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ABSTRACT 

Oral diseases affect 3.9 billion people worldwide, and dental caries is the most prevalent oral 

condition. Untreated caries in permanent and deciduous dentitions were reported among 

approximately 35% and 9% of the world population, respectively, in 2010. Moreover, it is the 

fourth-most expensive chronic disease to treat according to the World Health Organization. 

The importance of various social, environmental, familial, and behavioural factors on 

childhood caries has been identified by earlier researchers. In the past, epidemiological 

research on caries has mainly focused on describing biological and dietary determinants of the 

disease. During the past few decades, there has been an effort to explore children’s oral health 

outcomes using a broader framework, incorporating behavioural, social, and environmental 

predictors with biological and genetic factors. Despite the fact that these characteristics have 

been found to be significantly associated with childhood caries experience in different 

population groups, there has been scarce research exploring the whole range of putative risk 

factors, and their associated risk indicators, and their possible interactions, simultaneously, in 

a single child cohort. In particular, the impact of the epigenome and of the in utero environment 

on susceptibility to dental caries has not been reported in children from a typical Western 

industrialised country. Hence, this thesis explored a wide range of factors: environmental, 

socio-economic, behavioural, maternal (including throughout pregnancy), children’s 

individual factors (including well-established risks associated with diet and hygiene practices), 

and a screen for epigenetic modifications, as indicators of risk for childhood caries. 

Participants were 174, six- to seven-year-old children and their mothers from South East 

Queensland, who were originally enrolled in the Environments for Healthy Living (EFHL) 

Griffith University birth cohort study. Participants for the oral health sub-study were volunteers 
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obtained from the EFHL database who were willing to come for an oral examination at Griffith 

dental clinics. 

Mothers completed a questionnaire on oral health knowledge and behaviours at the dental clinic 

followed by anthropometric measurements. Trained and calibrated examiners conducted 

detailed head and neck, and oral examinations, and recorded participant’s salivary 

characteristics and dental caries scores. Total DNA was extracted from each participant’s saliva 

for sequencing and methylation arrays to detect epigenetic changes. Descriptive statistics, 

negative binomial regression, and path analyses were performed to evaluate the associations 

between risk indicators and the lifetime dental caries experience of each child. 

Maternal risk indicators included mother’s age at examination, her lifetime caries experience, 

oral health knowledge and practices, body mass index, saliva characteristics of clinical oral 

hydration, stimulated flow rate, pH, buffering capacity, and load of salivary mutans 

Streptococci and Lactobacilli.  

Results indicated that low annual household income was a risk indicator for dental caries 

experience in this child population. Maternal behaviours: initiating child’s tooth brushing later 

than six months of age and a high frequency of giving carbonated drinks to the child were 

associated with increased caries experience in their children. In addition, high loads of maternal 

oral Lactobacilli were related to the children’s increased risk of caries. Moreover, children’s 

past caries experience, and increased levels of salivary mutans Streptococci were recognised 

to be significant risk indicators for their dental caries experience. Children whose mothers took 

iron supplements during pregnancy had low levels of caries (past and current) compared to 

their counterparts.  
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One highlight of the thesis has been the cutting-edge evidence of an association between 

epigenetic modifications and caries experience of individuals. There were significant 

differences in differentially methylated regions between persons with high and low caries 

experience on chromosomes 1, 2, 5, 7, 12, 20 and 22. Chromosome 12, in particular, showed 

the highest average methylation difference between the two groups. Further, functional 

annotations of related genes revealed that there are two gene clusters related to zinc (Zn) 

metabolism and membrane protein functions, which could indirectly be related to the caries 

process. 

In summary, the study found maternal, environmental, and children’s characteristics that were 

risk indicators for caries experience in this child population. It was observed that low maternal 

income and poor oral health behaviours had positive associations with children’s caries 

experience. Also, bad oral health of the mother, expressed as maternal caries experience, placed 

their children at risk of dental caries. Similarly, children with poor oral health with past caries 

and high counts of cariogenic bacteria, along with reported low maternal iron supplements 

during pregnancy were more at risk of continuing to develop dental caries than their 

counterparts. The latter could reflect inadequate iron during pregnancy and consequent sub-

optimal development of foetal tissues and immune responses. The pilot study of 12 mother 

child dyads to explore associations between epigenetic changes and lifetime caries experience 

suggests that epigenetic modifications might, indeed, predispose individuals to dental caries. 

However, with such a small sample size, this cannot be a firm conclusion. Nevertheless it leads 

to the generation of hypotheses which can be tested in further studies.” 

This thesis adds new knowledge to the current literature on local, systemic and environmental 

factors influencing susceptibility and resistance to the process of childhood caries. The results 

also offer new avenues for health promotion using a common risk factor approach to improve 
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maternal behaviours and nutrition, which would eventually enhance the clinical caries 

outcomes in children.  
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Chapter 1: Introduction 

1.1 Background  

Dental caries remains the most prevalent disease worldwide, burdening billions of people, 

especially children, with pain and subsequently poor quality of life and general health 

(Schwendicke et al., 2015; Kassebaum et al., 2015). According to the FDI World Dental 

Federation, in 2010 44% of the world’s population was affected by tooth decay (Kieu et al., 

2017). Untreated dental caries is a major public health problem affecting 621 million children 

worldwide (Kassebaum et al., 2015). Despite progress made in caries control by the protective 

effects of fluoride, increased interventions in oral health promotion, widespread health 

education, and advanced treatment options, dental caries still persists as a disease that places 

a significant financial burden on both individuals and health care systems (Splieth et al., 2016). 

The basics of the caries process are simple: acids derived from the fermentation of carbohydrate 

foods dissolve enamel, and later dentine, if oral hygiene is poor and large volumes of microbial 

biofilm remain on tooth surfaces. This means that, fundamentally, prevention of this disease is 

simple and within the means of most ordinary members of society through self-care: restrict 

the intake of readily fermentable carbohydrate and brush teeth thoroughly once or twice a day 

with a fluoridated toothpaste (Cohen et al., 2017). Nevertheless, in real life, most people fail to 

maintain their own oral health, and the predisposing susceptibility and resistance factors are 

highly complex. In that sense, dental caries is a multifactorial disease, complexly modified by 

genetic, behavioural, social, and environmental factors (Ditmyer et al., 2010; Splieth et al., 

2016). Historically, research was focused more on biological and dietary influences on the 

disease. Recent years have seen interest growing in exploring a broader framework, 



 

2 

incorporating psychosocial and environmental influences, along with biological measures. 

There remain many gaps in knowledge as to how these wider risk indicators, and possible risk 

factors, interrelate, and why some children suffer a greater burden of disease than others.  

It has been well researched that maternal education and income have a significant impact on a 

child’s oral health. Socio-economic circumstances, mainly income (Schwendicke et al., 2015), 

maternal level of education (Kumar et al., 2014), employment status (Tanaka et al., 2013), and 

age (Niji et al., 2010), influence children’s susceptibility to, and experience of, dental caries, 

as higher income is said to promote  improved living conditions and reception of health care 

(Capurro et al., 2015; Jepsen et al., 2017). Despite changing roles and responsibilities within 

the family (Poutanen et al., 2007), the mother is still recognised as the key influencer of a 

child’s eating and oral hygiene habits, and thus caries status, more than others (Saied-Moallemi 

et al., 2008). Consequently, maternal oral health-related knowledge, beliefs, and attitudes 

influence the oral health behaviour of their children (Poutanen et al., 2007; Saied-Moallemi et 

al.; 2008, Szatko et al., 2004). Arguably, family circumstances reflect their socio-economic 

status (SES); families provide support and role modelling to children so that their oral health 

is influenced by their caregivers’ behaviours and perceptions. For example, single parent 

families tend to be stressed, including financially, so that the principal role model may not be 

setting a good example regarding health behaviours, with impact on the dental caries status of 

the children (Hooley et al., 2012; Östberg et al., 2016; dos Santos Pinto et al., 2016). Given 

that dental caries is a lifestyle disease and shares risk indicators with several other chronic 

conditions like obesity, maternal body mass index could be expected to predict dental caries of 

children to some degree (Wigen and Wang, 2011), especially because of the influence mothers 

have on their children’s eating habits (Wigen and Wang, 2014). Thus, high levels of untreated 

caries in mothers increased the odds of their children having untreated caries (Ersin et al., 2005; 
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Warren et al., 2016; Birungi et al., 2016) and were associated with  more severe disease in the 

children (Weintraub et al., 2010). Poor maternal oral health was a predictor of their children’s 

caries experience both in childhood and adulthood (Shearer et al., 2011). Additionally, 

mother’s oral carriage of cariogenic bacteria, mutans Streptococci (MS) and Lactobacilli (LB), 

are associated with early oral colonisation of their children with these microorganisms and has 

been used as a predictor of increased childhood caries occurrence (Chaffee et al., 2014). As 

mentioned above, an individual’s risk for initiation of a carious lesion lies in an acidic 

environment at tooth surfaces, (Kianoush et al., 2014, Varma et al., 2008), perhaps with low 

flow rates of saliva (Diaz de Guillory et al., 2014), which may have poor buffering capacity 

(Gao et al., 2016), and be reflected in low hydration of the mouth (Varma et al., 2008). The 

homoeostasis of the oral environment is thus critical, and little attempt has been made to 

explore maternal saliva characteristics and any association they might have with their child’s 

oral environment and levels of dental disease. That is not to imply a direct effect on the child: 

rather if the mother’s markers of caries risk in her saliva are high, it is likely that some of the 

conditions which have produced this situation will also apply to her child. 

It is evident that the prenatal circumstances of a child, which is strongly influenced by maternal 

health and nutrition, will affect the development of children’s teeth because the deciduous 

dentition is formed throughout most of the foetal period (Billings et al., 2004). Especially, 

maternal intake of calcium, iron, folate, multivitamins, vitamin D, vitamin C, and fluoride 

affect the development and mineralisation of their baby’s dentition (Tanaka et al., 2015; 

Takahashi et al., 2015; Schroth et al., 2014). Vitamin and mineral deficiencies during 

pregnancy are frequently accompanied by recurrent infections and have an adverse effect on 

the daily functioning and well-being of both mother and foetus (De-Regil et al., 2016). It is of 

interest, therefore, to understand the intra-uterine environment and to explore if any 
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abnormalities therein are related in any way to the caries experience of their offspring. 

Moreover, low birth weight is a marker of foetal growth and has been linked to a variety of 

chronic diseases in later life (Barker et al., 2002; Barker and Thornburg, 2013). Likewise, 

compromised foetal nutrition and growth may affect the development of deciduous teeth, which 

starts in utero. Low birth weight has especially been linked with enamel hypoplasia (Nelson et 

al., 2013) and thereby with increased levels of caries (Bernabé et al., 2017).   

As a child ages, he/she is exposed to many risk conditions. The mores of the wider community 

and family influence the risk of developing caries, and risks will be reflected in intra-oral 

conditions which play a direct role in the disease process. The physicochemical properties of a 

child’s saliva, pH, buffering capacity, and flow rate play a major role in determining the levels 

of  MS and LB in saliva (Ramamurthy et al., 2014) and therefore in the susceptibility to caries 

(Preethi et al., 2010). However, baseline (past) caries was the strongest single predictor of 

accumulated carious lesions in children throughout the first one or two decades of their lives, 

post-partum (Attaran et al., 2016). Thus caries experience in the deciduous dentition has been 

found to predict caries experience in the permanent dentition (Casanova-Rosado et al., 2005).  

Despite growing, detailed knowledge of the biochemical and biophysical mechanisms of the 

caries process, and increasing attention paid to behavioural, social, and wider environmental 

factors, dental caries persists as the main chronic disease among children worldwide 

(Kassebaum et al., 2015). To this effect, The National Institute of Health Consensus 

Development Program (USA) released a statement in 2001, specifying that there is a great 

need for studies to identify genetic drivers, or at least genetic markers, which could be related 

to diagnosis, prognosis, and therapy for dental caries 

(http://consensus.nih.gov/2001/2001DentalCaries115html.htm). Even though the impact of 

http://consensus.nih.gov/2001/2001DentalCaries115html.htm
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the human genome on dental caries has been researched for decades through twin (Boraas et 

al., 1988), family (Bretz et al., 2005), genome-wide sssociation studies (GWAS; Vieira et al., 

2008), and candidate gene studies (Vieira et al., 2014), no potent effect variants have been 

identified, indicating that factors other than the genome itself may have an impact on the 

development of the disease: the epigenome may be one such. The epigenetic code, which is a 

subject’s genome modified by environmental stimuli, determines when and where in the body 

genes are expressed. Along with many other diseases, understanding the epigenome is 

increasingly relevant to research in cariology (Williams et al., 2014; Seo et al., 2015).  

 

1.2 Rationale for conducting the research in South East Queensland  

Levels of dental caries in children have risen in Australia in recent years. From 1977 to 1995, 

data from school dental services suggested that there was a drop in dental decay in deciduous 

teeth (AIHW, 2014). However, by the year 2002, just over 47% of 5- to 6-year-old children 

had one or more teeth with carious cavities measured with dmft index and, of these lesions, 

80% were untreated. Out of all states and territories, Queensland (QLD) children aged six years 

had the second highest caries scores (dmft 2.28) (Armfield et al., 2007). Moreover, by 2010, 

55% of 6-year-old Australian children had experienced decay in their deciduous teeth 

(Chrisopoulos et al., 2016). In 2010, out of the children who visited school dental services, 

48% of 5-year-olds with caries had a mean decayed, missing or filled teeth index of 2.32 

(AIHW, 2014). Oral health surveillance data from 2004-2006 revealed that there is a substantial 

variation in children’s oral health across Australian states and territories (ARCPOH, 2009, 

2014). With New South Wales as the reference state, QLD children who were 6-7 years old 

had the highest caries experience (dmft 2.17) (Lucas et al., 2011,; Plonka et al., 2013). Mean 

dmft scores of children varied between geographical regions in QLD: Among 5- to 6-year-olds, 
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it was 1.9 in Brisbane, 2.0 in the wider South-East, 2.4 in Northern Queensland, but only 1.4 

in Townsville, which has had fluoridation of public water supplies since 1965, the only town 

to receive this benefit in the State. Dental caries statistics in children, especially in the state of 

QLD, show that this disease is a serious public health problem (Wong et al., 2012; Do and 

Spencer, 2016).  

Further, it has been highlighted that over a period of three years (from January 2008 to August 

2010), the majority of emergency cases in children below 18 years who presented at community 

dental clinics in Logan Beaudesert region were caries related, compared to other dental 

emergencies (trauma and orthodontic related) (Wong et al., 2012). When compared with other 

areas of QLD, the South East region has a higher proportion of children living in low-income 

households (Do and Spencer, 2014). It was reported that the prevalence of untreated decay in 

children from low-income areas such as Logan District (36.9%), was more than that of children 

from medium-income areas (27.7%) and high-income areas (19.3%) (Do and Spencer, 2014).  

Predictive and precise caries risk assessment allows the clinician to identify problems early 

for effective preventive therapies and appropriate treatment planning, according to an 

individual child’s level of risk. The literature on predictors of dental caries in children is 

overwhelming, with numerous systematic reviews identifying socio-demographic, dietary, 

and family-level as important risk indicators of childhood dental caries in different child 

populations. Although the importance of understanding risk indicators of the process of dental 

caries among Western industrialised countries is widely acknowledged, little attempt has been 

made to explore the association between caries and a multitude of factors simultaneously 

among the same population of children. Given this research gap, this thesis aims to gain 

insights into associations between wider socio-economic, environmental, and family 
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variables, especially related to mothers of the children under study, and their child’s caries 

history and current activity. We consider the intra-uterine environment of the child from 

information on mothers during pregnancy. We then study the general health and oral 

physiology of the children and search for epigenetic modifications which might be related to 

the cariogenic process (Figure 1.1).  

 

 Figure 1.1: Community, maternal, child, and epigenetic influences on dental caries in children 

1.3 Research questions and objectives 

Based on the research gap identified in the literature on associations between children’s dental 

caries and risk indicators, the main research theme of this thesis is centred on three main 

research questions.  

Wider socio-economic 
environment 
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environment 
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Maternal factors 

Children’s intra oral 
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1. Is there a relationship between maternal and environmental risk indicators, SES, mother’s 

body mass index, intra oral characteristics, oral health knowledge, behaviours, and the caries 

experience of their children? 

2. What are the associations between children’s past dental caries experience, salivary 

characteristics, prenatal conditions, birth weight, and both lifetime experience of dental caries 

and current active dental caries? 

3. Are there any differences in epigenetic modifications between individuals discordant for 

lifetime, cumulative caries experience? 

Answering these questions based on the caries status of a population of mother-child dyads in 

South East Queensland (SEQ) is expected to fill the research gap identified. Specific objectives 

of the thesis are to:  

 measure the level of dental caries in a sample of 6- to 7-year-old children and their mothers;  

 assess the oral health knowledge and behaviours of mothers of 6- to 7-year-old children in 

the study sample; 

 develop risk factor models based on a proposed conceptual framework for dental caries in 

a sample of 6- to 7-year-old children inclusive of maternal, environmental and children’s 

individual characteristics as markers of risk; and  

 conduct a pilot study to screen for epigenetic modifications which might, conceivably, have 

effects on cariogenesis. 
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1.4 Contribution of the study 

The thesis makes two significant contributions to the literature around dental caries in general, 

and childhood dental caries in SEQ in particular. 

First, the thesis endeavours to narrow the gap in the existing literature on risk markers for 

childhood dental caries in a typical Western industrialised population. Although there are 

plenty of studies which document possible risk indicators for dental caries among children of 

such populations, the amount of research which seeks to identify and quantify such a wide 

range of risk factors, including epigenetic influences, is limited. This research explores the 

impact of maternal, environmental, and children’s factors as potential risk indicators for 

childhood dental caries. Possible interactions between variables were analysed to arrive at the 

most significant correlations, and from these to fit hypothetical models of risk indicators. The 

salient feature of these models is that they allow researchers to infer the findings in clinically 

and biologically meaningful ways. 

Second, the thesis adds new empirical findings to the literature on epigenetics and dental caries. 

It examines the associations of epigenetic modifications, measured as differential methylations 

in DNA, and lifetime experience of dental caries. In addition, new techniques are used to 

sequence DNA with bisulfite treated DNA for methylation analysis on the SeqCap Epi 4 M 

CpGIANT enrichment platform (Roche NimbleGen, USA). It examines, on a limited number 

of dyads, as a pilot experiment, the differentially methylated CpG sites between individuals 

with high and low caries experience. At the date of submission, this study may be the first of 

its kind to assess epigenetic variations with regards to dental caries experience. Preliminary 
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experiments on deep sequencing of putative genetic loci associated with caries susceptibility 

are described. 

 

1.5 The structure of the thesis 

The remainder of the thesis is organised into eight chapters. Chapter 2 provides an overview 

of current understanding of the aetiopathogenesis of dental caries in otherwise healthy children, 

on current Australian and global epidemiology, and on quantification of risk indicators for 

dental caries in children. This chapter lays the foundation for the thesis and highlights the main 

focus of the thesis. 

Chapter 3 is presented as a published paper entitled, “Protocol for assessing maternal, 

environmental and epigenetic risk indicators for dental caries in children”. It describes the 

study design and methodological approach. Sample selection, sample size calculation, data 

collection methods and proposed analyses are described in detail. 

Chapter 4 is a results chapter and is presented as a submitted paper entitled, “Maternal caries 

experience, household income, carbonated drinks and age at commencement of tooth-brushing 

are associated with caries experience among 6- to 7-year-old children in Australia”. This 

chapter gives the findings on risk indicators for dental caries in children concerning children’s 

socio-economic environment and maternal characteristics, including behavioural and intra oral 

attributes, and oral health knowledge. 

Chapter 5 is a results chapter and is presented as a submitted paper entitled, “Mothers who 

report taking iron supplements during pregnancy and child’s oral carriage of mutans 
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Streptococci are associated with a child’s lower and higher lifetime dental caries experience, 

respectively.”  The chapter explores the risk markers for children’s current caries experience, 

measured with International Caries Detection and Assessment System (ICDAS > 0 at time of 

examination), focusing on the child as an individual. Child’s prenatal environment and birth 

weight, saliva physiology, and past caries experience (measured by the number of tooth 

surfaces with restorations) are considered.  

Chapter 6 provides an overview of the genetic predisposition to dental caries and explores what 

lies beyond the current knowledge on genetics. It discusses the possible relationships between 

caries and epigenetics, and it highlights the lack of empirical research in the area. Further, the 

chapter provides the foundation for the next results chapter. 

Chapter 7 is a results chapter presented as a submitted paper entitled, “An epigenome wide 

association study of mother-child dyads discordant for dental caries: A Pilot Study”. It presents 

the findings of a pilot study exploring epigenetic changes, detected in differential methylations 

in DNA, between mother-child dyads with high and with low lifetime caries experience.  

Chapter 8 is a regular thesis chapter. It concludes the study with an overview of the research, 

focusing on research questions and objectives. The main findings regarding risk markers for 

dental caries in a population of SEQ children are then discussed. Following this, the chapter 

highlights the limitations of the study, future research directions and concluding remarks. 
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Chapter 2: Review of literature 

2.1 Introduction 

The purpose of this chapter is to examine the literature on current understanding of the 

aetiopathogenesis of dental caries in children.  The chapter also presents a brief description of 

conceptual frameworks that have been proposed as means of understanding the risk indicators 

for the process of childhood dental caries.    

For this narrative review, PubMed via Medline and Google Scholar were used as data bases. 

Key words used were children, caries, dental caries, risk, susceptibility, influence, maternal, 

environmental, familial, individual, gender and caries history. Additional Boolean commands 

were used to narrow down the search. Further the search was limited to full text journal articles 

published between 1912/01/01 and 2017/08/01 on humans. Mesh terms for keywords were 

used during the literature search in PubMed. 

The chapter organisation is as follows. Section 2.2 outlines the burden of dental caries among 

children over the last few decades. Section 2.3 briefly discusses the conceptual frameworks 

proposed by researchers to identify risk indicators for dental caries. Section 2.4 reviews the 

literature on determinants of dental caries in children from community level influences to 

family level and child-level influences. Section 2.5 summarises the chapter with concluding 

remarks. 
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2.2. The burden of dental caries in children 

Since oral health is merely a part of the general wellbeing of individuals, compartmentalisation 

of the mouth and the rest of the body regarding health conditions is not justified. Oral health 

affects children’s general health by causing pain, suffering, and changing their dietary habits, 

speech and quality of life (Sanders et al., 2009). Dental caries manifests as a continuum of 

disease states of increasing severity and tooth destruction, ranging from subclinical changes to 

lesions with dentinal involvement (Kidd and Fejerskov, 2004), and it is the fourth-most 

expensive chronic disease to treat according to the World Health Organization (WHO) 

(Petersen, 2008). If left untreated, caries augments oral infection (Selwitz et al., 2007) and 

affect children’s school attendance and performance (Jackson et al., 2011). In 2010, untreated 

caries in deciduous teeth was the 10th most prevalent condition affecting 9% of the global child 

population (Kassebaum et al., 2015). In Asia Pacific high-income countries, the prevalence of 

deciduous caries declined slightly from 10.8% in 1990 to 9.6% in 2010 (Kassebaum et al., 

2015). In Australasia, the decrease was from 5.5% to 4.9%, whereas in Europe (Central, 

Eastern, and Western) the prevalence did not show a marked difference from 1990 to 2010 

(Kassebaum et al., 2015). These data show that, worldwide, dental caries in the deciduous 

dentition is not under control, in spite of our detailed knowledge of aetiopathogenesis. We 

know how to prevent most caries in most individuals, but fail to apply these approaches at a 

population level. 

Decay of deciduous teeth (measured with decayed, missing, and filled teeth index; dmft, with 

decay recorded at the level of cavitation) in children aged 6 attending school dental services in 

Australia decreased from a mean dmft of 3.19 in 1978 to 1.45 in 1996, followed by a gradual 

increase to a mean of 2.58 in 2010. According to National Child Oral Health Study in Australia 
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(2012-2014), one in every four children aged 5-to 10-years at that time had untreated decay in 

their deciduous teeth (Do and Spencer, 2016). In 2013, approximately two-thirds (64.4%) of 

children aged 5 and over had made a dental visit. Almost 4 in 5 (78.8%) children aged 5-14 

had made a dental visit in the previous 12 months, with 90.6% having visited within the past 

two years, although the nature of the visits were not explained (Chrisopoulos et al. 2016). 

Furthermore, Chrisopoulos et al. (2016) report that mean dmft of Australian children in the 

year 2015 was 1.83 for 5-year-olds, 1.74 for 6-year-olds and 2.63 for 8-year-olds (Chrisopoulos 

et al., 2016). However, oral health surveillance data indicate significant variations in children’s 

oral health and dental service attendance across Australian states and territories (ARCPOH, 

2009; AIWH, 2014). In 2007, 5- to 6-year-old QLD children had the highest caries mean dmft 

of 1.72 (Ha et al., 2011). Lucas et al. (2011) made the same observation in 2011 and report that 

caries experience of 6- to 7-year-old children in QLD was the highest: mean dmft  score 2.17, 

followed by 1.68 in Northern Territory, and 1.53 in Western Australia. Dental caries is clearly 

a serious public health problem, especially in QLD (Wong et al., 2012). Even within the state, 

areas of high social disadvantage such as the Logan-Beaudesert district have the highest caries 

prevalence among children (Plonka et al., 2013). In SEQ, dental caries was the number one 

reason among children for attending hospital emergencies: in 2009 it accounted for 75% of all 

emergency attendances and in 2010, 74% (Wong et al., 2012). In 2009, restoration of carious 

teeth represented 26% of all treatment provided per month, and 20% in 2010. There was an 

overall rise in the number of paediatric emergency visits in SEQ from 2008 to 2010, and the 

most common cause was caries-related, for instance, dental pain and abscesses (Wong et al., 

2012). These observations show considerable geographical variations in population oral health, 

which exist from a young age.  
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During the past few decades research into population oral health has focused on describing 

biological and dietary determinants of disease. In more recent years there has been a growing 

interest in exploring children’s oral health outcomes using a broader framework, incorporating 

psychosocial, and environmental influences, together with biological (Crall et al., 1990) and 

genetic (Boraas et al., 1988) variables. The effort towards a more comprehensive approach 

stems partly from the recent shift in thinking about population health, in which academic 

reports have proposed increasingly complex conceptualizations of oral health determinants. 

Studies assessing risk factors for dental caries in children have reported different results, due 

to variations in study designs, analytical methods, subjects’ ages, and definitions of risk factors 

and caries phenotypes (Chankanka et al., 2011).  

From a public health perspective, exploring consistent caries-related factors would be essential 

for the prevention of the disease. However, the values of generalising such indicators among 

different populations is debatable due to the ever present population diversities. Investigations 

that look into associations of these varied characteristics and childhood caries are needed to 

understand the disease trajectory, and thereby to reduce the disease burden. 

 

2.3 Proposed Conceptual frameworks describing the process of dental caries  

The common risk factor approach (CRFA) for oral diseases has been widely accepted and 

endorsed globally by dental researchers and promoters of oral health, prompted to some extent 

by policy recommendations from the WHO in the 1980s (Petersen and Kwan, 2010). This 

concept was further developed and applied to oral health with an emphasis on directing action 

at shared risk factors for chronic diseases including dental caries. Sheiham and Watt in 2000 

proposed a conceptual framework addressing the broader shared social determinants of chronic 
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diseases, highlighting that a behavioural preventive approach alone would only widen the oral 

health inequalities across populations (Sheiham and Watt, 2000). They placed a key emphasis 

on socio-economic and political contexts which generate and maintain educational systems, 

labour markets, welfare, and health systems leading to the maintenance of an individual’s 

socio-economic position. They argued that this, in turn, would result in changes in behavioural, 

biological factors, psychosocial, and health care utilisation leading to oral health inequalities. 

However, they do not discuss possible interactions between the different levels, and the 

proposed conceptual framework is unidirectional.  

A more comprehensive CRFA approach was taken by Petersen in 2005, based on the risk factor 

model in the promotion of oral health suggested by the WHO (Petersen, 2003). The design 

incorporates evidence available on potential socio-behavioural risks of dental caries and some 

widely used outcome measures. Interrelated health system and oral health services, 

sociocultural factors, and environmental risk indicators are explained as dynamics that 

influence the use of oral health services and risk behaviours of individuals, families, or 

populations. The outcome; prevalence, and severity of dental caries, is described as a result of 

these proximal factors (Petersen, 2005). Moreover, the model is based on empirical evidence 

from both developed and developing countries. However, biological and physiological 

characteristics have not been included in the model. 

A unifying conceptual model proposed by Seow (2012) addresses broader social, 

environmental, maternal, and child factors that are commonly associated with childhood dental 

caries. This model is centred on the mother, coming from a socially disadvantaged background, 

low SES, and a relatively low-level of education. The author describes in detail how the 

external environment could affect maternal economic stress, dysfunctional parenting, health 
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beliefs, and behaviours which eventually lead children to a high risk of caries (Kim Seow, 

2012). It also highlights possible interactions between the wider environment and the mother’s 

characteristics. However, the model lacks a multi-level approach as child’s characteristics, 

biological, and physiological risk factors have not been considered. According to the 

conceptual framework proposed by Johnson in the early 1990s, dental caries is described as a 

disease process that depends on a continually changing balance between external stimuli and 

the host’s biological response to such stimuli.  These stimuli act in an environment conditioned 

by a range of local and general predisposing factors, and a range of local and general resistance 

factors. The initiation of dental caries itself, as outlined in the model, is a relatively simple 

series of physicochemical interactions at the tooth surface (Johnson, 1991). The balance 

between demineralisation and remineralisation, which varies over time, is determined by 

interactions amongst this wide range of predisposing and resistance factors. 

A comprehensive model of children’s oral health, considering the wider social environment, 

immediate family environment, children’s characteristics, and their possible interactions was 

proposed by Fisher-owens, in 2007 (Figure 2.1) (Fisher-Owens et al., 2007). This conceptual 

model of oral health is based on a solid foundation of social science and epidemiologic studies 

of population health. The particular factors chosen to be included in the model were based on 

research identifying key influences on children’s oral health, including genetic and biological, 

social and physical environment, support system, health behaviours, and dental and medical 

care. This conceptual model includes a broad range of genetic, social, and environmental risk 

factors and appropriate multiple levels of influences, including a time or developmental 

dimension.
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Figure 2.1. Child, family and community influences on oral health outcome of children (Source: Fisher-Owens et al., 2007; Copy rights license 

Number 4204590201918  https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=05f7487f-ec06-4b22-a903-9511ee5d81b5  )

https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=05f7487f-ec06-4b22-a903-9511ee5d81b5
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A conceptual model directs researchers towards recognising risk indicators for disease and the 

model’s greatest value would be when it can be used empirically, even though the relative 

importance of each influence will vary between different populations. With the evolution of 

social contexts and human behaviours, new risk markers and risk indicators evolve. Hence, 

researchers need to be constantly aware of emerging trends. New analytical approaches guided 

by the conceptual models are needed to reach the next stage of public health policy in order to 

combat still high levels of dental caries. 

 

2.4 Determinants of dental caries 

The answer to the question ‘What causes dental caries in children?’ is an important, and 

complex one. It concerns those in both developed and developing countries where many 

children experience the adverse consequences of the disease. Understanding the aetiology and 

pathogenesis of the disease would have a direct influence on the most appropriate preventive 

and treatment interventions. They may include past caries experience, information about socio-

demography, socio-economy, oral hygiene, dietary habits, oral bacteria, and saliva 

characteristics (Table 2.1). These comparatively objective parameters are often accompanied 

by a subjective assessment of risk level. Children are especially vulnerable since they are 

exposed to risk indicators for dental caries, notably high sugar-containing foods and treats, 

provided by well-meaning adults and poor oral hygiene practices (Seow et al., 2009). 

According to the conceptual frameworks described, dental caries is a social, cultural, and 

behavioural condition that has a genetic interplay within the individual.  
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2.4.1 Maternal and environmental determinants 

2.4.1.1 Socio-economic status 

Socio-economic circumstances early in life help determine future health outcomes such as 

dental caries. Low SES and neighbourhood poverty are significantly associated with a greater 

risk of caries, unmet dental care needs, and poor oral health-related quality of life (OHRQOL) 

(da Fonseca and Avenetti 2017). According to Vargas (1998), SES is a complex construct that 

is operationally defined in many ways (Vargas, 1998). Most of the dental studies use parents’ 

education, income, and occupation as associated factors of SES (Nicolau et al., 2005). In 

general, there is an inverse relationship between caries and SES: a high prevalence of childhood 

caries has been shown to be related to low family income (dos Santos Junior et al., 2014). 

Higher income promotes healthy living, better access to dental health care, and improved 

conditions of life, although the reverse is often seen in developing countries (Fisher-Owens et 

al., 2007). Aida et al., (2017) from their longitudinal survey of “Babies in the 21st Century”, 

reported that in Japanese preschool children the rate of caries treatment at the age of 

approximately 3 years was <10% for all SES groups and this increased to more than 30% at 

around age 6. Children from lower SES received more frequent caries treatment compared to 

their affluent counterparts (Aida et al., 2017). Similar observations were made in the USA 

among children from low-income families (Ismail et al., 2008). Nevertheless, in rural settings 

of developing countries, where traditional diets have low cariogenicity, it is the wealthier 

classes, often urban, who have access to high sugar diets and hence higher caries experience 

among children (Petersen, 2005). Not all studies agree: Chaffee et al. reports that dental caries 

associated lower oral health-related-quality-of-life scores were similar across all social groups 

among a population of Brazilian children (Chaffee et al., 2017). Moreover, Carvalho et al., 
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(2014) did not find a significant association between caries development and household 

monthly income in Brazil (Carvalho et al., 2014). 

2.4.1.2 Family structure and environment 

Family structure and stability are paramount for children to develop well and for the 

establishment of healthy oral habits. Children in a family that experiences instability, for 

instance, loss of resources, frequent moves, violence, child support issues, divorce, 

incarceration, or maternal depression tends to have poor health behaviours (da Fonseca and 

Avenetti, 2017; Piva et al., 2017). Parents play a pivotal role in the establishment of oral health 

promoting behaviours that prevent the development of childhood dental caries (Hooley et al., 

2012). Mattila et al. (2000) reported that children in single-parent households are more likely 

to have advanced levels of caries and have more periodic use of dental services (Mattila et al., 

2000), probably due to the lack of resources and social support being distributed among all 

family members. Family structure and household crowding also have a significant impact on 

children’s caries status, with single children showing a lower caries experience and a lower 

impact of oral health on their quality of life (Kumar et al., 2016; Moimaz et al., 2014). Further, 

lack of help in raising children is considered as a risk indicator for dental caries in children 

since it can be a barrier for seeking oral health care for working mothers (Kim Seow, 2012). 

Children from poorer functioning families on the dimensions responsiveness, communication, 

organisation, and social network had higher levels of dental decay than children from normal 

functioning families. Furthermore, they were also more likely to engage in less favourable oral 

hygiene behaviours (Duijster et al., 2014). Reynolds et al. (2015) however, disagree that family 

composition was not significantly associated with the oral health status of children. They report 

that neighbourhood social capital plays a more prominent role in childhood dental caries than 
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the individual family structure (Reynolds et al., 2015). Nevertheless, studies linking the broader 

home environment and family functioning to childhood dental caries are limited. 

2.4.1.3 Maternal level of education, oral health knowledge and behaviours 

When it comes to child rearing, the mother still plays the major role (Kavanaugh et al., 2006). 

A systematic review reported that more studies are demonstrating a significant effect with a 

child’s dental caries and mother’s level of education than that of the father’s (Hooley et al., 

2012). Maternal education level is an important indicator that reflects knowledge and skills for 

making healthy behaviour choices (Laaksonen et al., 2005) For example, highly educated 

mothers report more positive attitudes and stronger intentions to control children’s sugar intake 

than low-educated mothers (Warren et al., 2016). In populations where the majority of people 

have a low level of education, caries risk behaviours like frequent consumption of fermentable 

carbohydrates and sweetened low pH beverages, and poor oral hygiene habits are more 

common (Ashkanani and Al-Sane, 2012). Sweet food intake has a clear causal relationship 

with dental caries, and maternal education has been reported as a risk indicator that affects 

sweet food intake of children (Ju et al., 2016). Despite mothers’ high-level oral health 

knowledge, perceptions of self and child oral health would ultimately determine the oral health 

status of the offspring (Heaton et al., 2017). Research evidence suggests that the mother's 

positive attitudes towards good oral health have an influence on her children's brushing habits, 

diet, and oral diseases (Saied-Moallemi et al., 2008).  Nevertheless, a study conducted in 

Kuwait reported that maternal oral health knowledge was weakly correlated with practice, 

suggesting that changing oral health-related behaviours takes more than just improving 

knowledge (Ashkanani and Al-Sane, 2012). An added factor could probably be a child’s 

temperament and the self-efficacy of the mother. A study on a population of Hispanic mothers 

and children revealed that child’s resistance towards tooth brushing and lack of time in 
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supervising the children during brushing were some reasons for poor oral hygiene for the 

children (Tiwari et al., 2017). It also has been revealed that negative child temperaments can 

exacerbate parental stress and worsen parental feeding and oral health practices (Tiwari et al., 

2017).  It also has been reported that negative child temperaments can exacerbate parental stress 

and worsen parental feeding and oral health practices (Tiwari et al., 2017).   

2.4.1.4 Maternal body mass index  

Maternal body mass index (BMI) is an indication of health and lifestyle habits, such as diet, 

physical activity, and attitudes to health and well-being, which ultimately influence the children 

and the establishment of their oral health behaviours (Wigen and Wang, 2011). Children’s 

dietary intake has been shown to be strongly associated with their mothers’ dietary intake, and 

the children’s dietary habits are developed early in life (Oliveria et al., 1992). When exploring 

the association between maternal diet and caries development in children, the results showed 

that having a mother who consumed more sugar and fat than recommended, was associated 

with caries development in children. Moreover, a mother with BMI classified as obese was 

associated with caries development in their children before 5 years of age (Wigen and Wang, 

2014). The association of BMI with dental caries is not necessarily causal and is complicated 

by many intervening variables (Silva et al., 2013). For instance, dietary habits and income are 

considered important factors for both dental caries and obesity. Dietary habits related to obesity 

may provide a higher quantity and frequency of sucrose intake, which are important factors in 

caries aetiology (Carvalho Sales-Peres et al., 2010). However, a study done in India reports 

that maternal BMI is not significantly associated with dental caries in children as the 

associations of BMI with dental caries varied across SES categories (Kumar et al., 2017). 



 

24 

2.4.1.5 Maternal caries   

As far back as 1946, it was found that there can be a significant increase in dental caries among 

children whose parents had untreated caries (Klein, 1946). The relationship between maternal 

caries levels and children's caries experience has been found to be stronger than that of their 

fathers (Weintraub et al., 2010). Mothers caries status has been related to preschool children’s 

caries in Turkey (Ersin et al., 2005), Thailand (Thitasomakul et al., 2009), and the USA (Smith 

et al., 2002). However, in a Japanese population of pre-schoolers, maternal caries experience 

was not a risk indicator (Kawashita et al., 2009). Nevertheless, Moyer (2014) proposed that as 

a prevention strategy for dental caries in American children, mothers caries levels should be 

assessed as a risk factor (Moyer, 2014). Proença et al. (2015) reported that Brazilian children 

who had mothers with increased levels of dental caries were more at risk of developing the 

disease themselves, and that the family environment and maternal attitudes exert a significant 

influence on the child and can affect children’s behaviour, thus reflecting on oral health 

(Proença et al., 2015). Since mothers play a vital role in rearing children, certain maternal 

characteristics expose the child to adverse environmental conditions that encourage caries 

development and progression in children. For instance, frequency of dental visit, maternal 

sugar consumption, oral hygiene practices, maternal attitudes towards oral health (Kumar et 

al., 2016), and genetic predisposition (Boraas et al., 1988). This is evident by the conceptual 

framework proposed by Fisher-Owens, as dental caries being a multi-level, multifactorial 

disease having interactions within the oral cavity to include child, mother, and community-

level influences that vary over time (Fisher-Owens et al., 2007).  
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2.4.1.6 Maternal cariogenic bacteria 

Other than the impact of unhealthy practices of caregivers, maternal-child transmission of oral 

bacteria is one such potential mechanism, given the essential, albeit not sufficient, role of oral 

infection in caries development. Despite conflicting evidence that has challenged the accepted 

concept of vertical transmission as the mode of initial colonisation with MS, the mother as a 

source is logical, due to closest contact when initial colonisation occurs (Douglass et al., 2008). 

During and shortly after birth, the epithelial surfaces in the oral cavity of infants become 

colonised by numerous bacterial species. This cross-establishment is usually from mother to 

child, particularly when the mother has active caries and high levels of cariogenic bacteria in 

their mouths (Hooley et al., 2012). Childers et al. (2017) report that the fidelity of MS genotype 

between mother and child through vertical transmission was 58%, where, 40 out of 69 African 

American mother-child dyads who participated in the study shared the same MS genotype 

(Childers et al., 2017). Moreover, significant reductions in the incidence of MS carriage and 

caries experience were observed in children whose mothers received preventive and restorative 

interventions aimed at reducing the count of these organisms in their mouths before and shortly 

after the birth of a child (Brambilla et al., 1998; Köhler and Andreen, 1994). Nonetheless, MS 

(i.e., MS and Streptococcus sobrinus) have been implicated as the principal etiologic agent 

involved in the initiation of human dental caries (Gross et al., 2010) and LB species as primary 

late colonizers that are associated with advanced cavitation (Dige et al., 2014), both of which 

could be taken as risk indicators for childhood dental caries. 
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2.4.1.7 Maternal salivary physiology 

The interplay between microorganisms, diet, and host susceptibility determines whether dental 

caries will occur. As teeth are constantly bathed in saliva, the constituents and properties of 

this oral fluid play an essential role in the occurrence and progression of dental caries. Saliva 

is believed to be one of the most important host factors and a key mediator controlling the 

speed and direction of the cariogenic pathway (Fejerskov and Kidd, 2008). Saliva may protect 

teeth through several mechanisms, such as clearance of food debris and sugar, aggregation and 

elimination of microorganisms, buffering actions to neutralise acid, and maintaining 

supersaturation on tooth mineral (Dawes, 2008). Salivary flow rate is the most important caries 

preventive function of saliva for its “flushing/oral clearance” capacity by some researchers 

(Lagerlöf, 1994), and the higher the flow rate, the faster the clearance and the more protection 

for teeth from dental caries (Lagerlöf, 1994). However, low salivary flow rates (< 0.8 – 1.0 

ml/min stimulated whole saliva) are found in pathological conditions and have reduced 

sensitivity as a predictor for caries (Lenander-Lumikari and Loimaranta, 2000; Leone and 

Oppenheim, 2001). Nevertheless, some research evidence suggests that there is no correlation 

with caries process and salivary flow rate (Russell et al., 1991; Varma et al., 2008) while others 

site salivary flow rate as a potential risk marker for dental caries (Gao et al., 2016). These 

results cannot be generalised as dental caries phenotypes and methods used to measure flow 

rate may vary within studies. 

The carbonic acid/bicarbonate buffer is the primary buffer in stimulated saliva, with 

bicarbonate acting mainly to neutralise acids produced by bacteria when they digest sugars in 

the mouth or acids from the stomach (Lenander-Lumikari and Loimaranta, 2000). The pH of 

the oral cavity is maintained at 6.3 to ensure the maintenance of the integrity of the tooth 

structure with the acid neutralising capacity of the salivary bicarbonate buffering system 
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(Bardow et al., 2000). However, a recent study done in the USA among individuals with cystic 

fibrosis gave conflicting results. It was observed that there was no significant association 

between salivary flow rate or buffering capacity and caries prevalence among the participants. 

However, the results cannot be generalised to the general population as the sample size was 

small with n = 83 cystic fibrosis patients (Alkhateeb et al., 2017). 

The pH of saliva is modulated by salivary bicarbonates, phosphates, and urea (Humphrey and 

Williamson, 2001) maintaining the saliva pH between 6 and 7. The pH of saliva measured 

directly from the ducts of individual salivary glands varies between 5.3 at low flow rates to 7.8 

at maximum flow rates (Bardow et al., 2004; Humphrey and Williamson, 2001). A drop in pH 

below 5.5 means that such acidic saliva has harmful effects on enamel and dentine (Aframian 

et al., 2006; Bardow et al., 2004). There is sparse literature on the association between the pH 

of resting saliva and dental caries (Varma et al., 2008), for it is plaque pH that contributes most 

for the demineralization of the tooth surface and ultimately to the development of dental caries 

(Lenander-Lumikari and Loimaranta, 2000). A dissimilar result was observed by Dos Santos 

et al. in 2015 in a group of children with sialorrhea. Onabotulinum toxin given to control 

sialorrhea reduces the salivary flow rate and alters salivary pH. The level of acidity, measured 

by mean pH, among the group remained within neutrality range, and had not caused 

demineralization of enamel surface. However, they observed a significant and positive 

association with caries, stating that poor oral hygiene and cariogenic diet could have 

contributed to an increase in caries activity even though the saliva pH remained neutral (Ferraz 

dos Santos et al., 2016).  
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There is no published literature that explores the association of buffering capacity of saliva in 

mothers, pH, and flow rate as risk indicators for children’s dental caries; hence, an investigation 

is timely and would address the existing research gap. 

2.4.2 Influence of children’s individual factors 

 2.4.2.1 Intrauterine environment of child and birth weight 

The foetal environment is considered as a crucial indicator in the causality of diseases later in 

life (Barker and Thornburg, 2013). Many studies are supporting the hypothesis that adult life 

can be ‘modelled’ during intrauterine life, implying that intrauterine nutritional deficiencies 

could be associated with adult diseases such as hypertension, diabetes, and obesity (De Boo 

and Harding, 2006). Intrauterine growth is taken as an independent predictor of diseases in 

childhood and throughout life (Barker, 1998; Cameron et al., 2012). Likewise, deciduous tooth 

formation and mineralisation start during the foetal period. Hence the intrauterine environment, 

which is affected by factors such as smoking and maternal nutrition during pregnancy, might 

influence the development, formation, and mineralisation of children’s teeth (Winter, 1976). 

Reported maternal intake of prenatal supplements by mothers has been associated with foetal 

nutrition, lack of which linking to the development of conditions like autism (Schmidt et al., 

2011). Therefore, supplementation use is usually recommended during pregnancy to meet the 

nutrition needs of both mother and foetus (Scholl, 2005). Maternal vitamin D deficiency in 

pregnancy is reported to predispose children to developmental dental defects (specifically 

hypermineralized enamel) since during prenatal development, vitamin D reaches the fetus only 

through the placenta (Riggs et al., 2016). Reed et al. (2017) reported that children whose 

mothers did not take vitamin D supplements during pregnancy were more at risk of developing 

enamel hypoplasia (Reed et al., 2017). Hypoplastic enamel is more susceptible to colonisation 

by cariogenic bacteria and is often hypersensitive, making adequate oral hygiene difficult and 
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hence increasing the risk of the child developing caries (Reed et al., 2017). Moreover, Bergel 

et al., in 2010 showed that children whose mothers received calcium supplementation when 

pregnant showed a significant reduction in dental caries compared to their corresponding 

counterparts (Bergel et al., 2010). Research done with animal models have shown that vitamin 

A deficiency during foetal life would result in failure of ameloblastic activity, which may lead 

to enamel agenesis and hypoplasia (Armstrong, 1948). There is a dearth of literature on humans 

that investigates the association between reported maternal prenatal supplement intake and 

dental caries status of the mother’s offspring, hence the need to further investigations. 

With, recently, attention shifting to early life factors for dental caries, the role of birth weight 

is far from settled. Low birth weight, a marker of foetal growth, has been linked to a variety of 

chronic diseases in later life (Barker and Thornburg, 2013). Even though birthweight was not 

associated with baseline dental caries experience in a population of Scottish children, low birth 

weight put them on a trajectory of increased dental caries over a period of 4 years (Bernabé et 

al., 2017). There is evidence suggesting that infants with very low birth weight have an 

increased risk for enamel hypoplasia and hence are placed at high risk of developing dental 

caries (Nelson et al., 2013). These findings support the view that the prenatal and postnatal 

environments are important for children’s dental status and also underscore the advantages of 

focusing on accumulation of disease over time  

2.4.2.2 Age and gender 

One of the factors that are currently associated with dental caries in children is the lifetime of 

dentition. Older aged children were more likely to have caries than their younger counterparts. 

This difference is liable to be because caries experience measures the cumulative effects of 

dental caries in the life time of a dentition (Mwakayoka et al., 2017). In a population of Nigerian 
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children, the proportion of children with caries increased significantly with increasing age up 

to the age of 4 years, although there were other social and oral hygiene determinants associated 

with the age (Folayan et al., 2015). A study conducted in China revealed that the prevalence of 

caries in three age groups (36-47 months, 48-59 months, and 60-70 months) showed significant 

differences, with the oldest group having the highest mean dmft of 5.54 (Li et al., 2011). These 

observations are as expected because as age increases children have more teeth, they are 

exposed to more cariogenic food and beverages, and if coupled with poor oral hygiene 

behaviours are more predisposed to dental caries (Mwakayoka et al., 2017). 

Though there are few studies undertaken specifically in children on the association of dental 

caries and gender, the existing ones give contrasting evidence. Pecharki et al. (2016) showed 

that caries was negatively associated with being male (Pecharki et al., 2016), whereas Declerck 

et al. reported that boys were more at risk of developing caries than girls (Declerck et al., 2008). 

Moreover, in a Chinese population of children aged 6 to 71 months, females were less likely 

to have childhood caries (Li et al., 2011). Nevertheless, a study undertaken among a group of 

Indian adolescents reported that females significantly made up most of the high caries cluster 

(Warren et al., 2017). In Brazilian children who were aged 9 years, no significant association 

could be observed with gender and dental caries experience (Casanova-Rosado et al., 2005). 

This observation was also made by Chankanka et al., (2011) in a group of 5-year-old children 

in the USA (Chankanka et al., 2011), and by Aida et al., (2008) in Japanese toddlers (Aida et 

al., 2008).  

2.4.2.3 Past dental caries 

According to Attaran et al., (2016) baseline caries was shown as the strongest single predictor 

of future caries in children (Attaran et al., 2016). Dental caries is diagnosed typically at the 
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tooth surface level, where both the shape and the depth of any potential lesions are scored on 

an ordinal scale representing the stages of the disease process, ranging from sound (no lesion) 

to lesions into the dental pulp. These observations enable epidemiological and clinical studies 

to describe the intraoral susceptibility of dental caries and predict future risk through Bayesian 

latent variable models (Zhang et al., 2011). Based on that, Pak et al. (2015) developed a 

Bayesian approach to predict future transition probabilities of dental caries, given a child’s 

observed caries life history data. The established model could predict future development of 

caries not only for individual teeth but also at the mouth level (Pak et al., 2017). Whilst the 

most reliable evidence comes from empirical research, although different population groups 

may show unique predictive values (Attaran et al., 2016). Survival analysis revealed that 

children without past caries experience in deciduous teeth at baseline remained caries free in 

permanent teeth for a longer period than children with previous caries experience at baseline 

(Cortellazzi et al., 2013). Piva et al. (2017) reported that dental caries progression in a cohort 

of Brazilian pre-schoolers was directly associated with baseline caries (Piva et al., 2017). After 

two years follow-up, the severity of baseline caries which included dentine lesions (ICDAS 4, 

5 and 6) had almost doubled (Piva et al., 2017). According to Parisotto  et al. (2012) even past 

non-cavitated lesions (ICDAS 1 and 2) at baseline increased the risk of developing new caries 

in a population of 3- to 4-year-old preschool children in Brazil (Parisotto et al., 2012), 

indicating the importance of early screening for detection of dental caries. 

2.4.2.4 Physicochemical properties of saliva 

The saliva circulating in the mouth at any given time is termed as the whole saliva, and it 

comprises a mixture of secretions from the major and minor salivary glands and traces from 

the gingival crevicular fluid. Evaluating the causative factors in saliva of individual’s at risk to 

dental caries can pay the way to make recommendations that will cater specifically to children’s 
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individual needs (Gopinath and Arzreanne, 2006). Salivary buffering capacity and pH have an 

inverse relationship as buffering mechanisms in saliva (bicarbonate, phosphate, and protein) 

act to neutralise salivary pH (Lenander-Lumikari and Loimaranta, 2000). A study undertaken 

among 7- to 14-year-old children from India showed that salivary pH and buffering capacity 

were low in a caries group compared to a caries free group (Preethi et al., 2010). However, the 

associations were not significant, probably due to factors like microflora, diet and retention of 

food might have dominated the buffering capacity and pH to initiate caries. Tulunoglu et al. 

(2006) observed contradictory results in their study between caries free and caries active 

groups. Salivary pH values were higher in the 7- to 10-year-old girls, in the caries free group 

than in the caries-active group, whereas in the 11- to 15-year-old group, pH values were 

significantly higher in caries active girls. They stated that individual and environmental 

variations could be a major cause of the results. For instance, different foods containing varied 

levels of dietary proteins and carbohydrates, can affect the salivary buffering capacity and 

hence the observed differences in the sample of children (Tulunoglu et al., 2006). Nevertheless, 

there is evidence that larger quantities and faster rates of acid production are present in caries 

active children than that in caries-free children (El-kwatehy and Youssef, 2016). Even though 

the evidence regarding salivary pH and buffering as a risk marker for dental caries is 

inconclusive, it is still considered as a non-invasive and reliable risk assessment method for 

caries in children (El-kwatehy and Youssef, 2016; Preethi et al., 2010). 

2.4.2.5 Oral cariogenic bacteria 

Even though dental caries is multifactorial, the crucial role of microorganisms is well 

established in childhood dental caries (Palmer et al., 2010). According to Tanzer et al. (2001), 

dental caries is a dieto-bacterial disease resulting from interactions between a susceptible host, 

cariogenic bacteria, and cariogenic diets (Tanzer et al., 2001). The primary infection is by MS 
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and LB are found to play a role in the progression of caries (Samaranayake, 2012), and are part 

of normal oral flora (Samaranayake, 2012) transmitted from parents or caregivers (Childers et 

al., 2017). In an Indian child population (aged 3-5), a significant positive association was found 

between salivary MS levels and caries experience and also between LB counts and caries 

experience, where salivary loads of MS was the predominant bacterial species in the oral 

microbiota (Ramamurthy et al., 2014). El-kwatehy and Youssef  (2017) demonstrated that the 

number of 6- to 12-year-old Egyptian children with MS or LB ≥ 105 colony forming units/ml 

of saliva was significantly higher in caries affected children compared to caries free children 

(El-kwatehy and Youssef, 2016). Even though MS and LB have been identified as the main 

cariogenic bacteria, there are much more undetected genera in the oral cavity (Wade, 2013). 

ElSalhy et al. (2016) demonstrated that there were more than 98 bacterial species in their 

sample of 11- to 12-year-old children with carious lesions in Kuwait. Surprisingly, in their 

sample of children, microbiota of the caries-affected vs. caries-free children was similar 

(ElSalhy et al., 2013). Instead of MS and LB, they have found that the microbiota of the caries-

affected children was associated with higher levels of A. defective, A. meyeri, and A. 

odontolyticus compared with caries-free children, and the levels also significantly correlated 

with caries severity and the number of lesions (ElSalhy et al., 2013). A possible reason for this 

observation could be that all children were initially selected for the study based on high MS 

and LB levels in either plaque or saliva. Thus, an association might not have been detected. 

Nevertheless, compared to other oral bacteria, MS possess an extraordinary ability to infect and 

colonise teeth and promote the development of cariogenic biofilms in the presence of sucrose 

(Leme et al., 2006). Early acquisition and colonization of MS (before 3 years of age) has 

resulted in higher levels of oral MS and Decayed–Missing–Filed (DMF) index at the age of 19 

years (Köhler and Andréen, 2012), indicating the importance of controlling infection by these 

bacteria in the oral cavity of young children (Hajishengallis et al., 2017)
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Table 2.1: A summary of maternal, environmental and individual determinants of childhood dental caries 

 

Author/s Study setting Type of 

study 

Risk indicators investigated Outcome variable  Significant risk indicators 

Maternal and environmental determinates 

 

Nicolau et al. 2005 13 year old 

Brazilian school 

children (n=764) 

Cross 

sectional 

Mother’s level of education, Father’s level of 

education, Family income 

Area of residence, Family structure, Paternal 

levels of punishment, Birth order, Tooth 

brushing frequency 

Sugar consumption, Pattern of dental 

attendance, Use of fluoride mouth rinse, 

Height  

DMFT Being second or later child (p=0.008), 

Children from rural areas(OR = 2.74, 95% CI 

=1.56–4.82), Mothers with lower levels of 

education (OR = 2.10, 95% CI=1.03–4.27), 

High levels of paternal punishment(OR 

=1.60, 95% CI = 1.02–2.52)   

 

Ismail et al. 2008 1021 African 

American 

caregiver-child (5- 

year - old) dyads  

 Annual household income, Highest 

education level, Caregivers’ relationship to 

children, Frequencies of moving, Types of 

insurance, Religiosity, Children’s 

consumption of sugary foods, Depressive 

symptoms of care givers, Parenting stress, 

Perceived discrimination 

dmfs Intake of soda beverages by children 

(p=0.04), Caregivers’ fatalistic oral health 

beliefs ( p=0.01)  ), Religiosity ( p=0.02) 

Carvalho et al. 

2014 

2,511 Brazilian 1-

to–5-year-olds 

Cross 

sectional 

Mother’s education, Mother’s age, Monthly 

family income, Parental practices to child’s 

oral health,  

 Bottle-feeding the child during the night on 

demand (p=0.0001), Not assisting the child in 

tooth brushing (p=0.0001), Ensuring visit to 

the dentist in case of troubles with teeth only 

(p = 0.0001), Intake of sugary products 2–4 

times daily at nursery (p = 0.026) 

dos Santos Junior 

et al. 2014 

320 Brazilian 

preschool children 

Cross 

sectional 

Family income, Adolescent pregnancy 

Birth weight, Gestational age, Nutritional 

Risk 

dmft Family income (p = 0.009), Birth weight (p < 

0.001), Nutritional Risk (p < 0.001) 

Aida et al. 2017 Japanese children 

from 2.5 – years- to 

-5.5 -years 

(n=35260) 

Longitudinal 

(3-year 

follow up) 

SES measured by parental level of education Slope index of 

inequality (SII) and 

relative index of 

inequality (RII) for  

caries treatment 

SII increased for ages 2.5 and 5.5 (95% 

CI=3.16-5.09 and 13.68-17.32) respectively. 

RII decreased for two age groups (95% CI, 

1.59- 2.11 and 1.46- 1.61 respectively) 
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Author/s Study setting Type of 

study 

Risk indicators investigated Outcome variable  Significant risk indicators 

Family structure 

 

     

Mattila et al. 2000 1443 Finnish 

mother-child (5 –

year- old) dyads 

Longitudinal 

(5-year 

follow up) 

Mother’s tooth brushing, Father’s caries 

history, Marital status, Place of dwelling, 

Mother’s age at child birth, Sugar 

consumption at 18 months of age, Headache 

episodes of child 

dmft Mother's irregular tooth brushing (OR 2.2; 

95% CI 1.4-3.5), Annual occurrence of 

several carious teeth in the father (OR 2.6; 

95% CI 1.9-3.6), Daily sugar consumption at 

the age of 18 months (OR =2.4, 95% Cl=1.4-

4.1), Occurrence of child's headaches (OR 

3.7; 95% CI 1.5-8.8), Parents' cohabitation 

(OR 3.3; 95% CI 1.5-7.6), Rural domicile 

(OR 2.4; 95% CI 1.2-4.5), Mother's young 

age (OR 5.0; 95% CI 1.3-19.8). 

Duijster et al. 2014 5- to- 6-year-old 

Netherlands 

children (n=630)   

Cross 

sectional 

Location of dental clinic, Education level of 

mother, Family functioning dimensions 

Ethnicity, Relationship status of caregiver, 

Birth order of the child, Oral hygiene 

behaviours,  

dmft Sociodemographic characteristics (p < 

0.001), Oral hygiene behaviours (p < 0.001), 

Family functioning dimensions (P < 0.05) 

Moimaz et al. 

2014 

272 Brazilian 

mother-child (1-to -

5 -year -old) dyads 

Cross 

sectional 

Marital status, Number of children, 

Education level, Employment, Income, 

Frequency of visits to a dentist 

Need for dental 

treatment (NDT= 

decayed teeth)  

Maternal education (p<0.0001), Household 

income (p<0.0001), Frequency of visits to a 

dental professional (p<0.0018), Number of 

children in the household (p<0.0001) 

 

Maternal level of education, oral health knowledge and behaviours 

 

Ju et al. 2016 1720 Australian 

indigenous mother–

child  (3- to -5 –

year- old) dyads 

Longitudinal 

(5-year 

follow up)  

Mother’s education level Maternal report of 

child’s decay, or 

extracted teeth due 

to decay 

 

0–9 years (β=1.21, 95% CI=1.05-1.39) , 10 

years (β=1.06, 95% CI= 0.94–1.19) and 11–

12 years (β=1.06, 95% CI= 0.95–1.19 

compared to > 12 years of education 
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Author/s Study setting Type of 

study 

Risk indicators investigated Outcome variable  Significant risk indicators 

Maternal body mass index (BMI) 

Wigen and Wang 

2014 

5 year old 

Norwegian children 

(n=1348) 

Longitudinal 

(5-year 

follow up) 

Oral health behaviour at 1.5 year of age, 

Sugary drinks, Sugary drinks at night, 

Maternal health and lifestyle, Maternal 

dietary fat, Maternal BMI, Maternal 

education, Parental origin, Family status 

from pregnancy to age 5 

dmft Having mother with non-western background 

(β=5.4, 95% CI= 2.8–10.6), Having mother 

with low education (β=1.5, 95% CI= 1.1–

2.3), A change in family situation from two 

to one parent family (β=2.0, 95% CI= 1.1–

3.4),  Having mother who consumed more 

sugar and fat than recommended (β=1.6, 95% 

CI= 1.1–2.5),  Having mother with BMI 

classified as obese (β=2.3, 95% CI= 1.3–4.1), 

Low tooth brushing frequency at 1.5 year of 

age (β=2.3, 95% CI= 1.4–3.7) , frequent 

consumption of sugary  drinks at 1.5 year of 

age (β=1.7, 95% CI= 1.1–2.8)    

Maternal caries   

 

Smith et al. 2002 60 mother-child (3- 

to- 5- year- old) 

dyads from the 

USA 

Cross 

sectional 

Maternal high mutans Sreptococci level, 

Maternal caries experience, reported sugar 

consumption and demographic variables of 

mother, 

dmft Maternal high mutans Sreptococci levels (p < 

0.001), Sugar consumption (p= 0.01), 

Maternal active decay (p=0.004),  

Ersin et al. 2005 101 Turkish 

mother-child (15- 

to- 36 months) 

dyads 

Cross 

sectional  

Maternal caries experience, Maternal 

education, Breast feeding duration, Maternal 

sharing of utensils, Child’s caregiver type, 

First primary teeth eruption, Using a pacifier 

dfs  High maternal DMFS scores (OR=1.074; 

95% 

CI=1.0-1.15)  

 

Kawashita et al. 

2009 

369 Japanese 

mother-child (3 –

year- old) dyads 

Cross 

sectional  

Residential area, Health insurance, Age of 

the mother, Drinking alcohol, Smoking 

habit, Knowledge of dental terminology, 

Frequency of tooth brushing a day, 

Frequency of eating between meals a day, 

Maternal caries, Sex of child, Birth order, 

Habit of feeding in bed, Frequency of eating 

between meals a day, Frequency of 

consuming sports drinks, Preventive dental 

care 

 

 

 

 

 

dmft Birth order of child (p=0.05), Habit of 

feeding in bed (p=0.02), Higher frequency of 

eating between meals a day (p<0.001), 

Higher frequency of consuming increased 

amounts of sports drinks (p=0.001), 

Preventive dental care (p=0.002) 
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Author/s Study setting Type of 

study 

Risk indicators investigated Outcome variable  Significant risk indicators 

Thitasomakul et al. 

2009 

406 Thailand 

mother-child dyads 

Longitudinal 

(9 – to -18 

months 

follow up) 

Maternal caries experience, Maternal 

Educational level, Annual Income, Mother’s 

decayed teeth, Calcium supplement during 

pregnancy, Drinking milk during pregnancy, 

Infant’s birthweight, Type of milk feeding,  

Having commercial cereal at 3 months, 

Having rice at 3 months,  Mother started 

sweetening food,  Child start having snacks,  

Child started having vegetables, Child 

started having fish, Child started having 

sugary snacks at 9 months, Child started 

having local traditional dessert at 9 months, 

Child started having soft drinks at 9 months,   

Mother brushed the child’s teeth at 9 months 

dmft Mother’s decayed teeth ≥ 10 (p ≤ 0.05), No 

calcium supplement during pregnancy (p ≤ 

0.05), Mixed breast- and bottle-feeding (p ≤ 

0.001), No rice at 3 months (p ≤ 0.05),  No 

commercial cereal at 3 months (p ≤ 

0.001),Mother start sweetening food at ≤ 5 

months  (p ≤ 0.001),Child started snacking at 

≤ 5 months (p ≤ 0.01), Child started having 

sugary snacks at 9 months (p ≤ 0.05), Child 

started having soft drinks at 9 months (p ≤ 

0.01), No daily tooth brushing at 9 months (p 

≤ 0.001). 

Weintraub et al. 

2010 

179 Hispanic 

mothers and their < 

18 year old children 

(n=387) in the USA 

Cross 

sectional 

Maternal untreated caries ds and DFS Maternal untreated caries (OR = 1.85, 95% 

CI  =1.12, 3.07) 

Proença et al. 2015 77 Brazilian mother 

child (1 - to-3 - 

years) dyads 

Cross 

sectional  

Children’s eating habits, Children’s oral 

hygiene habits, Oral health conditions of 

mother (dental caries, gingival bleeding and 

plaque index), Oral health conditions of child 

(caries, visible plaque, bleeding gums) 

 

dmft High maternal caries experience (P < 0.001), 

Maternal gingival bleeding (P < 0.001) 

Maternal cariogenic bacteria 

 

Chaffee et al. 2014 361 Hispanic 

mother-child dyads 

Cross 

sectional 

Maternal sociodemographic measures, Child 

feeding and care practices, Maternal oral 

health status,  

Child’s relative 

caries 

incidence 

feeding and care practices, and maternal 

dental status, higher maternal salivary 

challenge of both MS (p=0.01) and LB 

(p=0.03) over the study period predicted 

nearly double the child caries incidence 

versus lower MS and LB 
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Author/s Study setting Type of 

study 

Risk indicators investigated Outcome variable  Significant risk indicators 

Childers et al. 

2017 

69 African 

American mother-

child (1-to -3- year 

- old) dyads 

Longitudinal 

(3-year 

follow up)  

S mutans genotypes (GT) of mothers and 

children. 

dmfs Mother-child pair with S mutans GT match 

(p=0.014), S mutans in children at age 

18 months (>500 CFU/ml) (p=0.002), S 

mutans in children at age 18 months (>500 

CFU/ml) (p=0.014) 

      

Intrauterine environment of child and birthweight 

 

Bergel et al. 2010 12-year-old 

Argentina children 

and their mothers 

(n=195) 

Cross 

sectional  

Calcium supplementation during pregnancy dmft/DMFT Children whose mother received calcium 

during pregnancy had a 27% reduction 

in the risk of developing at least one 

DMFT/dmft (RR: 0.73, CI 95%=0.62-0.87) 

Nelson et al. 2013 Infant-mother 

dyads from the 

USA  

Longitudinal 

(2-year 

follow up)  

Child’s birth weight (normal, low, very low) ICDAS ≥ 2  - 

Bernabé et al. 

2017 

1102 Scottish 

children from birth 

up to 4 years 

Longitudinal 

(4-year 

follow up) 

Child’s early life factors: Age, Gender, Birth 

order, Birth weight, Maternal age at birth, 

Maternal education, Breastfeeding duration, 

Marital status, Maternal smoking, Parental 

employment, Area deprivation, Child’s tooth 

brushing frequency 

 

dmfs Predicted mean difference in dmfs = 1.86 

(95% CI= 0.03 - 3.74) between children with 

low and normal birth weight, Predicted mean 

difference in dmfs= 1.66 (95% CI=0.57 - 

2.75) between children of smoking and non-

smoking mothers. 

Child’s age and gender 

 

Casanova-Rosado 

et al. 2005 

1,644 Brazilian 

children aged 6–13 

years 

Cross 

sectional 

Social, Economic, Behavioural, 

Demographic variables 

DMFT, 

dmft, SiC 

Mother’s schooling (OR=0.95, 95% CI= 

0.90-0.97), Caries experience in the primary 

dentition (OR= 6.31, 95% CI=4.57-8.72) 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

39 

Author/s Study setting Type of 

study 

Risk indicators investigated Outcome variable  Significant risk indicators 

Declerck et al. 

2008 

3-year-old 

(n=1250) and 1283 

5-year-old  

(n=1283) pre-

school children 

from Belgium 

Cross 

sectional 

Oral hygiene levels, Reported oral health 

behaviours, Socio-demographic factors. 

dmft In 3-year-olds, 

Caries experience with presence of dental 

plaque (OR = 7.93; 95% CI= 2.56–24.55), 

Reported consumption of sugared drinks at 

night (OR = 7.96; 95% CI=1.57–40.51),  

In 5-year-olds, 

Age (OR = 7.79; 95% CI= 2.38–25.43), 

Gender (OR = 0.37 with 95% CI= 0.19–0.71 

for girls), presence of visible dental plaque 

(OR = 3.36; 95% CI= 1.64–6.89) Reported 

habit of having sugar containing drinks in 

between meals (OR = 2.60 with 95% CI= 

1.16–5.84 and OR = 3.18 with 95% CI= 

1.39–7.28, respectively for 1·/day and > 

1·/day 

Versus not every day). 

 

Li et al. 2011 1523 Chinese 

children aged < 71 

months. 

Cross 

sectional 

Age, Gender, Eating habits, Family status, 

Childcare provider, Oral intervention 

dmft/dmfs Rural residency (β= 0.78, AOR=2.2, 95% 

CI=1.25-3.82, p=0.006), Private child care 

facility (β = 0.73, AOR=2.1, 95% CI=1.34-

3.20, p=0.001), High frequency of carbonated 

drinks (β = 0.52, AOR=1.6, 95% CI=1.02-

2.29, p=0.001), Using dairy products every 

day (β = -0.53, AOR=0.59, 95% CI=0.35-

0.98, p=0.04), Bedtime eating (β = 0.88, 

AOR=2.4, 95% CI=1.33-4.40, p=0.003), Age 

(β = -0.92, AOR=0.40, 95% CI=0.24-0.65, 

p=0.000) 

Folayan et al. 2015 497 Nigerian 

children aged 6 

months- to – 6 -

years 

Cross 

sectional 

Children’s ages, Sex, Socioeconomic status, 

Tooth brushing habits, Sugary snacks 

consumption, Use of fluoridated toothpaste, 

Birth rank, Infant-feeding practices, 

Breastfeeding practices, Maternal age at 

childbirth, Maternal knowledge of oral 

health 

dmft Consumption of sugary snacks in between 

meals more than three times a day (PR=0.05, 

95% CI= 0.003 – 0.01, p = 0.04) , Child’s 

oral hygiene status  (PR: 0.05, 95 % CI= 

0.005–0.10, p = 0.03)Child’s gender/female  

(PR=−0.06, 95% CI=−0.10- -0.01, p= 0.02), 

Mothers’ knowledge of oral health 

(PR=−0.06, 95% CI=−0.11- -0.008,p= 0.02) 
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Author/s Study setting Type of 

study 

Risk indicators investigated Outcome variable  Significant risk indicators 

Pecharki et al. 

2016 

687 Brazilian 

students aged 12-

years-old 

Cross 

sectional 

Individual level, School level, District level DMFT Female (OR=0.51, p=0.33-0.79). 

Mwakayoka et al. 

2017 

525 Tanzanian 

children 

aged 2-4 - years 

and their 

parents/caregivers 

 

 

Cross 

sectional 

Children’s demographic variables (location, 

gender, age, parent/care giver education, 

parent occupation), Children’s dietary 

behaviours 

dmft Older age (OR =2.722 p< 0.001), frequent 

consumption of factory made sugary 

foods/snacks at age 1-2 years (OR=3.061, 

p=0.021). 

Warren et al. 2017 396 children aged 

5-to-17-years from 

the Iowa Fluoride 

Study (IFS) cohort 

Longitudinal 

(17-year 

follow up) 

Fluoride and demographic/behavioural data 

from 9-to-17-years 

DFS at age 13 and 

age 17 

 

 

The high caries cluster was associated with 

lower maternal education level (p<0.001   ), 

lower 100% juice consumption (p<0.01), 

lower brushing frequency (p=0.02) and being 

female (p=0.01). 

Child’s past dental caries 

 

      

Parisotto et al. 

2012 

179, 3-and-4-year-

old pre-schoolers 

from Brazil  

Longitudinal 

(1-year 

follow up) 

Dental caries experience at baseline and at 1 

year follow up 

dmft Children with caries activity at baseline were 

at a higher risk of developing new lesions 

than caries-free children (OR=17.3 for early 

caries lesion 

development, OR=24.5 for 

cavitations/fillings, p<0.001) 

Cortellazzi et al. 

2013 

5-year-old Brazilian 

preschool children 

(n=427) 

Longitudinal 

(3-year 

follow up)  

Caries experience at baseline and after 3 

years, Gingivitis, Gender, Monthly family 

income, Number of people living in the 

household, Father’s educational level, 

Mother’s educational level, Home 

ownership, Fluorosis, Car ownership 

dmft Past caries experience (p=0.0004) 

Piva et al. 2017 3-to-4-year-old 

Brazilian children 

(n=119) 

Longitudinal 

(2-year 

follow up) 

Socioeconomic variables, Caries at baseline, 

Presence of Streptococcus mutans,  and 

Lactobacillus,  with the progression of caries 

lesions after 

two years of follow-up 

 

 

 

ICDAS=0, ICDAS 

1, 2, 3 and ICDAS 

4, 5, 6 

Marital status (RR= 0.73, p=0.04),  

MS(RR=0.71, p=0.03), Non-cavitated lesions 

(RR=0.48, p <0.001) 
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Author/s Study setting Type of 

study 

Risk indicators investigated Outcome variable  Significant risk indicators 

Child’s oral cariogenic bacteria 

 

Tulunoglu et al. 

2006 

80 children aged 7–

15 years from 

Turkey. 

Cross 

sectional 

Unstimulated salivary flowrates, pH, 

Buffering, Calcium, Total proteins, Total 

antioxidants  

DMFS=0 (caries 

free) and DMFS>0 

(caries active) 

Salivary pH (p<0.000), Calcium 

concentrations (p<0.000) between 11-to-15-

year-old caries active and caries free girls 

Preethi et al. 2010 120 Indian children 

in 7-10 and 11-14 

year age groups 

Cross 

sectional 

Salivary pH, Buffering capacity, Total 

protein, Calcium, Total antioxidant capacity 

dmfs/DMFS Significant differences between caries free 

and caries active groups; Total antioxidant 

Capacity in 7-10-year-old girls (p<0.001), 

Total protein (p<0.01), Total calcium 

(p<0.05) and Total antioxidant capacity ( 

p<0.05) in -10-year-old boys,  Buffering 

capacity (p<0.05), Total protein (p<0.05), 

Total calcium (p<0.05) and Total antioxidant 

capacity (p<0.01) in 11-to-14-year old girls, 

Total protein (p<0.01), Total calcium 

(p<0.01), Total antioxidant capacity (p<0.05). 

Köhler and 

Andréen 2012 

Children of mothers 

with high salivary 

MS levels followed 

up at 3, 4, 7, 11, 15 

and 19-years-of-age  

Longitudinal 

(19-year 

follow up)  

Salivary MS, MS in plaque from 12 selected 

proximal surfaces. 

Lesion prevalence 

(DFS) 

Early-colonised children (≤ 3 year olds who 

had mothers with high MS levels) had higher 

DFS at 19 years of age than those who were 

non-MS-colonised at 3 years (p=0.003) 

ElSalhy et al. 2013 122 children aged 

11-to-12 yeas from 

Kuwait 

Cross 

sectional 

Saliva and plaque MS counts, Daily 

brushing, Beverage consumption, Sweet 

consumption, Rinsing and flossing frequency 

ICDAS, CI (CI), 

DMFT and dmft 

Correlation between plaque MS and ICDAS 

CI (p < 0.05). Children who brushed once a 

day or more had significantly lower ICDAS 

CI (p < 0.01). Children who consumed sweets 

or drank soft drinks more than once a day had 

significantly higher ICDAS CI (p < 0.05). 

 

El-kwatehy and 

Youssef 2016 

80 Egyptian 

children aged 6-to-

12-years 

Cross 

sectional 

Saliva flow rate, pH, Total protein 

concentration, Total antioxidant, Cariogenic 

microorganisms. 

DMFT and DMFS Saliva pH (p<0.000) and α-defensin (p=0.04) 

between caries active and caries free children 

 

Ramamurthy et al. 

2014 

50 children aged 2–

5- 

years from India 

Cross 

sectional 

Salivary MS and LB dmft/dmfs  Correlation between salivary MS dmft 

(r=0.34, p=0.02) and between MS and dmfs 

(r=0.37, p=0.01). Correlation between 

salivary LB and dmft (r=0.30, p=0.03). 

Presence of MS and LB between caries free 

and children with caries (p=0.004). 

DMFT-Decayed Missing Filled Teeth index (for permanent teeth)/ dmfs-decayed missing filled surfaces index (for deciduous teeth)/ dmft- decayed missing filled 

teeth index (for deciduous teeth/, dfs-decayed filled surfaces (for deciduous teeth)/ ds-decayed surfaces (for deciduous teeth)/ DFS-Decayed Filled Surfaces (for 

permanent teeth)/ ICDAS-International Caries Detection and Assessment System/ SiC-Significant Caries index/ CI- Caries Index 
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2.5 Concluding remarks 

This chapter provided an overview of the conceptual models used to determine risk factors for 

dental caries and how they have evolved over the years with ever-changing sociobehavioural 

and environmental characteristics. In particular, the chapter discussed the determinants of the 

development and progression of dental caries in children, and conflicting results observed in 

different populations. As evident by this overview, although a multitude of risk indicators for 

caries exist, and empirical research has been done in various population groups with different 

age limits, some results are contrasting, indicating that sets of unique risk indicators act upon 

each population. The conceptual model proposed by Fisher-Owens (2006) describes the 

interaction within and between factors which ultimately result in dental caries development. 

This thesis will use the model suggested by Fisher-Owens as a guide to build a conceptual 

framework in assessing risk indicators for childhood dental caries in a population of SEQ 

children.  
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Chapter 3: Protocol for assessing maternal, environmental and 

epigenetic risk indicators for dental caries in a population of 

Queensland children 

This chapter is a published paper (paper 1). The bibliographic details of the paper, including 

all authors, are as follows: 

 

Fernando S, Speicher DJ, Bakr MM, Benton MC, Lea RA, Scuffham PA, Mihala G Johnson 

NW (2015). Protocol for assessing maternal, environmental and epigenetic risk indicators for 

dental caries in children. BMC Oral Health 15(1):167. DOI.org/10.1186/s12903-015-0143-2 

(29 December 2015). 

 

My contribution to the paper involved the conception and design of the study, exploring data 

collection and statistical analysis methods and drafting the article. 
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3.1 Abstract  

3.1.1Background 

Expenditure on dental and oral health services in Australia is AUD $3.4 billion annually. This 

is the sixth highest health cost and accounts for 7% of total national health expenditure.  

Approximately 49% of Australian children aged 6 years have caries experience in their 

deciduous teeth, and this is rising. The aetiology of dental caries involves a complex interplay 

of individual, behavioural, social, economic, political, and environmental conditions, and there 

is increasing interest in genetic predisposition and epigenetic modification.  

3.1.2 Methods 

The Oral Health Sub-study, a cross-sectional study of a birth cohort, began in November 2012 

by examining mothers and their children who were six years old at the time of the initiation of 

the study, which is ongoing. Data from detailed questionnaires of families from birth onwards 

and data on mothers’ knowledge, attitudes, and practices towards oral health collected at the 

time of clinical examination are used.  Subjects’ height, weight and mid-waist circumference 

are taken and BMI computed, using an electronic bioimpedance balance. Dental caries 

experience is scored using the ICDAS. Saliva is collected for physiological measures. Salivary 

DNA is extracted for genetic studies including epigenetics using the SeqCap Epi Enrichment 

Kit. Targets of interest are being confirmed by pyrosequencing to identify potential epigenetic 

markers of caries risk. 
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3.1.3 Discussion 

This study will examine a wide range of potential determinants for childhood dental caries and 

evaluate inter-relationships amongst them. The findings will provide an evidence base to plan 

and implement improved preventive strategies. 

Keywords Dental Caries, Children, Risk, Environment, Genetic, Epigenetic  

 

3.2 Background  

Dental caries affects children and adults alike all over the world. It is a disease of the poor as 

well as of the rich. Largely preventable, it remains the most prevalent chronic disease among 

children with a significant impact on individuals, families and society. It has recently been 

reported that 2.4 billion people globally have untreated dental caries (Kassebaum et al., 2015). 

More than 40% of preschool and primary school children in Western industrialised countries 

and other middle-income countries, including children in the United States of America (Ismail 

et al., 2008b), Sweden (Wendt et al., 1996), Brazil (Oliveira et al., 2008) and Australia (Seow 

et al., 2009) experience a high prevalence of dental caries. Despite progress made in caries 

control over the years by the protective effects of fluoride, increased efforts in oral health 

promotion, widespread health education, and remarkable advances in treatment options, dental 

caries remains the most common chronic childhood disease (Kassebaum et al., 2015). Among 

Australian children aged 6 to 7 years the prevalence of dental caries (treated and untreated 

combined) was 32.4% in 2011(Lucas et al., 2011). This figure varies by state from 26.5% in 

New South Wales to 43.8%, in Queensland (Table 1) (Lucas et al., 2011). According to the 

Queensland Child Oral Health Survey in 2012, 49.5% of children aged 5-10 had experienced 

dental caries (Center, 2014). More alarmingly, among South East Queensland children this 
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figure was just over 50% (ARCPOH, 2014). The mean decayed missing and filled teeth index 

(dmft) for the same child population was 2.0 with 0.8 teeth being untreated (ARCPOH, 2014). 

This worsening situation is despite substantial resources being allocated for the prevention and 

treatment of oral diseases (AIHW, 2014). 

Table 3.1: Percentage of 6- to 7-year-old children with caries experience in Australia in 

2011 (95% confidence Interval) 

State  Caries prevalence of  

6- to 7- year-old children (95% CI) 

Australian Capital Territory  32.4% (21.8-43.1) 

South Australia 29.8 %(24.6-35.0) 

Western Australia 35.5% (31.1-40.0) 

Victoria 30.0% (27.3-32.7) 

New South Wales 26.5% (28.2-46.3) 

Tasmania 37.3% (40.6-47.1) 

Queensland 43.8% (40.6-47.1) 

Northern Territory 37.8% (15.7-42.1) 

All States 32.4% (31.0-33.8) 

Source Lucas et al. 2011 

Oral health is determined by many factors: socio-economic (Vargas et al., 1998), 

environmental (Van De Mheen et al., 1997), political (Petersen et al., 2005), availability of oral 

health care facilities (Lave et al., 2002), and their level of utilization (Kim and Telleen, 2004). 

Furthermore an individual’s health related behaviours (Petersen, 2005; Rossow, 1992), as well 

as oral health knowledge (Ashkanani and Al-Sane, 2012), attitudes (Schultz et al., 2001) and 

practices (Ashkanani and Al-Sane, 2012), and biological factors (Nicolau et al., 2005) 

including the intrauterine environment (Smith et al., 2002) and genes (Harris et al., 2004) have 

an impact on his/her oral health. Additionally, maternal factors like the mother’s level of caries 

(Harris et al., 2004; Shearer et al., 2011), her oral health knowledge (Ashkanani and Al-Sane, 

2012; Kim Seow, 2012; Saied-Moallemi et al., 2008; Shearer et al., 2011; Smith et al., 2002;  
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Traebert et al., 2011), salivary loads of cariogenic bacteria (Li et al., 2005; Ramamurthy et al., 

2014; Van Houte, 1993), salivary characteristics including pH, flow rate and buffering capacity 

(Bardow et al., 2000; Bardow et al., 2004) as well as maternal genetics (Harris et al., 2004) are 

significant risk indicators to be considered for childhood dental caries. Furthermore, an holistic 

approach in identifying risk indicators for dental caries is required as oral health is but a part 

of general health (Fisher-Owens et al., 2007). Investigating newly emerging risk factors and 

risk indicators for dental caries is crucial, and these can be discovered by studying the natural 

history of disease and by using modern molecular-based approaches (Johnson, 1991). A 

conceptual model of how we envision that these factors might interact is presented in figure 

3.1.  
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Figure 3.1 Conceptual framework for the possible interaction of risk indicators under 

investigation (Permission has been provided by the publisher, Biomed Central, under their open 

access policy, which states that “As an author of an article published in BMC Oral Health, you 

retain the copyright of your article and you are free to reproduce and disseminate your work) 
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The importance of inherited factors in susceptibility to dental caries has been recognized for 

decades (Klein and Palmer, 1940; Klein, 1946). Heritability is the proportion of phenotype 

variation explained by genetic factors. These have been estimated to account for 30-60% (p ≤ 

0.01) of the variation in caries scores for the permanent dentition and 54-70% (p ≤ 0.01) for 

deciduous caries scores (Wang et al., 2010). According to Shaffer et al. (2015), there is direct 

evidence for a genetic component in the aetio-pathogenesis of dental caries (Shaffer et al., 

2015) but very little is known about the specific casual mechanisms (Olszowski et al., 2012). 

There are many genes related to the composition and structure of dental enamel, inherited 

alterations in sugar metabolism, and genetic regulation of salivary gland function. 

Unsurprisingly, no single host gene that directly regulates dental caries initiation or progression 

has been identified (Shaffer et al., 2012a). Epigenetics, however, may provide the missing link 

to these unanswered questions (Barros and Offenbacher, 2009). Epigenetics investigates the 

molecular mechanisms that link genetic and environmental cofactors to disease outcomes 

(Williams et al., 2014). There are many complex mechanisms underlying epigenetic alterations, 

such as DNA methylation, histone modification and gene regulation by non-coding RNA, of 

which DNA methylation is the most common (Seo et al., 2015). Such changes may be heritable 

or could be environmentally modulated. DNA methylation seems to be the primary mechanism 

to suppress retro-transposable elements which are responsible for creating genetic variation 

and, on occasion, disease-causing mutations within the human genome. Because these elements 

remain partially methylated in sperm, there may be a prolonged period of transposition lasting 

a few generations before gene expression (Tang et al., 2015). Possible epigenetic contributions 

are currently being investigated in many diseases, but such studies are relatively novel in the 

dental field (Seo et al., 2015) and are needed to fully understand DNA-based factors important 

for development of oral diseases (Fisher-Owens et al., 2007). 
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3.3 Methods 

3.3.1 Study population 

The research described in this paper is the oral health arm of the main “Environments for 

Healthy Living – the Griffith Birth Cohort Study” (EFHL), which, beginning in 2006, has 

recruited some 3,000 families from South East Queensland. EFHL is a prospective, multi-year 

longitudinal birth cohort study, collecting information during pregnancy through infancy and 

adulthood (Cameron et al., 2012b). The EFHL study population includes all births from three 

geographically defined adjoining Health Districts in Queensland (Logan, Beaudesert, and the 

Gold Coast) and Northern Rivers/Tweed in NSW from 2006 to 2011. These four areas cover 

30% of Queensland’s population. Women waiting for antenatal clinic appointments from the 

three public maternity hospitals (Logan, Gold Coast, and Tweed) in the participating districts 

were contacted by research-trained midwives, provided with a detailed explanation of the study 

aims, and invited to participate (Cameron et al., 2012a). Written informed consent was obtained 

from participants to access their information from hospital databases, to complete a maternal 

baseline survey and for individual follow-up (Cameron et al., 2012b). The initiators of the 

EFHL study expected to incorporate future sub-studies including research on dental and oral 

health (Cameron et al., 2012a). The population for the oral health sub-study, which began in 

2012, is a subset of 6- to 7-year-old EFHL children and their mothers who accepted our 

invitation to participate.  

Ethics approval to initiate the oral health sub-study was obtained from the Griffith University 

Human Research Ethics Committee on 26.12.2012, based on a full National Ethics Approval 

Form process, with N.W. Johnson as responsible Principal Investigator. A Variation to archive 

and analyse DNA was approved on 17.07.2014 (GU Ref No: OTH/25/13/HREC). The ethics 
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approvals and informed consents obtained cover the clinical examination of mothers and their 

child/children and parental consent for full participation for their child/children in all aspects 

of the study. 

3.3.2 Sample recruitment and examination 

In 2012, mothers of the first cohort of children, who were 6 years old at the time, were sent 

letters alerting them to the oral health study, followed by a telephone call to assess their level 

of interest. Since then we went on to recruit participants from 2007 to 2009 cohorts and the 

recruitments are still taking place. Participants who find it difficult to travel far, who have 

serious illness and who are not willing to undergo a detailed oral examination are excluded 

from the study. Those who agree to attend the dental clinic at Griffith Dental School are given 

appointments for a free dental examination of the mother and child by two qualified dental 

surgeons, which includes offer of free treatment for the child if required. Both mother and child 

are asked not to brush their teeth 2-3 hours prior to examination, not to consume sweet food or 

beverages, smoke, or use a mouthwash as per oral examination criteria. Mothers who are 

pregnant or who are wearing cardiac pace makers are excluded from weighing on the 

bioimpedance scale. Detailed medical histories are taken when subjects arrive at chair side 

(Figure 3.2).  
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Figure 3.2: Flow chart showing the process of data collection (Permission has been provided 

by the publisher, Biomed Central, under their open access policy, which states that “As an 

author of an article published in BMC Oral Health, you retain the copyright of your article and 

you are free to reproduce and disseminate your work) 

A careful examination of the head and neck, visually and by palpation, is performed. Each 

participant is then examined for salivary physiology, for the health of the oral soft tissues, for 

dental status, and for experience of dental caries. Periodontal disease requirement (n = 147 

dyads) was initially guided by the one-sample correlation test to determine whether a 

correlation coefficient differs from zero, set at a low correlation level of r=0.4 (2-tailed alpha 

=0.05, power=0.80), calculated using the “power one correlation” command of STATA v 13.1 

data analysis statistical software (STATACorp, United States) (VanVoorhis and Morgan, 
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2007). In this study the sample size is limited by pragmatic factors (budget, time, and available 

sample population).  

3.3.3 Primary outcome variable 

Each child’s dental caries experience is assessed using the International Caries Detection and 

Scoring system (ICDAS) (CICDAS, 2005). The dentition is examined in detail, and every 

surface of every tooth scored after drying. Lesions of dental caries on both smooth surfaces 

and in pits and fissures, are scored from a range of 0 to 6 depending on severity. These scores 

cover a range from non-cavitated “white spot” and “brown spot” lesions to overt cavities. A 

special feature of ICDAS is the additional information it gives on the presence of, and type of, 

any restorations on every surface which would be counted as past caries experience. Overall 

caries experience per individual is calculated as a percentage of surfaces affected out of all 

surfaces examined, and this can be set at any level of caries severity. 

3.3.4 Main explanatory variables 

Mother and child related variables are collected using questionnaires, clinical examinations and 

laboratory testings. 

3.3.5 Oral health knowledge and practices 

After informed consent, a detailed questionnaire with 43 questions in total (developed for the 

study) related to oral health is administered to mothers before the clinical examinations, to 

collect data on knowledge, attitudes and practices towards oral health (Appendix A). Mothers 

are questioned on their knowledge on oral diseases, the causes of dental caries in children and 

adults and available oral health care services. With closed-ended questions, their dietary 
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practices, oral hygiene methods and frequency, use of oral health care services, and infant 

feeding practices are assessed. A Likert scale measures the attitudes toward oral health, and the 

importance mothers place on child’s oral health and deciduous teeth. 

3.3.6 Anthropometric measurements 

Height, waist circumference, and stride length of mother and child are measured. Participants 

are weighed with an electronic bioimpedance balance, which gives measurements of body fat, 

body water composition and BMI for adults and only weight for children. Mothers who are 

pregnant or who have a cardiac pacemaker implanted are excluded from weighing on the 

bioimpedance balance. 

3.3.7 Saliva characteristics 

We evaluate oral hydration and salivary viscosity (sticky/frothy, frothy/bubbly, or watery) by 

visual observation. Simulated saliva is collected over a period of 5 minutes by chewing on 

paraffin wax, and dribbling into a sterile cup. The expectorated volume is recorded. The pH 

and buffering capacity of stimulated saliva are measured using Saliva-check BUFFER kits 

(GC, United States of America) (Kitasako et al., 2008; Varma et al., 2008). Further, Caries 

Risk Test (CRT) kits (Ivoclar Vivadent, Australia) are used to assess saliva buffering and 

salivary counts of MS and  LB (Kitasako et al., 2008). 

3.3.8 Periodontal status 

Mothers are examined for periodontal status using Periodontal Screening and Recording (PSR) 

index measures, which measure the depth of periodontal pockets from the free gingival margin 

to the bottom of the gingival sulcus (Khocht et al., 1995; Polk et al., 2012). Both upper and 
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lower teeth are divided in to sextants. Each and every tooth in the oral cavity is examined and 

the highest score in each sextant is recorded. The scores vary from 0, denoting healthy 

periodontium to 4, representing severe periodontitis (Landry and Jean, 2002).  

3.3.9 Demographic and environmental data  

Demographic, social, and environmental data were collected using detailed questionnaires 

during recruitment and follow-up phases of the EFHL study from 2006 to 2011. All selected 

factors are hypothesized predictors of the primary outcome. The present study will use the data 

on each family’s socio-economic and demographic information of the mother, maternal age, 

mother’s highest level of education, employment status, and total annual family income. The 

child’s intrauterine environment will be assessed by maternal prenatal nutrition, mother’s 

smoking habits, prescribed and illicit drug use, and alcohol. Data on breastfeeding and weaning 

practices, types of food and beverages consumed, infant supplementary food, and bottle feeding 

practices, will be used as covariates to include in the risk factor model.  Oral and other health 

care received by the child will be assessed from data on dental and medical check-ups (GP 

visits), emergency department attendances, and availability of a medical insurance (health care 

card).  

3.3.10 Genetic and epigenetic markers 

To identify genetic and epigenetic markers associated with dental caries, we will target host 

genomic DNA obtained from saliva samples and use next-generation sequencing technology 

to measure DNA-based variants on a genome-wide scale.   
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Specifically, stimulated saliva will be collected in 2 ml tubes and stored at -80 degrees C until 

DNA is extracted with the High Pure PCR Template Preparation Kit (Roche Diagnostics, 

Australia) using a method which was extensively modified in order to significantly increase 

the DNA yield to a concentration needed for next-generation sequencing (unpublished 

protocols). The extracted DNA will be sent to the Centre for Clinical Genomics at University 

of Queensland to perform sequencing of bisulphite treated DNA for methylation analysis. This 

approach will allow us to gain information on DNA sequences, variance, and CpG methylation 

at ~ 450000 CpG sites spanning the human genome. These assays will be performed using the 

SeqCap Epi 4 M CpGIANT Enrichment kit (Roache NimbleGen, Australia) and the HiSeq 

2500 sequencer in (Illumina, United States) (Duhaime-Ross, 2014). A manuscript by Allum et 

al., provides a detailed description of the assay protocols (Allum et al., 2015). 

To date we have conducted a pilot study with 12 mother-child dyads; six with high caries 

experience (average caries experience, 27.1% of surfaces affected in mothers and 12.4% in 

children); and six with low caries experience (average caries experience, 11.2% in mothers, 

2.5% in children), which was initiated using data collected within the oral health sub study of 

EFHL. As a result of this pilot study, we have been able to establish the DNA extraction, 

purification and sequencing protocols (in our hands) and have also established the necessary 

bio informatics and statistical analysis methods for identifying target genes for dental caries. 

 

3.4 Analysis 

Observations will be stored as de-identified data, using a unique identifier for each participant. 

The dataset for the analysis will be prepared in SPSS in a wide data format (one row per 
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participant). Data cleaning will be performed. Outliers will be investigated and corrected or 

replaced with missing values if necessary. The pattern of missing values will be investigated, 

and variables will not be used for further analysis if < 30% of values are found missing; missing 

data will not be imputed.  

The dependant variable (dental caries experience of children) is expected to be a ratio type 

continuous variable, right-skewed with a mode of zero and which could be modelled using a 

generalized linear model (GLM) with log-link and gamma family. The number of independent 

variables will be reduced where possible (e.g. oral health knowledge and practices, periodontal 

status) by using aggregate values. Independent variables without a known or hypothesized 

association with the dependant variable will not be used in regression analysis. The 

independent variable (covariates) will be prepared as follows: (a) dichotomous variables: coded 

as 0/1, the zero category with the higher frequency, presented as number and proportion (%), 

ignored for GLM if rare (frequency < 20); (b) categorical variables: coded as 0/1/2/ etc., sorted 

by frequency in descending order, presented as number and proportion, for GLM the smaller 

categories will be collapsed to form categories with frequency < 20, dummy coded for GLM; 

(c) ordinal variables: coded as 0/1/2/ etc., sorted in a meaningful way, presented as number and 

proportion, for GLM neighbouring categories will be collapsed to form categories with n <20; 

and (d) continuous variables: re-scaled where necessary to ensure a change of a value of 1 can 

be interpreted in a meaningful way, centred over mean where necessary (e.g. for age), presented 

as mean and standard deviations (symmetrical distributions) or median and 25th / 75th 

percentiles.  

 

Descriptive statistics of participant characteristics (of values before re-categorization or 

transformation) will be presented. Unadjusted associations between dependant variables and 
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covariates will be explored with bivariate GLMs. The covariates of interest for a multivariate 

model will be shortlisted at p > 0.02. Correlations between the shortlisted covariates will be 

investigated (using Pearson or Spearmen correlation and scatter plots), and covariates will not 

be used together in a multivariate model if statistically significant correlation is found at |r| > 

0.4. Scatter plots will be drawn to investigate the relationships between the dependant variables 

and the covariates. Interaction terms will be created where necessary. The multivariate GLM 

will be built by manually adding covariates one-by-one (forward method; sorted by descending 

univariate p-values), whilst observing changes to the coefficients and errors for variables 

already in the model. Covariates will be dropped from the multivariate model at p > 0.05. 

Collinearity between covariates will be checked with the variance inflation factor. Model 

building will be repeated using a backward method to check the final model. The number of 

covariates in the model will be limited to avoid overfitting, as discussed in the sample size 

section. Assumptions of GLM will be checked and the model adjusted if necessary. 

Coefficients will be presented with the 95% confidence intervals, and evaluated considering 

clinical significance. Intervals will be evaluated considering clinical significance. Statistical 

significance will be declared at p > 0.05; the effect of multiple comparisons on overall error 

rates will be considered during discussion of the results. 

For epigenetic variation analysis, site-specific methylation levels will be defined as a 

percentage methylation, with values ranging between 0 and 1. Each identified differentially 

methylated site will be attributed a percentage methylation that will be included in the 

regression modelling approach. Pyrosequencing on selected differentially methylated sites will 

be done to validate the SeQCap Epi data.  
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3.5 Discussion 

This cross-sectional study to assess maternal, environmental and individual risk indicators for 

childhood dental caries will examine a wide range of determinants. It will evaluate the 

interrelationship among independent variables and their relative effects on dental caries of 

children. Furthermore, this research will pioneer research in epigenetic variation for dental 

caries in children. The study will also potentially provide evidence on the interrelationship of 

epigenetic variations with other social and environmental predictors for dental caries in the 

participating child population. It is hoped that the evidence generated by the current study will 

enable a more effective “risk factor modification approach” to overcome the problem of this 

chronic disease that commences in childhood and continues throughout life. The data generated 

in this thesis may possibly be extrapolated to similar populations worldwide, but further testing 

on a much larger and more varied sample will be required.  From thereon, we expect that 

appropriate interventions will be recognized and implemented to tackle dental caries in children 

and improve oral health and quality of life of the affected. However, we note that due to time 

and logistic constraints, obtaining a larger sample size is one limitation of the study.  
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Chapter 4: Maternal caries experience, household income, 

carbonated drinks and age at commencement of tooth-brushing 

are associated with caries experience among 6- to 7-year-old 

children in Australia. 
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4.1 Abstract 

Dental caries in children is a major public health problem worldwide, and research has shown 

that there are a multitude of risk indicators acting upon children to different degrees in different 

communities. The objective of this study was to determine the maternal and environmental 

indicators which are associated with dental caries activity in a population of 6- to 7-year-old 

children in SEQ, Australia. Maternal education, employment status, annual household income, 

and marital status were used as proxies for environmental indicators; whereas maternal risk 

markers included mother’s age at examination, lifetime caries experience, oral health 

knowledge and practices, and BMI. Data were collected on mother’s saliva characteristics of 

clinical oral hydration, stimulated flow rate, pH, buffering capacity, viscosity, and colony 

forming units per ml of salivary MS and LB, which were included as covariates. These data 

were analysed as follows: (i) using binary logistic regression with child’s lifetime cumulative 

caries experience as the dependent variable; and (ii) using negative binomial regression with 

child’s number of tooth surfaces affected with caries as dependent variable. Results indicated 

that delayed child’s age when brushing started (p = 0.05), low annual household income (p 

=0.03), child’s daily consumption of carbonated drinks (p = 0.02), and mother’s high caries 

experience (p = 0.01) were directly associated with children’s caries experience. However, 

maternal saliva LB levels were inversely associated with dental caries in children (p =0.01). 

These data support the evidence of associations between maternal and environmental indicators 

and caries in children in a typical western industrialised country. 

Key words – Risk, Dental, Caries, Children, Mothers, Environment, Tooth-brushing, 

Carbonated, Income   
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4.2 Introduction  

Untreated caries in permanent teeth was the most prevalent disease condition worldwide in 

2010, affecting 2.4 billion people. Untreated caries in deciduous teeth was the tenth most 

prevalent condition, affecting 621 million children worldwide (Kassebaum et al., 2015) and 

nearly 30% of 5- to 10-year-old Australian children (Do and Spencer, 2016). Dental caries 

experience in children aged 5 to 6 years in Australia has varied over the last four decades: there 

was a decline in prevalence during the 1970s and 1980s followed by an increase, captured by 

both the Child Dental Health Survey 2014 and the National Oral Health Survey of Australia 

1987–88 (Mejia et al., 2014). The prevalence of untreated dental caries [defined as decayed, 

missing or filled surfaces (dmfs) more than zero] among 5- to 10-year-old children had 

increased from 35% to 42% over two decades between 1988 and 2014 (Do and Spencer, 2016; 

Slade and Spencer, 1998). Moreover, the Child Dental Health Survey 2014 reported that the 

mean dmfs of deciduous teeth among the same age group of children was 3.1, of which 6% of 

children had teeth missing due to caries, and 26% had filled tooth surfaces (Do and Spencer, 

2016). Current caries prevalence in the deciduous dentition was higher among Queensland 

children (50.2%) (Do and Spencer, 2016), compared to 1988 (48%) (Slade and Spencer, 1998). 

It might be expected that with improvements in large-scale oral health promotion efforts, 

increased exposure to fluoride from all sources, opportunities for better nutrition, and improved 

treatment options, the incidence of caries would have declined in Australia in recent decades 

(Do et al., 2017). However, individuals and populations are exposed all their lives to multiple 

risk factors for dental diseases at different magnitudes (Johnson, 1991). Identifying the balance 

or mix of factors affecting particular population groups and individuals is important for 
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prevention and management of the disease. No risk occurs in isolation, and many of these 

happen in a complex series of events (Petersen, 2005). 

Children from socially disadvantaged populations such as low socio-economic groups, 

indigenous communities, and ethnic minorities have the highest risk for dental caries across 

the globe (Seow et al., 2009; Tanaka et al., 2013; Zander et al., 2013). Since mothers play a 

major role in rearing children, the maternal level of education (Kumar et al., 2014), 

employment status (Kumar et al., 2014; Tanaka et al., 2013), oral health knowledge (Lee et al., 

2014), and behaviours (Nourijelyani et al., 2014) as well as maternal age (Ju et al., 2016; 

Warren et al., 2016) are known to contribute to the health of her offspring. Because dental 

caries is a lifestyle disease, chronic conditions such as obesity and diabetes share common risk 

indicators with dental decay. Having mothers who consumed more than the daily recommended 

sugar, fat and carbohydrate intake was found to be associated with caries development in young 

Norwegian children (Wigen and Wang, 2014): children with obese mothers had more than 

twice the risk of developing dental caries than the children of mothers who had a normal body 

mass index BMI (Wigen and Wang, 2011). We hypothesise that caries experience in a 

population of 6- to 7-year-old children living in SEQ is associated with maternal socio-

economic, demographic and behavioural factors. 

Relationships between parental and children’s oral health status have been studied for decades 

(Klein, 1946), and mothers’ caries status has been recognized as a stronger influence on caries 

experience of children compared to fathers’ (Birungi et al., 2016; Mattila et al., 2000; 

Weintraub et al., 2010). This is because certain parent-caregiver characteristics expose the child 

to adverse environmental conditions that are conducive for caries development and 

progression. Other than imitating unhealthy practices of caregivers, children are thought to be 
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at risk of acquiring cariogenic bacteria from their mothers. Maternal and child strains of MS 

have been found to be similar, and higher salivary counts in mothers were associated with early 

colonization of these organisms in children (Li et al., 2005). Mothers’ salivary MS (Warren et 

al., 2009) and LB (Chaffee et al., 2014) levels have been able to predict children’s dental decay. 

Putatively cariogenic bacteria thrive in environments such as low salivary flow rates (Diaz de 

Guillory et al., 2014), low buffering capacity of saliva (Gao et al., 2016; Varma et al., 2008), 

and low pH levels produced by cariogenic bacteria from dietary carbohydrates (Burne and 

Marquis, 2000; Kianoush et al., 2014), increasing the risk of enamel and dentine 

demineralization (Melo et al., 2016). Assuming that mothers associate more closely with their 

children, we hypothesize that physiological features of maternal saliva could be taken as 

predictors of the child’s dental caries experience. 

From an epidemiological point of view, it is important to identify prominent indicators 

contributing to dental caries development among children in each individual community. 

Identifying risk indicators may substantially advance appropriate preventive and restorative 

care. Hence, the objectives of the current study were to establish the prevalence of dental caries 

in a population of children in SEQ, Australia, and to estimate associations of maternal and 

environmental factors with dental caries experience in children. 

 

4.3 Materials and methods 

A protocol for the study was published in BMC Oral Health (2015) (Fernando et al., 2015). 
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4.3.1 Study population 

The population for this cross-sectional study was 6- to 7-year-old children and their mothers 

from three districts of SEQ (Logan, Beaudesert and Gold Coast), enrolled in the Griffith 

University EFHL birth cohort study (Cameron et al., 2012b). According to Cameron et al the 

EFHL cohort was compared with the rest of the SEQ and Australian demographics (Cameron 

et al., 2012b). Participants of the oral health sub study was hence a representative sample of 

SEQ. Recruiting participants for the oral health sub-study started in November 2012 from the 

first cohort of children (2006), who were 6 years of age at the time, followed by participants 

from 2007, 2009 and 2010 cohorts. It is a possibility that families which accepted our invitation 

were better motivated towards health and were grateful for the opportunity to receive an oral 

health examination and seized an opportunity for treatment. Data collection was completed in 

April 2016 with a total sample of 174 mother-child dyads. However, data on oral health 

knowledge and practices, salivary physiochemical characteristics and dental caries experience 

was missing for one mother, hence the sample of 173 mother-child dyads. 

4.3.2 Data collection  

A questionnaire specifically developed for the oral health sub-study (non-validated) was 

administered to mothers before clinical examinations. Data were collected on knowledge, 

attitudes and practices related to oral health. 

Mothers who were not pregnant or who did not have a cardiac pacemaker were weighed with 

an electronic bioimpedance balance (Tanita, Australia), which gives measurements of body fat, 

body water composition and BMI. 
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Oral examinations were carried out by trained and calibrated examiners at Griffith University 

Dental clinics. Weighted Kappa values for two examiners against a gold standard were .810 

(SE = 0.102, 95% CI = 0.414-0.813) and 0.928 (SE =0.093, 95% CI =0.628-0.992) (Appendix 

B; Table 1 and 2). Dental caries experience was measured using the ICDAS (CICDAS, 2005), 

with scores ranging from 0 (no disease) to 6 (overt caries) on each tooth surface. Presence of 

restorations was considered as past caries experience. Saliva hydration was evaluated by visual 

observation, and stimulated saliva was collected over 5 minutes whilst chewing on a piece of 

paraffin wax and the volume measured. Saliva pH and buffering capacity were measured on 

the expectorated sample with Saliva-check BUFFER kits (GC, Australia) and Caries Risk Test 

kits (Ivoclar Vivadent, Australia). MS and LB colony forming units were measured according 

to manufacturers’ instructions after 48 hours incubation at 370 C. 

Demographic, socio-economic and environmental data were collected using detailed 

questionnaires at recruitment for the EFHL study (Cameron et al., 2012a). In depth data of 

participants and their families were merged with the oral health clinical data for analysis. 

4.3.3 Outcome and risk indicators 

The primary outcome variable was children’s dental caries experience, expressed as number of 

tooth surfaces affected by dental caries (at the time of examination) including initial enamel 

white spot lesions (ICDAS 1, 2 and 3) and dentinal caries (ICDAS 3, 4 5 and 6). The reason 

being that the majority of children (61%) were caries free and the rest of the sample needed to 

be included in the analysis for meaningful outcomes. This outcome was used as follows: (i) a 

dichotomized variable: children with caries (ICDAS > 0) and children without caries (ICDAS 

= 0); and (ii) as a continuous variable: total number of surfaces affected with caries (counts). 
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There were very few teeth extracted due to dental caries it was not considered for analysis, 

since the influence would have been negligible. 

Based on the questionnaire a total score (out of 100) for each participating mother was given 

to evaluate their oral health knowledge attitudes and behaviours. Questions related to oral 

hygiene practices, use of dental care services, feeding practices and consumption of cariogenic 

food/beverages from the questionnaire were selected separately, to estimate mothers’ oral 

health practices. 

Moreover, mothers’ saliva hydration (normal, low), buffering capacity, pH, MS colony 

forming units/ml of saliva (<105 = low, >105 = high), and LB colony forming units/ml of saliva 

(<105 = low, >105 = high) were taken as saliva characteristics that could possibly be associated 

with their children’s dental caries experience. Other explanatory variables included maternal 

age, level of education, employment status, and annual household income. 

4.3.4 Statistical analyses 

Data were analysed using SPSS-21 (IBM, Chicago, IL). Measures of central tendency for 

continuous variables, and frequency and percentages for categorical variables, were computed. 

Categorical variables were recoded to ensure the frequency was at least 20 in each category. 

Based on our research hypothesis, logistic regression was performed in GLM to explore 

indicators that might have an impact on caries experience of children. Explanatory variables 

were systematically tested in simple regression analyses, and shortlisted at p < 0.10 (Mota-

Veloso et al., 2016; Peres et al., 2005). Shortlisted explanatory variables were tested in 

multivariable regression models with the significance level set at p < 0.05 and variables that 

were insignificant were dropped to arrive at the final models. Final models were determined 
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by the significance levels of Omnibus test X2 (p ≤ .05) and clinically meaningful significant 

associations between explanatory and outcome variables. The risk indicators for caries in 

children were expressed with Adjusted Odds Ratios (AOR), Adjusted Rate Ratios (ARR) and 

95% Confidence Intervals (CI). 

4.4 Results 

Of the 173 children, 88 (50.6%) were girls. Mean age for children without caries (n = 106) was 

6.5 years (SD = 0.65) and 6.1 years (SD = 1.02) for children with caries (n = 67). Mean caries 

experience (measured with the mean number of tooth surfaces affected with caries) was 8.8 

(SD = 10.1) among children with caries. Mean maternal caries experience was 22.6 (SD = 

13.13) within the caries free group and 25.29 (SD = 19.16) among the caries group. Mean 

overall age for mothers on the day of clinical examination was 37.3 years (SD = 5.46). Other 

maternal sociodemographic and clinical characteristics explored are given in Table 4.1. 

Variables on maternal oral health knowledge, behaviour, and environment, explored as risk 

indicators for childhood caries, are listed in Table 4.2. 

Table 4.3 shows the variables in the multivariable binomial logistic regression model. Only 

“age when child started brushing” was significantly associated with child’s caries experience 

(p = 0.05). Children whose mothers initiated their children’s brushing after 6 months of age 

were two times more at risk than their counterparts who initiated brushing at six months or 

earlier (AOR = 2.23, 95% CI = 1.01-4.95). Initial frequency distribution showed that the 

outcome variable was skewed with more children free of dental caries (61%), hence analytical 

methods had to be improved according to the distribution.  
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As the total number of surfaces affected with caries were over dispersed (mean = 5.39, variance 

= 80.2), negative binomial regression was used to assess risk indicators for dental caries. 

Amongst all maternal independent variables entered into the model (listed in Tables 4.1 and 

4.2), high levels of maternal LB was associated with low dental caries experience in children 

(ARR = 0.61, 95% CI = 0.40-0.87, p = 0.01), whereas mother’s higher caries experience was 

a risk marker for children’s caries (ARR = 1.02, 95% CI = 1.01-1.03, p = 0 .01). Low household 

income (ARR = 0.67, 95% CI = 0.47-0.96, p = 0.03) and child’s consumption of carbonated 

drinks once a day compared to never having such drinks (ARR = 2.03, 95% CI = 1.32-3.57, p 

= 0.02) were significantly associated with high caries experience in our child population (Table 

4.4). 
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Table 4.1: Frequency distribution of children’s and mother’s socio demographic and 

clinical characteristics  

Variable  Children without 

caries (n=106)  

Children with 

caries  (n=67) 

 Mean  SD Mean  SD 

Child age (years) 6.5 0.65 6.1 1.02 

Child caries experience as number of tooth 

surfaces affected with caries¥ 

0 0 8.8 10.10 

Mother age  37.4 5.62 37.1 5.24 

Mother saliva pH 7.0 0.41 7.1 0.53 

Mother saliva buffering (GC*) 8.70 3.54 8.57 3.16 

Mother caries experience as a percentage of  

affected surfaces 

22.6 13.1

3 

25.29 19.16 

Mother saliva volume in 5 minutes 5.21 2.30 4.87 3.36 

 N % N % 

Child gender     

Female  51 48 38 56 

Male  55 52 29 44 

Mother saliva hydration     

Low 15 14 7 10 

Normal 91 86 60 90 

Mother saliva buffering capacity 

(CRT**) 

    

Low 20 19 16 23 

High  86 81 51 77 

Mother saliva mutans Streptococci     

Low 33 31 27 40 

High  73 69 40 60 

Mother saliva Lactobacilli     

Low 51 48 32 48 

High  55 52 35 52 

Mother level of education     

Completed primary education 14 13 10 14 

Completed high school 32 30 17 26 

Completed tertiary education 60 57 40 60 

Mother employment status     

Unemployed  49 46 31 46 

Employed  57 54 36 54 

Mother marital status     

Single  12 11 6 9 

With partner/husband  94 89 61 91 

Annual household income     

Low (<$59999) 56 53 31 46 

High (>$59999) 50 48 36 54 
¥ Caries experience was for both deciduous and permanent dentition in children, *Saliva-check BUFFER 

kits (GC, United States of America), ** Caries Risk Test kits (Ivoclar Vivaden)t, Australia). 
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Table 4.2: Frequency distribution of mothers’ oral health related knowledge and 

behaviours  

Variable  Children without 

caries(n=106)  

Children with 

caries  (n=67) 

 Mean SD Mean SD 

Mothers oral health knowledge 72.6 9.65 72.6 10.8 

 N % N % 

Mothers visits to dentist during pregnancy     

Yes  72 68 48 72 

No  34 32 19 28 

Child’s age when brushing started     

Six months 30 28 13 19 

More than six months 76 72 54 81 

Child’s dental visits since birth     

Yes  75 74 48 72 

No  25 26 19 28 

Use of fluoridated tooth paste     

Yes  63 59 33 49 

No  43 41 34 51 

Frequency of giving carbonated drinks per day     

Never  65 61 49 73 

Once a day 20 19 5 7 

More than once a day 21 20 13 20 

Mother BMI at  beginning of pregnancy     

Normal  62 58 38 57 

Over weight  21 20 12 18 

Obese  23 22 17 25 

Main language spoken at home     

English 93 88 61 91 

Other  14 12 6 9 

 

Table 4.3: Risk indicators for children with and without dental caries using logistic 

regression  

Omnibus test  X2  for the model = 11.44, p=0.04, * Reference variables,  AOR= Adjusted Odds Ratio, CI= 

Confidence Interval, MS=mutans Streptococci 

 

Variable  AOR (95% CI) P value 

Mother saliva MS levels 0.68 (0.34-1.36) 0.28 

Mother caries experience 0.98 (0.96-1.00) 0.07 

Use of fluoridated toothpaste at home (Yes*/No)  1.25 (0.88-1.77) 0.21 

Age when child started brushing (6 months*/> 6 months) 2.23 (1.01-4.95) 0.05 

Main language spoken at home (English*/non-English) 0.48 (0.16-1.37) 0.17 
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Table 4.4: Risk indicators for childhood dental caries using negative binomial regression  

Variable   Adjusted ARR (95% CI) P 

value 

Mothers’ levels of saliva LB 

(Low*/High) 

 0.61 (0.40- 0.87) 0.01 

Mothers’ saliva buffering capacity 

(GC) 

 0.96 (0.91-1.01) 0.11 

Mothers’ saliva pH  1.14 (0.75-1.73) 0.55 

Mothers’ caries experience  1.02 (1.01-1.03) 0.01 

Mothers’ annual income  

(Low* /High) 
 0.67 (0.47-0.96) 0.03 

Frequency of giving carbonated 

drinks 

   

 Never*   

 Once a day 2.03 (1.32-3.57) 0.02 

 >Once a 

day 

1.06 (0.66-1.68) 0.82 

Variance of outcome variable =80.25, Mean of outcome variable=5.39, Kolmogorov–Smirnov 

statistic=1.075(p=0.198), Omnibus test X2 for the model=40.56, p=0.001, Dispersion parameter=2.57, ARR= 

Adjusted Rate Ratio, CI= Confidence Interval, *Reference variables.  

 

4.5 Discussion  

The present study is based on our findings of caries prevalence and severity in a sample of 173 

mother-child dyads in SEQ. We found that 34% boys and 42% of girls between 6 and 7 years 

of age had active caries as per ICDAS criteria, whereas the Australian National Oral Health 

survey 2012-2014 found it to be 30% for boys and 27% for girls in the same age group (Do 

and Spencer, 2016). The higher rates in the current study could be due to the fact that volunteers 

who presented at our clinics had a self-assessed treatment need. This is logical because 

participants’ own perception of treatment need has been found to correlate significantly with 

examiner ratings in a study conducted in Sweden with 1000 individuals aged 20-89 years 

(Petersson et al., 2016). In the USA, around 37% of children aged 2 to 8 years had caries in 

their deciduous teeth (Dye et al., 2015), and in Spain the prevalence of caries in 6-year-olds 

was 30% (Almerich Silla et al., 2014). Bosnian 6-year-old children had a mean dmft of 6.7 (SD 

±3.9) with decayed teeth contributing to 88.8% of the index (Markovic et al., 2013). A 
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longitudinal study in UK, to investigate caries progression through childhood to adolescence, 

found that the mean caries prevalence of 7- to 9-year-olds’ was 16.7% which increased with 

age (Hall-Scullin et al., 2017). These observations indicate that caries experience in the same 

age group varies considerably in different communities, presumably because of differing 

mixtures of risk indicators. 

Evidence suggests that preventive interventions such as initiation of oral hygiene habits before 

the age of 12 months are important to prevent the development of dental caries (Lee et al., 

2006). Children who started brushing at an early age were at comparatively low risk for 

developing dental caries in a multicentre study from paediatric dentistry departments in the 

Netherlands and Turkey (Özen et al., 2016). Moreover, caries prevalence was found to be 

significantly higher (p = 0.04) in a population of Myanmar preschool children who did not start 

brushing until after 2 years of age (Thwin et al., 2016). Similar results were observed by Huong 

et al., (2017) in their study of Vietnamese pre-schoolers. Children who started brushing at the 

eruption of their first deciduous tooth had less decayed surfaces than children who started 

brushing later (p = 0.009) (Ngoc et al., 2017), and lack of tooth brushing past the age of 2 years 

was a strong risk factor for dental caries in 6-year-old Cambodian children (Turton et al., 2016). 

These findings are underlined by the results of the present study where we found that children 

who started brushing at a later age were more likely to acquire caries than children who initiated 

brushing earlier. 

Socio-economic disparities in oral health are considered as a valid measure of progress or 

deterioration of overall health status, and provide key information for health policies (Capurro 

et al., 2015). Annual household income is an absolute measure of SES (Bernabe et al., 2009). 

Children with one or more carious lesions were associated with lower family income, and our 
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findings are in line with others (Jepsen et al., 2017; Schwendicke et al., 2015). We report that 

in our study population, children who had families with an annual income of more than AUD 

59,999 were 33% less likely to develop dental decay than their lower income counterparts 

(Table 4.4). In the USA, income-related inequalities were observed in untreated dental caries 

among 2- to 12-year-old children in National Health and Nutrition Examination Surveys done 

over three decades. It was found that children from low income families were three to five 

times more likely to have untreated decay than children from high income families (Macek, 

2016). Children from ethnic minorities with low income levels were reported to be more at risk 

of dental caries than native children (van der Tas et al., 2016). For instance, an indigenous 

population in Brazil exhibited that high income was a “protective factor” for dental caries, 

whereas children from low income ethnic minority groups were more than twice as likely to 

develop dental decay (Arantes and Frazão, 2016). 

Alarmingly, in a review paper published a decade ago, it was reported that in many countries 

22% of 1- and 2-year-old children consume high sugar carbonated beverages at an average of 

1 cup/day, and this increases through childhood to adulthood (Tahmassebi et al., 2006). In 

addition, these levels are likely to have risen since such drinks have become more accessible 

(Lee and Giannobile, 2016). Findings in different studies are diverse, due to variations in study 

designs, techniques of statistical analysis, and phenotype definitions. For instance, among 6-

year-old Korean children (n = 1214), “mild decay” had no significant association with 

consuming carbonated drinks, whereas consuming soda drinks once a day was a risk factor for 

“severe decay” (Han et al., 2014). Juices, frizzy drinks and smoothies were reportedly 

associated with children’s past caries history (p = 0.04), and the number of “early” carious 

lesions (p = 0.04) in 6- to 15-year-old Spanish children (Llena et al., 2015). López-Gómez et 

al., (2016), reported that loss of deciduous teeth increased with high consumption of soft drinks 
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(OR = 1.89, 95% CI = 1.13–3.16): the variable was dichotomized into “≤ 1 times/day and >1 

times/day”, and similar to our study, questionnaires were administered to mothers of 6- to 7-

year-old Mexican children (n = 833) to retrieve the information (López-Gómez et al., 2016). 

Other authors have reported that consumption of 100% juices were associated with lower caries 

incidence (Ghazal et al., 2015). Our observation that children who consumed carbonated drinks 

more than once a day did not have greater caries could in part be due to participating mothers 

having given their children 100% juice instead of carbonated drinks, and/or coupling fizzy 

drink consumption with frequent tooth brushing (Asif et al., 2015). According to a dissimilar 

observation by Cheng and Campbell (2016), in a sample of rural Ugandan children aged 8-10 

years (n = 84), a relationship between cariogenic beverages (soft drinks and sweetened tea) and 

dental caries could not be discovered (Cheng and Campbell, 2016). In their study, the frequency 

of cariogenic beverages was taken on a weekly consumption, and there was a greater chance 

of recall bias in children which might have influenced the findings. 

The current study reports that this sample of SEQ children, whose mothers had high caries 

experience, were only 2% more at risk of developing decay than children with mothers with 

low caries experience, an overall weak association (Table 4.4). Similar results were found in a 

study of American Indian children (OR = 1.04, 95% CI = 1.02-1.07); however, the children 

were 3-year-olds and the environmental context was very different (Warren et al., 2016). 

Nevertheless, Ersin et al., (2016), in their study of Turkish children, reported a much stronger 

association: children of mothers with high DMFS scores had almost double the caries 

experience of those whose mothers had low caries experience (Ersin et al., 2005). Another 

study reported that caries prevalence was 22.5 times higher in children whose mothers had 

severely decayed teeth than children whose mothers had low caries experience (PR = 22.5, 

95% CI = 3.2-156.6) (Proença et al., 2015). In Cambodia, where caries prevalence is very high 
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among preschool children, maternal caries was found to be a strong predictor (Turton et al., 

2015). Correspondingly, higher maternal DMFS could predict child caries in a population of 

Hispanic and African-American children (OR = 3.9, 95% CI = 1.1-14.6) (Smith et al., 2002). 

Moreover, a five year follow up study among Ugandan mother child dyads provided further 

evidence that caretaker’s caries experience was positively associated with childhood caries 

(IRR = 2.0, 95% CI = 1.3-3.0) (Birungi et al., 2016). Kawashita et al., (2009), however, 

reported contrasting findings as maternal caries was not found to be a predictor in a population 

of Japanese children, probably due to higher socio-economic factors and level of education of 

mothers (Kawashita et al., 2009). 

Interestingly, we found that children who had mothers with high LB levels were 39% less likely 

to get caries compared to mothers with low LB levels (Table 4.4). At a superficial level this 

association is counter-intuitive, given the oft reported positive association with an individual’s 

number of carious lesions and high counts of lactobacilli in saliva (Ahirwar et al., 2017) relating 

to the acidogenic, and especially to the aciduric, properties of LB in general (Samaranayake, 

2012). It has been established that children acquire cariogenic bacteria predominantly from 

their mothers, and bacterial transmission from mothers with tooth decay to their infants takes 

place earlier than in families where mothers have healthier mouths (Li et al., 2005). According 

to Mattsson et al., (2007), naturally occurring oral LB inhibits the growth of autologous MS, 

and the observation was more marked in caries-free subjects who harboured LB that suppressed 

the growth of host’s oral MS (Simark‐Mattsson et al., 2007). Furthermore, LB species have 

been recognized as later invaders of cavity formation, and infrequent colonizers of enamel and 

early caries lesions (Guo and Shi, 2013; Samaranayake, 2012). In other words, invasion of LB 

was seen only at advanced stages of dental caries which involve cavity formation and 

destruction of dentine (Dige et al., 2014). In our study, 61% of the children were caries-free, 
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and a further 16% had carious lesions limited to enamel. There is evidence that MS species 

play a significant role in the initiation of caries on smooth surfaces, fissures of crowns and on 

root surfaces, and the role of LB in inducing caries is not well supported (Samaranayake, 2012). 

Taking into account the evidence from previous studies, our finding is rational; nevertheless, 

the significant association we observed needs to be explored in depth in similar populations 

with larger sample size. 

Limitations of this study are the modest sample size, which was compromised by practical 

factors like budget, time limits, and number of volunteers willing to attend the dental clinics 

for oral examinations (Fernando et al., 2015). 

In conclusion, amongst the maternal and environmental factors explored in our study, low 

income levels of mothers and giving carbonated drinks significantly increased the risk of their 

6- to 7-year-old children developing dental caries, while maternal caries had a weakly positive 

association with children’s caries experience. Maternal income presumably is related to 

education, to attitudes to oral hygiene behaviours, and to dietary practices that ultimately 

influence caries experience. Maternal saliva LB levels were inversely related to caries 

experience in this child population; hence that cannot be taken as a risk marker for children’s 

caries experience. 
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5.1 Abstract 

5.1.1 Objective 

This study explored the association of children’s salivary characteristics, birth weight, and 

reported maternal prenatal vitamin and mineral supplementation with the dental caries 

experience of the child.  

5.1.2 Methods 

This cross-sectional study, a sub-study of Griffith University Environments for Healthy Living 

birth cohort study, was conducted on 174 mother-child dyads. Mother’s prenatal usage of 

vitamin and mineral supplements; child’s birthweight; salivary pH, buffering capacity, and 

levels of salivary MS and LB were explored as risk indicators. Dental caries experience was 

assessed using International Caries Detection and Assessment System criteria. Path analysis 

was conducted to evaluate the association of risk indicators with children’s current and past 

dental caries experience.  

5.1.3 Results 

Children’s past caries experience (β = 0.332, p = 0.018), and salivary MS counts (β = 0.215, p 

= 0.032) were positively associated with current caries experience. With a trend towards 

significance, children whose mothers had reported taking iron supplements during pregnancy 

experienced lower levels of past (β = -0.137, p = 0.068) and current dental caries (β = -0.046, 

p = 0.051). 
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5.1.4 Conclusions 

This study confirms that a child’s current dental caries status is positively associated with their 

past caries, and that it correlates with current levels of salivary MS. Children of mothers who 

reported to have taken iron supplements during pregnancy experienced less caries throughout 

their lives. These observations confirm the importance to offspring of monitoring maternal 

health throughout pregnancy and of early monitoring of children’s oral health in preventing 

future dental disease.   

Key words: Birth weight, Caries, Children, Past caries, Prenatal supplements, Saliva  

 

5.2 Introduction 

Dental caries is the most common oral disease in Australian children, and understanding the 

risk indicators of cariogenesis ultimately assists with improved early-life prevention. 

According to the Australian National Child Oral Health study (2012-2014), 27% of children 

aged 5-10 years had untreated caries in their deciduous dentition (Do and Spencer 2016). Dental 

caries progresses very rapidly in deciduous teeth as they have relatively thin enamel, and 

dentine and pulp involvement can occur quickly (dos Santos Junior et al. 2014). For a child, 

treatment of caries is a stressful and often painful experience which frequently requires multiple 

visits, extensive restorations, and extractions. It is also expensive for parents, and an added 

burden on health expenditure for many countries. Identification of the factors which influence 

dental caries in children allows the family, perhaps with advice from a clinician, to practice a 

healthy life style and, where indicated, for a clinician to institute preventive interventions such 

as topical fluorides. The literature surrounding dental caries in children is overwhelming, with 
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numerous systematic reviews identifying socio-demographic, dietary and family circumstances 

and behaviours being important predictors of disease. However, the association of children’s 

individual characteristics, particularly in terms of their foetal well-being, (dos Santos Junior et 

al. 2014) and features of their own oral physiology, have not been studied simultaneously (Do 

and Spencer 2016).  

Since tooth formation starts during the foetal period, the intrauterine environment, which is 

affected by maternal nutrition and supplement intake during pregnancy, influences the 

development of children's teeth (Tanaka et al. 2015). Studies have shown that nutritional 

supplements during pregnancy, like vitamin D (Tanaka et al. 2015), calcium, and iron, 

influences tooth formation in children (Bergel et al. 2010). Low birth weight, a marker of sub-

optimal foetal nutrition and growth, is indicative of an increased risk for ill health throughout 

life (Barker and Thornburg 2013), including the development of dental caries (Bernabé et al. 

2017). On the other hand, it has long been established that low salivary pH and poor buffering 

capacity, and a comparatively high load of salivary MS) and LB (Samaranayake 2012), help 

drive cariogenesis in the child (Lenander-Lumikari and Loimaranta 2000). Age in general, is a 

risk indicator for dental caries (Hunter 1988) as the teeth of older children have been at risk for 

a longer period (Al-Shalan et al. 1997). Previous studies have been inconsistent in their findings 

on the relation between caries and gender, with no consistent pattern favouring higher caries 

propensity in one gender (Chankanka et al. 2011). Importantly, past dental caries experience is 

widely recognised as the strongest single predictor of future dental caries (Attaran et al. 2016). 

This study explored the association of children’s salivary characteristics, birth weight, and 

maternal prenatal vitamin and mineral supplementation with the dental caries experience of the 

child.  
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5.3 Methods 

This study followed a previously published detailed protocol regarding sample size, participant 

recruitment, and data collection (Fernando et al. 2015). In brief, the study cohort consisted of 

174 children aged 6-7 years and their mothers from Logan, Beaudesert, and Gold Coast in SEQ, 

Australia, who were enrolled in the Griffith University EFHL birth cohort study (Cameron et 

al. 2012). Participant enrollment for the present oral health sub-study started in November 2012 

with children who were 6 years of age at the time, followed by participants from 2007, 2009 

and 2010 cohorts. Data collection was concluded in April 2016. 

The primary outcome variable was each child’s dental caries level at the time of examination 

expressed as the number of tooth surfaces affected by caries, including initial white spot 

lesions, according to the ICDAS criteria (CICDAS, 2005; Fernando et al. 2015). Past caries 

experience was measured by the number of tooth surfaces that had restorations (Fernando et 

al. 2015). Explanatory variables included reported maternal intake of nutritional supplements 

(iron, Zn folate, and multivitamins) during pregnancy. Prenatal nutrition was evaluated by 

reported maternal intake of supplements, which is considered to be a valid and an 

uncomplicated method of obtaining such data (Schmidt et al., 2011). Although information 

related to substance use (tobacco, alcohol, and illicit drugs) and calcium supplemets were 

collected through the EFHL study, these variables could not be considered in the analysis as 

most of the mothers participating in the oral health substudy had not answered the relevant 

questions. Child’s salivary pH, buffering capacity, counts of MS and LB, past dental 

experience, age, and gender were other independent variables under study.  Salivary buffering 

capacity was assessed using Saliva-check BUFFER kits (GC, Australia), salivary MS and LB 

levels as measured with Caries Risk Test kits (Ivoclar Vivadent, Australia). Salivary data of 
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the children were collected during the oral health substudy (Fernando et al. 2015). Data on 

maternal, iron, Zn, folate and multivitamin supplementation during pregnancy, and child’s 

birth weight were collated from the main EFHL birth cohort database, and merged with the 

oral health data (Cameron et al. 2012).  

Mean salivary pH and buffering capacity, mean birth weight and past caries experience were 

compared between children with no current or past caries (ICDAS = 0) and those with any 

caries experience (ICDAS > 0). Moreover, the percentage of mothers who have reported to 

taking nutritional supplements during pregnancy, proportions of children with low and high 

salivary bacterial levels, were compared between the two groups of children.  

Data analysis was performed using SPSS-21 (IBM, Chicago, IL) and AMOS (IBM SPSS 

AMOS 22.0, Meadville, PA). Measures of central tendency for continuous variables and 

frequency and percentages for categorical variables were computed. Normality of the data was 

assessed using the Shapiro-Wilk test. As the data were not normally distributed, non-parametric 

tests were used for univariate analysis. Mann-Whitney U test was used to compare the mean 

age, past caries experience, and salivary pH between children with caries and those with no 

caries. For comparison of proportions, Fisher’s Exact and Chi-square tests were used according 

to the type of data. Based on the research hypothesis, path analysis, which describes the directed 

dependencies among a set of variables, was used as it facilitated simultaneous assessment of 

associations between several independent and dependent variables (Kumar et al. 2017). In the 

path analysis, whether or not mothers took the particular nutritional supplements and birth 

weight of the particular child, were hypothesised to have a direct relationship to the child’s 

cumulative past dental caries experience and both direct and an indirect association to current 

caries experience. Moreover, while a child’s current salivary characteristics, age, and gender 
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were hypothesised to have direct association with current caries levels (figure 5.1). In addition, 

past dental caries experience was hypothesised to have a relationship to current dental caries 

experience. All the variables related to maternal intake of supplements and child’s salivary 

characteristics were allowed to covary in the path analysis. The model has 2 endogenous 

(dependent) and 11 exogenous (independent) variables. The minimum required sample size for 

the path model, as determined by N > 50 + 8m where N is the number of participants and m is 

the number of predictor variables, with 12 predictors, was 146 children. As two variables (past 

and present caries experience) deviated significantly from normality, Bollen-Stine 

bootstrapping was used to estimate the fit indices (Kim and Millsap 2014). Further, 

bootstrapping and bias-corrected confidence intervals were used to analyse direct and mediated 

parameter estimates, and the bootstrapping sample was set to the generally accepted value of 

250 (Nevitt and Hancock 1998). The model was considered to have a good fit if Root Mean 

Square Error of Approximation (RMSEA) and Standardized Root Mean Square 

Residual (SRMR) were < 0.08, and Comparative Fit Index (CFI) and Tucker Lewis Index 

(TLI) were ≥ 0.9 (Hoyle and Panter 1995).  
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Table 5.1: Children’s individual characteristics explored as risk indicators for dental 

caries experience and current activity 

Variable  Cases (n = 67) Controls (n = 107) Significance  

 Mean (SD) Mean (SD) t (p value) 

Age at examination 6.07(1.02) 6.49(0.65) 2.6 (0.09) 

Saliva pH 7.17(0.45) 7.26 (0.49) 1.3 (0.19) 

Saliva buffering capacity (*GC) 8.26(3.85) 9.41(3.15) 1.4 (0.16) 

Child’s birthweight (g) 3438 (438.82) 3487(481.85) 0.8 (0.42) 

Past caries experience (number 

of surfaces with restorations) 

2.10 (5.52) 0.21 (0.86) 4.1 (0.0001) 

Current caries experience 

(number of surfaces with caries) 

8.26 (9.96) 0 8.9 (0.0001) 

 N (%) N (%) X2 (p value) 

Gender    2.75 (0.25) 

Female 37(55) 51 (48)  

Male  30(45) 56 (52)  

Saliva �MS levels   8.33 (0.004) 

<105 CFU/ml of saliva 52 (78) 60 (56)  

>105  CFU/ml of saliva 15 (22) 47 (44)  

Saliva ∞LB levels   0.14 (0.71) 

<105 CFU/ml of saliva 37 (55) 56 (52)  

>105  CFU/ml of saliva 30 (45) 51 (48)  

Maternal Folate 

supplementation during 

pregnancy  

  0.27 (0.61) 

No 17 (25) 31 (29)  

Yes  50 (75) 76 (71)  

Maternal Iron 

supplementation during 

pregnancy  

  0.001 (0.97) 

No 28 (42) 45 (42)  

Yes  39 (58) 62 (58)  

Maternal Multi Vitamin 

supplementation  during 

pregnancy  

  3.8 (0.05) 

No 23 (34) 53 (49)  

Yes  44 (66) 54 (51)  

Maternal Zn intake during 

pregnancy  

  0.32 (0.57) 

No 46 (69) 69 (64)  

Yes  21 (31) 38 (36)  

*Saliva-check BUFFER kits (GC, Australia), � mutans Streptococci, ∞Lactobacilli  
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Table 5.2: Standardised boot strapped estimates with 95% confidence intervals of the 

path model with past and current dental caries experiences as the endogenous variables  

Effect  β Bias corrected 

95% CI 

P 

DIRECT EFFECTS  

Predicting past dental caries 
   

Maternal Zn supplementation during 

pregnancy  
0.132 -0.066 - 0.298 0.210 

Maternal Folate supplementation during 

pregnancy 
0.042 -0.089 - 0.140 0.582 

Maternal Iron supplementation during 

pregnancy 
-0.137 -0.241- 0.018 0.068 

Maternal Multi vitamin supplementation 

during pregnancy 
0.076 -0.076- 0.234 0.339 

Child’s birth weight -0.048 -0.151-0.058 0.303 

Predicting current caries    

Age 0.006 -0.167-0.141 0.95 

Gender  0.036 -0.11-0.181 0.566 

Maternal Zn intake during pregnancy  0 -0.175-0.211 0.977 

Maternal Folate intake during pregnancy 0.026 -0.231-0.208 0.911 

Maternal Iron intake during pregnancy 0.013 -0.164-0.26 0.882 

Maternal Multi vitamin intake during 

pregnancy 
-0.054 -0.219-0.107 0.585 

Child’s birth weight -0.005 -0.178- 0.145 0.839 

Child’s past caries 0.332 0.131- 0.503 0.018 

Child’s Salivary pH 0.086 -0.008-0.19 0.06 

Child’s Salivary MS 0.215 0.02-0.382 0.032 

Child’s Salivary LB 0.097 -0.067-0.224 0.254 

Child’s Buffering capacity (*GC) -0.034 -0.219-0.131 0.722 

INDIRECT EFFECTS  

Predicting current caries  

Iron  -0.046 -0.1 – 0.001 0.051 

Quantified influence not mediated by other variables in the model, Chi-square = 83.730, p = 0.348, TLI – 0.954, 

CFI – 0.969, RMSEA – 0.028 and SRMR = 0.0592, *Saliva-check BUFFER kits (GC, Australia) 
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5.4 Results 

Of the children enrolled, 88/174 (51%) were girls. The mean age for children with caries was 

6.1 years (SD = 1.02) and for children without caries was 6.5 years (SD = 0.65). At time of 

examination, 67/174 (38%) children had caries, of which 37/67 (55%) were girls. Mean number 

of tooth surfaces affected with caries in the total sample of children at the time of examination 

was 5.44 (SD = 8.95), and mean number of tooth surfaces with past caries was 1.37 (SD = 

4.45). In the subset with caries the mean was 8.26 (SD = 9.96). Children with at least one 

carious tooth surface currently, had significantly greater caries experience in the past (Mean: 

2.1, SD = 5.52, p = 0.0001) than those who were completely caries free (Mean: 0.21, SD = 

0.86, p = 0.0001) at the time of examination (Table 5.1). Salivary loads of MS (p = 0.005) and 

reported maternal multivitamin intake during pregnancy (p = 0.05) were significantly different 

between caries and caries free groups in univariate analysis, even though reported multivitamin 

intake during pregnancy was not associated with caries experience of children in the path 

analysis. Our hypothesised model, which provides estimates of the magnitude and the 

significance of association between explanatory and the outcome variables, demonstrated a 

good fit with the data (Chi-square = 83.730, p = 0.348, TLI = 0.954, CFI = 0.969, RMSEA 

=0.028 and SRMR = 0.0592) and shows a relationship and degree of association between 

dependant and independent variables (figure 5.1). Table 5.2 gives the 95% CI and the level of 

significance (p) against the β values (associations between independent and dependant 

variables) obtained and indicated in figure 5.2 There was a significant association between the 

past and current dental caries experience (β = 0.332, p = 0.018), with children who had more 

carious tooth surfaces in the past tending to have a greater number of new carious surfaces at 

the time of examination (Table 5.2). A positive association was also observed in path analysis 

between child’s salivary MS levels and current dental caries experience (β = 0.215, p = 0.032). 
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Although only approaching statistical significance, children whose mothers reported to have 

taken prenatal iron supplements had fewer tooth surfaces affected with caries in the past (β = -

0.137, p = 0.068). Maternal intake of iron supplements during pregnancy was indirectly 

associated with current dental caries experience with marginal significance (β = -0.046, p = 

0.051), while there was no association between reported intake of Zn, and folate supplements 

during pregnancy and dental caries experience. Loads of LB in saliva and other salivary 

characteristics were not associated with current dental caries experience in this child 

population.  
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Figure 5.1. Path analysis with standardised bootstrapped estimates (β) of the associations 

between maternal intake of nutritional supplements during pregnancy, salivary characteristics, 

age, and gender with dental caries experience of children. (Significant standardised estimates 

(*p ≤ 0.05) are in bold font. Error terms and covariances between exogenous variables are not 

presented for ease of understanding. Β values of the associations are written on the connected 

line arrows.
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5.5 Discussion  

The present study confirms that children with a history of dental caries are more at risk of 

developing future caries. This is consistent with much of the published literature. A recent 

systematic review reports that baseline caries was the strongest predictor for future dental caries 

in very high human development countries (Attaran et al. 2016). Similarly, progression of 

carious lesions was positively associated with baseline caries among a population of Brazilian 

children (Piva et al. 2017). Furthermore, according to Brennan and Spencer, greater caries 

experience at age 13 was associated with more missing or filled teeth at 30 years of age among 

Australians (Brennan and Spencer 2014). These findings emphasise the importance of early 

and regular screening for caries and associated risk indicators in families so that appropriate 

preventive approaches to control future disease can be put in place. This is best achieved by 

educating families in oral hygiene and healthy eating habits, although occasional referral to a 

clinician for preventive interventions such as topical fluorides and/or fissure sealants may be 

necessary. 

Both longitudinal and cross-sectional studies have shown that their oral MS levels are 

positively associated with caries experience in children (Piva et al. 2017). In accordance, we 

found that children who had high salivary MS counts (> 105 cfu/ml saliva), were more likely 

to have greater caries experience than children who harboured lower MS counts (< 105 cfu/ml 

of saliva).  Levels of MS in saliva were identified as a useful and a quick method to evaluate 

caries risk among a small sample of children from India, where mean MS scores for children 

with caries were significantly higher than for children without caries (p ≤ 0.001) (Nanda et al. 

2015). From a cohort of American 6-year-old children, Edelstein et al. reported that even within 

families with high-income and who were accessing preventive care, the most useful predictor 
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of current caries was salivary MS count (Edelstein et al. 2016). Contrastingly, Widita et al. 

found that the predictive value of MS counts for scores of dental caries among Indonesian pre-

schoolers was high only when combined with other predictive factors like cavitated teeth, 

unhealthy feeding practices, and poor oral hygiene, demonstrating the importance of 

identifying risk indicators within individual families and communities for effective public 

health initiatives (Widita et al. 2017). 

 

We have observed that the children of mothers who took iron supplements during pregnancy 

had comparatively low levels of dental caries at age approximately 6 years. Supplementation 

with iron is generally recommended during pregnancy to meet the iron needs of both mother 

and foetus (Scholl 2005); there can be depletion of iron stores during pregnancy and oral 

supplements can prevent maternal iron stores from reaching deficient levels (Fenton et al. 

1977) although there was no way of knowing whether nutritional supplements taken by any 

individual pregnant mother were prescribed because of a measured deficiency, as routine 

treatment or were self-administered. Early iron supplementation, even during foetal period and 

in breastfed human infants, is feasible and increases iron status which is carried into early 

childhood (Lima et al. 2006). A possible mechanism supporting our observation was proposed 

by Alves et al, where they demonstrated in an in vitro study that higher concentrations of Iron 

reduced the demineralization of enamel (Alves et al. 2011). Martinhon et al, reported similar 

findings in bovine enamel. Their results showed that ferrous sulphate reduced the 

demineralization of enamel blocks and altered the ionic composition of the dental biofilm 

formed in situ (Martinhon et al. 2006). A recent randomized control study investigating the 

effect of ferrous sulphate on deciduous teeth have found that ferrous sulphate indeed reduces 

the demineralization of enamel and has a cariostatic effect (De Gauw et al. 2017).  
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Moreover, iron supplementation could be a proxy or marker for a wider set of psychosocial 

and health behavioural variables which are associated with childhood caries. For instance, 

serum haemoglobin levels, mean corpuscular volume and packed cell volume (Haematocrit) 

have been shown to be significantly low in children with caries compared to caries free children 

in studies from India, with a low socio economic background (Bansal et al. 2016) and in a 

similar background in Egypt (Abed et al. 2014). Tang et al. (2013) reported that severe early 

childhood caries was strongly associated with anaemia of the child, which could be because of 

significant illness of the child or, again, be a result of poor diet and related to economic status 

(Tang et al. 2013) 

Our univariate analysis showed that, reported maternal multivitamin intake during pregnancy 

showed a significant difference between children with and without caries, though a significant 

association could not be found in path analysis.  Even though this is worth investigating further 

we cannot overlook the fact of ambiguity in the data. Perhaps some of this variable is correlated 

strongly with other variables that are in the final model and have been masked by other 

variables. For example reported intake of other supplements. This is hardly surprising as the 

types of vitamins included in the multivitamin “pill” or “capsule” were not asked in the 

questionnaire. 

Our study has some limitations. Participants were volunteers and may not be representative of 

the general population. Further, information on prenatal supplements is as reported by 

participants themselves, and serum levels were unavailable. The study was cross-sectional, 

hence the associations found cannot be presumed as causal. Moreover, past caries experience 

was assessed based on the number of surfaces with restorations at examination; thus, the 

periods of life during which a child had active caries is not known, and may not be comparable.  
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5.6 Conclusions  

This study confirms that a child’s current activity of dental caries is positively associated their 

past caries experience, and both are likely to relate to future caries unless there is improved 

behaviour and/or preventive interventions. It also confirms that current levels of salivary MS 

are associated with both past and present levels of caries, and likely also future disease. Mothers 

who have reported to taking nutritional supplements throughout pregnancy could be associated 

with lower caries experience in their 6-year-old child, consistent with the Barker hypothesis, 

in that a healthy foetus predisposes to a healthy child, and vice versa. This study is the first to 

explore associations between mothers’ reported intake of nutritional supplements during 

pregnancy and their dental caries experience in a path model adjusting for the effects of salivary 

and demographic variables. Further longitudinal studies are required to explore if these 

associations have true predictive value and if any of the attributes studied might be regarded as 

part of the causal chain of disease, and can be regarded as true risk factors. 

These findings may be typical of Western industrialised countries and indicate the importance 

of promoting good family health throughout the lifespan, including pregnant mothers.   
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Chapter 6: Influence of genes on the process of dental caries and 

what lies beyond 

6.1 Introduction  

The purpose of this chapter is to review the literature on the influence of genetic and epigenetic 

contributions to susceptibility to dental caries  

The organization is as follows. Section 6.2 outlines the evidence reported over the last few 

decades on the genetic influences on dental caries; particular attention is paid to research 

conducted with humans irrespective of age, gender, and other population characteristics. 

Section 6.3 briefly discusses the types of molecular genetic studies conducted and their 

outcome in relation to susceptibility to dental caries, paying attention to possible biological 

pathways that promote or prevent progression of the disease. Section 6.4 briefly describes 

possible reasons why a dominant genetic influence could not be observed with dental caries 

and describes the landmark twin studies. Section 6.5 briefly reviews the field of epigenetics 

with an emphasis on mechanisms of DNA modification. Section 6.6 focuses on potential 

environmental stimuli that might initiate or inhibit DNA modifications and eventually 

influence dental caries. Section 6.7 describes the importance of future research on epigenetics 

in relation to dental caries, acknowledging the dearth of empirical research in the area. 
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6.2 Evidence that the host genome influences the natural history of dental 

caries 

Following completion of the Human Genome Project in 2003 (www.genome.gov), interest 

grew to understand the underlying genetic mechanisms influencing susceptibility to dental 

caries. The high prevalence of caries among certain ethnic groups and observations that 

fluoride exposure is not protective for all individuals motivated research seeking possible 

genetic contributors (Slade et al., 2013; Vieira et al., 2014). Whilst genome-wide and candidate 

gene studies have delivered some successes, they have also exposed challenges, such as the 

need for robust phenotype definitions and sample sizes that allow enough statistical power to 

detect modest genetic effects. 

In 1988, Borass et al. showed evidence of a genetic contribution to caries susceptibility by 

studying twins raised together and apart (Boraas et al., 1988). More recent studies involving 

both monozygotic (MZ) and dizygotic (DZ) twins (Bretz et al., 2005; Bretz et al., 2006), and 

family studies (Shaffer et al., 2015; Wang et al., 2010), estimated the heritability component 

(proportion of phenotype variation due to genetic factors) for caries experience, measured by 

decayed, missing, and filled teeth/surfaces index (dmft/s, DMFT/S) as ranging from 45%-64% 

in the deciduous dentition, and an apparently lower heritability of 35%-55% in the permanent 

dentition. However, heritability studies alone cannot fully quantify a genetic component in a 

disease because shared behaviour and environmental factors contribute to covariance within 

families and populations. 

There are also important methodological considerations. On the one hand it is currently 

unknown which methods of quantifying dental caries best reflect underlying genetic risk, so 
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research to identify phenotypes associated with specific genetic information is important 

(Shaffer et al., 2013; Wang et al., 2010). On the other hand, better understanding of the structure 

and function of DNA has generated a new era in genetics, namely the field of epigenetics. This 

is now emerging as a significant platform in searching for answers to questions that were left 

blank with earlier genetic studies (Seo et al., 2015). Electronic databases Medline via PubMed, 

Scopus and Google scholar were used to search literature on genetic and epigenetic influences 

on caries. The search strategy applied is described in Appendix C Table 1. The following is a 

review of the cariology literature involving molecular genetic studies, and it emphasises how 

epigenetics, through environmental modifications of the host genome, might ultimately be 

important in determining risk and in preventing dental caries.  

 

6.3 Types of molecular genetic studies 

There are two main types of molecular genetic studies: genome-wide studies and candidate 

gene studies (Vieira et al., 2014).  

6.3.1 Genome-wide Studies 

6.3.1.1   Genome-wide linkage studies 

Genome-wide linkage studies constitute a powerful tool to investigate the genetic construction 

of complex diseases (Hardy and Singleton, 2009; Manolio et al., 2009) and are based on 

exploring for segregation of alleles within a recorded pedigree, investigating the transmission 

to offspring of alleles that are physically close or linked to each other in relation to disease 

traits within families (Kemper et al., 2012). In respect to the caries process, published literature 

has shown three gene loci (5q13.3, 14q11.2, and Xq27.1) associated with low caries experience 
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(DMFT 1 and 2) implying a degree of resistance, and two loci (at 13q31.1 and 14q24.3) 

associated with high caries experience (DMFT 3 and 4), implying susceptibility in such 

individuals (Riley et al., 2007; Vieira et al., 2008; Wang et al., 2013a). The former loci 

appeared to be associated with the functional properties of a psycho-stimulant; the latter pair 

with taste and flavour (Vieira et al., 2008), attributes which, intuitively, would influence diet, 

especially the intake of sugars (Table 6.1). However, a strong and statistically significant 

association with dental caries experience was not found, perhaps because the separation of the 

disease groups was not marked. 

6.3.1.2   Genome-wide association studies  

Genome-wide association studies (GWAS) search for associations between genetic variants 

and phenotypic differences within a population and analyse genome-wide structural variations, 

which are detected by screening the whole genome (Kemper et al., 2012). Several GWAS have 

been performed on dental caries (Table 6.1).  In 2012, Shaffer et al. reported a GWAS screening 

study related to caries experience in the deciduous dentition of 3- to 12-year-old children in the 

USA. That study found several genomic regions suggestive of association, although no specific 

loci were statistically significant (Shaffer et al., 2011). Vieira et al. subsequently found loci not 

previously described which did have a significant association with disease history in the 

deciduous dentition (Vieira et al., 2014). In 2012, Wang et al. published a GWAS in relation 

to experience of dental caries in the permanent dentition, and although, again, no statistically 

significant associations were found, several “statistically suggestive” loci were identified 

(Wang et al., 2012a). With adults, advancing age increases the influence of behavioural 

(including diet and oral hygiene) and environmental influences, and confounding diseases such 

as diabetes, perhaps operating over decades, will all have cumulative effects which may 

overshadow genuine genetic effects (Wang et al., 2012b). As is evident from the results 
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presented by Shaffer et al. (2012), where the heritability of caries scores in the permanent 

dentition was 35%-55% (p < 0.01) compared to 70% in deciduous dentition (Shaffer et al., 

2012a). However it is possible that different caries phenotypic definitions might have given the 

observed variations in results as indices like DMFT might not be sensitive enough to precisely 

detect these effects. Moreover, the different biological samples (blood, mouthwash, buccal 

swab, saliva) used to obtain DNA, and various genotyping techniques used might have given 

dissimilar study findings.   
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Table 6.1 A summary of genome-wide linkage and genome-wide association studies for human dental caries 

Reference  Study design and study 

population 

Phenotype  Results   

   Suggestive loci (gene) Significant loci (gene) 

Genome-wide linkage studies     

Vieira et al. , 2008  Cross sectional 

642 Philippine individuals 

from 46 families 

Decayed Missing Filled Teeth 

index (DMFT), permanent 

dentition  

For low caries experience: 

5q13.3, 14q11.2, 

Xq27.1 

 

For high caries experience: 

13q31.1, 14q24.3 

- 

 

 

 

- 

Genome-wide association studies 

Shaffer et al., 2011   Cross sectional 

1305 US children aged 3-12 

years 

decayed missing filled teeth 

index (dmft), primary dentition 

1q42–q43 (ACTN2, MTR, 

EDARADD), 11p13 

(MPPED2), 17q23.1 (LPO) 

- 

Wang et al., 2012a  Cross sectional  

7443 adults from US 

DMFT, permanent dentition 1q42.11–q42.3 

(RHOU), 4q13.3 

(ADAMTS3), 8p21.1 

(PTK2B) 

4q32 (TLR2), 5q11.1 (ISL1), 6q27 

(RP56KA2), 7q21 (FZD1), 14q22 

(CDKN3, CNIH, GMFB, 

CGRRF1, BMP4) 

Shaffer et al., 2013 

 

 

 

 

 

 

 

Cross sectional 

920 US adults aged 17-75 

years 

Decayed Missing Filled 

Surface index (DMFS) scores 

1-5, permanent dentition 

DMFS2: 4q31.22 (EDNRA) 

DMFS5: 

1p36 (SPSB1), 

2p24 (TRIB2), 

4p15 (PROM1), 4q22 

(ABCG2, PKD2, 

SCPP), 4q31.22 

(EDNRA), 7q22 

(ATXN7), 17q11 

(WSB1)  

 

 

 

 

 

 

 

DMFS2: 10p11.23 (LYZL2) 

DMFS5: 1p36 (AJAP1) 
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Reference  Study design and study 

population 

Phenotype  Results   

   Suggestive loci (gene) Significant loci (gene) 

Zeng et al., 2013  Cross sectional 

1017 US adults aged 14-56 

years 

DMFS scores-pit and fissure 

and smooth surface caries in 

permanent dentition 

For pit and fissure: 

7p15 – 13 (INHBA), 8q21.3, 

Xp11.4 (BCOR) 

For smooth surface: 

2q35 (CXCR1,  

CXCR2), Xq26.1 

(BCORL1) 

Smooth surface: 8q21.3 (no gene) 

Zeng et al., 2014  Cross sectional 

1006 US children aged 3-12 

years 

dfs scores-pit and fissure and 

smooth surface caries in 

deciduous dentition 

For pit and fissure: 

11p14.1 (MPPED2) 

For smooth surface: 

1p36 (AJAP1), 

6q27 (RP56KA2), 

16p11.2 (ITGAL), 

20q11.21 (PLUNC) 

Pit and fissure: 3q26.1 (KPNA4) 

Genome-wide association with gene set enrichment  Gene sets  Gene sets for; 

Wang et al., 2013b  Cross sectional 

1142 US children aged 3-12 

years 

dfs scores in deciduous 

dentition 

Several suggestive gene sets, 

refer Wang et al, 2013 (61). 

I. cytokine secretion (18, including 

INS)  

II. ligase activity forming carbon 

nitrogen bonds (68, including 

WWP2, RNF217) 

III. ubiquitin protein ligase activity (49)  

IV. protein secretion (32)  

V. regulation of protein secretion (22)  

VI. regulation of cytokine secretion (16) 

VII. regulation of axonogenesis (10)  

VIII. regulation of neurogenesis (14, 

including ROBO2, SLIT2)  

IX. central nervous system  

development (122)  

X. small conjugating protein ligase 

activity (51) 

XI. glycoprotein catabolic process (12)  

XII. axonogenesis (43)  

XIII. cell matrix junction (16; includes 

ACTN2) 

GWAS on dental caries can be accessed at https://www.ebi.ac.uk/gwas/search?query=dental%20caries   

 

https://www.ebi.ac.uk/gwas/search?query=dental%20caries


 

101 

6.3.2 Candidate gene studies 

Selection of candidate genes is based on extant knowledge of the biology of the caries process, 

and are, therefore, limited to genes that have already been identified and characterised. There 

are several advantages to this approach as these studies may provide adequate power to detect 

relative low risk for dental caries (Daly and Day, 2001). As most candidate gene studies focus 

directly on a single gene and frequently look directly at functionally significant 

polymorphisms, concerns about the extent of linkage disequilibrium and the adequacy of SNP 

markers to detect associations are not relevant (Daly and Day, 2001). Different expressions of 

dental caries phenotypes between candidate gene studies and the diversity of populations 

studied, however, make it difficult to generalize the findings.  

Major candidate gene categories reported to date in relation to the process of dental caries 

include genes involved in enamel formation, immune response genes, genes related to salivary 

function, and genes related to taste (Kutsch et al., 2013; Opal et al., 2015; Vieira et al., 2014) 

(Table 6.2). Since these candidate genes are associated with the process of dental caries, 

researchers have shown interest in investigating several of these gene loci simultaneously in 

their respective studies. However most of these associations have not been replicated in each 

independent study, perhaps due to population differences, contrasting case definitions, or issues 

with sample size and statistical power. 
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Table 6.2 A summary of candidate genes studies for human dental caries 

Gene  Gene Function Results References 

Enamel formation genes    

Tuftelin (TUFT1) Expressed in the developing and 

mineralized tooth and non-

mineralizing soft tissues 

Associated with higher caries experience; 

this association can be dependent of the 

presence of Streptococcus mutans 

Slayton et al., 2005, Deeley et al. 2008, 

Patir et al., 2008, Shimizu et al., 2012 

Amelogenin (AMELX) Involved in the mineralization 

during tooth enamel development 

Associated with higher caries experience Deeley et al., 2008, Patir et al., 2008, 

Kang et al., 2011, Shimizu et al., 2012, 

Slayton  et al., 2005, Olszowski et al., 

2012  

Enamelin (ENAM) Involved in the mineralization and 

structural organization of the 

enamel 

Associated with higher caries experience  Patir et al., 2008, Shimizu et al., 2012, 

Slayton et al., 2005, Olszowski et al., 

2012 

Tuftelin-interacting 

protein 11 (TFIP11) 

Interact with tuftelin and can play 

a role in spliceosome disassembly 

in Cajal bodies 

Associated with initiation of carious lesions 

and higher  

caries experience 

Shimizu et al., 2012 , Slayton et al., 2005, 

Deeley et al., 2008, Patir et al., 2008, 

Shimizu et al., 2012 

Ameloblastin (AMBN) Involved in enamel matrix 

formation and mineralization 

Associated with higher caries experience Patir et al., 2008, Shimizu et al., 2012, 

Slayton et al., 2005, Deeley et al., 2008  

Matrix metalloproteinase 

20 (MMP20) 

Degrades amelogenin Associated with higher caries experience in 

Whites with poor oral health habits 

Tannure et al., 2012b  

Matrix metalloproteinase 

13 (MMP13) 

Involved in endochondral 

ossification and bone remodelling 

 

 

 

 

 

 

Associated with lower caries experience Tannure et al., 2012a  

 

 

 

 

 

 

 

 

 

 



 

103 

Gene  Gene Function Results References 

Immune response genes    

CD14 molecule (CD14) Mediates innate immune response 

to bacterial lipopolysaccharide 

Absent in the saliva of individuals with 

active carious lesions 

Bergandi et al., 2007   

Human leukocyte antigen; 

major histocompatibility 

complex, class II, DR beta 

1 (HLA-DRB1) and DQ 

beta 1 (HLA-DQB1) 

Presents peptides derived from 

extracellular proteins 

Frequency of allele 4 of DRB1 is increased 

in children with early childhood caries; also 

allele 2 of DQB1 is increased in adolescents 

affected by caries; DRB1 allele 1 and DQB1 

allele 3 frequencies are increased in the 

presence of Streptococcus mutans 

Altun  et al., 2008, Bagherian et al., 2008, 

Valarini et al., 2012, Wallengren et al., 

1997 

Beta defensin 1 (DEFB1) Implicated in the resistance of 

epithelial surface to microbial 

colonization 

Distinct DEFB1 haplotypes are associated 

with low and high caries experience 

Ozturk et al., 2010, Krasone et al., 2014  

Lactotransferrin (LTF) Major iron-binding protein in milk 

and body secretions with 

antimicrobial activity 

Associated with lower caries experience 

 

Azevedo et al., 2010 

Mucin 7 (MUC7) Facilitates the clearance of 

bacteria in the oral cavity 

Associated with higher caries experience 

with poor oral hygiene 

Pol, 2010 

 

Mannose-binding lectin 

(protein C) 2, soluble 

(MBL2) 

Recognizes mannose and N-

acetylglucosamine on many 

microorganisms 

 

Associated with higher caries experience 

 

Olszowski et al., 2012  

Genes related to saliva composition and function   

Carbonic anhydrase VI 

(CA6) 

Maintains pH homeostasis in body 

tissues 

No association with caries but positive 

association with buffer capacity 

Peres et al., 2010 

Proline-rich protein 

HaeIII subfamily 1 (PRH1) 

Involved in oral biofilm formation, 

tissue 

Homeostasis and immunological 

investigation  

Associated with higher caries experience 

and 

colonization by Streptococcus mutans 

Zakhary et al., 2007 

Cysteine rich glycoprotein 

(gp-340 I) 

 

Adhesion of MSto the dental bio 

film 

 

 

 

 

Associated with high caries experience  Jonasson et al., 2007  
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Gene  Gene Function Results References 

Basic proline rich proteins 

(PRB1 and PRB2) 

Regulates plaque pH  Associated with low caries experience  Ayad et al., 2000  

TIMP metallopeptidase 

inhibitor 2 (TIM2) 

 

 

 

Important to the maintenance of 

tissue homeostasis by suppressing 

the proliferation of quiescent 

tissues in response to angiogenic 

factors, and inhibit protease 

activity in tissues undergoing 

remodelling of the extracellular 

matrix. 

No evidence of association 

 

 

 

Tannure et al., 2012a  

Genes related to taste sensation   

Taste receptor, type 2, 

member 38 (TAS2R38) 

Controls the ability to taste 

glucosinolates  

Associated with lower caries experience Wendell et al., 2010, Pidamale et al., 

2012  

Taste receptor, type 1, 

member 2 (TAS1R2) 

Sweet taste receptor Associated with both lower and higher caries 

experience 

Wendell et al., 2010, Kulkarni et al., 2013 

 

Guanine nucleotidebinding 

protein, alpha 

transducing 3 (GNAT3) 

 

Involved in dietary preferences 

 

No evidence of association 

 

Wendell et al., 2010 

Solute carrier family 2 

(facilitated glucose 

transporter), member 2 

(SLC2A2) 

Mediates bidirectional glucose 

transport 

Associated with higher caries experience 

 

Kulkarni et al., 2013 

Taste receptors TAS1R2 and 

TAS1R3 

Sweet taste receptors Associated with high caries experience Fushan et al., 2009 
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6.3.2.1   Enamel formation genes 

Calcium phosphate hydroxyapatite crystals form the bulk of enamel. Enamel formation is 

regulated through the interaction of a number of organic matrix molecules including 

amelogenin, enamelin, ameloblastin and tuftelin. The amelogenin gene (AMELX) is located 

on the p arm of the X chromosome, at Xp22.31-p22.1 and promotes the formation of a scaffold 

for enamel crystallites and controls their growth (Patir et al., 2008; Rauth et al., 2009). The 

ameloblastin gene (AMBN), which controls the functions of ameloblastin, is nested in 

chromosome 4q21 between D4S409 (4q13) and D4S400 (4q21) (MacDougall et al., 1997). 

Ameloblastin is a vital adhesion molecule for enamel formation, while playing an important 

role in binding and maintaining the secretory ameloblasts (Sasaki et al., 2008). Tuftelin plays 

a vital role during the development and mineralization of enamel, facilitating the initial stages 

of enamel mineralisation (Deutsch et al., 2002). Functions of this phosphorylated glycoprotein 

are regulated by TUFTI gene and an over expression of the gene will cause imperfections in 

both enamel prisms and crystallite structure (Luo et al., 2004), making the enamel vulnerable 

to acid challenges causing demineralisation (Cai et al., 2007).  However, Shimizu et al. (2012) 

reported that variations in TUFT1 were associated with the ability of the enamel surface to 

uptake fluoride in very low concentrations, thus lowering the individual susceptibility to 

demineralization at subclinical levels (Shimizu et al., 2012). A systematic removal of the 

organic matrix and replacement with mineral is fundamental to generate an enamel layer that 

is harder and unstained by retained enamel protein. Matrix metalloprotease 20 (regulated by 

MMP-20) and kalikrien 4, (regulated by KLK4 gene), synchronize this process, making the 

enamel layer harder, less porous, and unblemished by retained enamel proteins (Lu et al., 

2008). Hence, defects of these genes can result in the fabrication of abnormal proteins or reduce 

the amount of MMP-20 and KLK 4 in developing teeth. Defective mineralisation caused by 
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these malformations could influence both bacterial adherence and resistance of enamel to acid, 

increasing the susceptibility of tooth surfaces to dental caries (Opal et al., 2015).   

Shimizu et al. (2012) showed that variations in AMELX, TUFT1, AMBN, and ENAM have 

associations with caries experience by studying microhardness changes under simulated 

cariogenic challenges (Shimizu et al., 2012). They found that the frequency of T allele of 

AMELX rs946252 and C allele of AMBN rs4694075 was significantly higher in a group of 

Filipino families with high caries experience. Comparable results were observed in a Korean 

population, where two SNPs of AMELX; rs5933871 (p = 0.02) and rs5934997 (p = 0.02) were 

significantly associated with increased dental caries experience in individuals living/lived in 

fluoridation areas (Kang et al., 2011). Genotype of the tuftelin rs3790506 marker was reported 

to be overrepresented in cases with higher dmft scores especially in the presence of MS (Patir 

et al., 2008). Similarly, Slayton et al. (2005) observed that  tuftelin, a gene involved in enamel  

mineralization, when combined with high levels of  MS increased the susceptibility of dental 

caries significantly (R2 = 0.268) and they were able to explain 27% of the variation in the dmfs 

scores by this interaction (Slayton et al., 2005). Deeley et al. (2008), on the other hand, reported 

an association between the tuftelin-1 rs2337360 marker and high caries experience only when 

individuals with DMFT≤ 2 were compared with DMFT ≥ 3 (p = 0.03), ≥4 (p = 0.02), ≥ 5 (p 

= 0.042), and ≥ 6 (p = 0.049) (Deeley et al., 2008). Further, polymorphism in MMP-13 (OR = 

0.538, 95% CI = 0.313-0.926) revealed a significantly reduced caries risk, and the result 

remained significant even after adjusting for other candidate genes, type of dentition, and 

dietary factors in a population of children and adolescents 3- to 21-years-old (Tannure et al., 

2012b). In addition, Shaffer et al. showed that, candidate genes have an effect on enamel 

according to the surface features of teeth, such as smooth surface or pits and fissures (Shaffer 

et al., 2012b). They observed that heritability score for caries in pit and fissure (h 2 = 19–53%; 
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p < 0.001) and smooth surface caries (h 2 = 17–42%; p < 0.001) in deciduous teeth was more 

than for their permanent counterparts. A suggestive association was observed on chromosome 

Xq26.1 (gene BCORL1) with smooth surface caries and BCOR with pit and fissure caries 

(Zeng et al., 2013). Both are x-linked genes with sequence similarity, providing evidence for 

the hypothesis proposed by Vieira et al. (2008) that x-linked genetic variants may partly explain 

gender differences in dental caries susceptibility (Vieira et al., 2008; Zeng et al., 2013; Zeng et 

al., 2014). 

These studies report the role of specific genes in increasing susceptibility to caries, as well as 

differential effects on the two dentitions and on specific surfaces. However, the complexity in 

dental caries is further complicated by genetic phenotypes, which manifest differently in 

different populations, races, dentition, or surfaces being studied. Most studies have compared 

individuals who are caries free to individuals with one or more tooth surfaces affected, meaning 

that extremes of disease experience, and thus presumptively of disease susceptibility, would be 

difficult to detect. Further research is needed to identify the interactions of different phenotypes 

and other environmental factors. 

6.3.2.2   Immune response genes 

Genes control the immune response, as all bodily development and function. Hitherto, CD14, 

Human leukocyte antigen (HLA), Beta defensin (DEFB), Lactotransferrin (LTF), Mucin 

(MUC), Mannose-binding lectin (MBL), and Manna-binding lectin serine peptidase (MASP) 

have been studied extensively as genes that have the potential to make the host susceptible to 

dental caries (Vieira et al., 2014). These genes operate by maintaining the immune system in 

promoting or inhibiting oral cariogenic bacteria.  The innate immune system relies on the 

recognition of pathogen-associated molecules, such as bacterial cell wall components. CD14, 



 

108 

a 55-kD membrane glycoprotein, is expressed predominantly on the surface of monocytes, 

macrophages, and neutrophils. They play a crucial role in the recognition of several microbial 

products, such as lipopolysaccharide (LPS, endotoxin) and peptidoglycan, which are major 

components of gram-negative and gram-positive bacterial surfaces (Lien and Ingalls, 2002). 

CD14 is a multifunctional protein and has been suggested to reduce endotoxin-induced 

activities of salivary pathogens.  

The presence of salivary soluble CD14 has been found to reveal an inverse relationship with 

the carious lesions; that is, CD14 was completely absent in the saliva of patients affected by 

two to eight carious lesions (Bergandi et al., 2007). Moreover, HLA and major 

histocompatibility complex (MHC) molecules have important roles in immune responsiveness. 

Polymorphisms in the molecules may cause some variations in immune responses against oral 

colonization levels and may influence an individual’s susceptibility to caries (Opal et al., 2015). 

For instance, being positive for HLA-DRB1FNx0104 gene was reported to increase the risk of 

developing caries by ten times (p = 0.03) in a group of 1- to 6-year-old children from Iran 

(Bagherian et al., 2008). According to Altun et al. (2008), an increased frequency in HLA-

DRB1*01(p = 0.02) and HLA-DQB1*O3 (p = 0.009) were significantly associated with the 

salivary MS among a group of children, though no association could be observed with caries 

experience (Altun et al., 2008). Nevertheless, a population of adolescents in Brazil who were 

positive for HLA-DQ2 allele were less likely to have dental caries than their counterparts who 

were negative for this allele (OR = 0.33, CI = 0.16–0.66) (Valarini et al., 2012). A similar trend 

was found towards a relationship between the presence of HLA-DR4 and high levels of MS; 

however, the results were not statistically significant, probably due to the small number (28) 

of subjects involved (Wallengren et al., 1997). DEFB 1 on the other hand is an oral anti-

microbial peptide, which provides the first line of defence against a wide spectrum of pathogens 
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(Krasone et al., 2014). Two haplotypes in the DEFB 1 promoter were linked with high and low 

caries experience: a high-caries-experience haplotype (GCA), which were associated with 

DMFT scores 2-folds higher, and a low-caries-experience haplotype (ACG), with DMFT 

scores 2-folds lower (Ozturk et al., 2010). Variation in the promoter region of DEFB 1 plays a 

role in the aetiology of caries since it has been proven that carrying a copy of the variant allele 

of the DEFB 1 marker rs11362 (G-20A) was associated with a more than 5-folds higher DMFT 

and DMFS scores (Krasone et al., 2014). Azevedo et al. (2010) observed that LTF, a major 

iron-binding protein in milk and body secretions with antimicrobial activity, was associated 

with lower caries experience in a population of 12-year-old Brazilian children (Azevedo et al., 

2010).  

MBL (protein) is a lectin that is instrumental in innate immunity in humans as the protein 

recognises mannose and N-acetylglucosamines on oral microorganisms. MBL is capable of 

binding to carbohydrate moieties predominantly present on the surfaces of bacteria (Eddie Ip 

et al., 2009). High serum levels and high activity of MBL, regulated by MBL2 gene, have been 

associated with inflammatory diseases, transplant rejection, and diabetic nephropathy. Further, 

MBL2 polymorphisms have been linked with bacterial infections such as Pseudomonas 

aeruginosa and mycobacteria (Bouwman et al., 2006). According to Olszowski et al. (2012), 

MBL2 gene polymorphism was significantly associated with increased caries experience in 

Polish children. However, the direction of the association was found to be opposite in 

deciduous and permanent dentition (Olszowski et al., 2012). Defensins are small cysteine-

rich cationic proteins localized in oral cavities and are an important component of the innate 

immune system. Most defensins function by binding to the microbial cell membrane, and once 

embedded, form pore-like membrane defects that allow efflux of essential ions and nutrients 

(Fellermann and Stange, 2001). Ozturk et al. (2010) investigated three promoter 

https://en.wikipedia.org/wiki/Lectin
https://en.wikipedia.org/wiki/Innate_immunity
https://en.wikipedia.org/wiki/Cysteine
https://en.wikipedia.org/wiki/Cationic
https://en.wikipedia.org/wiki/Proteins
https://en.wikipedia.org/wiki/Microbial
https://en.wikipedia.org/wiki/Cell_membrane
https://en.wikipedia.org/wiki/Efflux_(microbiology)
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polymorphisms of the beta defensin 1 gene (DEFB1) and found that the presence of G-20A 

(DEFB1 marker rs11362) variant were associated with DMFT and DMFS scores 5-folds 

higher, while the G-52A (DEFB1 marker rs179946) variant was associated with lower DMFT 

scores (Ozturk et al., 2010). This observation is most probably due to defensins playing a 

greater or lesser role in bacterial aggregation, after which they will be swallowed, as first line 

of defence, and on colonisation of tooth surfaces. 

6.3.2.3   Genes related to taste sensation 

It has been hypothesized that food preferences of children are learned although the desire to 

select one food over another is more closely linked to taste and other sensory properties of 

foods (Pidamale et al., 2012). Given the influence of dietary habits on dental caries, it can be 

theorized that taste pathway genes, such as genes for taste preference, might influence caries 

risk. Although taste preferences based on chemical tastants have been proven useful for the 

assessment of dietary habits, studies have demonstrated the importance of dietary habits, and 

nutritional status coupled with genetically determined taste sensitivity with respect to caries 

risk (Bretz et al., 2006; Wendell et al., 2010). Inappropriate intakes of fermentable 

carbohydrates, particularly sucrose, are well established as dominant factors in the 

pathogenesis of caries. The cariogenic flora can metabolise sucrose moieties in the oral 

environment in a unique manner, synthesising extracellular polysaccharides which help form 

oral biofilms, and producing acids that can demineralize the tooth structure (Loesche, 1986). 

Human sweet taste perception is mediated by the heterodimeric G protein-coupled receptor 

encoded by the TAS1R2 and TAS1R3 genes (Fushan et al., 2009). Fushan et al. found that two 

C/T SNPs located at positions 21572 (rs307355) and 21266 (rs35744813) upstream of the 

TAS1R3 coding sequence strongly correlate with human taste sensitivity to sucrose (Fushan et 
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al., 2009). Further, they suggested that there were strong deviations from evolutionary neutral 

genetic drift for variation in the coding regions of TAS1R2 and, to a lesser extent, TAS1R3, 

which could contribute to sensitivity to sweet compounds. People who carried T alleles 

displayed decreased sucrose sensitivity scores (using quantitative stimuli of sucrose solutions 

with different concentrations) compared to those who carried C alleles (Fushan et al., 2009). 

Kulkarni et al. (2013) observed similar outcomes in a group of Caucasians aged 21-32 years 

by studying polymorphisms in the sweet taste receptor (TAS1R2) and glucose transporter 

(GLUT2). They found that subjects with GLUT2 and TAS1R2 genotypes, both individually 

and in combination, were associated with caries risk.  A higher DMFT score was observed 

(mean DMFT 4.3 vs 6.1, p = 0.04) among carriers of the Ile allele for GLUT2 (regarded as a 

high/higher risk group), whereas carriers of the Val allele for TAS1R2 showed lower DMFT 

scores (mean DMFT 4.1 vs 5.8, p = 0.05) and were regarded as a resistant group (Kulkarni et 

al., 2013). Pidamale et al. (2012) demonstrated that the sensitivity to bitter taste, which is 

mediated by the TAS2R38 gene, was associated with dental caries. Children aged 36-71 

months who carried TAS2R38 gene could taste bitter sensation more and had less affinity 

towards sweet sensation and had low dmft scores compared to non-tasters (Pidamale et al., 

2012). By hypothesizing that genetic variation in taste pathway genes may be associated with 

dental caries, Wendell et al. investigated TAS2R38, TAS1R2 and GNAT3 genes in families 

recruited by the Centre for Oral Health Research in Appalachia. Results revealed that 

TAS2R38 and TAS1R2 are associated with experience of, and presumptively with 

susceptibility to, dental caries, while the taste gene TAS2R38 (bitter taste receptors) appears to 

be “protective” in the primary dentition: certain alleles of taste genes TAS1R2 (sweet taste 

receptors) were associated with caries risk in the mixed dentition group (Wendell et al., 2010). 

When the concern is taste genes and dental caries, it is logical to accept the fact that genetic 
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variations contribute to differences in dietary habits which in turn influence the caries process, 

rather than having a direct relationship with caries. 

6.3.2.4   Genes related to saliva   

Numerous studies bear evidence that individuals who lack the ability to produce adequate 

saliva volumes to maintain equilibrium in pH and buffering capacity suffer from several 

diseases. It has long been understood that saliva has important properties that protect the 

dentition: volume and flow which can dilute acids and flush food debris and microorganisms 

from the mouth, a pH which can neutralise acids, and a significant buffering ability (Lenander-

Lumikari and Loimaranta, 2000). Although these properties of saliva are known to modify the 

caries process, the role of genetic polymorphism remains relatively unexplored. There is hardly 

any literature that shows an association between genetic variations in salivary physiology and 

dental caries (Opal et al., 2015). Peres et al. in 2009 investigated the allele and genotype 

distribution of three polymorphisms in the coding sequence of the Carbonic anhydrase VI 

(CA6) gene and checked possible associations with saliva buffering capacity, plaque pH, 

plaque index, and dental caries experience (Peres et al., 2010). They observed that among the 

245 children studied there was a positive association between buffer capacity and the CA6 gene 

rs2274327 (C/T) polymorphism. The allele T (p = 0.023) and genotype TT (p = 0.045) were 

less frequent in children with higher buffer capacity. Since the association between CA6 gene 

polymorphism and caries experience was not found to be statistically significant (Peres et al., 

2010), it is probable that the effects are overshadowed by other genetic variables, diet, and oral 

hygiene practices. 

The acidic proline-rich proteins (PRPs) account for 25%-30% of all proteins in saliva, and these 

influence the attachment of cariogenic bacteria to tooth surfaces (Lenander-Lumikari and 
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Loimaranta, 2000). Human PRPs are encoded by six closely linked genes on chromosome 

12p13.2 (Kim et al., 1990). Zakhary et al. (2007) studied one of the three acidic PRP alleles of 

PRH1 locus (Db) to determine its association with dental caries (Zakhary et al., 2007). Results 

revealed that in Caucasians, the Db gene frequency was 14%, similar to Db protein from parotid 

saliva, and in African-Americans the similarity was 37%. All Caucasians, when compared to 

African-Americans had significantly high caries experience along with greater MScounts. They 

concluded that racial differences in caries experience, and by implication caries susceptibility, 

might be explained in part by the differences in Db alleles (Zakhary et al., 2007). Similarly, the 

salivary scavenger receptor cysteine-rich glycoprotein gp-340, which facilitates adhesion of 

Streptococcus mutans, shelters three major size variants, designated gp-340 I, II and III, each 

specific to an individual’s saliva. The gp-340 I was found to correlate positively with caries 

experience in a group of 12-year-old Swedish children (Jonasson et al., 2007). Moreover, the 

allelic acid PRP protein variant Db positively correlated with high caries experience, and the 

gp-340 I protein was more common among Db+ subjects than among Db- subjects. Hence, the 

phenotypes positive for both gp-340 I and Db experienced more caries than those negative for 

both proteins (Jonasson et al., 2007). Similar findings were reported by Ayad et al. (2000), 

where the phenotype of PRPs, PS1 encoded by PRB1 and con1 encoded by PRB2, were 

significantly higher in caries free individuals (Ayad et al., 2000).  

Owing to the fact that caries is a disease modified by a multitude of factors in different 

population groups the variation of which cannot be explained by genetic endowment alone. 

Genetic polymorphisms in a large number of genes have been shown to quantitatively and 

qualitatively affect dental caries, with effects on susceptibility and severity of diverse 

communities. Yet the human genome is diverse and when looked at individually, important 

variations such as different SNPs and haplotypes can be observed. Multiple scans for these 
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variations across the genome have pointed to genes involved in behavioural traits as well as to 

those that may predict deferred disease liability. Stimuli and mechanisms that influence these 

inter-individual differences may help in explaining personal susceptibility to dental caries. 

6.4 Genes, caries and environment 

Although genetic studies have indicated some associations of DNA variants to dental caries 

phenotypes, there have been no truly "potent" effect variants identified with causal biological 

relevance. This could be due to the influence of environmental factors having a long-term 

influence on genetic modifications; in other words, epigenetic modifications could have an 

effect on gene expression leading to altered dental caries phenotypes (figure 6.1). Williams et 

al. (2014) emphasized this following the difficulty to establish causal relationships between 

specific genes and a number of complex diseases, many of which manifest later in life (Eichler 

et al., 2010; Williams et al., 2014). 
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Figure 6.1 Environmental factors affecting epigenetic modification (Source: Seo et al., 2015) 

(This is from an open-access article distributed under the terms of the Creative Commons 

Attribution-Noncommercial-Share Alike 3.0 Unported, which permits unrestricted use, 

distribution, and reproduction in any medium, provided the original work is properly cited 

http://creativecommons.org/licenses/by-nc-nd/3.0/ )  

 

6.4.1   Evidence from twin studies 

Investigating the influence of environmental factors on the epigenome is challenging because 

it is difficult to establish whether the variations observed in gene expression are caused purely 

by changes in genes or influenced by other factors. However, the twin model displayed that 

monozygotic (MZ) twins who have the same genome (but a different epigenome, particularly 

if they were reared apart) differ significantly in susceptibility to many diseases (Machin, 1996; 

Petronis et al., 2003). Epigenome-wide studies of phenotypically discordant, genetically 
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‘identical’ MZ twins have provided information about gene-environment interaction and 

variable penetrance; however, the study lacked balanced MZ and DZ comparison groups 

(Boraas et al., 1988). In 2005, Fraga et al. demonstrated that MZ twins could differ significantly 

in patterns of both methylation and histone modification of their genomes, with these 

differences increasing with age (Fraga et al., 2005). Twins who had spent less of their lifetime 

together (i.e. different environmental exposures) showed the greatest differences in histone 

modification (Fraga et al., 2005). These epigenetic modifications were associated with, or 

caused by, environmental factors like smoking, diet, age, and lifestyle factors, for example, 

unhealthy BMI (Fraga et al., 2005; Seddon et al., 2011). Such findings support the current 

hypothesis that epigenetic changes increase with age and that epigenetic biomarkers can predict 

disease long before clinical onset (Craig, 2013; Fernando et al., 2015). Hence, the need for 

investigations in the field of oral diseases especially in the area of dental caries is further 

emphasised; we have not detected any publications to date on the epigenetics of cariogenesis. 

 

6.5 Epigenetics 

Epigenetics is the study of alterations in gene regulation that are not necessarily caused by 

changes in the DNA sequence (Seo et al., 2015). Historically “epigenetics” was used to 

describe inherited influences that could not be described solely by genetic principles (Goldberg 

et al., 2007). These include chemical and environmental alterations in the DNA and associated 

proteins, with remodelling of the chromatin and dysregulation of specific gene function, thus 

influencing pathogenesis (Gomez et al., 2009; Su et al., 2011; Wilson, 2008). 
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Mechanisms of Epigenetic modification 

6.6.1 DNA methylation 

DNA methylation is the most studied epigenetic alteration of DNA in humans (Barros and 

Offenbacher, 2009; Leenen et al., 2016) and the most characteristic type of chromatin 

modification (Seo et al., 2015). The process of DNA methylation is by the covalent transfer of 

a methyl group from S-adenosyl methionine (SAM) to a cytosine present in CpG dinucleotides 

of the DNA chain (Williams et al., 2014). In the normal cell, gene promoter-associated CpG 

islands are predominantly unmethylated, whereas CpG sites within gene bodies are generally 

methylated (Patterson et al., 2011) (figure 6.2). 

 

 

 

 

 

 

 

Figure 6.2 A CpG island in relation to a gene promoter region (Source: Patterson et al., 2011). 

(This is from an open-access article distributed under the terms of the Creative Commons 

Attribution-Noncommercial-Share Alike 3.0 Unported, which permits unrestricted use, 

distribution, and reproduction in any medium, provided the original work is properly cited 

http://creativecommons.org/licenses/by-nc-nd/3.0/ )  
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Hypermethylation of CpG inlands causes inhibition of gene transcription in the area and 

hypomethylation results in activation of these genes, both of which have been implicated in the 

development and progression of diseases such as cancer (Mani and Herceg, 2011) (figure 6.3). 

 

 

 

 

 

 

 

Figure 6.3. DNA methylation at CPG sites (Source: Seo et al., 2015). (This is from an open-

access article distributed under the terms of the Creative Commons Attribution-

Noncommercial-Share Alike 3.0 Unported, which permits unrestricted use, distribution, and 

reproduction in any medium, provided the original work is properly cited 

http://creativecommons.org/licenses/by-nc-nd/3.0/ )  

6.6.2 Histone modification 

The nucleosome is the fundamental subunit of chromatin. Each nucleosome is composed of 

less than two turns of DNA wrapped around a set of eight proteins called “histones” (Seo et 

al., 2015). The structure of histones determines how the DNA is condensed, ultimately 

affecting gene expression (Önder et al., 2015; Williams et al., 2014). The commonest form of 

histone modification is through acetylation of its eight sub-units (Seo et al., 2015). Hyper- and 

hypo-acetylation can affect chromatin condensation either allowing or preventing gene 

transcription respectively (Williams et al., 2014). Differences in gene expression associated 

with differential acetylation will affect disease outcomes. 
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6.6.3 Non-coding RNA 

RNA makes up coding units which produce proteins. RNAs are broadly categorized into coding 

RNA, RNAs with an open reading frame (ORF) which are translated to proteins; and non-

coding RNA without an ORF, which do not produce proteins, though they are active 

themselves (Williams et al., 2014). Non-coding RNA includes important RNAs like tRNA 

(transfer RNA), rRNA (ribosome RNA), miRNA (mitochondrial RNA) and siRNA (small 

interfering RNA), which can regulate gene expression without altering DNA sequence 

(Goldberg et al., 2007; Seo et al., 2015). These non-coding RNAs have the ability to control 

epigenetic mechanisms like gene silencing (Goldberg et al., 2007) and have been shown to 

contribute significantly to the progression of oral mucosal lesions through a combination of 

oral  RNA molecules (oral transcriptome) derived from oral premalignant lesions (Perez et al., 

2014).  

 

6.7 Environmental stimuli which may result in epigenetic changes which 

could influence the process of dental caries 

Dental caries is known to be a disease with many risk modifiers, both environmental and 

intrinsic, to an individual’s biological make up. Environmental stressors, including an 

unbalanced diet, microbial exposures which cause a shift from a healthy ecology to a 

potentially pathogenic ecology, tobacco smoking, and high alcohol intake can change 

epigenetic patterns and thereby effect changes in gene activation and cell phenotypes and 

functions (figure 6.1). However, confounders like age, sex, and ethnicity might mask the real 

effect. As epigenetic changes are frequently retained following cell division, altered patterns 
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in tissues can accumulate over time and lead to variations phenotypes, reflecting a molecular 

consequence of gene-environment interaction, which can then be inherited by following 

generations. 

6.7.1 Diet and nutrition 

Alterations in DNA methylation due to environmental stimuli begin even before birth. 

Methylation of foetal DNA in utero due to low dietary levels of folate, methionine, and/or 

selenium can change epigenetic programming, and this can persist into adulthood (Zaina et al., 

2005). However, established epigenetic patterns during the foetal period can become altered in 

adulthood by environmental factors (Su et al., 2011). Folate is a critical methyl donor for S-

Adenosyl Methionine (SAM), which is used by the enzyme DNA methyltransferase (DNMT) 

to methylate CpG residues selectively during embryonic development (Razin and Shemer, 

1995). Hence, a decreased folate intake by the mother during pregnancy would cause a 

subsequent decrease in DNA methylation in the foetus (Okano et al., 1999), although the level 

“decreased” is subjective. Furthermore, nutritional components like vitamin D, betaine and 

methionine can also cause epigenetic changes and consequently lead to disease not only at the 

time of ingestion but even during intrauterine life (Seddon et al., 2011). Low intake of folate 

and high alcohol consumption has been associated with altered methylation patterns in global 

DNA, presenting an increased risk for colon cancer (Seddon et al., 2011). Studies like these 

need to be interpreted with caution as there can always be recall bias. Nevertheless, high 

consumption of alcohol was found to be associated with changes in methylation patterns of 

squamous cells in the colon, promoting colon cancer (Schernhammer et al., 2010). This was 

further emphasized by Sue et al., who elaborated that a wide range of dietary factors including 

both macro-nutrients and micro nutrients have the potential to alter methylation of DNA. 

Through diet an individual can be exposed not only to the nutritional components but also to 
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toxins that can cause hypomethylation of cancer cells and embryonic stem cells, for example, 

arsenic, cadmium, mercury, and nickel (Davis and Uthus, 2004; Su et al., 2011); however, these 

are rare.  

6.7.2 Tobacco  

Tobacco use is another cause for differential methylation of DNA. Tobacco smoke induces a 

reduction in monoamine oxidase B (MAOB) promoter methylation and has long-lasting effects 

on MAOB transcription (Launay et al., 2009). According to Launay et al. smoking causes long-

term hypo- and hyper-methylation changes in platelet and peripheral blood mononuclear cells 

of smokers. These changes are present not only in current smokers but also in former smokers 

(Belinsky et al., 2002; Launay et al., 2009). Hillemacher et al. reported that smoking has long 

term effect on global DNA methylation across multiple tissues, and these changes are 

demonstrable in leukocytes of offspring if parents smoked (Hillemacher et al., 2008).  

6.7.3 Bacteria and inflammation 

The human microbiomes, including the oral microbiota, comprise another set of influences on 

the human genome, with potential to generate significant epigenetic changes. Complex 

interactions between oral bacteria and host genome are the basis of susceptibility to 

periodontitis (Pihlstrom et al., 2005). For example, specific polymorphisms of the serum 

Interleukin-6 gene have been shown in patients with severe forms of destructive periodontitis 

and correlate with the presence of Aggregatibacter actinomycetemcomitans and 

Porphyromonas gingivalis (Nibali et al., 2008). A similar result was observed by Wu et al., 

where loss of function of the adenine methyltransferase (DAM) gene via DNA methylation by 

reduced production of leokotoxins (Wu et al., 2006).  In the cariology literature, Cardoso et al., 
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in 2010, reported that differential methylation of the promoter region of the IFN-ɤ gene was 

associated with human pulpal tissue affected with pulpitis. Either partial methylation or un-

methylation was observed in 93.75% of samples of inflamed pulp tissue (Cardoso et al., 2010).   

  

6.8 Future research  

Many studies have shown the importance of epigenetics in oral health. This has been shown in 

relation to periodontal diseases (Zhang et al., 2010), oral squamous cell carcinoma (Sandoval 

and Asteller, 2012), malocclusion (Carlson, 2005; Dave Singh and Callister, 2013), and cleft 

lip/palate (Beaty et al., 2011; Marazita, 2012). However, there is little information related to 

the pathogenesis of dental caries. Epigenetics, the potential conduit between phenotype and 

genotype, has much promise in becoming increasingly relevant to cariology because of its role 

in gene expression. Dental caries has been studied for decades as a multifactorial disease but 

is still among the ten most common chronic diseases among children (Fisher-Owens et al., 

2007; Kassebaum et al., 2015). In this context, the notion that gene-environment interactions 

(i.e. epigenetics) are important in caries pathogenesis is appealing as it could prove to be the 

missing link to understanding of the role of genetics in caries initiation and progression. 

Future studies utilizing epigenetics are important to the individual as well as for society, as 

findings regarding the interplay of environmental and genetic factors can be used in 

identification of individuals and groups at high risk of developing dental caries. This can help 

to identify new preventive strategies and treatment approaches. As epigenetic patterns and 

modifications are found to be reversible, it may also be possible to use this knowledge to devise 

approaches to reduce risk (Azad et al., 2013). Combined clinical and longitudinal 
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epidemiological studies are needed to quantify the extent to which environmental factors may 

influence epigenetic changes that can predispose to dental caries.  
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Chapter 7: An Epigenome- Wide Association Study of mother-

child dyads discordant for dental caries: A pilot study 

This chapter is the fourth paper in this thesis. The bibliographic details of the paper, including 

all authors, are as follows: 

Surani Fernando, Miles Benton, David Jeremiah Speicher, Mahmoud Bakr, Ping Zhang, 

Rodney Lea, Paul A Scuffham, Newell Walter Johnson. An epigenome wide association study 

of mother child dyads discordant for dental caries: A pilot study.  

My contribution to the paper involved the conception and designing of the study, clinical data 

collection, DNA extraction and sample preparation, statistical analysis and drafting the article. 

The manuscript has been submitted to the journal BMC Oral Health, which is a peer reviewed 

journal. Manuscript ID is OHEA-D-17-00215. 

 

 

Surani Fernando 

 

Corresponding author: Surani Fernando 

                                                    

Supervisor: Professor Newell Johnson                                   Supervisor: Professor Paul Scuffham 



 

125 

7.1 Abstract 

7.1.1 Background  

Dental caries is a major public health problem affecting millions of children worldwide. GWAS 

have examined the gene structure associated with dental caries, but few have investigated 

environmental effects on the epigenome. Whilst the environment can significantly impact the 

epigenome, there are currently no published epigenome-wide association studies (EWAS) on 

dental caries.  

 7.1.2. Objective 

 To conduct a pilot study to identify potential differentially methylated regions associated with 

dental caries experience in a cohort of mother-child dyads. 

7.1.3 Methods 

 For this pilot study, 12 mother-child dyads from SEQ, Australia were selected from within the 

Griffith University EFHL birth cohort study based on high (6 dyads) and low (6 dyads) caries 

experience according to ICDAS. Epigenetic screening was conducted on total DNA extracted 

from saliva using the SeqCap Epi 4M CpGIANT Enrichment Kit and HiSeq2500 Sequencer. 

CpG counts were analysed using the methylKit package in R. The statistical significance 

threshold was set using Bonferroni correction based on testing 435508 CpG sites (p = 1.1E10-

7). 
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7.1.4 Results 

 Differentially methylated regions (DMR) between cases and controls were found on 

chromosomes 1, 2, 5, 7, 12, 20 and 22. Chromosome 12 showed the highest average 

methylation difference (41%) between case and control groups (p < 2.17E-103). DAVID gene 

function analysis of all DMR showed two clusters related to Zn metabolism and membrane 

protein functions.  

7.1.5 Conclusion 

This pilot EWAS identified significantly differentially methylated sites discordant for dental 

caries on chromosome 12 closely related to a gene promoter region responsible for cell 

membrane function and Zn metabolism. Further work is required to understand the mechanisms 

by which these epigenetically modified sites might influence susceptibility to dental caries. 

Key words Dental caries, Epigenomics, Methylation, CpG, EWAS 

 

7.2 Introduction 

Dental caries remains a major public health problem in most low and middle income countries, 

affecting more than 621 million children and 2.4 billion adults worldwide (Kassebaum et al., 

2015). It is an almost ubiquitous disease throughout the life course, with peak prevalence at 

ages 6, 25 and 70 years. The burden of untreated dental caries is greatest in developing low-

middle income countries, particularly in Africa (Kassebaum et al., 2015), but is a problem in 

some population groups within all countries. It is unsurprising that dental scientists are turning 
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their attention to the role of epigenetic changes, most commonly through gene methylation, in 

susceptibility to, and the pathogenesis of, oral diseases (Hughes et al., 2013; Seo et al., 2015). 

Recently, GWAS have explored associations between the structure and function of particular 

genes and the presence or absence of many diseases, whilst EWAS have revealed genetic 

changes associated with environmental factors and disease. DNA methylation, characterized 

by covalent transfer of a methyl group from SAM in cytosine located in CpG islands, is the 

most studied epigenetic modification  and the most distinctive category of chromatin changes 

(Barros and Offenbacher, 2009; Schübeler, 2015; Williams et al., 2014). DNA methyl-

transferases mediate DNA methylation and stabilise the transmission of differential 

methylation changes during cell division (Bestor, 2000; Okano et al., 1999). In a normal cell, 

CpG sites associated with gene promoters are usually unmethylated, whereas CpG sites within 

genes are generally methylated (Patterson et al., 2011). Hyper-methylation of CpG sites inhibits 

gene transcription, whereas hypomethylation results in gene activation (Mani and Herceg, 

2011). Availability of high-throughput genotyping methods and high-density reference panels 

of the human methylome have made it feasible to conduct EWAS at population levels (Sun, 

2014). Seo et al. (2015) argued that DNA methylation patterns associated with inflammatory 

and immune responses potentially affect the pathogenesis of oral diseases. 

Emerging evidence highlights the importance of epigenetic regulatory mechanisms in 

controlling the inflammatory response in inflamed dental pulps of carious teeth.  Recently, 

Cardoso et al., reported that 93.75% of inflamed pulps showed unmethylation in the promoter 

regions of the IFN-ɤ gene (Cardoso et al., 2010), whereas hypomethylated TLR2 and CD14 

genes were a regular characteristic of  healthy dental pulps (Cardoso et al., 2014). An in-vitro 

study of human dental pulp cells showed that, even though no direct association with dental 
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caries could be found, the DNA methyltransferase inhibitor 5-Aza_CdR could inhibit 

proliferation and heighten odontogenic differentiation of cells (Zhang et al., 2015). This 

suggests that methylome status could influence the production of reparative dentine in response 

to a carious lesion or other injury. During amelogenesis, pre-ameloblasts express high levels 

of DNAMT1, a regulator of DNA methylation, whilst in their undifferentiated state (Yoshioka 

et al., 2015). If hypermethylation were to occur, amelogenesis could be damaged through 

expression of DNMT1, producing hypomineralisation of the enamel. In this pilot study, we 

conducted an EWAS of 12 mother-child dyads with high and low experience of dental caries 

to detect associations of differentially methylated regions (DMR) with dental caries experience. 

Given the expensive nature of the techniques involved, the study was designed to identify 

potential sites for further investigation in a larger population. 

 

7.3 Methods  

7.3.1 Study Population 

Six- to eight-year-old children and their mothers who were enrolled in the Griffith University 

EFHL (Cameron et al., 2012a) were recruited for the oral health sub study of EFHL following 

ethical approval (Griffith University: OTH/25/13/HREC). A protocol for the main oral health 

sub study was published in BMC Oral Health (2015), which describes enrolment of subjects 

and data collection in detail (Fernando et al., 2015). For this pilot study 12 mother-child dyads 

discordant for dental caries were enlisted to screen for changes in the epigenome which were 

associated with low or high caries experience. 
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7.3.2 Dental caries assessment  

The severity and extent of dental caries were measured using ICDAS criteria, where all surfaces 

of all teeth of participating individuals were recorded by trained examiners (CICDAS, 2005). 

Past caries experience (surfaces of teeth missing due to caries and restored tooth surfaces) and 

current caries was recorded as diseased surfaces ranging from demineralisation without 

cavitation (Score 1) to overt cavities (Score 6). Teeth that were not erupted and extracted for 

reasons other than caries were excluded from the calculation. Cases and controls were 

determined according to the caries experience of both mother and child: controls, low caries 

experience of both; and cases, high caries experience of both. The criteria used here for 

classification of caries experience took the percentage of surfaces affected with caries and age 

into consideration, since it is expected that caries experience will increase in the general 

population with age, and also because our pilot study sample lacked totally caries-free mother-

child dyads (Küchler et al., 2014). Hence average caries experience for both mothers and 

children were calculated; children who had positive caries scores of more than 6% of their tooth 

surfaces and mothers with caries in more than 20% of their tooth surfaces were cases and the 

rest controls (Table 7.1). 

7.3.3 Sample Collection and Epigenetic analysis 

Saliva is an effective, efficient and non-invasive source of host DNA (Kaczor-Urbanowicz et 

al., 2017), which may be especially relevant to studies of the epigenetics of oral diseases as it 

bathes the tissues of interest. Hence saliva was collected from the 12 mother-child dyads and 

stored at -80oC (Fernando et al., 2015). Genomic DNA was extracted from saliva using the 

High Pure PCR Template Preparation Kit (Roche Diagnostics, Australia). Total DNA was 
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quantified on the NanoDrop® ND-1000 Spectrophotometer (ThermoFisher Scientific, 

Australia). DNA was considered pure if optical density at 260/280 was 1.70–2.00. 

DNA sequencing was performed with bisulfite treated DNA for methylation analysis. Assays 

were performed using the SeqCap Epi 4 M CpGIANT Enrichment Kit (Roche NimbleGen, 

USA) and the HiSeq2500 Sequencer (Illumina®, USA) at the University of Queensland Centre 

for Clinical Genomics (UQCCG) (Brisbane, Australia). This approach obtained both DNA 

sequence variants and CpG methylation simultaneously at ~450,000 CpG sites across the whole 

genome. 

Initial read quality assessment was performed using FastQC (Andrews, 2010) while adapter 

trimming was implemented using the Trimmomatic software 

(http://www.usadellab.org/cms/?page=trimmomatic). Due to the bisulfite treatment, reads 

were required to be aligned to an in-silico bisulfite converted reference genome. This was 

achieved by performing an in-silico conversion of hg19 using bowtie2 (http://bowtie-

bio.sourceforge.net/bowtie2/index.shtml). Read alignment was then carried out using Bismark, 

a software suite specifically designed for bisulfite sequence mapping 

(www.bioinformatics.bbsrc.ac.uk/projects/bismark/). After alignment, all bam files for each 

individual were merged using bamtools (https://github.com/pezmaster31/bamtools). 

Deduplication of reads was conducted using the ‘MarkDuplicates’ function within Picard 

Tools (http://broadinstitute.github.io/picard/command-line-overview.html#MarkDuplicates). Finally, 

the software PileOMeth (https://github.com/dpryan79/PileOMeth) was used to extract all CpG 

sites and read counts formatted for the R analysis package methylkit 

(http://code.google.com/p/methylkit). 

http://www.usadellab.org/cms/?page=trimmomatic
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://www.bioinformatics.bbsrc.ac.uk/projects/bismark/
https://github.com/pezmaster31/bamtools
http://broadinstitute.github.io/picard/command-line-overview.html#MarkDuplicates
https://github.com/dpryan79/PileOMeth
http://code.google.com/p/methylkit
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Site specific methylation levels were defined as β values, which is the ratio of methylated probe 

signal over methylated plus unmethylated probe signals. Each identified differentially 

methylated site was attributed a percentage methylation that was included in the statistical 

analyses. A DMR was defined as a genomic region that contained ≥ 3 directly adjacent 

differentially methylated CpGs. 

General statistical analysis was performed using SPSS Statistics V21.0 (IBM, USA). 

Parametric tests were used as the data were normally distributed and where relevant chi-square 

tests were used to compare the two groups. To evaluate the differences between cases and 

controls with respect to DMR changes in CpGs on Chr12, t-tests were performed.  

Analysis of CpG counts was performed in R using the methylKit package (Team, 2013). Data 

were imported and treated as a case/control setup. CpG sites were filtered out if they exhibited 

read count coverage lower than 10. Differential analysis was performed using the methylkit 

‘calculateDiff’ function, which calculates differential methylation statistics between two 

groups of samples using logistic regression. A custom R script was written to identify DMR. 

Briefly, this method uses a sliding window to identify CpG sites showing significant 

differential methylation in a similar direction within a defined region. An overall DMR p-value 

is assigned by assessing all individual p-values of CpG sites contained within a DMR, 

combining these using a modified version of Fisher's approach (Zaykin, 2011). All CpG and 

DMR objects were annotated using Granges and R tracklayer, based on hg19 annotation data 

available from Bioconductor (http://www.bioconductor.org). Statistical significance (i.e. alpha 

level) was set based on Bonferroni correction for the number of CpGs tested. In this study, we 

observed and tested 435508 CpG sites and thus set the empirical alpha-level to 

0.05/435508=1.1E10-7. Annotation and functional analysis of the list of genes that are 

http://www.bioconductor.org/
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associated with DMR or selected CpGs were identified through the DAVID bioinformatics 

functional annotation tool (Huang et al., 2009a; b). 

Table 7.1: Caries experience of controls and cases 

Child #ID  Child’s  caries 

*experience 

Mother ID Mother’s caries 

*experience  

Controls   Controls  

FAM1C 0 FAM1M 7.69 

FAM2C  0 FAM2M 4.29 

FAM3C 2.61 FAM3M 10.00 

FAM4C 3.00 FAM4M 0 

FAM5C 3.33 FAM5M 19.85 

FAM6C 6.00 FAM6M 15.71 

Cases   Cases    

FAM7C 6.50 FAM7M 24.29 

FAM8C 9.00 FAM8M 26.43 

FAM9C 11.00 FAM9M 39.49 

FAM10C 13.33 FAM10M 22.14 

FAM11C 16.00 FAM11M 33.79 

FAM12C 19.00 FAM12M 25.00 
# Identity, *Caries experience was measured as a percentage of tooth surfaces affected with dental caries 

(including early enamel caries) 
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Table 7. 2: Demographic and socio-economic characteristics of controls and cases 

Variable  Controls  Cases  X2  P value 

 N (%) N (%)   

Annual household income   4.2 0.24 

$0-59,999 3 (50) 3 (50)   
$60000-89999 3 (50) 1 (13)   
$>90000 0 2 (37)   
Mother’s employment status   2.0 0.57 

Full time 1 (17) 1 (17)   
Part time 2 (33) 1 (17)   
Unemployed 3 (50) 4 (66)   
Mother’s level of education   6.0 0.11 

Primary school 2 (33) 0   
High school 1 (17) 0   
Tertiary education 3 (50) 6 (100)   
 Mean (SD) Mean 

(SD) 

t value  

Mother’s age in years at examination  37.6 (5.1) 36.8 (5.4) 0.27 0.79 

Mother’s caries experience as a % of affected 

surfaces 

9.7 (7.5) 28.5 (6.6) 4.60** 0.01 

Child’s  caries experience as a % of affected 

surfaces 

2.4 (2.3) 12.48 

(4.6) 

4.80** 0.01 

Child’s age in years at examination 6.3 (5.2) 6.5 (1.1) -0.35 0.73 
Considered level of significance p≤0.05, **p=0.01 
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Table 7.3: Annotated data for the 16 identified Differentially Methylated Regions between controls and cases  

¥Chr  Number of 
§CpG 

Start  End ɤDMR 

length 

ɤDMR  

P value 

Average 

different 

methylation 

Entrez ID Gene 

 Symbol 

Promoter 

chr1 14 1.47E+08 1.47E+08 6798 2.38E-107 16.31 644861 NBPF13P FALSE 

chr2 3 88802707 88802733 26 4.53E-11 17.89 200523 TEX37 FALSE 

chr2 3 1.28E+08 1.28E+08 25 1.38E-17 15.57 84826 SFT2D3 FALSE 

chr2 4 2.32E+08 2.32E+08 121 1.96E-15 19.757 348761 SPATA3-AS1 FALSE 

chr5 3 23951427 23951496 69 1.12E-13 -20.60* 56979 PRDM9 FALSE 

chr5 20 28928022 28928448 426 6.44E-266 -32.58* 729862 LSP1P3 FALSE 

chr5 7 1.77E+08 1.77E+08 62 1.26E-75 20.58 10636 RGS14 FALSE 

chr5 3 1.78E+08 1.78E+08 46 1.10E-13 -18.08* 6940 ZNF354A FALSE 

chr5 3 1.8E+08 1.8E+08 75 6.89E-08 17.81 255426 RASGEF1C FALSE 

chr5 3 1.8E+08 1.8E+08 191 1.77E-09 19.58 9945 GFPT2 FALSE 

chr7 3 120449 120480 31 2.99E-11 -16.11* 56975 FAM20C FALSE 

chr7 3 1.55E+08 1.55E+08 55 5.98E-13 -18.26* 3638 INSIG1 FALSE 

chr12 8 11700085 11700343 258 2.17E-103 -41.17* 338817 LINC01252 TRUE 

chr20 4 61590651 61591049 398 3.72E-15 -16.22* 63910 SLC17A9 FALSE 

chr22 4 32600622 32601130 508 8.11E-15 19.56 10739 RFPL2 TRUE 

chr22 3 45832692 45832871 179 3.38E-13 -18.60* 26150 RIBC2 FALSE 
¥
Chr – Chromosome, *A negative average different methylation indicates that cases have lower methylation on average compared to controls, §CpG - Cytosine 

Guanine sites, ɤDMR - Differentially Methylated Regions
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Table 7.4: Functions of gene clusters derived from DAVID  

Term Gene symbols Function 

Cluster1   

*GO:0008270~Zn ion 

binding 

ZNF354A, RFPL2, 

PRDM9 

Interacting selectively and non-covalently with Zn 

ions. 
GO:0046872~metal ion 

binding 

FAM20C, ZNF354A, 

RFPL2, PRDM9 

Interacting selectively and non-covalently with Zn 

and any metal ion 

GO:0043169~cation 

binding 

FAM20C, ZNF354A, 

RFPL2, PRDM9 

Interacting selectively and non-covalently with Zn 

ad other cations, charged atoms or groups of atoms 

with a net positive charge 

GO:0043167~ion 

binding 

FAM20C, ZNF354A, 

RFPL2, PRDM9 

Interacting selectively and non-covalently with 

ions, charged atoms or groups of atoms 

Zn binding ZNF354A, RFPL2, 

PRDM9 

Protein which binds at least one Zn atom or protein 

whose function is Zn dependent.  

Cluster2   

GO:0016021~integral 

to membrane 

INSIG1, SFT2D3, 

SLC17A9 

The component of a membrane consisting of the 

gene products and protein complexes having at 

least some part of their peptide sequence embedded 

in the hydrophobic region of the membrane. 

GO:0031224~intrinsic 

to membrane 

INSIG1, SFT2D3, 

SLC17A9 

The component of a membrane consisting of the 

gene products having some covalently attached 

portion, for example part of a peptide sequence or 

some other covalently attached group such as a GPI 

anchor, which spans or is embedded in one or both 

leaflets of the membrane. 

Transmembrane INSIG1, SFT2D3, 

SLC17A9 

Protein with at least one transmembrane domain, a 

membrane-spanning helical or beta-stranded 

domain embedded in a membrane. 
*GO– Gene Ontology 

 

7.4 Results 

The six dyads with low caries experience and six dyads with high caries experience were 

similar with respect to their demographic and socio-economic characteristics (Table 7.2). 

Children had mean ages of 6.3 years (SD = 1.1) and 6.5 years (SD = 5.2) in controls and cases 

respectively. In the control group, the mean ICDAS scores of the mothers and children were 

9.7 (SD = 7.5; p ≤ 0.01) and 2.4 (SD = 2.3; p ≤ 0.01), respectively. In the case group, the mean 

ICDAS scores of the mothers and children were 28.5 (SD = 6.6; p ≤ 0 .01) 12.48 (SD = 4.6; p 
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≤ 0.01), respectively. Mean total DNA concentration for controls was 132.26 ng/μL (range: 

76.95 ng/μL – 224.66 ng/μL) and it was 178.58 ng/μL (range: 77.58 ng/μL – 370.32 ng/μL) 

and for cases. 

7.4.1 Methylation differences on chromosomes 

Epigenetic analysis identified 435508 CpG sites with methylation that differed significantly 

between controls and cases in DMR on chromosomes 1, 2, 5, 7, 12, 20 and 22 (p < 1.1E10-7; 

Table 7.2). Chr12 had the highest average methylation difference (41%) between the two 

groups for one CpG site (28928022 to 28928448) with eight differentially methylated CpGs in 

relation to the promoter region of LINCO1252 (p = 2.17E-103). DMRs between cases and 

controls on Chr12 were analysed separately for children (Appendix D, Table 1) and mothers 

(Appendix D, Table 2).  

7.4.2 Functions of identified genes 

Analysis via DAVID showed that only the DMR on Chr12 (LINC01252, p = 2.17E-103) and 

on Chr22 (RFPL2, p = 8.11E-15) were related to a gene promoter region (Table 7. 3). Chr12 

showed the highest average methylation difference between control and case groups and thus 

had the highest possibility of being linked with dental caries. Associated genes on Chr12 fell 

into two functional clusters: (1) Zn or other metal ion binding; and (2) proteins of cell 

membranes (Table 7.4). Moreover, chromosomes that had a single CpG cite differentially 

methylated and associated with a gene promoter region were also explored through DAVID 

gene function classification: BTNL8 on Chr 5, PFKFB3 on Chr10, ENOSF1 on Chr18, and 

RFPL2 on Chr 22 could be related to possible functions related to dental caries (Table 7.5).  
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Table 7.5: Summary of Differentially Methylated Regions (with only one CpG site) related to a gene promoter region. 

 

 

 

 

 

 

 

 

* A negative average different methylation indicates that cases have lower methylation on average compared to controls  

Chromosome Start End Transcript Entrez ID Gene Symbol PROMOTER P-value Q value Methylation  

difference 

chr1 25292420 25292420 uc009vrl.1 864 RUNX3 TRUE 4.10572E-06 0.001587897 -15.08* 

chr1 95556966 95556966 uc021oqe.1 148534 TMEM56 TRUE 9.81552E-08 7.95521E-05 19.17 

chr1 101003634 101003634 uc001dth.3 54112 GPR88 TRUE 1.22669E-08 1.34245E-05 -16.53* 

chr1 110254662 110254662 uc010ovu.1 2949 GSTM5 TRUE 2.66108E-09 3.56719E-06 22.56 

chr1 182922582 182922582 uc001gpu.3 81626 SHCBP1L TRUE 5.00135E-05 0.009360155 -16.75* 

chr1 182922588 182922588 uc001gpu.3 81626 SHCBP1L TRUE 1.32452E-06 0.000669004 -19.29* 

chr1 223887895 223887895 uc010puy.2 824 CAPN2 TRUE 0 0 42.13 

chr2 139538610 139538610 uc002tvi.3 11249 NXPH2 TRUE 3.06171E-10 5.31894E-07 -16.26* 

chr2 139538640 139538640 uc002tvi.3 11249 NXPH2 TRUE 2.0518E-07 0.0001472 -16.51* 

chr3 101658926 101658926 uc003dvr.1 152225 LOC152225 TRUE 1.86141E-08 1.94372E-05 -15.78* 

chr5 6447161 6447161 uc003jdp.4 134111 UBE2QL1 TRUE 1.82771E-07 0.000134358 -16.83* 

chr5 135418248 135418248 uc021ydy.1 100126299 VTRNA2-1 TRUE 0 0 -16.02* 

chr5 180324777 180324777 uc003mmp.3 79908 BTNL8 TRUE 2.79604E-09 3.73517E-06 -15.40* 

chr6 168198215 168198215 uc003sic.3 26238 C6orf123 TRUE 3.18527E-05 0.007035302 16.16 

chr7 103849116 103849116 uc003vcb.3 5001 ORC5 TRUE 7.36078E-14 2.45828E-10 -21.03* 

chr8 74007003 74007003 uc003xzf.3 157869 SBSPON TRUE 0.000000014 1.51094E-05 -20.19* 

chr10 4868202 4868202 uc010qam.2 83592 AKR1E2 TRUE 2.02326E-06 0.000932887 21.52 

chr10 6185422 6185422 uc001ijd.3 5209 PFKFB3 TRUE 8.36163E-06 0.002745206 -16.80* 

chr10 82296143 82296143 uc001kck.1 387694 SH2D4B TRUE 2.50535E-06 0.001094318 20.68 

chr11 300286 300286 uc001low.2 387733 IFITM5 TRUE 5.96865E-10 9.2863E-07 -15.90* 

chr11 65327098 65327098 uc010rok.1 4054 LTBP3 TRUE 0.000000211 0.000150287 -15.39* 

chr11 124439829 124439829 uc010san.2 390275 OR8A1 TRUE 0 0 -37.99* 

chr15 89155014 89155014 uc010upm.2 407044 MIR7-2 TRUE 1.66276E-11 3.72348E-08 -19.64* 

chr17 5674423 5674423 uc002gcm.3 339166 LOC339166 TRUE 6.28094E-06 0.002210056 -16.33* 

chr17 16593135 16593135 uc002gqk.1 9720 CCDC144A TRUE 0.000013245 0.003834968 15.85 

chr17 16593243 16593243 uc002gqk.1 9720 CCDC144A TRUE 5.74144E-06 0.002069085 18.14 

chr18 713049 713049 uc002kkt.4 55556 ENOSF1 TRUE 1.34432E-06 0.000678121 15.51 

chr19 36800807 36800807 uc021utf.1 100134317 LOC100134317 TRUE 8.93061E-08 0.000074244 15.89 

chr19 36800819 36800819 uc021utf.1 100134317 LOC100134317 TRUE 1.32736E-10 2.53314E-07 17.38 

chr22 22874959 22874959 uc002zwe.3 129025 ZNF280A TRUE 3.66237E-07 0.000236866 15.28 

chr22 32601130 32601130 uc003amh.3 10739 RFPL2 TRUE 1.60469E-07 0.000120245 17.07 

chr22 37256261 37256261 uc003apy.4 4689 NCF4 TRUE 1.32181E-05 0.003831219 19.21 
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7.5 Discussion, conclusion and limitations 

7.5.1 Discussion 

Though epigenetic examination of dental caries is in its infancy, it is increasingly understood 

that environmental, physiological, and pathological events can affect the methylation status of 

genes and thus regulate gene expression. This pilot EWAS explored the epigenome of 

individuals discordant for dental caries in 12 mother-child dyads, and identified significantly 

differentially methylated regions on chromosomes 1, 2, 5, 7, 12, 20 and 22 between cases and 

controls. DAVID gene function analysis identified two clusters of genes related to DMR. 

Genes identified in cluster 1 (ZNF354A, RFPL2, PRDM9 and FAM20C) mainly interact with 

Zn and other metal ions at the cellular level. Zn fingers are clustered into more than 20 classes 

of physically different components and are known to interact with a variety of proteins, lipids, 

and nucleic acids (Lupo et al., 2013), whilst playing a significant role in metabolism of enzymes 

and other proteins (Fatima et al., 2016). None of the genes identified in our study could be 

directly functionally linked with the process of dental caries, though Zn is an important 

component in health and disease, including in relation to oral diseases. 

Zn is an essential co-enzyme in mineral metabolism that has long been recognized as an 

element that influences all aspects of tooth development and repair, such as the 

demineralisation/remineralisation equilibrium of dental hard tissues. Zn oxide is widely 

recognized as a substance that inhibits dentine demineralization (Takatsuka et al., 2005). Zn, a 

divalent cation (Zn+2), is electronically attracted to negatively charged oral hard tissues. In this 

scenario, cariogenic bacteria like MS may have difficulty attaching to enamel surfaces, and as 

a result have difficulty in acquiring nutrients essential for their survival (Burguera-Pascu et al., 

2007).  
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Zn favours the precipitation of calcium phosphate and is important in both the development of 

enamel and its remineralisation after damage during cariogenesis (Lynch, 2011). The in-vitro 

caries-simulating model of Mohammed et al. (2014), demonstrates significant reductions in 

calcium release from enamel after exposure to Zn. Nevertheless, the adsorption of Zn and 

formation of Zn phosphate depends on Zn concentration and the available surface area for solid 

liquid interactions (Mohammed et al., 2014). Zn is an essential co-enzyme for matrix MMP, 

which are fundamental to the progression of the caries process in dentine, notably in destroying 

organic matrix after demineralisation by bacterial acids (Chaussain-Miller et al., 2006). 

However, some studies have shown that metals including Zn can inhibit MMPs, thereby 

reducing MMP-mediated collagen degradation in carious dentine (Henn et al., 2012; Santos et 

al., 2004). Toledano et al., found that when Zn was added to dentine beams made from 

extracted non-carious molars, which were then demineralised in phosphoric acid, degradation 

in demineralised dentine was strongly reduced, as Zn served as an effective inhibitor of MMP-

mediated collagen degradation (Toledano et al., 2012). An in-vitro study investigating the local 

environment of Zn atoms in dentine has reported that treatment with Zn compounds made 

dentin more acid resistant (Takatsuka et al., 2005).  

Abnormalities of Zn availability and metabolism may thus influence susceptibility to dental 

caries, justifying further investigation with a larger sample size and specific phenotype 

definitions for cases and controls of disease. 

The cluster 2 genes, INSIG1, SFT2D3 and SLC17A9, predominantly code for proteins that are 

embedded in membranes. Integral (intrinsic) and transmembrane proteins are permanently 

attached to cell membranes by interactions between their hydrophobic dimer units and the 

phospholipids of the membrane and play vital roles in cellular functions (Mishra et al., 2014). 

The passage of solutes such as ions and small molecules through biological membranes are 
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mediated by these proteins, which are also called membrane transport proteins (Mishra et al., 

2014).  As far as we are aware, direct associations of this group of genes with dental tissues or 

with dental caries have not been reported in the literature. Nevertheless, genes identified in our 

study code for proteins that have general functions, such as transportation of small vesicles, 

vesicular uptake, storage and secretion of ATP, and fusion of transport vesicles with the Golgi 

complex. Whilst there is no published evidence of a direct association with cariogenesis, 

general protein functions coded by this group of genes might be involved in the caries process 

as proper membrane function is fundamental to the formation and repair of all tissues, and the 

secretion of enamel matrix through the ruffled border of ameloblasts could be compromised.  

Amongst the genes that had only “one CpG site differentially methylated” between cases and 

controls (Table 7.5) and were closer to a gene promoter, two genes, PFKFB3 and ENOSF1, 

are part of fructose and mannose metabolism pathways respectively (Ogata et al., 1999). These 

pathways are involved in the synthesis, utilization and/or degradation of these sugars (Musen 

et al., 2012; Whetzel et al., 2011). Another two genes from this list, BTNL8 and RFPL2, are 

associated with PRY and butyrophylin-like domains as defined by SMART (simple modular 

architecture research tool) (Schultz et al., 1998). Whist the function of PRY is unknown, its 

distant homologues are protein domains (a sealed part of a given protein sequence that can 

change, function, and exist independently of the rest of the protein chain) in butyrophilin, the 

major protein associated with fat droplets in the milk, and pyrin, a neutrophil protein (Finn et 

al., 2017). Interestingly, a group of proteins identified by the PRY domain contain a ring-finger 

domain that binds two atoms of Zn (Doerks et al., 2002; Schultz et al., 1998). Several proteins 

in the butyrophylin-like domain also contain RING fingers and a well-conserved 40-residue 

cysteine-rich domain termed a B-box Zn finger (Borden, 1998). 

https://david.ncifcrf.gov/kegg.jsp?path=hsa00051$Fructose%20and%20mannose%20metabolism&termId=!&source=kegg
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7.5.2 Conclusion 

To the best of our knowledge, this is the first EWAS study performed on the human genome 

in relation to dental caries. The aim was to identify specific areas differentially methylated 

among individuals with high and low dental caries experience. Our research provides evidence 

for an association between epigenetic changes and dental caries evaluated through DMR. The 

two sets of genes that were identified associated with the DMR between high-caries and low--

caries dyads are of high interest and warrant further investigation of the biological mechanisms 

mediated through Zn and membrane proteins. Findings of our pilot study highlight a further 

need for investigations on larger and diverse populations to clarify the role of epigenetic factors 

in cariogenesis, the mechanisms involved, and how these might be manipulated in caries 

prevention on an individual and population level.  

 

Further pyrosequencing on an extended sample of 38 mother-child dyads was conducted in 

order to validate the region of interest on chromosome 12 (chromosome region between 

11700080 and 11700350). However, there were technical difficulties and the proposed region 

could not be replicated. Hence, three different CpG sites within the discovery region were 

pyrosequenced. The observed results, however, did not show any significant association 

between individual with high and low lifetime cumulative caries experience (Appendix E). 

7.5.3 Limitations 

The study was unfunded, and hence a larger number of subjects could not be recruited for this 

pilot EWAS. Because caries experience in our population was a continuous variable, trait 

definitions for cases and controls had to be based on extremes of burden of disease, precluding 
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a standard case-control study design. A very large and expensive study would be necessary to 

analyse epigenomic differences across a full range of caries experience. 
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Chapter 8: General Discussion 

 

8.1 Introduction 

The purpose of this final chapter is to fulfil three main tasks. First, it summarises the research 

background and objectives (Section 8.2). Second, it discusses the findings of the study and the 

implications for the prevention of dental caries in children (Section 8.3). Section 8.4 briefly 

discusses the limitations of the study. Finally, it discusses strengths and recommendations for 

future studies in Section 8.5 and gives concluding remarks in Section 8.6.   

 

8.2 Overview of the study  

8.2.1 Background and research objectives 

Despite marked improvements over the past century, especially in industrialised countries, poor 

oral health is still a significant problem, not least among children (Kassebaum et al., 2015). 

Caries is the commonest chronic disease of childhood; nevertheless, oral health researchers 

primarily examine influences on the disease process from within the oral cavity, with 

consideration of limited individual-level factors to identify risks for the disease (Fisher-Owens 

et al., 2007). Individuals are exposed to a multitude of risk indicators throughout their life, 

placing them at varying magnitudes of risk. Different communities with their unique 

behaviours and practices face different risk conditions; especially this variation is more marked 

between industrialised and non-industrialised countries (Attaran et al., 2016). Conceptual 

models have been proposed to help in understanding these inequalities, though many do not 
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incorporate individual, family, and community level factors with a multilevel approach which 

considers possible interactions among the variables. In the methodology of the thesis we have 

proposed a conceptual framework based on genetic and biological factors, the social 

environment,  health behaviours, and dental and medical care utilisation and their possible 

interactions (Figure 3.1) (Fernando et al., 2015). As yet, not many studies reported in the 

literature have focused on empirically investigating this concept by recognising the presence 

of a complex interplay of causal factors. Therefore, this study was conducted with the objective 

of filling this knowledge gap by testing the proposed conceptual framework and identifying 

risk indicators in connection to childhood dental caries in a typical industrialised country. 

The main objective of this thesis was to identify relationships between maternal, 

environmental, and individual-level parameters and the severity and extent of dental caries in 

children. This included exploring pathways and interactions of these parameters within a 

broader framework containing mothers’ socio-economic situation, oral health status, 

knowledge, attitudes and behaviours towards their own and their families’ oral and general 

health, children’s intraoral pathophysiology, in utero circumstances, birth weight, and possible 

epigenetic modifications.  

The study has specifically answered three central research questions: 

1. Are there relationships between maternal and environmental risk indicators, SES, BMI, 

salivary characteristics, dental caries experience, oral health knowledge and behaviours, and 

the caries experience of their children? 

2. What are the associations between children’s past dental caries experience, salivary 

characteristics, prenatal environment, birth weight, and current experience of dental caries? 
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3. Are there any differences in epigenetic modifications between individuals discordant for 

lifetime, cumulative, experience of dental caries? 

In the process of addressing these research questions, the study expected to discover a range of 

risk indicators, which may or may not be risk factors that influence the process of dental caries 

in children, and to quantify this effect in a clinically and epidemiologically meaningful way. 

Negative Binomial Regression Modelling (Mota-Veloso et al., 2016) and Structural Equation 

Modelling (SEM) (Jeon, 2015) were used to test these associations, as they allow simultaneous 

assessment of direct and mediating effects between dependent as well as between independent 

variables. 

 

8.3 Main empirical findings 

The series of results chapters contain the specific research findings related to the research 

questions covering the research gap identified in Chapters 1 and 6. A summary of these results 

is presented next. 

8.3.1 Dental caries experience in the sample of children and their mothers 

The sample of children was aged between 6 to 7 years, (mean 6.3, SD = 0.83) years, and just 

over half (51%) were girls. Caries experience was measured using ICDAS criteria. Hence it 

was possible to report cumulative caries experience from initial white spot lesions to pulp-

exposed extended cavities. The assumption was made – as is often the case in the literature, 

but is not entirely valid – that “white spot” lesions represented “initial” or “early” lesions, and 

might thus represent current caries activity. Of the 174 children, 61% were caries-free, and 
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16% had carious lesions limited to enamel (ICDAS = 1 and ICDAS = 2). As the majority of 

the children were caries free, exploring risk markers for caries in this population was 

challenging. Mean cumulative caries experience, the percentage of surfaces affected by past 

and current caries, was 6.5 (SD = 11.07) in the total sample. Mean current caries experience, 

the number of surfaces affected with caries (ICDAS > 0) at the time of examination, was 5.39 

(SD = 8.90). Mean past caries experience (the number of surfaces with restorations), was 1.29 

(SD =4.52) in the population. Out of all children who had caries, 56% were girls. Do and 

Spencer (2016) reported that 27% of girls in the same age group in Australia were experiencing 

the disease in 2014, and just over 27% of children had untreated caries in their deciduous 

dentition (Do and Spencer, 2016). This thesis reports much higher caries prevalence (38%) in 

the same age group; however, the prevalence is for deciduous and permanent teeth combined.  

It was observed that the mean caries experience of mothers, measured with ICDAS (both 

current and past) was 23.64 (SD = 28.28) in the total sample. Mean caries experience of mothers 

with children who had caries was 25.29 (SD = 19.16) whereas mothers of children who were 

caries free had lower lifetime experience of the disease: 22.60 (SD = 13.13). A similar 

observation was made by Do et al. (2017), where 52% of the females aged 35 to 44 years had 

experienced caries and mean DMFS was 24.8 (SD = 76.74) (Do et al., 2017). However, the 

study was done to evaluate the effectiveness of water fluoridation in the prevention of dental 

caries in adults and comparisons between maternal and childhood caries were not reported. 

There is no recent information from Australia comparing maternal and children’s caries 

experience; hence, findings from this thesis fill this gap in the literature. 
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8.3.2 Oral health knowledge and behaviours of mothers 

In the sample investigated, the mean oral health knowledge, attitudes and practice (KAP) score 

of mothers was 72.64 (SD =10.10). Surprisingly, mothers’ mean KAP score in both groups, 

children with and without caries, was the same (72.6). This is a reasonably high score (Ahmed, 

2015), yet the caries experience of the cohort of children was higher than the Australian average 

for the same age group. It is acknowledged that the questionnaire used for the study was a self-

administered one and participating mothers had the freedom to answer as they wish. Hence it 

can be assumed that even though they did not practice optimal oral hygiene habits, they would 

still gave socially acceptable answers to indicate that they practiced good oral hygiene (Ju et 

al., 2017).  

It is understood that good oral health can be achieved and enjoyed by all through the application 

of known preventive regimens and following good dietary and oral health practices. 

Nevertheless, the theoretical model that reinforces oral health knowledge and its role in oral 

health outcomes are that without functional, applied, and contextual understanding of both oral 

health behaviours and oral health services, optimal oral health cannot be reached (Baur et al., 

2005). However, it is questionable if oral health services are designed to establish health since 

dentists are paid and evaluated according to the number of treatment procedures performed. 

Arguably, dentists can worsen oral health conditions, especially diseases like caries, whereas 

early establishment of good diet and good hygiene practices can easily prevent, and even 

reverse non-cavitated lesions, through good home care. This concept was advocated in the La 

Cascada Declaration, which argues that most individuals are well able to care for their own 

oral health, perhaps supported by a cadre of primary health care professionals who would 

integrate health promotion, health education, and necessary interventions like vaccination and 
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perhaps provide topical fluoride applications, throughout particular communities. This could 

be integrated with other primary health services such as mother and child services, and 

vaccination (Cohen et al., 2017). Even though it is a good concept, a policy for integrating oral 

health as a part of general health would take time, because health professionals need to be 

educated and empowered with the notion to care for the individual without compartmentalising.   

8.3.3 Maternal and environmental factors that influence the caries experience of children 

One of the objectives of this thesis was to evaluate the effects of maternal and environmental 

factors on dental caries experience of children. Based on the literature, maternal SES, measured 

with annual household income (Zander et al., 2013), mother’s level of education (Kumar et al., 

2014) and employment status (Kumar et al., 2014), have negative associations with children’s 

caries experience. Moreover, marital status (Piva et al., 2017), mother’s poor oral health 

knowledge (Lee et al., 2014), practices (Nourijelyani et al., 2014), and age (Warren et al., 2016) 

were significant indicators of children’s poor oral health. Maternal BMI, which is a reflection 

of personal and lifestyle behaviours such as dietary and health promotion activities has been 

associated with dental caries in children in an indirect pathway, through the common risk factor 

approach (Wigen and Wang, 2014). Also, mothers who harbour increased levels of oral 

cariogenic bacteria have been found to be associated with increased levels of the same bacterial 

species (Li et al., 2005) and higher levels of dental caries in their children’s oral cavities 

(Chaffee et al., 2014). Furthermore, mothers’ caries status was recognised as one of the main 

risk indicators for dental caries in their children (Birungi et al., 2016). Even though there is no 

literature available on the association between maternal salivary characteristics (pH, buffering, 

and stimulated saliva flow rate) and children’s caries experience, it was assumed that since 

mothers associate closely with their children, these features would reflect their children’s caries 

levels. Hence it was hypothesised that caries experience in a child population of a typical 
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Western industrialised country is associated with maternal socio-economic, behavioural, and 

demographic and intra oral indicators.  

Our negative binomial regression model demonstrated that low maternal levels of salivary LB 

(ARR = 0.61, p = 0.01), high caries experience (ARR = 1.02, p = 0.01), low annual income 

(ARR = 0.67, p = 0.03), and high frequency of giving carbonated drinks to children (ARR = 

2.03, p = 0.02) were associated with high caries experience in their children. Observed  results 

were in line with current literature with regards to high maternal caries experience (Birungi et 

al., 2016), low income (Jepsen et al., 2017), high frequency of giving carbonated drinks 

(López-Gómez et al., 2016), and initiation of tooth brushing practices (Ngoc et al., 2017). One 

possible reason for all selected variables not being significantly associated with childhood 

caries could be because only 67 out of 174 children had dental caries, and that number might 

not have been adequate to provide enough statistical power. This was a limitation of using an 

existing cohort. Moreover, it could be that other mediating factors which were not included in 

the models have an impact on childhood dental caries. For example, parenting style (Kumar et 

al., 2017), maternal stress, coping strategies (Wendt et al., 1995), and child temperament (Kim 

Seow, 2012) have been reported to be risk indicators of caries in children. These data were not 

included in the risk factor model because over 50% of participating mothers had not answered 

the relevant questions.  

8.3.4 Children’s individual factors: prenatal environment, birth weight, and intra oral 

characteristics as risk indicators for caries experience  

Literature reveals that children’s prenatal environment determined by maternal nutrition and 

supplement intake during pregnancy impacts tooth development for the children. For instance, 

lack of vitamin D, calcium, and iron during foetal life caused hypoplastic teeth in offspring 
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(Bergel et al., 2010). Moreover, birth weight, an indicator of foetal growth and nutrition, has 

been associated with dental caries, where children with low birth weight were more at risk of 

developing the disease (Bernabé et al., 2017). As children get older, they are exposed to 

environmental risk indicators, and if coupled with poor oral hygiene practices, are more 

predisposed to caries (Plaka et al., 2017). Progression of caries is synergized with increased 

loads of oral cariogenic bacteria, like MS and LB (Samaranayake, 2012). In addition, it has 

been long established that intra oral salivary characteristics, like low pH and low buffering 

capacity, create a caries inducing environment (Lenander-Lumikari and Loimaranta, 2000). 

Literature is inconsistent with evidence for an association between gender and dental caries 

(Chankanka et al., 2011). However, past caries experience has been identified as the strongest 

single predictor of current and future caries in children (Attaran et al., 2016). Therefore, to 

assess these effects on dental caries experience a pathway model was constructed by 

hypothesising that these individual factors: maternal supplement intake during pregnancy (as a 

surrogate for prenatal environment), birth weight of the child, salivary buffering, pH, and past 

caries experience would influence current dental caries status.  

It was observed that children’s previous dental caries experience was significantly associated 

with current dental caries experience (β = 0.332, p = 0.018), reinforcing the literature (Attaran 

et al., 2016). Moreover, a positive association was also detected between child’s salivary MS 

levels and current dental caries experience (β = 0.215, p = 0.032). Edelstein et al. (2017) 

reported similar findings in a group of 6-year-old American children: they observed that even 

within high SES groups, the most useful predictor of current caries was high salivary MS count 

(Edelstein et al., 2016). Interestingly, in our study population, children whose mothers had 

reported to have taken iron supplements during pregnancy had lower past caries experience, 

which was a direct effect in the path model (β = -0.137, p = 0.068), although the results were 
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not statistically significant. In addition, it was observed that reported maternal intake of iron 

supplement during pregnancy was indirectly associated with higher current dental caries 

experience of their offspring (β = -0.046, p = 0.051). Mothers of the EFHL study answered 

questions during the initial recruitment about prenatal supplement intake (including iron), and 

the information was used as an indicator of intra uterine growth and foetal environment 

(Cameron et al., 2012). Schmidt et al. followed the same method of data collection during 

preconception and prenatal periods to evaluate the maternal nutrition status during gestation 

(Schmidt et al., 2011). Supplementation with iron is generally recommended during pregnancy 

to meet the iron needs of both mother and foetus (Scholl, 2005) because there is a decrease in 

maternal iron stores during pregnancy (Fenton et al., 1977), and oral iron supplements have 

been observed to prevents the stores from reaching deficient levels in mothers and thereby in 

the foetus (Fenton et al., 1977). To the best of the knowledge of the investigators, there are no 

previous studies that have found a link between the reported prenatal maternal intake of iron 

and dental caries in their offspring. The observed results in the thesis should be interpreted with 

caution, since serum iron levels were not measured in participating mothers and it is not proven 

in humans that foetal iron deficiency is carried into the childhood. However, researchers have 

linked iron deficiency anaemia to children with caries experience (Abed et al., 2014; Bansal et 

al., 2016; Tang et al., 2013).    

8.3.5 Epigenome-Wide Association Study of individuals discordant for dental caries: The 

pilot study 

Another focus of the thesis was to investigate associations between epigenetic changes and 

dental caries experience. Despite decades of preventive and curative interventions and 

researchers identifying various risk indicators, dental caries continues to remain a public health 

problem globally (Kassebaum et al., 2015), and this has motivated investigators to search for 
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possible genetic contributors to the disease (Vieira et al., 2014). In 1988, Borass et al. showed 

evidence of a genetic contribution to caries susceptibility by studying monozygotic twins who 

were raised apart, showing that there was a significant resemblance to monozygotic twins 

raised together with regards to lifetime caries experience. He thereby suggested a genetic 

influence on susceptibility to dental caries (Boraas et al., 1988), which was further tested and 

confirmed by other scientists (Bretz et al., 2005; Wang et al.; 2012, Shaffer et al., 2012). 

Nevertheless, the association between dental caries and a potent single genotype with causal 

biological relevance was not established. Hence, a few investigators became keen on exploring 

epigenetic modifications, brought about by influences of environmental factors having a long-

term impact on the epigenome (Seo et al., 2015). 

A pilot study was conducted to evaluate the epigenetic changes between individuals with high 

and low caries experience. To the best of our knowledge, this was the first ever, EWAS, 

conducted on dental caries and the results are very promising. In this study, 435508 CpG sites 

were tested epigenome-wide. It was identified that there were significant DMR between 

persons – both mothers and their child – with high and low caries experience on chromosomes 

1, 2, 5, 7, 12, 20, and 22, out of which Chromosome 12 showed the highest average methylation 

difference (41%) between high and low caries experience groups (p < 2.17E-103). There were 

8 CpG sites differentially methylated between the region of 11700085 and 11700343 on 

chromosome 12 within the promoter region of the gene, Long Intergenic Non-Protein Coding 

RNA 1252 (LINC01252), which regulates non-coding RNA in humans 

(https://www.ncbi.nlm.nih.gov/gene/?term=LINC01252). Annotation and functional analysis 

of DMR related to all genes, which was significantly differentially methylated between high 

and low caries experience groups, were investigated through the DAVID bioinformatics 

functional annotation tool (Huang et al., 2009a).  

https://www.ncbi.nlm.nih.gov/gene/?term=LINC01252
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It was observed that the associated genes fell into two functional clusters regulating (i) Zn or 

other metal binding ions and (ii) cell membrane proteins. Zn is an essential co-enzyme in 

mineral metabolism that regulates demineralization/remineralization equilibrium of dental hard 

tissues. Moreover, it is an element that inhibits dentine demineralization (Takatsuka et al., 

2005). Zn acts as a co-enzyme for MMP, which destroy the organic matrix after 

demineralization by bacterial acids (Chaussain-Miller et al., 2006). An opposing evidence was 

described by Henn et al. (2012) and Santos et al. (2004), where Zn was reported to inhibit MMP 

thereby reducing MMP-mediated collagen degradation in carious dentine (Santos et al., 2004; 

Henn et al., 2012). Moreover, Zn enhances calcium phosphate precipitation on and in enamel, 

both during tooth development and after an attack of caries (Lynch, 2011; Mohammed et al., 

2014). Also, as a divalent cation, Zn is electronically attracted to negatively charged oral hard 

tissue surfaces, causing cariogenic bacteria like MS to detach from enamel (Burguera-Pascu et 

al., 2007).  

The second cluster of genes identified in the current study predominantly code for membrane 

proteins that have general functions, such as transportation of small vesicles, vesicular uptake, 

storage, and secretion of ATP, and fusion of transport vesicles with the Golgi complex. Even 

though a direct relationship with dental caries could not be established, these intrinsic proteins 

play a vital role in cellular functions by mediating the passage of solutes (ions, molecules) 

through biological membranes (Mishra et al., 2014).   

Among the DMR which showed differential methylation of a single CpG between individuals 

discordant for caries, and were within proximity of a gene promoter region, two genes, 

PFKFB3 and ENOSF, were found to be part of fructose and mannose metabolism pathways 

respectively (Ogata et al., 1999). These pathways are implicit in the synthesis, utilisation, and 
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degradation of these sugars (Musen et al., 2011), which might be of importance to the process 

of caries by means of providing a substrate for bacterial growth, though direct evidence for 

such is not available.  

Further deep pyrosequencing of the significant DMR on chromosome 12, between sites 

11700080 and 11700350, was conducted on DNA from saliva of an extended sample (n = 76). 

There were 38 mother child dyads: 19 dyads with high caries experience and 19 with low caries 

experience. The results, however, did not give conclusive evidence of discovery analysis 

(Appendix E, Table 1). The targeted sites were found to be located in a non-specific long 

terminal repeat region, hence designing primers for the region failed. Therefore, three substitute 

target sites with specific primers were selected (Chr12:11700151, Chr12:11700148, and 

Chr12:11700124) for analysis. Nevertheless, there was no significant variation in methylation 

between individuals with high and low caries experience on the alternative sites chosen 

(Appendix E, Table 2 and Table 3).  

 

8.4 Limitations 

There are several limitations to highlight. One of the main limitations is that due to restrictions 

of time and logistics, a larger sample of mother-child dyads could not be recruited. Moreover, 

the response rate of volunteer participants was low, and to achieve the required sample size 

data collection continued for over three years. Further, mothers’ oral health related behaviours 

were assessed by a self-administered questionnaire with closed-ended questions. Hence, 

practices were not observed directly by the investigator. More variables related to maternal 

behaviours would have been reliable and perhaps significantly associated with childhood caries 
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if properly observed and objectively recorded by investigators. These limitations are inherent 

when tapping into an existing cohort study where questionnaires have been designed and used 

for several years, and substantial volumes of data have been collected. Included with this 

limitation is that data on the prenatal environment were also based on answers provided by 

participants and serum levels of prenatal supplements were unavailable to support the data. 

Many variables related to the prenatal environment could not be included in data analysis as 

most of the participating mothers have answered “not relevant” to the use of certain 

supplements, alcohol consumption, and smoking during pregnancy. Finally, there were only 

12 dyads (24 participants) selected for the pilot study of EWAS, due to lack of funding. Further 

research using a larger representative sample is required to validate the discovered findings.  

 

8.5 Discussion and recommendations for future studies 

8.5.1Strengths of the study 

Despite the limitations, the study explored pathways linking maternal characteristics, 

children’s socio-economic and family environment, children’s prenatal environment, birth 

weight, and epigenetic changes with childhood caries are the novel contributions of this thesis. 

Whilst several associations of maternal, environmental, and child factors with regards to dental 

caries in children have already been established (Ersin et al., 2005; Ju et al. 2016; Kim Seow, 

2012), this thesis adds to knowledge on risk indicators for dental caries experience in children 

and emphasises the possible role of prenatal environment on susceptibility to childhood caries. 

The thesis followed the conceptual frame work proposed in chapter three, incorporating 

community level, family level, and child level including epigenetic endowment and intra oral 
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characteristics of children (Fernando et al., 2015). The findings are imperative for a population 

of children in a Western industrialised country since the study area is culturally and 

geographically similar to other states of Australia and to many similar populations across the 

globe. Further, the study adds much-needed evidence for an association between epigenetic 

changes and dental caries experience. However, the study findings might not be generalizable 

to a child population in low- and middle-income countries. Further, it needs to be understood 

that the associations extrapolated in this thesis might not be causal owing to the cross-sectional 

design of the study. 

8.5.2 Future research directions 

The findings from the thesis indicate that the effect of maternal oral health related behaviours 

on children’s caries levels is persistent throughout infancy and childhood as maternal 

perseverance and responsiveness influence oral health-related behaviours of their children 

(Tiwari et al., 2017). Therefore, future research needs to consider collecting behavioural data 

by naturalistic observation, where the participants’ behaviours are observed in their natural 

environment (Jha et al., 2017) or by the direct observational method (Dart et al., 2016), since 

these methods provide unbiased information.  

Maternal caries status has been found in this thesis to be associated with children’s oral health 

status; this effect has been observed to continue into adulthood by others (Shearer et al., 2011). 

These pathways of association could be validated by conducting studies that are prospective 

and longitudinal that examine multi-level determinants of oral diseases (Cameron et al., 2012). 

The best method would be to recruit participants from early pregnancy and follow them through 

childhood to adulthood. However, this is clearly a very expensive operation, and one which 

cannot be accomplished within a PhD timespan. An alternative would be to use existing data 
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on potential determinants of dental caries (such as records from hospitals with dental outpatient 

facilities), and explore associations with current disease status by conducting retrospective 

cohort studies (Lai et al., 1997; Sedgwick, 2014).  

An interesting finding from the thesis was that reported maternal intake of iron during 

pregnancy has an association with their children’s caries experience: these children had 

comparatively low levels of caries. Nevertheless, there is a need to use serum levels of these 

supplements to reaffirm data obtained via information provided by participants. There is further 

evidence for a positive relationship with other supplement use during pregnancy, for example, 

vitamin A, vitamin D, and calcium and childhood dental caries (Bergel et al., 2010), indicating 

the need to integrate dental and non-dental health care providers to reduce the burden of oral 

diseases. However, research shows limited emphasis being placed on oral health by non-dental 

professionals in Australia, and hence there is a need for further education and empowering of 

general medical practitioners in this area (George et al., 2014). Therefore, there is a requisite 

to integrate dentistry with medicine and the health care system as a whole to provide greater 

research support for an oral-systemic health connection including paediatricians, pedodontists, 

physicians, gynaecologists, nurses, and midwives (Cohen et al., 2017). Furthermore, since 

dental caries shares common risk factors with a number of systemic conditions (Williams, 

2011), and the interventions for improving prenatal nutrition of mothers have a positive effect 

in preventing systemic diseases of the offspring (Roseboom et al., 2001, De Boo and Harding, 

2006, Barker et al., 2002), there is a high likelihood that these strategies can also be used in 

preventing dental caries. Therefore, it is logical to have a common risk factor approach rather 

than oral disease-specific approach, which would be a more effective and cost-effective method 

of utilising human and financial resources. 
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A highlight of the thesis was the results observed for associations between epigenetic changes 

and caries experience of individuals. However, the pilot study used only 24 individuals for this 

discovery. In EWAS, power depends on several factors: study design, sample size, effect size, 

and correction for multiple testing. Also the longitudinal stability of the epigenetic markers and 

their variance within a biological sample also matter, as epigenetic signals in a biological 

sample from one individual represent frequency measures from a population of cells (Tsai and 

Bell, 2015). To date EWAS have predominantly focused on DNA methylation, identifying 

many differentially methylated positions (DMPs), DMR, and allele-specific methylation 

(ASM) regions related to complex diseases (Liu et al., 2013). To achieve an 80% power to 

detect DMRs at epigenome-wide significance, at least 100 cases and 100 controls are required 

(Tsai and Bell, 2015). Therefore, future research is needed to confirm the findings of the thesis 

from a population with similar demographic and geographic backgrounds. However, site-

specific DNA methylation analysis does not provide a global picture of DNA methylation 

changes within a genome. Hence future researchers need to focus on global assays that could 

study multiple DNA repetitive elements, such as Alu, long interspersed nucleotide elements 

(LINE 1) (Yang et al., 2004), or SAT2 (Delgado-Cruzata et al., 2014), as these global assays 

cover multiple transposable regions throughout the genome. Moreover, successful genetic 

studies require careful measurement of caries phenotypes that define cases and controls. For 

example, caries measured by ICDAS criteria to delineate a control as a person who has ICDAS 

= 0 on all their tooth surfaces and a case with ICDAS > 0 on one or more of their tooth surfaces.  
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8.6 Conclusions  

In conclusion, the findings from this study of SEQ children and their mothers demonstrate that 

maternal oral health behaviours, income, and maternal caries experience are significantly 

associated with, and probably, directly and/or indirectly, exert a significant influence on caries 

susceptibility of their children. Children, in particular, are more at risk of developing caries if 

they had high loads of salivary MS, past caries experience, and if their mothers have reported 

not to take prenatal iron supplements. One of the main findings of the study was discovering 

an association between epigenetic modifications and dental caries experience. The results of 

this study are relevant to oral health policy makers in order to make decisions to reduce the 

burden of dental caries in children, and especially for health care managers who have to decide 

how to use scarce resources in combination with non-dental professionals while maximising 

chances of preventing dental caries in children. The findings are also relevant for dental 

professionals who seek risk indicators for childhood caries to help them design preventive 

interventions. Oral health professionals who wish to reduce the burden of caries in children 

need to involve mothers from the prenatal period by providing advice on the importance of 

supplement intake and maintaining a healthier lifestyle. The concept of epigenetics in the field 

of caries research is in its infancy, and dental professionals are unaware of the epigenetic 

endowment on caries progression and the underlying biology. They need to be educated on the 

environmental stimuli that impact the epigenome and ultimately influence the development of 

dental caries. Hence, proper history taking during clinical procedures and explicit maintenance 

of records are critical in identifying high-risk mothers and thereby high-risk children. 

Moreover, the whole family need to be engaged in oral health friendly behaviours as the 

children’s behaviours are influenced by parents. Clinicians can use the knowledge thus 
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obtained in assessing the family circumstances that would increase the risk of dental caries in 

children. 
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Appendix A : Oral Health Questionnaire 
 

STUD 
Study ID 

0        

 

MATERNAL, ENVIRONMENTAL AND EARLY CHILDHOOD INFLUENCES ON DENTAL CARIES 

IN CHILDREN 
 

 

 

Questionnaire assessing the oral health Knowledge, Attitude and Practices 

of mothers giving birth to infants within the EFHL study  

 

Please answer all of the following questions on a scale of 1 to 5 (1=Strongly Agree; 2=Agree; 

3=Neutral/Not Sure; 4=Disagree; 5=Strongly Disagree), and place a circle around the 

corresponding number. 

 
Strongly 

Agree 
Agree 

Neutral / 

Not Sure 
Disagree 

Strongly 

Disagree 

I feel that it is important to acquire 

information on oral health care for my child. 
1 2 3 4 5 

I understand what the term ‘dental decay’ 

means. 
1 2 3 4 5 

I believe my oral health could affect my 

child’s oral health. 
1 2 3 4 5 

I believe that baby teeth are important. 1 2 3 4 5 

I believe that problems with baby teeth will 

affect adult teeth. 
1 2 3 4 5 

I believe that rotten baby teeth could affect a 

child’s health. 
1 2 3 4 5 
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It is important to clean an infant’s gums with 

a damp washcloth after meals, prior to first 

teeth erupting 

 

  

1 2 3 4 5 

 
Strongly 

Agree 
Agree 

Neutral / 

Not Sure 
Disagree 

Strongly 

Disagree 

Cleaning of an infant’s teeth should start from 

the day the first tooth appears in the mouth  
1 2 3 4 5 

I believe that breastfeeding is important for a 

newborn child’s teeth. 
1 2 3 4 5 

I believe that it is OK for a child to go to bed 

with a bottle of milk. 
1 2 3 4 5 

I believe it is OK to clean my child’s dummy 

in my own mouth. 
1 2 3 4 5 

I believe there are no problems with sharing a 

feeding spoon with my child. 
1 2 3 4 5 

It is a good idea to give a baby a bottle to 

comfort them while teething. 
1 2 3 4 5 

Babies who do not have bottles will cry more. 1 2 3 4 5 

Frequently giving my child soft drinks is OK 

for their teeth. 
1 2 3 4 5 

Frequently giving my child fruit juice is OK 

for their teeth. 
1 2 3 4 5 

Frequently feeding my child milk or formula 

is OK for their teeth. 
1 2 3 4 5 
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Using fluoride toothpaste helps to prevent 

tooth decay. 

 

 

 

1 2 3 4 5 

 
Strongly 

Agree 
Agree 

Neutral / 

Not Sure 
Disagree 

Strongly 

Disagree 

I believe it is safe for infants to use fluoride 

toothpaste. 
1 2 3 4 5 

I believe that regular visits to the Dentist will 

prevent problems with my baby’s teeth. 
1 2 3 4 5 

Children should see a Dentist or Dental 

Therapist by the time they are 1 year old. 
1 2 3 4 5 

I believe that maintaining both my and my 

infant’s oral health costs too much. 
1 2 3 4 5 

I believe that keeping baby teeth until they are 

due to fall out is not that important. 
1 2 3 4 5 

I am afraid of going to the Dentist because of 

possible pain. 
1 2 3 4 5 

I believe that good oral health is important to 

my overall health and well-being. 
1 2 3 4 5 

 

26.  Did you visit the Dentist during your pregnancy? (Please tick one response only) 

Yes  

 No  

27. Which of the following did you give your new born child? 

I practiced exclusive breast feeding up to 6 months for my new born 

child 
 

I only bottle-fed my new born child  

I both breastfed and bottle-fed my new born child beyond 12 months 

of age       
 

 

28.  Prior to my infant’s first teeth erupting, I cleaned my infant’s gums with a damp wash 

cloth before bed.  
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   Yes    

    No     

 

 

29. How often have you taken your child to a Dentist since he/she was born? 

Never  

Once  

Twice  

Three times  

More than 3 times  

 

30. How old was your child when you started brushing his/her teeth with tooth paste?  

Six months  

Nine months  

One year  

After one year  

After two years  

 

31. Do you use fluoridated toothpaste for your child? 

         Always              

         Sometimes        

         Never                

         Don’t know       

 

 

32. At what age did you leave your child with the responsibility of brushing his/her own 

teeth? 

      

    

 

 

 

 

33. Does your child brush his teeth on his/her own? 

     Yes    

      No    

Two years  

Three years  

Four years  

Five years 

I still brush my child’s teeth 
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34. Do you check your child’s teeth after cleaning them? (Please tick one response only) 

      Yes                         

      No                          

      Don’t know  

35.  How often do you give your child carbonated drinks? 

Never  

Once a day  

Twice a day  

Three times a day  

More than 3 times a day  

 

36.  What best describes your child’s consumption of sweets/lollies or sugary food habit? 

 

 

  

 

 

 

 

 

 

 

 

 

37. How many times in the past 4 years have you seen a Dentist? (Please tick one  

       response Only) 

Never  

Once  

Twice  

Three times  

More than 3 times  

  

         

38.  If once or more – what was the main reason for that visit? (Please tick one response                           

only) 

Pain   

Hole in tooth   

Broken tooth   

Dental check-up   

Have teeth cleaned   

 

 

39.  I have untreated tooth decay myself 

Doesn’t like sweets  

Prefers sweets over fruits & 

vegetables 
 

Has sweets more than three times 

a day 
 

Gets sweets/lollies after only after 

meals 
 

Has the freedom to have sweets 

whenever he/she wants 
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          Yes    

          No     

 

 

40. How often do you brush your teeth? (Please tick one response only) 

    Once a day    

    Two or more times a day  

    Never    

    Once a week   

    Other (specify)   

 

41. Which of the following do you use to clean your teeth? (Please tick as many as you use)  

   Tooth brush   

   Dental floss   

   Tooth picks   

   Interdental brush  

   Chew sticks   

   Other (specify)  

 

42. Do you use toothpaste containing fluoride? (Please tick one response only) 

    Yes   

    No   

    Don’t know  

 

43. Cleaning of my infant’s teeth should start from (Please tick one response only) 

   The day the first tooth appears in the mouth  

   Once the first 4 teeth appear    

   Once the first 6 teeth appear    

   After my child becomes two years old              

 

END 
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Appendix B: Kappa statistics for dental caries examination 

 

Appendix B: Table 1 Calibration of examiner 1 for ICDAS criteria against a gold 

standard  

 

 

Mothers and children were included as participants for the calibration exercise. Table 

indicates the number of surfaces examined by each examiner. 

Number of observed agreements: 139 (92.67% of the observations)  

Number of agreements expected by chance: 121.6 (81.04% of the observations) 

Weighted Kappa= 0.810 

SE of kappa=0.102 

95% CI: From 0.414 to 0.813 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Gold standard 
  ICDAS 0 ICDAS 1 ICDAS 2 ICDAS 3 ICDAS 4 ICDAS 5 ICDAS 6 Total 

surfaces 

E
x

a
m

in
er

1
 

ICDAS 0 130 0 0 0 0 0 0 130 

ICDAS 1 6 2 0 0 0 0 0 8 

ICDAS 2 4 0 0 0 0 0 0 4 

ICDAS 3 0 0 2 0 0 0 0 2 

ICDAS 4 0 0 0 0 1 0 0 1 

ICDAS 5 0 0 0 0 0 3 0 3 

ICDAS 6 0 0 0 0 1 0 1 2 

Total 

surfaces  

140 2 0 2 2 3 1 150 
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Appendix B: Table 2 Calibration of examiner 2 for ICDAS criteria against a gold 

standard  
 

 

 

Mothers and children were included as participants for the calibration exercise. Table 

indicates the number of surfaces examined by each examiner. 

Number of observed agreements: 146 (97.33% of the observations)  

Number of agreements expected by chance: 129.0 (85.97% of the observations) 

Weighted Kappa= 0.928 

SE of kappa = 0.093  

95% confidence interval: From 0.628 to 0.992 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Gold standard 
  ICDAS 0 ICDAS 1 ICDAS 2 ICDAS 3 ICDAS 4 ICDAS 5 ICDAS 6 Total  

surfaces 

E
x

a
m

in
er

 2
 

ICDAS 0 137 1 0 0 0 0 0 138 

ICDAS 1 2 1 0 0 0 0 0 3 

ICDAS 2 1 0 1 0 0 0 0 2 

ICDAS 3 0 0 0 2 0 0 0 2 

ICDAS 4 0 0 0 0 1 0 0 1 

ICDAS 5 0 0 0 0 0 3 0 3 

ICDAS 6 0 0 0 0 0 0 1 1 

Total 

surfaces    

140 2 1 2 1 3 1 150 
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Appendix C  

Appendix C Table 1: Search strategy used in PubMed 

# 1 dental caries [MeSH Terms] 

# 2 dental [All Fields] AND caries [All Fields] 

#3 dental caries [All Fields] 

#4 Susceptibility [All Fields] 

# 5 (#1 or #2 or #3 or #4)  

# 6 Genetic [MeSH Term] 

# 7 Genetic [All fields] 

# 8 #7 AND #3 

# 9 #5 AND #8 

#10 epigenetics [MeSH Terms] 

# 11 epigenetics [All Fields] 

#12 #3 AND #11 

#13 candidate genes [All Fields] 

# 14 genome wide [All Fields] 

#15 (#3 AND #7 or 11or #13 or #14) 

#16 linkage [All Fields] 

#17 association [All Fields] 

#18 (#13 or #14 or #16 or #17 AND #4 AND #3) 

 

Search limited to Journal Article[ptyp] AND ("1912/01/01"[PDAT] : "2015/12/31"[PDAT]) 

AND "humans"[MeSH Terms] AND English[lang] AND dental caries [Mesh Terms]) 
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Appendix C Table 2: Search strategy used in Scopus 
 

Data base selection  

#1 Health 

#2 Dentistry  

#3 Oral Health 

 

Subject area in Scopus 

#4 Health Sciences  

 

Key word search with additional search fields 

# 5 dental caries [All Fields] 

# 6 dental AND caries [All Fields] 

#7 dental caries [All Fields] 

#8 Susceptibility [All Fields] 

#9 Genetic [All Fields] 

# 10 (#5 or #6 or #7 or #8 and#9)  

# 11 #5 AND #9 

# 12 #10 AND #11 

# 13 epigenetics [All Fields] 

#14 #5 AND #13 

#15 candidate genes [All Fields] 

# 16 genome wide [All Fields] 

#17 (#5 AND #9 or 13 or #15 or #16) 

#18 association [All Fields] 

#19(#15 or #16 or #17 or #18 AND #5 AND #8) 

 

 

Search limited to Journal Article AND ("1912/01/01"[PDAT] : "2015/12/31"[PDAT]) AND 

AND English[lang]  
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 Appendix C Table 3: Search strategy used in Google Scholar 

 Key word search with additional search fields 

 

# 1 dental caries  

# 2 dental AND caries  

#3 Susceptibility  

#4 Genetic  

# 5 (#1 or #2 or #3 or #1 and#4)  

# 6 #1 AND #4 

# 7 #5 AND #6 

# 8 epigenetics  

#9 #1 AND #8 

#10 candidate genes  

# 11 genome wide  

#12 (#1 AND #4 or 8 or #10 or #11) 

#13 association  

#14 (#10 or #11 or #12 or #13 AND #1 AND #3) 

 

Search limited to Journal Article AND ("1912/01/01"[PDAT] : "2015/12/31"[PDAT]) AND 

AND English[lang] AND humans in all subject areas. 
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Appendix D: Supplementary tables for differentially methylated 

CpG sites on chromosome 12 between cases and controls 

Appendix D Table 1: Comparison of mean Differentially Methylated Regions on 

chromosome 12 between controls and cases amongst children. 

*DMR Location Controls Cases  

 Mean SD Mean SD P value 

chr12_740087 27.787 26.31351 44.2081 29.1216  

chr12_2690385 17.8054 31.74555 46.0709 23.2653  

chr12_3333760 3.5088 8.5947 41.1555 22.28168 0.05 

chr12_4303130 42.6501 17.17231 23.8803 28.69158  

chr12_6929513 80.107 23.86684 59.122 36.98673  

chr12_11700085 59.6729 15.06503 35.8385 22.20227  

chr12_11700254 76.0531 4.57678 42.3561 36.46868  

chr12_11700256 78.3614 2.93485 42.7813 36.24977  

chr12_11700258 76.2923 4.99635 41.417 37.31218  

chr12_11700277 79.5354 4.61533 45.0658 38.06553  

chr12_11700292 80.6821 3.56008 44.5347 37.99269  

chr12_11700303 83.743 6.17952 44.8866 38.21628 0.05 

chr12_11700343 67.8906 9.03084 43.9098 37.80618  

chr12_14974998 75.7742 28.12442 47.7288 19.24457  

chr12_18845488 78.5426 13.75798 58.4449 38.35139  

chr12_20960555 92.4863 5.89851 51.9749 14.75764 0.001 

chr12_22408980 51.3718 8.81698 31.0428 7.8338 0.01 

chr12_26351890 20.0206 15.5864 46.651 32.75298  

chr12_27622729 68.6844 22.28025 32.7252 23.32907 0.05 

inchr12_30309985 75.5484 14.37837 61.5824 19.80425  

chr12_31821824 63.3135 30.45111 80.7474 29.0153  

chr12_33139261 72.0545 17.1057 49.504 39.61165  

chr12_55805945 88.2937 8.54696 64.8014 16.62681 0.05 

chr12_64503585 83.0138 7.16783 67.0699 23.15768  

chr12_90418121 50.303 30.44237 64.4311 23.76368  

chr12_117363165 16.7824 26.26586 33.547 36.76977  

chr12_117482887 20.2448 15.75705 37.2619 24.33456  

chr12_117482900 21.532 16.36244 32.4161 20.41894  

chr12_119594418 64.6671 16.36121 82.2457 12.68901  

chr12_121198298 46.5608 20.15452 30.3233 37.48128  

chr12_124421877 84.2063 13.21861 64.2233 15.49226 0.05 

chr12_125448960 63.3316 35.20476 55.4548 35.54152  

chr12_130498324 28.4407 5.41868 48.238 8.59233 0.001 

chr12_130604735 69.6955 12.57381 82.0722 12.55787  

chr12_131118432 7.6121 9.45917 35.0168 22.99084 0.05 

chr12_131606752 20.8859 23.74313 34.5049 39.39545  

chr12_132333255 62.1149 20.15986 75.2436 8.07253  

chr12_132639381 67.8602 7.46409 85.6348 8.94127 0.01 

chr12_133324690 96.3769 4.40792 74.1954 12.43519 0.01 

*DMR - Differentially Methylated Regions, Considered level of significance p≤0.05  
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Appendix D Table 2: Comparison of mean Differentially Methylated Regions on 

chromosome 12 between controls and cases amongst mothers. 

*DMR location Controls Cases  

 Mean SD Mean SD P value  

chr12_740087 28.7508 27.51415 50.1137 32.32284  

chr12_2690385 28.2883 32.13572 39.1446 28.16432  

chr12_3333760 5 12.24745 6.25 13.37234  

chr12_4303130 49.5769 13.01096 28.0724 29.54887  

chr12_6929513 87.5966 9.25084 64.5569 25.07899  

chr12_11700085 59.2928 26.7023 35.2861 22.80244  

chr12_11700254 73.6554 28.35755 31.2699 26.36198 0.05 

chr12_11700256 72.3923 25.99988 36.3805 34.77748  

chr12_11700258 71.6581 27.07353 32.9962 28.11834 0.05 

chr12_11700277 74.4628 29.60109 34.9669 31.33842 0.05 

chr12_11700292 74.538 25.69358 34.1378 32.14766 0.05 

chr12_11700303 72.7728 25.13668 34.5742 30.25465 0.05 

chr12_11700343 65.0265 23.73455 32.9658 29.54845  

chr12_14974998 69.5373 19.44996 41.7707 29.72958  

chr12_18845488 74.4713 28.25694 57.2818 34.80051  

chr12_20960555 92.8054 6.91488 89.7376 6.57752  

chr12_22408980 54.3388 4.14064 39.8481 7.02251 0.01 

chr12_26351890 38.2243 22.83675 47.5197 27.34149  

chr12_27622729 53.6066 25.94518 44.3527 26.83579  

chr12_30309985 80.9757 10.24072 69.5668 20.0663  

chr12_31821824 67.4206 35.95397 80.5296 22.04074  

chr12_33139261 84.7545 8.59528 59.4302 26.02042  

chr12_55805945 84.4266 8.29618 78.8481 19.20707  

chr12_64503585 89.4536 7.13107 74.9638 18.28488  

chr12_90418121 42.1258 22.25222 59.0858 23.00297  

chr12_117363165 10.3509 17.49291 44.2665 37.37407  

chr12_117482887 18.4112 9.21666 38.4728 19.28807 0.05 

chr12_117482900 10.1832 5.89391 38.0391 21.16146 0.05 

chr12_119594418 65.8448 8.36885 81.9041 10.87612 0.05 

chr12_121198298 42.3358 32.86024 14.2857 22.5877  

chr12_124421877 86.6468 12.72739 63.8745 25.35636  

chr12_125448960 80.8952 24.52015 52.3284 40.61875  

chr12_130498324 26.4647 9.57459 43.5969 9.41409 0.01 

chr12_130604735 85.5972 9.51844 28.6111 24.88549 0.01 

chr12_131118432 16.4997 17.5476 23.5311 13.14025  

chr12_131606752 0.7576 1.85567 19.5076 30.88248  

chr12_132333255 64.6186 2.62998 84.8906 8.44676 0.001 

chr12_132639381 68.8844 12.76626 87.5738 10.10195 0.05 

chr12_133324690 85.2131 13.45641 76.4431 13.03145  

*DMR - Differentially Methylated Regions, Considered level of significance p≤0.05  
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Appendix E: Results of further pyrosequencing done on an 

extended sample of individuals discordant for dental caries 

Appendix E 1. Rationale  

Based on the results of differentially methylates CpG sites between cases and controls in the 

12 mother child dyads, further 26 DNA samples from  mother child dyads (52 individual 

samples) with high and low dental caries experience, were analysed for epigenetic variations. 

It was decided to investigate Chromosome 12 was further, since it gave the highest differential 

methylation between individuals with high and low dental caries experience. Eight CpGs 

between sites 11700085 and 11700343 showed 41% methylation difference between cases and 

controls where on average, cases had significantly lower methylation differences than cases (p 

< 2.17E-103) (Table 7.3). Therefore, this particular CpG site on Chr12 was selected for further 

pyrosequencing to support and validate the initial discovery results. 

High-throughput pyrosequencing technique is a widely applicable, alternative technology for 

the detailed characterization of nucleic acids.  Pyrosequencing is a DNA sequencing technique 

that is based on the detection of released pyrophosphate (PPi) during DNA synthesis 

(http://www.biology-pages.info/P/Pyrosequencing.html). Pyrosequencing has the potential 

advantages of accuracy, flexibility, parallel processing, and can be easily automated (Yun et 

al., 2017). Furthermore, the technique dispenses with the need for labelled primers, labelled 

nucleotides, and gel-electrophoresis (Ronaghi, 2001). Pyrosequencing is currently the fastest 

method for sequencing a PCR product. Due to the fact that, pyrosequencing generates an 

accurate quantification of the mutated nucleotides, the resequencing of PCR-amplified disease 

genes for mutation scanning is one of the more interesting applications of the technique 

http://www.biology-pages.info/P/Pyrosequencing.html
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(Ronaghi, 2001). Using this technique for resequencing results in longer read length than de 

novo sequencing because nucleotide delivery can be specified according to the order of the 

sequence (Garcia et al., 2000). 

 

Appendix E 2. Results  

Our initial pyrosequencing test runs on the targeted CpG sites indicated that the sites were 

located in a highly repetitive region of the chromosome with much non-specific amplifications. 

Hence there was a difficulty in designing precise primers with adequate specificity for reliable 

results. Therefore, three different CpGs that had good amplification were selected from the 

proposed region (Chr 12 between genomic positions 11700080 and 11700350) although they 

were not included in our discovery results. It was expected that the three CpG sites might carry 

the same association signal by way of being directly adjacent in the DNA sequence for this a 

frequent observation for strings of CpGs in a DNA region. The first CpG site 

(Chr12:11700151) was very accurate and could be validated with specific primers.  The second 

CpG site (Chr12:11700148) was polymorphic and not present in all sample types, so the data 

for this site were variable.  The third CpG site (Chr12:11700124) was downstream of a very 

variable region, and the results at this site depended on the particular samples and the sequence 

variation was observed in the region (Appendix D Table 1). 

However, according to the data there appears to be very little variation among all the samples 

tested (Appendix  D Table 1).  This implies that there was no association signal in the cohort, 

which is contrary to our initial results and indicates that our expectation of association-by-

proxy was not realised (Appendix D Table 2). 
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                                                   Percentage methylation in individuals with high caries experience                                                    Percentage methylation in individuals with low caries experience 

Sample 

ID 

*Caries 

experience 

Chr12:11700151 Chr12:11700148 Chr12:11700124 Mean  

methylation for 

the three sites 

Sample 

ID 

*Caries 

experience 

Chr12:11700151 Chr12:11700148 Chr12:11700124 Mean  

methylation for 

the three sites 

Children Children 

4 6.00 57.37 17.91 33.47 36.25 1 3.00 52.40 18.81 27.98 33.06 
8 19.00 53.50 18.27 34.02 35.26 7 2.11 52.83 17.70 31.54 34.02 

52 9.00 53.91 18.47 35.95 36.11 14 1.65 56.50 19.79 35.45 37.25 

64 11.00 54.42 17.52 35.32 35.75 34 2.61 51.34 17.51 30.71 33.19 
71 13.33 54.53 18.50 34.45 35.83 48 .00 56.31 18.60 36.14 37.02 

105 16.00 56.38 17.46 34.50 36.11 58 .00 55.82 17.06 34.55 35.81 

114 64.80 58.09 18.17 36.28 37.51 61 .00 55.11 19.61 35.52 36.75 
115 16.00 52.84 16.70 33.74 34.43 67 .00 53.90 18.35 35.21 35.82 

125 22.22 52.85 18.02 35.72 35.53 112 1.25 59.34 17.82 36.39 37.85 

129 7.50 54.89 18.94 37.19 37.01 122 3.33 57.66 18.45 35.57 37.23 
138 6.00 57.05 18.96 36.68 37.56 149 .00 59.48 19.07 36.76 38.44 

152 8.24 54.47 15.38 33.36 34.40 153 .83 53.61 16.20 33.79 34.53 

176 21.11 56.67 17.98 35.31 36.65 170 .00 60.13 18.87 38.19 39.06 
223 28.42 55.33 17.69 36.07 36.36 191 .00 62.61 19.19 37.89 39.90 

243 20.00 58.42 17.90 36.24 37.52 211 .00 52.36 17.53 33.34 34.41 

247 6.67 56.16 19.80 37.01 37.66 233 1.25 56.44 18.07 35.83 36.78 
249 18.82 51.12 18.29 32.85 34.09 239 1.00 57.37 17.28 35.31 36.65 

257 6.00 61.21 17.51 37.23 38.65 255 .00 53.34 17.61 33.01 34.65 

96 6.00 53.50 17.98 35.11 35.53 164 4.21 61.56 16.54 37.29 38.46 

Mothers Mothers 

5 15.71 52.38 19.05 34.37 35.27 2 .00 56.79 19.59 33.55 36.64 

9 25.00 59.14 18.45 33.89 37.16 6 .95 58.82 17.88 35.14 37.28 
51 26.43 61.23 18.46 37.13 38.94 15 15.00 56.00 17.11 34.81 35.97 

63 39.49 56.51 19.58 35.30 37.13 33 10.00 52.05 17.87 30.60 33.51 

70 22.14 51.97 16.91 32.76 33.88 47 7.69 52.04 17.06 32.99 34.03 
104 45.00 60.20 17.77 36.40 38.12 57 15.48 60.70 19.66 34.41 38.26 

113 64.80 58.36 17.63 36.19 37.39 62 9.29 59.51 18.71 36.25 38.16 

116 33.79 50.83 16.93 31.24 33.00 82 4.29 56.02 19.05 35.93 37.00 
124 32.37 60.40 18.04 37.44 38.63 110 2.58 56.75 17.38 34.13 36.09 

128 29.17 57.44 18.72 36.17 37.44 121 20.65 54.70 18.73 31.82 35.08 

137 46.15 54.71 18.45 35.02 36.06 148 14.38 57.67 20.13 37.09 38.30 
150 23.08 55.37 18.72 34.56 36.22 154 16.55 57.90 18.16 35.71 37.26 

174 75.56 54.51 18.49 37.15 36.72 171 10.00 55.77 18.58 36.67 37.01 

221 37.78 52.46 17.28 33.84 34.53 190 6.54 60.24 18.22 37.59 38.68 

244 26.32 57.81 17.98 35.85 37.21 210 8.75 56.08 15.78 35.21 35.69 
248 30.71 57.60 19.32 36.66 37.86 234 10.00 53.45 17.22 34.97 35.21 

250 37.50 51.18 16.59 33.57 33.78 240 6.00 60.63 18.16 38.67 39.15 
258 27.74 51.10 18.15 34.03 34.43 256 10.40 57.02 16.91 35.37 36.43 

95 24.29 58.33 17.83 35.18 37.11 166 15.00 54.04 17.71 34.21 35.32  

Appendix E Table 1: Percentage methylation analysis of CpG sites; Chr12:11700151, Chr12:11700148 and Chr12:11700124 between 

individuals with high and low caries experience 

*Caries experience was measured as a percentage of tooth surfaces affected with dental caries (including early enamel caries) 
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Appendix E Table 2: Comparison of differential methylation of Chr12:11700151, 

Chr12:11700148 and Chr12:11700124 between individuals with high and low caries 

experience 

Individuals with high caries experience (n=38) Individuals with low caries experience (n=38) 

 Mean (SD) Mean (SD) t  P  

Chr12:11700151 (CpG#139) 55.63(2.9) 56.42 (2.9) 1.17 0.25 

Chr12:11700148 (CpG#139A) 18.04(0.86) 18.10 (1.02) 0.26 0.79 

Chr12:11700124 (CpG#140) 35.19 (1.49) 34.88 (2.24) 0.70 0.49 

For all three different CpG sites analysed, there was no marked difference in the mean 

percentage methylation and a significant difference between individuals with high and low 

caries experience could not be observed. 

Appendix E Table 3: Correlation between individuals with high and low caries experience 

and percentage methylation of CpGs; Chr12:11700151, Chr12:11700148 and 

Chr12:11700124 

CpG site Correlation coefficients 

  Individuals with high 

caries experience (n=38) 

Individuals with low caries 

experience (n=38) 

Chr12:11700151 (CpG#139) 0.10 -0.01 

Chr12:11700148 

(CpG#139A) 

0.01  0.01 

Chr12:11700124 (CpG#140) 0.15 -0.07 

Similarly, as described in table 3, there were no significant correlations between high and low 

caries individuals with regards to percentage methylation of the three selected CpG sites 

(Appendix E Table 3). Since the methylation values were consistent across all individuals (ie 

partially methylated), it can be suggested that these CpGs are not associated with dental caries. 

The possible reasons could be lack of specificity in this repetitive region, lack of totally caries 

free and high caries individuals to compare with as cases and controls, and possible low quality 

of DNA. 
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Appendix E 3. Future directions 

As the initial discovery assay failed due to lack of specificity and high repetitiveness, further 

repetitive assays for instance, LINE1, ALU, SAT2, or HERV could be performed, for these are 

global assays that cover repetitive regions throughout the genome. Moreover, pyrosequencing 

could be performed on the second best target of the discovery analysis, by selecting target 

regions which do not belong to a repetitive region.  

 

 

 

 




