, creates factor scores to measure the extent to which an individual conforms to the 

intake of specific food groups. However, the scores do not provide clear descriptions of what 

food is exactly being consumed, and the same score can be achieved with different 

combinations of foods [283]. Cluster analysis allows a clear description of subgroups based 

on maximally separate eating patterns by providing mean values for food groups within each 

cluster [283]. The aim of our study is to identify different food introduction patterns and 

examine the associations of clearly defined introduction patterns with allergic outcomes. Thus, 

cluster analysis is the preferred method. 
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Breastfeeding has been suggested as a protective factor for the development of allergic 

diseases [8]. A cluster RCT study showed a reduced risk of eczema during the first year in a 

group of children with longer duration and exclusivity of breastfeeding compared with those 

with less breastfeeding [159]. In subgroup analyses, we found that the „early formula & late 

seafood & late egg white‟ and „early formula & early complementary food‟ patterns were 

significant associated with the increased risk of eczema in children with longer breastfeeding 

duration. In addition, the family history of allergies has been suggested as the as the most vital 

determinant of eczema [284]. Therefore, we stratified the children according to the parental 

history of allergic diseases. We found that in high risk children, the association between „early 

formula & early complementary food‟ and risk of eczema was significant, whereas, in 

children with no parental history of allergic diseases, the association between „early formula 

& late complementary food‟ and the risk of eczema was significant. However, the 

stratification by breastfeeding duration or the family history of allergies might cause the 

analysis underpowered due to the small number of cases in each group. Therefore, we cannot 

conclude the potential effects of these factors on the association between food introduction 

patterns and risk of eczema.  

In this study, due to the limited number of cases in asthma, allergic rhinitis and food allergy, 

the power to detect any associations with these allergic outcomes might be quite low. 

Therefore, the results need to be replicated in other large cohorts to provide more robust 

evidence on these associations. In this population, the prevalence of asthma is low, only 2.4%, 

but closed to the result of a previous report on childhood asthma in mainland China (2.1%) 
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[285]. These results were below the global average level [285]. Some potential reasons need 

to be considered, including that an erroneous diagnosis and a missed diagnosis happen 

frequently in cough-variant asthma in China [285]. In addition, there are no specific detection 

methods and indicators for the diagnosis of asthma in preschool children with wheezing [286]. 

In addition, for young children under 3 years old, it is challenging to complete the pulmonary 

function testing successfully, which is a key method contributing to setting the diagnosis of 

asthma [286]. Extended evaluation of the associations between infant diet and these atopic 

diseases beyond 3 years old is needed. 

The possible mechanisms for the observed results are the effects of early nutrition on the 

intestinal microbiome and immune responses, which have been reported in previous studies 

[73, 287]. The microbiome, particularly the gastrointestinal microbiota, plays an important 

role in modulating the development of early host immune system and therefore potentially 

contributing to the development of the atopic disease [288]. Previous evidence showed that 

infant formula and breast milk had different effects on the interplay of the microbiota with the 

developing mucosal immune function [289-293]. During early infancy, breast milk may 

provide greater plasticity for the infant gut microbiome that eases the transition into solid 

foods [294]. The gradual transition process of infant diet (from milk-based to solid-food based) 

has significant impacts on microbial composition [294, 295]. Early exposure to infant formula 

may influence the composition and the ecological balance of gut microbiota which related to 

the risk of allergic manifestations [296]. Furthermore, various dietary components, such as 

fatty acids, antioxidant vitamins, prebiotics and probiotics, could influence allergic outcomes 
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due to their effects on the process of inflammatory [73]. The differences in composition and 

concentrations of fatty acid between infant formula and human milk might also contribute to 

the higher risk for the development of atopic disease in formula feeding children [297, 298].  

The present study aimed to examine the effects of the food introduction patterns during 

infancy on the development of allergic diseases. Introduction patterns can better inform about 

the transition process of early infant diet than the introduction of individual food. In this study, 

we found the patterns containing early infant formula introduction were associated with a 

higher risk of eczema. The cluster analysis developed the subgroups based on maximally 

distinct eating patterns by providing the mean age when food groups first introduced in each 

cluster. These four clusters reflect the different feeding patterns in our population. In our 

analysis, all three patterns containing early formula introduction with different timing of 

complementary food introductions were all associated with the risk of eczema. In addition, 

infant formula was usually introduced much earlier than other foods to the infant diet. It 

seems the early formula introduction contribute more to the associations with the risk of 

eczema. However, a number of nutritional or dietary variables might be acting on the 

development of allergy in infants. The complex interactions between these nutritional 

variables cannot be explained clearly. Therefore, our results just reflect the effects of different 

patterns of food introduction, but cannot adequately distinguish between the effects of infant 

formula and complementary food on the allergy. In addition, to avoid potential overlaps in the 

timing between exposure and the occurrence of disease outcomes, we excluded children who 

were diagnosed with allergic diseases before infant formula and complementary food 
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introduction. We found food introduction patterns containing early formula introduction were 

the risk factors for eczema before 3 years of age. The findings from this study provided new 

insight into how the early diet of infants might modify allergy development. However, several 

limitations of our study warrant mention. First, the information about infant feeding was 

based on parental report, but frequent questionnaires during the first year of life shortened the 

time interval between data collection and exposures. The use of parental report to identify the 

outcomes is another limitation, although we required the diseases should have been diagnosed 

by physicians or paediatricians. However, self- and caregiver-reported diagnosis of allergic 

disease has been suggested as a sufficient validated method for the epidemiological study of 

atopic disease [299]. Moreover, we did not collect information on the types of food allergy. 

The presence of each type of food allergy in infants was significantly influenced by the timing 

of the introduction of different allergenic foods [251]. In addition, due to fear of allergy, some 

parents might avoid allergic foods, such as shrimp, shellfish, and egg white during early 

infancy. Thus, the failure to classify food allergies may influence the results. As with all 

observational studies, the possibility of residual confounding cannot be excluded, although a 

wide range of confounders have been adjusted for in our analysis. 

Conclusions 

In conclusion, the present study has shown compared with „late formula‟ pattern, „early 

formula & late seafood & late egg white‟, „early formula & late complementary food‟, and 

„early formula & early complementary food‟ patterns were all associated with the increased 

risk of eczema before 3 years of age. Early exposure to infant formula might modify the 
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development of eczema in infants. Though the associations of food introduction patterns with 

asthma, allergic rhinitis, and food allergy were not significant in this study, the possible 

association should be considered in further studies. The findings provide new insight into how 

food introduction patterns, particularly early formula introduction, might modify allergy 

development. The results need to be replicated in other larger cohorts to provide more robust 

evidence on the development of future allergy prevention guidelines. 
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Chapter 6 Effects of the timing of infant formula 

introduction on growth and overweight in early 

childhood: a prospective birth cohort study 
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Abstract 

Background 

Accelerated growth during infancy has been reported to be associated with obesity and 

cardiometabolic disorders later in life. Formula feeding has been suggested as being 

associated with excess or rapid weight gain during infancy. However, evidence for the role of 

timing of formula introduction in childhood excess weight remains scarce and fragmented. 

Objective  

To examine associations of the timing of infant formula introduction with growth and 

overweight before 3 years of age. 

Methods 

This prospective study was included 6279 Chinese children from the BIGCS study, who 

provided feeding information at 6 weeks, 6 and 12 months, and anthropometric measurements 

at 1 and 3 years of age. Z-scores of growth were calculated based on the WHO Growth 

Standard. age. Obesity and overweight were defined as BMI-for-age z-score ≥2 and between 

1 and 2, respectively. As the numbers of obesity cases were too small to provide a stable 

model for analysis, we combined the obese and overweight individuals in the overweight 

group. According to the BMI-for-age z-score at 1 year and 3 years of age, four weight status 

groups were defined: never overweight (reference group), early overweight, later overweight, 

and persistent overweight. Multiple imputation analysis was performed for dealing with 

missing covariate data in models of z-scores. 

Results 
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In multiple imputation model, compared with early formula introduction (≤3 months), later 

introduction was associated with the lower BMI, weight-for-age and weight-for-length 

z-scores at 1 and 3 years old. In addition, later introduction of infant formula was negatively 

associated with the risk of overweight at 1 year (4-6 months vs. ≤3 months: adjusted odds 

ratio [OR] 0.71, 95% confidence interval [CI] 0.56, 0.90; >6 months vs. ≤3 months: adjusted 

OR 0.87, 95% CI 0.69, 1.09) and 3 years old (4-6 months: adjusted OR 0.62, 95% CI 0.41, 

0.95; >6 months: adjusted OR 0.90, 95%CI 0.61, 1.33). Furthermore, later introduction of 

infant formula was negatively associated with the risk of persistent overweight (4-6 months: 

adjusted OR 0.49, 95% CI 0.24, 1.00; over 6 months: adjusted OR 0.63, 95% CI 0.31, 1.28). 

Conclusion 

Overall, compared with the introduction within the first 3 months of life, infant formula 

introduction between 4-6 months was associated with the lower z-scores for BMI, 

weight-for-age and weight for length at both 1 year and 3 years of age. We also found that the 

infants introduced to infant formula between 4 to 6 months of age were appeared less likely to 

be persistently overweight before 3 years of age than those introduced within the first 3 

months.   
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Introduction 

In China, in children aged 1 to 4 years, the prevalence of being overweight has risen from 6.3% 

to 11.9%, and the prevalence of obesity has risen from 2.2% to 6.9% between 1990 and 2016, 

respectively [300]. By 2015, China had the largest number of obese children aged 5 years or 

under in the world [301]. Epidemiological studies have reported that early obesity was a 

significant predictor of obesity later in life and the development of cardiometabolic disorders 

during adulthood [302-305]. Existing evidence has suggested that some modifiable dietary 

factors during early life, including formula feeding (FF) (as opposed to breastfeeding) [306] 

and early introduction (at or before 4 months) of complementary foods [307], were associated 

with the risk of obesity in later life.  

Despite being advocated by health authorities, the exclusive breastfeeding (EBF) rate 

remains at a low level worldwide, including in China [308, 309]. In 1985, the EBF rate under 

6 months of age was 39.6% in urban areas and 71.9% in rural areas of China [310], whereas 

the rate dropped to 18.1% and 19.4% in 2013 [55], respectively. The fact of the matter is an 

increasing number of Chinese parents give infant formula, either as the only food or as 

supplementary food, to their infants during the first few months of life. A population-based 

birth cohort study of China, involving 98,097 maternal-infant pairs (the data was collected 

from 2010 to 2016), showed that in the first month of life, infant formula exposure rate (FF 

and mix feeding) was 58.8%; in the third month, exposure rate was 66.6%; in the sixth month 

exposure rate was 72.0% [256].  
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Previous studies examining the effect of formula feeding on OW/OB just focused on 

comparing formula-fed with breastfed infants [306, 311]. A Chinese birth cohort indicated 

that compared with EBF, mix feeding (OR 1.54-1.57) or FF (OR 1.90-1.93) in the first month 

of life were associated with a higher risk of being overweight or obesity (OW/OB) at 2 years 

of age [312]. Another Chinese cohort study also found that having FF after birth was 

associated with a higher risk of being overweight and obesity at 2 years of age, compared with 

having infant formula or solids between 3 and 6 months of age (prevalence of overweight: 

15.6% vs. 11.0%, p<0.05; prevalence of obesity: 4.4% vs. 1.4%, p<0.05) [313]. However, this 

study also showed that compared with EBF for 3 to 6 months, EBF for 6 months (introducing 

infant formula or solids after 6 months) was associated with a higher risk of being overweight 

and obesity at 2 years old (prevalence of overweight: 15.5% vs. 11.0%, p<0.05; the 

prevalence of obesity: 2.6% vs. 1.4%, p<0.05) [313]. An Australian cohort study showed a 

higher risk of OW/OB up to 11 years old among children introduced to formula or solids 

before 4 months of age compared to those introduced later (OR 1.95, 95%CI 1.10-3.47) [314]. 

These results suggested that the exposure to infant formula during the critical time windows 

of infant development (before 3 months, 3 to 6 months or after 6 months of age) might have 

different modulating effects on later OW/OB. Several factors related to the associations of 

infant formula feeding practices with rapid weight gain, including the amount of protein in the 

formula, protein-hydrolysed formula, energy density of the formula, the feeding bottle size, 

and parents' feeding practices (whether taking a bottle to bed, feeding on-demand or schedule, 

the amount of formula consumed, and whether the parents encouraged their infant to empty 
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the bottle), have been examined [10]. However, there was little evidence specially focused on 

the association of timing of formula introduction with the development of childhood OW/OB. 

This study was aimed at assessing the association between the timing of formula 

introduction and early childhood growth to identify a critical exposure period for the 

development of childhood excess weight. In addition, whether this association is modified by 

breastfeeding duration and complementary food introduction was also examined. 

Methods 

Study Population 

We analysed data from the Born in Guangzhou Cohort Study (BIGCS). Pregnant women were 

recruited before 20 gestational weeks from two campuses of Guangzhou Women and 

Children‟s Medical Center (GWCMC) from February 2012. Details of the BIGCS cohort with 

full inclusion and exclusion criteria can be found in the published protocol [174]. This study 

was approved by the Institutional Ethics Committee of the GWCMC. All participants signed a 

consent form at the time of recruitment. The baseline questionnaire was completed before 

week 20 of pregnancy. Follow-up of the children took place at pediatric clinics at the age of 6 

weeks, 6, 12, and 36 months after birth and involved questionnaires (completed by the mother 

or guardian) and physical examinations. Although those who were unable to attend the 

appointments in person were interviewed on the telephone, they were excluded from the 

present analysis due to the lack of information on anthropometric measurements. Children 

with incomplete feeding data were also excluded (Figure 6.1).  
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Figure 6.1 Flow chart of the study population 
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Exposures 

Feeding Information 

The age of first introduction of infant formula and other food, and duration of breastfeeding 

was defined from several variables reported in the self-administered questionnaire at age 6 

weeks as well as 6, 12, and 36 months. At each time point, if the response to the question 

“Has your child been fed infant formula?” was affirmative, the mother was asked to state the 

type of formula feed (standard cow‟s milk formula, hydrolyzed formula, preterm formula, 

other types of formulas) and the age when the child first had the formula. If the child has been 

fed any food other than milk (cereal, rice porridge, vegetables, fruits, meat, offal, fish, other 

seafood, egg yolk, egg white), the age when he/she first ate the food was recorded and taken 

as the age of complementary food introduction. 

Infant Outcomes 

Anthropometric measurements were undertaken at each follow-up visit, at age 6 weeks, 6, 12, 

and 36 months, by trained fieldworkers. Abdomen circumference and upper arm 

circumference, in centimetres (cm), was measured in a supine position, using a measuring 

tape to the nearest 0.1 cm. Length (cm) was measured in a supine position using an electronic 

scale (Shekel Healthweigh™) to the nearest 0.1 cm. Bodyweight, in kilograms (kg), was 

measured without shoes and with light clothing (single layer clothes) in a supine position, 

using a stadiometer (Shekel Healthweigh™) to the nearest 0.01 kg. Body mass index (BMI) 

measures were also calculated using the formula kg/m
2
. Children‟s gender and age-specific 

z-scores of BMI were recalculated through the SAS program (WHO-source-code.sas) based 
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on the 2006 WHO growth standards.
[175]

 Obesity and overweight were defined as 

BMI-for-age z-score ≥2 and between 1 and 2, respectively. Since the number of obese 

children was insufficient for reliable analyses, overweight and obese children were combined 

as being overweight. Z-scores for a child‟s sex and age for weight and height (length-for-age 

z-score, LAZ; weight-for-age z-score, WAZ; weight-for-length z-score, WLZ) based on the 

WHO Growth Charts were also calculated. Extreme or biologically implausible values were 

removed.  

In addition, based on the observation of the prevalence of overweight at 1 and 3 years of 

age, four mutually exclusive groups of overweight status were created: children who were 

never overweight before 3 years of age (normal group), children who were overweight at 1 

year of age but transitioned to normal at 3 years (early overweight), children who were 

normal at 1 year of age but transitioned to overweight at 3 years (later overweight), and 

children who were overweight at 1 year and remained overweight at 3 years of age 

(persistent overweight).  

Covariates  

Socio-demographic characteristics and potential confounders including maternal age, 

maternal educational level, maternal smoking and passive smoking status during pregnancy, 

maternal pre-pregnant BMI, paternal BMI, and other health-related factors, were obtained by 

the baseline questionnaire before 20 weeks of gestation. Obstetrics-related variables, 

including delivery date, mode of delivery, gestational age, birth weight, and infant sex, were 

extracted from the hospital clinical records. 
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Statistical Analysis 

All statistical analyses were performed using SAS software, version 9.4 (SAS Institute, Cary, 

NC, USA). The participants‟ characteristics stratified by the timing of infant formula 

introduction (≤3 months, 4-6 months, >6 months). The information on characteristics was 

presented as means and standard deviation (SD) for continuous variables or as percentages for 

categorical variables. The overall association between timing of infant formula introduction 

and abdomen circumference, upper arm circumference, BMI z-scores, LAZ, WAZ, and WLZ 

was analyzed with linear regression models and presented as β and 95% confidence intervals 

(95% CI). The overall association between timing of infant formula introduction and 

overweight status under 3 years old (early overweight, later overweight, persistent overweight) 

was analyzed with logistic regression models and presented as odds ratio (OR) and 95% 

confidence intervals (95% CI). The early overweight, later overweight and persistent 

overweight were modeled separately in the regression analysis. Each analysis included one of 

the three types of overweight status children and those who had never been overweight before 

3 years of age. Results were adjusted for potential confounders including maternal age at 

delivery (≤25, 26-30, 31-35, >35 years of age), maternal education (high school or below, 

vocational/technical college, undergraduate, postgraduate), maternal pre-pregnancy BMI and 

paternal BMI (<18.5, 18.5-23.9, 24-27.9, ≥28 kg/m
2
), maternal smoking during pregnancy 

(yes, no), passive smoking during pregnancy (yes, no), preterm birth (yes, no ), parity 

(primiparous, multiparous), mode of delivery (vaginal labour, cesarean delivery), infant sex, 

birth weight (<2500g and ≥2500g), the duration of breastfeeding (0-6, >6 months) and age at 
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first introduction to complementary foods (≤3 months, 4-6 months, >6 months). For the 

analysis of children‟s length-for-age and weight-for-length z-scores, maternal and paternal 

heights were also adjusted. A two-tailed P-value <0.05 was considered statistically significant. 

Furthermore, the modification effects of breastfeeding duration and complementary food 

introduction were also examined by adding an interaction term of these variables and 

outcomes at 1 year and 3 years of age, respectively, in the models. 

Given the proportion of missing data on confounder variables were from 0.1% to 10.3%, 

analyses based on complete cases may be biased. Thus, we used multiple imputation (MI) 

analysis to cope with missing data [176]. We used the fully conditional method (FCS) 

iterative method for imputation by using SAS 9.4. The following variables were imputed: 

pre-pregnancy BMI, paternal BMI, maternal smoking during pregnancy, passive smoking 

during pregnancy, parity, mode of delivery, the duration of breastfeeding, and the timing of 

introduction of any complementary food. For the analysis of children‟s length-for-age and 

weight-for-length z-scores, maternal and paternal heights were also imputed. Exposure and 

outcome variables of each model were considered as observed covariates and used in the 

models to impute these variables. For each imputation model, 10 imputations were run. We 

ran a procedure call proc mianalyze which combines all the estimates (coefficients and 

standard errors) across all the imputed datasets and outputs one set of parameter estimates for 

the model of interest [177]. The fraction of missing information (FMI) analysis was 

performed to determine potential efficiency gains from MI (Supplementary material S10 

and S11). Values of FMI range between 0 and 1. A smaller FMI (close to 0) indicates low 
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variability between imputed data sets, which means observed data in the imputation model 

provide much information about the missing values [262]. In addition, sensitivity analyses 

were performed by restricting to full-term infants with normal birth weight (2500-4000g). 

Results 

Characteristics of the study population 

Characteristics of the participants based on the three infant formula introduction groups are 

shown in Table 6.1. Of the 6279 children, 5152 (82.1%) were introduced to infant formula 

within 3 months of age. Compared with the later introduction (>6 months) of infant formula 

group, the mothers in the earlier group (≤3 months) were more likely to be older, lower 

educated, multiparous, and have a caesarean delivery. The children in the earlier introduction 

group were more likely to be male, low birth weight (<2500g), breastfed less than 6 months, 

and overweight at 1 year and 3 years of age. Characteristics of included and excluded 

participants of this study are also shown in supplementary material S12. 
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Table 6.1 Baseline characteristics of participants in different timing of infant formula 

introduction groups in the BIGCS study 

Characteristics  

Timing of any infant formulas introduction, months 
No. of cases 

missing out of 

6279 (%) ≤3 m  

(n=5152) 

4-6 m  

(n=568) 

> 6 m  

(n=559) 

Mother       

 Age at delivery (y), 

mean (SD) 29.5 (3.4) 29.1 (3.1) 29.0 (3.1) 0 (0) 

Educational level,n (%) 

   

0 (0) 

High school or below 412 (8.0) 41 (7.2) 39 (7.0) 

 Vocational/technical 

college 1302 (25.3) 128 (22.5) 125 (22.4) 

 Undergraduate 2868 (55.7) 316 (55.6) 316 (56.5) 

 Postgraduate 570 (11.0) 83 (14.6) 79 (14.1) 

 Pre-pregnancy BMI, n 

(%) 

   

152 (2.4) 

<18.5 kg/m
2
 1216 (24.2) 127 (22.8) 116 (21.1) 

 
18.5-23.9 kg/m

2
 3306 (65.9) 371 (66.6) 384 (69.8) 

 
24-27.9 kg/m

2
 420 (8.4) 47 (8.4) 42 (7.6) 

 
≥28kg/m

2
 78 (1.6) 12 (2.2) 8 (1.5) 

 Height (cm), mean (SD) 160.0 (4.9) 159.7 (4.9) 160.1 (4.8) 49 (0.8) 

Parity, n (%) 

   

3 (0) 

Primiparous 4575 (88.9) 514 (90.5) 478 (85.5) 

 Multiparous 574 (11.1) 54 (9.5) 81 (14.5) 

 Delivery mode, n (%) 

   

7 (0.1) 

Vaginal labor 3312 (64.4) 385 (67.8) 367 (65.8) 

 Cesarean delivery 1834 (35.6) 183 (32.2) 191 (34.2) 

 Smoking during 

pregnancy, n (%) 27 (0.5) 4 (0.7) 4 (0.7) 46 (0.7) 

Passive smoking during 

pregnancy, n (%) 1593 (31.1) 181 (32.2) 159 (28.6) 44 (0.7) 

Father       

 BMI, n (%) 

   

648 (10.3) 

<18.5 kg/m
2
 198 (4.3) 26 (5.3) 14 (2.7) 

 
18.5-23.9 kg/m

2
 2592 (56.1) 278 (56.6) 303 (58.3) 

 
24-27.9 kg/m

2
 1476 (31.9) 152 (31.0) 164 (31.5) 

 
≥28kg/m

2
 354 (7.7) 35 (7.1) 39 (7.5) 

 Height (cm), mean (SD) 172.7 (5.3) 172.6 (5.1) 172.8 (5.1) 113 (1.8) 

Child       

 Child's gender, n (%) 

    Male 2756 (53.5) 264 (46.5) 282 (50.5) 0 (0) 

Female 2396 (46.5) 304 (53.5) 277 (49.6) 

 Birth weight <2500g, n 

(%) 203 (3.9) 21 (3.7) 19 (3.4) 6 (0.1) 

Preterm birth, n (%) 247 (4.8) 28 (4.9) 21 (3.8) 0 (0) 



164 

 

Duration of any 

breastfeeding, n 

(%) 

   

187 (3.0) 

≤6 months 1443 (29.1) 106 (18.7) 2 (0.4) 

 > 6 months 3523 (70.9) 462 (81.3) 556 (99.6) 

 Timing of 

complementary 

food introduction 

   

9 (0.1) 

≤3 m  552 37 35 

 4-6 m 4479 518 502 

 > 6 m 113 13 21   

BMI: Body Mass Index 
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Timing of introduction of infant formula and anthropometric outcomes 

Table 6.2 showed the anthropometric outcomes including abdomen circumference (cm), 

upper arm circumference (cm), BMI, and the prevalence of overweight, at 1 year and 3 years 

old, respectively. 

Table 6.2 Anthropometric outcomes in different timing of infant formula introduction 

groups in the BIGCS study 

Anthropometric outcomes 

Timing of any infant formulas introduction, months 

≤3 m  4-6 m  > 6 m  

 at 1 year of age, mean (SD) (n=5152) (n=568) (n=559) 

Abdomen circumference (cm) 42.9 (4.1) 42.8 (3.7) 42.9 (3.8) 

Upper arm circumference (cm) 14.5 (1.2) 14.3 (1.1) 14.4 (1.2) 

BMI 17.0 (1.4) 16.8 (1.4) 17.0 (1.4) 

Overweight, n (%) 1107 (21.9) 95 (17.2) 116 (21.2) 

at 3 years of age, mean (SD) (n=3222) (n=358) (n=318) 

Abdomen circumference (cm) 46.3 (4.5) 46.2 (4.2) 46.4 (4.1) 

Upper arm circumference (cm) 14.9 (1.1) 14.8 (1.1) 14.9 (1.1) 

BMI 15.6 (1.3) 15.4 (1.1) 15.5 (1.2) 

Overweight, n (%) 389 (12.3) 27 (7.7) 33 (10.7) 

 

Table 6.3 presents the associations between the timing of infant formula introduction and 

anthropometric outcomes at 1 year and 3 years of age. Compared with introducing infant 

formula within the first 3 months of age, introducing it later, particularly between 4 to 6 

months, was associated with lower upper arm circumference (4-6 months: Adjusted β -0.15, 

95%CI -0.25, -0.05; >6 months: Adjusted β -0.05, 95%CI -0.15, 0.06), BMI z-score (4-6m: 

Adjusted β -0.17, 95% -0.25, -0.08; >6m: Adjusted β -0.06, 95% -0.15, 0.03), length-for-age 

z-score (4-6m: Adjusted β -0.11, 95% CI -0.19, -0.03; >6m: Adjusted β -0.11, 95%CI -0.19, 

-0.03), weight-for-age z-score (4-6m: Adjusted β -0.22, 95% CI -0.30, -0.14; >6m: Adjusted β 
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-0.12, 95%CI -0.20, -0.04), weight-for-length z-score (4-6m: adjusted β -0.18, 95%CI -0.26, 

-0.09; >6m: Adjusted β -0.08, 95%CI -0.16, 0.01) at 1 year of age in multiple imputation 

models. For 3 years outcomes, introducing formula between 4 to 6 months seemed associated 

with lower BMI z-score (adjusted β-0.12, 95%CI -0.23, -0.02), weight-for-age z-score 

(adjusted β -0.12, 95%CI -0.23, -0.02), and weight-for-length z-score (adjusted β -0.14, 

95%CI -0.24, -0.03) in multiple imputation models (Table 6.3).  
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Table 6.3 Linear regression models to evaluate the associations between timing of formula introduction and anthropometric 

outcomes at 1 year and 3 years of age (Before and after multiple imputation) 

Anthropometric 

outcomes 

Timing of 

formula 

introduction 

Outcomes at 1 year of age Outcomes at 3 years of age (n=3898) 

Crude β (95% 

CI) 

Adjusted β 

before MI 

(95% CI) 

Adjusted β after MI 

(95% CI) 
Crude β (95% CI) 

Adjusted β before MI 

(95% CI) 

Adjusted β after MI (95% 

CI) 

Abdomen circumferencea n=5992 n=5041 n=5992 n=3707 n=3096 n=3707 

 
≤3 m Ref. Ref. Ref. Ref. Ref. Ref. 

 
4-6 m -0.17 (-0.53; 0.18) 0.00 (-0.38; 0.39) -0.13 (-0.48; 0.23) -0.02 (-0.51; 0.48) 0.17 (-0.37; 0.71) -0.01 (-0.50 ; 0.48) 

 
>6 m -0.06 (-0.42; 0.31) -0.11 (-0.50; 0.27) -0.11 (-0.48; 0.25) 0.23 (-0.30; 0.75) -0.09 (-0.66; 0.48) 0.12 (-0.43 ; 0.66) 

Upper arm circumferencea n=5925 n=4985 n=5925 n=3696 n=3088 n=3696 

 
≤3 m Ref. Ref. Ref. Ref. Ref. Ref. 

 
4-6 m -0.16 (-0.26; -0.06) -0.14 (-0.25; -0.03) -0.15 (-0.25; -0.05) -0.10 (-0.22; 0.03) -0.06 (-0.20; 0.07) -0.09 (-0.22; 0.03) 

 
>6 m -0.05 (-0.16; 0.05) -0.06 (-0.17; 0.05) -0.05 (-0.15; 0.06) 0.08 (-0.05; 0.21) -0.02 (-0.15; 0.12) 0.06 (-0.07; 0.19) 

BMI z-scorea   n=6153 n=5176 n=6153 n=3839 n=3271 n=3839 

 
≤3 m Ref. Ref. Ref. Ref. Ref. Ref. 

 
4-6 m -0.15 (-0.24; -0.07) -0.17 (-0.26; -0.08) -0.17 (-0.25; -0.08) -0.13 (-0.24; -0.03) -0.12 (-0.23; -0.01) -0.12 (-0.23; -0.02) 

 
>6 m -0.01 (-0.10; 0.07) -0.07 (-0.17; 0.02) -0.06 (-0.15; 0.03) -0.02 (-0.13; 0.10) -0.10 (-0.22; 0.02) -0.03 (-0.14; 0.08) 

Length-for-age z-scoreb n=6221 n=5315 n=6221 n=3849 n=3281 n=3849 

 
≤3 m Ref. Ref. Ref. Ref. Ref. Ref. 

 
4-6m -0.14 (-0.22; -0.05) -0.11 (-0.19; -0.02) -0.11 (-0.19; -0.03) -0.05 (-0.15; 0.06) -0.07 (-0.18; 0.05) -0.06 (-0.15; 0.04) 

 
>6 m -0.12 (-0.21; -0.03) -0.10 (-0.18; -0.01) -0.11 (-0.19; -0.03) 0.08 (-0.03; 0.19) 0.03 (-0.10; 0.15) 0.04 (-0.07; 0.14) 

Weight-for-age z-scorea n=6206 n=5221 n=6206 n=3880 n=3243 n=3880 

 
≤3 m Ref. Ref. Ref. Ref. Ref. Ref. 

 
4-6 m -0.21 (-0.29; -0.12) -0.23 (-0.32; -0.14) -0.22 (-0.30; -0.14) -0.12 (-0.22; -0.02) -0.12 (-0.23; -0.01) -0.12 (-0.23; -0.02) 

 
>6 m -0.09 (-0.17; 0.00) -0.12 (-0.21; -0.04) -0.12 (-0.20; -0.04) 0.06 (-0.05; 0.17) -0.02 (-0.14; 0.09) 0.03 (-0.08; 0.14) 

Weight-for-length z-scoreb n=6153 n=5257 n=6153 n=3839 n=3271 n=3839 

 
≤3 m Ref. Ref. Ref. Ref. Ref. Ref. 

 
4-6 m -0.17 (-0.26; -0.09) -0.17 (-0.26; -0.08) -0.18 (-0.26; -0.09) -0.14 (-0.25; -0.04) -0.14 (-0.25; -0.03) -0.14 (-0.24; -0.03) 

  >6 m -0.03 (-0.12; 0.05) -0.09 (-0.18; 0.00) -0.08 (-0.16; 0.01) -0.01 (-0.12; 0.10) -0.10 (-0.21; 0.02) -0.03 (-0.14; 0.08) 

MI: Multiple Imputation 
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a
Adjusted for maternal age at delivery, maternal education, maternal pre-pregnancy BMI and paternal BMI, maternal smoking during pregnancy, 

passive smoking during pregnancy, preterm birth, parity, mode of delivery, infant sex, birth weight, the duration of breastfeeding, and age at first 

introduction to complementary foods 
b
Adjusted for maternal age at delivery, maternal education, maternal pre-pregnancy BMI, maternal height, paternal BMI, paternal height, maternal 

smoking during pregnancy, passive smoking during pregnancy, preterm birth, parity, mode of delivery, infant sex, birth weight, the duration of 

breastfeeding, and age at first introduction to complementary foods
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Timing of introduction of infant formula and weight status 

Compared with introduction within the first 3 months of life, negative associations between 

introduction of infant formula between 4 to 6 months of age and the risk of overweight at 1 

year (adjusted OR 0.71, 95% CI 0.56, 0.90) and 3 years of age (adjusted OR 0.62, 95% CI 

0.41, 0.95) were observed in multiple imputation models (Table 6.4). 

A comparison of overweight status between different infant introduction groups showed 

that compared to within the first 3 months of life, introducing infant formula between 4 to 6 

months seems to be significantly associated with a lower risk of early overweight (adjusted 

OR 0.65, 95% CI 0.42, 0.99) and persistent overweight (adjusted OR 0.49, 95% CI 0.24, 1.00) 

(Table 6.4). 
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Table 6.4 Logistic regression models to evaluate the associations between timing of 

formula introduction and overweight at 1 year and 3 years of age 

Timing of formula 

introduction 

Case 

（n%） 

Crude 

OR (95% CI) 

Adjusted before 

MI 

OR (95% CI) 

Adjusted after 

MI 

OR (95% CI) 

Overweight at 1 year 

of age 

    ≤3 m 1107 (21.9) 1 1 1 

4-6 m 95 (17.2) 0.74 (0.59-0.93) 0.71 (0.55-0.91) 0.71 (0.56-0.90) 

> 6 m 116 (21.2) 0.96 (0.77-1.19) 0.84 (0.66-1.07) 0.87 (0.69-1.09) 

Overweight at 3 years 

of age 

    ≤3 m 389 (12.3) 1 1 1 

4-6 m 27 (7.7) 0.59 (0.40-0.89) 0.69 (0.45-1.07) 0.62 (0.41-0.95) 

> 6 m 33 (10.7) 0.85 (0.58-1.24) 0.69 (0.44-1.09) 0.90 (0.61-1.33) 

Overweight status 

from 1 to 3 years of 

age 

    Early overweight 

    ≤3 m 378 (18.0) 1 1 1 

4-6 m 27 (12.6) 0.65 (0.43-0.99) 0.79 (0.51-1.23) 0.65 (0.42-0.99) 

> 6 m 46 (23.0) 1.36 (0.96-1.92) 1.27 (0.87-1.85) 1.21 (0.84-1.75) 

Later overweight 

    ≤3 m 125 (6.8) 1 1 1 

4-6 m 12 (6.0) 0.88 (0.48-1.62) 1.09 (0.56-2.11) 0.92 (0.48-1.76) 

> 6 m 14 (8.3) 1.25 (0.70-2.23) 1.12 (0.57-2.20) 1.31 (0.72-2.39) 

Persistent overweight 

    ≤3 m 172 (9.1) 1 1 1 

4-6 m 9 (4.6) 0.48 (0.24-0.95) 0.54 (0.26-1.14) 0.49 (0.24-1.00) 

> 6 m 9 (5.5) 0.58 (0.29-1.17) 0.46 (0.20-1.07) 0.63 (0.31-1.28) 

 

Adjusted for maternal age at delivery, maternal education, maternal pre-pregnancy BMI and paternal 

BMI, maternal smoking during pregnancy, passive smoking during pregnancy, preterm birth, parity, 

mode of delivery, infant sex, birth weight, the duration of breastfeeding, and age at first introduction to 

complementary foods. 

MI: multiple imputation 
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When we restricted the analysis to the full-term infants with normal birth weight 

(2500-4000g), introducing infant formula between 4 to 6 months of age were significantly 

associated with lower risks of being overweight at 1 year (adjusted OR 0.68, 95% CI 0.53, 

0.87) and 3 years of age (adjusted OR 0.49, 95% CI 0.30, 0.79), compared to introducing 

within the first 3 months of life in the multiple imputation models (Table 6.5). For weight 

status during the first 3 years, introduction infant formula between 4 to 6 months was 

significantly associated with the lower risks of early overweight (adjusted OR 0.60, 95% CI 

0.38, 0.94) and persistent overweight (adjusted OR 0.36, 95% CI 0.16, 0.85) (Figure 6.2). 
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Table 6.5 Sensitivity analyses to evaluate the associations between timing of formula introduction and being overweight in full-term 

children with normal birth weight (2500-4000g) 

Timing of introduction, months Case （n%） 

Normal birth weight & full term  

Crude OR (95% CI) 
Adjusted before MI 

OR (95% CI) 

Adjusted after MI 

OR (95% CI) 

1 year of age 

    ≤3 m 998 (21.7) 1 1 1 

4-6 m 82 (16.2) 0.70 (0.55-0.89) 0.68 (0.52-0.89) 0.68 (0.53-0.87) 

> 6 m 116 (20.7) 0.94 (0.75-1.18) 0.83 (0.65-1.07) 0.85 (0.67-1.08) 

3 years of age 

    ≤3 m 350 (12.2) 1 1 1 

4-6 m 20 (6.3) 0.48 (0.30-0.77) 0.48 (0.30-0.77) 0.49 (0.30-0.79) 

> 6 m 30 (10.6) 0.86 (0.58-1.28) 0.86 (0.58-1.28) 0.91 (0.61-1.37) 

Changes from 1 to 3 years of age 

    Early overweight 

    ≤3 m 348 (18.1) 1 1 1 

4-6 m 24 (12.1) 0.63 (0.40-0.97) 0.73 (0.45-1.16) 0.60 (0.38-0.94) 

> 6 m 41 (22.5) 1.32 (0.91-1.90) 1.15 (0.76-1.72) 1.15 (0.78-1.69) 

Later overweight 

    ≤3 m 118 (7.0) 1 1 1 

4-6 m 9 (4.9) 0.69 (0.35-1.39) 0.84 (0.39-1.79) 0.68 (0.32-1.44) 

> 6 m 13 (8.4) 1.23 (0.68-2.24) 1.23 (0.63-2.42) 1.32 (0.71-2.45) 

Persistent overweight 

    ≤3 m 150 (8.7) 1 1 1 

4-6 m 6 (3.3) 0.36 (0.16-0.83) 0.39 (0.15-0.97) 0.36 (0.16-0.85) 

> 6 m 8 (5.4) 0.60 (0.29-1.24) 0.54 (0.23-1.27) 0.65 (0.31-1.38) 

Adjusted for maternal age at delivery , maternal education, maternal pre-pregnancy BMI and paternal BMI, maternal smoking during 

pregnancy, passive smoking during pregnancy , parity, mode of delivery, infant sex, the duration of breastfeeding, and age at first 

introduction to complementary foods. MI: multiple imputation 
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Figure 6.2 Logistic regression models to evaluate the associations between timing of formula introduction and overweight status from 1 to 3 years 

of age in full-term children with normal birth weight (2500-4000g) 

Adjusted for maternal age at delivery, maternal education, maternal pre-pregnancy BMI and paternal BMI, maternal smoking during pregnancy, passive 

smoking during pregnancy, preterm birth, parity, mode of delivery, infant sex, birth weight, the duration of breastfeeding, and age at first introduction to 

complementary foods 

MI: multiple imputation
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Discussion 

Results of this prospective longitudinal cohort indicated that compared with the introduction 

at the first 3 months of life, infant formula introduction between 4-6 months was associated 

with the lower z-scores for BMI, weight-for-age and weight for length at both 1 year and 3 

years of age. We also found that there may be a potential effect of early formula introduction 

on being persistently overweight from 1 year to 3 years old. 

In our study population, most of the infants (82.1%) were introduced formula to their diet 

within the first 3 months of life, highlighting that early formula introduction is widespread in 

this urban area of China. A longitudinal cohort study indicated that the risk of OW/OB was 

significantly higher among infants introduced to formula or solids during the first 4 months of 

life compared to those introduced later [314]. In our study, we also found that infants exposed 

to infant formula between 4 to 6 months of life were more likely to have lower weight-for-age 

and weight-for-length z-scores at both 1 year and 3 years of age than those exposed earlier 

(≤3 months). In multiple imputation models for 1-year-old outcomes, the average 

weight-for-age z-scores of the infants who were introduced infant formula between 4 to 6 

months of age was 0.22 lower than those introduced within the first 3 months, indicating that 

the average weight of children having formula between 4 to 6 months is 0.22 standard 

deviations lower than the average weight of those having formula within the first 3 months. 

These results suggest that compared to introduction within the first 3 months of life, delaying 

infant formula introduction to 4-6 months would reduce the weight-for-age percentile at 1 

year old by about 10 points. The length-for-age z-scores of the infants who were introduced to 

infant formula between 4 to 6 months of age was 0.11 lower than those introduced within the 

first 3 months, indicating that the average length of children having formula between 4 to 6 

months is 0.11 standard deviations lower than the average length of those having formula 
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within the first 3 months. These results suggest that compared to introduction within the first 

3 months of life, delaying infant formula introduction to 4-6 months would reduce the length 

for age percentile at 1 year old by about 5 points. Similar associations were also found for 3 

years old outcomes. Milk consumption augments additional growth, especially in height [315]. 

However, it is not clear whether this growth-promoting effect is caused by anabolic hormones, 

specific amino acids, or other factors in the milk [316]. The accelerated growth during early 

stage has been reported in association with later adverse health consequences, such as later 

obesity [113, 305], increased blood pressure [317], and a higher risk of diabetes [318]. 

Therefore, infant formula promotes growth velocity and greater attained weight and height in 

infants, which confer both benefits and risks. 

Previous evidence has shown that compared with breastfed children, formula-fed children 

were typically fed an earlier introduction to complementary foods [96, 319]. In this study, we 

observed that the earlier infant formula was supplemented, the earlier complementary food 

was introduced to the infant diet (Supplementary material S13). The associations between 

formula feeding and risk of childhood excess weight are likely to be confounded by 

complementary food introduction [320-322]. Huh‟s study showed that introducing solid food 

before the first 4 months of life was associated with a higher risk of obesity among 

formula-fed infants, but not in breastfed infants [323]. When analyzing the association of 

infant formula introduction with the risk of overweight, the introduction of complementary 

food was included in the regression models. In addition, we examined the modification effects 

of breastfeeding duration and the timing of complementary food introduction on these 

associations and found the effects were non-significant (Supplementary material S14). 

Furthermore, in our study, there were fewer differences in the outcomes between the formula 

introduction within the first 3 months group and after 6 months group. One possible 
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explanation is that after 6 months, most infants begin to eat solid foods as a complement to 

breast-feeding or formula-feeding, whereas within the first 3 months, there are few infants 

introduced to complementary food. Late solid food introduction (≥7 months of age) was 

found to be associated with an increased risk of later childhood overweight/obesity among 

exclusively breastfed children (exclusive breastfeeding over 6 months) [324]. Therefore, for 

formula introduction after 6 months, it is difficult to distinguish the impacts of formula or 

complementary foods on later excess weight. Furthermore, formula feeding and 

complementary feeding might be not independent decisions, and may jointly explain 

variances in later obesity [320-322]. However, there are no studies to assess the relationship 

of excess weight gain with the age of complementary foods introduction in different timing of 

formula introduction groups. Future research on the relationship between both of the timings 

of formula and complementary foods introduction and rapid weight gain and obesity are 

warranted. 

Compared to introduction within the first 3 months of life, significant negative associations 

between infant formula introduction between 4 to 6 months and risk of overweight were 

observed. When the analysis was limited to the full-term infants with normal birth weight, 

negative associations between infant formula introduction at 4 to 6 months and risk of 

overweight became more prominent. These results suggest that the association between 

feeding practice and excess weight during early stage might be modified by birth weight [325]. 

However, in our study, the number of cases being persistently overweight was too small in 

abnormal birth weight groups to provide a reliable effect size assessment. Future studies 

should seek to elucidate the potential relationships between the timing of foods other than 

breast milk introduction and risk for excess weight among infants with varying weights of 

birth. 
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Our data showed that a large proportion of infants were given infant formula as the breast 

milk supplement during the early months of life. The aggressive marketing for infant formula 

and other breast milk substitutes has influenced the parents‟ preferences in China [57]. In 

addition, there is a limited number of existed recommendations focusing on infant formula 

feeding and only emphasized that formula feeding is an alternative feeding choice for children 

who cannot be breastfed [326]. Government and health professionals should provide more 

information on the differences of health benefits between breast milk and formula milk to let 

the parents understand that there‟s no better early food than breast milk for their young 

babies.  

One strength of our study is the longitudinal study design with a large number of 

participants, which enabled us to measure the associations with adequate statistical power. A 

further strength is the repeated assessment of feeding practice, at 42 days, 6 months, and 1 

year, allowing specific descriptions of dietary patterns during infancy. A wide range of 

confounders was adjusted or controlled in our multiple imputation models while assessing our 

exposure-outcome relationship. However, the associations might be confounded by some 

potential factors for which we did not adjust, such as the amount and the duration of formula 

consumption. Limitations of this study should be considered. First, the high prevalence of 

formula feeding before 6 month of life in the study limits the power to study the subgroup 

who was introduced to infant formula after 6 months, but it provides a good opportunity to 

study the association between timing of formula introduction and growth of infants. In 

addition, the population size in 3 years age group was smaller than 1 year age group. Thus, 

there was relatively lower power to detect differences at 3 years of age as opposed to 1 year of 

age. Second, the assessment of feeding practice was based on parental self-report, but recall of 

infant feeding practices is regarded as sufficiently accurate [327]. Third, in this study, there 
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was missing data on some key confounding variables such as maternal and paternal BMI. We 

reported the percentage of missing confounder variables before imputation in the table of 

baseline characteristics of participants in each chapter (Table 6.1), which indicate that 

adjustments for these confounders might reduce the study population and effect size in the 

fully adjusted models. Therefore, we performed multiple imputation analyses to address 

missing data. The results from imputation analysis strengthened our main findings, including 

significant effect sizes observed with BMI z-score, weight for age z-score and weight for 

length z-score, with narrower confidence intervals. Moreover, for all imputed models, there 

was a reasonable low fraction of missing information (FMI) < 0.2 (Supplementary S10 and 

S11) which indicates low variability between imputed data sets and points at much of the 

“missing” information being captured by more completely observed variables [267]. Finally, 

the information on the specific quantity of formula and complementary food introduced was 

absent in this analysis. We also have no information on whether the consumption was 

sustained after the introduction. Further evidence is needed to explore the extent of timing and 

quantity of formula introduction during early infancy that is related to excess weight gain in 

later life. 

Conclusion  

Overall, the results indicate that compared to within the first 3 months of life, introducing 

infant formula between 4-6 months was associated with the lower z-scores for BMI, 

weight-for-age and weight for length at both 1 year and 3 years of age. In addition, the infants 

introduced to infant formula between 4 to 6 months of age were appeared less likely to be 

persistently overweight from 1 to 3 years of age than those introduced within the first 3 

months. Although the results need to be replicated in other well-designed studies before more 
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firm recommendations can be made, avoiding the early introduction of infant formula, 

particularly in the first 3 months, should be promoted to reduce the possibility of excess or 

rapid weight gain during early age. 
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Chapter 7 Summary and Overall Conclusion 
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The primary aims of the research within this thesis were to examine the associations of early 

infant formula introduction and risks of development of allergic diseases and obesity or 

overweight in young children. This chapter will summarize the key findings, implications of 

our findings and the potential direction of future research. 

7.1 Summary of the findings 

7.1.1 Early formula introduction and allergic diseases 

The evidence on the effects of early cow‟s milk (CM) or cow‟s milk formula (CMF) 

introduction on the risk of developing atopic diseases in children was systematically reviewed 

in Chapter 3. The review found that there was limited high-quality evidence to allow for 

definitive conclusions on the associations of early CM or CMF introduction with the risk of 

childhood allergic diseases. Specific gaps in information for public recommendations 

regarding the optimal timing of infant formula introduction during infancy existed. In addition, 

I found limited evidence on the specific question of the effects of feeding practice on the 

development of allergic diseases outside Western countries [5, 7-9, 72, 252, 328]. In Chapter 

4, I examined whether early introduction of infant formula, particularly within the first 3 

months of life, would influence the development of atopic disease in infants base on a large 

prospective birth cohort study in China [174]. I found that compared with introducing infant 

formula after 6 months of age, introducing it within the first 3 months was significantly 

associated with the higher risk of eczema during the first year of life within multiple 

imputation and fully adjusted model. However, the high prevalence of formula introduction 

within the first 3 months of life in the study limits the power to study the subgroup who was 

introduced between 4 to 6 months. 

Except for infant formula, there is substantial evidence for an association between 
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complementary food introduction and development of allergic diseases [7, 9, 328]. However, 

all of these studies mainly focused on the impacts of particular foods or dietary characteristic 

on the development of atopic diseases, and may have oversimplified the synergistic effects 

and complex interrelationships between many foods. Therefore, I further looked at the 

patterns of food introduction, including infant formula introduction, during early infancy 

instead of focusing on single food introduction in order to better inform about interactions of 

known or unknown effects between many foods and nutrients (Chapter 5). Four patterns of 

food introduction were identified in our population based on the average age of months at 

which infant formula and complementary foods were first introduced to the infant diet. I 

found that compared with the „late formula‟ introduction pattern, infants who were introduced 

to infant formula at a relatively early age (mean age <1 month) had a higher risk of eczema 

during the first 3 years of life regardless of whether complementary foods were introduced 

early or late. In Chapter 5, after excluding the infants who were diagnosed with allergic 

diseases before food introduction, the prevalence of asthma (1.23%), allergic rhinitis (5.81%) 

or food allergy (4.22%) was much lower than eczema (9.42%) in our population. In addition, 

the high prevalence of early formula introduction in the study limits the power to study the 

subgroup who was introduced to infant formula after 6 months. Thus, we had a more modest 

power to detect a relationship with these outcomes. These associations need to be further 

confirmed by other larger cohort studies. 

7.1.2 Early formula introduction and Z-scores of growth and being overweight in 

children 

Evidence accumulates that formula feeding has an impact on being overweight and obesity in 

Chinese children [256, 312, 313, 329, 330]. A cohort study from Australia indicated that the 

risks of being overweight or obesity were significantly higher among infants introduced to 
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formula or solids before 4 months compared to those introduced lately [314]. Thus, feeding 

events during a critical time window of infant development have marked modulating effects 

on later health. In Chapter 6 I assessed the association of the timing of formula introduction 

with early childhood growth to identify a critical exposure period for the development of 

childhood excess weight gain. The findings suggest that compared with early introduction of 

infant formula within the first 3 months of life, later introduction between 4 to 6 months was 

likely to be associated with lower BMI, weight-for-age and weight-for-length z-scores at both 

1 year and 3 years of age. We also found that there may be a potential effect of early formula 

introduction on being persistently overweight from 1 year to 3 years old. 

The accelerated growth during early stage has been reported in association with later 

adverse health consequences, including later obesity [113, 305], increased blood pressure 

[317], and a higher risk of diabetes [318]. In addition, commencing infant formula feeding 

during the first 3 months of life might increase the risk of being persistently overweight from 

1 to 3 years of age. Rapid weight gain during the first two years of life has been suggested as 

a risk of later obesity [92, 331]. In promoting growth velocity and greater attained weight and 

height in infants, infant formula may confer both benefits and risks. The effects of these 

associations on long term health in our population need further exploration.  

7.2 Implication and conclusion 

The most recent national survey on influencing factors of breastfeeding in China reported that 

the commercial promotion of breast milk substitutes is one of the biggest obstacles to 

breastfeeding [62]. The dramatic increase in commercial infant formula sales in China raises 

serious concerns for child health and calls into question the efficacy of current policy on 

promoting optimal feeding in infants and young children. The primary research studies 

presented in this thesis were based on a large prospective cohort study in China. The results 
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showed that early introduction of infant formula within the first 3 months of life might 

contribute to the increased risk of eczema and being persistently overweight before 3 years of 

age. Our findings contribute to the evidence for public health policy and regulatory regimes 

on improving the health of children. Furthermore, it called for evidence of higher quality to 

inform the formulation of guidelines on improving exclusive breastfeeding and avoiding 

formula consumption during the first months of life. 

Follow-up of the BIGCS cohort is still on-going. This would allow extended evaluation of 

the association between feeding practice and long-term health effects in the study population. 

7.3 Strengths and limitations   

One of the main strengths is that the BIGCS is a prospective birth cohort study with multiple 

follow-up time points which can provide continuously updated information. The birth cohort 

study design is considered to be an essential tool for understanding the development and life 

course of diseases, enabling the possibility to develop preventive strategies [332]. The BIGCS 

has a large population and can provide a wide range of variables used in our research. We 

anticipate having more power than estimated by using the large population from BIGCS. In 

addition, for allergic outcomes in Chapter 4 and 5, considering the reverse causation between 

the introduction of infant formula and early skin or allergic symptoms, we have attempted to 

avoid reverse causation in our analysis as follows: first, we limited the analysis to children 

who had further information on the age at which eczema was first diagnosed (collected by 

questionnaire at 3 years old), resulting in cases that were “at-risk” for developing allergic 

diseases after the formula introduction (Table 4.4). Second, we excluded all infants with 

reported symptoms of itchy red rash (Table 4.5) and wheezing (Table 4.6) between 0 and 6 

months, resulting in cases that were “at-risk” for developing the symptoms between 7 and 12 

months (Chapter 4). In the same way, in Chapter 5, we excluded all infants with reported 
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itchy red rash in the first year of life (0–12 months), considering that parents of infants with 

early skin symptoms might delay the introduction of infant formula or other foods. 

Unfortunately, we were not able to exclude infants who developed wheezing in the first year 

for the sensitivity analysis on asthma due to the limited cases available for the analysis. 

Several limitations of BIGCS need to be considered. The high prevalence of formula 

feeding within the first 3 months of life in the study limits the power to study the subgroup 

who was introduced to infant formula between 4 to 6 months, but it provides a good 

opportunity to study the timing of formula introduction. The information on the timing of 

infant formulas and complementary foods introduction was collected retrospectively when the 

child was 6 weeks, 6 and 12 months old. Thus, misclassification due to differential recall was 

possible but unlikely as the parents and interviewers were not informed of the specific 

research questions. The allergic outcomes were collected by questionnaires based on parental 

report. Although the clinical diagnosis of allergic diseases would be more accurate, 

misclassification due to parental reports was unlikely to have influenced the effect of timing 

of food allergen introduction on the outcomes. In this study, we used logistic regression to 

explore the relationships between timing of formula feeding and outcomes of interest, 

however, logistic regression for binary outcome data produces an odds ratio (OR), not a 

relative risk (RR). If the risk of an outcome event is rare, under 10%, and the OR is small, the 

OR approximates the RR. But with more common outcomes (>10%), the OR is likely an 

overestimate of the relative risk for the outcomes. Another limitation of this study is the 

missing data on some key confounding variables such as the parental history of allergy, use of 

antibiotic before 12 months of age, and paternal BMI. We reported the percentage of missing 

confounder variables before imputation in the table of baseline characteristics of participants 

in each chapter (Table 4.1, Table 5.2, Table 6.1), which indicate that adjustments for these 
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confounders might reduce the study population and effect size in the fully adjusted models. 

To examine the impact of missing confounders, we performed multiple imputation analyses 

addressing this. The results from imputation analysis strengthened our main findings, 

including significant effect sizes observed with early eczema (Table 4.2, Figure 5.3), BMI 

z-scores, weight-for-age z-scores and weight-for-length z-scores (Table 6.3), with a narrower 

confidence interval. Moreover, for all imputed models, there was a reasonable low fraction of 

missing information (FMI) < 0.2 (Supplementary material S7, S8, S10 and S11), which 

indicates low variability between imputed data sets and points at much of the “missing” 

information being captured by more completely observed variables [267]. Though multiple 

social, behavioural and environmental factors were adjusted in our analyses, the possibility of 

residual confounding in our observational study cannot be excluded. In addition, the 

population of BIGCS is not representative of the Guangzhou population. Mothers included in 

BIGCS are likely to be more affluent, older and have higher education than women in 

Guangzhou, hence limiting the generalizability of the findings [174]. However, a relatively 

widespread across all social-economic status indicators can be still observed within the 

participants of BIGCS, hence enabling us to explore the differences in health consequences 

across different social-economic status strata. Finally, our population was limited to 3 years 

old, extended follow-up will be important since other cohorts have reported time-dependent 

associations with discrepant results for the impact of feeding practice on allergic diseases 

during infancy versus later in childhood [206, 333].  
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Supplementary material S1 in Chapter 3: PRISMA statement 

Section/topic  # Checklist item  Reported on page #  

TITLE    

Title  1 Identify the report as a systematic review, meta-analysis, or both.   42 

ABSTRACT    

Structured summary  2 

Provide a structured summary including, as applicable: background; objectives; data sources; 

study eligibility criteria, participants, and interventions; study appraisal and synthesis 

methods; results; limitations; conclusions and implications of key findings; systematic 

review registration number.  

 43 

INTRODUCTION    

Rationale  3 Describe the rationale for the review in the context of what is already known.  44-45 

Objectives  4 
Provide an explicit statement of questions being addressed with reference to participants, 

interventions, comparisons, outcomes, and study design (PICOS). 
 45 

METHODS    

Protocol and registration  5 
Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address), and, 

if available, provide registration information including registration number.  
 45 

Eligibility criteria  6 

Specify study characteristics (e.g., PICOS, length of follow-up) and report characteristics 

(e.g., years considered, language, publication status) used as criteria for eligibility, giving 

rationale. 

 46 

Information sources  7 
Describe all information sources (e.g., databases with dates of coverage, contact with study 

authors to identify additional studies) in the search and date last searched.  
 45 

Search  8 Present full electronic search strategy for at least one database, including any limits used,  Supplementary material S2 
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such that it could be repeated.  

Study selection  9 
State the process for selecting studies (i.e., screening, eligibility, included in systematic 

review, and, if applicable, included in the meta-analysis).  
 46 

Data collection process  10 
Describe method of data extraction from reports (e.g., piloted forms, independently, in 

duplicate) and any processes for obtaining and confirming data from investigators.  
 47 

Data items  11 
List and define all variables for which data were sought (e.g., PICOS, funding sources) and 

any assumptions and simplifications made.  
 47-48 

Risk of bias in individual studies  12 

Describe methods used for assessing risk of bias of individual studies (including 

specification of whether this was done at the study or outcome level), and how this 

information is to be used in any data synthesis.  

 46-47 

Summary measures  13 State the principal summary measures (e.g., risk ratio, difference in means).   47-48 

Synthesis of results  14 
Describe the methods of handling data and combining results of studies, if done, including 

measures of consistency (e.g., I
2
) for each meta-analysis.  

 47-48 

Risk of bias across studies  15 
Specify any assessment of risk of bias that may affect the cumulative evidence (e.g., 

publication bias, selective reporting within studies).  
48 

Additional analyses  16 
Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, 

meta-regression), if done, indicating which were pre-specified.  
  48 

RESULTS    

Study selection  17 
Give numbers of studies screened, assessed for eligibility, and included in the review, with 

reasons for exclusions at each stage, ideally with a flow diagram.  
48, Figure 3.1 

Study characteristics  18 
For each study, present characteristics for which data were extracted (e.g., study size, 

PICOS, follow-up period) and provide the citations.  
Table 3.1-3.3 

Risk of bias within studies  19 
Present data on risk of bias of each study and, if available, any outcome level assessment 

(see item 12).  

Supplementary material S3: Table 
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Results of individual studies  20 

For all outcomes considered (benefits or harms), present, for each study: (a) simple summary 

data for each intervention group (b) effect estimates and confidence intervals, ideally with a 

forest plot.  

Supplementary material S3: Table 

S3.4-S3.6 

Supplementary material S4: 

Supplemental  Figure 1-20 

Synthesis of results  21 
Present results of each meta-analysis done, including confidence intervals and measures of 

consistency.  
Figure 3.2-3.3 

Risk of bias across studies  22 Present results of any assessment of risk of bias across studies (see Item 15).  
Supplementary material S4: 

Supplemental Figure 21 

Additional analysis  23 
Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, 

meta-regression [see Item 16]).  
Figure 3.4-3.5 

DISCUSSION    

Summary of evidence  24 
Summarize the main findings including the strength of evidence for each main outcome; 

consider their relevance to key groups (e.g., healthcare providers, users, and policy makers).  
67-68 

Limitations  25 
Discuss limitations at study and outcome level (e.g., risk of bias), and at review-level (e.g., 

incomplete retrieval of identified research, reporting bias).  
71 

Conclusions  26 
Provide a general interpretation of the results in the context of other evidence, and 

implications for future research.  
72 

FUNDING    

Funding  27 
Describe sources of funding for the systematic review and other support (e.g., supply of 

data); role of funders for the systematic review.   
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Supplementary material S2 in Chapter 3: Search Strategies  

Databases  

Embase 1. infant/  

2. exp baby/  

3. child/  

4. newborn/  

5. breast feeding.ab,ti.  

6. breastfeeding.ab,ti.  

7. breast fed.ab,ti.  

8. breastfed.ab,ti.  

9. breast feeding/  

10. breast milk/  

11. formula$.ab,ti.  

12. bottlefed.ab,ti.  

13. bottle fed.ab,ti.  

14. artificial milk/  

15. bottle feeding/  

16. baby food$.ab,ti.  

17. baby food/  

18. infant nutrition/  

19. exp infant feeding/  

20. milk.ti,ab.  

21. milk/  

22. diet/  

23. diet.ti,ab.  

24. diets.ti,ab.  

25. dietetic.ab,ti.  

26. dietary.ab,ti.  

27. allerg$.ab,ti.  

28. asthma$.ab,ti.  

29. wheeze.ab,ti.  

30. wheezing.ab,ti.  
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31. eczema.ab,ti.  

32. rhinitis.ab,ti.  

33. rhinoconjunctivitis.ab,ti.  

34. conjunctivitis.ab,ti.  

35. atopic disease.ab,ti.  

36. atopic dermatitis.ab,ti.  

37. atopy.ab,ti.  

38. hypersensitiv$.ab,ti.  

39. exp hypersensitivity/  

40. asthma/  

41. wheezing/  

42. eczema/  

43. rhinitis/  

44. rhinoconjunctivitis/  

45. conjunctivitis/  

46. obesity.ab,ti.  

47. overweight.ab,ti.  

48. BMI.ab,ti.  

49. body mass index.ab,ti.  

50. exp obesity/  

51. exp body mass/  

52. iron stauts.ab,ti.  

53. iron deficiency anemia.ab,ti.  

54. iron deficiency anemia/  

55. exp iron blood level/  

56. exp food allergy/  

57. exp milk allergy/  

58. 27 or 28 or 29 or 30 or 31 or 32 or 33 or 34 or 35 or 36 or 37 or 38 or 39 or 40 or 41 

or 42 or 43 or 44 or 45 or 46 or 47 or 48 or 49 or 50 or 51 or 52 or 53 or 54 or 55 or 56 

or 57  

59. exp cohort analysis/  

60. exp longitudinal study/  

61. exp prospective study/ 
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62. exp follow up/  

63. cohort$.tw.  

64. exp case control study/  

65. (case$ and control$).tw.  

66. 59 or 60 or 61 or 62 or 63 or 64 or 65  

67. (random$ or placebo$ or single blind$ or double blind$ or triple blind$).ti,ab.  

68. RETRACTED ARTICLE/  

69. 67 or 68  

70. (animal$ not human$).sh,hw.  

71. (book or conference paper or editorial or letter or review).pt. not exp randomized 

controlled trial/  

72. (random sampl$ or random digit$ or random effect$ or random survey or random 

regression).ti,ab. not exp randomized controlled trial/  

73. 69 not (70 or 71 or 72)  

74. 66 or 73  

75. 1 or 2 or 3 or 4  

76. complementary food$.ab,ti.  

77. 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 or 17 or 18 or 19 or 20 

or 21 or 22 or 23 or 24 or 25 or 26 or 76  

78. 58 and 74 and 75 and 77  

79. 78 not animals.mp. [mp=title, abstract, heading word, drug trade name, original 

title, device manufacturer, drug manufacturer, device trade name, keyword, floating 

subheading word, candidate term word]  

 

 

Pubmed (((("child"[MeSH Terms] OR "infant"[MeSH Terms])) AND ((((((("milk, 

human"[MeSH Terms] OR "milk"[MeSH Terms]) OR "dairy products"[MeSH Terms]) 

OR ("infant formula"[MeSH Terms] OR "infant formula"[MeSH Terms])) OR "breast 

feeding"[MeSH Terms]) OR "infant nutritional physiological phenomena"[MeSH 

Terms]) OR "bottle feeding"[MeSH Terms]))) AND ((((((((((((("obesity"[MeSH Terms] 

OR "overweight"[MeSH Terms]) OR "body mass index"[MeSH Terms]) OR ("body 

height"[MeSH Terms] OR "body weight"[MeSH Terms])) OR "anthropometry"[MeSH 

Terms]) OR ("hypersensitivity"[MeSH Terms] OR "allergy and immunology"[MeSH 
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Terms])) OR "eczema"[MeSH Terms]) OR "asthma"[MeSH Terms]) OR "respiratory 

sounds"[MeSH Terms]) OR "dermatitis, atopic"[MeSH Terms]) OR "food 

hypersensitivity"[MeSH Terms]) OR "milk hypersensitivity"[MeSH Terms]) OR 

("anemia"[MeSH Terms] OR "anemia, iron-deficiency"[MeSH Terms])))) AND 

(((((((((cohort studies[mesh:noexp] OR longitudinal studies[mesh:noexp] OR follow-up 

studies[mesh:noexp] OR prospective studies[mesh:noexp] OR retrospective 

studies[mesh:noexp] OR cohort[TIAB] OR longitudinal[TIAB] OR prospective[TIAB] 

OR retrospective[TIAB]))) OR “Epidemiologic Studies”[Mesh:noexp]) OR (("Clinical 

Trial" [PT:NoExp] OR "clinical trial, phase i"[pt] OR "clinical trial, phase ii"[pt] OR 

"clinical trial, phase iii"[pt] OR "clinical trial, phase iv"[pt] OR "controlled clinical 

trial"[pt] OR "multicenter study"[pt] OR "randomized controlled trial"[pt] OR "Clinical 

Trials as Topic"[mesh:noexp] OR "clinical trials, phase i as topic"[MeSH Terms:noexp] 

OR "clinical trials, phase ii as topic"[MeSH Terms:noexp] OR "clinical trials, phase iii 

as topic"[MeSH Terms:noexp] OR "clinical trials, phase iv as topic"[MeSH 

Terms:noexp] OR "controlled clinical trials as topic"[MeSH Terms:noexp] OR 

"randomized controlled trials as topic"[MeSH Terms:noexp] OR "early termination of 

clinical trials"[MeSH Terms:noexp] OR "multicenter studies as topic"[MeSH 

Terms:noexp] OR “Double-Blind Method”[Mesh] OR ((randomised[TIAB] OR 

randomized[TIAB]) AND (trial[TIAB] OR trials[tiab])) OR ((single[TIAB] OR 

double[TIAB] OR doubled[TIAB] OR triple[TIAB] OR tripled[TIAB] OR 

treble[TIAB] OR treble[TIAB]) AND (blind*[TIAB] OR mask*[TIAB])) OR ("4 

arm"[tiab] OR "four arm"[tiab])))))) OR (“Case-Control Studies”[Mesh:noexp] OR 

"retrospective studies"[mesh:noexp] OR “Control Groups”[Mesh:noexp] OR 

(case[TIAB] AND control[TIAB]) OR (cases[TIAB] AND controls[TIAB]) OR 

(cases[TIAB] AND controlled[TIAB]) OR (case[TIAB] AND comparison*[TIAB]) OR 

(cases[TIAB] AND comparison*[TIAB]) OR “control group”[TIAB] OR “control 

groups”[TIAB]))) 

Cochrane 

CENTRAL 

#1: child:ti,ab,kw (Word variations have been searched) 

#2: "infant":ti,ab,kw (Word variations have been searched) 

#3: "newborn":ti,ab,kw (Word variations have been searched) 

#4: "baby":ti,ab,kw (Word variations have been searched) 

#5: #1 or #2 or #3 or #4 

#6: "breastfeeding":ti,ab,kw (Word variations have been searched) 
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#7: "breast feeding":ti,ab,kw (Word variations have been searched) 

#8: "milk":ti,ab,kw (Word variations have been searched) 

#9: formula*:ti,ab,kw (Word variations have been searched) 

#10: "bottle feeding":ti,ab,kw (Word variations have been searched) 

#11: breast fed:ti,ab,kw (Word variations have been searched) 

#12: breastfed:ti,ab,kw (Word variations have been searched) 

#13: bottlefed:ti,ab,kw (Word variations have been searched) 

#14: complementary food:ti,ab,kw (Word variations have been searched) 

#15: MeSH descriptor: [Breast Feeding] explode all trees 

#16: MeSH descriptor: [Milk, Human] explode all trees 

#17: MeSH descriptor: [Bottle Feeding] explode all trees 

#18: (introduc* near/2 food*):ab,ti 

#19: #6 or #7 or #8 or #9 or #10 or #11 or #12 or #13 or #14 or #15 or #16 or #17 or 

#18 

#20: allerg*:ti,ab,kw (Word variations have been searched) 

#21: "atopic disease":ab,ti 

#22: hypersensitiv*:ab,ti 

#23: atopy:ab,ti 

#24: asthma*:ti,ab,kw (Word variations have been searched) 

#25: wheeze:ti,ab,kw (Word variations have been searched) 

#26: "wheezing":ti,ab,kw (Word variations have been searched) 

#27: eczema:ti,ab,kw (Word variations have been searched) 

#28: "atopic dermatitis":ab,ti 

#29: rhinitis:ti,ab,kw (Word variations have been searched) 

#30: rhinoconjunctivitis:ab,ti 

#31: conjunctivitis:ab,ti 

#32: rhinoconjunctivitis:ti,ab,kw (Word variations have been searched) 

#33: MeSH descriptor: [Dermatitis, Atopic] explode all trees 

#34: MeSH descriptor: [Asthma] explode all trees 

#35: MeSH descriptor: [Eczema] explode all trees 

#36: MeSH descriptor: [Rhinitis, Allergic] explode all trees 

#37: MeSH descriptor: [Food Hypersensitivity] explode all trees 

#38: "cow's milk allergy":ti,ab,kw (Word variations have been searched) 
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#39: MeSH descriptor: [Anemia, Iron-Deficiency] explode all trees 

#40: MeSH descriptor: [Anemia] explode all trees 

#41: MeSH descriptor: [Obesity] explode all trees 

#42: MeSH descriptor: [Overweight] explode all trees 

#43: MeSH descriptor: [Body Mass Index] explode all trees 

#44: MeSH descriptor: [Body Height] explode all trees 

#45: MeSH descriptor: [Body Weight] explode all trees 

#46: MeSH descriptor: [Growth] explode all trees 

#47: #20 or #21 or #22 or #23 or #24 or #25 or #26 or #27 or #28 or #29 or #30 or #31 

or #32 or #33 or #34 or #35 or #36 or #37 or #38 or #39 or #40 or #41 or #42 or #43 or 

#44 or #45 or #46 

#48: #5 and #19 and #47 

CINAHL S1 (MH "Infant+") 

S2 (MH "Child+") 

S3 (MH "Breast Feeding+") 

S4 (MH "Infant Feeding+") 

S5 (MH "Infant Nutritional Physiology+") 

S6 (MH "Milk+") 

S7 (MH "Dairy Products+") 

S8 S1 OR S2 

S9 S3 OR S4 OR S5 OR S6 OR S7 

S10 (MH "Asthma+") 

S11 (MH "Eczema") 

S12 (MH "Respiratory Sounds+") 

S13 (MH "Dermatitis, Atopic") 

S14 (MH "Rhinitis, Allergic, Perennial") OR (MH "Rhinitis, Allergic, Seasonal") 

S15 (MH "Food Hypersensitivity+") 

S16 (MH "Milk Hypersensitivity") 

S17 (MH "Obesity+") 

S18 (MM "Body Mass Index") OR (MH "Body Weights and Measures+") 

S19 (MH "Body Weight+") 

S20 (MM "Body Height") 

S21 (MH "Anemia+") OR (MM "Anemia, Iron Deficiency") 
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S22 S10 OR S11 OR S12 OR S13 OR S14 OR S15 OR S16 OR S17 OR S18 OR S19 

OR S20 OR S21 

S23 S8 AND S9 AND S22 

CNKI (“婴儿” OR “新生儿” OR “儿童”) AND (“牛奶”OR “奶粉”OR “母乳”OR “奶制

品”OR “乳制品”OR “喂养”OR “辅食”) AND (“过敏”OR“哮喘”OR“喘息”OR“过敏

性鼻炎”OR“特异性皮炎”OR“湿疹”OR“食物过敏”OR“牛奶过敏”OR“肥胖”OR“超

重”OR“缺铁性贫血”) AND (“临床试验”OR“对照试验”OR“随机”OR“临床观

察”OR“临床研究”OR“随机对照试验”OR“队列”OR“观察性研究”OR“病例对照”) 
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Supplementary material S3 in Chapter 3: Quality assessment and data extraction forms 

Table S3.1 Risk of bias of randomized clinical trials using the Cochrane Collaboration Risk of Bias Tool 

Study  Random sequence 

generation 

(selection bias) 

Allocation 

concealment 

(selection bias) 

Blinding of 

participants and 

personnel 

(performance bias) 

Blinding of 

outcome 

assessment 

(detection bias) 

Incomplete 

outcome data 

(attrition bias) 

Selective reporting 

(reporting bias) 

Overall 

Juvonen 1996 
High risk High risk Unclear Unclear Low risk Unclear High risk 

Lindfors 1988 
High risk High risk High risk Low risk Unclear risk Unclear High risk 

Lindfors 1992 
High risk High risk High risk Low risk Unclear risk Unclear High risk 

Saarinen 1999 

Saarinen 2000 High risk High risk Low risk Low risk 
Unclear risk 

Unclear High risk 
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 Table S3.2 Quality ratings for the 37 cohort studies included on the basis of Newcastle-Ottawa quality assessment scale 

 

Outcomes Study ID 
Representative 

of exposed 
cohort 

Selections of 
non-exposed 

cohort 

Ascertainment 
of exposure 

Absence of 
outcome at 

start of study 

Comparability of 
cohorts on the 

basis of the design 
or analysis 

Assessment 
of outcome 

Follow-up 
period 

Adequacy of 
follow-up 
(≥70%) 

Total 
Score 

Wheeze Azad 2017 1 1 0 1 2 1 1 1 8 

FA Batool 2016 1 1 1 1 0 0 1 1 6 

Eczema Cogswell 1987 0 1 1 1 0 1 1 1 6 

Eczema/ FA Elbert 2017 1 1 0 1 2 1 1 1 8 

Eczema Fergusson 1990 1 1 0 1 1 0 1 1 6 

Asthma/ Eczema/ 
Rhinitis 

Filipiak-Pittroff 
2018 

0 0 1 1 0  1 1 4 

Asthma/  
Rhino-conj / 
Eczema 

Gustafsson 1992 1 1 1 1 0 1 1 1 7 

CMA Host 1991 1 1 0 1 1 1 1 1 7 

AD Ito 2014 1 1 0 1 2 0 1 1 7 

CMA Katz 2010 1 1 0 1 1 1 1 1 7 

Wheeze/ Eczema/ 
CMA 

Kemeny 1991 1 1 0 1 0 1 1 1 6 

Asthma Kilingberg 2019 1 1 1 1 2 1 1 0 8 

Asthma Klopp 2017 1 1 0 1 2 1 1 1 8 

FA 
Kumar 2010 

1 1 0 0 2 1 1 1 7 

Eczema 1 1 0 0 2 0 1 1 6 

Asthma Lossius 2018 1 1 0 1 2 1 1 0 7 

FA Luccioli 2014 1 1 0 1 2 0 1 1 7 

Wheeze /AD 
/Allergi
c 
rhino-c
onj 

Marini 1996 0 1 0 1 0 1 1 1 5 

Eczema Moore 1985 0 1 1 1 0 1 1 1 6 
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FA Nwaru 2010  0 1 0 1 1 1 1 1 6 

Outcomes Study ID 
Representative 

of exposed 
cohort 

Selections of 
non-exposed 

cohort 

Ascertainment 
of exposure 

Absence of 
outcome at 

start of study 

Comparability of 
cohorts on the 

basis of the design 
or analysis 

Assessment 
of outcome 

Follow-up 
period 

Adequacy of 
follow-up 
(≥70%) 

Total 
Score 

Asthma/ Eczema/ 
Rhinitis 

Nwaru 2013a 0 1 0 1 1 1 1 1 6 

Asthma/ Wheeze/ 
Eczema 

Nwaru 2013b 1 1 1 1 2 1 1 0 8 

CMA Peters 2019 1 1 0 1 1 1 0 0 5 

Eczema Poysa 1989 0 1 0 1 0 1 1 1 5 

AD Roduit 2012 0 1 1 1 2 1 1 1 8 

AD Ruiz 1992 0 1 0 1 0 1 1 1 5 

AD/ FA Saarinen 1979 0 1 0 1 0 1 1 1 5 

Wheeze Simon 2008 0 1 0 1 2 0 1 0 5 

Wheeze/ Eczema 
Snijders 2008 

1 1 0 1 2 0 1 1 7 

AD/ CMA 1 1 0 1 2 1 1 1 8 

Eczema 
Soto-Ramirez 
2017 

1 1 0 1 2 0 1 1 7 

Asthma/ Wheeze 
Strassburger 
2010 

1 1 0 1 2 1 1 1 8 

Asthma Tariq 1998 1 1 0 1 1 1 1 1 7 

CMA Tham 2018 1 1 0 1 2 1 1 1 8 

CMA Tran 2017 1 1 0 1 2 1 1 0 7 

Eczema/ Wheeze Tromp 2011 1 1 0 1 2 1 1 1 8 

AD Van Asperen 
1984 

0 1 0 1 0 1 1 1 5 

Wheeze/ Rhinitis 0 1 0 1 0 0 1 1 4 

Rhinitis Wright 1994 1 1 0 1 1 0 1 0 5 

Wheeze/ Eczema Zutavern 2004 1 1 0 1 2 0 1 1 7 

AD atopic dermatitis; CMA cow‟s milk allergy; FA food allergy; Rhino-conj rhinitis+conjunctivitis  
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Table S3.3 Quality ratings for the 5 case-control studies included on the basis of Newcastle-Ottawa quality assessment scale 

Study ID 

Selection (score) 
Comparability 

(score) 
Exposure (score) 

Total 

Score Case 

definition 

Representative 

of cases 

Selections 

of controls 

Definition 

of controls 

Comparability of 

cases and controls 

on the basis of the 

design or analysis 

Ascertainment 

of exposure 

Same method of 

ascertainment for 

participants 

Nonresponse 

rate 

Grimshaw 2013 
1 1 1 １ １ 0 1 1 7 

Onizawa 2016 
1 1 0 1 1 0 1 1 6 

Sariachvili 2010 
1 1 1 1 1 0 1 1 7 

Turati 2016 
1 1 0 1 1 0 1 1 6 
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Table S3.4 Original data extracted from the included clinical trial studies for each outcome. 

Outcomes Study ID 
Cases in each comparative group 

All population High-risk population 

Wheeze Lindfors 1988 CMF: 6/109, HM: 8/98 CMF:3/50, HM:5/57 

Eczema 

Juvonen 1996 HM: 3/53, CMF: 3/39 
 

Lindfors 1988 CMF: 10/109, HM: 18/98 CMF:3/50, HM:11/57 

Asthma Lindfors 1992 CMF: 9/95, HM: 8/88 CMF: 6/53, HM:7/56 

Allergic rhinitis/ conjunctivitis Lindfors 1992 CMF: 9/95, HM: 2/88  CMF: 7/53, HM: 1/56 

Cow’s milk allergy 

Lindfors 1992 CMF:3/80, HM: 2/74 
 

Saarinen 1999 
Saarinen 2000 

CMF: 43/1758, HM: 32/1844 
 

Food allergy 

Lindfors 1992 CMF: 3/80, HM: 0/74 
 

Perkin 2016 3-6m: 42/595, >6m: 32/567 
 

CMF: cow‟s milk formula; HM: human milk  
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Table S3.5 Original data extracted from the included cohort studies for each outcome. 

Outcomes Study ID Exposure time Cases in each comparative group / Unadjusted OR (95%CI), N Adjusted OR (95%CI), N 

Asthma 

Filipiak-Pittroff 2018 <4m (RG), ≥4m 0.94 (0.60- 1.47), N=2252 1.05 (0.67- 1.66), N=2252 

Gustafsson 1992 ≤8d, >8d ≤8d: 8/240 >8d: 10/496 
   

Kilingberg 2019 
< 14 weeks  

Never (RG) 
1.30 (1.00–1.70), N=9229 1.27 (0.95–1.71), N=8797 

Klopp 2017 0m, <3m, ≥3m 0m:56/354 <3m: 98/659 ≥3m: 165/1521 
  

Lossius 2018 <4m, 4-5.9m, ≥6m <4m: 426/8351 4-5.9m: 168/3261 ≥ 6m: 854/20318 
  

Nwaru 2013a <0.92m, 0.92-4m, >4m No data 
 

Nwaru 2013b 

CM: <5.75m (RG), 

≥5.75m 
0.99 (0.73–1.34)，N=934 0.91 (0.66–1.25)，N=934 

CMF: <0.5m (RG), ≥0.5m 0.70 (0.51–0.94)，N=934 0.72 (0.47–1.12)，N=934 

Strassburger 2010 <4m, ≥4m <4m:12/119 ≥4m:15/174 
   

Tariq 1998 <3m, ≥3m <3m:114/667 ≥3m:43/419 
  

1.8 (1.2-2.6), N=1086 

Wheeze 

Azad 2017 <3m, ≥3m (RG) 1.28 (1.07-1.53), N=2366 1.16 (0.97-1.39), N=2366 

Azad 2017 <6m, ≥6m (RG) 1.64 (1.38-1.96), N=1214 1.47 (1.23-1.75), N=1214 

Kemeny 1991 0m, <3m, ≥3m 0m:14/60 <3m:18/64 ≥3m:8/65 
  

Marini 1996 

CMF: 0m, <4m, ≥4m (all 

children) 
0m: 9/53 <4m: 4/41 ≥4m: 6/127 

  

CMF: 0m, <4m, ≥4m (hig 

risk) 
0m: 5/38 <4m:1 /22 ≥4m: 3/98 

  

CM: <6m, ≥6m (RG) 

(normal children)     
0.5 (0.1-1.1), N=62 

Nwaru 2013b 
CM: <5.75m (RG), 

≥5.75m 
0.98 (0.70, 1.39)，N=934 0.97 (0.68–1.39)，N=934 
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CMF: <0.5m (RG), ≥0.5m 0.75 (0.54–1.05)，N=934 0.75 (0.47–2.00)，N=934 

Simon 2008 0m, <4m, ≥4m 0m: 49/103 <4m:44/101 ≥4m:35/99 
  

Snijders 2008 0–3m, 4–6m, 7–9m, >9m 0-3m: 127/730 4–6m: 83/589 7-9m: 44/519 >9m: 5/56 
 

Strassburger 2010 <4m, ≥4m <4m: 28/119 ≥4m: 34/174 
   

Tromp 2011 <6m, ≥6m (RG) 0.96 (0.77-1.21), N=6905 0.96 (0.77-1.19) , N=6905 

Van Asperen 1984 <4m, ≥4m <4m: 16/51 ≥4m: 6/28 
   

Zutavern 2004 <6m, ≥6m <6m 120/407 ≥6m 69/213 
   

Eczema/Atopic 

Dermatitis 

Cogswell 1987 <4w, 4-13w, ≥14w <4w:7/33 4-13w: 6/31 ≥14w: 2/9 
  

Elbert 2017 <6m, ≥6m (RG) 
    

0.82 (0.63, 1.07),  N=3692 

Fergusson 1990 <4m, ≥4m <4m: 79/998 ≥4m: 11/212 
   

Filipiak-Pittroff 2018 <4m (RG), ≥4m 0.80 (0.61- 1.05), N=2252 0.73 (0.55- 0.97), N=2252 

Gustafsson 1992 ≤8d, >8d ≤8d: 17/240 >8d: 22/496 
   

Ito 2014 0m, <6m, ≥6m 0m: 502/2217 <6m:7213/27861 ≥6m:2474/8679 
  

Kemeny 1991 0m, <3m, ≥3m 0m:10/60 <3m:15/64 ≥3m:11/65 
  

Kumar 2010 <6m, ≥6m <6m: 236/464 ≥6m:155/325 
   

Marini 1996 

CMF: 0m, <4m, ≥4m (all 

children) 
0m: 16/53 <4m: 10/41 ≥4m: 17/127 

  

CMF: 0m, <4m, ≥4m (hig 

risk) 
0m: 9/38 <4m:3/22 ≥4m: 3/98 

  

CM: <6m, ≥6m (RG) 

(normal children)  
4.2 (1.1- 14.5), N=68 

Moore 1985 1-4w, 5-8w, 9-12w, >12w 
1-4w : 37/162 (0w: 

7/35) 
5-8w: 4/39 9-12w:3/26 >12w:34/248 

 

Nwaru 2013a <0.92m, 0.92-4m, >4m No data 
 

Nwaru 2013b 
CM: <5.75m (RG), 

≥5.75m 
1.15 (0.92–1.43), N=934 1.16 (0.92–1.46), N=934 
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CMF: <0.5m (RG), ≥0.5m 0.97 (0.78–1.22), N=934 0.93 (0.68–1.29), N=934 

Poysa 1989 <3m, 3-6m, >6m <3m: 6/25 3-6m: 4/14 >6m: 7/31 
  

Roduit 2012 3-12m, >12m (RG) 
 

Normal: 0.68 (0.44,1.05) 

High risk:0.86 (0.51,1.45) 

Ruiz 1992 <4m, ≥4m <4m:4/22 ≥4m: 7/17 
   

Saarinen 1979 

All: <2m, 2-6m, >6m <2m: 21/105 2-6m:13/77 >6m:5/54 
  

High risk: <2m, 

2-6m, >6m 
<2m: 10/38 2-6m:8/38 >6m:3/25 

  

Snijders 2008 0–3m, 4–6m, 7–9m, >9m 0-3m:297/976 4–6m: 239/800 7-9m: 219/664 >9m: 28/70 
 

Soto-Ramirez 2017 0m, <1m, 1-3m, ≥4m 0m: 84/487 <1m: 83/323 1-3m: 20/122 ≥4m: 88/447 
 

Tromp 2011 <6m, ≥6m (RG) 0.95 (0.77-1.17), N=6905 0.95 (0.77-1.15), N=6905 

Van Asperen 1984 <4m, ≥4m ≤4m: 22/51 >4m: 16/28 
   

Zutavern 2004 <6m, ≥6m ≤6m 131/407 >6m 88/213 
   

Allergic rhinitis/ 

conjunctivitis 

Filipiak-Pittroff 2018 <4m, ≥4m (RG) 0.95 (0.71- 1.27), N=2252 0.94 (0.70- 1.26), N=2252 

Gustafsson 1992 ≤8d, >8d ≤8d: 6/240 >8d: 19/496 
   

Marini 1996 

CMF: 0m, <4m, ≥4m (all 

children) 
0m: 4/53 <4m: 2/41 ≥4m: 4/127 

  

CMF: 0m, <4m, ≥4m 

(high risk) 
0m: 2/38 <4m: 1/22 ≥4m: 2/98 

  

CM: <6m, ≥6m (RG) 

(normal children)     
0.4 (0.1- 1.1), N=62 

Nwaru 2013a <0.92m, 0.92-4m, >4m No data 
 

Van Asperen 1984 ≤4m, >4m ≤4m: 27/51 >4m: 17/28 
   

Wright 1994 <6m, ≥6m <6m:244/571 ≥6m:57/176 
   

Food allergy 
Batool 2016 <6m, ≥6m (RG) <6m: 58/143 ≥6m: 271/675 

  
1.30 (0.90–1.88),  N=642 

Elbert 2017 <6m, ≥6m (RG) 
 

1.44 (0.76, 2.73), N=3006 
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Kumar 2010 <6m, ≥6m <6m: 249/464 >6m:162/325 
   

Luccioli 2014 

All: 4m, 4–5m, 6–12m <4m:60/899 4–5m: 4/59 6–12m:16/300 
  

High risk: 4m, 4–5m, 6–

12m 
<4m: 53/530 4–5m: 4/42 6–12m:14/180 

  

Nwaru 2010 
<0.92m (RG), 

0.92-4m, >4m 

0.92-4m: 1.09 (0.72-1.65) 0.92-4m: 1.25 (0.77-2.03) 

>4m: 1.20 (0.80-1.81) , N=994 >4m: 1.51 (0.93-2.46), N=994 

Saarinen 1979 

All: <2m, 2-6m, >6m <2m: 25/81 2-6m:10/56 >6m:8/40 
  

High risk: <2m, 

2-6m, >6m 
<2m: 11/28 2-6m:4/27 >6m:4/20 

  

Cow's milk 

allergy 

Katz 2010 <1m (RG), ≥1m 12.2 (5.2-28.6), N=11633 
 

Kemeny 1991 0m, <3m, ≥3m 0m: 0/60 <3m:1/64 ≥3m:1/65 
  

Host 1991 <1m, 1-3m, ≥4m 0m: 2/145 <1m: 0/190 1-3m:4/505 ≥4m:10/909 
 

Perters 2019 <3m, ≥3m (RG) 
 

<3m:3/784 ≥3m: 18/1399 
 

0.30 (0.09-1.02), N=2183 

Snijders 2008 0–3m, 4–6m, 7–9m, >9m 0-3m: 50/270 4–6m: 54/235 7-9m: 44/255 >9m: 2/22 
 

Tham 2018 <10m, ≥10m <10m: 2/687 ≥10m:1/183 
   

Tran 2017 ≤6m, 7-12m (RG) 
 

0.29 (0.10,0.70), N=2124 

CM: cow‟s milk; CMF: cow‟s milk formula; d: day; m: month; RG: reference group; w: week 
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Table S3.6 Original data extracted from the included case-control studies for each outcome. 

Outcomes Study ID Sample size Timing of introduction Cases in each comparative group / OR 95%CI 

Food allergy Grimshaw 2013 

123 

Case:41 

Control:82 

Median age of weeks 
Case:22w 

Control:26w 

Cow's milk allergy Onizawa 2016 

153 

Case:51 

Control:102 

≤1m 
Case: 6/51 

Control: 60/102 

Eczema/Atopic Dermatitis 

Sariachvili 2010 
Case: 252 

Control: 305 
<4m 

Case:169/252 

Control: 240/305 

Turati 2016 
Case: 329 

Control: 329 

No cow's milk before 5 

m(RG) 

at 1m 

at 2m 

at 3m 

at 4m 

at 5m 

at 1m: 0.62 (0.40–0.96) 

at 2m: 0.64 (0.41–1.00) 

at 3m: 0.57 (0.37–0.89) 

at 4m: 0.64 (0.38–1.09) 

at 5m: 0.61 (0.28–1.30) 

m: month; w: week 
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Supplementary material S4 in Chapter 3: Forest plots of the effect sizes for 

individual studies included in the meta-analyses  

A  

 

B 

 

C 

 

Supplemental Figure 1. Summary of risk of allergic diseases for introducing cow‟s 

milk formula versus human milk during the first days of life from clinical trials: (A) 

asthma (B) eczema/atopic dermatitis (C) cow‟s milk allergy. CMF: cow‟s milk formula; 

HM: human milk. 
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A 

 

B 

 

C 

 

D 

 

Supplemental Figure 2. Summary of risk of asthma for timing of cow‟s milk or cow‟s 

milk formula introduction from cohort studies: (A) exposure time <3 vs. ≥3 months; (B) 

exposure time <4 vs. ≥4 months; (C) exposure time <4 vs. ≥4 months, pooling adjusted 

OR; (D)exposure time <6 vs. ≥6 months. 

 

  

<4m vs. ≥4m 

<4m vs. ≥4m (Pooling adjusted OR) 

<6m vs. ≥6m 
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A 

 

B 

 

C 

 

D 

 

E 

 

Supplemental Figure 3. Summary of risk of wheeze for timing of cow‟s milk or cow‟s milk formula introduction 

from cohort studies: (A) exposure time <1 vs. ≥1 month; (B) exposure time <3 vs. ≥3 months; (C) exposure time <4 

vs. ≥4 months; (D) exposure time <6 vs. ≥6 months; (E) exposure time <6 vs. ≥6 months, pooling adjusted OR 

<6m vs. ≥6m 

<3m vs. ≥3m 

<6m vs. ≥6m (Pooling adjusted OR) 
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Supplemental Figure 4. Summary of risk of eczema/atopic dermatitis for timing of 

cow‟s milk or cow‟s milk formula introduction from cohort studies: (A) exposure time 

<1 vs. ≥1 month; (B) exposure time <3 vs. ≥3 months; (C) exposure time <4 vs. ≥4 

months; (D) exposure time <6 vs. ≥6 months; (E) exposure time <6 vs. ≥6 months, 

pooling adjusted OR 

 

 

 

 

Supplemental Figure 5. Summary of risk of allergic rhinitis and/ or conjunctivitis for 

timing of cow‟s milk or cow‟s milk formula introduction from cohort studies: exposure 

time <4 vs. ≥4 months.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

<6m vs. ≥6m (Pooling adjusted OR) 

<4m vs. ≥4m 
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Supplemental Figure 6. Summary of risk of food allergy for timing of cow‟s milk or 

cow‟s milk formula introduction from cohort studies: (A) exposure time <3 vs. ≥3 

months; (B) exposure time <4 vs. ≥4 months; (C) exposure time <6 vs. ≥6 months. 

  

<3m vs. ≥3m 

<4m vs. ≥4m 
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Supplemental Figure 7. Summary of risk of cow‟s milk allergy for timing of cow‟s 

milk or cow‟s milk formula introduction from cohort studies: (A) exposure time <1 vs. 

≥1 month; (B) exposure time <3 vs. ≥3 months; (C) exposure time <4 vs. ≥4 months. 

 

  

<1m  vs.  ≥1m 
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Supplemental Figure 8. Sensitivity analyses of the cohort studies with high-quality 

scores on timing of CM or CMF introduction and risk of asthma: (A) exposure time <3 

vs. ≥3 month; (B) exposure time <4 vs. ≥4 months; (C) exposure time <6 vs. ≥6 month. 

  

<4m vs.≥4m 

<6m vs. ≥6m 
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Supplemental Figure 9. Sensitivity analyses of the cohort studies with high quality 

scores on timing of CM or CMF introduction and risk of wheeze: (A) exposure time <4 

vs. ≥4 month; (B) exposure time <6 vs. ≥6 months; (C) exposure time <6 vs. ≥6 months, 

pooling adjusted OR 

 

  

<6m vs. ≥6m 

<6m vs. ≥6m (Pooling adjusted OR) 
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Supplemental Figure 10. Sensitivity analyses of the cohort studies with high quality 

scores on timing of CM or CMF introduction and risk of eczema/atopic dermatitis: (A) 

exposure time <1 vs. ≥1 month; (B) exposure time <3 vs. ≥3 months; (C) exposure time 

<4 vs. ≥4 months; (D) exposure time <6 vs. ≥6 months; (E) exposure time <6 vs. ≥6 

months, pooling adjusted OR 

 

<6m vs. ≥6m 

<6m vs. ≥6m (Pooling adjusted OR) 
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Supplemental Figure 11. Sensitivity analysis of the cohort studies with high quality 

scores on timing of CM or CMF introduction and risk of food allergy: exposure time <6 

vs. ≥6 months.  
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Supplemental Figure 12. Sensitivity analyses of the cohort studies with high quality 

scores on timing of CM or CMF introduction and risk of cow‟s milk allergy: (A) 

exposure time <1 vs. ≥1 month; (B) exposure time <4 vs. ≥4 months.  

 

 

 
Supplemental Figure 13. Subgroup analysis of the cohort studies with children at high 

risk of allergic diseases on timing of CM or CMF introduction and risk of wheeze: 

exposure time <4 vs. ≥4 months. 

 

 

  

<1m vs. ≥1m 

<4m vs. ≥4m 
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Supplemental Figure 14. Subgroup analysis of the cohort studies with children at high 

risk of allergic diseases on timing of CM or CMF introduction and risk of 

eczema/atopic dermatitis: (A) exposure time <1 vs. ≥1 month; (B) exposure time <3 vs. 

≥3 months; (C) exposure time <4 vs. ≥4 months; (D) exposure time <6 vs. ≥6 months. 

  

<4m vs. ≥4m 
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Supplemental Figure 15. Subgroup analysis of the cohort studies with children at high 

risk of allergic diseases on timing of CM or CMF introduction and risk of allergic 

rhinitis and/ or conjunctivitis: exposure time <4 vs. ≥4 months. 

 

 

A 

 

B 

 

Supplemental Figure 16. Subgroup analysis of the cohort studies with children at high 

risk of allergic diseases on timing of CM or CMF introduction and risk of food allergy: 

(A) exposure time <4 vs. ≥4 month; (B) exposure time <6 vs. ≥6 months. 
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Supplemental Figure 17. Subgroup analysis on risk of asthma by excluding exclusive 

formula feeding children: (A) exposure time <4 vs. ≥4 month; (B) exposure time <4 vs. 

≥4 months, pooling adjusted OR. 
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Supplemental Figure 18. Subgroup analysis on risk of wheeze by excluding exclusive 

formula feeding children: (A) exposure time <3 vs. ≥3 month; (B) exposure time <4 vs. 

≥4 months. 

 

 

 

 

 

 

 

 

 

<4m vs. ≥4m 

<3m vs. ≥3m 

<4m vs. ≥4m (Pooling adjusted OR) 
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Supplemental Figure 19. Subgroup analysis on risk of eczema/atopic dermatitis by 

excluding exclusive formula feeding children: (A) exposure time <1 vs. ≥1 month; (B) 

exposure time <3 vs. ≥3 months; (C) exposure time <4 vs. ≥4months. 

 

 

 

Supplemental Figure 20. Subgroup analysis on risk of allergic rhinitis and/ or 

conjunctivitis by excluding exclusive formula feeding children: exposure time <4 vs. ≥4 

month 

  

<4m vs. ≥4m 
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Funnel Plots P value for 

Begg’s test 

Effects of introducing CM or CMF before 4 months of age on risk of eczema or 

or atopic dermatitis from 11cohort studies including 19276 subjects. 

 

 

0.876 

Supplemental Figure 21. Evaluation of small study effects using funnel plots and Begg‟ 

tests. 

 

 

 

 

  



248 

 

Supplementary material S5 in Chapter 4: Baseline characteristics of included and 

not included participants of this study 

Variables 
Clinic measurement 

（N=6334） 

Telephone call interview  

（N=3146） 

Mother 

  Age at delivery (y), mean (SD) 29.4 (3.4) 29.1 (3.4) 

Educational level,n (%) 

  High school or below 498 (7.9) 366 (11.6) 

Vocational/technical college 1571 (24.8) 804 (25.6) 

Undergraduate 3528 (55.7) 1587 (50.4) 

Postgraduate 737 (11.6) 389 (12.4) 

Pre-pregnancy BMI, n (%) 

  <18.5 kg/m
2
 1474 (23.9) 834 (27.4) 

18.5-23.9 kg/m
2
 4097 (66.3) 1921 (63.2) 

24-27.9 kg/m
2
 509 (8.2) 236 (7.8) 

≥28kg/m
2
 101 (1.6) 49 (1.6) 

Parity, n (%) 

  Primiparous 5616 (88.7) 2582 (82.2) 

Multiparous 715 (11.3) 560 (17.8) 

Delivery mode, n (%) 

  Vaginal labor 4102 (64.8) 2040 (65.0) 

Cesarean delivery 2225 (35.2) 1098 (35.0) 

Smoking during pregnancy, n (%) 35 (0.6) 9 (0.3) 

Passive smoking during pregnancy, n (%) 1949 (31.0) 860 (27.6) 

Child 

  Child's gender, n (%) 

  Male 3339 (52.7) 1598 (50.8) 

Female 2995 (47.3) 1548 (49.2) 

Birth weight <2500g, n (%) 245 (3.9) 159 (5.1) 

Preterm birth, n (%) 299 (4.7) 150 (4.8) 

Duration of any breastfeeding, n (%) 

  ≤6 months 1562 (25.4) 905 (29.7) 

> 6 months 4583 (74.6) 2146 (70.3) 

Parental history of allergy, n (%) 1776 (31.2) 877 (30.5) 

Antibiotic use before 12 months, n (%) 1509 (28.8) 630 (28.0) 

Timing of any infant formulas 

introduction, months  n (%) 

  ≤3 m 5196 (82.0) 2169 (71.8) 

4-6 m 575 (9.1) 427 (14.1) 

> 6 m 563 (8.9) 426 (14.1) 
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Supplementary material S6 in Chapter 4: Modification effects of timing of 

complementary food introduction and breastfeeding duration on associations of 

formula introduction with eczema and wheeze before 1 year of age.  

  Modification effects
*
 P-value 

Eczema     

 

Complementary foods introduction * Infant formula introduction 0.087  

 

Cereal introduction* Infant formula introduction 0.362  

 

Vegetable introduction * Infant formula introduction 0.680  

 

Fruit introduction * Infant formula introduction 0.765  

 

Meat introduction * Infant formula introduction 0.481  

 

Offal introduction * Infant formula introduction 0.741  

 

Fish introduction * Infant formula introduction 0.890  

 

Other seafood introduction * Infant formula introduction 0.779  

 

Eggyolk introduction * Infant formula introduction 0.251  

 

Eggwhite introduction * Infant formula introduction 0.963  

 

Breastfeeding duration * Infant formula introduction 0.221  

Itchy rash   

 

Complementary foods introduction * Infant formula introduction 0.246  

 

Cereal introduction* Infant formula introduction 0.951  

 

Vegetable introduction * Infant formula introduction 0.842  

 

Fruit introduction * Infant formula introduction 0.447  

 

Meat introduction * Infant formula introduction 0.632  

 

Offal introduction * Infant formula introduction 0.992  

 

Fish introduction * Infant formula introduction 0.192  

 

Other seafood introduction * Infant formula introduction 0.698  

 

Eggyolk introduction * Infant formula introduction 0.456  

 

Eggwhite introduction * Infant formula introduction 0.974  

 

Breastfeeding duration * Infant formula introduction 0.587  

Wheezing   

 

Complementary foods introduction * Infant formula introduction 0.884  

 

Cereal introduction* Infant formula introduction 0.784  

 

Vegetable introduction * Infant formula introduction 0.964  

 

Fruit introduction * Infant formula introduction 0.900  

 

Meat introduction * Infant formula introduction 0.998  

 

Offal introduction * Infant formula introduction 0.980  

 

Fish introduction * Infant formula introduction 0.771  

 

Other seafood introduction * Infant formula introduction 0.999  

 

Eggyolk introduction * Infant formula introduction 0.828  

 

Eggwhite introduction * Infant formula introduction 0.977  

  Breastfeeding duration * Infant formula introduction 0.655  

Adjusted for maternal age at conception, maternal education, pre-pregnancy body mass index, 

maternal smoking during pregnancy, passive smoking during pregnancy, preterm birth, parity, 

mode of delivery, infant sex, parental history of atopic diseases, antibiotic usage before 12 
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months of age, the duration of breastfeeding, and the timing of introduction any complementary 

food. 
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Supplementary material S7 in Chapter 4: The variance information between 

imputed data sets. 

Variance Information 

Parameter 

Variance Relative 

Increase 

in 

Variance 

Fraction 

Missing 

Informati

on (FMI) Between Within Total 

Eczema 

     Maternal_age_≤25 years 0.000054575 0.010835 0.010896 0.006  0.006  

Maternal_age_ 26-30 years 0.000017028 0.003733 0.003752 0.005  0.005  

Maternal_age_31-35 years 0.000021135 0.004224 0.004247 0.006  0.005  

Maternal_edu_high school or below 0.000126 0.009381 0.009519 0.015  0.015  

Maternal_edu_vocational/technical 

college 0.000020148 0.004212 0.004235 0.005  0.005  

Maternal_edu_undergraduate 0.000013603 0.003034 0.003049 0.005  0.005  

pre-pregnancy_BMI_<18.5 kg/m
2
 0.000156 0.008277 0.008448 0.021  0.020  

pre-pregnancy_BMI_18.5-23.9 kg/m
2
 0.00023 0.006642 0.006895 0.038  0.037  

pre-pregnancy_BMI_24-27.9 kg/m
2
 0.000154 0.011994 0.012164 0.014  0.014  

Smoking during pregnancy 0.000064517 0.092233 0.092304 0.001  0.001  

Passive smoking during pregnancy 0.000013356 0.001278 0.001293 0.011  0.011  

Parity 0.000020052 0.003221 0.003243 0.007  0.007  

Delivery mode 0.000005777 0.001255 0.001262 0.005  0.005  

Preterm birth 0.000002688 0.006398 0.006401 0.000  0.000  

Child's gender 0.000003176 0.001138 0.001142 0.003  0.003  

Parental history of allergy 0.000196 0.001248 0.001464 0.173  0.151  

Antibiotic use before 12 months 0.00022 0.001331 0.001573 0.182  0.158  

Duration of any breastfeeding 0.000045983 0.001486 0.001537 0.034  0.033  

Timing of complementary food 

introduction≤3 m  0.000041098 0.060437 0.060482 0.001  0.001  

Timing of complementary food 

introduction 4-6 m 0.000024629 0.051598 0.051625 0.001  0.001  

Itchy red rash 

     Maternal_age_≤25 years 0.000005668 0.007742 0.007748 0.001  0.001  

Maternal_age_ 26-30 years 0.000000935 0.002686 0.002687 0.000  0.000  

Maternal_age_31-35 years 0.000000913 0.003087 0.003088 0.000  0.000  

Maternal_edu_high school or below 0.000004137 0.006917 0.006922 0.001  0.001  

Maternal_edu_vocational/technical 

college 0.00000264 0.002976 0.002979 0.001  0.001  

Maternal_edu_undergraduate 0.000005006 0.002155 0.00216 0.003  0.003  

pre-pregnancy_BMI_<18.5 kg/m
2
 0.000192 0.005858 0.006069 0.036  0.035  

pre-pregnancy_BMI_18.5-23.9 kg/m
2
 0.000152 0.004673 0.004841 0.036  0.035  

pre-pregnancy_BMI_24-27.9 kg/m
2
 0.000232 0.008638 0.008893 0.030  0.029  

Smoking during pregnancy 0.000041216 0.038168 0.038213 0.001  0.001  

Passive smoking during pregnancy 0.000009724 0.000916 0.000927 0.012  0.012  

Parity 0.000008698 0.002351 0.002361 0.004  0.004  

Delivery mode 0.000001428 0.0009 0.000901 0.002  0.002  

Preterm birth 0.000001599 0.004654 0.004656 0.000  0.000  

Child's gender 0.000001355 0.000794 0.000796 0.002  0.002  

Parental history of allergy 0.000126 0.000894 0.001032 0.155  0.138  
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Antibiotic use before 12 months 0.000112 0.000958 0.001081 0.129  0.117  

Duration of any breastfeeding 0.000020247 0.001062 0.001085 0.021  0.021  

Timing of complementary food 

introduction≤3 m  0.000015964 0.039884 0.039902 0.000  0.000  

Timing of complementary food 

introduction 4-6 m 0.000012144 0.033204 0.033217 0.000  0.000  

Wheezing 

     Maternal_age_≤25 years 0.000159 0.021786 0.021961 0.008  0.008  

Maternal_age_ 26-30 years 0.000063654 0.007802 0.007872 0.009  0.009  

Maternal_age_31-35 years 0.00007727 0.008811 0.008896 0.010  0.010  

Maternal_edu_high school or below 0.000101 0.0206 0.020711 0.005  0.005  

Maternal_edu_vocational/technical 

college 0.000059624 0.008631 0.008697 0.008  0.008  

Maternal_edu_undergraduate 0.000035045 0.006586 0.006625 0.006  0.006  

pre-pregnancy_BMI_<18.5 kg/m
2
 0.000252 0.026816 0.027093 0.010  0.010  

pre-pregnancy_BMI_18.5-23.9 kg/m
2
 0.00016 0.021405 0.021581 0.008  0.008  

pre-pregnancy_BMI_24-27.9 kg/m
2
 0.000826 0.034531 0.035439 0.026  0.026  

Smoking during pregnancy 0.000378 0.137937 0.138354 0.003  0.003  

Passive smoking during pregnancy 0.000018932 0.002953 0.002974 0.007  0.007  

Parity 0.000022137 0.00534 0.005364 0.005  0.005  

Delivery mode 0.000021355 0.002701 0.002724 0.009  0.009  

Preterm birth 0.000025833 0.01074 0.010768 0.003  0.003  

Child's gender 0.000008353 0.002647 0.002656 0.003  0.003  

Parental history of allergy 0.000242 0.002669 0.002936 0.100  0.092  

Antibiotic use before 12 months 0.000541 0.002491 0.003086 0.239  0.199  

Duration of any breastfeeding 0.000289 0.003114 0.003432 0.102  0.094  

Timing of complementary food 

introduction≤3 m  0.000189 0.12713 0.127339 0.002  0.002  

Timing of complementary food 

introduction 4-6 m 0.00023 0.105772 0.106026 0.002  0.002  
*
FMI: range between 0-1, a large FMI (close to 0) indicates low variability between 

imputed data sets 
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Supplementary material S8 in Chapter 5: The variance information between 

imputed data sets. 

Variance Information 

Parameter 

Variance Relative 

Increase 

in 

Variance 

Fraction 

Missing 

Information 

(FMI)
*
 Between Within Total 

Eczema 

     Maternal_age_≤25 years 0.000017838 0.044105 0.044125 0.000  0.000  

Maternal_age_ 26-30 years 0.000006693 0.01563 0.015637 0.000  0.000  

Maternal_age_31-35 years 0.000006853 0.017049 0.017056 0.000  0.000  

Maternal_edu_high school or below 0.000019849 0.042698 0.04272 0.001  0.001  

Maternal_edu_vocational/technical college 0.000007036 0.018145 0.018153 0.000  0.000  

Maternal_edu_undergraduate 0.000005191 0.01235 0.012356 0.000  0.000  

pre-pregnancy_BMI_<18.5 kg/m
2
 0.000774 0.039405 0.040256 0.022  0.021  

pre-pregnancy_BMI_18.5-23.9 kg/m
2
 0.000111 0.031099 0.031221 0.004  0.004  

pre-pregnancy_BMI_24-27.9 kg/m
2
 0.000539 0.05645 0.057043 0.010  0.010  

Smoking during pregnancy 0.000080298 0.106399 0.106487 0.001  0.001  

Passive smoking during pregnancy 0.000010706 0.005559 0.005571 0.002  0.002  

Parity 0.000007664 0.013304 0.013312 0.001  0.001  

Delivery mode 0.00000224 0.004912 0.004914 0.001  0.001  

Preterm birth 0.000010177 0.034954 0.034965 0.000  0.000  

Child's gender 0.000000717 0.00448 0.004481 0.000  0.000  

Parental history of allergy 0.000375 0.005116 0.005528 0.081  0.076  

Duration of any breastfeeding 0.000193 0.006158 0.00637 0.034  0.033  

Antibiotic use before 12 months 0.002882 0.02296 0.02613 0.138  0.124  

Asthma 

     Maternal_age_≤25 years 0.00024 0.175636 0.1759 0.002  0.002  

Maternal_age_ 26-30 years 0.000022503 0.0766 0.076625 0.000  0.000  

Maternal_age_31-35 years 0.000166 0.098556 0.098739 0.002  0.002  

Maternal_edu_high school or below 0.000198 0.219835 0.220053 0.001  0.001  

Maternal_edu_vocational/technical college 0.000033989 0.082869 0.082907 0.000  0.000  

Maternal_edu_undergraduate 0.000119 0.06276 0.062891 0.002  0.002  

pre-pregnancy_BMI_<18.5 kg/m
2
 0.007295 30518 30518 0.000  0.000  

pre-pregnancy_BMI_18.5-23.9 kg/m
2
 0.007403 30518 30518 0.000  0.000  

pre-pregnancy_BMI_24-27.9 kg/m
2
 0.050197 30519 30519 0.000  0.000  

Smoking during pregnancy 0.000371 424378 424378 0.000  0.000  

Passive smoking during pregnancy 0.001108 0.032137 0.033355 0.038  0.037  

Parity 0.000038733 0.097392 0.097435 0.000  0.000  

Delivery mode 0.000017597 0.02639 0.026409 0.001  0.001  

Preterm birth 0.000050567 0.259508 0.259563 0.000  0.000  

Child's gender 0.000014571 0.024589 0.024605 0.001  0.001  

Parental history of allergy 0.001517 0.023441 0.02511 0.071  0.067  
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Duration of any breastfeeding 0.001735 0.024788 0.026696 0.077  0.073  

Antibiotic use before 12 months 0.020933 0.094955 0.117981 0.242  0.202  

Allergic rhinitis 

     Maternal_age_≤25 years 0.000045731 0.060716 0.060766 0.001  0.001  

Maternal_age_ 26-30 years 0.000006219 0.017184 0.017191 0.000  0.000  

Maternal_age_31-35 years 0.000008772 0.021715 0.021725 0.000  0.000  

Maternal_edu_high school or below 0.000032817 0.061165 0.061201 0.001  0.001  

Maternal_edu_vocational/technical college 0.000012586 0.02288 0.022894 0.001  0.001  

Maternal_edu_undergraduate 0.000015307 0.015572 0.015589 0.001  0.001  

pre-pregnancy_BMI_<18.5 kg/m
2
 0.000403 0.03461 0.035054 0.013  0.013  

pre-pregnancy_BMI_18.5-23.9 kg/m
2
 0.000217 0.026597 0.026836 0.009  0.009  

pre-pregnancy_BMI_24-27.9 kg/m
2
 0.000453 0.054066 0.054563 0.009  0.009  

Smoking during pregnancy 0.000132 0.147096 0.147241 0.001  0.001  

Passive smoking during pregnancy 0.000008249 0.006071 0.00608 0.001  0.001  

Parity 0.00001645 0.019219 0.019237 0.001  0.001  

Delivery mode 0.00000329 0.005631 0.005635 0.001  0.001  

Preterm birth 0.000007981 0.026012 0.026021 0.000  0.000  

Child's gender 0.000003656 0.005143 0.005147 0.001  0.001  

Parental history of allergy 0.000883 0.005528 0.006498 0.176  0.154  

Duration of any breastfeeding 0.000224 0.006292 0.006539 0.039  0.038  

Antibiotic use before 12 months 0.003287 0.023251 0.026866 0.155  0.138  

Food allergy 

     Maternal_age_≤25 years 0.00001605 0.082572 0.082589 0.000  0.000  

Maternal_age_ 26-30 years 0.000014182 0.032626 0.032641 0.000  0.000  

Maternal_age_31-35 years 0.000007802 0.035884 0.035892 0.000  0.000  

Maternal_edu_high school or below 0.000033612 0.208811 0.208848 0.000  0.000  

Maternal_edu_vocational/technical college 0.000010217 0.057058 0.057069 0.000  0.000  

Maternal_edu_undergraduate 0.000024566 0.042214 0.042241 0.001  0.001  

pre-pregnancy_BMI_<18.5 kg/m
2
 0.00049 0.097828 0.098366 0.006  0.005  

pre-pregnancy_BMI_18.5-23.9 kg/m
2
 0.00014 0.083558 0.083712 0.002  0.002  

pre-pregnancy_BMI_24-27.9 kg/m
2
 0.000135 0.134903 0.135052 0.001  0.001  

Smoking during pregnancy 0.000072114 0.293057 0.293137 0.000  0.000  

Passive smoking during pregnancy 0.000004396 0.012021 0.012026 0.000  0.000  

Parity 0.000022026 0.042272 0.042296 0.001  0.001  

Delivery mode 0.000003299 0.012935 0.012938 0.000  0.000  

Preterm birth 0.000007712 0.131039 0.131048 0.000  0.000  

Child's gender 0.000004136 0.010129 0.010133 0.000  0.000  

Parental history of allergy 0.000944 0.010527 0.011566 0.099  0.091  

Duration of any breastfeeding 0.000491 0.012757 0.013297 0.042  0.041  

Antibiotic use before 12 months 0.00773 0.047949 0.056453 0.177  0.155  

*
FMI: range between 0-1, a large FMI (close to 0) indicates low variability between 

imputed data sets 
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Supplementary material S9 in Chapter 5: Baseline characteristics of included and 

not included participants of this study 

Variables 

Clinic measurement 

（N=4346） 

Telephone call interview  

（N=2635） 
P-value 

Mother       

Age at delivery (y), mean (SD) 29.5 (3.3) 29.1 (3.4) <0.001 

Educational level,n (%) 

  

<0.001 

High school or below 286 (6.6) 303 (11.5) 

 Vocational/technical college 1006 (23.2) 694 (26.3) 

 Undergraduate 2508 (57.7) 1346 (51.1) 

 Postgraduate 546 (12.5) 292 (11.1) 

 Pre-pregnancy BMI, n (%) 

  

0.280  

<18.5 kg/m
2
 1002 (23.6) 646 (25.2) 

 18.5-23.9 kg/m
2
 2825 (66.4) 1677 (65.6) 

 24-27.9 kg/m
2
 357 (8.4) 191 (7.5) 

 ≥28kg/m
2
 70 (1.6) 44 (1.7) 

 Parity, n (%) 

  

0.001  

Primiparous 3834 (88.2) 2251 (85.6) 

 Multiparous 511 (11.8) 379 (14.4) 

 Delivery mode, n (%) 

  

0.056  

Vaginal labor 2871 (66.1) 1678 (63.9) 

 Cesarean delivery 1471 (33.9) 949 (36.1) 

 Smoking during pregnancy, n (%) 

  

0.576  

Yes 19 (0.4) 14 (0.5) 

 No 6389 (99.6) 3111 (99.5) 

 Passive smoking during pregnancy, n (%) 

 

0.250  

Yes 1253 (28.9) 791 (30.2) 

 No 3075 (71.1) 1824 (69.8) 

 Child       

Child„s gender, n (%) 

  

0.936  

Male 2280 (52.5) 1385 (52.6) 

 Female 2066 (47.5) 1250 (47.4) 

 Birth weight <2500g, n (%) 

  

0.895  

Yes 189 (4.4) 116 (4.4) 

 No 4155 (95.6) 2510 (95.6) 

 Preterm birth, n (%) 

  

0.992  

Yes 213 (4.9) 129 (4.9) 

 No 4133 (95.1) 2506 (95.1) 

 Duration of any breastfeeding, n (%) 

  

<0.001 

≤6 months 1163 (28.4) 906 (37.5) 

 > 6 months 2931  (71.6) 1512 (62.5) 

 Parental history of allergy, n (%) 

  

0.029  
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Yes 1315 (33.2) 693 (30.5) 

 No 2644 (66.8) 1577 (69.5) 

 Antibiotic use before 12 months, n (%) 

 

0.002  

Yes 947 (27.7) 570 (31.9) 

 No 2470 (72.3) 1215 (68.1)   
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Supplementary material S10 in Chapter 6: The variance information between imputed data sets for outcomes at 1 year of age. 

Variance Information 

Parameter 

Variance 
Relative 

Increase in 

Variance 

Fraction 

Missing 

Information 

(FMI)
*
 Between Within Total 

Abdomen circumference   

    Maternal_age_≤at years 0.00221 0.052899 0.05533 0.046  0.044  

Maternal_age_ 26-30 years 0.001964 0.05283 0.05499 0.041  0.040  

Maternal_age_31-35 years 0.011256 0.087838 0.100219 0.141  0.126  

Maternal_edu_high school or below 0.001262 0.034785 0.036173 0.040  0.039  

Maternal_edu_vocational/technical college 0.000341 0.027575 0.02795 0.014  0.013  

Maternal_edu_undergraduate 0.002006 0.06049 0.062697 0.036  0.035  

pre-pregnancy_BMI_<18.5 kg/m
2
 0.007476 0.168916 0.17714 0.049  0.047  

pre-pregnancy_BMI_18.5-23.9 kg/m
2
 0.009814 0.195594 0.206389 0.055  0.053  

pre-pregnancy_BMI_24-27.9 kg/m
2
 0.006738 0.177189 0.184601 0.042  0.040  

Parity 0.000594 0.029807 0.03046 0.022  0.022  

Delivery mode 0.000409 0.012067 0.012517 0.037  0.036  

Smoking during pregnancy 0.003351 0.464849 0.468536 0.008  0.008  

Passive smoking during pregnancy 0.000368 0.012435 0.01284 0.033  0.032  

Paternal_BMI_<18.5 kg/m
2
 0.003156 0.039325 0.042797 0.088  0.082  

Paternal_BMI_18.5-23.9 kg/m
2
 0.004732 0.042796 0.048 0.122  0.111  
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Paternal_BMI_24-27.9 kg/m
2
 0.042296 0.096341 0.142867 0.483  0.341  

Child's gender 0.000292 0.010559 0.01088 0.030  0.030  

Preterm birth 0.0016 0.058758 0.060518 0.030  0.029  

Duration of any breastfeeding ≤6 m 0.00252 0.014652 0.017423 0.189  0.164  

Timing of complementary food introduction sets 0.017692 0.116286 0.135748 0.167  0.147  

Timing of complementary food introduction 4-6 m 0.015104 0.14 0.156614 0.119  0.108  

Upper arm circumferencea 

     Maternal_age_≤25 years 0.000006855 0.004331 0.004339 0.002  0.002  

Maternal_age_ 26-30 years 0.000003807 0.00433 0.004334 0.001  0.001  

Maternal_age_31-35 years 0.00001668 0.007254 0.007272 0.003  0.003  

Maternal_edu_high school or below 0.000003951 0.002907 0.002912 0.001  0.001  

Maternal_edu_vocational/technical college 0.000000396 0.002311 0.002311 0.000  0.000  

Maternal_edu_undergraduate 0.00000419 0.005016 0.005021 0.001  0.001  

pre-pregnancy_BMI_<18.5 kg/m
2
 0.00061 0.013675 0.014346 0.049  0.047  

pre-pregnancy_BMI_18.5-23.9 kg/m
2
 0.000822 0.015921 0.016825 0.057  0.054  

pre-pregnancy_BMI_24-27.9 kg/m
2
 0.000542 0.014354 0.01495 0.041  0.040  

Parity 0.000002579 0.002463 0.002465 0.001  0.001  

Delivery mode 0.000002471 0.000996 0.000998 0.003  0.003  

Smoking during pregnancy 0.000529 0.03679 0.037372 0.016  0.016  

Passive smoking during pregnancy 0.000011731 0.001021 0.001034 0.013  0.013  

Paternal_BMI_<18.5 kg/m
2
 0.000397 0.003257 0.003693 0.134  0.121  

Paternal_BMI_18.5-23.9 kg/m
2
 0.000377 0.003542 0.003957 0.117  0.107  
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Paternal_BMI_24-27.9 kg/m
2
 0.00113 0.008039 0.009282 0.155  0.137  

Child's gender 0.000000616 0.000872 0.000873 0.001  0.001  

Preterm birth 0.00000762 0.004869 0.004877 0.002  0.002  

Duration of any breastfeeding 0.000059147 0.001216 0.001281 0.054  0.051  

Timing of complementary food introduction 4-6  0.000008695 0.009652 0.009662 0.001  0.001  

Timing of complementary food introduction 4-6 m 0.000023401 0.011593 0.011619 0.002  0.002  

BMI z-score 

     Maternal_age_≤25 years 0.000006982 0.003027 0.003034 0.003  0.003  

Maternal_age_ 26-30 years 0.000007413 0.003021 0.003029 0.003  0.003  

Maternal_age_31-35 years 0.000020498 0.005047 0.00507 0.004  0.004  

Maternal_edu_high school or below 0.00000064 0.001997 0.001997 0.000  0.000  

Maternal_edu_vocational/technical college 0.000000473 0.001582 0.001582 0.000  0.000  

Maternal_edu_undergraduate 0.000003743 0.003463 0.003467 0.001  0.001  

pre-pregnancy_BMI_<18.5 kg/m
2
 0.000146 0.009658 0.009819 0.017  0.016  

pre-pregnancy_BMI_18.5-23.9 kg/m
2
 0.000255 0.011195 0.011476 0.025  0.025  

pre-pregnancy_BMI_24-27.9 kg/m
2
 0.000169 0.010132 0.010318 0.018  0.018  

Parity 0.000006761 0.001707 0.001714 0.004  0.004  

Delivery mode 0.000001978 0.000695 0.000697 0.003  0.003  

Smoking during pregnancy 0.000514 0.026479 0.027044 0.021  0.021  

Passive smoking during pregnancy 0.000007766 0.000715 0.000723 0.012  0.012  

Paternal_BMI_<18.5 kg/m
2
 0.000262 0.00226 0.002548 0.127  0.116  

Paternal_BMI_18.5-23.9 kg/m
2
 0.000371 0.002458 0.002866 0.166  0.146  
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Paternal_BMI_24-27.9 kg/m
2
 0.000261 0.0056 0.005888 0.051  0.049  

Child's gender 0.000000527 0.000607 0.000607 0.001  0.001  

Preterm birth 0.000002315 0.003372 0.003374 0.001  0.001  

Duration of any breastfeeding 0.000026885 0.000843 0.000873 0.035  0.034  

Timing of complementary food introduction 4-6  0.000042882 0.00665 0.006697 0.007  0.007  

Timing of complementary food introduction 4-6 m 0.000044204 0.008013 0.008062 0.006  0.006  

Length-for-age z-score 

     Maternal_age_≤25 years 0.000006756 0.002733 0.002741 0.003  0.003  

Maternal_age_ 26-30 years 0.000007494 0.002724 0.002733 0.003  0.003  

Maternal_age_31-35 years 0.000009532 0.00457 0.004581 0.002  0.002  

Maternal_edu_high school or below 0.000002969 0.001811 0.001814 0.002  0.002  

Maternal_edu_vocational/technical college 0.000002397 0.001431 0.001434 0.002  0.002  

Maternal_edu_undergraduate 0.000010152 0.003143 0.003154 0.004  0.004  

pre-pregnancy_BMI_<18.5 kg/m
2
 0.000275 0.008809 0.009112 0.034  0.033  

pre-pregnancy_BMI_18.5-23.9 kg/m
2
 0.000235 0.010194 0.010453 0.025  0.025  

pre-pregnancy_BMI_24-27.9 kg/m
2
 0.000207 0.009231 0.009459 0.025  0.024  

Maternal height 3.76E-08 6.28E-06 6.32E-06 0.007  0.007  

Parity 0.000004618 0.001526 0.001531 0.003  0.003  

Delivery mode 0.000001857 0.000631 0.000633 0.003  0.003  

Smoking during pregnancy 0.000059167 0.024278 0.024343 0.003  0.003  

Passive smoking during pregnancy 0.00000225 0.000642 0.000644 0.004  0.004  

Paternal_BMI_<18.5 kg/m
2
 0.00023 0.002049 0.002302 0.124  0.113  
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Paternal_BMI_18.5-23.9 kg/m
2
 0.000351 0.002226 0.002612 0.173  0.152  

Paternal_BMI_24-27.9 kg/m
2
 0.000822 0.005025 0.00593 0.180  0.157  

Paternal height 6.58E-08 5.32E-06 5.39E-06 0.014  0.013  

Child's gender 0.000000987 0.000546 0.000547 0.002  0.002  

Preterm birth 0.000016634 0.00303 0.003048 0.006  0.006  

Duration of any breastfeeding ≤6 m 0.000027001 0.000759 0.000789 0.039  0.038  

Timing of complementary food introduction 4-6  0.00000843 0.005988 0.005998 0.002  0.002  

Timing of complementary food introduction 4-6 m 0.000016539 0.007217 0.007235 0.003  0.003  

Weight-for-age z-score 

     Maternal_age_≤25 years 0.000012689 0.002882 0.002896 0.005  0.005  

Maternal_age_ 26-30 years 0.000009276 0.002878 0.002888 0.004  0.004  

Maternal_age_31-35 years 0.000011638 0.004786 0.004799 0.003  0.003  

Maternal_edu_high school or below 0.00000312 0.001894 0.001898 0.002  0.002  

Maternal_edu_vocational/technical college 0.000002196 0.001503 0.001505 0.002  0.002  

Maternal_edu_undergraduate 0.000004137 0.003298 0.003303 0.001  0.001  

pre-pregnancy_BMI_<18.5 kg/m
2
 0.000349 0.009285 0.00967 0.041  0.040  

pre-pregnancy_BMI_18.5-23.9 kg/m
2
 0.00039 0.01074 0.011169 0.040  0.039  

pre-pregnancy_BMI_24-27.9 kg/m
2
 0.00044 0.00974 0.010224 0.050  0.048  

Parity 0.000008835 0.001623 0.001633 0.006  0.006  

Delivery mode 0.000001414 0.000658 0.000659 0.002  0.002  

Smoking during pregnancy 0.000395 0.025188 0.025622 0.017  0.017  

Passive smoking during pregnancy 0.000008695 0.000678 0.000687 0.014  0.014  
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Paternal_BMI_<18.5 kg/m
2
 0.000247 0.002145 0.002417 0.127  0.115  

Paternal_BMI_18.5-23.9 kg/m
2
 0.000205 0.002337 0.002562 0.097  0.090  

Paternal_BMI_24-27.9 kg/m
2
 0.000625 0.005259 0.005947 0.131  0.118  

Child's gender 0.000001239 0.000575 0.000577 0.002  0.002  

Preterm birth 0.000005951 0.003202 0.003209 0.002  0.002  

Duration of any breastfeeding 0.00004338 0.000799 0.000847 0.060  0.057  

Timing of complementary food introduction 4-6  0.000014072 0.006341 0.006356 0.002  0.002  

Timing of complementary food introduction 4-6 m 0.000020002 0.007634 0.007656 0.003  0.003  

Weight-for-length z-score 

     Maternal_age_≤25 years 0.000007191 0.002952 0.00296 0.003  0.003  

Maternal_age_ 26-30 years 0.000009031 0.002943 0.002952 0.003  0.003  

Maternal_age_31-35 years 0.000015895 0.004925 0.004942 0.004  0.004  

Maternal_edu_high school or below 0.000003879 0.001953 0.001958 0.002  0.002  

Maternal_edu_vocational/technical college 0.000001973 0.001543 0.001545 0.001  0.001  

Maternal_edu_undergraduate 0.00000344 0.003396 0.0034 0.001  0.001  

pre-pregnancy_BMI_<18.5 kg/m
2
 0.000571 0.009358 0.009987 0.067  0.064  

pre-pregnancy_BMI_18.5-23.9 kg/m
2
 0.000708 0.010847 0.011626 0.072  0.068  

pre-pregnancy_BMI_24-27.9 kg/m
2
 0.000657 0.009821 0.010544 0.074  0.070  

Maternal height 6.49286E-08 6.77E-06 6.85E-06 0.011  0.010  

Parity 0.00000432 0.001661 0.001665 0.003  0.003  

Delivery mode 0.000001224 0.000681 0.000683 0.002  0.002  

Smoking during pregnancy 0.000494 0.025806 0.026349 0.021  0.021  
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Passive smoking during pregnancy 0.000010752 0.000695 0.000707 0.017  0.017  

Paternal_BMI_<18.5 kg/m
2
 0.000203 0.002228 0.002452 0.100  0.093  

Paternal_BMI_18.5-23.9 kg/m
2
 0.000256 0.002418 0.0027 0.117  0.107  

Paternal_BMI_24-27.9 kg/m
2
 0.000677 0.005381 0.006126 0.138  0.125  

Paternal height 0.000000245 5.74E-06 6.01E-06 0.047  0.045  

Child's gender 0.000001839 0.00059 0.000592 0.003  0.003  

Preterm birth 0.00000354 0.003281 0.003285 0.001  0.001  

Duration of any breastfeeding ≤6 m 0.000019848 0.00082 0.000842 0.027  0.026  

Timing of complementary food introduction 4-6  0.000007504 0.006485 0.006493 0.001  0.001  

Timing of complementary food introduction 4-6 m 0.000011337 0.007812 0.007824 0.002  0.002  

*
FMI: range between 0-1, a large FMI (close to 0) indicates low variability between imputed data sets 
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Supplementary material S11 in Chapter 6: The variance information between imputed data sets for outcomes at 3 years of age 

Variance Information 

Parameter 

Variance Relative 

Increase in 

Variance 

Fraction Missing 

Information (FMI)
*
 

Between Within Total 

Abdomen circumference   

    Maternal_age_≤25 years 0.001698 0.098301 0.10017 0.019  0.019  

Maternal_age_ 26-30 years 0.000438 0.098989 0.099471 0.005  0.005  

Maternal_age_31-35 years 0.005645 0.171018 0.177227 0.036  0.035  

Maternal_edu_high school or below 0.002101 0.064105 0.066416 0.036  0.035  

Maternal_edu_vocational/technical college 0.002321 0.049204 0.051757 0.052  0.050  

Maternal_edu_undergraduate 0.003663 0.121007 0.125037 0.033  0.032  

pre-pregnancy_BMI_<18.5 kg/m
2
 0.024832 0.320031 0.347347 0.085  0.080  

pre-pregnancy_BMI_18.5-23.9 kg/m
2
 0.025504 0.370539 0.398594 0.076  0.071  

pre-pregnancy_BMI_24-27.9 kg/m
2
 0.025874 0.335355 0.363817 0.085  0.079  

Parity 0.00161 0.056344 0.058114 0.031  0.031  

Delivery mode 0.000312 0.023186 0.023529 0.015  0.015  

Smoking during pregnancy 0.222821 1.17815 1.423253 0.208  0.178  

Passive smoking during pregnancy 0.00049 0.024277 0.024815 0.022  0.022  

Paternal_BMI_<18.5 kg/m
2
 0.003832 0.075303 0.079518 0.056  0.054  

Paternal_BMI_18.5-23.9 kg/m
2
 0.007523 0.081477 0.089752 0.102  0.094  

Paternal_BMI_24-27.9 kg/m
2
 0.024956 0.190672 0.218123 0.144  0.129  
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Child's gender 0.001091 0.019913 0.021114 0.060  0.058  

Preterm birth 0.000451 0.110369 0.110865 0.004  0.004  

Duration of any breastfeeding ≤6 m 0.002243 0.028334 0.030801 0.087  0.081  

Timing of complementary food introduction≤3 m  0.002137 0.264837 0.267188 0.009  0.009  

Timing of complementary food introduction 4-6 m 0.002823 0.312962 0.316068 0.010  0.010  

Upper arm circumferencea 

     Maternal_age_≤25 years 2.8078E-05 0.006227 0.006258 0.005  0.005  

Maternal_age_ 26-30 years 2.2502E-05 0.006279 0.006304 0.004  0.004  

Maternal_age_31-35 years 2.8716E-05 0.011076 0.011107 0.003  0.003  

Maternal_edu_high school or below 1.8323E-05 0.004192 0.004212 0.005  0.005  

Maternal_edu_vocational/technical college 0.00000912 0.003223 0.003234 0.003  0.003  

Maternal_edu_undergraduate 2.7129E-05 0.007757 0.007786 0.004  0.004  

pre-pregnancy_BMI_<18.5 kg/m
2
 0.000295 0.020691 0.021016 0.016  0.016  

pre-pregnancy_BMI_18.5-23.9 kg/m
2
 0.000511 0.023962 0.024525 0.023  0.023  

pre-pregnancy_BMI_24-27.9 kg/m
2
 0.00038 0.021689 0.022107 0.019  0.019  

Parity 1.7314E-05 0.003566 0.003585 0.005  0.005  

Delivery mode 1.0747E-05 0.001498 0.001509 0.008  0.008  

Smoking during pregnancy 0.000104 0.069948 0.070063 0.002  0.002  

Passive smoking during pregnancy 5.858E-06 0.001572 0.001579 0.004  0.004  

Paternal_BMI_<18.5 kg/m
2
 0.000833 0.004775 0.005691 0.192  0.166  

Paternal_BMI_18.5-23.9 kg/m
2
 0.00099 0.005168 0.006256 0.211  0.180  

Paternal_BMI_24-27.9 kg/m
2
 0.002034 0.01234 0.014578 0.181  0.158  
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Child's gender 5.841E-06 0.001286 0.001293 0.005  0.005  

Preterm birth 6.417E-06 0.006842 0.006849 0.001  0.001  

Duration of any breastfeeding 7.5362E-05 0.00182 0.001902 0.046  0.044  

Timing of complementary food introduction≤3 m  4.5334E-05 0.017263 0.017312 0.003  0.003  

Timing of complementary food introduction 4-6 m 0.000278 0.02036 0.020666 0.015  0.015  

BMI z-score 

     Maternal_age_≤25 years 1.2538E-05 0.004669 0.004683 0.003  0.003  

Maternal_age_ 26-30 years 1.3828E-05 0.004709 0.004724 0.003  0.003  

Maternal_age_31-35 years 2.4522E-05 0.008145 0.008172 0.003  0.003  

Maternal_edu_high school or below 6.455E-06 0.003061 0.003068 0.002  0.002  

Maternal_edu_vocational/technical college 4.786E-06 0.002348 0.002353 0.002  0.002  

Maternal_edu_undergraduate 7.141E-06 0.00577 0.005778 0.001  0.001  

pre-pregnancy_BMI_<18.5 kg/m
2
 0.000335 0.015459 0.015827 0.024  0.023  

pre-pregnancy_BMI_18.5-23.9 kg/m
2
 0.000327 0.017844 0.018204 0.020  0.020  

pre-pregnancy_BMI_24-27.9 kg/m
2
 0.000388 0.016187 0.016613 0.026  0.026  

Parity 1.5894E-05 0.002686 0.002704 0.007  0.006  

Delivery mode 3.938E-06 0.001108 0.001112 0.004  0.004  

Smoking during pregnancy 0.001324 0.054817 0.056273 0.027  0.026  

Passive smoking during pregnancy 0.00001631 0.001155 0.001173 0.016  0.015  

Paternal_BMI_<18.5 kg/m
2
 0.00043 0.003522 0.003995 0.134  0.121  

Paternal_BMI_18.5-23.9 kg/m
2
 0.000601 0.003822 0.004483 0.173  0.152  

Paternal_BMI_24-27.9 kg/m
2
 0.001442 0.008906 0.010491 0.178  0.155  
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Child's gender 3.398E-06 0.000948 0.000951 0.004  0.004  

Preterm birth 1.3307E-05 0.005268 0.005283 0.003  0.003  

Duration of any breastfeeding 6.4411E-05 0.001349 0.00142 0.053  0.050  

Timing of complementary food introduction≤3 m  0.000143 0.012782 0.012939 0.012  0.012  

Timing of complementary food introduction 4-6 m 0.000117 0.015066 0.015194 0.009  0.008  

Length-for-age z-score 

     Maternal_age_≤25 years 1.1465E-05 0.003905 0.003917 0.003  0.003  

Maternal_age_ 26-30 years 7.442E-06 0.003931 0.003939 0.002  0.002  

Maternal_age_31-35 years 1.9817E-05 0.006836 0.006858 0.003  0.003  

Maternal_edu_high school or below 8.173E-06 0.002558 0.002567 0.004  0.004  

Maternal_edu_vocational/technical college 7.249E-06 0.001958 0.001966 0.004  0.004  

Maternal_edu_undergraduate 1.4644E-05 0.004822 0.004838 0.003  0.003  

pre-pregnancy_BMI_<18.5 kg/m
2
 9.9047E-05 0.012765 0.012874 0.009  0.008  

pre-pregnancy_BMI_18.5-23.9 kg/m
2
 0.000192 0.014751 0.014963 0.014  0.014  

pre-pregnancy_BMI_24-27.9 kg/m
2
 0.000149 0.013379 0.013543 0.012  0.012  

Maternal height 8.45E-08 8.971E-06 9.064E-06 0.010  0.010  

Parity 7.124E-06 0.002227 0.002234 0.004  0.004  

Delivery mode 3.368E-06 0.000931 0.000934 0.004  0.004  

Smoking during pregnancy 0.000288 0.047055 0.047371 0.007  0.007  

Passive smoking during pregnancy 0.00001334 0.00096 0.000975 0.015  0.015  

Paternal_BMI_<18.5 kg/m
2
 0.000414 0.002919 0.003374 0.156  0.138  

Paternal_BMI_18.5-23.9 kg/m
2
 0.000452 0.003165 0.003663 0.157  0.139  



268 

 

Paternal_BMI_24-27.9 kg/m
2
 0.000885 0.007443 0.008417 0.131  0.118  

Paternal height 2.88E-07 6.879E-06 7.196E-06 0.046  0.044  

Child's gender 5.34E-07 0.000788 0.000788 0.001  0.001  

Preterm birth 0.00000318 0.004409 0.004413 0.001  0.001  

Duration of any breastfeeding ≤6 m 4.6209E-05 0.001123 0.001173 0.045  0.044  

Timing of complementary food introduction≤3 m  6.1773E-05 0.010737 0.010805 0.006  0.006  

Timing of complementary food introduction 4-6 m 9.7678E-05 0.012652 0.012759 0.008  0.008  

Weight-for-age z-score 

     Maternal_age_≤25 years 8.364E-06 0.004244 0.004253 0.002  0.002  

Maternal_age_ 26-30 years 6.572E-06 0.004274 0.004281 0.002  0.002  

Maternal_age_31-35 years 1.1809E-05 0.007382 0.007395 0.002  0.002  

Maternal_edu_high school or below 1.4486E-05 0.002769 0.002785 0.006  0.006  

Maternal_edu_vocational/technical college 6.188E-06 0.002125 0.002132 0.003  0.003  

Maternal_edu_undergraduate 0.00003746 0.005226 0.005268 0.008  0.008  

pre-pregnancy_BMI_<18.5 kg/m
2
 0.000263 0.014043 0.014331 0.021  0.020  

pre-pregnancy_BMI_18.5-23.9 kg/m
2
 0.000404 0.016219 0.016664 0.027  0.027  

pre-pregnancy_BMI_24-27.9 kg/m
2
 0.000218 0.014701 0.014941 0.016  0.016  

Parity 1.8636E-05 0.002434 0.002455 0.008  0.008  

Delivery mode 3.815E-06 0.001001 0.001005 0.004  0.004  

Smoking during pregnancy 0.000815 0.0492 0.050097 0.018  0.018  

Passive smoking during pregnancy 0.00000721 0.001048 0.001056 0.008  0.008  

Paternal_BMI_<18.5 kg/m
2
 0.000801 0.00322 0.004101 0.274  0.223  
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Paternal_BMI_18.5-23.9 kg/m
2
 0.00074 0.003486 0.0043 0.234  0.196  

Paternal_BMI_24-27.9 kg/m
2
 0.001466 0.008214 0.009826 0.196  0.169  

Child's gender 2.729E-06 0.00086 0.000863 0.003  0.003  

Preterm birth 2.8124E-05 0.004765 0.004796 0.006  0.006  

Duration of any breastfeeding 4.9129E-05 0.001224 0.001278 0.044  0.043  

Timing of complementary food introduction≤3 m  6.7555E-05 0.011495 0.011569 0.006  0.006  

Timing of complementary food introduction 4-6 m 6.5674E-05 0.013575 0.013647 0.005  0.005  

Weight-for-length z-score 

     Maternal_age_≤25 years 1.3969E-05 0.004516 0.004531 0.003  0.003  

Maternal_age_ 26-30 years 1.0935E-05 0.004547 0.004559 0.003  0.003  

Maternal_age_31-35 years 3.1465E-05 0.007878 0.007912 0.004  0.004  

Maternal_edu_high school or below 4.849E-06 0.002954 0.002959 0.002  0.002  

Maternal_edu_vocational/technical college 2.788E-06 0.002256 0.002259 0.001  0.001  

Maternal_edu_undergraduate 6.713E-06 0.005539 0.005546 0.001  0.001  

pre-pregnancy_BMI_<18.5 kg/m
2
 0.000467 0.014844 0.015357 0.035  0.034  

pre-pregnancy_BMI_18.5-23.9 kg/m
2
 0.000537 0.017141 0.017732 0.034  0.034  

pre-pregnancy_BMI_24-27.9 kg/m
2
 0.000503 0.015539 0.016092 0.036  0.035  

Maternal height 9.35E-08 1.0369E-05 1.0472E-05 0.010  0.010  

Parity 8.802E-06 0.002589 0.002599 0.004  0.004  

Delivery mode 4.652E-06 0.001079 0.001084 0.005  0.005  

Smoking during pregnancy 0.001999 0.053062 0.055261 0.041  0.040  

Passive smoking during pregnancy 9.768E-06 0.00111 0.00112 0.010  0.010  
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Paternal_BMI_<18.5 kg/m
2
 0.000348 0.003373 0.003755 0.113  0.104  

Paternal_BMI_18.5-23.9 kg/m
2
 0.000426 0.003658 0.004126 0.128  0.116  

Paternal_BMI_24-27.9 kg/m
2
 0.000738 0.008612 0.009423 0.094  0.088  

Paternal height 1.63E-07 7.937E-06 8.117E-06 0.023  0.022  

Child's gender 2.191E-06 0.00091 0.000912 0.003  0.003  

Preterm birth 8.123E-06 0.005057 0.005066 0.002  0.002  

Duration of any breastfeeding ≤6 m 0.00004924 0.001298 0.001352 0.042  0.040  

Timing of complementary food introduction≤3 m  7.2826E-05 0.012334 0.012415 0.006  0.006  

Timing of complementary food introduction 4-6 m 0.000157 0.014541 0.014714 0.012  0.012  

*
FMI: range between 0-1, a large FMI (close to 0) indicates low variability between imputed data sets 
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Supplementary material S12 in Chapter 6: Baseline characteristics of participants with and without anthropometry information at 1 and 

3 years of age 

Variables 

With Anthropometry 

Data at 1 year of age  

（N=6279） 

No Anthropometry Data 

at 1 year of age（N=3146） 

With Anthropometry 

Data at 3 years of age  

（N=3898） 

No Anthropometry Data 

at 3 years of age（N=3101） 

Mother 

    Age at delivery (y), mean (SD) 29.4 (3.4) 29.1 (3.4) 29.5 (3.3) 29.2 (3.4) 

Educational level,n (%) 

    High school or below 492(7.8) 366 (11.6) 260(6.7) 323(10.7) 

Vocational/technical college 1555(24.8) 804 (25.6) 906(23.2) 776(25.7) 

Undergraduate 3500(55.7) 1587 (50.4) 2248(57.7) 1573(52.2) 

Postgraduate 732(11.7) 389 (12.4) 484(12.4) 344(11.4) 

Pre-pregnancy BMI, n (%) 

    <18.5 kg/m
2
 1459(23.8) 834 (27.4) 897(23.5) 733(25.0) 

18.5-23.9 kg/m
2
 4061(66.3) 1921 (63.2) 2544(66.6) 1917(65.5) 

24-27.9 kg/m
2
 509(8.3) 236 (7.8) 317(8.3) 224(7.7) 

≥28kg/m
2
 98(1.6) 49 (1.6) 61(1.6) 53(1.8) 

Parity, n (%) 

    Primiparous 5567(88.7) 2582 (82.2) 3472(89.1) 2553(84.8) 

Multiparous 709(11.3) 560 (17.8) 425(10.9) 458(15.2) 

Delivery mode, n (%) 

    Vaginal labor 4064(64.8) 2040 (65.0) 2575(66.1) 1924(64.0) 

Cesarean delivery 2208(35.2) 1098 (35.0) 1319(33.9) 1084(36.0) 

Smoking during pregnancy, n (%) 35(0.6) 9 (0.3) 16(0.4) 17(0.6) 

Passive smoking during pregnancy, n (%) 1933(31.0) 860 (27.6) 1125(29.0) 904(30.2) 
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Child 

    Child's gender, n (%) 

    Male 3302(52.6) 1598 (50.8) 2041(52.4) 1586(52.6) 

Female 2977(47.4) 1548 (49.2) 1857(47.6) 1430(47.4) 

Birth weight <2500g, n (%) 243(3.9) 159 (5.1) 170(4.4) 135(4.5) 

Preterm birth, n (%) 296(4.7) 150 (4.8) 184(4.7) 156(5.2) 

Duration of any breastfeeding, n (%) 

    ≤6 months 1551(25.5) 905 (29.7) 918(24.1) 784(26.7) 

> 6 months 4541(74.5) 2146 (70.3) 2885(75.9) 2154(73.3) 

Parental history of allergy, n (%) 1758(31.1) 877 (30.5) 1169(33.2) 818(31.0) 

Timing of any infant formulas introduction, 

months  n (%) 

    ≤3 m 5152(82.1) 2169 (71.8) 3222(82.7) 2238(78.3) 

4-6 m 568(9.1) 427 (14.1) 358(9.2) 321(11.2) 

> 6 m 559(8.9) 426 (14.1) 318(8.2) 298(10.4) 

BMI: Body Mass Index



273 

 

Supplementary material S13 in Chapter 6: The association between timing of formula 

introduction and complementary food introduction 

Complementary foods introduction 
Time of starting formula feeding (N=6279) 

≤3 m  4-6 m  > 6 m  P value 

Introduction of rice/cereal 
   

<0.001 

≤3 m 359 (7.0) 20 (3.5) 13 (2.3) 
 4-6 m 4583 (89.1) 527 (92.8) 508 (91.1) 
 > 6 m 202 (3.9) 21 (3.7) 37 (6.6) 
 Introduction of vegetables 

   
0.003  

≤3 m 50 (1.0) 5 (0.9) 2 (0.3) 
 4-6 m 3196 (63.2) 343 (61.0) 310 (55.8) 
 > 6 m 1811 (35.8) 214 (38.1) 244 (43.9) 
 Introduction of fruits 

   
0.025  

≤3 m 124 (2.4) 11 (1.9) 10 (1.8) 
 4-6 m 3887 (75.9) 438 (77.7) 396 (71.0) 
 > 6 m 1108 (21.7) 115 (20.4) 152 (27.2) 
 Introduction of meat 

   
<0.001 

≤3 m 16 (0.3) 1 (0.2) 4 (0.7) 
 4-6 m 1410 (28.9) 149 (27.4) 108 (19.7) 
 > 6 m 3448 (70.7) 394 (72.4) 436 (79.6) 
 Introduction of offals 

   
0.216  

≤3 m 14 (0.4) 0 (0) 2 (0.4) 
 4-6 m 719 (19.4) 77 (18.1) 73 (16.2) 
 > 6 m 2978 (80.3) 348 (81.9) 376 (83.4) 
 Introduction of fish 

   
<0.001 

≤3 m 21 (0.4) 3 (0.6) 2 (0.4) 
 4-6 m 1206 (25.1) 113 (21.1) 84 (15.7) 
 > 6 m 3576 (74.4) 420 (78.4) 448 (83.9) 
 Introduction of other seafood 

   
0.330  

≤3 m 14 (0.7) 4 (1.8) 2 (0.7) 
 4-6 m 174 (8.4) 23 (10.3) 21 (7.6) 
 > 6 m 1872 (90.9) 196 (87.9) 255 (91.7) 
 Introduction of egg yolk 

   
0.001  

≤3 m 86 (1.7) 7 (1.3) 2 (0.4) 
 4-6 m 3259 (65.0) 377 (67.8) 323 (59.4) 
 > 6 m 1668 (33.3) 172 (30.9) 219 (40.2) 
 Introduction of egg white 

    ≤3 m 21 (0.7) 3 (0.8) 2 (0.5) 0.248  

4-6 m 400 (12.8) 47 (12.7) 32 (8.7) 
 > 6 m 2692 (86.5) 320 (86.5) 333 (90.8)   
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Supplementary material S14 in Chapter 6: Modification effects of timing of 

complementary food introduction and breastfeeding duration on associations of formula 

introduction with overweight at 1 year and 3 years of age. 

  Modification effects
*
 P-value 

Overweight at 1 year of age   

 

Complementary foods introduction * Infant formula introduction 0.198  

 

Cereal introduction* Infant formula introduction 0.352  

 

Vegetable introduction * Infant formula introduction 1.000  

 

Fruit introduction * Infant formula introduction 0.600  

 

Meat introduction * Infant formula introduction 0.972  

 

Offal introduction * Infant formula introduction 0.542  

 

Fish introduction * Infant formula introduction 0.240  

 

Other seafood introduction * Infant formula introduction 0.853  

 

Egg yolk introduction * Infant formula introduction 0.982  

 

Egg white introduction * Infant formula introduction 0.969  

 

Breastfeeding duration * Infant formula introduction 0.201  

Overweight at 3 years of age     

 

Complementary foods introduction * Infant formula introduction 0.089  

 

Cereal introduction* Infant formula introduction 0.801  

 

Vegetable introduction * Infant formula introduction 0.539  

 

Fruit introduction * Infant formula introduction 0.264  

 

Meat introduction * Infant formula introduction 0.777  

 

Offal introduction * Infant formula introduction 0.649  

 

Fish introduction * Infant formula introduction 0.844  

 

Other seafood introduction * Infant formula introduction 0.896  

 

Egg yolk introduction * Infant formula introduction 0.288  

 

Egg white introduction * Infant formula introduction 0.300  

 

Breastfeeding duration * Infant formula introduction 0.271  

Changes from 1 to 3 years of age 

 

 

Early overweight 

 

 

Complementary foods introduction * Infant formula introduction 0.465  

 

Cereal introduction* Infant formula introduction 0.669  

 

Vegetable introduction * Infant formula introduction 0.862  

 

Fruit introduction * Infant formula introduction 0.998  

 

Meat introduction * Infant formula introduction 0.796  

 

Offal introduction * Infant formula introduction 0.743  

 

Fish introduction * Infant formula introduction 0.005  

 

Other seafood introduction * Infant formula introduction 0.850  

 

Egg yolk introduction * Infant formula introduction 1.000  

 

Egg white introduction * Infant formula introduction 0.329  
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Breastfeeding duration * Infant formula introduction 0.781  

 

Later overweight 

 

 

Complementary foods introduction * Infant formula introduction 0.933  

 

Cereal introduction* Infant formula introduction 0.996  

 

Vegetable introduction * Infant formula introduction 0.961  

 

Fruit introduction * Infant formula introduction 0.403  

 

Meat introduction * Infant formula introduction 0.548  

 

Offal introduction * Infant formula introduction 0.606  

 

Fish introduction * Infant formula introduction 0.606  

 

Other seafood introduction * Infant formula introduction 0.709  

 

Egg yolk introduction * Infant formula introduction 0.318  

 

Egg white introduction * Infant formula introduction 0.088  

 

Breastfeeding duration * Infant formula introduction 0.924  

 

Persistent overweight 

 

 

Complementary foods introduction * Infant formula introduction 0.154  

 

Cereal introduction* Infant formula introduction 0.165  

 

Vegetable introduction * Infant formula introduction 0.985  

 

Fruit introduction * Infant formula introduction 0.746  

 

Meat introduction * Infant formula introduction 0.998  

 

Offal introduction * Infant formula introduction 0.992  

 

Fish introduction * Infant formula introduction 0.984  

 

Other seafood introduction * Infant formula introduction 0.949  

 

Egg yolk introduction * Infant formula introduction 0.942  

 

Egg white introduction * Infant formula introduction 0.999  

  Breastfeeding duration * Infant formula introduction 0.529  

Adjusted for maternal age at delivery, maternal education, maternal pre-pregnancy BMI and paternal 

BMI, maternal smoking during pregnancy, passive smoking during pregnancy, preterm birth, parity, 

mode of delivery, infant sex, birth weight and the duration of breastfeeding 
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