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1.1 Abstract 

 

Through toothache, infection and tooth loss, dental diseases have a major impact on 

the health and well being of children. Dental caries and hypomineralised second 

primary molars (HSPM) are two common diseases of childhood.  In both, prenatal 

and early life environment are thought to be important influences but remain 

incompletely understood.  The aim of this project is to investigate the contribution of 

genetics, shared and non-shared environment to the variation in risk of dental caries 

and HSPM, and to identify specific shared and non-shared factors from the pre- and 

perinatal period that are likely to be associated with disease. 

 

1.2 Null hypotheses 

1. MZ and DZ twins are equally correlated for risk of dental caries.  

2. MZ and DZ twins are equally correlated for risk of HSPM. 

3. Pre- and perinatal shared and non-shared factors are not associated with dental 

caries at age 6. 

4. Pre- and perinatal shared and non-shared factors are not associated with HSPM. 

 

 

  



2 Literature Review 

Introduction 

 

Oral health is an integral part of general health.  Yet despite advances in prevention 

and management, a significant number of children suffer pain, infection and 

hospitalisation due to dental conditions.  Poor childhood oral health is a legacy for a 

lifetime of poor oral health and its implications extend from the child to the family to 

the wider community (1).  The worldwide cost of dental diseases has been estimated 

at US$442 billion annually (2).  Furthermore, there is increasing evidence for an 

interaction between oral disease, including periodontal disease and dental caries, and 

general health, in particular non-communicable diseases (NCDs) such as 

cardiovascular disease and diabetes (3).  This interplay is particularly important in 

light of the significant morbidity and mortality associated with NCDs which, in 2008, 

accounted for approximately 63% of global deaths (4).  

 

Dental caries and molar incisor hypomineralisation (MIH) are two of the most 

common dental conditions in childhood. In both, the risk is likely to be determined 

very early in life, perhaps in utero.  Understanding the role of pre- and perinatal 

influences on these conditions may help reduce the burden of oral diseases by 

improving preventive approaches. 

  

Part 1: Dental Caries 

 

Epidemiology and impact 

The decline in caries experience reported up to the turn of the century appear to be 

reversing, particularly in young children, such that almost half of six year old 

Australians today have dental caries (5).  Furthermore, in common with other chronic 

diseases, dental caries is not experienced equally across the population with one in ten 

Australian children having more than 10 carious teeth (4 - 5 times the national 

average) (6).  

 



Treatment of dental disease costs the Australian economy $6.27 billion per year (7).  

Over 26,000 Australians under 15 years of age are admitted to hospital for the 

treatment of dental caries annually, making it the highest cause of acute, preventable 

hospitalisations (8).  By twelve years of age, a third of Australian children have 

experienced toothache, leading to difficulty eating, playing and attending school (9).  

Due to these factors, dental caries has been associated with poor nutrition, growth and 

development and impaired children's and caregivers’ quality of life (10).  Childhood 

dental caries experience is the strongest indicator of future poor oral health (11).  

Preventing caries in children is likely to have a significant impact on long-term oral 

health outcomes in adulthood (11).  

 

Pathogenesis 

The pathogenesis of dental caries starts within the plaque biofilm, a structured 

community of host-derived glycoproteins, bacteria and their by-products which forms 

on the surface of teeth within a matter of hours (12).  With time and adequate 

substrate, the plaque bacteria produce organic acids, mostly lactic, formic and acetic, 

that favour the survival of aciduric species (13).  These organic acids in turn, lead to a 

desaturation of the plaque fluid with respect to tooth mineral, triggering the diffusion 

of minerals from the adjacent tooth surface, creating a net loss of mineral (14).  

 

However, this process can reverse rapidly to result in net remineralisation once the 

acidity is neutralised or saturation re-established with added calcium and phosphate.  

Mechanical disturbance of the biofilm through toothbrushing and acid buffering by 

salivary proteins, bicarbonate and other agents can allow the uptake of minerals such 

as calcium, fluoride and phosphate back into the tooth surface once super-saturation 

with respect to tooth mineral is re-established.  

 

Therefore, dental caries is a dynamic process and the clinical manifestations such as 

enamel surface cavitation result when the balance between pathological factors that 

lead to demineralisation and carious lesion development overwhelm the protective 

factors that favour remineralisation, resulting in substantial mineral loss (Figure 1) 

(15). 



 

Figure 1: The balance between protective factors and pathological factors. (15) 

 

Clinical presentation 

The early carious lesion presents clinically as a white spot lesion of enamel, due to 

subsurface demineralisation that alters the translucency (refractive index) of the 

enamel (14).  By the time such a lesion is evident, considerable mineral loss may have 

already occurred in the body of the lesion and the outer layer of dentine and pulp may 

also be involved (16).  Nevertheless, through mechanical removal of the plaque 

biofilm, intrinsic protective factors and use of preventive agents, remineralisation is 

still possible at this point due to a relatively intact outer enamel surface layer. 

However, once cavitation has occurred, and the outer layer has broken down, the 

dentine may have become extensively involved (17).  Direct colonisation of the 

dentine by bacteria, in the presence of adequate substrate will result in further acid 

production, lesion progression and pulpal involvement. At this stage, sealing and/or 

restoration of the cavitated lesion to eliminate access to substrate and restore 

structural integrity  of the tooth is necessary. 

 

Aetiological factors 

Despite its high prevalence and associated health, psychosocial and economic 

burdens, the cause of dental caries remains incompletely understood. It is well 



recognised that carious lesions result from the interaction of acidogenic and 

acidoduric bacteria, substrate (fermentable carbohydrates) and a susceptible tooth 

surface (Figure 2) (17). However the aetiology is far more complex, including a range 

of genetic and environmental factors, starting in the prenatal and early childhood 

period 

 

Although dental caries is no longer considered a transmissible and infective disease, 

microbial species are essential in the pathogenesis of dental caries (18).  

 

Figure 2: Factors involved in the development of carious lesions (17). 

 

Bacteria 

 

Encompassing several different habitats, the oral cavity is host to one of the most 

complex collections of microbiota in the human body. The salivary microbiome has 

been investigated in a number of studies, although perhaps not to the same degree as 

the plaque biofilm (19-24).  A better understanding of the salivary microbiome and in 



particular, how it is influenced by environmental and genetic factors may not only 

contribute to the evolving concepts of the host-microbiome interplay in health and 

disease but open exciting prospects in the field of salivary diagnostics. 

 

Oral Microbiome in health 

 

The human body has as many bacteria as it does human cells (25).  In most cases, 

these microbial populations exist in a symbiotic, or mutually beneficial relationship 

with the host (26).  While the host provides a nutritious habitat, microbial species 

perform a range of important developmental and metabolic roles for the host (27).  

The gut microbiota is essential for the development of lymphoid follicles in the small 

intestine and production of IgA (28).  In the oral cavity, commensal bacteria that have 

a better affinity for the habitats in the oral cavity prevent colonisation by potentially 

pathologic exogenous species by preferentially colonising the host (27).  

 

Although the host microbiome appears to be primarily determined by the host species, 

studies of the oral microbiota in unrelated healthy individuals seem to indicate that a 

“core microbiome”, shared between all healthy individuals exists (29).  Based on 

preliminary studies, this appears to be unaffected by geographic factors (22).  

Nevertheless, each individual appears to be have a unique microbiome, to such a 

degree that it has been suggested as an alternative means of identification (20).  

 

The oral cavity is unique in that is contains both shedding mucosal surfaces as well as 

non-shedding tooth surfaces. The resident microbiota at different sites within the oral 

cavity may be grouped into three broad groups that share similar composition: (1) the 

buccal mucosa, keratinised gingiva and hard palate; (2) the saliva, tonsils, tongue, and 

throat; and finally (3) supragingival and subgingival plaque (23).  

 

Although microbial invasion of the amniotic sac has generally been associated with 

obstetric complications such as pre-term birth, there is emerging evidence that even in 

healthy pregnancies, an individual’s exposure to microbes may occur in utero (30).  

While the developing foetus is likely to be protected and therefore have limited 

interactions with microbial agents, either directly, or indirectly through maternal 



immune responses, these may be sufficient to result in significant changes in the 

microbiome in infancy which in turn may increase susceptibility to disease (31).  

Obesity in pregnancy has been (in sheep models) associated with a genetically driven 

increase in placental inflammatory mediators, which subsequently have been 

suggested to program the developing foetus to an increased risk of immune, 

inflammatory and metabolic diseases (32).  However, most of the evidence for this 

prenatal modulation of an individual’s microbiome and future disease risk comes 

from studies of the gut microbiome and much is experimental. No similar studies 

have been conducted on the oral microbiome or the implications of any such changes 

on oral or other diseases.   

 

Despite the paucity of evidence regarding prenatal factors, there is consensus that the 

mode of delivery appears to dictate the microbiome in newborns. Vaginally-delivered 

babies have a microbiome reflecting the mother’s vaginal microbiome whereas 

caesarian delivery results in a newborn microbiome more closely resembling that of 

the skin (33).  In both situations, the microbiome is similar across a range of body 

habitats. 

 

There is a paucity of evidence regarding the development of the oral microbiome after 

birth. By six months of age, the infant microbiome has been reported to be highly 

diverse and no longer reflective of the mother (19).  The factors that influence this 

change in the microbiome are not yet understood. A study of the gut microbiota has 

shown that a significant proportion is inherited (34).  In contrast, the only similar 

study of the oral microbiome, a longitudinal study of twins and unrelated adopted 

siblings from 12 to 22 years of age reported little genetic influence (24).  However, 

although the authors concluded that shared environment is the most important factor 

determining the composition of the oral microbiome, they could not show any 

significant association with environmental factors such as diet, weight and sex. 

Physiologic changes that occur throughout life, such as eruption of teeth, maturation 

of the immune system and endocrine changes during puberty and pregnancy also 

influence the oral microbiome, which adapts to these new physiological challenges 

(26).  

 



Dysbiosis, a shift in the microbiome leading to disease can occur in response to 

number of factors, including the use of broad-spectrum antibiotic therapy or frequent 

intake of fermentable carbohydrates (27).  This concept underlies a significant 

paradigm shift in the understanding of the pathogenesis of many diseases, including 

oral diseases such as dental caries and periodontitis that were previously thought to be 

caused by a limited number of specific pathogens (18). 

 

Oral microbiome and dental caries 

 

Due to the limitations of culture-based laboratory techniques, dental caries has 

traditionally been considered an infectious disease, with Streptocccus mutans being 

the principal pathogen (35).  However, with rapid developments in culture-

independent techniques, which enable a much broader and deeper analysis of the 

microbiome, evidence is emerging to indicate that the oral microbiome and its role in 

disease is much more complex (36).  Streptococcus mutans has been detected even 

prior to eruption of teeth and in oral environments without clinically detectable dental 

caries, suggestive of it being an endogenous species rather than an exogenous 

infectious agent (18).  A host of other species, including Actinomyces, 

Bifidobcaterium, Proprionibacterium and non-mutans Streptococci have been 

associated with dental caries, supporting a relatively complex bacterial contribution 

(37).  In addition, dental caries has been shown to occur or progress without 

significantly elevated levels of Streptococcus mutans (38, 39) (37-40).  As such, there 

is unlikely to be specific caries determining species.  Instead, dental caries is likely to 

occur when dysbiosis results in a biofilm that facilitates demineralization (41, 42).  

 

The nature of the dysbiosis appears to favour more acidoduric and acidogenic 

bacteria. Some studies have suggested that as plaque matures and the plaque 

microbiome shifts to become more acidic, the resulting conditions may lead to a 

reduction in bacterial diversity (38, 43).  However, a number of other studies suggest 

greater diversity with dental caries (21, 39, 44).  Larger, longitudinal studies assessing 

site specific changes in plaque microbiome are needed to further clarify nature of the 

dysbiosis that leads to dental caries. 

 



Modifying the host, microbial and environmental factors that drive the dysbiosis that 

leads to dental caries is therefore more likely to result in effective preventive 

techniques than elimination of specific species.  Such an approach necessitates a 

better understanding of these factors, as there is still little known.  

 

Given the close links between microbiome and immunity, genetically-controlled host 

factors, such as inflammation and immune response may well modify the transition 

from symbiosis to dysbiosis (26).  Dental caries has been shown to have some degree 

of heritability and a number of genes have been implicated in susceptibility to the 

disease (45).  Genetically controlled host immune factors may at least in part, explain 

this association (46).  Exposure to prenatal maternal factors such as obesity and 

smoking have been associated with subsequent increased caries-risk in childhood. In 

addition to shared lifestyles and confounding by social factors, intra-uterine 

programming and modulation of host immunity could be a plausible biological 

explanation for this association, albeit one, which needs further evidence (47-49).  

 

Although most investigations into microbial changes in dental caries and indeed other 

oral diseases focus on identifying the taxonomy, microbial factors are more likely to 

be related to function (28).  Not only do different strains within species exhibit a 

range of metabolic activities but these are likely to be influenced by the environment 

within the biolfilm. There is ample evidence that indicates the consumption of high 

and persistent levels of sugar influences the metabolic activity of the oral microbiome 

(50).  However, other factors can also influence bacterial function. For example, the 

authors of an in vivo study suggested that the preventive effect of fluoride is in part 

due to inhibition of the bacterial enolase, a key component of the Embden Meyerhof 

Parnas pathway used by bacteria to produce acid from dietary carbohydrates (51).  In 

addition, environmental factors like oxygen saturation and pH are major drivers of 

“phenotypic plasticity”, altered gene expression within bacterial species that favour 

more cariogenic phenotypes (52).  

 

The frequent intake of fermentable carbohydrates is a well-researched factor driving 

the dysbiosis that results in dental caries (53, 54).  In addition, other lifestyle and 

dietary factors such as use of broad-spectrum antibiotics, breast feeding, exposure to 

pets and siblings and preventive therapies, including the use of probiotics particularly 



early in life when the microbiome is considered to be at its most malleable, may also 

be important. Although there is now a considerable body of evidence about how these 

may affect the gut microbiome, in particular by influencing diversity of microbial 

species, there is little information regarding the oral microbiome. A better 

understanding of how these environmental factors affect the composition and function 

of the oral microbiome may lead to improved preventive modalities.  

 

Susceptible tooth surface 

 

Dental carious lesions may occur on either the coronal or root surfaces of teeth, which 

by nature of their structure and ultrastructure are inherently susceptible to 

demineralisation. Although dental caries is generally reported as a single measure of 

disease activity in an individual, susceptibility can vary for different teeth and tooth 

surfaces. A study of a high caries-risk adult population identified five clusters of tooth 

surfaces with similar occurrence of carious lesions. Although the clusters were 

generated from surface level data, surfaces within each cluster were generally 

contiguous and symmetrical (55).  A similar study in children found that the dentition 

can be organised in to a hierarchical structure with the buccal pits and occlusal 

fissures of the first permanent molar teeth being most likely be affected by carious 

lesions and the mandibular anterior teeth and canines being least susceptible (56).  

Importantly, the authors reported that the effect of risk factors and preventive 

mechanisms are likely to be different between different clusters but similar within 

each cluster.  The apparent difference in susceptibility between clusters of surfaces, in 

particular pit and fissures versus smooth surfaces, however, has been attributed to the 

differential influence of risk factors (57). 

 

Developmental defects of enamel although not essential, may favour demineralisation 

and cavitation in the dynamic balance in the caries process and is discussed further 

under ‘risk factors’ (58).  

Substrate 

 



Evidence 

Sugar intake has been conclusively shown to be an important aetiological factor in the 

dental caries process (59).  Free sugars include monosaccharides and disaccharides 

that are added during food and beverage preparation, as well as those naturally 

present in honey, syrups, fruit juices and fruit juice concentrates (60).  Fermentable 

carbohydrates refer to free sugars, glucose polymers, fermentable oligosaccharides, 

and highly refined starches (61).  The pioneering Vipelhom study that first 

demonstrated this relationship by comparing caries increment in residents of a 

Swedish mental institute who were fed different dietary sugar regimens may be less 

relevant in the post-fluoride era (62, 63).  Nevertheless, in a recent systematic review 

of the effect of sugar on caries, 42 of 55 eligible studies reported a positive 

association between sugar intake and dental caries prevalence and incidence.  Double-

blind randomised controlled trials are difficult to conduct because the use of sugar-

free sweeteners, which would be needed to ensure the participants are blinded, may 

themselves have effects on the caries process (61).  In addition, measuring and 

classifying sugar intake is challenging. However, the Turku studies comparing the 

caries incidence in a control group with sucrose intake, and two intervention groups 

where sucrose was replaced entirely by xylitol and fructose found markedly higher 

caries levels in the sucrose and fructose groups (64).  There is also strong support for 

causality from population studies, including Japan and Iraq where the sugar supply 

was restricted following World War II and UN restrictions respectively, leading to 

drastic reductions in caries prevalence (65, 66).  When the access to sugar eventually 

increased in Japan, so too did the caries prevalence (65). 

 

Mechanisms for the aetiological role of sugar in dental caries 

 

Most of the evidence underpinning the mechanisms by which dietary factors lead to 

the development of carious lesion is based on in vitro studies or un-blinded in situ 

studies where study participants wear a removable prosthesis with enamel blocks that 

are subjected to sugar exposures extra-orally at various time intervals.  Simple sugars 

such as sucrose or its constituent monosaccharides glucose and fructose are highly 

cariogenic, primarily because they are readily metabolised by plaque bacteria with 

acid as a metabolite (67, 68).  This not only results in loss of mineral from the tooth 



surface due to loss of super-saturation with respect to tooth mineral, but also 

precipitates a progressive shift of the plaque microbiome from one in a symbiotic 

relationship with the host to dysbiosis favouring growth of aciduric and acidogenic 

species (53).  Critically, sucrose has added cariogenicity because it triggers the 

production of intra- and extracellular polysaccharides such as glucans (IPS and EPS) 

(69).  EPS help bacterial adherence onto the tooth surface and support the structure 

and organisation of the plaque biofilm in dental caries, allowing the movement of 

substrate into deeper parts of the biofilm to maintain a highly acidic environment 

adjacent to the tooth structure (50).  IPS are stored as secondary nutrient sources when 

exogenous (dietary) substrate is not available.  Plaque biofilms formed in the presence 

of sucrose have also been reported to have lower concentrations of calcium, inorganic 

phosphate and fluoride, inhibiting remineralisation potential and increasing the 

presence of under-saturation with respect to tooth mineral (50).  The underlying 

mechanism for this association is still unclear although a study showing reduced 

levels of calcium-binding proteins in plaque formed in the presence of sucrose 

suggests that a depletion of calcium reservoirs may play a role (70).  

 

Non-sucrose substrate 

Although plaque bacteria are able to metabolise both simple mono- and disaccharides 

like, fructose, glucose and sucrose as well as processed starches, the evidence for a 

causal role for starch in dental caries is not yet definitive (71).  Starches describe a 

broad category of food types that contain varying numbers of a number of different 

complex carbohydrates within starch granules.  Food preparation and various other 

factors can influence the release of starch molecules from their granules, making them 

available for breakdown and metabolism by host and bacterial factors (71).  

Controversially, Campain et al reported that intake of starch, in the form of cereal, 

corn chips, French fries, pretzels and bread was more frequently associated with 

increased caries-risk than sugar in a group of low-caries risk adolescents.  In 

particular, there was a higher risk of developing carious lesions with a high-starch 

low-sugar diet compared to groups with either a high-sugar low-starch or medium-

sugar medium starch diet (72).  A plausible explanation for the potential role of starch 

in dental caries is the reduced oral clearance of starchy foods, which results in a slow, 

albeit prolonged, release of sucrose as the complex carbohydrates are metabolised 



(73, 74).  Alternatively, other factors such as frequency or timing of intake may 

explain the relationship, as high-starch low sugar foods are more likely to be 

consumed as snacks. Evidence for this comes from a longitudinal study of a relatively 

high socioeconomic status American cohort that found increased caries incidence 

with consumption of processed starches (potato chips etc ) at snack times, but not 

during meal times (75).  The aetiological role of dietary starches is likely to depend 

on various factors, including the type of food, the degree of processing, frequency and 

timing of consumption but further studies are needed to clarify the relative importance 

of these factors. 

 

Although lactose is a disaccharide and therefore potentially metabolised by plaque 

bacteria to produce inorganic acids, dairy products such as bovine milk and cheese 

appear to be protective of dental caries (76).  A study of rats given a high sugar diet 

showed that the group supplemented with bovine milk had reduced numbers of 

carious lesions compared to a control group (77).  As bacterial profiles between the 

two groups and amount of sugar intake were similar, the protective effect was 

attributed to another factor within the milk, most likely the presence of relatively high 

concentrations of calcium and phosphate. A more recent in vitro study comparing soy 

extract and bovine milk revealed much smaller fall in pH in the bovine milk group, 

which the authors attributed to the acid buffering capacity of the milk and presence of 

increased bioavailability of calcium in and presence of milk proteins (78).  

 

The influence of fluoride on the relationship between sugar and dental caries 

Several systematic reviews have suggested that the aetiological role of diet is less 

critical in the post-water fluoridation era (62, 79).  However, as argued by Sheiham et 

al., such a modification seems to reflect on the effectiveness of fluoride as a 

preventive modality rather than the relationship between dental caries and sugar, 

because the underlying need for sugar in the dental caries process is still applicable 

(61). 

 

Time 

Time is an important underlying factor in the development of dental caries. Firstly, 

the shift in plaque biofilm from symbiosis to dysbiosis takes time although the rate at 



which this occurs, as previously discussed is likely to dependant on several 

environmental factors, especially exposure to substrate (17).  In addition, as teeth are 

constantly fluctuating between demineralisation and remineralisation, in order for 

carious lesions to develop, there has to be a sustained period of net demineralisation 

(15). 

 

Risk factors for dental caries 

Beyond the four main aetiological factors that directly contribute to the development 

of carious lesions (e.g. bacteria, substrate, tooth surface and time), a range of 

environmental factors is likely to influence disease experience (Figure 2) (17).  A 

recent systematic review found a total of 106 risk factors have been associated with 

dental caries in young children, with varying levels of strength of evidence (80).  A 

detailed assessment of the literature pertaining to each of these factors is beyond the 

scope of this review. Nevertheless it would be remiss not to acknowledge the 

considerable wealth of evidence supporting the importance of socio-economic status, 

dietary and oral hygiene behaviours and fluoride exposure in caries risk (1, 61, 81).  

 

The association between some factors, such as salivary flow or exposure to fluoride, 

can be readily explained by the current understanding of dental caries as a balance 

between remineralisation and demineralisation. However, the mechanism for other 

factors is more indirect and speculative, particularly for prenatal and early life factors 

(82).  

 

The identification of risk factors prior to disease onset is essential for prevention.  As 

dental caries can occur very early in life, from the prenatal and perinatal period and 

early childhood are therefore particularly important.  Although few studies have 

investigated a connection, epigenetic changes induced by early life factors may also 

provide a plausible explanation for the association of such factors with dental caries 

(83).  The role of prenatal and early childhood factors have generally only been 

studied in young populations, however, based on the theory of developmental origins 

of health and disease, they may be important even later in life (84). 

 



Vitamin D 

Through its role in calcium homeostasis, vitamin D is essential for the formation of 

the dental tissues and mineralisation of enamel (85).  Vitamin D synthesis occurs in 

the skin as a result of exposure to sunlight (UVB) (86).  In addition, vitamin D may be 

ingested through a limited number of foods, including certain fish, eggs and fortified 

margarine and dairy products, or taken as supplements. Vitamin D circulates in the 

body in the form of 25-hydroxy Vitamin D, and is converted into its active form, 

1,25-dihyroxyvitamin D in the kidney. Once activated, vitamin D increases renal and 

intestinal absorption of calcium and also affects the level of parathyroid hormone and 

phosphate. Lack of vitamin D can lead to reduced levels of calcium and phosphate, 

which in turn leads to abnormal mineralisation of calcified structures. A systematic 

review and meta-analysis of controlled clinical trials found a 47% reduction in caries-

risk following dietary vitamin D supplementation or UV radiation (87).  However, the 

authors acknowledged a reasonable risk of bias due to questionable methodology in 

22 of the 24 studies, all which had been conducted more than 60 years earlier. The 

applicability of these findings for today’s populations is also questionable.  Indeed, 

very few recent studies have assessed the relationship between dental caries and 

vitamin D levels. A case control study comparing vitamin D levels in children with 

severe early childhood caries and a control group from the community found reduced 

vitamin D levels in the cases (88).  

 

While low vitamin D has been reported as a risk factor for childhood caries, a 

prospective study linking prenatal maternal vitamin D levels with dental caries in the 

first year of life was the first to study this association during pregnancy (48).  As the 

study controlled for the effect of enamel hypoplasia, socio-economic status and 

feeding patterns amongst other potential confounders, the association between 

vitamin D and dental caries is likely to involve a unique mechanism.  However, the 

representativeness of the cohort is questionable as 90 per cent were Canadian 

Aboriginal children at increased risk of vitamin D deficiency.  A more recent 

Japanese prospective cohort study reported a similar association, finding children in 

the lowest quartile of maternal vitamin D intake at increased risk of developing caries.  

However the study had several major methodological limitations, including 

calculating vitamin D based on a diet questionnaire without accounting for sun 

exposure (89).  The most representative study, evaluating data from the NHANES 



2005-2006 failed to find an association between vitamin D deficiency and dental 

caries (90).  The cross-sectional design of the study has limitations because caries 

experience may be the result of previous vitamin D deficiency which would be 

undetected by measuring vitamin D at one time point only.  

 

The studies do not elaborate on possible mechanisms other than due to reduced 

availability of calcium and phosphate, which may increase the susceptibility of the 

tooth surface to caries. However, given recent studies indicating that vitamin D has a 

range of functions in several tissues, including in immune modulation, an alternative 

pathway involving increased susceptibility to infection cannot be discounted (91).  

Further longitudinal studies assessing the relationship between vitamin D and dental 

caries are needed to clarify whether an association exists and whether treatment of 

vitamin D deficiency can reduce caries-risk.  

 

Maternal smoking 

Although studying the effect of parental smoking is difficult to measure due to the 

role of confounders such as socio-economic status, dietary patterns and oral hygiene 

behaviours, there are a number of relatively robust observational studies supporting 

an association. A large cross-sectional study using NHANES data from 1988-1994 

reported that elevated nicotine levels were associated with decayed surfaces (adjusted 

odds ratio 1.8, 95% confidence interval 1.2 – 2.7), after adjusting for several potential 

confounders (92).  These findings are supported by evidence from the UK National 

Diet and Nutrition Survey (1995) that found maternal smoking was associated with 

increased odds of dental caries after stratifying for social class (93).  However, a 

recent systematic review found that although possible links between second-hand 

smoke and dental caries exist, further longitudinal studies are needed (94).  

 

There are a limited number of studies that have shown that an association between 

smoking and dental caries may exist from as early as the prenatal period. A 

longitudinal register-based Swedish study reported that smoking during pregnancy 

was associated with an increase in approximal caries increment during adolescence 

(47).  Further, a cross-sectional study based on NHANES (1999 – 2002) data reported 

an association between maternal smoking in pregnancy and dental caries (95).  



However, these results contrast those of a Japanese study that found the association 

between maternal smoking during pregnancy and dental caries in childhood became 

insignificant when adjusted for postnatal second hand smoke exposure) (96).  

Although the authors acknowledge this effect could be due to the low number of 

women who ceased smoking after pregnancy, this study reflects the difficulty in 

differentiating the role of factors in the prenatal and post-natal period.  

 

Although still speculative, parental smoking may lead to developmental defects by 

interfering with tooth mineralisation or facilitate dysbiosis, either directly, or by 

altering immune-related factors (94).  However, due to the strong links between 

smoking and social disadvantage, a major modifier of health outcomes, and caries-

risk behaviours, a causative link may not exist. Although many studies do account for 

some of these factors, bias is impossible to avoid completely without randomised 

control trials. Presuming a possible causal link, mechanisms for the association 

between prenatal maternal smoking and dental caries include a direct influence on 

immunity in the developing foetus, or abnormal tooth mineralisation. A recent animal 

study found hard tissue aberrations in mandibular molars of rat foetuses after maternal 

exposure to second hand smoke, including delayed development and reduced 

thickness, volume, density and hardness (97).  The authors suggested that nicotine 

may interfere with ameloblast proliferation and differentiation, or reduce blood supply 

to the developing tooth. 

 

Maternal obesity 

Two cohort studies from Scandinavia reported obesity during pregnancy was 

associated with higher caries rates in the children (47, 49).  As both studies adjusted 

for several confounders including socio-economic status and smoking, the authors 

suggested that these observations were due to biological influences on the developing 

foetus, or transfer of dietary habits. 

 

Maternal obesity has been reported to be associated with higher risks of childhood 

obesity. Although shared dietary and lifestyle preferences may be a major factor in 

this association, epigenetics may also lead to ‘foetal programming’ due to influences 



in the intra-uterine environment (98).  The links between obesity and dental caries are 

controversial, despite a number of studies showing an association (99).  

 

Maternal illness and medication use 

There are few studies comprehensively investigating the relationship between 

maternal illness during pregnancy and dental caries. A study of maternal illness, 

including the pre-pregnancy period, failed to find any association. However, as illness 

was classified under three broad categories and illnesses from the prenatal and post-

natal periods combined, possible associations with illness in the prenatal period may 

have not been detected (49).  A Saudi Arabian study investigating pre-eclampsia and 

dental caries in childhood also failed to find a significant association. However the 

measurement of dental caries was not with a standardised index and the study is likely 

to have been underpowered to find an association if one existed (100).  

 

A recent study has reported that antibiotic use during pregnancy may reduce the risk 

of childhood caries (adjusted odds ratio 0.30, 95% confidence interval 0.07-1.27) 

(101).  Although the confidence interval suggests weak evidence for such an 

association, the authors speculated that antibiotic use may lead to reduced vertical 

transmission of bacteria.  However, given that the microbial dysbiosis that leads to 

dental caries is relatively complex and cariogenic bacteria are commensal, such a 

simplistic explanation seems unlikely.  Further studies on the role of maternal illness 

and antibiotic use during pregnancy in dental caries are needed. 

 

Low birth weight and prematurity 

Low birth weight is associated with a number of co-morbidities. Low birth weight is 

defined as birth weight of less than 2500g (102).  Further sub-categories within this 

definition include very low birth weight (less than 1500g) and extremely low birth 

weight (less than 1000g).  In Australia, the rates of low birth weight have remained 

relatively stable over the last decade, at approximately 6% of all live births (103).  

 

Although dental caries has been suggested as another co-morbidity associated with 

low birth weight, a number of studies have reported an association in the opposite 

direction, with lower rates of dental caries in children born with low or very low birth 



weight, or no association at all (104, 105).  A recent systematic review found that 

although there was no evidence of an association between dental caries and low birth 

weight, a potential association could not be discounted because of the lack of good 

quality evidence (106). 

 

Evaluating the association between low birth weight and dental caries is challenging 

because low birth weight is an indicator of overall social disadvantage, itself a strong 

predictor of dental caries (106).  Biological links through developmental defects of 

enamel, which are strongly associated with low birth weight and prematurity are 

plausible explanations for an association with dental caries (104, 107).  Low birth 

weight children enrolled in longitudinal cohort studies are likely to have better access 

to dental care, and may therefore be at reduced risk of dental caries.  

 

Low birth weight is either due to prematurity (less than 37 weeks of gestation) or 

intra-uterine growth restriction (IUGR) (108).  As these have different risk factors and 

effects on the child, their effects on dental caries may also be different. A recent study 

evaluating prematurity as well as two different measures IUGR revealed associations 

in opposite directions (109).  Whereas pre-term birth was associated with higher 

levels of dental caries, IUGR was found to be protective. The authors explain these 

findings by citing changes in oral bacterial due to eruption delay and increased use of 

antibiotics amongst children with IUGR. However, the latter is controversial, as 

antibiotic use also reported to be associated with early childhood caries (110). 

Mode of delivery 

Delivery mode appears to affect various facets of the human microbiome and as such, 

has led to suggestions that it may be associated with dental caries experience (33).  A 

Danish cross-sectional study reported that children who were delivered vaginally 

were more likely to foster health-related bacteria in saliva (111).  A prospective study 

found caesarean delivery was associated with earlier colonisation by S. mutans, and 

reduced diversity in bacterial strains (112).  Given the important role played by oral 

bacteria in dental caries, the mechanisms for these associations need further 

investigation.  However, speculation about the impact of such factors on microbiome 

is often simplistic, returning to the now discounted theories regarding S. mutans as the 

cause of dental caries. Indeed, the two studies evaluating the association with dental 



caries are in disagreement with the above.  A cross-sectional Thai study of 3-5 year 

old children found higher levels of dental caries and S. mutans in children born 

vaginally and a Danish study failed to find any association between dental caries and 

delivery mode (113, 114).  Further studies investigating the impact of mode of 

delivery on the oral microbiome may clarify the process that leads to dysbiosis that 

results in carious lesions, but at present there is insufficient evidence for a direct 

association.  

 

  



Part 2: Molar Incisor Hypomineralisation and Hypomineralised Second Primary 

Molars 

 

Developmental defects of enamel (DDE) include qualitative or quantitative lesions 

that result from disruptions during amelogenesis which is the highly specialised, but 

sensitive process of enamel formation. (85) Molar incisor hypomineralisation (MIH) 

describes DDE characterised by demarcated, qualitative defects of enamel of systemic 

origin affecting one or more first 

permanent molars (FPMs) with or without 

incisor involvement (Figure 3)  (115).  

Hypomineralised Second Primary Molars 

(HSPM) is a relatively new term, used to 

describe similar lesions in the second 

molars of the primary dentition (116).  

Although the occurrence of HSPM is 

associated with MIH, each can occur without the other (117). As MIH was defined 

almost a decade earlier, it has been much more widely investigated than HSPM. 

However, as the two conditions are similar in most aspects, findings from many 

studies of MIH are thought to apply equally to HSPM. 

 

Sound enamel is comprised mostly of an inorganic crystal matrix of impure 

hydroxyapatite organised into prisms that run from the dentino-enamel junction to the 

surface.  The enamel in MIH has been found to be abnormal in terms of mineral 

quantity, with reduction up to 45 per cent reported, and quality, due to incorporation 

of carbonate (118).  The protein content in hypomineralised enamel is significantly 

higher than in normal enamel and comprises of exogenous proteins such as serum 

albumin and antitrypsin (119, 120).  In addition, ultra-structural abnormalities such as 

poor crystal organisation and surface defects have been reported (121).  The 

culmination of these abnormalities results in enamel with increased porosity, 

decreased hardness and lower modulus of elasticity (118, 121, 122). 

Figure 3: MIH affecting right first 
permanent molar and left central 
incisor 



 

Clinical Presentation 

As a result of its structure, sound enamel is translucent to visible light. Defective 

mineralisation in MIH increases enamel porosity, changing the refraction of light such 

that an opacity is visible (123).  The presence of proteins may contribute to the 

discolouration in MIH opacities (119). The most common and mildest clinical 

presentation of MIH are demarcated white, creamy opacities (Figure 3a). Yellow or 

brown opacities are also frequently encountered and indicate a greater degree of 

hypomineralisation. (124).  

 

Upon loading with masticatory forces, MIH/HSPM affected enamel is susceptible to 

breakdown, resulting in irregularly shaped and often expansive Post-Eruptive 

Breakdown (PEB) cavities (124).  MIH and HSPM affected teeth may also develop 

carious lesions in atypical patterns, involving smooth surfaces and cusp tips as 

opposed to the pit and fissure and approximal surfaces that are affected in typical 

dental caries (122). 

 

Lesions tend to occur on the occlusal, buccal and lingual/palatal surfaces of molars 

although approximal surfaces have reported to be involved in a minority of cases 

(122, 124, 125).  In permanent incisors, the lesions tend to occur on buccal surfaces 

(124-126).  In all MIH teeth, the cervical regions of teeth are unaffected (122).  The 

lesions may be as small at 2mm in diameter or so extensive that multiple tooth 

surfaces are involved but generally tend to be demarcated from the adjacent sound 

enamel.  A key feature of MIH and HSPM is that teeth forming at the same time may 

be affected in markedly different degrees (127). 

 

The clinical presentation of MIH and HSPM is a function of several factors, including 

the severity of the hypomineralisation, masticatory forces, exposure to remineralising 

agents and the time since eruption (125).  Post-eruptive breakdown is thought to 

usually occur soon after eruption, which is approximately 2-3 years of age for the 

second primary molars and 6 years for the FPMs.  Reflecting severity of 

hypomineralisation, darker lesions are at greater risk of breakdown.  

 



Unlike other DDE which are either generalised, affecting the entire dentition or 

localised, affecting a tooth or teeth in one part of the mouth, MIH/HSPM, by 

definition, affects only specific teeth, albeit in most cases, to varying degrees (128).  

However there is evidence that similar lesions may affect other teeth in the dentition 

(129, 130).  Nevertheless, lesions on teeth other than the second primary molars, 

FPMs and permanent incisors are currently not included in the within the scope of the 

definition.  

 

From the limited number of studies available, the degree of hypomineralisation 

appears to be more severe in HSPM when compared to MIH, with higher rates of 

post-eruptive breakdown and atypical caries reported (117, 131).  However, this may 

be a reflection of the earlier eruption of the second primary molars, meaning a longer 

time exposed to the challenges within the oral environment.   

 

MIH and HSPM Judgement criteria 

The ideal time to assess a tooth for the presence of MIH/HSPM is soon after eruption, 

prior to the various influences within the oral cavity. However, due to the variability 

in eruption times, it maybe necessary to diagnose MIH months, even years after the 

tooth has erupted. As the presentation of MIH and HSPM can vary with time, the 

judgement criteria for identifying MIH/HSPM accommodates these influences (132, 

133).  In addition to demarcated opacities, atypical restorations on the FPMs are 

indicative of MIH, as treatment for MIH and HSPM where PEB has occurred 

involves multiple surfaces of the tooth resulting in patterns not typical of traditional 

dental caries.  Due to rapid destruction of tooth structure, extractions are more 

common among children affected by MIH than those without the condition.  Where 

the loss of a FPM(s) is not consistent with the condition of the remaining dentition, 

and there is evidence of MIH on other incisors or molars, the missing tooth is 

considered to have been affected by MIH/HSPM.  

 

Prevalence and impact  

The prevalence of MIH in Australia is reported to be 22%, which is slightly higher 

than the median values reported worldwide, ranging from 2 - 40% (134, 135).  The 



prevalence of HSPM in a cohort of inner-suburban pre-schoolers in Melbourne, 

Australia has recently been determined to be 16%, which is considerably higher than 

the 4 – 9% reported in the limited number of international studies available (116, 131, 

136, 137).  

 

There is emerging evidence of the major, and long-lasting impact of MIH and HSPM 

on children. MIH can lead to toothache, dental caries, infection and tooth loss. Teeth 

with MIH have been reported to be hypersensitive, particularly to cold stimuli but 

even spontaneously in severe cases (115).  MIH affected teeth often do not respond 

effectively to local anaesthesia, making restorative treatment difficult, especially in 

children who are already anxious due to hypersensitive teeth (138).  In addition, MIH 

affected teeth have poor treatment outcomes, often necessitating multiple attempts at 

restoration (139).  The combination of hypersensitive teeth that do not respond to 

anaesthesia but require frequent treatment is likely to account for the higher rates of 

dental anxiety and behaviour management problems in children with MIH (139).  As 

a result of behaviour management problems and the complex nature of treatment, 

expensive advanced behaviour management techniques such as sedation and general 

anaesthesia are often needed (140).  The burden of MIH extends into adulthood, with 

MIH-affected eighteen-year-olds found to have a significantly higher number of 

extracted and filled teeth than unaffected controls and persistent behavioural issues 

(141).  

 

Aesthetics 

Although incisors are generally less severely affected than molars in MIH, unaesthetic 

demarcated opacities can be the source of considerable concern to those affected. A 

recent British study found that children with opacities on anterior teeth, most 

frequently MIH, were more likely to suffer from unpleasant comments from peers, 

impacting on confidence and willingness to smile (138, 142).  These add to the 

psycohological strain caused by difficult dental treatments from a young age. 

 

Orthodontic complications 

Early or delayed extraction of a FPM can result in major orthodontic complications, 

including tilting of the adjacent teeth, super-eruption of opposing teeth and spacing of 



the dentition, possibly including shift of the midline (143). Although favourable 

timing of extractions may alleviate some of these concerns, the severity of problems 

may mean that early extractions are needed (143).  In addition, issues regarding 

access to care, cost, lack of clinician experience and behaviour management problems 

may result in extractions being delayed. Early loss of primary teeth, as may occur in 

HSPM, has also been shown to lead to orthodontic complications later in life. The 

need for specialist orthodontic treatment adds to the treatment burden of MIH.  

 

Dental Caries 

A number of studies have found that MIH and HSPM are risk factors for development 

of carious lesions, consistent with other DDE (144, 145).  Defective enamel in DDE is 

likely to be less resistant to demineralisation, increasing susceptibility to caries 

progression. In addition, rough margins resulting from post-eruptive breakdown of 

enamel and a reluctance of children to brush hypersensitive teeth may further 

contribute to caries progression in MIH. The study of the association between 

MIH/HSPM and dental caries has not been straightforward, complicated by difficulty 

defining the difference between caries and MIH, especially where restorative 

treatment has been undertaken. Most studies reporting an association between MIH 

have compared the number of decayed, missing or filled teeth (122, 125, 145).  

Elfrink et al reported that HSPM explains the higher rates of caries affecting second 

primary molars compared to the first primary molars (144).  A German study, one of 

few that failed to find an association between MIH and dental caries excluded any 

FPM with atypical restorations from their caries index (146).  However given that 

MIH may also give rise to atypical caries, this may have led to an under-estimation of 

dental caries in MIH affected teeth. MIH and HSPM are likely to have a relatively 

bigger impact on dental caries and treatment need in low caries populations where 

improvements in preventive modalities, from water fluoridation to improved oral 

hygiene and dental care and the influence of traditional risk factors has been reduced.  

 

Aetiology 

Amelogenesis occurs in stages, commencing with an initial secretory phase involving 

the laying down of the organic matrix by specialised cells, the ameloblasts.  

Subsequent phases of mineralisation and maturation occur during which much of the 



organic protein is replaced by impure hydroxyapatite mineral resulting in the highly 

mineralised tissue that is tooth enamel.  The timing of an insult therefore determines 

the nature of the enamel defect.  Disruptions during the secretory phase result in 

quantitative defects, also known as hypoplasia. Disruptions during the mineralisation 

and maturation phases result in qualitative defects such as MIH.  As mineralisation of 

the FPM occurs between the third trimester of pregnancy and three years of age, 

investigations on the aetiology of MIH have focused on prenatal or early childhood 

illness or exposure to environmental pollutants.  The permanent incisors and the 

primary second molars also mineralise during this time, thereby explaining their 

involvement in MIH/HSPM.  The more protracted duration of mineralisation of the 

FPMs may account for the more severe involvement of these teeth in comparison to 

both the permanent incisors and second primary molars.  Alternatively, as the FPM is 

a bigger tooth than the second primary molar, the greater thickness of enamel may 

lend it self to a more pronounced clinical presentation. 

 

A combination of in vitro studies of the structure and composition of MIH/HSPM 

affected teeth and epidemiological studies suggest that the aetiology relates to a 

prenatal or early childhood illness.  However, the search for a cause has been 

hampered by a lack of prospective studies and a specific cause(es) has not yet been 

determined.  

 

Observational studies of MIH/HSPM aetiological factors 

 

A number of systematic reviews have been conducted on the aetiology of MIH, one of 

which is part of this PhD and is the basis of this section of the literature review. Two 

systematic reviews conducted in 2010 and 2009 found a lack of good quality evidence 

and recommended further studies with improved study design and standardised 

examination and diagnostic protocols (147, 148).  A number of studies have since 

been published, contributing significantly to the evidence regarding MIH aetiology. 

 

Prenatal exposures 

A Greek case-control study found that 8.6 per cent of mothers of children with MIH 

had medical problems during the prenatal period, mostly fever or medication use. In 



contrast, none of the mothers in the control group reported any problems (149).  

However, few other studies have been able to find a link between MIH and maternal 

health and illness during pregnancy.  Three prospective studies have found no 

association between maternal smoking during pregnancy and MIH (150-152).  Ten 

studies have assessed the association between maternal illness during pregnancy and 

MIH, one of which (151) was a case-control study that used data collected 

prospectively.  A Brazilian retrospective study that stratified results into rural and 

urban areas found an increased odds ratio for MIH in children whose mothers had 

health problems during pregnancy, but only in rural areas (153).  Another 

retrospective cohort study investigated specific pregnancy related condition and found 

a positive association between MIH and hypotension-related anaemia and maternal 

stress (154).  The authors noted that due to recent wars and sanctions, their sample 

may have unique social conditions that limit application to other countries. A large 

retrospective cohort study from Turkey found that once adjusted for confounding, the 

association between MIH and maternal illness in the last trimester of pregnancy was 

not significant (155).  There was considerable variability in the terms used to describe 

maternal illness during pregnancy between studies, with some specific to pregnancy-

related disease and others reporting more broadly in terms of maternal illness. An 

association between maternal medication-use has been investigated, and discounted in 

a number of mostly retrospective studies.  

 

Prenatal factors may however be more important in the aetiology of HSPM. As only 

three reports (two of which were from the same study) investigating the aetiology of 

HSPM were available, there is considerably less evidence regarding its aetiology than 

for MIH (156-158).  However, as both studies have relatively low risk of bias and 

adjust for confounding and as one is prospective in nature, the findings are relatively 

robust. The Dutch studies conducted by Elfrink et al indicated that while maternal 

antibiotic use during pregnancy is unlikely to be associated with HSPM, maternal 

alcohol intake may be (156, 157).  Ghanim et al reported that prenatal health events 

were present in approximately one quarter of children affected by HSPM, compared 

to only 4.1 per cent of unaffected children (158).  Children with both HSPM and MIH 

were excluded from the study, which raises questions regarding how to investigate the 

aetiology of the two conditions which maybe different but also related. 

 



Perinatal exposures 

A questionnaire based retrospective study found that complicated vaginal delivery 

and caesarean delivery were both associated with increased odds of MIH (159).  

Ghanim et al also identified perinatal events as important, with children with MIH 

more frequently having low birth weight and neonatal complications such as 

respiratory distress, intubation and hypocalcaemia (154).  In addition, with birth 

information obtained from a registry, Brogardh-Roth et al found that per 100g 

increase in birth weight, the odds of MIH reduced by 0.96 fold (95% CI 0.92-0.99) 

(160).  The study’s main aim was to investigate the association between MIH and pre-

term birth by comparing a group of pre-term babies and a group of term children from 

the community.  The MIH prevalence in the pre-term group, at 38 per cent was double 

that of the full-term children.  These findings were also supported by the findings of 

the Turkish retrospective study by Sonmez et al, which found increased odds of MIH 

among premature children, even after adjusting for confounding (155). 

 

Perinatal events have been reported to be important in HSPM, with Ghanim et al 

reporting that about half of all children with HSPM had significant medical 

complications in the perinatal period (158).  These included neonatal and delivery 

complications and low birth weight. The only perinatal event associated with HSPM 

according to Elfrink et al was low birth weight, which increased the odds of HSPM 

(157). 

 

Early childhood illness  

Several retrospective studies have reported that illness in the first three or four years 

of life is associated with MIH (153, 159).  Although there is considerable variability 

in the definition of general health/illness, these studies seem to indicate some form of 

consensus.  

 

Specifically, early childhood fever has been associated with higher odds of MIH in a 

number of retrospective studies that adjusted for confounding (154, 155).  Ghanim et 

al also found a significant association in cases where fever was combined with other 

symptoms such as chest and/or ear infections.  A prospective study of a cohort of 

German children found an association (aOR 2.48; 95% CI 1.35-4.56, p<0.05) between 



respiratory disease and a more severe variant of MIH where incisor involvement was 

also present. Comparison between studies is difficult because there was variability in 

how asthma was defined, with some reporting on asthma in the first, first three and 

first four years of childhood and others combining asthma with other conditions such 

as allergy. In addition to asthma, pneumonia is another respiratory condition which 

has been found to increase the odds of MIH (154, 155).  Other illnesses including 

measles, chicken pox, renal disease, gastrointestinal disease, bronchitis, tonsillitis, 

adenoiditis and otitis media have been implicated in the aetiology of MIH, but lack 

support from other studies (154, 155, 161-164). 

 

Early childhood medication use 

A recent systematic review found insufficient evidence to identify any drug as 

associated with MIH (165).  However as MIH criteria were not applied to determine 

the eligibility of studies included in the review, the applicability of findings is 

questionable.  Two retrospective studies found a strong association between antibiotic 

use in the first year of life and MIH (154, 166).  Although the retrospective study by 

Allazam et al reported an association between antibiotic use anytime in early 

childhood and MIH (uOR 5.91, 95% CI 1.85-18.86), Pitiphat et al reported that the 

association did not remain significant when adjusted for confounding (uOR 2.5, 95% 

CI 1.2-5.2, aORs not provided) (159, 161).  

 

In regards to specific antibiotics, both Laisi (prospective study, uOR 2.06, 95% CI 

1.01-4.17) and Whatling and Fearne (retrospective study, uOR 5.22, 95% CI 1.11-

5.89) reported a strong association with the use of amoxicillin (164, 167).  However, 

Arrow did not find such an association when the data was stratified according to 

consumption at 0-1 years and 1-3 years (168).  Souza et al reported a significant 

association when Amoxicillin was combined with other antibiotics, albeit only in 

rural locations (uOR 1.92, 95% CI 1.02-3.62) (153).  The association with 

Amoxicillin alone was not assessed. Ghanim et al reported that the type of antibiotic 

did not demonstrate an association although there was no further information 

provided in this regard (154). 

 



In a study using a Danish medication prescription database, Wogelius et al found that 

although anti-asthma medication was not associated with MIH (uOR 0.82, 95% CI 

0.39-1.65), there may be an association with a subset of cases involving post-eruptive 

breakdown (uOR 2.42, 95% CI 0.70-7.43) (169).  Using drug histories, Loli et al 

reported an association with aerosol therapy for respiratory diseases (uOR 3.19 95% 

CI 1.72 – 5.9) (170).  In neither study was it possible to control for the illness itself, 

implying that asthma medication may actually be a proxy measure of disease.  In the 

only other study to assess the relationship with asthma medication Arrow failed to 

find an association (uOR 1.17, 95% CI 0.51-2.26) (168). 

 

Breastfeeding 

In 1996 Finnish researchers suggested an association between breastfeeding and MIH 

as part of a study investigating the adverse effects of dioxins (150).  The same group 

however, subsequently published studies showing that an association no longer 

existed, attributing this to reduction in the levels of dioxin pollution (171).  All but 

one of the more recent studies, including both prospective and retrospective studies 

have also failed to any significant association.  The only exception is a Swedish case-

control study but as multiple regression was not conducted the association may be due 

to confounding by other factors (151). 

 

Vitamin D 

A cross-sectional study of a German cohort found that elevated levels of vitamin D at 

10 years of age was associated with lower levels of MIH. However, as the formation 

of the FPM occurs much earlier in life, vitamin D at 10 years is unlikely to influence 

MIH lesions (172).  A more recent study reporting a positive association between 

HSPM and bone mineral content adjusted for bone area at 6 years of age suggested 

that the systematic cause of HSPM may lead to deficiencies in mineralisation of bone 

(173).  The lack of an association with MIH was explained by the prolonged duration 

of formation of the FPM compared to the second primary molar, which the authors 

suggest, would allow time for development of compensatory mechanisms.  However, 

this hypothesis is inconsistent with the higher prevalence rates of MIH compared to 

HSPM. 

 



Limitations of existing observational studies of MIH and HSPM 

Overall, there are three major problems with the existing studies of MIH.  The first is 

the lack of adjustment for confounding.  As randomisation is impossible, the ability of 

confounders to exaggerate or diminish the importance of some factors is a recognised 

flaw of observational studies.  This is generally overcome through various statistical 

methods, most commonly multiple regression, which are almost mandatory in such 

studies.  However, a large number of studies make no attempt to adjust for potential 

confounders.  Even where some form of adjustment was performed, this is reported 

poorly with confounders often not listed nor explained, and unadjusted and adjusted 

ORs and P-values not provided.  Ideally, confounders should be based on existing 

evidence and the plausibility of an association with both the exposure of interest and 

the outcome, in this case, MIH. 

 

The retrospective nature of most studies is another major problem with studies of 

MIH.  As discussed by Alaluusua (2010), retrospective studies rely on parental recall, 

often many years after the event (147).  There is strong evidence to indicate that 

mothers accurately recall perinatal factors such as gestational age, birth weight and 

mode of delivery, even many years after the events (174). However, some aspects of 

maternal health during pregnancy, recall of breastfeeding duration, child illness and 

medication use are less likely to be reliable (175, 176).  A number of studies cited the 

difficulty in obtaining medical records and even these, unless kept in a standardised 

way, may lack the consistency and detail needed. Using a combination of the two has 

been shown to be most likely to yield accurate information. There are many barriers 

to conducting prospective studies, including cost, loss to follow-up, and non-

participation. As such, using existing medical cohorts may provide the most practical 

means of conducting prospective studies. Nevertheless, the compatibility of such 

cohorts and specifically their inclusion and exclusion criteria with a study of MIH 

needs to be considered to ensure that all or at least most relevant exposures are 

included.  

 

Finally, the lack of detail and consistency regarding the exposures investigated limits 

comparisons between studies. Further, it is likely that the study participants, often the 

mothers completing questionnaires regarding exposure to various environmental 

factors, were also given similarly basic details about the exposures and so the 



accuracy of their responses are questionable. This may be partly due to the large 

number of exposures assessed in many studies, however in order to ensure the 

accuracy of the data collected, clear definitions of exposures investigated are 

recommended. 

Possible mechanisms for an environmental aetiology 

A number of biological mechanisms for the association between environmental 

factors and MIH/HSPM have been suggested, and are supported by laboratory and 

animal studies.  

 

One theory regarding the cause of MIH is based on a concept of ‘mineral toxicity’ and 

is essentially, independent of an effect of ameloblasts. Intact MIH lesions have been 

found to be high in serum albumin (120).  As albumin has been found in animal 

studies to halt mineralisation, it could potentially be the mechanism for the formation 

of MIH lesions (177).  The cause or timing of albumin entry into the tooth is as yet 

unclear. There are three possible scenarios for timing; either pre-eruptively during 

tooth formation, during or after eruption. As the presence of enamel protein 

amelogenin prevents the attachment of albumin to the hydroxyapatite enamel crystal, 

it is thought to be protected during the secretory phase, which is high in these 

proteins. However, the period in late transition/early maturation, during which 

amelogenins are removed, may provide an opportunity for albumin entry into the 

tooth (119).  Fever and inflammation lead to increased vascular permeability due to 

the release of various cytokines that act on endothelial cell membranes (178).  

Although lacking evidence, increased vascular permeability could account for the 

extravasation of proteins such as albumin into the developing FPMs.  

 

Alternatively, MIH could result from altered ameloblast function, which is highly 

sensitive to changes in their surrounding environment, including changes induced by 

systemic illness (179).  Recent in vitro rat studies show that prenatal exposure to 

endocrine disrupting chemicals (EDCs) can result in MIH-like lesions (180).  The 

authors suggest that EDCs may increase expression of enamel proteins, reduce 

expression of the kallikrein 4 gene and lead to the accumulation of albumin, which 

hampers crystal growth.  However, there are no observational studies investigating 

this link.  Altered expression of genes important in enamel formation has also been 



suggested as the link between fever and enamel defects. (181).  Alternatively, the 

aetiology may relate to a metabolic disturbance such as described in rat studies 

showing that acidic conditions (a result of both localised inflammation and hypoxia) 

can affect crystal growth (182).  

 

Part 3: The role of genes vs environment in dental caries 

Increasingly the epidemiology of dental caries is polarising with specific sectors of 

the population found to be at highest risk.  In Australia, the most affected 10% of 5 

year olds have a mean DMFT (number of decayed. missing and filled teeth) of nearly 

ten, compared to a national average of nearly 2 (6).  Along with other risk factors, 

genetic susceptibility might explain the why some small sections of community fail to 

benefit from preventive modalities that appear to be broadly effective.  In addition, 

disease risk can vary between individuals despite similar environmental risk (183).  

Therefore, genetic influence in the pathogenesis of dental caries is likely.  Similarly, 

as it is becoming increasingly apparent that no single environmental cause exists, 

there is a growing recognition that MIH and HSPM are likely to have complex 

aetiologies with a contribution from genetic factors (149). 

 

Twin and Family Studies 

Family studies can be used to determine genetic influences on a condition by 

assessing family aggregation. By comparing the rates of a condition amongst related 

individuals with rates in the general population, a relative risk ratio, a measure of the 

strength of aggregation, can be determined.  However as the effect of the influence of 

shared environment may incorrectly present or be incorrectly interpreted as a genetic 

association. Nevertheless, use of sophisticated statistical methods have provided 

invaluable insight into the role of genetics in dental caries, and led the way for more 

recent DNA-based techniques.  

 

Monozygotic (MZ) twins result from splitting of a single fertilised egg and in most 

cases are genetically identical. Dizygotic (DZ) twins arise when two separate eggs are 

fertilised by two separate spermatozoa and so, like other siblings in a family, share 

about half of their genetic composition. MZ and DZ twins are controlled for parents, 



gestational age, age and some, for sex. And as most twin studies are based on twins 

reared together, share a range of other environmental exposures. The classic twin 

model compares the degree of variance of a condition within MZ pairs and DZ pairs 

to determine the importance of genetics (184).  A purely genetic disease therefore has 

a correlation of 1 (or 100%) within MZ twins, but only 0.5 (or 50%) within DZ twins. 

If a disease is purely a result of the environment, the correlation of disease within MZ 

pairs will be similar to that within DZ pairs. The model is based on several 

assumptions, including that twins are representative of the general population and that 

the covariation in shared environments within MZ twins is the same as the covariation 

in shared environments for DZ twins. A further consideration within twin and family 

models is that for most diseases, neither genetics, nor environmental factors can 

explain all the variation in risk of a phenotype (or the presence or absence of disease) 

(185).  This has been attributed to the role of non-shared environment.  Therefore, the 

residual variation left after accounting for genetic susceptibility can be due to either 

shared (common) or non-shared (specific) factors that influence twins and indeed 

siblings differently (186).  Statistical methods can be used to determine the relative 

contribution of each of these factors and this approach forms a platform for more 

detailed and specific analysis of the respective genetic, shared or non-shared 

environmental factors. 

 

Twin and family studies of dental caries 

Family and twin studies can be used to determine the heritability, that is, the genetic 

contribution to the variation in a phenotype, as a percentage from zero to 100 (187).  

A study of 2600 participants from 740 families found that although the development 

of carious lesions in both primary and permanent dentition caries had a genetic 

component, the effect was greater in the primary dentition, with a heritability of 54 – 

70 % compared to the permanent dentition, with a heritability of 35 – 55% (188).  

 

A series of recent studies from a high-caries risk Brazilian twin cohort with no access 

to water fluoridation and limited access to professional dental care has provided 

considerable evidence that dental caries is influenced by genetics (189, 190).  

Relatively complex statistical modelling methods were used to determine a 

heritability of 76.5 and 70.8 for surface based caries prevalence rates (SBCPR) and a 



lesion severity index (LSI) respectively (189).  A follow-up study investigating the 

incidence of dental caries in the cohort also reported a significant genetic component 

with a heritability of 30 for net change in SBCPR and 36.1 for net change in LSI 

(190).  The authors do not comment on the significance of the markedly lower 

heritability estimates for caries incidence. An important note about heritability studies 

is that the reported values apply only to the conditions (e.g. environment, age, 

socioeconomic status) within the study. Therefore, the importance of genetics may be 

different in a cohort with access to water fluoridation. However, the authors argue that 

the true heritability of dental caries can only be studied when external factors such as 

fluoridation and professional dental caries are not part of the model. Additionally, as 

typified in the longitudinal study, where heritability for change in SBCPR ranged 

from 30 in the youngest age group (1.5 to 4-years) to 13.3 in 4 to 6 year old children 

and reached 46.3 in the children over six years of age, heritability can change 

depending on age. The change in heritability with time is a reflection of the change in 

the influence of environment. In the previous study, environmental factors appear to 

have more of an influence on the variance of the condition between 4 and 6 years of 

age, than the younger and older age groups. As such, focussing on heritability may be 

misguided when strong environment influences are present.  

 

Although rare, studies of twins reared apart can provide valuable insight into the 

heritability of conditions. Calculating the variation in intra-class correlation for MZ 

and DZ twin pairs reared apart has enabled an estimate of heritability in a series of 

older studies (191, 192).  A study of adult twins reared apart from childhood revealed 

a compellingly higher concordance for caries experience within MZ twins (ICC 0.79) 

compared to DZ twins (ICC 0.34) (191).  A heritability index of 0.9 was suggestive of 

a strong genetic component in dental caries.  A follow-up study that added to the data 

set showed this effect persisted, albeit in smaller magnitude with a heritability 

estimate of 0.64 (192).  

 

Human Genetic studies 

Advances in molecular genetics, especially with the advent of the human genome 

project, have enabled a more detailed assessment of the role of genetics in dental 

caries.  



 

Genome-wide studies 

 

Two genes located close to each other are likely to be linked, and therefore inherited 

together. Genetic linkage studies identify genetic loci by detecting genetic markers 

that are shared by family members with the condition but are not found in unaffected 

family members (193).  The earliest genome wide scan was a linkage study conducted 

on 279 people from 64 families in Cambodia (194). Although the authors suggested 

that several chromosome locations may map to regions with genes important in saliva 

and immunity, no specific gene associations were reported, possibly because of the 

very low sample size. Linkage studies are useful in the analysis of highly penetrable 

diseases where one gene mutation leads to disease. However their use in complex and 

common diseases such as dental caries, where multiple genes are likely to be 

involved, is limited. 

 

Genome-wide association studies (GWAS) survey the genomes of participants with 

different phenotypes (or with and without disease) to identify associated single 

nucleotide polymorphisms (SNPs).  SNPs describe a single base change in the DNA 

sequence that is shared by more than 1% of the population, and represent gene loci of 

importance in disease risk (195).  A GWAS of 518,997 genetic variants in 920 adults 

identified two significant genetic loci, LYZL2 and AJAP1, important in host defence 

and tooth development respectively, as well as a number of suggestive loci (196).  

The same research group also conducted a GWAS of dental caries in 1305 children 

and despite failing find to significant loci, did report a number of suggestive loci 

(197).  The authors suggested that the role of genetics in dental caries is complex and 

likely to be due to small contributions by a number of gene loci.  A GWAS comparing 

caries in the pits and fissures and identified different suggestive gene loci, indicating 

that genetic influence is different between the two patterns of dental caries (198). 

 

Candidate gene studies 

Candidate gene studies statistically assess the association between genetic variation 

and disease for specific, hypotheses based genes. Candidate gene studies have 

reported some, albeit conflicting, evidence for an aetiological role for genes involved 



in such caries risk factors as taste, immunity, saliva and tooth morphology and 

formation (183).  

 

Problems with genetic studies of dental caries 

Despite rapid developments in the field of genomics and bioinformatics, it is evident 

that there remains insufficient consistency in the description of the outcomes to 

identify specific genetic risk factors. This reflects a number of challenges, including 

the difficulty of establishing appropriate and consistent definitions for the phenotype 

(45).  Vieira et al, in their genome-wide linkage study subdivided ‘caries experience’ 

into four different phenotypes spanning very low to high caries experience (194).  

Shaffer et al used five novel phenotypes in their GWAS, based on cluster analysis to 

identify patterns of surface predisposition to dental caries (55, 196).  In their 

candidate gene study, Wendell et al dichotomised caries experience into those with 

carious lesions as opposed to those without (199).  Slayton et al compared participants 

with DMFT of zero and those with a DMFT above three, excluding the intermediate 

group with DMFT of 1 - 3 (200).  Despite the variations in phenotypes, all these 

studies are based on caries experience rather than active disease.  The difficulty in 

interpreting whether a carious lesion is a site of active disease or simply a result of 

previous disease is an inherent issue in epidemiological, including genetic, studies of 

dental caries.  Longitudinal studies that measure changes in caries increment are 

likely to be able to better identify individuals with active disease rather than studies 

utilising one off caries prevalence.  

 

MIH/HSPM 

As environmental factors have been the main focus of aetiological studies of MIH, 

genetic studies are lacking.  There have been no family or twin studies of MIH or 

HSPM.  A genome wide association study (GWAS) revealed a gene locus near 

SCUBE1 gene on chromosome 22 that may be important in MIH (206).  However the 

study was underpowered and may have failed to identify important genome wide 

significant associations.  A study of genes known to be involved in tooth development 

revealed an association between specific markers and MIH (207) . While some 

genetic variants increased the susceptibility to MIH, others appeared to be protective.  



The authors suggest that an interplay between genetic and environmental factors 

explains the multifactorial aetiology of MIH/HSPM.  

 

Epigenetics 

The importance of epigenetics in complex diseases is increasingly recognised and 

may apply to dental caries and MIH/HSPM (201).  Epigenetics describes the heritable 

modifications of genes, leading to differences in DNA expression within different 

tissues (83).  Aside from cell lineage specification, epigenetics appear to mediate 

environmental influences on the gene expression.  A study of several birth tissues in 

56 MZ and 35 DZ newborn twins revealed that despite having identical DNA 

sequences and a degree of similarity in their epigenomes, MZ twins also have 

considerable discordance in epigenetic markers (202).  Environmental mediation of 

epigenetic changes has been reported to occur from as early as the intra-uterine 

period, with a follow-up study of the same cohort indicating that non-shared 

intrauterine conditions, such as discordant placental weight and umbilical cord 

insertion could explain the discordance in epigenome (203).  The most common 

epigenetic modification is gene methylation, addition of a methyl –CH group in CpG 

dinucleotides within the DNA sequence.  

 

Despite recent interest, epigenetic dental studies are rare (204).  However, a recent 

very small epigenome-wide association study identified differential methylation of 

nine genes involved in cartilage, bone, tooth and neural development that may explain 

hypodontia (205).  Further studies investigating the role of epigenetic factors in dental 

caries would improve understanding of the aetiology of the condition and the 

mechanisms by which the disease is mediated by environmental factors. 

 

Both a genetic predisposition and an environmental systemic cause would be expected 

to affect teeth in a stable, temporal pattern. However, in the case of MIH and HSPM, 

the cause must be able to explain why teeth forming at the same time can be affected 

to varying degrees. Therefore localised factors may influence the occurrence of MIH. 

Epigenetic factors can be site specific and could potentially impart different 

influences on teeth forming at the same time, albeit in different location. However, 

there are no epigenetic studies of MIH. 



 

Conclusions 

Oral diseases such as dental caries and MIH have a significant impact on Australian 

society due to their wide prevalence and impact on child health and development. 

Dental caries is a widely researched disease that continues to baffle with its 

persistence. MIH and HSPM are relatively recently described conditions with a 

rapidly growing evidence base that is nevertheless, incompletely understood, 

particularly in regards to aetiology and pathogenesis. In both conditions, early life is 

recognised to be a critical period in terms of disease risk. Understanding the 

importance of genetics and environment is a vital step in determining the aetiology of 

both dental caries and MIH/HSPM, where a combination of factors is likely to be 

important. This in turn, fosters the development of diagnostic and preventive 

measures that will effectively reduce the impact of these conditions. Reducing oral 

disease in childhood promises to not only improve oral health later in life but also 

contribute to improving overall health. 

  



3 Methods & Conceptual Framework 

3.1 PETS Cohort 

The Peri/postnatal Epigenetic Twins Study (PETS) is a unique, longitudinal study of a 

birth cohort of 250 mothers and their twin children that was established in 2007. 

Women, pregnant with twins, were recruited mid-gestation and data collected on 

maternal nutrition and lifestyle risk at various time-points including the immediate 

post-natal period. The cohort was reviewed again when the twins were 18 months of 

age and information about health and nutrition and biological samples were collected.  

A summary of data collected as part of PETS is provided in figure 4. 

 

All 250 PETS twin pairs have been invited to participate in the current NIH-funded 

stage of the study, titled “What links dental health, heart health and gut health? A 

study of twin children” (#5R01DEO19655-02). Ethics approval was obtained from 

the Royal Children’s Hospital Human Research Ethics Committee. Data is collected 

using online questionnaires and includes information regarding oral health, general 

health and diet. Families then attend the Royal Children’s Hospital for a dental 

examination and collection of bio-samples.  

Figure 4: Summary of data collected in the PETS cohort 



3.2 Dental examination 

Two trained and calibrated dental practitioners conduct a standardised comprehensive 

dental examination to assess soft and hard tissues, in particular dental caries and DDE 

including HSPM. Standard cross-infection protocol is adhered to, including the use of 

gloves and glasses. Dental caries is recorded using the International Caries Detection 

and Assessment System (ICDAS), which is a validated tool to record the depth of 

carious lesions. MIH/HSPM is measured using both the modified DDE Index 

(mDDE), a validated tool for epidemiological studies of DDE and a new MIH/HSPM 

specific criteria. While the mDDE is a broad index for all forms of DDE and has been 

used extensively in studies of DDE, the latter is a recently developed modification of 

the European Academy of Paediatric Dentistry Judgment Criteria, which allows for 

measurement of the nature, extent and severity of MIH/HSPM lesions.  

3.3 Analysis Plan 

Hypotheses 1 & 2 

1. MZ and DZ twins are equally correlated for risk of dental caries.  

2. MZ and DZ twins are equally correlated for risk of HSPM. 

 

If the null hypothesis is rejected, variance components models will be fitted using the 

assumptions of the classic twin model to determine the contribution of additive 

polygenic (A) and shared (C) and non-shared (E) environmental factors to the 

variation in risk of dental caries and HSPM. If, suggestive of a lack of genetic 

influence, the null hypothesis cannot be rejected, the component due to additive 

polygenic effects (A) will be set to equal 0 and the contribution of shared (C) and 

non-shared environment (E) to the variation in risk of dental caries and HSPM will be 

estimated.   

  



Hypotheses 3 & 4 

3. Pre- and perinatal shared and non-shared factors are not associated with dental 

caries at age 6. 

4. Pre- and perinatal shared and non-shared factors are not associated with 

HSPM. 

 

A comprehensive list of both shared and 

unshared factors from pregnancy and early 

childhood that are potentially associated with 

risk of dental caries and MIH/HSPM will be 

investigated in this project (Table 1). The 

factors of interest have been identified through 

a comprehensive literature review of the 

aetiology of these conditions, including a 

systematic review of the aetiology of 

MIH/HSPM. Directed acyclic graphs are 

shown in Figure 5 and 6. Statistical analysis 

will involve within and between pair analysis 

as well as cross-sectional (non-twin specific) 

analysis of the cohort as individuals with 

appropriate adjustment for within pair correlation. 

 

 

 

 

 

 

 

 

 

 

 

 

Shared factors 

Maternal obesity  

Maternal illness 

Maternal stress 

Maternal vitamin D 

Maternal inflammation 

Maternal smoking 

Maternal alcohol intake 

Medication during delivery 

Delivery mode 

Non-shared factors 

Placental attachment 

Intra-uterine growth restriction 

Birth weight 

Admission to NICU/SCN 

Apgar Score 

Duration of birth hospitalisation 

Vitamin D at birth 

Table 1: Shared and non-shared factors 



 

Figure 5: Directed acyclic graph demonstrating proposed association between prenatal and perinatal factors and dental caries 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 6: Directed acyclic graph demonstrating proposed association between prenatal and perinatal factors and dental HSPM 

  



4. Preliminary data 

4.1 Systematic Review 

Aetiology of Molar Incisor Hypomineralisation – A Systematic Review 

Silva MJ, Scurrah K, Craig JM, Manton D, Kilpatrick, N 

 

Submitted for publication January 2016 - minor revisions requested February 2016 

 

Abstract 

Objectives: Molar incisor hypomineralisation (MIH) is a common developmental 

dental defect of permanent teeth, which can increase the risk of dental caries, 

infection, and hospitalisation. The aetiology is currently unclear although prenatal or 

early childhood health factors are suspected. The aim of this systematic review was to 

assess the strength of evidence linking aetiological factors with MIH. 

 

Methods: A systematic search was conducted using the Medline and Embase 

electronic databases for studies investigating environmental aetiological factors of 

MIH. Two reviewers assessed the eligibility of studies. The level of evidence and bias 

was determined for all eligible studies according to Australian National Health and 

Medical Research Council guidelines for systematic reviews of aetiology and the 

Newcastle-Ottawa Scale. 

 

Results: From a total of 2254 studies identified through electronic and hand 

searching, 28 were eligible for inclusion. Twenty-five of these investigated MIH and 

three investigated a related condition in primary teeth, Hypomineralised second 

primary molars (HSPM) and these were analysed separately. 

 

A limited number of studies reported significant associations between MIH and pre- 

and perinatal factors such as maternal illness and medication use in pregnancy, 

prematurity and birth complications. Early childhood illness was implicated as an 

aetiological factor in MIH in several studies, in particular fever, asthma and 

pneumonia. The studies investigating HSPM revealed an association with maternal 



alcohol consumption, infantile fever and ethnicity. However, the validity of these 

findings is impaired by study design, lack of adjustment for confounders, lack of 

detail and consistency of exposures investigated and poor reporting. 

 

Conclusions: Childhood illness is likely to be associated with MIH. Further 

prospective studies of the aetiology of MIH/HSPM are needed. 

4.2 Data Checking and cleaning of exposure data  

Extensive data checking and cleaning of the questionnaire data obtained from 

pregnancy and at 18 months of age has been completed.  

  



5 Relevance and importance of the study 

 

HSPM and dental caries are two common conditions affecting the health and well 

being of children, with lifelong implications. As dental caries and HSPM can present 

as significant clinical problems from a very young age, identifying early risk factors 

of the conditions is important. However, there is a scarcity of good quality evidence 

regarding the role of pre- and perinatal factors in the susceptibility to dental caries and 

HSPM. Prospective cohort studies are difficult and expensive to conduct, but provide 

the highest level of evidence for studies of aetiology where randomised controlled 

trials are not possible. With access to comprehensive, prospectively collected data 

from pregnancy (including biosamples), this study is uniquely placed to answer the 

important questions regarding the relationship between early life factors and oral 

disease in childhood.  

 

As a twin cohort, this study will also be able to identify the contribution of genetic 

and shared and non-shared environment in HSPM and dental caries. This study is the 

first ever family study conducted on HSPM and will for the first time, clarify whether 

genetic factors are important in the condition.  

 

Although non-shared environment has been recognised to be important in many 

complex behavioural diseases, its role in oral disease has not been widely researched. 

This study will be one of few to investigate the contribution of non-shared 

environment on the variation in risk of oral conditions. 
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