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General introduction

General introduction

Oral health is determined by multiple factors and biological processes, initiating from
embryonic development and extending throughout the life course. Teeth already start
to develop in an embryo of approximately 45 days old [1]. Before eruption of the first
teeth at the age of six months, the teeth undergo several stages in which dental enamel
is formed [2]. Dental enamel is a calcified tissue consisting of hydroxyapatite crystals
and is the hardest tissue in the human body [1]. Despite its hardness, however, dental
enamel may be affected by several entities. Molar Incisor Hypomineralization (MIH) and
Hypomineralized Second Primary Molars (HSPM) for example, are two diseases in which
the dental enamel shows mineralization defects after eruption. To date, there is limited
knowledge about the etiology of MIH and HSPM. They both lead to more vulnerable
dental enamel which leads to a higher risk of caries development [3, 4]. Dental caries
is the other, much more common, disease of the enamel in which demineralization by
external influences is the problem. Unlike MIH and HSPM, the etiology of dental caries
has been well established, which have led to the development of effective preventive
strategies such as fluoridation of toothpastes or the Nexø-method in which the focus
lies on the patient’s responsibility for self-care and the interval between periodic visits
is based on the patient’s level of self-care, the eruption period of the permanent teeth
and the caries progression within the dentition and especially in the permanent first
molars [5, 6]. However, up to now the prevalence of caries remains relatively high, with
approximately 24% of all five-year-old children in the Netherlands [7]. Identification of
risk groups and new risk factors may be a promising approach to facilitate more effective
prevention. This thesis will focus on MIH, HSPM, and dental caries, tooth disorders in
which the dental enamel plays a central role.

MIH and HSPM
Generally, MIH can be seen as enamel hypomineralization of the first permanent molars
and/or incisors and HSPM as enamel hypomineralization of the second primary molars
[8-10]. In some cases, the tips of permanent canine cusps and/or permanent premolars
are affected as well. Enamel hypomineralization of these other sites, however, is little
studied. Therefore, MIH is still defined as “enamel hypomineralization from systemic
origin of one to four first permanent molars and is frequently associated with affected
incisors as well” [10].
Clinically, MIH and HSPM affected teeth can be recognized by demarcated
opacities with a white, yellow or brown aspect (Figure 1.1). Among oral healthcare
professionals in the Netherlands, MIH and HSPM are often referred to as “cheese
molars”, because of their visual resemblance to cheese. The diagnosis of enamel
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hypomineralization in most research is based on the European Academy of Pediatric
Dentistry (EAPD)-criteria for MIH (Table 1.1) [10, 11]. Elfrink et al. made an adaptation
to these criteria with regard to HSPM [12]. Furthermore, many researchers added a
distinction between mild and severe hypomineralization [11]. The mild form only shows
opacities and severe hypomineralization includes posteruptive enamel loss, atypical
caries lesions, atypical restorations and/or atypical extractions [12].

Figure 1.1. A: MIH of the first permanent molar in the right upper jaw showing yellow opacities over the
entire occlusal surface. B: HSPM of the second primary molar in the right upper jaw showing a big occlusal
restoration and a brown/yellow opacity on the mesiopalatal cusp.

Table 1.1. EAPD criteria for scoring HSPM and MIH on intra-oral photographs (Elfrink et al. 2009;
Weerheijm et al. 2003)
Mild:

Opacity: A defect that changes the translucency of the enamel, variable in degree. The
defective enamel is of normal thickness with a smooth surface and can be white, yellow or
brown in color. The demarcated opacity is not caused by caries, ingestion of excess fluoride
during tooth development or amelogenesis imperfect etc.

Severe:

Posteruptive enamel loss: A defect that indicates surface enamel loss after eruption of the
tooth, e.g., hypomineralization related attrition. Enamel loss due to erosion was excluded,
and/or
Atypical caries: The size and form of the caries lesion do not match the present caries
distribution in the child’s mouth, and/or
Atypical restoration: The size and form of the restoration do not match the present caries
distribution in the child’s mouth, and/or
Atypical extraction: Absence of a molar that does not fit in the dental development and
caries pattern of the child.

The burden of MIH is high with a calculated estimate of 878 million affected
people worldwide, roughly 11% of the complete world population [13]. Within the
Netherlands the reported prevalence of MIH is comparable and is somewhere around
10
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10% [14-16]. The prevalence of HSPM in Dutch children is calculated between 5% and
10% [17, 18]. As a result of the weaker enamel, they are more susceptible to dental
caries, dental pulp inflammation, pain and/or hypersensitivity [4, 8, 13, 19, 20]. This
leads to extra usage of healthcare, probable extra healthcare costs and a decreased
oral health-related quality of life [13, 21, 22]. Therefore, accurate management of MIH
and HSPM in patients is important and prevention is desirable, but not possible yet.

Dental caries
Dental caries is defined as “localized destruction of susceptible dental hard tissues
by acidic by-products from bacterial fermentation of dietary carbohydrates” [23].
Hence, caries is not caused by intrinsic factors, but the biofilm in which these bacteria
fermentate carbohydrates.
The global burden of dental caries in both the primary and permanent dentition
is tremendously high with almost three billion affected people [24]. Dental caries not
only causes tooth pain, but also leads to significant disease burden in a population
[25]. In children, caries decreases theirs and their parents’ quality of life, and produces
considerable health costs on the short and long term [26-28]. Therefore, prevention
of this disease is desirable.
In the last decades, great steps have already been taken in caries prevention.
Epidemiologic research showed a great global decline of the caries prevalence among
5- and 12-year-olds [29]. A similar trend had been observed in the Netherlands [30, 31].
One of the major causes for this decline was the introduction of fluoride-containing
toothpastes in the seventies [32]. The preventive fraction was calculated to be between
23% and 36%, dependent of the fluoride concentration used [33]. Another contributing
factor is the better oral health behavior of children in terms of more accurate biofilm
control and less sugar intake [29, 34]. Still, there is potential for even more effective
prevention. Especially in certain risk groups within the population.

Tooth development
Knowledge about the development of teeth gives clearer insight behind the etiological
processes of dental enamel hypomineralization and dental caries. Therefore, the
odontogenesis is presented within this paragraph before other research on the etiology
of both enamel diseases is discussed.
Dental enamel formation is a highly complex process starting with the formation
of the dental lamina at age 42–48 days of the embryo [1]. Within this lamina a dental
11
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placode develops from which tooth development proceeds in three consecutive stages:
the bud-, cap-, and bell stage [1]. In the bud stage the epithelial cells of the dental lamina
invaginate into the ectomesenchyme of the jaw. During transformation to the cap stage,
around this invagination, the cellular density of the ectomesenchyme increases [1]. The
tooth bud grows larger around the condensed ectomesenchyme and forms a cap of
epithelial cells [1]. The “cap” forms the enamel organ, the condensed ectomesenchyme
the dental papilla, and around those two another structure develops; the dental follicle
[1]. As histodifferentiation within the tooth germ proceeds, the bell stage is reached at
the moment when the enamel organ morphology resembles a bell [1]. The deciduous
teeth already reach the bell stage at the fetal age of fourteen weeks [1]. Eighteen weeks
later, still in utero, also the permanent first molars reach the bell stage [1]. After this,
the crown stage starts in which the amelogenesis starts from the ameloblasts within
the enamel organ and dentinogenesis from the odontoblasts within the dental papilla
[1]. All distinct stages of dentinogenesis are shown in Figure 1.2.

Figure 1.2. The distinct stages of dentinogenesis.
Adapted from Nanci, ten Cate’s Oral Histology 2012, with permission from the publisher and author.

Shortly after the first dentin is formed by the odontoblasts, the ameloblasts of
the inner enamel epithelium begin to secrete enamel proteins [1]. In this secretory
phase, the ameloblasts develop a cytoplasmatic extension called the Tomes’ process
[1]. The Tomes’ process plays a crucial role in the characteristic orientation of the
enamel crystallites into enamel rods and interrod enamel [1]. When the enamel layer
reaches its full thickness, the ameloblasts lose their Tomes’ process and follow cyclical
morphological changes of ruffle-ended cells or smooth-ended cells [1]. They either are
able to excrete inorganic material or to take up protein fragments and water, respectively
[1]. Both with the purpose to allow for crystal growth at the expense of enamel proteins
and fluid that were secreted during the secretory phase [1]. This phase is called the
maturation phase. Within this phase the dental enamel hardens to the hardest calcified
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material of the body, with a mineral concentration of 96%, composed of hydroxyapatite
crystals substituted with carbonate ions [1].
Complete crown formation of the deciduous teeth takes up to infancy. The central
incisors are completed first at the age of two months and the second deciduous molars
are finished last at the age of eleven months [2]. Crown formation of the permanent
teeth takes even longer up to childhood and adolescence. In the permanent dentition
the central incisors are finished first at the age of 5 years, up to the age of 14 for the
third molars [2].

Etiology of dental enamel hypomineralization
Since enamel formation of the first permanent molars already starts at the embryo’s
age of 32 weeks and takes up to the age of 4 years, especially this time period could be
interesting to study any potential risk factors for MIH. Pioneers who investigated the
etiology of MIH, found various risk factors for MIH such as environmental conditions,
respiratory tract problems early in life, perinatal complications, dioxins, calcium and
phosphate metabolic disorders, drug use, and frequent childhood diseases [35-39].
However, the latest systematic review on the etiology of MIH only found substantial
evidence for early childhood illness to be associated with the presence of MIH [40].
Clearly, the etiology of MIH has not been unraveled yet and seems to be caused by a
complex interplay of multiple interruptive factors.
In the search for the etiology of HSPM, causative factors should be sought in the
period between the eighteenth week in utero and the age of eleven months. The period
in which the second primary molars are formed. However, literature about the etiology
of HSPM is even scarcer than for MIH. MIH and HSPM seem to have some shared risk
factors, i.e. a high experience of medical conditions around the perinatal period and
any fever in the child’s first year of life [15, 41]. Elfrink et al. also identified maternal
alcohol consumption during pregnancy and low birth weight as risk factors for HSPM
[15]. Interestingly, having HSPMs is found to be a risk factor for getting MIH which is
indicative for shared risk factors [42]. This is important in the follow-up of children
affected by HSPM. Recently, a prospective twin study was published about the etiology
of HSPM [43]. They added infantile eczema, vitamin D at birth, in vitro fertilization (IVF),
maternal smoking beyond the first trimester of pregnancy, and high socioeconomic
position (SEP) to the list of risk factors for HSPM [43]. Genetic influence appeared to be
limited in the development of HSPM [43].

13
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Etiology of dental caries
As little is known about the etiology of dental enamel hypomineralization, as much is
known about the etiology of dental caries. A review of Kidd and Fejerskov presented
an informative overview of the histopathology of dental caries [44]. The key element
that constitutes dental caries is the dental plaque or the dental biofilm [44]. A biofilm
is defined as a 3D accumulation of interacting microorganisms attached to a surface,
embedded in a matrix of extracellular polymers [45, 46]. The biofilm attaches to the
dental pellicle and shows pH-fluctuations under influence of acidic by-products from
bacterial fermentation of dietary carbohydrates [44]. If this fluctuation favors a low pH
over a high pH, eventually demineralization may take the overhand resulting in a caries

Figure 1.3. The multifactorial origin of dental caries.
Adapted from Fejerskov and Manji, 1990 with permission from the publisher and author.
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lesion [44]. Hence, caries prevention and control are all about limiting the magnitude of
the pH fluctuations within the biofilm [44, 47]. However, this is a multifactorial process
and therefore difficult to control. Most important factors contributing to the caries
process are diet, fluoride use, and salivary secretion rate, but many more factors play
a role in keeping the equilibrium in favor of remineralization (Figure 1.3) [23].

Sociodemography of dental caries
One group of those factors are personal factors, i.e. ethnic background and SEP [23].
Differences in oral health among ethnic groups have been reported by various studies
from the Netherlands and other parts of the world [30, 48-51]. These studies indicated a
higher prevalence of caries among children from immigrant or ethnic minority groups.
Furthermore, a low SEP was found to be significantly associated with a higher risk of
having dental caries in both children and adults [52-57]. In the association between
ethnicity and health, SEP might play an important mediating role. The equilibrium of
re- and demineralization seems to tilt in favor of demineralization in children from an
ethnic minority group and in children from a family with a low SEP.

Genetics and dental caries
Genetic susceptibility is a less common studied risk factor, but the first clue that genes
play a role in developing caries was already suspected in an animal model 50 years
ago and later twin studies confirmed this finding [58-60]. Heritability was found to play
an important role in caries progression and severity in the primary and permanent
dentition of children, with heritability estimates (H) ranging between H = 30.0 to H =
36.1 [60]. Only a few genetic loci, however, were associated with dental caries. Then,
the first genome wide association studies (GWAS) for dental caries were performed in
children and adults [61-64]. Before this thesis, the largest GWAS for dental caries in the
permanent dentition was performed in a Hispanic and Latino population (n = 11,754)
which reported an association to different genetic loci (NAMPT and BMP7), but without
any evidence for replication across all the GWAS efforts, pleading for larger well-powered
GWAS [65]. There is still great potential for GWAS in larger populations, because of the
assumed modest effects of common genetic variants on caries susceptibility.

Early origin of dental caries
Another factor that may play a role in caries susceptibility is the pregnancy course. Suboptimal intra-uterine circumstances might influence the process of tooth development
in utero by insufficient enamel secretion and maturation negatively. Several studies
15
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already assessed prenatal and early postnatal risk factors for dental caries, but literature
has not been conclusive yet. Still, it seems that a trend towards a positive relationship
between adverse pregnancy outcome and dental caries exists [66-71].

Oral health assessment in longitudinal studies
Population-based cohort studies offer great opportunities for identification of risk
factors for both dental caries and MIH. Such a design is ideal for studying relatively rare
diseases as dental enamel hypomineralization, because of the high numbers of included
participants within the study but is also suitable for studying the effect of common
diseases as dental caries on a population. However, these oral health parameters are
rarely included in longitudinal cohort studies. The most prominent reason for the lack of
dental research within large scale studies, is the effort, time and cost of the assessment
of dental enamel hypomineralization and dental caries. Detection of both conditions
is usually performed by oral examination of a dentist or comparable professional [12,
72]. However, in the context of a cohort study, in which multiple outcomes are studied,
appointing a dental professional for clinical examination is logistically and financially
difficult. Therefore, this thesis will try to provide a convenient solution for digital
assessment of both dental enamel hypomineralization and dental caries.

Aims
The overall aim of this thesis is to contribute to the understanding of the etiology,
sociodemography, and risk factors of dental enamel hypomineralization and caries by
performing several epidemiologic studies. Therefore, the following research questions
were formulated that will be answered in the upcoming chapters (Table 1.2):
1. How are bone health and vitamin D-status related to the presence of dental enamel
hypomineralization in children?
2. Does vitamin D-status play a mediating role in a possible association between bone
health and dental enamel hypomineralization?
3. Which six-year-old children are most prone to have dental caries and what are
possible causes of those inequalities?
4. Are (fluorescent) digital photographs a reliable source for oral health assessment
in the context of longitudinal cohort studies?
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Table 1.2. Main characteristics of all included studies

Chapter

Study
sample
(N)

Population
age

2.1

6,510

2.2

1

Study design

Main exposure

Main outcome

Six-year-olds

Cross-sectional
analysis embedded
within Generation R

Bone health

Dental enamel
hypomineralization

4,750

Six-year-olds

Longitudinal
analysis embedded
within Generation R

Vitamin D

Dental enamel
hypomineralization

3.1

4,306

Six-year-olds

Cross-sectional
analysis embedded
within Generation R

Ethnicity

Dental caries

3.2

17,037

2.5–12 years
(primary
dentition)
6.0–18 years
(permanent
dentititon)

Consortium based
Genome Wide
Association Study

Genotype

Dental caries

13,353

3.3

5,189

Six-year-olds

Cross-sectional
analysis embedded
within Generation R

Socioeconomic
Position

Dental caries

3.4

5,323

Six-year-olds

Longitudinal
analysis embedded
within Generation R

Pregnancy
complications

Dental caries

4

113

9.0–18 years

Cross-sectional
analysis within
a small dental
practice

-

Dental caries and
dental enamel
hypomineralization

Setting
Most studies were conducted within the Generation R Study. This is a population-based
prospective cohort study in which children are followed-up from fetal life until young
adulthood [73]. The Generation R study includes a population with many different
sociocultural and socioeconomic backgrounds, which enables to study the effect
of those factors on a certain phenotype. Pregnant women living in Rotterdam, the
Netherlands, were eligible for inclusion if the delivery date was expected to be between
April 2002 and January 2006. After the inclusion period, 9,749 children were included in
the study. More than 95% of those children (n = 9,278) and their parents were invited
in early childhood (around the age of five years) to visit the research center for data
collection, including intra-oral dental photography. Eventually, 6,690 children visited
17
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the research center of whom intra-oral photographs were made to assess dental caries
and dental enamel hypomineralization. Furthermore, two studies were situated in
another setting. The genetic studies were carried out in the context of an international
consortium including Generation R, which is needed to study the weak genetic effects
typically identified by genome-wide association studies. Finally, we performed a study
on a photography-based method to assess dental enamel hypomineralization and
dental caries in a purely clinical setting.

Outline of the thesis
Chapter 2 focuses on dental enamel hypomineralization. In chapter 2.1 the association
between bone mass and dental enamel hypomineralization is studied. In particular
we investigate whether a smaller potential of bone mineralization may be associated
with dental enamel hypomineralization. Chapter 2.2 elaborates on whether fetal,
neonatal, and child vitamin D levels influence the susceptibility of dental enamel
hypomineralization.
From Chapter 3 the focus is set on the other enamel disease studied in this thesis,
dental caries. Chapter 3.1 sheds light on ethnic disparities in dental caries prevalence
among Dutch children. The possible genetic caries risk is the main focus of Chapter 3.2.
Chapter 3.3 tries to fill two knowledge gaps; one on the most important proxy of SEP
in the association between SEP and dental caries and the other on the demographic
distribution of caries prevalence within the study. In chapter 3.4 the possible influence
of a complicated pregnancy course on later oral health is studied. Sociodemographic
and prenatal factors influencing the risk of dental enamel hypomineralization were
already studied by a colleague within the same population, and therefore not included
in this thesis [15, 74].
Chapter 4 focuses on the possibility of fluorescent and white light photographs
for the purpose of dental enamel hypomineralization and dental caries assessment in
longitudinal population-based cohort studies, which is unstudied yet.
Finally, Chapter 5 summarizes our main findings, compares them with the existing
literature, discusses limitations and strengths of our studies, and provides suggestions
for future research.
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Abstract

The aim of this study was to examine the association between the bone mass
(Bone Mineral Content) and hypomineralized second primary molars (HSPM)/
molar incisor hypomineralization (MIH) in six-year-old children. This cross-sectional
study was embedded in the Generation R Study, a population-based, prospective
cohort study from fetal life until adulthood in Rotterdam, The Netherlands. The
European Academy of Pediatric Dentistry (EAPD) criteria were used to score the
intra-oral photographs on the presence or absence of HSPM and MIH. Bone mass
was measured using a Dual-energy X-ray Absorptiometry scan (DXA-scan). Intraoral photographs and DXA-scans were available in 6,510 six-year-old children.
Binary logistic regression models were used to study the association between
the bone mass and HSPM/MIH. In total, 5,586 children had their second primary
molars assessed and a DXA-scan made, 507 children were diagnosed with HSPM.
Of 2,370 children with data on their permanent first molars 203 were diagnosed
with MIH. In the fully adjusted model, children with lower Bone Mineral Content
(BMC) (corrected for bone area) were more likely to have HSPM (OR 1.13, 95%CI
1.02–1.26 per 1 SD decrease). A lower BMC (corrected for bone area) was not
associated with MIH (OR 1.02, 95%CI 0.87–1.20 per 1 SD decrease). We observed
a negative association between BMC (corrected for bone area) and HSPM. No
association was found between BMC (corrected for bone area) and MIH. Future
research should focus on investigating the mechanism underlying the negative
association between the bone mass and HSPM. Our study, in a large population
of six-year-old children, adds the finding that BMC (corrected for bone size) is
associated with hypomineralized second primary molars, but not with molar
incisor hypomineralization in childhood.

Association between bone mass and dental hypomineralization

Introduction
Molar incisor hypomineralization (MIH) is defined as hypomineralization of systemic
origin of 1 to 4 permanent first molars and it is frequently associated with affected
incisors of the upper jaw and, more rarely, of the lower jaw [1]. This qualitative enamel
defect, which can be seen as demarcated opacities, can also be found in second primary
molars [2]. This defect has been defined as hypomineralized second primary molars
(HSPM) [3]. Hypomineralization of teeth can be effectively measured using quantitative
backscattered electron imaging (qBEI) of tooth biopsies, but is generally diagnosed by
just the clinical view of a dentist [4]. Both MIH and HSPM are risk factors for caries [1, 5].
Moreover, a recent study in Generation R has shown that children with HSPM are at risk
of developing MIH [6]. Two recent reviews on the risk factors of MIH identified several
factors related to the occurrence of MIH such as exposure to polychlorinated biphenyls
(PCBs)/dioxins, pre-, peri- and neonatal complications, childhood malnutrition, common
childhood illnesses and/or their treatment, being part of a medically compromised
population and genetic susceptibility [7, 8]. In addition, they have suggested similar
risk factors for HSPM that occur earlier in life [9]. However, the exact etiology of MIH
and HSPM remains unclear. As the enamel of molars with HSPM and MIH contains less
mineral content compared with sound molars, enamel maturation should be taken
into consideration for further identification of possible risk factors for HSPM and
MIH [10, 11]. Also, the role of minerals such as calcium and bicarbonate needs to be
elucidated. Evidently, the metabolism of minerals, such as calcium and phosphorus,
plays a crucial role in enamel maturation [12]. The process of enamel maturation mimics
bone remodeling, with calcium and phosphorus being the main bone-forming minerals
[13]. Contrary to enamel formation bone tissue is remodeled continuously throughout
life. Enamel formation of a first permanent molar starts at the gestational age of eight
months and is completed by the age of four years [8]. Enamel of the second primary
molar is developed earlier and begins at the 18th week of gestation until the age of
one [14]. However, since the same minerals play an essential role in bone and enamel
formation, the presence of HSPM or MIH have been suggested to be indirectly associated
with the bone mass at the moment of development of the teeth [15]. Thus far, one
cross-sectional study examined the association of Bone Mineral Density (BMD) with
the occurrence of caries. They found that higher bone mineralization at a younger age
(age ≤ 12 years) was associated with a lower risk of caries [15]. Further identification
of prognostic factors for the early detection of HSPM and MIH in children may help to
build preventive strategies.
Therefore, the purpose of this study was to examine the association between the
bone mass and HSPM/MIH in six-year-old children in a cross-sectional analysis.
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Materials & methods
Study design
The study was embedded in the Generation R Study, a population-based, prospective
cohort study from fetal life until adulthood in Rotterdam, The Netherlands [16]. Mothers
were eligible if their residence was in the study area and if they had a delivery date
from April 2002 until January 2006. Enrollment in the study was aimed during the first
trimester of pregnancy, but it was later extended until the birth of the child. Eventually,
9,778 mothers were enrolled in the study with a total of 9,745 children. The study
has been approved by the Medical Ethics Committee of the Erasmus Medical Center,
Rotterdam (MEC 198.782/2001/31). Written informed consent was obtained from all
participants. From 6,510 (66.8%) children, both intra-oral photographs and Dual Energy
X-ray Absorptiometry (DXA) scans were available (Figure 2.1.1). The children visited the
Erasmus Medical Centre-Sophia between March 2008 and January 2012. Their mean
age at assessment was 6.2 years (4.9–9.1 years, SD 0.52).

Assessed for eligibility
Pregnancies (n = 9,778)
Children (n = 9,897)
Excluded (n = 152)
 Intra-uterine death (n = 78)
 Abortion (n = 29)
 Other reasons (n = 45)
Live births (n = 9,745)
Excluded (n = 1,852)
 No consent (n = 38)
 Other reasons (n = 1,814)
Postnatal participants (n = 7,893)
Excluded (n = 1,383)
 Not visited research centre
for photographs and DXAscan (n = 1,203)
 Not visited research centre
for DXA-scan (n = 180)
Eligible for analysis (n = 6,510)
Figure 2.1.1. Flowchart of participants.
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HSPM and MIH diagnoses
In order to visualize HSPM and MIH, an intra-oral camera was used [Poscam USB
intra-oral (Digital Leader PointNix) or Sopro 717 (Acteon) autofocus camera, 640 X
480 pixels]. The minimal scene illumination of both cameras was f 1.4 and 30 lx. All
children of Generation R were invited to participate in taking photographs. Before
taking a photograph, participants were asked to brush their teeth. Thereafter, excessive
saliva was removed with a cotton roll and trained nurses and dental students took
photographs of the teeth. Approximately 10 photographs were taken per child, of all
the teeth in 1–2 minutes. The validity of using an intraoral camera for detecting HSPM
was tested and appeared to be high (sensitivity: 72.3%, specificity: 92.8%) [17]. The
inter-observer agreement reliability was good (kappa coefficient 0.62) and the intraobserver agreement was excellent (kappa coefficient 0.95) [17]. Afterwards, a trained
pediatric dentist scored the photographs, in full-screen mode, using the European
Academy of Pediatric Dentistry (EAPD) criteria for HSPM and MIH (Table 2.1.1). If a first
permanent molar or a second primary molar met one or more of the EAPD criteria,
the child was diagnosed as having MIH or HSPM. The presence or absence of HSPM
and MIH was considered ‘unidentifiable’ if the tooth, or the place where it should be,
was not shown on the photographs. This value was given only if no photographs
were made, if only one photograph was made or if there was a limitation in judging
individual teeth. To test the intra-observer agreement, 649 children were scored for a
second time after at least six weeks. The Cohen’s kappa scores reached 0.82 for HSPM
and 0.85 for MIH. A second trained pediatric dentist re-evaluated approximately 10% of
the photographs (648 children) to estimate the inter-observer agreement. The Cohen’s

Table 2.1.1. EAPD criteria for scoring HSPM and MIH on intra-oral photographs (Elfrink et al. 2009;
Weerheijm et al. 2003)
Mild:

Opacity: A defect that changes the translucency of the enamel, variable in degree. The
defective enamel is of normal thickness with a smooth surface and can be white, yellow or
brown in color. The demarcated opacity is not caused by caries, ingestion of excess fluoride
during tooth development or amelogenesis imperfect etc.

Severe:

Posteruptive enamel loss: A defect that indicates surface enamel loss after eruption of the
tooth, e.g., hypomineralization related attrition. Enamel loss due to erosion was excluded,
and/or
Atypical caries: The size and form of the caries lesion do not match the present caries
distribution in the child’s mouth, and/or
Atypical restoration: The size and form of the restoration do not match the present caries
distribution in the child’s mouth, and/or
Atypical extraction: Absence of a molar that does not fit in the dental development and
caries pattern of the child.
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kappa scores were 0.60 for HSPM and 0.69 for MIH. When the observers disagreed on
the diagnosis, the photographs were studied again and a joint consensus decision was
made.

Bone mass measurements
The bone mass of the total body was measured by a DXA-scan (iDXA, General Electrics
– Lunar, 2008, Madison, Wisconsin, USA). BMD is measured and averaged over the
projected area in the scan, the Bone Area (BA). Multiplying BMD by the BA derives the
bone mass or Bone Mineral Content (BMC) of the projected area. As recommended by
the International Society for Clinical Densitometry (ISCD), bone parameters of the total
body minus head were used [18]. For the procedure of measuring the bone parameters,
we refer to the manuscript “Maternal first-trimester diet and childhood bone mass:
the Generation R Study” of Heppe et al. [19]. Areal BMD is not useful in children as it
is significantly influenced by bone size, which is dynamic during growth. Under this
contention there is no proportional scaling between BMC and BA, which can lead to
erroneous interpretation of the BMD value in children. Bone mineralization is best
assessed in relation to height for age, BA for height, and BMC for BA which address
different configurations leading to artifacts, reflected as decreased BMD: namely short
bones, narrow bones, and light bones, respectively. Therefore, BMD should be corrected
for size differences. The BMC regressed on bone area (BMCreggBA) has been postulated
as an adequate assessment of BMD which is corrected for skeletal size differences
[20-22]. As also recommended by the ISCD, all statistical models are corrected for sex
of the child in addition to age, weight, length of the child and any other confounding
variables [18]. Table 2.1.2 depicts a brief explanation of all used DXA-scan-related
variables.

Table 2.1.2. Explanation of the DXA-scan-related variables
Bone Mineral Density (BMD)

Bone mineral density in the projected area expressed in g/cm2

Bone Area (BA)

The total area of the projected bone tissue expressed in cm2

Bone mass or Bone Mineral content
(BMC)

The total content of bone mineral in the projected area
calculated by BMD*BA expressed in g

BMC corrected for bone area
(BMCreggBA)

BMC regressed for BA in a statistical model
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Covariates
Maternal age, pre-pregnancy length and weight, ethnicity, income, educational level
and calcium intake were assessed using a questionnaire at recruitment. To examine
maternal smoking and drinking habits, a questionnaire was sent to the mothers in
each trimester of pregnancy asking about their cigarette and alcohol consumption.
Furthermore, postnatal questionnaires were used to obtain information about
breastfeeding initiation and continuation. Offspring sex, birth weight and birth length
of the child were acquired from medical records and hospital registries. The frequency
of fever in the first year of life was assessed by questionnaire at an age of 12 months.
Ethnicity of the child was updated by consulting the Dutch Central Agency for Statistics
– ‘Centraal Bureau voor Statistiek’ (CBS) at 6 years of age. Child’s participation in sports
was addressed by a questionnaire at the age of 6.

Statistical analysis
All bone parameters were corrected for sex, age, weight and length of the child in
a regression model. A t-test was used to compare differences in the means of the
bone parameters between affected children and non-affected children. We used a
binary logistic regression model to investigate the association between the BMC
and HSPM/MIH. To correct BMD for size effects, we initially adjusted BMC for the
bone area in a separate regression model. In total we used three statistical models
for our analyses. The first model was corrected for sex, age, weight, and length of the
child. The second model was additionally adjusted for alcohol use during pregnancy,
birth weight, child’s ethnicity and fever in first year of life. These confounders were
based on a previous publication of the Generation R Study of Elfrink et al. where a
significant association of these variables with HSPM was found [23]. The third model
was adjusted in addition for age of the mother, household income, smoking during
pregnancy and child’s participation in sports. The same models were used for testing
the association of BMD, BMC and BA with HSPM and with MIH. We have used the
Wald Chi-Square test to test the statistical significance of an individual regression
coefficient for a variable. The Hosmer and Lemeshow test was used as a measure
of goodness of model fit. In order to reduce potential bias associated with missing
data, we performed multiple imputation of missing covariates by generating five
independent datasets using the Markov Chain Monte Carlo (MCMC) method after
which the pooled effect estimates were calculated [24]. Imputations were based on the
relationships between covariates, determinants and outcomes under the assumption
that data was missing at random. We opted for using all variables included in this study
as predictors for the imputation of variables with missing values [24, 25]. Data were
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imputed for the variables alcohol use during pregnancy (20.7% missing), ethnicity
of the child (2.46%), fever in the first year of life (37.2%), household income (24.9%),
smoking during pregnancy (13.3%) and child’s participation in sports (15.9%). The

Table 2.1.3. Maternal and children characteristics in the total group of children with a DXA-scan1, 2

Maternal characteristics
Age (y)
Length (cm)
BMI (kg/cm2)
Smoking during pregnancy (%)
Never
Smoked until pregnancy was known
Continued
Missing
Alcohol use during pregnancy (%)
Never
Alcohol use until pregnancy was known
Continued
Missing
Ethnicity (%)
Dutch
Cape Verdian
Moroccan
Surinamese
Turkish
European
Other Non-European
Missing
Education level (%)
No education finished/primary education
Secondary education
Higher education
Missing
Calcium intake per day (mg)
Breastfeeding (%)
4 months exclusive
4 months partial
Never
Missing

Total
group
(n = 6,510)
30.6 ± 5.16
168 ± 7.40
24.8 ± 4.40
64.5
7.76
14.4
13.3
36.5
10.9
31.9
20.7
52.8
4.16
5.61
7.77
8.08
7.43
11.5
2.65
8.49
39.8
42.5
9.21
1117 ± 451
15.8
41.0
5.99
37.2

Child characteristics
Age (y)
Male (%)
Birth weight (kg)
Low birth weight (%)
Weight (kg)
Birth length (cm)
Length (cm)
Fever in first year of life (%)
Yes
No
Missing
Ethnicity (%)
Dutch
Cape Verdian
Moroccan
Surinamese
Turkish
European
Other Non-European
Missing
Participation in sports (%)
Yes
No
Missing
BMD (g/cm2)
BMC (g)
BA (cm2)
Evaluable photographs (%)
HSPM
MIH
Prevalence HSPM (%)*
Prevalence MIH (%)**

Total group
(n = 6,510)
6.18 ± 0.521
50.0
3.40 ± 0.570
5.84
23.3 ± 4.26
50.2 ± 2.39
120 ± 6.02
51.1
11.7
37.2
55.6
3.01
5.75
7.13
7.51
7.44
11.1
2.46
37.9
46.2
15.9
0.554 ± 0.0516
528 ± 106
945 ± 118
85.8
36.4
9.08
8.57

Values are means ± SDs for continuous variables and percentages for categorical variables.
For the categorical variables the percentage of missing data is shown.
* Based on children with second primary molars (n = 5,586).
** Based on children with permanent first molars (n = 2,370).

1
2
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Statistical Package of Social Sciences version 20.0 for Mac (SPSS Incorporated, Chicago,
Illinois) was used for this study and a p-value < 0.05 was considered to be statistically
significant.
The STROBE Guidelines were followed in the reporting of this observational
study [26].

Results
In total 6,510 children had intra-oral photographs taken and underwent a DXA-scan.
From the 6,510 children, 100% were scored on assessability of diagnosing HSPM and
MIH. Maternal and child characteristics are depicted in Table 2.1.3. The mean BMD of
the children was 0.554 g/cm2, the mean BMC was 528 g and the mean BA was 945 cm2.
Furthermore, in the group of children with a DXA-scan, 85.8% had an evaluable intra-oral
photograph for HSPM of which 507 (7.79%) children were diagnosed with HSPM. Mainly
due to unerupted permanent first molars, judging individual teeth was not possible in
all photographs. Therefore, the photographs of only 2,370 children could be used to
evaluate MIH (36.4%). Some of the continuous variables had more than 10% missing
data: Mother’s length, mother’s BMI, calcium intake and birth length.
Children with HSPM had on average 6.25 g (p < 0.001) lower BMCreggBA and 0.15 cm2
(p = 0.001) greater bone area than children without HSPM. No significant differences
were observed in BMD or BMC, nor between any of the bone parameters and MIH status.
Table 2.1.4 shows the association of BMD, BA, BMC and BMCreggBA with HSPM/
MIH in standard deviations (SD) corrected for confounding variables. BMD levels are
not significantly associated with HSPM (OR 1.06, 95%CI 0.92–1.22 per 1 SD decrease).
While BMC is not significantly associated with HSPM (OR 0.81, 95%CI 0.64–1.03 per 1
SD decrease), the BA showed a significant association with HSPM in all three models
(OR 0.68, 95%CI 0.55–0.84 per 1 SD decrease). Further, after correction for bone area,
a lower BMC is seen significantly associated with HSPM (OR 1.13, 95%CI 1.02–1.26 per
1 SD decrease). This association remained significant across all consecutive models
including different sets of potential confounders.
In the first model MIH and BMD were not associated (OR 1.07, 95%CI 0.86–1.33 per
1 SD decrease). This association remained non-significant in the consecutive models (OR
1.04, 95%CI 0.83–1.31 per 1 SD decrease). No other significant associations were found
between the BMC, BA, BMCreggBA and MIH (OR 1.18, 95%CI 0.82–1.70 per 1 SD decrease,
OR 1.15, 95%CI 0.81–1.61 per 1 SD decrease and 1.02, 95%CI 0.87–1.20 per 1 SD decrease
respectively). All models had a good fit based on Hosmer and Lemeshow statistics.
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Table 2.1.4. Associations of childhood bone mineral content adjusted for bone area, bone mineral
density, bone mineral content and bone area with the risk of HSPM and MIH, the Generation R Study,
Rotterdam, the Netherlands1
N
BMD - SD
Model Ia
Model IIb
Model IIIc
BMC - SD
Model Ia
Model IIb
Model IIIc
BA – SD
Model Ia
Model IIb
Model IIIc
BMCreggBA - SD
Model Ia
Model IIb
Model IIIc

HSPM (Yes/No)2
507/5,079

Hosmer & Lemeshow
test (df = 8)

MIH (Yes/No)2
203/2,167

Hosmer & Lemeshow
test (df = 8)

1.08
(0.93–1.22)
1.05
(0.92–1.21)
1.06
(0.92–1.22)

Χ2 = 13.5
p = 0.09
X2 = 2.34
p = 0.97
X2 = 4.14
p = 0.84

1.07
(0.86–1.33)
1.04
(0.83–1.30)
1.04
(0.83–1.31)

Χ2 = 9.02
p = 0.34
X2 = 2.37
p = 0.97
X2 = 4.11
p = 0.85

0.85
(0.67–1.06)
0.81
(0.64–1.03)
0.81
(0.64–1.03)

X2 = 6.39
p = 0.60
X2 = 5.55
p = 0.70
X2 = 9.03
p = 0.34

1.21
(0.84–1.73)
1.17
(0.82–1.69)
1.18
(0.82–1.70)

X2 = 10.7
p = 0.22
X2 = 10.2
p = 0.26
X2 = 9.22
p = 0.32

0.70**
(0.57–0.87)
0.68**
(0.55–0.84)
0.68**
(0.55–0.84)

X2 = 17.3
p = 0.03*
X2 = 5.10
p = 0.75
X2 = 6.39
p = 0.60

1.13
(0.81–1.59)
1.15
(0.81–1.61)
1.15
(0.81–1.61)

X2 = 7.11
p = 0.53
X2 = 13.9
p = 0.08
X2 = 5.91
p = 0.66

1.13*
(1.02–1.25)
1.13*
(1.02–1.26)
1.13*
(1.02–1.26)

Χ2 = 8.21
p = 0.41
X2 = 4.14
p = 0.84
X2 = 4.19
p = 0.84

1.03
(0.96–1.12)
1.02
(0.87–1.20)
1.02
(0.87–1.20)

Χ2 = 8.75
p = 0.36
X2 = 5.95
p = 0.65
X2 = 5.89
p = 0.66

Values are expressed as the Odds Ratio (per SD decrease) with 95%CI.
P-values are based on the Wald Chi-Square test.
* p < 0.05. ** p < 0.01.
a
Variables entered in the model: BMD, Sex Child, Age Child, Weight Child, Length Child.
b
Variables entered in the model: BMD, Sex Child, Age Child, Weight Child, Length Child, Alcohol use during
pregnancy, Birth weight, Ethnicity Child, Fever in first year of life.
c
Variables entered in the model: BMD, Sex Child, Age Child, Weight Child, Length Child, Alcohol use during
pregnancy, Birth weight, Ethnicity Child, Fever in first year of life, Age Mother, Household Income, Smoking
during pregnancy, Child’s participation in sports.
1
2

Discussion
The results from this study suggest an association between BMC corrected for bone
area and HSPM in six-year-old children. As stated before, BMC corrected for bone area
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has been considered a measure of bone mass unbiased to the artefact effects of body
size and bone area. We do not observe a significant association between whole–body
BMD and HSPM, nor between BMC and HSPM. No association was found between any
of the bone parameters and MIH.
Differences in skeletal size are an important source of confounding in paediatric
studies using areal BMD. For this reason, guidelines emphasize the need of correcting
all association models for potential differences in skeletal frame size [18]. Greater bone
size will overestimate BMD levels (as it reflects the thickness of mineral in the 2D region),
while a larger scan area will correlate with a comparatively lower BMD (assuming a fixed
bone mass). While we found no association with areal BMD corrected by size (length
and weight), we do find an association with bone mass after correction for bone area.
Children with HSPM have on average greater bone area than children without the
condition. However, in absence of 3D evaluations (i.e. peripheral Quantitative Computed
Tomography) where we can examine the relationship with volumetric density and bone
dimensions, we can only conclude that there is an association of HSPM with bone mass
only after correction for bone area.
This article is unique in the field of epidemiology and dentistry. It is the first that
studied the association between the bone mass and HSPM/MIH in a large populationbased, cohort study. The association between caries and BMD, was examined in a
previous study, in which quantitative ultrasound (QUS) of 540 healthy adolescents was
used to determine BMD [15]. The authors stated that the BMD of the adolescents was
negatively associated with the prevalence of dental caries. Dental caries is a possible
consequence of HSPM and MIH [1, 5, 7, 8]. Therefore, the result of Fabiani et al. seems to
be partly in line with our findings for HSPM. However, QUS and DXA provide different
information on bone tissue as they are differently influenced by factors such as bone
size, bone geometry and soft tissue thickness [27]. Moreover, the study population of
Fabiani et al. was much older (mean age 12.3 years) and consisted of fewer participants.
The development of second primary molars starts in the second trimester of
pregnancy. The first permanent molars start developing in the third trimester of
pregnancy [6]. Therefore, prenatal factors can influence this process of development
and therewith increase the risk of both HSPM and MIH [28-31]. Early life factors can
also influence bone health and the risk of developing osteoporosis throughout life [19,
32]. For example, maternal diet in the first trimester was associated with bone mass in
childhood in a previous study within our study population [19]. In the current study
bone mass measurements and intra-oral photographs were carried out at a mean
age of 6.2 years. Second primary molars complete development by age of 10 months
and first permanent molars by the age of four years [6]. Thus, we did not measure

37

2.1

Chapter 2.1

bone mass at the time of the molar development. However, in general, a low bone
mass found at a young age is correlated with a low bone mass in adulthood [33]. The
complete development of the first permanent molar takes longer than the second
primary molar. Possibly, during this time, compensative mechanisms might diminish
the inferior mineralization of dental tissue in children with a low bone mass. However,
the existence of such compensatory mechanisms should be further investigated.
A recent study of Kühnisch et al. revealed that elevated child serum 25-hydroxyvitamin D (25(OH)D) concentrations were associated with a lower prevalence of MIH in
ten-year-old children [34]. Interestingly, there is evidence that 25(OH)D concentration
also plays a role in bone mineralization [35]. Therefore, it would be interesting to study
in future work the association between serum levels of 25(OH)D and HSPM/MIH in
the paediatric population of Generation R. Moreover, as suggested by Kühnisch et al.
studying the genetic background of HSPM and MIH may also help to further unravel
the underlying mechanisms of the development of HSPM and MIH [36]. A GWAS-study,
embedded in the Generation R study, could be a promising opportunity for this.
Our study is not free of limitations. The cross-sectional design is a weakness to
draw conclusions about causality. Multiple measurements over several years of both
bone mass and teeth would have given a more accurate “risk” or “incidence rate” of
developing HSPM or MIH given a certain bone mass. Assessing bone mass at infant
age may have been more accurate since teeth are developed during that period.
Moreover, due to the cross-sectional design, the causality and the direction of the
association found cannot be established. However, in presence of a true association,
mineralization of bone is more likely to influence the mineralization of the teeth than
vice versa. Non-responding could not be completely avoided, despite stimulation
and reminding patients. Because non-responding led to more than 10% missing data
for some variables, we used multiple imputation to dissolve bias from missing data,
a widely applied and accepted method [24]. Missing data was not disproportionally
divided between the subgroups. Also, we could not include the children that did not
have their first permanent molars yet. This resulted in a smaller population for analysis
for MIH (n = 2,370) in comparison with the population for analysis for HSPM (n = 5,586).
Thus, possible selection bias could not be completely avoided. We tried to correct for
as many potential confounding variables as possible. However, residual confounding
should still be considered as a result of unknown and unmeasured variables.
In conclusion, more research is needed to unravel the etiology of dental hypomineralization. Our study, in a large population of six-year-old children, adds the finding
that BMC (corrected for bone size) is associated with HSPM, but not with MIH in childhood.
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Abstract

Recent literature suggested that higher vitamin D concentrations in childhood
are associated with a lower prevalence of Molar Incisor Hypomineralization (MIH).
Since tooth development already starts in utero, we aimed to study whether
vitamin D status during fetal, postnatal, and childhood periods is associated with
the presence of Hypomineralized Second Primary Molars (HSPMs) and/or MIH at
the age of six. Our study was embedded in the Generation R Study, a populationbased, prospective cohort from fetal life onwards in Rotterdam, the Netherlands.
HSPMs and MIH were scored from intra-oral photographs of the children at their
age of six. Serum 25(OH)D concentrations were measured at three points in time,
which resulted in three different samples; mid-gestational in mothers’ blood (n
= 4,750), in umbilical cord blood (n = 3,406), and in children’s blood at the age of
six years (n = 3,983). The children had a mean (± SD) age of 6.2 (± 0.5) years at the
moment of taking the intra-oral photographs. After adjustment for confounders,
no association was found between fetal 25(OH)D concentrations and the presence
of HSPMs (OR 1.02 per 10 nmol/L higher 25(OH)D, 95% CI: 0.98–1.07) or MIH (OR
1.05 per 10 nmol/L increase, 95% CI: 0.98–1.12) in six-year-olds. A higher 25(OH)
D concentration in umbilical cord blood resulted in neither lower odds of having
HSPM (OR 1.05, 95% CI: 0.98–1.13) nor lower odds of having MIH (OR 0.95, 95% CI:
0.84–1.07) by the age of six. Finally, we did not find higher 25(OH)D concentrations
at the age of six to be associated with a significant change in the odds of having
HSPM (OR 0.97, 95% CI: 0.92–1.02) or MIH (OR 1.07, 95% CI: 0.98–1.16).
25(OH)D concentrations in prenatal, early postnatal and later postnatal
life are not associated with the presence of HPSMs or with MIH at the age of six.
Future observational research is required to replicate our findings. Furthermore,
it is encouraged to focus on identifying other modifiable risk factors, because
prevention of hypomineralization is possible only if the causes are known.
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Introduction
Dental enamel hypomineralization is an anomaly of dental enamel in which the affected
enamel contains less mineral than sound enamel and is more susceptible to caries
[1-3]. This anomaly can be divided into hypomineralization of second primary molars,
called hypomineralized second primary molars (HSPMs), and hypomineralization of
permanent first molars, called molar incisor hypomineralization (MIH) [3-5]. In patients
with MIH incisors of the upper jaw can also be involved and in rare cases incisors of the
lower jaw [3]. Although hypomineralization is not restricted to those few index teeth
and can be diagnosed in any tooth of both dentitions, a patient can only be diagnosed
with HSPM/MIH if he or she has at least one affected second primary molar or first
permanent molar respectively [6]. The prevalence of HSPMs is about 4.9% in six-year-old
Dutch children [7]. For MIH the prevalence ranges between 8% and 19% among Dutch
and Scandinavian children, aged six to thirteen years [3, 5, 7, 8]. Children with HSPM
have a higher chance of developing MIH [9, 10]. Identifying modifiable risk factors is
important to prevent development of dental enamel hypomineralization in children.
Several early-life risk factors for HSPM and MIH have been identified. For HSPM,
maternal alcohol consumption during pregnancy, low birth weight, and fever during the
first year of life are mentioned [11]. Other illnesses in early life and the use of antibiotics
were proposed as risk factors for MIH [12, 13]. The exact etiology of dental enamel
hypomineralization, however, remains unclear [4, 11-14]. In the search to unravel the
etiology of dental hypomineralization, a recent study of Kühnisch et al showed that
higher serum 25-hydroxy-vitamin D (25(OH)D) concentrations were correlated with less
MIH and dental caries in 1,048 German children at age ten [15]. To our knowledge, this
is the only study to have examined 25(OH)D and dental enamel hypomineralization.
Several other studies examined vitamin D in relation to caries and generally observed
that vitamin D supplementation in early life may be preventative for dental caries, as
reviewed by Hujoel et al. [16].
The main function of vitamin D is to maintain plasma calcium concentrations
at a constant level, which is important for healthy bone development and increasing
evidence suggests also for healthy tooth development. [17, 18]. Vitamin D stimulates
mineralization of dental enamel and bone by binding to receptors that are expressed
in both dental cells and bone cells [19, 20]. Because vitamin D is important in the
mineralization of these tissues, it is noteworthy that we recently discovered that lower
bone mass is associated with the presence of HSPM but not with MIH in six-year-old
children [21]. Our hypothesis is that this association could be explained by differences of
25(OH)D status between children, affecting mineralization of dental enamel and bone.
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A limitation of the previous study of Kühnisch et al. was that information on
vitamin D status of the children was only available at 10 years of age, whereas tooth
development and enamel mineralization already start earlier in life [12, 15, 22].
Accordingly, we aimed to replicate and extend these previous analyses by examining
whether 25(OH)D concentrations during fetal life, early postnatal life, and childhood
are associated with HSPMs and/or MIH in six-year-old children. Based on the previous
literature, our hypothesis was that children, affected by HSPM or MIH, have significant
lower 25(OH)D concentrations during earlier phases in their life than children with
unaffected teeth.

Methods
Study design and population
The analysis was embedded in the Generation R Study, a population-based, prospective
cohort from fetal life onwards in Rotterdam, the Netherlands [23]. Pregnant women
living in the study area with a due date between April 2002 and January 2006 were
eligible for enrolment. We enrolled 9,778 mothers, who gave birth to a total of 9,745
live-born children. The study has been approved by the Medical Ethics Committee
of Erasmus Medical Center, Rotterdam (MEC 198.782/2001/31). Written informed
consent was obtained from parents of all participants. Concentrations of 25(OH)D were
measured at three points in time; at mid-gestation (18–25 weeks of pregnancy) in 7,179
mothers, after birth from a blood sample of the umbilical cord in 5,023 children, and
at six years of age (mean 6.2 [range 4.9–9.1]) in 4,167 children. Intra-oral photographs
were made of 6,325 children during the same visit at the age of six. The number of
children with data on both 25(OH)D and intra-oral photographs ranged from 3,406 to
4,750 for the different analyses (Figure 2.2.1).

HSPM and MIH diagnoses
In order to visualize HSPM and MIH, an intra-oral camera was used (Poscam USB intraoral [Digital Leader PointNix] or Sopro 717 [Acteon] autofocus camera, 640 X 480
pixels). The minimal scene illumination of both cameras was 3.0 lx (F1.4). During the
data collection period, pictures of the teeth were taken by six trained nurses, twelve
dental students, and six PhD students. A pediatric dentist (ME) gave them a presentation
about the how and why of taking the dental photographs and repeated that each half
a year. Before the employees/students were allowed to make photographs themselves,
they had to accompany an experienced employee/student for a day and learned how
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Live births (n = 9,745)

Umbilical cord 25(OH)D
available (n = 5,023)

Mid-gestational 25(OH)D
available (n = 7,179)

Excluded, no intra-oral
photographs (n = 2,429)

Included in the analysis
for mid-gestational
25(OH)D

25(OH)D available at six
years of age (n = 4,167)

Excluded, no intra-oral
photographs (n = 1,617)

Included in the analysis for
umbilical cord blood 25(OH)D
(n = 3,406)

Excluded, no intra-oral
photographs (n = 184)

2.2

Included in the analysis for
child’s 25(OH)D
(n = 3,983)

Participants with information on 25(OH)D at
all three points in time and
intra-oral photographs (n = 1,840)

Figure 2.2.1. Flowchart of participants.

to make high-quality photographs. Afterwards, a pediatric dentist (ME) evaluated
all photographs within two or four weeks If she found the quality to be too low, she
further instructed the respective employee/student on how to improve their quality
or she trained them individually. Before taking the photographs, the children had to
brush their teeth and excess saliva was removed with a cotton roll. Photographs were
scored by a pediatric dentist (ME) on the presence of HSPM and MIH by using the
European Academy of Pediatric Dentistry (EAPD)criteria [24]. After completion of the
data collection period, the same pediatric dentist (ME) re-evaluated the photographs
of 649 children (10%) with a minimal time gap of six weeks. This resulted in a kappa for
the intraobserver agreement of 0.82 for HSPM and 0.85 for MIH [21]. A second pediatric
dentist (JV) re-evaluated the photographs of 648 children (10%). The kappa’s for the
interobserver agreement for ME and JV were 0.60 for HSPM and 0.69 for MIH [10, 21].
JV evaluated the photographs only once. Hence, we were not able to calculate a kappa
value for the intraobserver agreement of this examiner. ME and JV had a calibration
session each two or three months. Before this session, ME randomly chose a couple
photographs and discussed them together with JV. Since photographs were taken at
the age of six, not all children had their permanent first molars yet, resulting in a smaller
number of children with data on MIH than HSPM. Children without data on MIH were
on average younger (mean age 6.00 vs. 6.41 years), were more often male (52.7% vs.
44.7%), and more often had a Dutch or other Western background (68.3% vs. 59.8%)
than children with data on MIH (Supplementary Table S2.2.1).
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25(OH)D measurement
Maternal venous blood samples were collected during mid-pregnancy at a median
gestational age of 20.4 weeks (95% range 18.5–23.4). After delivery, midwives or
obstetricians collected cord blood from the umbilical vein at a median gestational age
of 40.1 weeks (95% range 36.7–42.3). Blood samples of the children were collected at
the research center at the six-year visit. Concentrations of 25(OH)D in these samples
were analyzed in two different labs.
25(OH)D concentrations in maternal blood samples and in umbilical cord
blood were measured at the Eyles Laboratory of the Queensland Brain Institute,
University of Queensland, Australia. Samples were quantified using isotope dilution
liquid chromatography/tandem mass spectrometry (LC-MS/MS). The method limit of
quantification was 6 nmol/L and inter-assay imprecision was < 11% [25].
Vitamin D status of children’s blood samples was measured at the Endocrine
Laboratory of the VU University Medical Center, Amsterdam, the Netherlands as
described in detail previously [26]. Briefly, 25(OH)D was measured using isotope dilution
online solid phase extraction LC-MS/MS, a similar method as used for the fetal sample.
The limit of quantitation was 4.0 nmol/L; intra-assay coefficient of variation was < 6%,
and inter-assay coefficient of variation was < 8% for concentrations between 25 and
180 nmol/L [26]. This method was perfectly aligned with the reference methods [27].
A cross-validation in 31 umbilical cord and pregnancy blood samples that were
analyzed in both laboratories showed an excellent correlation between both methods (r
= 0.99). The Passing & Bablok regression analysis resulted in 25(OH)DEyles = 0.93* 25(OH)
DVUmc + 0.3 nmol/L. This means that a small calibration difference of about 7% exists
between the two LC-MS/MS methods. As both assays show some inter-assay variation,
we decided not to correct for this small difference.
We categorized 25(OH)D concentrations: ≥ 75 nmol/L (optimal), 50 to < 75 nmol/L
(sufficient), 25 to < 50 nmol/L (deficient), and < 25 nmol/L (severely deficient) on the
basis of recommendations and cut-offs used in previous studies [26, 28].
Measuring the 25(OH)D concentrations at three different time points and
assessing hypomineralization at one time point resulted in four different subsets of
the population; three subsets with a 25(OH)D measurement at one point in time and
dental data, and one subset with measurements at all three points in time and dental
data. These subsets were highly comparable in terms of population characteristics
(Supplementary Table S2.2.2).
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Covariates
Maternal age, educational level (low, mid-low, mid-high, or high), parity, folic acid
supplement use before/during pregnancy (start 1st ten weeks, start periconceptional,
or never), and household income (< 2,000, 2,000–3,300, > 3,300 Euros/month) were
assessed at enrolment in the study (i.e. during pregnancy) using questionnaires.
Maternal smoking and alcohol consumption during pregnancy were assessed in each
trimester of pregnancy and categorized into never, until pregnancy was known, or
continued. Information on child’s birth weight was acquired from medical records
and hospital registries. Low birth weight was defined as a birth weight below 2,500
grams. Children’s ethnicity was defined based on birth country of both parents and
categorized into Western (Dutch, other European, American, and Oceanian), Moroccan
and Turkish, African (Surinamese-Creole, Antillean, Cape Verdean, and other African), or
Asian (Indonesian, other Asian, and Surinamese-Hindustani) on the basis of expected
similarities in skin color [26, 29]. Frequency of fever in the first year of life was assessed
at age 12 months with questionnaires. During the research center visit at the child’s
age of six years, we measured length and weight of the child. At the six-year follow-up,
we assessed duration of television watching (< 2 / ≥ 2 hours/day), and playing outside
during daytime (< 2 / ≥ 2 hours/day) with questionnaires. At the six-year follow-up,
we re-assessed household income (< 2,000, 2,000–3,200, or > 3,200 Euros/month) and
maternal educational level [30]. For all blood sample analyses, we kept a record of the
month and season of the year in which blood was drawn.

Statistical analyses
First, we constructed three binary logistic regression models in which having HSPMs at
the age of six (yes/no) was defined as the outcome (dependent variable) and the fetal
serum 25(OH)D concentrations were included as a predictor (independent variable).
Fetal serum 25(OH)D concentrations were included as both a categorical variable and
as a continuous variable per 10 nmol/L. The categories were compared to an optimal
serum concentration of ≥ 75 nmol/L (reference category). Model 1 adjusted only for
the child’s sex, gestational age at blood withdrawal, mother’s age and BMI before
pregnancy. Model 2 additionally adjusted for variables that were associated with
HSPMs in the Generation R Study population [11]. In model 3, we added variables that
were associated with serum 25(OH)D concentrations in our study population [26]. We
followed the same approach for studying the association between MIH (outcome) and
fetal 25(OH)D serum concentrations (predictor). Moreover, we made use of the same
models to study the association between HSPM and MIH as outcomes and cord blood
serum 25(OH)D concentrations as predictor. For the approach in which the child’s serum
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25(OH)D concentrations at the age of six was used as a predictor, minor modifications
in the model were made: Model 1 was adjusted for child’s sex, age, weight, and length,
model 2 did not change, and model 3 was adjusted for household income and maternal
educational level at the child’s age of six instead of at enrolment, and child’s watching
television and playing outside were added because these factors have been shown to
be important for children’s vitamin D status [27].
In order to be able to compare results of fetal, birth and childhood 25(OH)D, we
repeated the analyses in a subgroup with data available on 25(OH)D at all three time
points (n = 1,840, Figure 2.2.1). We tested for statistical interaction between vitamin
D status and children’s age, sex, and ethnicity separately in model 3. Multicollinearity
was evaluated but was found not to be a problem in our models, because the tolerance
statistic exceeded 0.20 for all variables. Moreover, we examined whether we could
assume 25(OH)D levels to be linear to the logit by using natural cubic splines (degrees of
freedom = 3). Missing data of covariates were handled by applying multiple imputation
(n = 10 imputations) [31]. The pooled Odds Ratios (ORs) and 95% confidence intervals
(95% CIs) were derived from pooling the results of the ten imputed datasets. Effect
estimates were similar to the results of analyses of the original data, therefore we only
report pooled results after the imputation procedure. SPSS version 22.0 for Mac (IBM
Corp, Armonk, NY, USA) was used for all analyses and a two-sided p-value of < 0.05 was
considered to be statistically significant. The STROBE Guidelines were used to ensure
adequate reporting of this observational study [32].

Results
Children in our sample had a mean (± SD) age of 6.2 (± 0.5) years at assessment (Table
2.2.1). Half of all participants had optimal or sufficient 25(OH)D serum concentrations
above 50 nmol/L (50.1%) at the mid-gestational period; 26.5% were deficient, and
23.4% were severely deficient in 25(OH)D. 10% of the children had incomplete image
sets or too low quality photographs to score HSPMs. To score MIH, 62.5% of the children
had incomplete image sets (i.e., no erupted first permanent molars) or too low quality
photographs. The prevalence of HSPM in this population was 8.9% (381 out of 4,278),
and it was 8.1% (146 out of 1,780) for MIH.
The results of the logistic regression analyses with mid-gestational serum 25(OH)
D concentration as a predictor and dental enamel hypomineralization as the outcome
are shown in Table 2.2.2. In model 1, children from mothers with severely deficient
mid-gestational 25(OH)D concentrations had significantly lower odds of having HSPMs
(OR, 0.67; 95% CI 0.50–0.91) than those from mothers with sufficient or optimal 25(OH)
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Table 2.2.1. Maternal and child characteristics in the total group of children with fetal 25(OH)D
concentration measurements1, 2
Maternal characteristics

Total group
(n = 4,750)

Child characteristics

Total group
(n = 4,750)

Age (y)

30.4 ± 5.0

Age (y)

6.2 ± 0.5

Length (cm)

168 ± 7.4

Male (%)

49.7 (2,359)

BMI (kg/cm2)

24.7 ± 4.4

Birth weight (kg)

3.4 ± 0.6

Parity (% (n))

Low birth weight (% (n))

5.0 (236)

Nulliparous

57.4 (2,727)

Weight (kg)

23.2 ± 4.2

Primi- or multiparous

42.6 (1,991)

Length (cm)

119 ± 5.9

Missing

0.7 (32)

Fever in first year of life (% (n))

Educational level (% (n))

2.2

Yes

82.0 (2,573)

High

28.9 (1,165)

No

18.0 (566)

Mid-high

27.6 (1,115)

Missing

33.9 (1,611)

Mid-low

31.4 (1,268)

Low

12.1 (488)

Dutch and other Western

65.0 (3,035)

Missing

15.0 (714)

Moroccan and Turkish

14.0 (653)

African

14.8 (691)

Household Income / month (% (n))

Ethnicity (% (n))

> 3,200 euro

49.8 (1,912)

Asian

6.2 (288)

2,000–3,200 euro

26.1 (1,000)

Missing

1.8 (83)

< 2,000 euro

24.1 (925)

Missing

19.2 (913)

Alcohol use during pregnancy (% (n))

Watching television (% (n))*
< 2 hours/day

80.5 (2,621)

≥ 2 hours/day

19.5 (636)

Missing

21.8 (910)

Never

45.1 (1,887)

Alcohol use until pregnancy was known

14.3 (598)

Continued

40.6 (1,697)

≥ 2 hours/day

23.0 (704)

Missing

12.0 (568)

< 2 hours/day

77.0 (2,358)

Missing

26.5 (1,105)

Folic acid use during pregnancy (% (n))

Playing outside during daytime (% (n))*

Start 1st 10 weeks

32.2 (1,170)

Season of blood withdrawal (% (n))

Start periconceptional

43.5 (1,580)

Winter

24.0 (1,140)

Never

24.2 (879)

Spring

28.3 (1,343)

Missing

23.6 (1,121)

Summer

22.3 (1,060)

Fall

25.4 (1,207)

25(OH)D Concentration (% (n))
Optimal + sufficient (≥ 50 nmol/L)

50.1 (2,381)

Deficient (25 to 50 nmol/L)

26.5 (1,258)

Severely deficient (< 25 nmol/)

23.4 (1,111)

Evaluable photographs (% (n))
HSPM

90.0 (4,278)

MIH

37.5 (1,780)

Prevalence HSPM (% (n))**

8.9 (381)

Prevalence MIH (% (n))***

8.2 (146)

Values are means ± SDs for continuous variables and percentages for categorical variables based on the number
of valid cases.
2
For the categorical variables the percentage of missing data is shown.
* Based on group of children with childhood 25(OH)D concentration measurements (n = 4,167).
** Based on group of children with evaluable photographs for HSPM (n = 4,278).
*** Based on group of children with evaluable photographs for MIH (n = 1,780).
1
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Table 2.2.2. Associations of mid-gestational serum 25(OH)D concentrations with HSPM and MIH
Mid-gestational Serum 25(OH)D concentrations
≥ 50 nmol/L
(sufficient
to optimal)
HSPM

(n = 4,278)
(Yes vs. No)
OR (95% CI)
Model 11

n = 2,184
(222 vs. 2,184)
Reference

Model 22

Reference

Model 33

Reference

MIH

(n = 1,780)
(Yes vs. No)
(Yes vs. No)
Model 11
OR (95% CI)
Model 22
Model 33

n = 650
(66 vs. 709)
Reference
Reference
Reference

25–50 nmol/L
(deficient)

< 25 nmol/L
(severely deficient)

Per 10 nmol/L

n = 1,126
(96 vs. 1,030)
0.85
(0.66–1.10)
0.93
(0.72–1.21)
0.89
(0.68–1.16)

n = 968
(63 vs. 905)
0.67
(0.50–0.91)
0.87
(0.62–1.23)
0.82
(0.57–1.18)

n = 4,728
(381 vs. 3,897)
1.04
(1.01–1.08)
1.01
(0.97–1.05)
1.02
(0.98–1.07)

n = 498
(38 vs. 498)
0.87
(0.57–1.32)
0.92
(0.60–1.42)
0.85
(0.55–1.33)

n = 507
(42 vs. 465)
0.92
(0.60–1.41)
1.15
(0.71–1.87)
0.99
(0.58–1.69)

n = 1,780
(146 vs. 1,634)
1.04
(0.98–1.10)
1.02
(0.96–1.08)
1.05
(0.98–1.12)

Values are odds ratios (OR) with 95% confidence interval (CI).
Model 1 = adjusted for child’s sex, gestational age (mid gestational), age of mother, BMI before pregnancy;
2
Model 2 = adjusted for all factors in model 1 and additionally adjusted for factors related to enamel
hypomineralization (Alcohol use during pregnancy, child’s ethnicity, low birth weight and fever in first year
of life);
3
Model 3 = adjusted for all factors in model 2 and additionally adjusted for factors related to 25(OH)D levels
(Household income at intake, educational level mother at intake, folic acid use during pregnancy, parity,
and season of blood draw);
Significant associations are bold.
HSPM = Hypomineralized Second Primary Molar; MIH = Molar Incisor Hypomineralization.
1

D concentrations. Similar associations were observed for 25(OH)D as a continuous
variable. However, no association with HSPMs remained statistically significant in
model 2 and 3. The fetal 25(OH)D concentration was not associated with the presence
of MIH in children.
Children with severely deficient 25(OH)D concentrations in umbilical cord blood
serum had significantly lower odds of having HSPMs than children with sufficient to
optimal levels (Table 2.2.3; OR, 0.63; 95% CI 0.45–0.88). Further adjustment for other
confounders in model 2 and 3, however, showed no associations. The level of the cord
blood serum 25(OH)D concentrations was not associated with the presence of MIH in
the six-year-old children.
Table 2.2.4 shows the associations between 25(OH)D concentrations, measured
at the age of six, with HSPM and MIH. Model 1 showed that children with a deficient
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Table 2.2.3. Associations of cord blood serum 25(OH)D concentrations with HSPM and MIH
Cord blood serum 25(OH)D concentrations
≥ 50 nmol/L
(sufficient
to optimal)
HSPM

(n = 3,092)
(Yes vs. No)
OR (95% CI)
Model 11

n = 650
(72 vs. 578)
Reference

Model 22

Reference

Model 33

Reference

(n = 1,315)
(Yes vs. No)
(Yes vs. No)
Model 11
OR (95% CI)
Model 22

n = 233
(21 vs 212)
Reference

Model 33

Reference

MIH

Reference

25–50 nmol/L
(deficient)

< 25 nmol/L
(severely deficient)

Per 10 nmol/L

n = 1,106
(109 vs. 997)
0.90
(0.66–1.23)
0.95
(0.69–1.31)
0.94
(0.67–1.31)

n = 1,336
(88 vs. 1,248)
0.63
(0.45–0.88)
0.80
(0.56–1.14)
0.79
(0.53–1.18)

n = 3,092
(269 vs. 2,823)
1.09
(1.03–1.15)
1.05
(0.99–1.12)
1.05
(0.98–1.13)

n = 438
(37 vs. 401)
0.92
(0.53–1.62)
0.97
(0.55–1.70)
0.94
(0.52–1.70)

n = 644
(57 vs. 587)
0.95
(0.55–1.65)
1.11
(0.62–1.98)
1.06
(0.55–2.02)

n = 1,315
(115 vs. 1200)
0.98
(0.89–1.08)
0.94
(0.84–1.05)
0.95
(0.84–1.07)

Values are odds ratios (OR) with 95% confidence interval (CI).
Model 1 = adjusted for child’s sex, gestational age (mid gestational), age of mother, BMI before pregnancy;
2
Model 2 = adjusted for all factors in model 1 and additionally adjusted for factors related to enamel
hypomineralization (Alcohol use during pregnancy, child’s ethnicity, low birth weight and fever in first year
of life);
3
Model 3 = adjusted for all factors in model 2 and additionally adjusted for factors related to 25(OH)D levels
(Household income at intake, educational level mother at intake, folic acid use during pregnancy, parity,
and season of blood draw);
Significant associations are bold.
HSPM = Hypomineralized Second Primary Molar; MIH = Molar Incisor Hypomineralization.
1

25(OH)D status had significantly lower odds for having HSPM (OR, 0.73; 95% CI 0.55–0.98)
than those with optimal levels. After more extensive adjustment in models 2 and 3, this
association was no longer apparent. Results for MIH were similar. In model 1, children
with a deficient 25(OH)D status had significantly lower odds of having MIH (OR 0.68,
95% CI 0.53–0.88) than those with an optimal serum concentration. However, after
further adjustment all ORs were non-significant.
In sensitivity analyses, in which we restricted our analyses to a subgroup of children
with 25(OH)D data available at all three time points, similar effect estimates were
observed as those obtained in the full populations (Supplementary Table S2.2.3). We
found no significant interaction between 25(OH)D and child’s age, sex, or ethnicity for
the association with HSPMs or MIH. No better fit of any model was found after applying
natural cubic splines (all p > 0.05), indicating linearity to the logit.
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Table 2.2.4. Associations of childhood serum 25(OH)D concentrations with HSPM and MIH
Serum 25(OH)D concentrations
≥ 75 nmol/L
(optimal)
HSPM

(n = 3,642)
(Yes vs. No)
OR (95% CI) Model 11
Model 22
Model 33
MIH

(n = 1,556)
(Yes vs. No)
(Yes vs. No) Model 11
OR (95% CI)
Model 22
Model 33

25–50
50–75 nmol/L nmol/L
(sufficient)
(deficient)

< 25 nmol/L
(severely
deficient)

Per 10 nmol/L

n = 1,254
n = 1,327
(124 vs. 1130) (134 vs. 1,193)
Reference
1.05
(0.92–1.20)
Reference
1.12
(0.86–1.46)
Reference
1.20
(0.91–1.57)

n = 843
(59 vs. 784)
0.73
(0.54–1.00)
0.88
(0.63–1.24)
1.02
(0.70–1.48)

n = 218
(12 vs. 206)
0.59
(0.32–1.09)
0.84
(0.44–1.60)
1.03
(0.52–2.04)

n = 3,642
(329 vs. 3,313)
1.03
(0.99–1.07)
1.00
(0.95–1.04)
0.97
(0.92–1.02)

n = 459
(45 vs. 414)
Reference

n = 431
(27 vs. 404)
0.68
(0.53–0.88)
0.75
(0.44–1.27)
0.72
(0.40–1.31)

n = 118
(9 vs. 109)
0.96
(0.65–1.43)
1.14
(0.51–2.57)
1.05
(0.42–2.61)

n = 1,556
(123 vs. 1,433)
1.06
(1.03–1.10)
1.05
(0.98–1.13)
1.07
(0.98–1.16)

Reference
Reference

n = 548
(42 vs. 506)
0.79
(0.63–0.99)
0.81
(0.52–1.26)
0.81
(0.51–1.29)

Values are odds ratios (OR) with 95% confidence interval (CI).
Model 1 = adjusted for child’s sex, age, weight and length;
2
Model 2 = additionally adjusted for factors related to enamel hypomineralization (Alcohol use during
pregnancy, child’s ethnicity, low birth weight and fever in first year of life);
3
Model 3 = additionally adjusted for factors related to 25(OH)D levels (Household income, educational level
mother, folic acid use during pregnancy, parity, watching television, playing outside, season of blood draw);
Significant associations are bold.
HSPM = Hypomineralized Second Primary Molar; MIH = Molar Incisor Hypomineralization.
1

Discussion
Our findings provide no evidence for an association between 25(OH)D status during
fetal life, at birth, or at age six with the presence of HSPMs or MIH in six-year-olds.
Despite a tendency towards lower odds for both HSPMs and MIH in children with lower
25(OH)D concentrations in the basic models, all apparent associations disappeared
after adjusting for possible confounders. Furthermore, associations did not differ by
child age, sex or ethnicity.
To put the above findings in perspective, some limitations of our study have to
be addressed. Children who did not have their first permanent molar yet could not be
included, which resulted in smaller sample sizes for MIH in all analyses compared to
HSPM. This may have introduced possible selection bias. Children with complete data
on MIH were older on average, more often female, and more often had a non-Dutch
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or other non-Western background. This may have resulted in underestimation of the
MIH-prevalence, but it is not likely to have biased our results. Ideally, diagnoses of HPSM
and MIH were based on clinical examinations, but due to the study setting we had to
make use of digital intra-oral photographs [33]. This may have led to an underestimation
and/or non-differential misclassification of pathological findings, resulting in possible
information bias. We tried to minimalize the chance of having this bias by using a reliable
method, but some bias may still be present [34]. Furthermore, not all children with
25(OH)D measurements had photographs of sufficiently high quality for diagnosing
HSPM and/or MIH due to blurriness of the pictures (e.g. movements) which have led to
excluded children. Sampling bias may therefore have occurred, reducing generalizability
to the population, but may not have biased our effect estimates. It is expected that
the association between 25(OH)D status and dental enamel hypomineralization is the
same for included and excluded participants. Another limitation of our study is that
we did not consider different distribution patterns of HSPMs and MIH. This limited
the possibility to associate vitamin D status with numerical data. Still, the number of
children with HSPMs and MIH would have been the same, since the diagnosis was
based on the index teeth as stated in the EAPD-criteria [24]. Furthermore, in order to
prevent possible attrition bias, we implemented a multiple imputation method for
missing data of covariates. Sensitivity analyses of the imputed data, however, did not
result in significant differences in outcome compared to analyses of the original data.
The major strength of our study was that we were able to include not only 25(OH)D
status when the teeth were already developed, but we have also measured 25(OH)D
concentrations at two time points in time during tooth mineralization, which is unique
[22, 35]. Another strength of our study was the large and diverse study population of
children that could be included and analyzed. Furthermore, we were able to adjust
for many important factors related to 25(OH)D concentrations, which were not always
considered in previous studies.
We were the first to study the association between serum 25(OH)D status and
HSPM prevalence in children. Enamel of HSPMs are thought to be less resistant to
dental caries and recent studies concluded high 25(OH)D concentrations in children,
high prenatal maternal 25(OH)D concentrations, and even higher vitamin D intake
during pregnancy, to be associated with lower risk of dental caries in primary dentition
[2, 36-38]. Given these results, we hypothesized that 25(OH)D deficiency during
tooth development would result in weaker enamel or even hypomineralized enamel.
Moreover, the odds of having HSPMs is higher in children with a lower bone mass,
which is influenced by vitamin D [21, 39]. It was therefore unexpected to observe no
association between 25(OH)D and HSPM prevalence in six-year-old children. In line
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with our findings for enamel hypomineralization, however, we also recently observed
no association of fetal vitamin D status with children’s bone mass [28].
Kühnisch et al. were the first to have studied the association between a child’s
serum 25(OH)D status and MIH [15]. Contradictory to their results, we did not find
elevated serum 25(OH)D concentrations in children to be negatively correlated with
MIH. Compared to their study, we included children that were on average four years
younger, but it is unlikely that this could explain the discrepancy in results. Despite
the inclusion of younger children, we had the same number of MIH-cases as Kühnisch
et al. [15]. Furthermore, they reported the lack of earlier 25(OH)D concentration
measurements during the period of tooth development as a limiting factor of their
study [15], because the development of teeth already starts in utero [22]. We were also
able to examine 25(OH)D in a prenatal and early postnatal period. This was a major
strength of our study. However, neither the prenatal nor the postnatal 25(OH)D status
showed a significant association with HSPMs or MIH.
In conclusion, in this large population-based cohort, 25(OH)D concentrations in
prenatal, early postnatal and later postnatal life are not associated with HPSMs or with
MIH at the age of six. To our knowledge, we are the only research group, together with
Kühnisch et al, to have studied the association between 25(OH)D status and dental
enamel hypomineralization with contradictory results [15]. Therefore, we encourage
other cohorts to replicate our findings. Replication in observational studies is needed
to confirm whether or not vitamin D supplementation, as a preventive agent against
enamel hypomineralization, is worth to be investigated in clinical trials. This could be
done by setting up a cohort or by embedding a study within an existing cohort with
repeated and early measurements of serum 25(OH)D in children. Ideally, during the
developmental period of teeth. Furthermore, it is important to keep on searching for
different preventive possibilities and etiological factors for dental hypomineralization
in children, which still are unknown [14]. Moreover, despite null findings with
hypomineralization, it would be interesting to study the association between 25(OH)D
status and dental caries in our population. The pathway in which vitamin D affects the
risk of developing dental caries may involve pathways other than enamel mineralization
[40].
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Supplemental material
Table S2.2.1. Comparison between participants with complete dental data on MIH and participants
with dental photographs, but without information on MIH (n = 4,750)1

1

Complete data
(%)

No complete data
(%)

n = 1,780 (37.5)
6.41 (6.38 to 6.44)

n = 2,970 (62.5)
6.00 (5.99 to 6.01)

Age child

(n = 4,750)
Mean (95% CI)

Sex child

(n = 4,750)
Boy
Girl

n = 1,780 (37.5)
796 (44.7)
984 (55.3)

n = 2,970 (62.5)
1,565 (52.7)
1,405 (47.3)

Child's ethnicity

(n = 4,651)
Dutch & other Western
Moroccan & Turkish
African
Asian

n = 1,738 (37.3)
1,039 (59.8)
313 (18.0)
279 (16.1)
107 (6.16)

n = 2,913 (62.7)
1,991 (68.3)
339 (11.6)
403 (13.8)
180 (6.18)

Alcohol use during pregnancy

(n = 4,168)
Never
Until pregnancy known
Continued

n = 1,542 (37.0)
767 (49.7)
184 (11.9)
591 (38.3)

n = 2,626 (63.0)
1,115 (42.5)
412 (15.7)
1,099 (41.9)

Low birth weight

(n = 4,725)
No
Yes

n = 1,773 (37.5)
1,700 (95.9)
73 (4.12)

n = 2,952 (62.5)
2,789 (94,5)
163 (5.52)

Fever first year of life

(n = 3,134)
No
Yes

n = 999 (31.8)
186 (18.6)
813 (81.4)

n = 2,135 (68.2)
378 (17.7)
1,757 (82.3)

Maternal educational level

(n = 4,462)
High
Mid-high
Mid-low
Low

n = 1,648 (36.9)
351 (21.3)
316 (19.2)
531 (32.2)
450 (27.3)

n = 2,814 (63.1)
763 (27.1)
644 (22.9)
882 (31.3)
525 (18.7)

Household Income

(n = 1,648)
> €3,300
€2,000–€3,300
< €2,000

n = 679 (41.2)
300 (44.2)
252 (37.1)
127 (18.7)

n = 969 (58.8)
483 (49.8)
339 (35.0)
147 (15.2)

Folic acid use

(n = 3,616)
Never
Start first ten weeks
Start periconceptional

n = 1,317 (36.4)
401 (30.4)
408 (31.0)
508 (38.6)

n = 2,299 (63.6)
472 (20.5)
758 (33.0)
1,068 (46.5)

Parity

(n = 4,702)
Mean (95% CI)

n = 1,764 (37.5)
0.61 (0.57 to 0.65)

n = 2,938 (62.5)
0.57 (0.54 to 0.60)

Percentages of categorical variables are based on the number of valid cases.
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Table S2.2.2. Comparison between participants with complete dental data and fetal serum 25(OH)D
measurements (n = 4,750), complete dental data and serum 25(OH)D measurements at birth (n = 3,406),
complete dental data and serum 25(OH)D measurements at age six (n = 3,983), complete dental data and
serum 25(OH)D measurements at all three points in time
Dental data and
fetal 25(OH)D

Dental data and
25(OH)D at birth

Dental data and
25(OH)D at age 6

Dental data and
25(OH)D at all 3

Age child
Mean (± SD)
Missing

n = 4,750
6.16 (± 0.51)
-

n = 3,406
6.18 (± 0.52)
-

n = 3,983
6.20 (± 0.54)
-

n = 1,840
6.16 (± 0.50)
-

Sex child
Boy
Girl
Missing

2,359 (49.7)
2,391 (50.3)
-

1,726 (50.7)
1,680 (49.3)
-

2,054 (51.6)
1,929 (48.4)
-

940 (51.1)
900 ( 48.9)
-

3,035 (65.0)
653 (14.0)
691 (14.8)
288 (6.17)
83 (1.75)

2,227 (66.4)
474 (14.1)
483 (14.4)
168 (5.01)
54 (1.59)

2,562 (66.1)
520 (13.4)
566 (14.6)
229 (5.91)
106 (2.66)

1,229 (67.5)
245 (13.5)
266 (14.5)
81 (4.40)
19 (1.03)

Alcohol use during pregnancy
Never
Until pregnancy known
Continued
Missing

1,887 (45.1)
598 (14.3)
1,697 (40.6)
568 (12.0)

1,344 (44.9)
413 (13.8)
1,239 (41.4)
410 (12.0)

1,398 (44.6)
435 (13.9)
1,305 (41.6)
845 (21.2)

698 (42.3)
243 (14.9)
698 (42.8)
210 (11.4)

Low birth weight
No
Yes
Missing

4,505 (95.0)
236 (5.00)
9 (0.19)

3,331 (97.8)
75 (2.20)
-

3,753 (94.4)
222 (5.58)
8 (0.20)

1,804 (98.0)
36 (2.00)
-

Fever first year of life
No
Yes
Missing

566 (18.0)
2,573 (82.0)
1,611 (33.9)

400 (17.5)
1,891 (82.5)
1,115 (32.7)

492 (19.4)
2,044 (80.6)
1,447 (36.3)

223 (17.1)
1,082 (82.9)
535 (29.1)

Maternal educational level
High
Mid-high
Mid-low
Low
Missing

1,115 (24.9)
960 (21.4)
1,422 (31.8)
979 (21.9)
274 (5.77)

820 (25.4)
704 (21.8)
982 (30.5)
717 (22.2)
183 (5.37)

933 (25.8)
803 (22.2)
1,099 (30.4)
778 (21.5)
370 (9.29)

450 (25.5)
403 (22.9)
530 (30.1)
379 (21.5)
78 (4.24)

Household income
> €3,300
€2,000–€,3300
< €2,000
Missing

785 (47.3)
596 (35.9)
277 (16.7)
3,092 (65.1)

576 (47.7)
452 (37.4)
179 14.8)
2,199 (64.6)

717 (47.7)
515 (34.3)
271 (18.0)
2,480 (62.3)

314 (49.6)
224 (35.4)
95 (15.0)
1,207 (65.6)

Folic acid use
Never
Start first ten weeks
Start periconceptional
Missing

879 (24.2)
1,170 (32.2)
1,580 (43.5)
1,121 (23.6)

635 (24.4)
831 (31.9)
1,141 (43.8)
799 (23.5)

668 (24.5)
872 (32.0)
1,185 (43.5)
1,258 (31.6)

332 (23.4)
459 (32.4)
626 (44.2)
423 (23.0)

Parity
Mean (± SD)
Missing

0.58 (± 0.81)
32 (0.67)

0.60 (± 0.82)
18 (0.53)

0.63 (± 0.85)
39 (0.98)

0.59 (± 0.82)
6 (0.33)

2.2

Child's ethnicity
Dutch & other Western
Moroccan & Turkish
African
Asian
Missing

1

Percentages of categorical variables are based on the number of valid cases.
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Table S2.2.3. Associations of 25(OH)D concentrations with HSPM and MIH among children with
25(OH)D data available at all three time points
Mid-gestational Serum 25(OH)D concentration
≥ 50 nmol/L
(sufficient
to optimal)
HSPM

(n = 1,698)
(Yes vs No)
OR (95% CI)
Model 11

n = 879
(89 vs. 790)
Reference

Model 22

Reference

Model 33

Reference

(n = 702)
(Yes vs No)
OR (95% CI)
Model 11

n = 309
(24 vs. 285)
Reference

Model 22

Reference

Model 33

Reference

MIH

25–50 nmol/L
(deficient)

< 25 nmol/L
(severely
deficient)

Per 10 nmol/L

n = 461
(38 vs. 423)
0.83
(0.56–1.25)
0.92
(0.62–1.39)
0.88
(0.57–1.34)

n = 358
(21 vs. 337)
0.63
(0.37–1.05)
0.98
(0.55–1.73)
0.89
(0.48–1.67)

n = 1,698
(148 vs. 1,550)
1.03
(0.98–1.09)
0.99
(0.93–1.05)
1.00
(0.93–1.07)

n = 221
(16 vs. 205)
0.91
(0.47–1.78)
0.95
(0.48–1.87)
0.89
(0.43–1.82)

n = 172
(14 vs. 158)
1.01
(0.49–2.10)
1.29
(0.56–2.97)
1.34
(0.52–3.46)

n = 702
(54 vs. 648)
1.05
(0.96–1.16)
1.04
(0.93–1.16)
1.05
(0.93–1.18)

Cord Blood Serum 25(OH)D concentration
≥ 50 nmol/L
(sufficient
to optimal)
HSPM

(n = 1,698)
(Yes vs No)
OR (95% CI)
Model 11

n = 365
(40 vs. 325)
Reference

Model 22

Reference

Model 33

Reference

(n = 702)
(Yes vs No)
OR (95% CI)
Model 11

n = 117
(10 vs. 107
Reference

Model 22

Reference

Model 33

Reference

MIH

25–50 nmol/L
(deficient)

< 25 nmol/L
(severely
deficient)

Per 10 nmol/L
increase

n = 616
(63 vs. 553)
0.94
(0.62–1.43)
0.99
(0.65–1.52)
0.97
(0.62–1.53)

n = 717
(45 vs. 672)
0.60
(0.38–0.96)
0.80
(0.49–1.29)
0.76
(0.44–1.33)

n = 1,698
(148 vs. 1.550)
1.06
(0.98–1.14)
1.00
(0.92–1.09)
1.00
(0.90–1.10)

n = 237
(18 vs. 219)
0.84
(0.37–1.90)
0.90
(0.39–2.04)
0.81
(0.34–1.95)

n = 348
(26 vs. 322)
0.80
(0.36–1.79)
0.96
(0.41–2.22)
0.77
(0.29–2.03)

n = 702
(54 vs. 648)
0.98
(0.84–1.15)
0.94
(0.79–1.11)
0.94
(0.77–1.15)

Values are odds ratios with 95% confidence interval (CI).
1
Model 1 = adjusted for child’s sex, gestational age of birth, age of mother, BMI before pregnancy;
2
Model 2 = adjusted for all factors in model 1 and additionaly adjusted for factors related to enamel
hypomineralization (Alcohol use during pregnancy, child’s ethnicity, low birth weight and fever in first year
of life); 3 Model 3 = adjusted for all factors in model 2 and additionally adjusted for factors related to 25(OH)
D levels (Household income at intake, educational level mother at intake, folic acid use during pregnancy,
parity, season of blood draw, and serum 25(OH)D levels at 6 years of age);
Signifcant associations are bold. HSPM = Hypomineralized Second Primary Molar; MIH = Molar Incisor
Hypomineralization.
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Abstract

The aim of this study was to investigate potential differences in caries prevalence
of children from ethnic minority groups compared to native Dutch children and
the influence of socioeconomic status (SES) and parent-reported oral health
behaviour on this association. The study had a cross-sectional design, embedded
in a population based prospective multi-ethnic cohort study. 4,306 children with
information on caries experience, belonging to seven different ethnic groups,
participated in this study. The decayed, missing, and filled teeth (dmft) index was
assessed at the age of six and categorized in two ways for analysis: children without
caries (dmft = 0) versus any caries experience (dmft > 0) and children without caries
(dmft = 0) versus children with mild caries (dmft = 1–3) or severe caries (dmft >
3). Compared to native Dutch children, children with a Surinamese-Hindustani,
Surinamese-Creoles, Turkish, Moroccan, and Cape Verdean background had
significantly higher odds for dental caries. Especially the Surinamese-Hindustani,
Turkish, and Moroccan group had significantly higher odds for severe dental caries.
Household income and educational level of the mother explained up to 43% of
the association between ethnicity and dental caries, whereas parent-reported
oral health behaviour did not mediate the association. Alarming disparities in
caries prevalence between different ethnic (minority) groups exist, which cannot
be fully explained by social inequalities. Public health strategies can apply this
new knowledge and specifically focus on the reduction of ethnic disparities in
oral health. More research is needed to explain high caries prevalence among
different ethnic minority groups.

Ethnic disparities in dental caries among six-year-old children in the Netherlands

Introduction
Dental caries is a major public health problem with a prevalence between 60 and 90
percent among all school children worldwide 1]. This problem leads not only to impaired
oral health-related quality of life in (pre-) school children and their parents, but also
affects children’s development [2]. For this reason, a reduction in the prevalence of
dental caries, known as a preventable disease, is desirable [3].
Children with an ethnic minority background form a vulnerable population group.
They have a higher risk of being born preterm or postterm, having respiratory allergies,
or having an adverse cardiovascular risk profile [4-6]. Moreover, differences in oral health
among ethnic groups have been reported by various studies from the Netherlands
and other parts of the world [7-11]. These studies indicate a higher prevalence of
caries among children from immigrant or ethnic minority groups. In the association
between ethnicity and health, socioeconomic status (SES) might play an important
mediating role. The relationship between lower SES and various non-communicable
diseases is widely accepted [12]. Also in dental research, the relationship between SES
and caries prevalence is visible [13]. Although declines in caries prevalence occur in all
SES groups, lower SES remains associated with worse oral health in the Netherlands
[10, 14]. In addition, oral health behaviour, such as toothbrushing frequency and sugar
consumption, might play a mediating role in the association between ethnicity and
dental caries. Obviously, oral health behaviour is the main determinant for oral health,
but it also appears to be associated with immigrant status [15]. Our hypothesis is that
ethnic disparities in caries prevalence can be mostly explained by SES and differences
in oral health behaviour between ethnic groups.
Thus far, European studies did not distinguish between major, country-dependent,
ethnic minority groups [10, 11, 15-18]. It is important to fill this knowledge gap, to be
able to focus prevention programs at the most vulnerable groups. The purpose of our
study was to investigate potential differences in caries prevalence of children from
ethnic minority groups compared to native Dutch children. We further explored whether
the associations between ethnicity and dental caries were explained by differences in
SES or oral health behaviour.

Materials & methods
Study design
Our study had a cross-sectional design and was embedded in the Generation R Study.
The Generation R study is a prospective multi-ethnic cohort study that follows children
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from fetal life until adulthood in Rotterdam, The Netherlands [19]. The Generation
R Study aims to identify early environmental and genetic determinants of growth,
development and health, described in detail elsewhere [19]. The Medical Ethics
Committee of Erasmus Medical Centre, Rotterdam, the Netherlands, approved this
study (MEC-2007-413). All participants gave written informed consent.

Study population
All pregnant women living in the study area between April 2002 and January 2006, that
were in their first trimester of pregnancy until birth of their child were eligible to enroll
in the Generation R Study. Primarily, 9,778 mothers were enrolled in the study, with a
total of 9,745 children. Of these, 8,305 mothers (84.9%) gave consent to participate in
the school aged period (5 years onwards) of the Generation R Study and 6,690 (68.7%)
children visited the research centre where information on oral health was collected.
Finally, we excluded participants with missing information on dental caries (n = 1,367)
and children with missing information on ethnicity (n = 127). We also excluded 890
children because of the small country-specific sample sizes (< 100 per group), leaving
a total study group of 4,306 children belonging to one of the major ethnic groups.

Ethnic groups
All children were born in Rotterdam, the Netherlands, however the ethnic background
of a child was defined as non-Dutch if one of the parents was born in another country
than the Netherlands CBS [20]. If both parents were born in another country than
the Netherlands, the birth country of the mother was conclusive for the ethnicity
of the child. Information about ethnic background of the parents was obtained at
enrolment by questionnaires [19]. Ethnic background of all mothers and children was
updated by consulting the Dutch Central Agency for Statistics (Centraal Bureau voor
de Statistiek) at the age of six. Different ethnic groups for this study were defined. We
have distinguished between the following non-Dutch groups: Surinamese-Hindustani
(n = 152), Surinamese-Creole (n = 154), Turkish (n = 402), Dutch Antillean (n = 161),
Moroccan (n = 308), and Cape Verdean (n = 172).

Assessment of dmft index
The decayed, missing, filled teeth index (dmft index) was obtained from intraoral
photographs, taken by trained nurses and dental students. For this, we have used
two intraoral cameras, the Poscam USB intra-oral (Digital Leader PointNix) or Sopro
717 (Acteon) autofocus camera. Both cameras had a resolution of 640x480 pixels and
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a minimal scene illumination of f 1.4 and 30 lx. Scoring dental caries per tooth on
intraoral photographs has been described elsewhere and was shown to have high
sensitivity and specificity (85.5% and 83.6% respectively), in children with a mean age
of 4.96 years, when compared to ordinary oral examination [21]. On average, all teeth
were captured on in total 10 photographs showing the occlusal, buccal, lingual and
palatal sides of the teeth.
After at least six weeks, 10% of the photographs were scored for a second time
to test the intra-observer agreement. The Cohen’s (quadratic weighted) kappa score
reached a perfect agreement of 0.98 [22]. A re-evaluation of approximately 10% of
the photographs (460) was done by a second trained pediatric dentist to test the inter
observer agreement. The two dentists reached almost a perfect agreement of 0.89 [22].
For the analysis, the dmft index was categorized into two ways. First, we categorized
the children into caries free experience (dmft = 0) versus any caries experience (dmft
> 0). Second, we categorized the children into three groups: children without caries
experience (dmft = 0), children with mild caries (dmft = 1–3), and children with severe
caries (dmft > 3). The cut-off for the latter categorization was based on the mean dmft
index ± standard deviation dmft index (1.6 ± 2.5) of five-year-old Dutch children and
was also used in other literature [10, 23].

Covariates
The following variables were considered as potential mediators: Mother’s age,
educational level of mother, household income, marital status, child’s sex, child’s age,
child’s BMI, age at first dental visit, dental visit in the past year and toothbrushing
frequency. At enrolment in the Generation R Study mothers were asked about their
age. At the children’s age of six, the mothers had to fill in questionnaires that asked
about their highest followed educational level, household income, marital status, and
children’s oral health related behaviour. Maternal educational level was subdivided
into two groups; higher (higher vocational training, university or PhD degree) versus
lower. Three categories were constructed for household income; < 2,000 euro/month,
2,000–3,200 euro/month, and > 3,200 euro/month. Marital status was divided in
married/registered partnership or unmarried/no registered partnership. Information
about oral health related behaviour was assessed by questions about age at first
dental visit (0–3 years, > 3 years, or never), dental visit in the past year (yes/no), and
toothbrushing frequency (once a day, twice a day, or more than twice a day). BMI was
calculated based on anthropometric measurements, conducted during the child’s visit
at the research centre.
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Statistical analysis
Descriptive statistics are used to characterize the study population and children from
different ethnic backgrounds. Differences in sample characteristics among the ethnic
groups were evaluated using one-way ANOVAs, Mann-Whitney-U and Χ2 -tests.
Associations between ethnic background and caries prevalence were evaluated
using logistic regression models for the dichotomous outcome (dmft = 0 vs. dmft >
0) and multinomial logistic regression models for the outcome categorized into three
groups (dmft = 0 vs. dmft = 1–3 or vs. dmft > 3). Two different models were built. The
first model was a crude model adjusted for child’s age and sex only. The second model
was built to investigate whether the association between ethnic background and dmft
index is either explained by SES-related indicators or by oral health behaviour related
indicators. For this we first included household income and educational level of the
mother, as indicators for SES, into the model. Second, we added children’s age at first
dental visit, dental visit in the past year, and toothbrushing frequency, as indicators for
oral health behaviour to the crude model. In both the second as the third model we
have added the product term of ethnicity with the other predictor variables to test for
statistical interaction. No interaction terms were significant and therefore we did not
present stratified analysis. In the second model, which adjusted for mother’s education
and household income, we had also tested maternal life style factors. However, we
excluded them from the model, because they did not have a significant influence on
the association. Collinearity analysis was performed by using the tolerance statistics. A
tolerance statistic > 0.20 was considered to exclude multi-collinearity. In our models the
tolerance statistic exceeded 0.50 for all variables, thus excluding multi-collinearity. The
natural logarithm of age was computed to perform a Box-Tidwell test. This test showed
linearity of age with any of the caries outcomes (p > 0.05) Independence of errors was
estimated by calculating the dispersion parameter, which is the ratio of the chi-square
goodness-of-fit statistic to its degrees of freedom. Because the dispersion parameter
approximated 1.0 and was < 2.0, we assumed independence of errors.
A multiple imputation of missing covariates was performed by generating ten
independent datasets using the Markov Chain Monte Carlo (MCMC) method after
which the pooled effect estimates were calculated [24]. Multiple imputation models
were based on relationships between all variables included in this study. A sensitivity
analyses was performed to compare results of the non-imputed dataset with the
imputed dataset. We have used the Statistical Package of Social Sciences version 22.0
for Mac (IBM Corp, Armonk, NY, USA) for our statistical analyses. A p-value < 0.05 was
considered to be statistically significant. The STROBE guidelines were followed in the
reporting of this observational study [25].
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Results
Population characteristics
In Table 3.1.1 the maternal and child characteristics of our study population by ethnic
background are shown (n = 4,360). Educational level of the mother and household
income, indicators for the SES, were significantly higher in the Dutch group (n = 2,957)
than in the ethnic minority groups. Dutch children went earlier and more often to the
dentist than children from the ethnic minority groups, but did not brush their teeth
more often. The group of children with a Dutch background had the highest percentage
of children without caries (77.1%). By contrast, in the group of Turkish (n = 402) and
Moroccan (n = 308) children, only 41.5% and 40.9% of the children respectively had a
caries-free dentition. At last, the distribution of the dmft index was significantly different
in all ethnic groups compared to the distribution of the dmft index in Dutch children.
Figure 3.1.1 shows the cumulative distribution of caries across all ethnic groups.

Ethnicity and dental caries
The associations between children’s ethnicity and the dmft index are shown in Table
3.1.2. Compared to native Dutch children, children from other ethnic backgrounds were
more likely to have higher dmft indices. The logistic regression model showed that
children with a Surinamese-Hindustani, Surinamese-Creole, Turkish, Moroccan, and
Cape Verdean background had significantly higher odds of having dental caries than
Dutch children. These associations remained significant after correction for SES-related
variables for the Surinamese-Hindustani (odds ratio [OR], 1.54; 95% confidence interval
[95% CI], 1.08 to 2.19), Turkish (OR, 3.18; 95% CI, 2.50 to 4.04), and Moroccan group (OR,
3.25; 95% CI, 2.47 to 4.27). Correcting for oral health behaviour related variables did not
change the OR significantly compared to the OR of the crude model.
The multinomial logistic regression showed a comparable association between
ethnicity and the dmft index. Turkish and Moroccan children had significantly higher
odds of having mild caries (dmft 1–3: OR, 2.73; 95% CI, 2.09 to 3.57; OR, 2.85; 95% CI,
2.12 to 3.83, respectively) and even higher odds of having severe dental caries (dmft >
3: OR, 8.90; 95% CI, 6.76 to 11.7; OR, 8.43; 95% CI, 6.21 to 11.4, respectively) than Dutch
children. The association between the Surinamese-Creole group and the dmft index (OR
1.58; 95% CI, 1.07 to 2.33) was only significant for mild caries, whereas the association
between the Surinamese-Hindustani (OR 3.77; 95% CI, 2.43 to 5.84) and the Cape
Verdean group with the dmft index (OR 2.04; 95% CI, 1.25 to 3.32) was only significant
for the severe caries group. The influence of mother’s education and household income
on the relationship between ethnicity and the dmft index was similar to its influence
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69.5
8.69
50.3
0.0

Marital status, %
Married/registered partnership
Missing, %

Child characteristics
Boys, %
Missing, %

Missing,%

6.00
(5.68–7.44)
0.0

11.1
25.0
63.9
13.1

Household income, %
< 2,000 euro
2,000–3,200 euro
> 3,200 euro
Missing, %

Age, median (95% range), years

66.3
7.9

31.9
(21.3–39.8)
0.0

Educational level mother, Higher, %
Higher, %
Missing, %

Parental characteristics
Age mother,
median (95% range), years
Missing, %

Dutch
n = 2,957

6.07
(5.63–8.09)*
0.0

44.7*
0.0

57.8*
15.8**

40.4
34.2
25.4*
25.0**

23.3*
15.1**

28.8
(17.8–39.1)*
0.0

SurinameseHindustani
n = 152

Table 3.1.1. Sample characteristics of the study population (n = 4,306)

6.10
(5.67–8.22)*
0.0

53.9*
0.0

36.6*
20.1**

42.5
34.5
23.0*
26.6**

40.3*
19.5**

30.2
(18.3–40.9)*
0.0

SurinameseCreole
n = 154

6.08
(5.63–7.88)*
0.0

53.0
0.0

85.4*
19.9**

55.6
31.1
13.2*
24.9**

18.5*
22.1**

27.5
(19.3–38.7)*
0.0

Turkish
n = 402

6.11
(5.62–8.47)*
0.0

44.1
0.0

28.9*
20.5**

63.2
18.4
18.4*
22.4**

34.6*
19.3**

26.3
(18.0–39.9)*
0.0

Dutch
Antillean
n = 161

6.11
(5.69–8.04)*
0.0

52.9
0.0

80.2*
27.9**

64.1
25.7
10.2*
33.1**

27.5*
33.5**

28.6
(20.2–40.7)*
0.0

Moroccan
n = 308

6.12
(5.75–8.08)*
0.0

51.7
0.0

29.1*
26.2**

67.5
19.7
12.8*
32.0**

22.1*
29.1**

30.8
(19.7–39.8)*
0.0

Cape Verdean
n = 172
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94.3
9.30
19.1
80.9
9.67
77.1
13.6
9.2

Dental visits in the past year
Yes
Missing, %

Brushing teeth per day, %
Once
Twice or more
Missing, %

Index dmft, %
0
1–3
>3
60.5
19.1
20.4*

9.68
90.3*
18.4**

90.4
17.8**

39.1
57.0
3.99*
15.8**

15.0
(12.8–22.2)*
0.0

66.2
26.0
7.79*

13.7
86.3
24.0**

92.2
24.7**

38.2
55.3
6.50*
20.1**

16.1
(13.4–23.6)*
0.0

41.5
25.4
33.1*

43.5
56.5*
23.9**

89.0*
22.9**

42.7
53.2
4.11*
21.4**

16.5
(13.9–23.0)*
0.0

16.5
(14.0–22.4)*
0.0
36.1
56.6
7.31*
28.9**
88.0*
32.5**
24.5
75.5*
33.8**
40.9
26.9
32.1*

16.5
(14.0–24.1)*
0.6
47.3
41.9
10.9*
19.9**
89.8*
26.7**
15.5
84.5
28.0**
67.7
21.7
10.6*

64.5
22.7
12.8*

5.17
94.8*
32.6**

87.9*
32.6**

34.6
53.5
11.8*
26.2**

16.6
(13.8–22.5)
0.0

1
Values are presented as median(90%-range) for continuous variables and percentages for categorical variables. Percentages are based on the number of valid cases.
P-values were estimated by using one-way ANOVA, Mann-Whitney-U and Chi-square tests. For all comparisons, children with a Dutch background were used as a reference
group. dmft = decayed, missing, and filled teeth.
* P-value < 0.05 for comparison of non-missing variables.
** P-value < 0.05 for comparison of missing variables.

62.3
35.9
1.80
8.05

15.7
(13.7–19.6)
0.2

Age at first dental visit
0–3 years
> 3 years
Never
Missing, %

Missing, %

BMI, median (95% range), kg/m2

Ethnic disparities in dental caries among six-year-old children in the Netherlands

3.1

75

Chapter 3.1

Figure 3.1.1. Cumulative caries distribution per ethnic group.

in the binary logistic regression model. After correction for SES-related indicators the
association between Surinamese-Creoles and mild caries as well as Cape Verdean and
severe caries lost significance. The influence of SES factors was more profound in the
relation between ethnicity and severe caries groups than for the relation with mild
caries and explained up to 43% of the association in the Turkish group. However, the
associations between Surinamese-Hindustani (OR, 2.36; 95% CI, 1.49 to 3.73), Turkish
(OR, 5.12; 95% CI, 3.73 to 7.04), or Moroccan background and severe caries (OR, 5.12;
95% CI, 3.54 to 7.41) remained significant after correcting for SES factors. Correcting
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n1 / n2
Crude model1 OR
(95% CI)
+ SES factors2 OR
(95% CI)
+ Oral health behaviour3
OR (95% CI)

n1 / n2
Crude model1 OR
(95% CI)
+ SES factors2 OR
(95% CI)
+ Oral health behaviour3
OR (95% CI)

Crude model1 OR
(95% CI)
+ SES factors2 OR
(95% CI)
+ Oral health behaviour3
OR (95% CI)

Reference

Reference

192 / 2281
Reference

Reference

Reference

484 / 2281
Reference

Reference

Reference

n = 2,957
Reference

Dutch

31 / 92
3.77
(2.43–5.84)
2.36
(1.49–3.73)
3.69
(2.35–5.81)

29 / 92
1.39
(0.90–2.14)
1.15
(0.74–1.79)
1.36
(0.88–2.11)

n = 152
2.06
(1.46–2.89)
1.54
(1.08–2.19)
2.02
(1.42–2.86)

SurinameseHindustani

12 / 102
1.14
(0.61–2.13)
0.79
(0.41–1.53)
1.11
(0.58–2.13)

40 / 102
1.58
(1.07–2.33)
1.38
(0.93–2.05)
1.54
(1.04–2.28)

n = 154
1.45
(1.02–2.07)
1.18
(0.81–1.70)
1.42
(0.98–2.04)

SurinameseCreole

Dutch
Antillean
n = 161
1.28
(0.90–1.83)
0.96
(0.66–1.40)
1.27
(0.88–1.84)
35 / 109
1.22
(0.81–1.82)
1.00
(0.66–1.53)
1.19
(0.79–1.80)
17 / 109
1.44
(0.84–2.50)
0.90
(0.50–1.61)
1.48
(0.83–2.62)

Turkish
n = 402
4.48
(3.60–5.58)
3.18
(2.50–4.04)
4.34
(3.42–5.52)
102 / 167
2.73
(2.09–3.57)
2.18
(1.63–2.90)
2.66
(2.00–3.52)
133 / 167
8.90
(6.76–11.7)
5.12
(3.73–7.04)
8.63
(6.28–11.9)

99 / 126
8.43
(6.21–11.4)
5.12
(3.54–7.41)
8.16
(5.80–11.5)

83 / 126
2.85
(2.12–3.83)
2.32
(1.69–3.21)
2.74
(2.02–3.72)

n = 308
4.43
(3.46–5.67)
3.25
(2.47–4.27)
4.27
(3.29–5.54)

Moroccan

22 / 111
2.04
(1.25–3.32)
1.18
(0.69–2.01)
1.97
(1.18–3.28)

39 / 111
1.47
(1.00–2.15)
1.16
(0.78–1.74)
1.40
(0.94–2.07)

n = 172
1.63
(1.17–2.26)
1.16
(0.81–1.65)
1.56
(1.11–2.20)

Cape Verdean

1

Values are odds ratios with 95% confidence interval (CI) for the crude model adjusted for child’s gender and age at dmft assessment; 2 for the crude model additionally
adjusted for SES factors (educational level mother and household income); 3 for the crude model additionally adjusted for oral health behaviour related factors (children’s
age at first dental visit, dental visit in the past year and toothbrushing frequency); Significant associations are bold. SES = Social Economic Status; dmft = decayed,
missing, and filled teeth; n1 / n2 = odds for having caries versus no caries if same ethnic background.

(0 vs. > 3)

dmft
(0 vs. 1-3)

dmft
(0 vs. > 0)

Caries measures

Ethnicity groups

Table 3.1.2. Associations of ethnicity with dmft indices, after adjustment for SES factors and oral health behaviour (n = 4,306)
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for oral health behaviour related indicators did not have any influence on the OR in the
multinomial logistic regression analysis. The sensitivity analyses showed no difference in
outcomes between the imputed and non-imputed dataset. Results for the non-imputed
dataset are presented in a supplemental table (Table S3.1.1).

Discussion
Our results showed great disparities in caries prevalence between different ethnic groups
living Rotterdam, the Netherlands. We confirmed a significantly higher prevalence of
dental caries among non-Dutch ethnic children and the highest prevalence was
observed among Surinamese-Hindustani, Turkish, and Moroccan children. These ethnic
disparities were only partly explained by maternal educational level and household
income, both indicators for SES. Parent-reported oral health behaviour related indicators
did not explain any of the ethnic disparities.
Ethnic disparities in dental caries risk have been reported from all over the world
[9, 26]. Most studies were conducted in subjects having a permanent dentition, but we
showed that these already exist during childhood. Previous studies in the Netherlands
indicated that caries prevalence might be higher in Turkish and Moroccan children.
However, these were not conclusive, most likely because of their small sample size,
especially among the ethnic minority groups [10, 18, 27]. To our knowledge, this study
is the first in Europe to address ethnic disparities in dental caries prevalence among
six-year-old children in a large population based multi-ethnic cohort.
SES plays an important role in the association between ethnicity and oral health
[13]. In addition, we showed that the importance of SES, indicated by mother’s education
and household income, in the relationship between ethnicity and dmft indices increases
with the severity of the caries experience. However, the current study also shows that
ethnic disparities in dental caries are not fully explained by mother’s education and
household income. Generally, the dental literature proposes three hypotheses that
might explain the association; bad oral hygiene, unhealthy dietary habits with high and
frequent sugar consumption, and genetic factors [28-30]. In our results, in disagreement
with Vanobbergen et al. [28], oral health behaviour did not attribute to the differences
in caries prevalence between the ethnic groups. Within the scope of our study we were
not able to investigate sugar consumption. Still, we strongly suggest it is a possible
mechanism behind the association [30-32]. The literature is not conclusive, but ethnic
minority groups tend to have higher sugar consumption compared to native Dutch [27,
33]. A new approach is the genome wide association studies that may shed some light
on the susceptibility to dental caries. While the specific genes influencing the risk of
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dental caries still remain largely unknown, genes may play a relevant role in explaining
ethnic disparities in dental caries [29, 34, 35].
Definitely ethnic minorities need to be specifically targeted in oral disease
prevention strategies, because they appeared to be more vulnerable for dental disease.
To date, attempting to enhance oral health behaviour by awareness raising programs
in ethnic minority groups has only a limited positive effect on oral health [36]. The way
ethnicity influences dental caries is not well known yet. Therefore, Duijster et al. [37]
tried to tackle modifiable risk factors that could be responsible for ethnic inequalities in
the prevalence of childhood dental caries. They investigated parental and family factors
as possible mediators and found that children without caries had parents with a more
internal locus of control regarding dental health and that they were more likely to show
positive parenting practices compared to parents of children with dental caries [37].
Interestingly, the locus of control regarding oral health was more external in parents
with a Turkish or Moroccan background, compared to parents with a Dutch background.
Thus, parental factors need to be further examined when prevention strategies are
being developed. Research on behavioural, biological, psychological, or family factors
explaining the relation between ethnicity and oral health is important, because health
promotion strategies are only successful when they target these modifiable risk factors,
instead of ethnicity as such.
The major strength of our study was the large population of children, so that
different ethnic minority groups could be compared to each other. Furthermore, the
prospective design of the Generation R study was well suited to investigate caries risk
by embedding our cross-sectional analysis within the cohort, as caries is still a common
population disease. Some limitations of our study need to be addressed. Since oral
examination is the gold standard for clinically diagnosing dental caries, one limitation
might be the assessment of dental caries from intraoral photographs [38]. The use of
intraoral photographs has been validated by Elfrink et al. [21], but the performance
was only moderate. Thus, the assessment of dmft indices in this study might be
affected by a non-differential measurement error leading to an underestimation of the
association between ethnicity and dental caries. Still, the present caries data are much
more reliable than data obtained from self-report. In our study we have only found a
minimal influence of oral health behaviour on the odds for having caries, although they
are known risk factors for dental caries in young children [39]. Possible explanations
for this could be a tendency of parents towards reporting socially desirable answers
and the cross-sectional setting of our study. The effect of preventive behaviour is only
visible over time and should therefore be evaluated in longitudinal data. Moreover, the
effect of toothbrushing frequency on dental caries is proven, but might be influenced by
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unhealthier diets [40]. This reinforces our suggestion that the diet of children explains
some of the ethnic disparities in oral health. However, we were not able to evaluate
the diet of children, which poses another limitation of our study. Power limitations are
another point of attention for Surinamese-Creole, Dutch Antillean, and Cape Verdean
children in the dmft > 3 category. Results of the multinomial regression for these
categories should therefore be interpreted with caution. Furthermore, slightly less
participants from ethnic minority groups and lower SES were included in the Generation
R Study than expected from the population figures in Rotterdam, the Netherlands
[19]. This may have led to a reduced generalizability of our study results, but exploring
the mean caries prevalence in children from the Netherlands is beyond the scope of
our paper. Missing information on dental caries was equally distributed between the
ethnic groups. As some SES and oral behaviour variables had more than 10% missing
data due to non-response, we used a multiple imputation method to dissolve possible
bias from missing data. No significant differences in the outcome were observed in
the sensitivity analysis that compared results from the original dataset with the results
from the imputed dataset. In this study a wide array of important measures could be
controlled for. However, residual confounding due to unmeasured SES and oral health
indicators should still be considered.
In conclusion, the odds of having dental caries were much higher among children
from all ethnic minority groups compared to the odds in native Dutch children. It is
alarming to observe these differences in caries prevalence in a developed country as
the Netherlands, in which oral health care and education is available for everyone.
The magnitude of this problem in specific ethnic minority groups was not yet known.
Our results emphasize to critically appraise health policies concerning prevention of
dental caries. Public health strategies should apply this new knowledge and specifically
focus at parents and children from these groups. More research is needed to find an
explanation for the high caries prevalence among different ethnic (minority) groups.
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Abstract

Prior studies suggest dental caries traits in children and adolescents are partially
heritable, but there has been no large-scale consortium genome-wide association
study (GWAS) to date. We therefore performed GWAS for caries in participants aged
2.5–18.0 years from 9 contributing centres. Phenotype definitions were created
for the presence or absence of treated or untreated caries, stratified by primary
and permanent dentition. All studies tested for association between caries and
genotype dosage and results were combined using fixed–effects meta-analysis.
Analysis included up to 19,003 individuals (7,530 affected) for primary teeth and
13,353 individuals (5,875 affected) for permanent teeth. Evidence for association
with caries status was observed at rs1594318-C for primary teeth (intronic within
ALLC, Odds Ratio (OR) 0.85, Effect Allele Frequency (EAF) 0.60, p 4.13e-8) and
rs7738851-A (intronic within NEDD9, OR 1.28, EAF 0.85, p 1.63e-8) for permanent
teeth. Consortium-wide estimated heritability of caries was low (h2 of 1% [95%
CI: 0%:7%] and 6% [95% CI 0%:13%] for primary and permanent dentitions,
respectively) compared to corresponding within-study estimates (h2 of 28%, [95%
CI: 9%:48%] and 17% [95% CI: 2%:31%]) or previously published estimates. This
study was designed to identify common genetic variants with modest effects
which are consistent across different populations. We found few single variants
associated with caries status under these assumptions. Phenotypic heterogeneity
between cohorts and limited statistical power will have contributed; these findings
could also reflect complexity not captured by our study design, such as genetic
effects which are conditional on environmental exposure.

Consortium-based genome-wide meta-analysis for childhood dental caries traits

Introduction
Dental caries remains a prevalent public health problem in both children and adults.
Untreated dental caries was estimated to affect 621 million children worldwide in
2010, with little change in prevalence or incidence between 1990 and 2010 [1]. This
problem is not unique to lower income countries; around 50% of children have evidence
of caries by age 5 in industrialized nations [2-4]. Dental caries results from reduced
mineral saturation of fluids surrounding teeth, driven by ecological shifts in the oral
microbiome [5]. Many different factors predispose towards dental caries, of which high
sugar consumption, poor oral hygiene and low socio-economic status are the most
notorious [6-8]. Over the last decades there has been increasing appreciation for the
role of genetic influences in dental caries. The importance of genetic susceptibility for
dental caries experience was demonstrated in an animal model over 50 years ago, a
finding since substantiated in twin studies in humans [9-11]. Of particular relevance
to caries traits in children and adolescents, Bretz et al. analyzed longitudinal rates of
change in caries status in children and found that caries progression and severity were
highly heritable in the primary and permanent dentition [10]. It has also been suggested
that heritability for dental caries does not depend entirely on genetic predisposition
to sweet food consumption [12]. Despite evidence of a genetic contribution to caries
susceptibility, few specific genetic loci have been identified.
Shaffer et al. performed the first GWAS for dental caries in 2011 [13], studying the
primary dentition of 1,305 children. They found evidence for association at novel and
previously studied candidate genes (ACTN2, MTR, EDARADD, MPPED2 and LPO), but
no individual single nucleotide polymorphisms (SNPs) exceeded the genome wide
significance threshold (p ≤ 5.0e-08), possibly as a consequence of the modest sample
size [13]. The first GWAS for dental caries in the permanent dentition in adults was
performed at a similar time by Wang et al. [14]. They included 7,443 adults from five
different cohorts and identified several suggestive loci (p ≤ 10E-05) for dental caries
(RPS6KA2, PTK2B, RHOU, FZD1, ADMTS3 and ISL1), different loci from those mentioned
above for the primary dentition and again with no single variants reaching genomewide significance.
The next wave of GWAS of caries suggested association at a range of different
loci. Two GWAS used separate phenotype definitions for pit-and-fissure and smooth
tooth surfaces and identified different loci associated with dental caries susceptibility
in both primary and permanent dentition [15, 16]. The GWAS in primary dentition
used a sample of approximately 1,000 children and found evidence for association at
loci reported in previous studies, including MPPED2, RPS6KA2, and AJAP1 [13-16]. The
largest GWAS for dental caries in permanent dentition was performed in a Hispanic and
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Latino sample of 11,754 adults [17]. This study identified unique genetic loci (NAMPT
and BMP7) compared to previous GWAS in individuals of European ancestry. To date,
it is unclear whether the variability in nominated loci reflects true variability in the
genetic architecture of dental caries across different populations, age periods and
sub-phenotypic definitions, or merely represent chance differences between studies
given the modest power in the studies performed to date.
Dental caries is a complex and multifactorial disease, caused by a complex interplay between environmental, behavioral and genetic factors. Until now there has been
a lack of large-scale studies of dental caries traits in children and the genetic basis of
these traits remains poorly characterized. This investigation set out to examine the
hypothesis that common genetic variants influence dental caries with modest effects
on susceptibility. We anticipated that a) caries in both primary and permanent teeth
would be heritable in children and adolescents aged 2.5 to 18 years and b) common
genetic variants are likely to only have small effects on the susceptibility of a complex
disease such as dental caries. Therefore, the aim of this large-scale, consortium-based
GWAS is to examine novel genetic loci associated with dental caries in primary and
permanent dentition in children and adolescents.

Methods
Study samples
We performed genome-wide association (GWA) analysis for dental caries case/control
status in a consortium including 9 coordinating centres. Study procedures differed
between these centres. We use the term ‘clinical dental assessment’ to mean that a
child was examined in person, whether this was in a dental clinic or a study centre.
We use the term ‘examiner’ to refer to a dental professional and use the term ‘assessor’
to refer to an individual with training who is not a dental professional, for example a
trained research nurse.
The Avon Longitudinal Study of Parents and Children (ALSPAC) is a longitudinal
birth cohort which recruited pregnant women living near Bristol, UK with an estimated
delivery date between 1991 and 1992. Follow up has included clinical assessment and
questionnaires and is ongoing [43]. A subset of children attended clinics including
clinical dental assessment by a trained assessor at age 31, 43 and 61 months of age.
Parents were asked to complete questionnaires about their children’s health regularly,
including comprehensive questions at a mean age of 5.4 and 6.4 years. Parents and
children were asked to complete questionnaires about oral health at a mean age of
age 7.5, 10.7 and 17.8 years. Please note that the study website contains details of all
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the data that are available through a fully searchable data dictionary (http://www.bris.
ac.uk/alspac/researchers/data-access/data-dictionary/ ). Both clinical and questionnaire
derived data were included in this analysis, with priority given to clinical data where
available (Table S3.2.3).
The Copenhagen Prospective Studies on Asthma in Childhood includes two
population based longitudinal birth cohorts in Eastern Denmark. COPSAC2000 recruited
pregnant women with a history of asthma between 1998 and 2001 [44]. Children who
developed wheeze in early life were considered for enrollment in a nested randomized
trial for asthma prevention. COPSAC2010 recruited pregnant women between 2008
and 2010 and was not selected on asthma status. Both COPSAC2000 and COPSAC2010
studies included regular clinical follow up. Within Denmark clinical dental assessment is
routinely offered to children and adolescents until the age of 18 years and summary data
from these examinations are stored in a national register. These data were obtained via
index linkage for participants of COPSAC2000 and COPSAC2010 and used to perform
joint analysis across both cohorts.
The Danish National Birth Cohort (DNBC) is a longitudinal birth cohort which
recruited women in mid-pregnancy from 1996 onwards [45]. For this analysis, index
linkage was performed to obtain childhood dental records for mothers participating in
DNBC. As with the COPSAC studies, these data were originally obtained by a qualified
dentist and included surface level dental charting.
The Generation R study (GENR) recruited women in early pregnancy with expected
delivery dates between 2002 and 2006 living in the city of Rotterdam, the Netherlands.
The cohort is multi-ethnic with representation from several non-European ethnic
groups. Follow-up has included clinical assessment visits and questionnaires and is
ongoing [46]. Intra-oral photography was performed as a part of their study protocol,
with surface level charting produced by a dental examiner (a specialist in paediatric
dentistry) [47]. Analysis in GENR included a) a multi-ethnic association study including
all individuals with genetic and phenotypic data [48] and b) analysis including only
individuals of European ancestry.
The GENEVA consortium is a group of studies which undertake coordinated
analysis across several phenotypes. [49] Within GENEVA, the Center for Oral Health
Research in rural Appalachia, West Virginia and Pennsylvania, USA (COHRA), the Iowa
Fluoride Study in Iowa, USA (IFS) and the Iowa Head Start (IHS) study participated in
analysis of dental traits in children [50]. COHRA recruited families with at least one child
aged between 1 and 18 years of age, with dental examination performed at baseline
[51]. IFS recruited mothers and newborn infants in Iowa between 1992 and 1995 with a
focus on longitudinal fluoride exposures and dental and bone health outcomes. Clinical
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dental examination in IFS was performed by trained assessors age 5, 9 13 and 17 years
[52]. IHS recruited children participating in an early childhood education program
which included a one-time clinical dental examination [13].
The “German Infant study on the influence of Nutrition Intervention plus air
pollution and genetics on allergy development” (GINIplus) is a multi-centre prospective
birth cohort study which has an observational and interventional arm which conducted
a nutritional intervention during the first four months of life. The study recruited new
born infants with and without family history of allergy in the Munich and Wesel areas,
Germany between 1995 and 1998 [53, 54].The “Lifestyle-related factors, Immune
System and the development of Allergies in East and West Germany” study (LISA) is
a longitudinal birth cohort which recruited between 1997 and 1999 across four sites
in Germany [53, 55]. For participants living in the Munich area, follow up used similar
protocols in both GINIplus and LISA, with questionnaire and clinic data including clinical
dental examination by trained examiners at age 10 and 15 years. Analysis for caries in
GINIplus and LISA was therefore performed across both studies for participants at the
Munich study centre.
The Physical Activity and Nutrition in Children (PANIC) Study is an ongoing
controlled physical activity and dietary intervention study in a population of children
followed retrospectively since pregnancy and prospectively until adolescence.
Altogether 512 children 6–8 years of age were recruited in 2008–2009 [56]. The main
aims of the study are to investigate risk factors and pathophysiological mechanisms for
overweight, type 2 diabetes, atherosclerotic cardiovascular diseases, musculoskeletal
diseases, psychiatric disorders, dementia and oral health problems and the effects
of a long-term physical activity and dietary intervention on these risk factors and
pathophysiological mechanisms. Clinical dental examinations were performed by a
qualified dentist with tooth level charting.
The Cardiovascular Risk in Young Finns Study (YFS) is a multi-centre investigation
which aimed to understand the determinants of cardiovascular risk factors in young
people in Finland. The study recruited participants who were aged 3, 6, 9, 12 ,15 and 18
years old in 1980. Eligible participants living in specific regions of Finland were identified
at random from a national population register and were invited to participate. Regular
follow-up has been performed through physical examination and questionnaires [57].
Clinical dental examination was performed by a qualified dentist with tooth level
charting.
The Western Australian Pregnancy Cohort (RAINE) study is a birth cohort which
recruited women between 16th and 20th week of pregnancy living in the Perth area,
Western Australia. Recruitment occurred between 1989 and 1991 with regular follow
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up of mothers and their children through research clinics and questionnaires [58]. The
presence or absence of dental caries was recorded by a trained assessor following
clinical dental examination at the year 3 clinic follow up.
Further details of study samples are provided in Table S3.2.1.

Medical ethics
Within each participating study written informed consent was obtained from the
parents of participating children after receiving a full explanation of the study. Children
were invited to give assent where appropriate. All studies were conducted in accordance
with the Declaration of Helsinki.
Ethical approval for the ALSPAC study was obtained from the ALSPAC Ethics and
Law Committee and the Local Research Ethics Committee. Full details of ethical approval
policies and supporting documentation are available online (http://www.bristol.ac.uk/
alspac/researchers/research-ethics/.) Approval to undertake analysis of caries traits was
granted by the ALSPAC executive committee (B2356).
The COPSAC2000 cohort was approved by the Regional Scientific Ethical Committee
for Copenhagen and Frederiksberg (KF 01-289/96) and the Danish Data Protection
Agency (2008-41-1574). The 2010 cohort (COPSAC2010) was approved by the Danish
Ethics Committee (H-B-2008-093) and the Danish Data Protection Agency (2008-41-2599).
The DNBC study of caries was approved by the Scientific Ethics Committee for
the Capital City Region (Copenhagen), the Danish Data Protection Agency, and the
DNBC steering committee.
Each participating site in the GENEVA consortium caries analysis received approval
from the local university institutional review board (federal wide assurance number
for GENEVA caries project: FWA00006790). Within the COHRA arm local approval was
provided by the University of Pittsburgh (020703/0506048) and West Virginia University
(15620B), whilst the IFS and IHS arms received local approval from the University of
Iowa’s Institutional Review Board.
The GENR study design and specific data acquisition were approved by the
Medical Ethical Committee of the Erasmus University Medical Center, Rotterdam, the
Netherlands (MEC-2007-413).
The GINIplus and LISA studies were approved by the ethics committee of the
Bavarian Board of Physicians (10 year follow up: 05100 for GINIplus and 07098 for LISA,
15 year follow up 10090 for GINIplus, 12067 for LISA).
The PANIC study protocol was approved by the Research Ethics Committee of
the Hospital District of Northern Savo. All participating children and their parents gave
informed written consent.
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The YFS study protocol was approved by local ethics committees for contributing
sites.
The RAINE study was approved by the University of Western Australia Human
Research Ethics Committee.

Phenotypes
Primary teeth exfoliate and are replaced by permanent teeth between 6 and 12 years
of age. We aimed to separate caries status in primary and permanent teeth wherever
possible using clinical information or age criteria, in line with our expectation that the
genetic risk factors for dental caries might differ between primary and permanent
dentition. For children in the mixed dentition we created two parallel case definitions,
whilst in younger or older children a single case definition was sufficient.
All study samples included a mixture of children with dental caries and children
who were caries-free, with varying degrees of within-mouth or within-tooth resolution.
To facilitate comparison across these differing degrees of resolution all analysis
compared children who were caries-free (unaffected) or had dental caries (affected).
Missing teeth could represent exfoliation or delayed eruption rather than the endpoint
of dental caries and therefore missing teeth were not included in classifying children
as caries-free or caries affected.
In children aged 2.50 years to 5.99 years any individual with 1 or more decayed
or filled tooth was classified as caries affected, with all remaining individuals classified
as unaffected. In children aged 6.00 years to 11.99 years of age parallel definitions
were determined for the primary dentition and permanent dentition respectively. Any
individual with at least 1 decayed or filled primary tooth was classified as caries affected
for primary teeth, while all remaining participants were classified as unaffected. In
parallel, any individual with at least 1 decayed or filled permanent tooth was classified
as caries affected for permanent teeth, while all remaining individuals were classified as
unaffected. In children and adolescents aged 12.00 to 17.99 years of age any individual
with 1 or more decayed or filled tooth or tooth surface (excluding third molar teeth)
was classified as caries affected, with remaining individuals classified as unaffected.
Analysis was conducted in cross-section, meaning a single participant could only be
represented in a single phenotype definition once. Where multiple sources of dental data
were available for a single participant within a single phenotype definition window, the
first source of data was selected (reflecting the youngest age at participation), in line with
our expectation that caries status would be most heritable in the near-eruption period.
The sources of data used to create these phenotypic definitions are given in Table
S3.2.3. Within ALSPAC only, questionnaire responses were used to supplement data
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from clinical examination. The questions asked did not distinguish between primary
and permanent teeth. Based on the age at questionnaire response we derived variables
which prioritized responses from questionnaires before 6.00 years of age (thought
to predominantly represent caries in primary teeth), and responses after 10.00 years
of age (which might predominantly represent caries in permanent teeth). The final
data sweep considered in this analysis targeted adolescents at age 17.50 years. Some
participants responded to this after their eighteenth birthday. Data derived from this
final questionnaire sweep were not included in the principal meta-analyses but were
included in the GCTA heritability analysis.

Genotypes and imputation
All participating studies used genetic data imputed to a comprehensive imputation
panel. The 1,000 genomes phase 1 version 3 panel (1KG phase 1 v3) was used as a
common basis across 6 centres (GINIplus/LISA, GENR, GENEVA, YFS, PANIC, RAINE (Table
S3.2.1). In ALSPAC, DNBC, COPSAC2000 and COPSAC 2010 the haplotype reference
consortium (HRC v1.0 and v1.1) imputation panels were used (Table S3.2.1).
Each study performed routine quality control measures during genotyping,
imputation and association testing (Table S3.2.2). Further pre-meta-analysis quality control
was performed centrally using the EasyQC R package and accompanying 1KG phase1 v3
reference data [59]. Minor allele count (MAC) was derived as the product of minor allele
frequency and site-specific number of alleles (twice the site-specific sample size). Variants
were dropped which had a per-file MAC of 6 or lower, a site-specific sample size of 30
or lower, or an impute INFO score of less than 0.4. Sites which reported effect and noneffect alleles other than those reported in 1KG phase 1 v3 reference data were dropped.
Following meta-analysis, sites with a weighted minor allele frequency (MAF) of less than
0.005were dropped, along with variants present in less than 50% of the total sample.

Statistical analysis
Association testing
Each cohort preformed GWA analysis using an additive genetic model. Caries status was
modelled against genotype dosage whilst accounting for age at phenotypic assessment,
age squared, sex and cryptic relatedness. Sex was accounted for by deriving phenotypic
definitions and performing analysis separately within male and female participants, or
by including sex as a covariate in association testing. Each study adopted approaches
to account for cryptic relatedness and population stratification, as described in Table
S3.2.2. In the GENR study parallel analyses were conducted for participants of European
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ancestry (using the approach described in Table S3.2.2) and the entire study population,
using a previously published method [48]. The software and exact approach used by
each study is shown in Table S3.2.2.
Meta-analysis
Results of GWA analysis within each study were combined in two principal metaanalyses, representing caries status in primary teeth and caries status in permanent
teeth. For primary teeth, parallel meta-analyses were performed, one using results
of multi-ethnic analysis in the GENR study and the other using results of European
ancestry analysis in the GENR study. The GENR study did not have phenotypic data for
permanent teeth, therefore the analysis of permanent teeth contained only individuals
of European ancestry. Fixed-effects meta-analyses was performed using METAL [60],
with genomic control of input summary statistics enabled and I2 test for heterogeneity.
Meta-analysis was run in parallel in two centres and results compared. All available
studies with genotype and phenotypic information were included in a one stage design,
therefore there was no separate replication stage.
Meta-analysis heritability estimates
For each principal meta-analysis population stratification and heritability were
assessed using linkage disequilibrium score regression (LDSR) [61]. Reference linkage
disequilibrium (LD) scores were taken from HapMap3 reference data accompanying
the LDSR package.
Within-sample heritability estimates
For comparison, heritability within the ALSPAC study was assessed using the GREML
method [62], implemented in the GCTA software package [63], using participant level
phenotype data and a genetic relatedness matrix estimated from common genetic
variants (with MAF > 5.0%) present in HapMap3.
Hypothesis free cross trait lookup
We used PLINK 2.0 [64] to clump meta-analysis summary statistics based on LD structure
in reference data from the UK10K project. We then performed hypothesis-free cross-trait
lookup of independently associated loci using the SNP lookup function in the MRBase
catalogue [65]. Proxies with an r2 of 0.8 or higher were included where the given variant
was not present in an outcome of interest. We considered performing hypothesis free
cross-trait genetic correlation analysis using bivariate LD score regression implemented
in LDhub [66].
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Lookup in previously published pediatric caries GWAS
Previously published caries GWAS was performed within the GENEVA consortium,
which is also represented in our meta-analysis. We therefore did not feel it would be
informative to undertake lookup of associated variants in previously published results.
Lookup in GWAS for adult caries traits
This analysis was planned and conducted in parallel with analysis of quantitative
traits measuring lifetime caries exposure in adults (manuscript in draft). The principal
trait studied in the adult analysis was an index of decayed, missing and filled tooth
surfaces (DMFS). This index was calculated from results of clinical dental examination,
excluding third molar teeth. The DMFS index was age-and-sex standardized within
each participating adult study before GWAS analysis was undertaken. Study-specific
results files were then combined in a fixed-effects meta-analysis. In addition to DMFS,
two secondary caries traits were studied in adults, namely number of teeth (a count of
remaining natural teeth at time of study participation) and standardized DFS (derived
as the number of decayed and filled surfaces divided by the number of natural tooth
surfaces remaining at time of study participation). After age-and-sex standardization
these secondary traits had markedly non-normal distribution and were therefore
underwent rank-based inverse normal transformation before GWAS analysis and metaanalysis. We performed cross-trait lookup of lead associated variants in the pediatric
caries meta-analysis against these three adult caries traits. As the unpublished analysis
also contains samples which contributed to previously published GWAS, we did not
feel it would be informative to undertake additional lookup in published data.
Gene prioritization, gene set enrichment and association with predicted gene transcription
Gene based testing of summary statistics was performed using MAGMA [67] with
reference data for LD correction taken from the UK10K project and gene definitions
based on a 50 kilobase window either side of canonical gene start:stop positions. Gene
set enrichment analysis was considered using the software package DEPICT [68]. Tests
for association between phenotype and predicted gene transcription were performed
using S-PrediXcan [69], which is a summary-statistic implementation of the PrediXcan
method. This method aims to assess the effects of tissue-specific gene transcription on
phenotypes. Gene transcription models are trained in datasets with transcriptomic data,
then used to predict gene expression in datasets with phenotypic data. This method
was applied using the MetaXcan standalone software (https://github.com/hakyimlab/
MetaXcan) and a transcription prediction model trained in whole blood (obtained from
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the PedictDB data repository at http://predictdb.org/) [70]. Bonferroni correction was
applied on the basis of approximately 7,000 independent gene-based tests for 2 caries
traits, giving an experiment wide significance level of approximately p < 3.6e-06.
Power calculations
Post-hoc power calculations were performed using the free, web-based tool Genetic
Association Study (GAS) Power Calculator and the software utility Quanto (v1.2.4)
(https://csg.sph.umich.edu/ abecasis/gas_power_calculator/index.html, http://biostats.
usc.edu/Quanto.html) [71]. Using the sample size and caries prevalence of the final
meta-analysis samples, we calculated the minimum effect size required to have 80%
discovery power at a significance level of 5.0e-08 for variants with MAF between
0.05 and 0.50. For primary teeth (17,037 individuals, 6,922 caries affected, prevalence
40.6%) we were able to detect variants with a minimal effect size (OR) between 1.13
and 1.37 for variants with MAF of 0.50 and 0.05, respectively (1.15 for MAF of 0.40)
(Figure S3.2.4, Figure S3.2.5). For permanent teeth (13,353 individuals of which 5,875
were caries-affected, prevalence 44.0%) we had 80% power to detect variants with a
minimal effect size (OR) between 1.15 and 1.43 for variants with MAF of 0.50 and 0.05,
respectively (1.17 for MAF of 0.40) (Figure S3.2.4, Figure S3.2.5).

Results
Single variant results
Meta-analysis of caries in primary teeth in individuals of European ancestry included
17,037 individuals (6,922 affected) from 22 results files representing all 9 coordinating
centres. After final quality control (QC), this meta-analysis included 8,640,819 variants,
with mild deflation (genomic inflation factor (λ) = 0.994) (Figure S3.2.1). Meta-analysis
of caries in primary teeth which included individuals of multiple ethnicities in the
Generation R (GENR) study included 19,003 individuals (7,530 affected) from 22 results
files representing all 9 coordinating centres. There were 8,699,928 variants after final QC,
with mild deflation in summary statustics (λ = 0.986) (Figure S3.2.2). Analysis of caries
status in permanent teeth included 13,353 individuals (5,875 affected) from 14 results
files representing 7 coordinating centres. The sample size was smaller for permanent
teeth as two coordinating centres did not have phentoype data for permanent teeth
(RAINE and GENR), whilst the COPSAC group only had data for participants in the earlier
birth cohort (COPSAC 2000). There were 8,734,121 variants after final QC, with mild
deflation in summary statistics (λ = 0.999) (Figure S3.2.3).
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The strongest evidence for association with caries in primary teeth was seen at
rs1594318 (OR 0.85 for C allele, EAF 0.60, p = 4.13e-08) in the European ancestry metaanalysis (Figures 3.2.1, 3.2.2 and 3.2.3, Table 3.2.1). This variant is intronic within ALLC
on 2p25, a locus which has not previously been reported for dental caries traits. In the
meta-analysis combining individuals of all ancestories this variant no longer reached
genome-wide significance, although suggestive evidence persisted at rs1594318 (OR
0.868 for C allele EAF 0.60 p = 3.78e-07) and other intronic variants within ALLC in
high linkage disequilibrium (Figure 3.2.3). For the permanent dentition the strongest
statistical evidence for association was seen between caries status and rs7738851 (OR
1.28 for A allele, EAF 0.85, p = 1.63e-08) (Figures 3.2.1, 3.2.2 and 3.2.4, Table 3.2.1). This
variant is intronic within NEDD9 on 6p24.

Estimated heritabiltiy
Using participant level data in ALSPAC heritability was estimated at 0.28 (95% CI
0.09:0.48) and 0.17 (95% CI 0.02:0.31) for primary and permanent teeth respectively.
Using summary statistics at the meta-analysis level produced point estimates near zero
heritability, with wide confidence intervals (Table 3.2.2).

Cross-phenotype comparisons
Genome-wide mean chi squared was too low to undertake genome-wide genetic
correlation using the LDSR method for caries in either primary or permanent teeth.
Hypothesis-free phenome wide lookup for rs1594318 included 885 GWAS where either
rs1594318 or a proxy with r2 > 0.8 was present. None of these traits showed evidence of
association with rs1594318 at a Bonferroni-corrected alpha of 0.05. Lookup of rs7738851
and its proxies was performed against 662 traits, where similarly no traits reached a
Bonferroni-corrected threshold. Hypothesis-driven lookup in adult caries traits revealed
no strong evidence for persistent genetic effects into adulthood (Table 3.2.3).

Gene prioritization, gene set enrichment and association with predicted gene
transcription
Gene based tests identified association between caries status in the primary dentition
and a region of 7q35 containing TCAF1, OR2F2 and OR2F1 (p = 1.91e-06, 1.58e-06
and 1.29e-06, respectively). There were insufficient independently associated loci to
perform gene set enrichment analysis using DEPICT for either of the principal metaanalyses. Association with predicted gene transcription was tested but no genes met
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Figure 3.2.1. Manhattan plots for each principal meta-analysis.
(A) Caries in primary teeth (European ancestry), n samples = 17,036, n variants = 8,640,819, λ = 0.9944.
Variants within 500Kb of rs1594318 are highlighted in green. (B) Caries in primary teeth (multi-ethnic
analysis), n samples = 19,003, n variants = 8,699,928, λ = 0.9861. (C) Caries in permanent teeth (European
ancestry), n samples = 13,353, n variants = 8,734,121, λ = 0.9991. Variants within 500Kb of rs7738851 are
highlighted in green.
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Figure 3.2.2. Regional association plots.
(A) Regional association plot for rs1594318 and caries in primary teeth (European ancestry meta-analysis).
(B) Regional association plot for rs7738851 and caries in permanent teeth.
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Figure 3.2.3. Forest plot for rs1594318 and caries in primary teeth.
Effect sizes are expressed on a log OR scale, grouped by geographical location. The summary estimate is
from the fixed-effect meta-analysis of participants of European ancestry.

the threshold for association after accounting for multiple testing. The single greatest
evidence for association was seen between increased predicted transcription of
CDK5RAP3 and increased liability for permanent caries (p = 3.94e-05). CDK5RAP3 is
known to interact with PAK4 and p14ARF, with a potential role in oncogenesis [18, 19].
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rs1594318

rs1594318

rs872877

rs7738851

Caries in primary
teeth (European
ancestry analysis)

Caries in primary
teeth (multiethnic analysis)*

Caries in primary
teeth (multiethnic analysis)*

Caries in
permanent teeth

chr6:11241788

chr2:3735826

chr2:3733944

chr2:3733944

Position

A

A

C

C

Effect
allele

T

G

G

G

Other
allele

0.85

0.59

0.60

0.60

EAF

0.248
(0.044)

-0.142
(0.028)

-0.142
(0.028)

-0.165
(0.030)

Beta (SE)

1.28

0.868

0.868

0.848

Odds
ratio
N
16,994

18,960

18,958

13,353

P-value
4.13e-08

3.78e-07

4.18e-07

1.63e-08

13.3

17.5

0.0

0.0

I2

0.20

0.68

0.61

0.69

P-value for
heterogeneity

Intronic, NEDD9

Intronic, ALLC

Intronic, ALLC

Intronic, ALLC

Annotation

* No single variants were associated with dental caries status at the genome-wide level in the multi-ethnic analysis of primary teeth, however two variants are discussed
in Results section and are included here for reference.

Variant

Phenotype

Table 3.2.1. Lead associated single variants
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Figure 3.2.4. Forest plot for rs7738851 and caries in permanent teeth.
Effect sizes are expressed on a log OR scale, grouped by geographical location. The summary estimate is
from fixed-effect meta-analysis.

Table 3.2.2. Within-sample and meta-analysis heritability estimates
Phenotype

Method

Estimated h2
(95% CI)

N

Caries in primary teeth

GCTA GREML
LDSR
All participants
European ancestry only

0.28 (0.09:0.48)
0.01 (0.00:0.06)
0.01 (0.00:0.07)

7,230
19,003
17,036

Caries in permanent teeth

GCTA GREML
LDSR

0.17 (0.02:0.31)
0.06 (0.00:0.12)

6,657
13,353
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Caries in primary teeth
(European ancestry
meta-analysis)

Caries in permanent
teeth

rs1594318

rs7738851

A

G

Risk increasing
allele (discovery)

Hypothesis free

Adult caries traits

Hypothesis free

Adult caries traits

Cross trait lookup

0.60
0.033

Number of teeth (inverse normal
transformed residuals)
Standardized DFS (inverse normal
transformed residuals)

0.63
0.65

Number of teeth (inverse normal
transformed residuals)
Standardized DFS (inverse normal
transformed residuals)

(no traits meeting threshold for multiple testing)

0.57

DMFS (standard deviation of
residuals of caries-affected surfaces)

(no traits meeting threshold for multiple testing)

0.87

DMFS (standard deviation of
residuals of caries-affected surfaces)

P value

-0.0054 (0.012)

-0.0064 (0.013)

-0.007 (0.011)

-0.0195(0.0091)

0.0051(0.0098)

-0.0015 (0.0092)

Effect per caries risk
increasing allele (se)

26,531

27,949

26,791

26,532

27,947

26,790

N

Adult caries traits were defined as follows. DMFS – a count of the number of decayed, missing or filled tooth surfaces. This count was residualized after regression
on age and age squared and standard deviations of residuals calculated. Number of teeth – a count of the number of teeth in the mouth. This count was residualzed
after regression on age and age squared and residuals underwent inverse normal transformation. Standardized DFS. The number of decayed and filled surfaces was
divided by the total number of tooth surfaces in the mouth. This ratio was residualized after regression on age and age squared and residuals underwent inverse normal
transformation.

Discovery trait

Variant

Table 3.2.3. Lookup of lead associated variants
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Discussion
Dental caries in children and adolescents has not been studied to date using a
large-scale, consortium-based genome-wide meta-analysis aproach. Based on
previous knowledge of the heritability of caries in young populations and from our
understanding of other complex diseases, we anticipated that common genetic variants
would be associated with dental caries risk with consistent effects across different
cohorts. We found evidence for association between rs1594318 and caries in primary
teeth. This variant showed weaker evidence for association in the multi-ethnic metaanalysis, potentially relating to different alelle frequencies across the different ethnic
groups included in analysis. Frequency of the G allele is reported to vary between 0.24
in Asian populations to 0.42 in populations of European ancestry based on 1KGP allele
fequencies. ALLC (Allantoicase) codes the enzyme allantoicase, which is involved in
purine metabolism and whose enzymatic activitiy is believed to have been lost during
vertebrate evolution. Mouse studies suggest this loss of activity relates to low expression
levels and low substrate affinity rather than total non-functionality [20]. Although there
is some evidence that ALLC polymorphisms are associated with response to asthma
treatment [21], there is limited understanding of the implications of variation in ALLC
for human health, and it is possible that rs1594318 tags functionality elsewhere in the
same locus.
For permanent teeth, we found evidence for association between caries status
and rs7738851, an intronic variant with NEDD9 (neural precursor cell-expressed,
developmentally down-regulard gene 9). NEDD9 is reported to mediate integrininitiated signal transduction pathways and is conserved from gnathostomes into
mammals [22, 23]. NEDD9 appears to play a number of functional roles in disease and
normal development, including regulation of neuronal differentiation, development
and migration [22, 24-28]. One such function involves regulation of neural crest cell
migration [26]. Disruption of neural crest signalling is known to lead to enamel and
dentin defects in animal models [29, 30] and might provide a mechanism for variation
at rs7738851 to influence dental caries susceptibiltiy.
Traditionally, risk assessment for dental caries in childhood has concentrated
on dietary behaviours and other modifiable risk factors [31], with little focus on tooth
quality. Although our understanding of the genetic risk factors for dental caries is
incomplete, authors have noted that the evidence from previous genetic association
studies tends to support a role for innate tooth structure and quality in risk of caries
[32, 33]. If validated by future studies, the association with rs7738851 would provide
further evidence for this argument, and may in the future enhance risk assessment in
clinical practice.
106

Consortium-based genome-wide meta-analysis for childhood dental caries traits

The lookup of lead associated variants against adult caries traits provided no
strong evidence for persistent association in adulthood. This might imply genetic
effects which are specific to the near-eruption timepoint. An alternative explanation
is that the variants identified in the present study represent false positive signals as
the statistical evidence presented is not irrefutable and there is no formal replication
stage in our study; yet, we see good consistency of effects across studies.
The meta-analysis heritabiltiy estimates were lower than anticipated from either
previous within-study heritability estimates [34] or the the new within-study heritabiltiy
estimates obtained for this analysis. There are several possible explanations for this
phenomenom. First, the methods used in the present analysis are SNP based which
consistently underestimate heritability of complex traits relative to twin and family
studies [35]. Second, meta-analysis heritabiliy represents the heritability of genetic
effects which are consistent across populations. In the event of genuine differences in
genetic architecture of dental caries across strata of age, geography, environmental
exposure or subtly different phenotypic meanings the meta-heritabiltiy estimate is
not the same conceptually as the weighted average of heritabiltiy within each study.
More intuitively, genetic influences might be important within populations
with relatively similar environments but not determine much of the overall diffrences
in risk when comparing groups of people in markedly different environments. This
view is consistent with existing literature from family based and candidate gene
association studies suggesting the genetic architectre of dental caries is complex
with multiple interactions. For example, gene-sex interactions are reported which
change in magnitude between the primary and permanent dentition [36], genetic
variants may have heterogeneous effects on the primary and permanent dentition
[37] and environmental exposures such as fluoride may interact with genetic effects
[38]. Finally, the aetiological relevance of specific microbiome groups appears to vary
between different populations [39], suggesting genetic effects acting through the
oral microbiome might also vary between populations. Unfortunately, this study lacks
statistical power to perform meta-analyses stratified on these exposures, so does not
resolve this particular question.
In line with any consortium based approach, the need to harmonize analysis across
different collections led to some compromises.The phenotypic definitions used in this
study do not contain information on disease extent or severity. Loss of information in
creating these defintions may have contributed to the low statistical power of analysis.
Our motivation for using simple definitions was based on the facts that a) case-control
status simply represents a threshold level of an underlying continium of disease risk b)
simple binary classifications facilitate comparison of studies with different assessment
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protocols and population risks and c) simple classifications have been used sucsessully
in a range of complex phenotypes.
Between participating centres there are differences in characteristics such as age
at participation, phenotypic assesment and differences in the environment (such as
nutrition, oral hygiene and the oral microbime) which might influence dental caries or
its treatment, as reflected in the wide range of caries prevalence between different study
centres. Varying phenotypic characteristics do not necessarily result in hetrogeneous
genetic effects, as this variability may be uncorrelated with genetic effects. There was
little evidence for heterogeneity in the top associated loci reported, however, the test
for hetrogeneity in genetic effects (I2) is limited by the small number of participting
studies in meta-anlaysis [40] and wide confidence intervals for within-study genetic
effect estimates. Given these limitations, it is possible that heterogeneity contributed
to low study power and prevented more comprehensive single variant findings.
In the ALSPAC study we made extensive use of questionnaire derived data. This
will systematically under-report true caries exposure compared to other studies as
children or their parents are unlikely to be aware of untreated dental caries which would
be evident to a trained assesor. We have explored some of these issues previously and
shown that self-report measures at scale can be used to make meaningful inference
about dental health in childhood [41]. We believe that misclassification and underreporting in questionnaire data would tend to bias genetic effect estimates and
heritability towards the null. Despite this we show evidence for heritabiltiy using these
definitions and effect sizes at lead variants are comparable with effect sizes obtained
using clinically assessed data (Figures 3.2.3, 3.2.4).
As our power calculations showed, the sample size was sufficient to detect the
identified variants associated at a genome wide significant level with caries in the
primary teeth (rs1594318) and in permanent teeth (rs872877), where we observed
relatively large effect sizes. For smaller effect sizes we were underpowered to identify
association, and did not detect any variants with effect sizes (expressed as per-allele
increased odds) smaller than 15% or 17% in the primary and permanent teeth,
respectively. Caries is highly influenced by environmental factors and it is likely that
its susceptibility is polygenic in nature [32] with individual genetic variants conferring
small effect sizes, as seen in other comparable complex traits [42]. Furthermore, some
of the included studies had major differences in their caries prevalence, likely acting
as a proxy for features affecting risk of caries. This may have introduced heterogeneity
and reduced power to detect association, as discused further below.
One area of interest in the literature is the ability of genetics to guide personalized
decisions on risk screening or identifying treatment modalities, and this is also true
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in dentistry. The genetic variants identified in this study are unlikely to be useful
on their own in this context, given the modest effect sizes and low total heritability
observed in our meta-analysis. We would suggest clinicians should continue to consider
environment and aggregate genetic effects (for example, knowledege of disease
patterns of close relatives) rather than specific genetic variants at this moment in time.
Nevertheless, the findings of our study contribute to a better understanding of the
genetic and biological mechanisms underlying caries suceptibility.
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Abstract

The purpose of our study was to investigate the association of different
socioeconomic and sociodemographic factors with dental caries in six-yearold children. Furthermore, we applied a district-based approach to explore the
distribution of dental caries among districts of low and high socioeconomic
position (SEP). In our cross-sectional study 5,189 six-year-olds were included.
This study was embedded in a prospective population-based birth cohort study
in Rotterdam, the Netherlands, the Generation R Study. Parental education
level, parental employment status, net household income, single parenting,
and teenage pregnancy were considered as indicators for SEP. Dental caries
was scored on intraoral photographs by using the decayed, missing, and filled
teeth (dmft) index. We compared children without caries (dmft = 0) to children
with mild caries (dmft = 1–3) or severe caries (dmft > 3). Multinomial logistic
regression analyses and binary logistic regression analyses were performed to
study the association between SEP and caries, and between district and caries,
respectively. Only maternal education level remained significantly associated
with mild caries after adjusting for all other SEP-indicators. Paternal educational
level, parental employment status, and household income additionally served as
independent indicators of SEP in children with severe caries. Furthermore, living
in more disadvantaged districts was significantly associated with higher odds of
dental caries. Dental caries is more prevalent among six-year-old children with a
low SEP, which is also visible at the district level. Maternal educational level is the
most important indicator of SEP in the association with caries. Our results should
raise concerns about the existing social inequalities in dental caries and should
encourage development of dental caries prevention strategies. New knowledge
about the distribution of oral health inequalities between districts should be used
to target the right audience for these strategies.
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Introduction
Dental caries in children leads not only to tooth pain, but also leads to significant health
losses in a population, affecting the quality of life of both children and their parents
[1-3]. Moreover, it leads to considerable costs in the short and long term [4]. Identifying
high-risk populations for developing dental caries can help to lower the incidence of
these health issues by targeting the right audience with preventive strategies.
It is well known that a lower socioeconomic position (SEP) is related to poorer
health outcomes [5]. This also seems to apply for oral health outcomes. For example, a
recent meta-analysis by Schwendicke et al. [6] showed a low socioeconomic position
(SEP) to be significantly associated with a higher risk of having dental caries in both
children and adults. Various other studies in oral health research also presented a higher
caries prevalence in children with a low SEP [7-9]. Possible mediating pathways for the
association between SEP and caries, however, have been suggested but have not been
studied well yet. Moreover, among these studies SEP was not measured in a uniform
way. Often only one or two indicators for SEP are chosen, i.e. parental educational
level, household income or parents’ employment status. In the Netherlands, maternal
educational level or residential neighborhood are most commonly used as indicator
for SEP [10-12]. However, different studies have advised using more than one or two
indicators of SEP. This may increase comparability and may avoid residual confounding
[6, 13]. Therefore, we wanted to study all advised indicators for family SEP in relation
to dental caries [13].
Recently, dental caries was found to be clustered in more deprived areas within a
country and even within a city [14-16]. This could be associated with clustering of low
SEP families within a particular district. Less access to dental care within a district due
to a lower density of available (pediatric) dentists could also be an explanation. It is
important to distinguish between these explanations, since this information could help
to improve targeting of preventive strategies. Moreover, possible weaknesses within
a living area, perpetuating health inequalities, could be identified. Therefore, we also
wanted to study the distribution of caries in the city of Rotterdam, the Netherlands.
With this information we hoped to answer the question whether possible differences
could be only explained by differences in social background or also by characteristics
of the district itself.
Summarizing, the purpose of our study was to investigate the association of
different socioeconomic and sociodemographic factors on dental caries in six-year-old
children. Furthermore, we applied a district approach to explore the distribution of
dental caries within the city of Rotterdam, the Netherlands. With this information we
also tried to identify possible explanations of the identified differences between districts.
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Methods
Study samples
We conducted a cross-sectional study, embedded in the Generation R Study, situated
in the city of Rotterdam, the Netherlands. The Generation R Study is a prospective
population-based cohort study and was designed to identify environmental and genetic
determinants of growth, development and health. The design of this cohort is described
in detail elsewhere. For this purpose, children have been followed from fetal life until
adulthood in Rotterdam, the Netherlands [17]. The Medical Ethics Committee of Erasmus
Medical Center, Rotterdam, approved this study (MEC-2007-413). All participants of this
study gave written informed consent.

Study population
All pregnant women with a delivery date between April 2002 and January 2006 and
who lived in the study area of Rotterdam, the Netherlands, were eligible for participation
in the Generation R Study. From all included children, 8,305 mothers gave consent to
participate in the school aged period (5 years onwards) of the Generation R Study.
Ultimately, 6,690 children had actually visited the research center. From these, we
excluded all participants with incomplete information on dental caries (n = 1,367)
and all twin participants (n = 134), leaving a total study population of 5,189 children.

Socioeconomic position
Since young children cannot have yet established their own socioeconomic level, they
were classified according to their parents’ socioeconomic position. We named this family
SEP. We considered the following socioeconomic and sociodemographic factors as
indicators for family SEP: parental education level, parental employment status (paid job
vs. unpaid job), net household income, parenting, and teenage pregnancy. Educational
level was categorized based on the Dutch Standard Classification of Education [18]. We
defined four educational levels that could be obtained by a parent: low (no education,
primary school, lower vocational training, intermediate general school, or three years
or less general secondary school), mid-low (more than three years general secondary
school, intermediate vocational training, or first year of higher vocational training),
mid-high (higher vocational training), and high (university or PhD degree). Paternal and
maternal employment status was defined as paid job or no paid job. Net household
income was divided into three categories; < 2,000 euro/month, 2,000–3,200 euro/month
and > 3,200 euro/month. Teenage pregnancy was defined as pregnancy in girls aged

120

Social inequalities and dental caries in six-year-old children from the Netherlands

19 years or younger and was based on maternal age at enrolment. All information on
socioeconomic and sociodemographic factors were obtained by questionnaires [17].

Dental caries
We scored the presence of dental caries on intraoral photographs by using the decayed,
missing, and filled teeth index (dmft index). We took these pictures with either the
Poscam USB intraoral (Digital Leader PointNix) or Sopro 717 (Acteon) autofocus camera.
Both cameras had a resolution of 640x480 pixels and a minimal scene illumination of 1.4
and 30 lx. The usage of intraoral photographs, compared to ordinary oral examination,
in scoring dental caries with a dmft index has been described elsewhere and showed to
have high sensitivity and specificity (85.5% and 83.6% respectively) [19]. Furthermore,
we evaluated intra-observer reliability (K = 0.98) and inter-observer reliability (K = 0.89),
both indicating an almost perfect agreement [20].
For the analyses, we categorized the children as having no dental caries (dmft =
0), having mild caries (dmft = 1–3), or having severe caries (dmft > 3). The cut-off values
for mild and severe caries were based on the mean dmft index of five-year-old Dutch
children obtained from a recent report by Schuller et al. [21].

Covariates
We considered children’s age, sex, ethnicity, and oral health behavior as potential
confounders in the relationship between dental caries and SEP. Children’s ethnicity was
based on the birth country of both parents [22]. If one of the parents was born in another
country than the Netherlands, the child’s ethnicity was defined as the birth country
of that parent. Birth country of the mother was conclusive if both parents were born
in another country. For this study we categorized children into two different groups;
Dutch/Western and non-Western. Mothers had to fill in questionnaires on oral health
behavior of their children at age six. Oral health related behavior was measured by age
at first dental visit (0–3 years, > 3 years, or never), dental visits in the past year (yes or
no), and tooth brushing frequency (once a day, twice a day, or more than twice a day).

District approach
To compare caries prevalence between districts with different levels of SEP, the fourdigit postal codes were collected from the mothers when the children were six years
of age. The postal code had to be their current living area at the moment of dental
caries measurement. We only considered children living in the city of Rotterdam, the
Netherlands, for analysis (n = 3,942). In general, Rotterdam has fourteen different
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districts (Centrum, Prins Alexander, Pernis, Overschie, Noord, Kralingen-Crooswijk,
IJsselmonde, Hoogvliet, Hoek van Holland, Hillegersberg-Schiebroek, Feijenoord,
Delfshaven, Charlois, and Rozenburg), however we excluded Pernis, Hoek van Holland,
and Rozenburg due to low sample sizes within these districts (n < 20). We ranked the
districts from socioeconomically weakest to strongest district, using individual based
indicators of SEP. For this, we calculated the prevalence of low SEP, for each SEP indicator,
within a district. Afterwards, we took the sum of these to calculate a total prevalence of
low SEP indicators per district. By using these numbers, each district could be ranked
from lowest to highest total prevalence. We used this ranking to compare our data to
the municipality of Rotterdam, the Netherlands, and to visually depict the districts from
weakest to strongest. Moreover, the ranking was used to assess the reference district
for regression analysis (socioeconomically strongest district). Caries prevalence was
calculated for each district by dividing the total number of children with a dmft > 0 by
the total number of children living in that district. We used the open-source desktop
Geographic Information System (GIS), QGIS 2.8.4-Wien, for Mac, for geo-mapping our
ranking of the districts and caries prevalence per district. The difference between
the highest and lowest total prevalence of low SEP indicators was divided by four to
construct four even quartiles. We applied the same method for caries prevalence.

Statistical analyses
Characteristics of the study population were calculated and presented as absolute
numbers with percentages for categorical variables and median values, with 90%
range, for continuous variables.
A multinomial regression analysis was performed to analyze the association
between all SEP indicators and dental caries, expressed in odds ratio’s (OR’s) with 95%
confidence intervals (CI’s). Children were categorized into three groups based on their
dental caries experience (dmft = 0 versus dmft = 1–3 or dmft > 3). Three different
regression models were constructed. The first model was adjusted for children’s age,
sex and ethnicity only. The second model was additionally adjusted for children’s oral
health behavior. The third model was additionally adjusted for all other SEP indicators,
to investigate their mediating effects on the association between every single SEP
indicator and caries. Moreover, we checked whether the presence of Hypomineralized
Second Primary Molars (HSPMs) altered the association between SEP and dental caries
[23]. This was not the case and therefore the presence of HSPM was not included in
the third model.
Logistic regression analysis was used to analyze the association between the
social ranking of a district and dental caries. In this analysis, the district with the highest
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social ranking (Hillegersberg-Schiebroek, Rotterdam, The Netherlands) was used as the
reference category. First, a crude model, including only the districts as independent
variables was built. Second, this model was adjusted for child’s age, sex, and ethnicity.
Third, this model was additionally adjusted for all SEP indicators.
Children with complete data on all SEP indicators were compared with children
with missing data on at least one SEP indicator by using a Pearson Chi-Square test (Table
S3.3.1). Parents of children with missing information on at least one indicator of SEP
were lower educated (p < 0.001), were more often unemployed (p < 0.005), had a lower
household income (p < 0.001), were more often single (p < 0.001), and had more often
a teenage pregnancy (p < 0.001). To handle the missing data, we performed multiple
imputation by using the Markov Chain Monte Carlo method [24]. Ten independent
datasets were generated by this method after which the pooled effect estimates were
calculated [25]. The relationship between all variables, that have been used in this study,
served as a predictor in the multiple imputation models. We used the Statistical Package
of Social Sciences version 22.0 for Mac (IBM Corp, Armonk, NY, USA) for our statistical
analyses. A p-value < 0.05 was considered to be statistically significant.

Non-response analysis and stratified analysis
We compared the children which were excluded from analysis (incomplete information
on caries, n = 1,334) with the children that were included in the study (n = 5,189) on all
indicators of SEP (Table S3.3.2). There were no significant differences of all indicators
between participants with incomplete information on dental caries and participants
with complete information (p > 0.05). Moreover, since ethnicity is related to SEP, we
performed a stratified analysis under Dutch children only for the association between
SEP and dental caries [26, 27].

Results
Population characteristics
In Table 3.3.1 the characteristics of the study population are presented. The children
had a median age (90% range) of 6.03 years (5.68 to 7.83). The prevalence of caries in
our study population was 31.7%. About 28.6% of the mothers and 33.7% of the fathers
had a high level of education. The majority of mothers and fathers had a paid job (75.4%
and 93.9%, respectively) and almost half of the parents reported a household income
of more than 3,200 euros per month (49.7%). The household was run by a single parent
in 21.0% of the families.
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Table 3.3.1. Characteristics of the study population (n = 5,189)
Total

Missing

n (%)

n (%)

Maternal educational level

High
Mid-high
Mid-low
Low

1,260 (28.6)
1,215 (27.6)
1,386 (31.5)
544 (12.3)

784 (15.1)

Paternal educational level

High
Mid-high
Mid-low
Low

1,348 (33.7)
913 (22.8)
1,085 (27.1)
651 (16.3)

1,192 (23.0)

Maternal employment status

Paid job
No paid job

3,143 (75.3)
1,031 (24.7)

1,015 (19.6)

Paternal employment status

Paid job
No paid job

3,644 (93.8)
240 (6.20)

1,305 (25.1)

Household income

> €,3200
€2,000–€3200
< €2,000

2,075 (49.7)
1,081 (25.9)
1,017 (24.4)

1,016 (19.6)

Single parenting

No
Yes

3,518 (79.0)
933 (21.0)

738 (14.2)

Teenage pregnancy

No
Yes

5,044 (97.2)
145 (2.80)

-

Ethnic background

Dutch/Western
Non-Western

3,446 (68.0)
1,618 (32.0)

125 (2.41)

Child’s sex

Boy
Girl

2,601 (50.1)
2,588 (49.9)

-

Child’s age

Median (90% range)

6.03 (5.68–7.83)

-

Tooth brushing

Once a day
Twice or more a day

884 (20.7)
3,385 (79.3)

920 (17.7)

Age first dental visit

0–3 years
Older than 3 years
Never been

2,389 (54.1)
1,863 (42.2)
167 (3.70)

770 (14.8)

Dental visit in past year

Yes
No

3,967 (92.4)
325 (7.60)

897 (17.3)

Index dmft

0
1–3
>3

3,524 (68.3)
995 (19.2)
652 (12.6)

-

Table is based on non-imputed data set. Percentages are based on the number of valid cases.
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SEP and caries
Table 3.3.2 shows the results of the multinomial logistic regression models. Maternal
mid-low or low, as well as paternal low educational level were significantly associated
with mild caries (OR 1.55, 95% CI 1.22 to 1.96; OR 2.13, 95% CI 1.64 to 2.77; OR 1.59, 95%
CI 1.28 to 1.98 respectively). Also, both maternal and paternal unemployment were
significantly associated with mild caries (OR 1.40, 95% CI 1.18 to 1.65; OR 1.48, 95% CI
1.04 to 2.12 respectively). No other indicators were associated with mild caries. However,
all SEP indicators were significantly associated with severe caries. After adjusting for
the other indicators, only maternal education remained significantly associated with
mild caries. For the association with severe caries, however, paternal educational level,
parental employment status, and household income additionally served as independent
indicators of SEP. No different associations between SEP indicators and dental caries
were observed in the stratified analysis under 2,863 Dutch children (Table S3.3.3).

Districts and caries
The greatest differences between districts were seen in the prevalence of low parental
educational levels. Based on the crude model, all odds for having a higher caries
prevalence were significantly higher in socially lower ranked districts compared to
Hillegersberg-Schiebroek (reference). However, significance of the associations between
districts and caries disappeared after adjusting for child characteristics and all SEP
indicators in the third model for almost all districts (Table 3.3.3). To visually support
these findings, the social ranking and the caries prevalence of each district in the city
of Rotterdam, the Netherlands are shown in Figure 3.3.1.
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Maternal employment status

reference
reference

reference

Low

Paid job
No paid job

reference

Mid-low

reference

Low
reference
reference

reference

Mid-low

High
Mid-high

reference
reference

High
Mid-high

Maternal educational level

Paternal educational level

Index 0

(n = 5,189)

reference
1.40
[1.18–1.65]

reference
1.14
[0.90–1.46]
1.20
[0.95–1.50]
1.59
[1.28–1.98]

reference
1.20
[0.95–1.52]
1.55
[1.22–1.96]
2.13
[1.64–2.77]

reference
2.51
[2.01–3.13]

reference
1.39
[0.72–2.70]
2.07
[1.28–3.37]
4.04
[2.67–6.12]

reference
1.37
[0.74–2.56]
2.83
[1.55–5.15]
6.05
[3.36–10.9]

Index > 3

reference
1.38
[1.17–1.63]

reference
1.15
[0.91–1.45]
1.20
[0.96–1.51]
1.60
[1.28–2.04]

reference
1.21
[0.96–1.53]
1.56
[1.23–1.98]
2.16
[1.62–2.87]

Index 1–3

reference
2.52
[1.97–3.22]

reference
1.42
[0.74–2.69]
2.11
[1.30–3.42]
4.18
[2.59–6.74]

reference
1.40
[0.74–2.65]
2.91
[1.56–5.43]
6.38
[3.33–12.2]

Index > 3

OR [95% CI]

OR [95% CI]
Index 1–3

Model 2

Model 1

dmft

reference
1.12
[0.92–1.35]

reference
1.03
[0.82–1.31]
0.96
[0.75–1.23]
1.09
[0.83–1.43]

reference
1.18
[0.92–1.50]
1.46
[1.10–1.93]
1.85
[1.31–2.62]

Index 1–3

reference
1.60
[1.25–2.04]

reference
1.12
[0.75–1.67]
1.30
[0.84–2.00]
1.83
[1.13–2.96]

reference
1.13
[0.64–2.00]
1.83
[1.00–3.36]
3.10
[1.60–6.02]

Index > 3

OR [95% CI]

Model 3

Table 3.3.2. Multinomial Logistic regression models for the association between Socioeconomic Position (SEP) indicators and dmft indices
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No
Yes

Teenage pregnancy

reference
reference

reference
reference
reference
1.04
[0.67–1.61]

reference
1.17
[0.98–1.40]

reference
1.22
[0.97–1.54]
1.55
[1.21–1.99]

reference
1.48
[1.04–2.12]

reference
1.85
[1.20–2.84]

reference
1.56
[1.24–1.97]

reference
2.28
[1.39–3.74]
3.16
[1.92–5.19]

reference
2.08
[1.39–3.10]

reference
2.05
[1.39–3.03]
reference
2.28
[1.42–3.67]
3.19
[1.91–5.32]
reference
1.56
[1.23–1.99]
reference
1.85
[1.18–2.88]

reference
1.46
[1.01–2.11]
reference
1.22
[0.98–1.52]
1.55
[1.22–1.97]
reference
1.16
[0.97–1.39]
reference
1.02
[0.66–1.60]

reference
0.80
[0.51–1.25]

reference
0.93
[0.76–1.13]

reference
1.06
[0.86–1.32]
1.20
[0.91–1.59]

reference
1.30
[0.89–1.89]

Model 1 = basic model, adjusted for age, sex and child’s ethnicity only;
Model 2 = additionally adjusted oral health related behaviour (Tooth brushing frequency, age at first dental visit, dental visit in past year);
Model 3 = additionally adjusted for all other SEP indicators;
Significant associations are bold.

No
Yes

reference

< €2,000

Single parenting

reference
reference

> €3,200
€2,000–€3,200

Household income

reference
reference

Paid job
No paid job

Paternal employment status

reference
1.12
[0.72–1.73]

reference
1.00
[0.76–1.33]

reference
1.66
[1.18–2.33]
1.42
[0.88–2.29]

reference
1.57
[1.04–2.37]
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Figure 3.3.1. Ranking of each district (upper) and caries prevalence per district (lower).
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Table 3.3.3. Binary logistic regression for the association between districts and dental caries*

District (n = 3,898)
(n with caries / n without caries)
1. Hillegersberg/Schiebroek (147 / 501)

Crude model

Model 2

Model 3

OR [95% CI]

OR [95% CI]

OR [95% CI]

dmft-index > 0

dmft-index > 0

dmft-index > 0

reference

reference

reference

2. Prins Alexander (242 / 617)

1.34 [1.06–1.69]

1.23 [0.97–1.57]

1.03 [0.80–1.32]

3. Overschie (39 / 106)

1.25 [0.83–1.89]

1.13 [0.74–1.71]

0.90 [0.58–1.39]

4. Kralingen-Crooswijk (146 / 234)

2.13 [1.61–2.80]

1.62 [1.22–2.16]

1.33 [0.99–1.79]

5. Noord (145 / 275)

1.80 [1.37–2.36]

1.37 [1.04–1.82]

1.06 [0.79–1.42]

6. Centrum (53 / 101)

1.79 [1.22–2.62]

1.32 [0.89–1.96]

0.98 [0.65–1.48]

7. Feijenoord (92 / 126)

2.49 [1.80–3.45]

1.46 [1.03–2.07]

1.12 [0.78–1.61]

8. Delfshaven (299 / 401)

2.54 [2.01–3.22]

1.62 [1.25–2.10]

1.19 [0.91–1.56]

9. Hoogvliet (21 / 31)

2.31 [1.29–4.14]

1.43 [0.78–2.62]

1.08 [0.58–2.02]

10. IJsselmonde (80 / 71)

3.84 [2.66–5.55]

2.45 [1.67–3.60]

1.85 [1.24–2.76]

11. Charlois (79 / 92)

2.93 [2.06–4.16]

1.66 [1.37–2.01]

1.21 [0.83–1.79]

* Districts were ranked from lowest prevalence of SEP indicators, that are associated with dental caries, to
highest prevalence.
Model 2 = Adjusted for age, sex, and child’s ethnicity.
Model 3 = Additionally adjusted for all SEP indicators (parental educational level, parental employment
status, household income, single parenting, and teenage pregnancy).
Significant associations are bold.

Discussion
Our results demonstrate a higher caries prevalence in children with a low family SEP.
Maternal education level served as the most important indicator of family SEP in the
association with dental caries. Furthermore, we observed major inequalities in caries
prevalence between the districts with different socioeconomic levels. However, those
inequalities were mostly explained by family SEP of the population.
In agreement with other studies, we have found a higher caries prevalence
in children of parents with a low educational level, without a paid job, and with a
low household income [6, 28]. As mentioned before different studies used diverse
indicators for SEP. This lowers the comparability and may increase the chance of residual
confounding. Our study is one of the first that studied all recommended indicators of
family SEP in relation to dental caries simultaneously.
Schwendicke et al. [6] already proposed possible mediating pathways for the association between caries and SEP. Parents with a low education level would have worse health
literacy, worse dietary and oral health behavior and lower health service utilization [6].
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We did not find oral health behavior to explain the association between SEP and dental
caries. Although we did not take dietary habits into account, we do believe that this plays
an important role in explaining high caries prevalence among children with a low SEP.
Especially, since colleagues found an association between low SEP and a more frequent
“Western” dietary pattern (containing high intake of sugar-containing beverages) at the
age of 14 months in our population [29]. Adherence to this more cariogenic diet may track
from this age to childhood and therefore cause more caries [29-31]. Furthermore, maternal
educational level was the most influential on the odds of having mild or severe caries.
Recently, van den Branden et al. [32] observed more desirable oral health behavior (brushing frequency and visits to the dentist) and lower consumption of in-between sugared
drinks among five-year-old children from mothers with high educational backgrounds.
This was in agreement with the results of Schwendicke et al. [6]. Hence, both differences
in oral health behavior and the amount of sugar consumption can be reasonable explanations for the association between parental educational levels and caries.
Interestingly, lower household income was another strong predictor of severe
caries prevalence in children of our population. Costs for basic dental care are
reimbursed for all children until the age of 18 in The Netherlands, according to the
basic health insurance. Therefore, financial reasons probably should not play a role
in parents not providing their children with adequate dental care in the Netherlands.
Unlike parents from other countries, where dental care is not or only partly insured
[33]. Likewise, the Dutch Central Agency for Statistics (CBS) recently observed no
disparities in dental visit frequency of children between different groups of income
in the Netherlands [34]. Adults with a low income, however, do tend to visit a dentist
less often than adults with a higher income [34]. As a result, we speculate that their
children will not visit the dentist either. Partly because of financial reasons and partly
due to disinterest or ignorance. Still, dental visit in the past year at the age of six did
not explain the association between dental caries and SEP in our population. Our data,
however, was parent-reported and the total number of cavities and fillings can develop
in more than one year. Therefore, objectifying dental health service utilization frequency
over a longer time period in future research is needed to make a more valid statement.
Furthermore, social participation, support, stability, and cohesion are also
influenced by SEP and may affect health [6]. Duijster et al. [35] recently found that a
lower SEP was significantly associated with lower dental self-efficacy, a more external
locus of control and poorer parenting practices. It is thus likely that these factors, along
with other possible unmeasured and unknown mediators, play a role in the complex
interaction between SEP and caries. Future research should further explore this complex
interaction, so that social disparities in caries prevalence can be tackled in the future.
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We have not only measured SEP on a family level, but also studied the association
between district and dental caries. In correspondence with the results of Truin et al. [36],
we observed a higher caries prevalence in more disadvantaged districts. Disparities
between the districts in our study were mostly explained by socioeconomic differences
and not by district characteristics. This finding is new and can be used by policy makers
to efficiently target prevention programs. In development of preventive methods,
evidence suggests not only to provide easier access to health care, but also to intervene
more upstream at risks, beliefs, and behavior [37]. Suggestions for development or
improvement of these interventions are provision of clear oral health education using a
positive approach, early referral to a dental practice, dietary regulations at school and a
multidisciplinary approach in providing parental support [35]. Further research should
focus on developing the most effective methods on resolving inequalities in oral health.
During interpretation of our results, attention needs to be paid to some limitations.
We have not performed an intraoral examination on the children for diagnosing dental
caries, which is known as the gold standard [38]. Instead, we have used intraoral
photographs. This method has shown to perform moderately [19]. Therefore, nondifferential misclassification could have occurred in our data, which may have led to a
possible underestimation of the association between SEP indicators and dental caries
prevalence. Subsequently, use of intraoral examination would have resulted in stronger
associations. Furthermore, occurrence of response bias could not have been completely
avoided due to the use of questionnaires. Especially for the parent-reported oral health
behavior questions it is likely that we received socially desirable answers. Although we
were able to adjust for a broad range of confounding factors, residual confounding
should still be considered. The municipality of Rotterdam published for each district
a social index score based on capacities, living environment, participation, and social
bonding [39]. However, we made a ranking of the districts ourselves. This turned out
to be representative of the ranking of the municipality of Rotterdam, the Netherlands,
except for Hoogvliet [39]. Therefore, caution needs to be taken when interpreting the
results for this district. As a final point, use of a multilevel model would have given us
the association between SEP and caries independent of district characteristics. Influence
of district characteristics on the caries distribution, however, was not likely from the
logistic regression analysis. Therefore, we chose not to perform a multilevel logistic
regression analysis for our study.
The major strength of this study was the large population of children with different
socioeconomic backgrounds included. Furthermore, we performed adequate statistical
methods and considered different approaches to answer our research questions.
Another strength is that we have also included SEP on a community level per district.
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Geo-mapping of these results gave us a clear insight of where the disparities are the
greatest and where preventive strategies should be targeted at.
In conclusion, dental caries is more prevalent among children with a lower SEP
and this is even visible at the district level. The magnitude of inequalities in oral health
among districts was previously unknown and should be unacceptable in a developed
country such as The Netherlands. These new findings will help the development of
health strategies to be better targeted and to efficiently reduce caries prevalence. Future
research should address the pathways that are responsible for the high prevalence of
dental caries among socially disadvantaged groups.
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Abstract

Behavioural and lifestyle factors, as oral hygiene and diet, are well established risk
factors in the pathogenesis of dental caries, though displaying large differences
in susceptibility across individuals. Since enamel formation already starts in utero,
pregnancy course and outcome may eventually play a role in enamel strength
and caries susceptibility. Therefore, we studied the association between history
of pregnancy complications and the caries experience in their six-year-old
children. The pregnancy complications included small for gestational age (SGA),
spontaneous preterm birth (sPTB), gestational hypertension (GH), pre-eclampsia
(PE), individually, and a combination of those, designated as placental syndrome.
This study was embedded in Generation R, a prospective longitudinal Dutch
multiethnic pregnancy cohort study. Information about pregnancy complications
was obtained from questionnaires completed by midwives and obstetricians
with cross-validation in medical records. These included SGA, sPTB, GH, and PE.
Presence of caries was assessed with the decayed, missing, and filled teeth (dmft)
index at a mean age of six years. The association between dental caries experience
and a history of pregnancy complications was studied by using hurdle negative
binomial (HNB) models.
We were able to assess the dmft index in 5,323 six-year-old children (mean
age 6.2 years ± SD 0.5). We did not find an association between the different
pregnancy complications and dental caries experience in childhood, neither
for SGA, sPTB, GH or PE, nor for the combined outcome placental syndrome
(HNB estimates: OR 1.02, 95% CI 0.87–1.19; RR 0.90, 95% CI 0.78–1.04). Further
adjustment of the models with different confounders did not alter the results.
Although it is expected that prenatal stress can be a risk factor for caries
development later in life, our current study assessing the effect of placental
insufficiency outcomes (independently or combined) does not support this
hypothesis. Therefore, we believe disparities in caries experience between children
are probably not explained by early life events during a critical intra-uterine period
of development. More research is needed to study the effects of pregnancy
complications on actual caries risk later in life.

Caries experience among children born after a complicated pregnancy

Introduction
Dental caries is one of the most common chronic diseases in both children and adults
[1]. Behavioural and lifestyle factors, as oral hygiene and diet, are well-established risk
factors in its pathogenesis, though there are differences described in susceptibility
between individuals [2]. Differences in enamel strength among individuals might partly
explain these disparities. It is known that children with evident hypomineralized and/
or hypoplastic enamel are more prone to develop caries [3,4]. Still, subtle differences
in enamel hardness might influence caries susceptibility.
Pregnancy course and outcome are important for the health and well-being
of the offspring. During conception and pregnancy, complex interaction between
maternal and environmental factors influences how foetal and childhood growth
and development are programmed; known as the Developmental Origin of Health
and Disease (DOHaD) paradigm [5]. Moreover, amelogenesis starts in utero and is
influenced by maternal and environmental factors [6]. The formation of a physiological
phenomenon within the enamel of primary teeth, the neonatal line (NNL), is attributed
to environmental and nutritional changes for a newborn [7]. The NNL resembles the
moment of birth and its width seems to be dependent of the kind and duration of
delivery [8,9]. Laboratory research has shown that this line consists of smaller enamel
prisms and is less mineralized than surrounding enamel [10].
A similar phenomenon in the dental enamel is found as Wilson bands or accentuated
striae of Retzius [11]. Unlike the NNL, the presence of Wilson bands is associated with
nonspecific stressors (e.g. neonatal asphyxia, intrauterine undernutrition, maternal
diabetes) and not with the moment of birth [11,12]. The physiological mechanism
behind the formation is unclear, but these enamel disturbances have been temporarily
associated with past stressors due to the incremental growth of enamel [13].
Hence, ameloblasts are a vulnerable group of cells that can be affected by
nonspecific internal or external stressors during intrauterine life [7]. Therefore, prenatal
stress might result in a hypomineralized or more caries susceptible dental enamel
[14,15]. This follows the so-called ‘critical period model’, but other models explaining
the possible association between pregnancy complications and dental caries have been
proposed as well in life-course epidemiology [16]. Although a positive relationship
between pregnancy complications and dental caries has been shown in different
studies, evidence remains inconclusive [17-22].
Four of the most common pregnancy complications are related to placental insufficiency (placental syndrome): a newborn small for gestational age; spontaneous preterm
birth; gestational hypertension; and pre-eclampsia. We hypothesized that placental
insufficiency negatively affects the ameloblasts of the tooth germs. Subsequently, this
139
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may lead to dental enamel disturbances and greater caries susceptibility in children born
from such pregnancies. In this study, we assessed the association between pregnancy
complications and caries experience in the deciduous dentition of six-year-old children.

Methods
Study design and population
This study was embedded in the birth cohort Generation R; a prospective cohort
study from foetal life until young adulthood in the city of Rotterdam, the Netherlands.
Generation R aims to identify early environmental and genetic determinants of growth,
development and health [23]. We received approval for this study by the Medical Ethics
Committee of the Erasmus Medical Centre, Rotterdam, the Netherlands (MEC-2007-413).
All participants gave written informed consent. In total, 9,778 women were included in the
study of whom 8,880 (90.1%) were included before pregnancy. They gave birth to 9,745
live-born children in total. Of those, 6,690 children (68.7%) visited the research centre at
the age of six and in 5,323 children (54.6%) caries experience was assessed (Figure 3.4.1).

Pregnancy complications
Information about pregnancy complications was obtained from questionnaires filled in by
midwives and obstetricians with cross-validation in medical records [24]. A child was small
for gestational age if their birthweight was below the 10th percentile of their respective
reference curve [25]. Spontaneous preterm birth was defined as the spontaneous onset
of delivery before 37 weeks of gestation and gestational hypertension as new onset
hypertension (systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure ≥
90 mmHg) after 20 weeks of gestation. A mother had pre-eclampsia if she suffered from
gestational hypertension plus the concurrent presence of proteinuria (≥ 0.3 g of protein
in a 24-hour urine specimen, ≥ 2+ [1g/L] from a voided specimen, or ≥ 1+ [0.3 g/L] from
a catheterized specimen) according to international criteria that were in effect at time of
inclusion [26,27]. Diagnosis of placental syndrome was based upon the presence of one
or more of the abovementioned pregnancy complications [28].

Dental caries
We took intra-oral photographs of all children who visited the research centre at the
age of six years. Those photographs were taken either with the Poscam USB intra-oral
(Digital Leader PointNix) or with the Sopro 717 (Acteon) autofocus camera. The complete
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Eligible for analysis sPTB
and dental caries
(n = 5,186 ; 97.4%)

Excluded, no data on birth
weight, delivery term, or PE
(n = 635 ; 11.9%)

Eligible for analysis placental
syndrome and dental caries
(n = 4,688 ; 88.1%)

Excluded, no data on PE
(n = 853 ; 16.0%)

Eligible for analysis PE
and dental caries
(n = 4,470 ; 84.0%)

Excluded, no data on
GH (n = 764 ; 14.4%)

Eligible for analysis GH
and dental caries
(n = 4,559 ; 85.6%)

Excluded, no data on delivery
term (n = 137 ; 2.6%)

Figure 3.4.1. Flowchart of participants.

Eligible for analysis SGA
and dental caries
(n = 5,270 ; 99.0%)

Excluded, no data on birth
weight (n = 53 ; 1.0%)

Dental caries data available
at six (n = 5,323 ; 54.6%)

Live births (n = 9,745)
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dentition was captured in ten intra-oral photographs on average taken from the occlusal,
buccal, palatal, and lingual side of the teeth with a maximal scene illumination of 30
lux. Trained employees and (PhD)-students took the photographs of brushed and dried
(with a cotton wool roll) teeth. Since, the teeth were only dried by cotton wool rolls
and not with air, the minimal level of caries we were able to assess was a “international
caries detection and assessment system”-score of two. Afterwards, all photographs were
assessed for dental caries by using the decayed, missing, and filled teeth (dmft) index by
one examiner which was a paediatric dentist in training. Using this method to evaluate
caries in children is a valid and reliable method as shown by Elfrink et al. [29]. Within our
cohort the intra- (10% of all photographs were re-assessed by the same examiner after
six weeks) and inter-observer reliability (10 % of all photographs were re-assessed by a
second paediatric dentist), for scoring dental caries on intra-oral photographs compared
to clinical examination reached a perfect and an almost perfect agreement (quadratic
weighted Cohen’s kappa = 0.98, and kappa = 0.89 respectively) [30].

Covariates
All included covariates were chosen based on the previous literature [26,30,31]. Height
and weight of the mother were measured at intake and were used to calculate the Body
Mass Index (BMI, kg/m2). Hence, most women had their BMI measured prenatally, but
some were measured postnatal or during the first trimester of pregnancy when not
much weight gain was expected. Information on other covariates (including ethnicity,
maternal educational level, parity, breastfeeding, smoking) was obtained by using
a postnatal questionnaire. Ethnicity of the child was based on the ethnicity of both
parents, where the mother’s ethnicity was leading if both parents were born outside
the Netherlands (Western or non-Western). At the child’s age of six, the mothers were
asked about their educational level (high, mid-high, mid-low, and low). At enrolment,
we asked about the number of children they already had (nullipara or primipara/
multipara). We also asked whether they breastfed the participating child (six months
exclusive breastfeeding, four months exclusive breastfeeding, four months partially
breastfeeding, or never) and about the mothers’ smoking habits (never, smoked until
pregnancy was known, or continued smoking during pregnancy). When the children
were six years of age, we asked about their oral health behaviour including their age
at first dental visit (0–3 years, > 3 years, or never), toothbrushing frequency (twice or
more per day, or once per day), and whether they had visited the dentist in the previous
year (yes or no).
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Statistical analyses
Descriptive characteristics were summarized as means and standard deviations (SDs)
for continuous variables. For categorical variables, we calculated absolute numbers
with their corresponding percentages. These calculations used the Statistal Package
of Social Sciences version 21.0 for Windows (IBM Corp, Armonk, NY, USA).
We used hurdle models to study the association between pregnancy complications
and dental caries at the age of six years. Dmft data have generally strongly positive
skewed distributions with a large stack of zero counts. Hurdle models overcome this
problem and. moreover, they avoid the loss of information due to categorization of the
outcome variable for binomial logistic regression [32]. The output of a hurdle model
consists of two parts; the zero hurdle part and the count hurdle part. Consequently, each
predictor in the model has two coefficients. The exponent of the coefficients can be
interpreted as Odds Ratio’s (OR’s) in the zero hurdle part and as Risk Ratio’s (RR’s) in the
count hurdle part. We studied the association between the pregnancy complications and
dental caries in three different models, adding covariates to each consecutive model.
In model 1, we adjusted for the child’s age and sex. In model 2, variables related to
oral health behaviour were added. Finally, we adjusted for maternal educational level,
smoking during pregnancy, child’s ethnicity, parity, breastfeeding, age of mother at
intake and mother’s BMI at intake.
For modelling, we made use of the statistical software R version 3.4.1 for Windows
(R core team, Vienna, Austria). Within R, we used the hurdle() function of the “pscl”package [33]. For the count part of the model, we fitted both a Poisson distribution
and a negative binomial distribution for all first models. Afterwards, we chose the
best distribution for the consecutive models based on the highest log likelihood
value. Missing data were imputed by multiple imputation, using functions from the
“mice”package [34]. The number of imputed datasets was set at ten and the results of
modelling were pooled by using the pool()function following Rubin’s rules [34]. A sample
power calculation was performed using the web-based power calculator OpenEpi [35].
The significance level of this study and the power calculation was set at the level of 0.05.
The STROBE Guidelines were used in reporting on this observational study [36].

Results
The participating children (n = 5,323) were on average six years of age at the moment of
dental caries assessment (mean 6.2 years, SD 0.5). Table 3.4.1 shows the most important
population characteristics of all participants. Of all children, 3,783 children (71.1%) were
born from an uncomplicated pregnancy course, 508 (9.5%) were small for gestational
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24.6 ± 4.1
0.7 (n = 28)

BMI mother @ intake (kg/cm ± SD)
Missing
66.6 (n = 2,520)
31.4 (n = 1,187)
2.1 (n = 76)
24.4 (n = 923)
20.4 (n = 773)
29.1 (n = 1,100)
20.2 (n = 764)
5.9 (n = 223)
53.0 (n = 2,005)
45.9 (n = 1,753)
0.7 (n = 25)

Child’s ethnicity (%)
Dutch/Western
Non-Western
Missing

Educational level mother (%)
High
Mid-high
Mid-low
Low
Missing

Parity (%)
Nulliparous
Primi- or multiparous
Missing

2

30.5 ± 5.0

no Plac. Syndr
(n = 3,783)

Age mother @ intake (y ± SD)

Population characteristics

70.6 (n = 348)***
29.4 (n = 145)
3.0 (n = 15)

17.7 (n = 80)**
10.6 (n = 93)
36.6 (n = 165)
25.1 (n = 113)
11.2 (n = 57)

60.9 (n = 299)**
39.1 (n = 192)
3.3 (n = 17)

23.8 ± 4.1
10.4 (n = 53)

29.7 ± 5.7***

SGA
(n = 508)

67.5 (n = 160)***
32.5 (n = 77)
0.4 (n = 1)

26.9 (n = 56)
17.8 (n = 37)
31.2 (n = 65)
24.0 (n = 50)
12.6 (n = 30)

71.9 (n = 169)
28.1 (n = 66)
1.3 (n = 3)

25.1 ± 4.7
14.3 (n = 34)

30.8 ± 4.9

sPTB
(n = 238)

Table 3.4.1. Population characteristics of all children with dental caries assessment at the age of six (n = 5,323)1,2,3

71.9 (n = 141)***
28.1 (n = 55)
-

23.7 (n = 44)
19.9 (n = 37)
36.6 (n = 68)
19.9 (n = 37)
5.1 (n = 10)

84.0 (n = 163)***
16.0 (n = 31)
1.0 (n = 2)

27.4 ± 5.7***
0.8 (n = 32)

30.4 ± 5.0

GH
(n = 196)

76.7 (n = 82)***
23.4 (n = 25)
-

24.5 (n = 25)
13.7 (n = 14)
36.3 (n = 37)
25.5 (n = 26)
4.7 (n = 5)

66.4 (n = 71)
33.6 (n = 36)
-

26.6 ± 5.7***
0.9 (n = 1)

29.9 ± 5.3

PE
(n = 107)
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1.15 ± 2.4

68.5 (n = 2,592)
31.5 (n = 1,191)
1.17 ± 2.3

66.9 (n = 340)
33.1 (n = 168)

6.2 ± 0.5

63.3 (n = 278)***
9.3 (n = 41)
27.3 (n = 120)
13.6 (n = 69)

1.07 (n = 3)**
15.7 (n = 44)
71.4 (n = 200)
11.8 (n = 33)
44.9 (n = 228)

1.6 (n = 2)**
19.5 (n = 25)
62.5 (n = 80)
16.4 (n = 21)
34.7 (n = 68)
68.6 (n = 120)
11.4 (n = 20)
20.0 (n = 35)
10.7 (n = 21)
6.2 ± 0.5
66.3 (n = 130)
33.7 (n = 66)
1.05 ± 2.0

2.2 (n = 3)
20.4 (n = 28)
65.7 (n = 90)
11.7 (n = 16)
42.4 (n = 101)
74.1 (n = 146)
8.6 (n = 17)
17.3 (n = 34)
17.2 (n = 41)
6.2 ± 0.5
69.7 (n = 166)
30.3 (n = 72)
0.98 ± 2.1

0.95 ± 2.0

69.2 (n = 74)
30.8 (n = 33)

6.2 ± (0.5)

76.5 (n = 78)
11.8 (n = 12)
11.8 (n = 12)
4.7 (n = 5)

0.0 (n = 0)*
9.0 (n = 6)
80.6 (n = 54)
10.4 (n = 7)
37.4 (n = 40)

2

1

Values are means ± SDs for continuous variables and percentages for categorical variables based on the number of valid cases.
P-values are based on student’s t-tests for continuous variables and chi-square tests for categorical variables. The group no Plac. Syndr. was taken as the reference group.
3
PE = Pre-eclampsia, GH = Gestational Hypertension, SGA = Small for Gestational Age, sPTB = spontaneous Preterm Birth, dmft = decayed, missing, and filled teeth.
* P-value < 0.05.
** P-value < 0.01.
*** P-value < 0.001.

dmft index

Dental caries
No (dmft < 0)
Yes (dmft > 0)

6.2 ± (0.5)

66.3 (n = 2,508)
7.9 (n = 298)
14.2 (n = 538)
11.6 (n = 439)

Smoking during pregnancy (%)
Never
Until pregnancy was known
Continued
Missing

Child’s age dental photo’s (y ± SD)

0.7 (n = 24)
26.2 (n = 652)
64.8 (n = 1,613)
8.0 (n = 199)
34.2 (n = 1,295)

Breastfeeding (%)
Six months exclusive
Four months exclusive
Four months partially
Never
Missing
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0.91
[0.68–1.21]

1.07
[0.79–1.46]

0.95
[0.62–1.45]

1.02
[0.87–1.19]

sPTB (238 vs. 4,948)

GH (196 vs. 4,363)

PE (107 vs. 4,363)

Placental syndrome
(950 vs. 3,738)

0.90
[0.78–1.04]

0.78
[0.52–1.16]

0.81
[0.61–1.07]

0.88
[0.67–1.15]

0.98
[0.82–1.18]

RR
[95% CI]

Count part
(# of affected teeth)

1.02
[0.87–1.19]

0.93
[0.61–1.43]

1.07
[0.78–1.45]

0.90
[0.68–1.21]

1.04
[0.85–1.27]

OR
[95% CI]

Zero part
(caries yes/no)

0.90
[0.78–1.04]

0.77
[0.52–1.16]

0.80
[0.60–1.07]

0.88
[0.67–1.16]

0.98
[0.82–1.18]

RR
[95% CI]

Count part
(# of affected teeth)

Model 2

1.00
[0.85–1.18]

0.93
[0.59–1.45]

1.19
[0.85–1.65]

0.93
[0.69–1.26]

0.97
[0.79–1.19]

OR
[95% CI]

Zero part
(caries yes/no)

0.96
[0.84–1.09]

0.82
[0.56–1.19]

0.91
[0.69–1.19]

0.91
[0.70–1.18]

0.99
[0.84–1.17]

RR
[95% CI]

Count part
(# of affected teeth)

Model 3

* In modeling the OR and RR, not being affected by pregnancy complications was used as the reference category.
Model 1: Adjusted for child’s age and sex.
Model 2: Adjusted for child’s age, sex, and oral health related behaviour (age at first dental visit, toothbrushing frequency, dental visit in the past year).
Model 3: Adjusted for child’s age, sex, oral health related behaviour (age at first dental visit, toothbrushing frequency, dental visit in the past year), child’s ethnicity, age of
mother at intake, BMI of mother at intake, educational level of mother, parity, breastfeeding, and smoking during pregnancy.

1.05
[0.86–1.28]

OR
[95% CI]

SGA (508 vs. 4,762)

Pregnancy complication
(yes vs. no)

Zero part
(caries yes/no)

Model 1

Table 3.4.2. Hurdle models of the relationship between pregnancy complications and the dmft-index in six-year-old children*
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age, 238 (4.5%) children had a spontaneous preterm birth, 196 (3.7%) were born from
a mother with gestational hypertension, 107 (2.0%) from a mother with pre-eclampsia.
The total caries prevalence was a little more than 30%, and there were no significant
differences between the groups with a pregnancy complication and those without.
Table 3.4.2 presents the outcome of the hurdle regression, fitted with a negative
binomial distribution. We found no association between the separate pregnancy
complications being small for gestational age, spontaneous preterm birth, gestational
hypertension, pre-eclampsia and the presence of dental caries by the age of six.
Pregnancy complicated by the outcome placental syndrome was not associated with
caries experience among six-year-olds (Model 1: OR 1.02, 95% CI 0.87–1.19; RR 0.90,
95% CI 0.78–1.04). Adding other confounding variables and life style factors did not
alter the results in consecutive models.
The power calculation showed that if ratio of unexposed to exposed is set at eight
and the difference in risk of disease between the two groups is set at 1% to 10%, the
level of power ranges from 3.7% to 86.2%.

Discussion
We found no significant relationship between the pregnancy complications (being
small for gestational age, spontaneous preterm birth, gestational hypertension, and
pre-eclampsia) and the presence of dental caries in children, or the combined exposure
placental syndrome.
Strength of our study is the large number of participating mothers and children.
This resulted the possibility of adjusting for many confounders. Furthermore, we are
the first that studied gestational hypertension and the placental syndrome in relation
to dental caries experience in children. However, our study is not free of limitations.
By measuring the dmft-index at one time point, we were unable to draw conclusions
about the association between pregnancy complications and caries development or
susceptibility. Another limitation of our study was the use of photographs instead
of visual examination to assess caries in children. Caries assessment from dental
photographs may have underestimated the observed caries prevalence. Another
limitation is the lack of adjustment for sweet consumption frequency like Nirunsittirat
et al. and Saraiva et al. were able to adjust for [19,20]. This may have masked an
association in our study. Furthermore, we excluded mothers without information on
pregnancy complications. This may have led to selection bias, although we tested the
missingness to be at random. Moreover, due to the observational setting of our study,
residual confounding in the presented associations cannot be completely ruled out
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(e.g. missing information on carbohydrate intake). Finally, despite the large number
of participants the level of power for some exposures (i.e. gestational hypertension
and pre-eclampsia) was relatively low due to the low prevalence of these pregnancy
complications.
As discussed, our hypothesis was based on the presence of the NNL and Wilson
bands within the dental enamel of primary teeth [8-12]. The presence of NNL and Wilson
bands provides evidence for the existence of a critical period in amelogenesis following
the ‘critical period model’ of life-course epidemiology [16]. Hence, our hypothesis that
a complicated pregnancy may lead to more caries-susceptible enamel in children than
in children born from an uncomplicated pregnancy.
Noteworthy are the findings of a previous study within the Generation R Study,
in which Elfrink et al. assessed different pre-, peri-, and postnatal determinants
in relation to the presence of Deciduous Molar Hypomineralization (DMH) in the
same study population [37]. DMH is etiologically different than dental caries, since
it is a developmental disorder of the dental enamel, but it may lead to higher caries
susceptibility [37]. Next to many other determinants, Elfrink et al. included being
small for gestational age and pre-eclampsia as well. They neither found an association
between these two outcomes and DMH in six-year-old children.
As with several other studies, we did not find being small for gestational age,
spontaneous preterm birth or pre-eclampsia to be associated with dental caries in
children [19,21,22,38]. However, Nirunsittirat et al. found an inverse association between
spontaneous preterm birth and childhood caries [19]. This study involved 544 fouryear-old children from Thailand. Compared to our population, their population was
extremely dissimilar to ours in terms of oral health behaviour and (socio)-demographic
characteristics. Especially since socioeconomic status is one of the most important risk
factors for dental caries, these dissimilarities hamper direct comparison of our findings
with theirs and might explain the different conclusions [39].
Saraiva et al. observed a similar counterintuitive association between being small
for gestational age and dental caries, but a higher caries prevalence in children who were
born preterm [20]. They performed a study in a more comparable American population
existing of 2,341 three- to five-year-olds. They explained the inverse association as a
result of delayed tooth eruption or possible increased antibiotics use in children who
were small for gestational age [20]. Children born small for gestational age indeed have
a delayed tooth eruption and thus their teeth have a shorter exposure to cariogenic
factors compared to their peers [20,40]. However, the effect of long-term antibiotic use
on caries prevalence has only be shown in sickle cell patients and, in the Netherlands,
small for gestational age children do not have a higher use of long-term antibiotic
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therapy [41]. Moreover, they did not define preterm birth as a spontaneous one and is
therefore difficult to compare [20].
Furthermore, all abovementioned studies included a younger population of
children [19-22,38]. Meaning a shorter exposure to cariogenic risk factors, because
of caries assessment at one timepoint in all studies, and may explain a part of the
variability in results.
To date, one study explored the association between birthweight and repeated
caries assessments [18]. In one-year-old Scottish children (n = 1,102), Bernabé et
al. found the caries increment during the three year follow-up to be the highest in
children with a low birth weight (< 2,500 g), while not adjusting for sugar intake [18].
This design allows to draw conclusions about the gradual increase of dental caries over
time, which might be more indicative for caries risk than dental caries assessment at
one time point. Despite the differently defined outcome measures between our studies
(low birth weight vs. being small for gestational age), it is notable that they did find a
significant association without adjusting for sugar intake. Possibly, sugar intake might
have masked the association between pregnancy complications and caries experience
within our study, but this does not seem to hold for the association between pregnancy
complications and caries increment. Part of the explanation could be the fact that the
sugar intake is probably low between the age of one and four, but this remains to be
investigated [18].
Although it is expected that prenatal stress in the form of placental insufficiency
can be a risk factor for caries development later in life, our current study assessing this
effect does not support this hypothesis following the ‘critical period model’ of lifecourse epidemiology [16]. Probably, other models in life-course epidemiology play a
more prominent role in caries development. Such as the ‘accumulation of risk model’,
explaining the association between socio-economic position and dental caries [16,39].
Since caries risk is clinically the most interesting and better captured in repeated
measurements than with the current caries experience, we would recommend future
research to focus more on longitudinal caries data rather than on caries assessment
at one time point. In conclusion, despite a reasonable biological basis, we found no
support for an association between placental insufficiency-related complications and
caries experience by school age.
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Abstract

Digital assessment of oral health status may be more efficient and cost saving
in specific clinical and scientific settings. However, the use of Quantitave LightInduced Fluorescence (QLF) photographs has never been validated for this
purpose. Within this study, we wanted to study how accurate scoring dental
caries and enamel hypomineralization from QLF-photographs is, compared to
visual examination (gold standard).
Our study was a cross-sectional study embedded in a dental practice in
the Netherlands. All patients between 9 and up to 18 years of age who visited
the dental practice from April 2017 until October 2017, were included in our
study. An experienced dentist examined all participants and scored dental caries
with a Decayed-, Missing-, and Filled Teeth (DMFT)-index and Molar Incisor
Hypomineralization (MIH) by using the European Academy of Pediatric Dentistry
(EAPD) criteria for enamel hypomineralization. Afterwards, a trained dental
assistant took photographs of all teeth of the participants with the Qraycam™.
These photographs were independently scored later by a dental student, blinded
for both outcomes.
In total 113 participants were included in our study. The total caries
prevalence was 25.7% (n = 29) and 9.73% (n = 11) of all participants was affected
by MIH. Assessing the (dmft/)DMFT-index on a patient level by scoring the
photographs of the QLF-camera had a sensitivity of 79.3% (95% CI 0.63–0.91)
and a specificity of 95.2% (95% CI 0.89–0.99). Validated MIH as identified correctly
in 72.3% of all participants when using the QLF-photographs as a diagnostic
tool (95% CI 0.44–0.92). No patients were falsely classified as having MIH in our
population (specificity = 100%). The Intraclass Correlation Coefficient (ICC) for the
interrater reliability of scoring caries was 0.70 (95% CI 0.47–0.85) and for MIH 0.64
(95% CI 0.37–0.81). The intra-rater agreement for caries and MIH was 0.90 (95%
CI 0.79–0.95) and 0.93 (95% CI 0.87–0.97), respectively.
Dental photographs made by the Qraycam™ are less sensitive, yet reliable
enough to score dental caries and MIH in children/adolescents aged 9 up to 18
years compared to visual examination. Moreover, QLF-photographs seem to
enhance the reliability of diagnosing dental caries compared to assessment from
conventional white light photographs alone.

Validation of QLF-photograps for caries and enamel hypomineralization assessment

Introduction
Dental caries is a disease of the teeth in which enamel decays due to a complex
interaction of factors, If left untreated by preventive or curative measures, deeper layers
of the teeth can get infected, which can finally lead to pulp infection and/or tooth loss
[1]. Although dental caries is a preventable disease, it is still one of the most prevalent
chronic diseases in children worldwide [2-5].
Molar Incisor Hypomineralization (MIH) is another disease of the teeth, but with
an unknown etiology [6-9]. MIH can lead to early tooth decay, early extensive dental
treatments, and lower quality of life [10]. Therefore, research on the identification of
modifiable risk factors is highly demanded.
Population-based cohort studies offer great opportunities for identification of risk
factors for both dental caries and MIH. However, these oral health parameters are rarely
included in longitudinal cohort studies. The most prominent reason for the lack of dental
research within large scale studies, is the effort, time and cost of the assessment of dental
caries and MIH. Detection of both conditions is usually performed by oral examination of
a dentist or comparable professional [11, 12]. However, in the context of a cohort study,
in which multiple outcomes are studied, appointing a dental professional for clinical
examination is logistically and financially largely unfeasible. The use of photographs can
provide a solution for this problem. Other benefits of photographic records in research
include simple data-storage and professional evaluation without constraints due to
time or location. Promising results for the usage of dental photographs as a detection
tool for dental caries, enamel hypomineralization, and other dental outcomes have
already been published [11, 13-15].
None of these studies, however, have compared visual examination, as the gold
standard, with the assessment of dental caries and hypomineralization on Quantitave
Light-induced Fluorescence (QLF) photographs. Increasing evidence suggests that
QLF-methods are capable of detecting early caries lesions in vitro and in vivo [16-19].
Therefore, the aim of this study is to evaluate the use of QLF-photographs compared to
oral examination to assess the decayed-, missing-, and filled teeth index (DMFT-index)
and MIH in dental research.

Materials and methods
Study design and population
We conducted a cross-sectional study embedded in a small private dental practice
(“Tandartspraktijk R.M. van der Tas) in Mijnsheerenland, the Netherlands. This practice
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planned to use the Qraycam™ as an extra diagnostic and follow-up tool for early dental
caries and erosion and therefore, providing a suitable setting to test our hypotheses.
All consecutive patients between 9 and 18 years of age, visiting the practice between
April 2017 until October 2017, were asked to participate in the present study. They
were given an information leaflet and were further informed by the dentist or his
dental assistants. Children were included in the study, after written informed consent.
Consent was obtained from the parents/caregivers if the children were younger than
12; from both the children and their parents/caregivers if they were aged between
12 and 16; and only from the children if they were 16 years or older. Our study was
approved by the Medical Ethics Committee of the Erasmus Medical Center, Rotterdam
(MEC-2017-061) and is conducted following the guidelines proposed by the World
Medical Association of Helsinki [20].

Visual examination
Visual examination of the participant’s teeth was performed by one experienced
dentist. After the consent was received, the dentist visually inspected the participant
for dental decay, missing teeth due to caries and fillings without air-drying the teeth.
Consequently, the threshold for detecting caries lesions was an International Caries
Detection and Assessment System (ICDAS)-score of 2 [21]. The ICDAS-score knows six
different stages of caries, based on the visual aspects of clean and dry teeth. A score of
zero resembles a sound tooth surface and a score of six reflects an extensive distinct
cavity with visible dentin. All participants brushed their teeth before examination.
Furthermore, the dentist scored the first permanent molars and permanent incisor on
the presence of MIH using the European Academy of Pediatric Dentist (EAPD)-criteria
[22]. Following these criteria MIH can be scored if a tooth had white/creamy demarcated
opacities, posteruptive enamel breakdown, yellow/brown demarcated opacities,
atypical restorations and/or if it is missing due to MIH. The dental assistant kept a
record of the found anomalies, a score of decayed, missing, filled or hypomineralized,
for each tooth. The oral examination of the dentist finished the regular check-up or
treatment for the patient.

QLF-photographs and the Qraycam™
The QLF-photographs were taken with the Qraycam™ (Inspektor™ Pro, Inspektor
Research Systems BV, Amsterdam, the Netherlands). This is a handheld device that
makes two consecutive pictures, one with a conventional white light flash and one with
a fluorescent blue light flash on a wavelength of 405nm. Since quality of the fluorescent
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photographs is highly influenced by reflection of background light, all artificial light
in the room was turned off before taking the photographs; while striving to minimize
the influx of extraneous light to a minimum by blinding the windows. The assistant
took a minimum of five pairs of photographs to capture the child’s dentition. First, one
photograph of the buccal surfaces of all front teeth was taken while the participant
retracted his cheeks and positioned their teeth in an end-to-end relationship. Thereafter,
two photographs were made of the lateral buccal surfaces of both sides up to the
second molars (if present) in the same end-to-end occlusion. Finally, a minimum of two
photographs were made of all occlusal surfaces of the upper and lower teeth up to the
second molars as well. To capture the occlusal surfaces, a preheated intra-orally placed
occlusal mirror was used (Doctorseyes™ ultrabright mirrors size mirror no 11 or no 12).

Assessment of the photographs
All photographs were evaluated by one examiner (JT), who was blinded for the outcome
of the oral examination. The examiner received a training from the Qraycam™ developer
about how to interpret the QLF-images. Moreover, the examiner was a dentist in
training and recently received various courses about recognizing and scoring dental
caries lesions with the International Caries Detection and Assessment ICDAS-score
[21]. While scoring, both the white light picture and the QLF-picture were opened
next to each other in full screen mode on a 27-inch monitor. In this way, the examiner
was able to combine information from both images. To enhance the contrast of the
screen all artificial light sources were turned off. The examiner scored every tooth for
decay, missing due to caries or for the presence of fillings due to caries. Moreover, the
examiner kept a record of the severity of decay by using the ICDAS-score [21]. Teeth
were only scored as decayed if the ICDAS-score was 2 or higher. All teeth with caries
were summed up within subjects to obtain the dmft/DMFT-index. At last, the first
permanent molars and permanent incisors were scored for the presence of MIH from
the photographs by using the EAPD-criteria [22]. Figure 4.1 presents a visual example
of a decayed tooth, a filled tooth and a tooth affected by MIH.
To test the interrater reliability of scoring dental caries and MIH from QLFphotographs, 25% of all photographs was re-evaluated by a second examiner (BD),
who is also an experienced dentist and has been additionally trained in the use of the
QLF-camera. Moreover, the first examiner (JT) re-evaluated 25% of all photographs
blindly after two months to determine the intra-rater reliability for the use of QLFphotographs. Again, after at least two months, JT re-evaluated blindly another set of
only the white light photographs from all photographs (25%) as a sensitivity analysis
to test the possible added value of QLF-photographs next to white light photographs.
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Figure 4.1. White light photographs with the corresponding QLF-photographs of the third quadrant.
Left image: occlusal caries lesion 37 and 36, middle image: occlusal filling 36, right image: MIH of 36.

The photographs for re-evaluations were three different randomly chosen samples by
using the random draw function in Excel version 16.15 for Mac (Microsoft®, Redmond,
WA, USA). The examiners were blinded for the outcome of the oral examination and
the first QLF-photograph assessment.

Statistical analyses
In order to reach a tolerance probability β between 95% and 99% with a confidence
level (1 – α) of 95%, we aimed for a sample size of 110 participants [23]. Before analysis,
the DMFT-index, the dmft/DMFT-index, in case of a mixed dentition, and the number of
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MIH-affected teeth, was calculated from the completed forms. The intraclass correlation
coefficient (ICC) with corresponding 95% confidence intervals (95% CI’s) were computed
with two-way mixed models for single measurements to assess the inter- and the intrarater reliability, and for the sensitivity analysis. For the intra-rater reliability we evaluated
absolute agreement between the measurements and for the interrater reliability and
the sensitivity analysis we evaluated consistency between the measurements. [24].
The validity of scoring dental caries and MIH from QLF-photographs was determined
by dichotomizing both outcomes and calculating the sensitivity, specificity, Positive
Predictive Value (PPV) and Negative Predictive Value (NPV) with their respective 95%
CI’s. In order to analyze the validity of all three components (decay, missing or filling)
of the DMFT-index separately, all aforementioned values for the separate components
were calculated. All data were presented as means with their standard deviation (mean
± SD). SPSS version 24.0 for Windows (IBM Corp, Armonk, NY, USA) was used for all
analyses. For the graphical presentation of our results we made use of the “ggplot2”
package within RStudio version for Mac (RStudio, Inc., Boston, MA, USA) [25].

Results
In total, 122 participants were asked to participate in our study of whom six did not
provide consent. Furthermore, in two cases no photographs were stored successfully
and in one case we missed the occlusal images. Finally, data of 113 patients were
available for analysis. The mean age of the total population was 14.6 (SD 2.83) years and
slightly more than half of the participants was male (57.5%, n = 65). Of all participants,
23.9% had a mixed dentition (n = 27). In total, 25.7% (n = 29) of our study population
has or ever had one or more caries lesions in his/her dentition and 9.73% (n = 11) of all
participants was affected by MIH.
The ICC to assess interrater reliability of scoring the (dmft/)DMFT-index on QLFphotographs was 0.70 (95% CI, 0.47–0. 85). Scoring of filled teeth reached a higher,
though not significant, interrater agreement than scoring decayed teeth; ICC, 0.74 (95%
CI 0.53–0.87) vs. 0.49 (95% CI 0.17–0.71) respectivley. The ICC of scoring MIH was 0.64
(95% CI, 0.37–0.81) between the two examiners. Furthermore, we found a high intrarater agreement for all outcomes (Table 4.1). Furthermore, we compared the prevalence
of decayed, filled and missing teeth found by visual examination and QLF-photographs
assessment showing high correlation (Figure 4.2).
The sensitivity of assessing the (dmft/)DMFT-index on a patient level by scoring
the photographs of a QLF-camera compared to oral examination was 79.3% (95% CI,
0.63–0.91) (Table 4.2). When looking at the separate components of the (dmft/)DMFT-
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Table 4.1. Inter- and intrarater reliability of scoring dental caries with a QLF-cameraa
Inter-rater
ICCb

Intra-rater
ICCb

Caries per patient
(dmft/DMFT or DMFT)

0.70
[0.47–0.85]

0.90
[0.79–0.95]

Decayed teeth
(dt/DT or DT)

0.49
[0.17–0.72]

0.80
[0.63–0.90]

Missing teeth
(mt/MT or MT)

NA

NA

Filled teeth
(ft/FT or FT)

0.74
[0.53–0.87]

0.92
[0.84–0.96]

MIH per patient

0.64
[0.37–0.81]

0.93
[0.87–0.97]

dmft/DMFT = decayed, missed, filled teeth; dt/DT = decayed teeth; mt/MT = missing teeth; ft/FT = filled
teeth; MIH = Molar Incisor Hypomineralization; ICC = Intraclass Correlation Coefficient; NA = Not Applicable.
b
Calculated with the outcome on a continuous scale.
a

Figure 4.2. Caries distribution as assessed from QLF-photographs assessment (JT, Red) and visual
examination (RM, blue).

index, the results of the sensitivity analysis for decayed teeth and filled teeth were
similar (75.9% (95% CI, 0.51–0.94) and 78.3% (95% CI, 0.59–0.92) respectively). The
specificity of scoring caries with a (dmft/)DMFT-index was 95.2% (95% CI 0.89–0.99).
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Table 4.2. Validity of scoring dental caries with a QLF-cameraa
Sensitivity

Specificity

PPV

NPV

Caries per patient (yes/no)
(dmft/DMFT or DMFT)

79.3%
[0.63–0.91]

95.2%
[0.89–0.99]

85.2%
[0.69–0.95]

93.0%
[0.86–0.97]

Decayed teeth (yes/no)
(dt/DT or DT)

76.9%
[0.51–0.94]

99.0%
[0.96–1.00]

90.9%
[0.66–0.99]

97.1%
[0.93–0.99]

Missing teeth (yes/no)
(mt/MT or MT)

No children diagnosed with missing teeth due to caries

Filled teeth (yes/no)
(ft/FT or FT)

78.3%
[0.59–0.92]

95.6%
[0.90–0.99]

81.8%
[0.63–0.94]

94.5%
[0.87–0.98]

MIH per patient (yes/no)

72.3%
[0.44–0.92]

100%
[NA]

100%
[NA]

97.1%
[92.8–99.3]

dmft/DMFT = decayed, missed, filled teeth; dt/DT = decayed teeth; mt/MT = missing teeth; ft/FT = filled
teeth; MIH = Molar Incisor Hypomineralization; PPV = Positive Predictive Value; NPV = Negative Predictive
Value; NA = Not Applicable.

a

Moreover, the specificity for the separate component decayed teeth was 99.0% (95%
CI 0.96–1.00). The PPV and NPV for scoring total caries experience was 85.2% (95% CI,
0.69–0.95) and 93.0% (95% CI, 0.86–0.97) respectively. Furthermore, of all participants
having MIH in the study population (n = 11), 72.3% were correctly identified based
on the QLF-photographs (95% CI, 0.44–0.92). No patients were, based on the QLFphotographs, falsely classified for having MIH (specificity = 100%).
Caries assessment from white light photographs only compared to caries
assessment from white light photographs and QLF photographs combined, showed a
lower ICC in a random sample of 30 participants (0.53, 95% CI 0.22–0.75 vs. 0.96, 95% CI
0.91–0.98, respectively). A similar trend was seen for assessing the separate components
of the (dmft/)DMFT-index (Table S4.1). Scoring MIH from white light photographs only
performed equally compared to assessment from white light photographs and QLFphotographs combined (0.81, 95% CI 0.63–0.90 vs. 0.84, 95% CI 0.69–0.92, respectively).

Discussion
Based on the present study, a QLF-camera (the Qraycam™) is a reliable tool to evaluate
caries experience and the prevalence of MIH within a population of children/adolescents
aged 9 to 18 years. Moreover, QLF-photographs despite having a lower sensitivity, seem
to enhance the reliability of diagnosing dental caries compared to assessment from
conventional white light photographs alone.
A recent review evaluated the accuracy of dental photography in the detection
of dental caries [26]. Most of the studies used an intraoral camera or a DSLR camera to
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capture the dentition on digital photographs, and one study used a smartphone camera.
Unfortunately, no study used a camera with the option to make QLF-photographs.
In concordance with our findings, the review postulated dental photography as an
acceptable diagnostic approach to detect caries lesions [26]. However, the sensitivity
and specificity in our study were much higher than presented in the review by Estai
et al. in which it ranged from 43% to 100% and from 52% to 100% respectively [26].
Furthermore, a meta-analysis was performed previously to assess the accuracy of
fluorescence-based methods in detecting caries lesions on occlusal, approximal and
smooth surfaces of both permanent and primary teeth [27]. The meta-analysis showed
that different fluorescence-based methods are accurate in diagnosing caries lesions
[27]. Generally, the specificity of diagnosing caries lesions with the fluorescence-based
methods appears to be higher than the sensitivity [27]. This is in line with our findings
and is important to bear in mind if implemented in a clinical or research setting (i.e.,
higher misclassification of diseased compared to non-diseased children). Based on
our findings we can only speculate, but we believe the lower sensitivity will not harm
the results of a study. Probably, only the mild cases of dental caries are missed on the
intra-oral photographs. If a child adheres to the regular oral hygiene recommendations;
a mild case will be stable over time and will not develop new caries, while a child not
adhering to the recommendations will develop more severe caries and/or new caries
lesions. Therefore, taking photographs at two periods in time will probably tackle the
problem of a lower sensitivity, still capturing the children at risk for dental caries. As
compared to the results of the meta-analysis our results are better applicable for the
research setting; instead of an in vitro study, we performed a study in a clinical setting.
Moreover, instead of using histological or radiographic examination as the reference
standard, we compared the performance of QLF-photographs with oral examination.
Recently, Kim et al. studied the performance of QLF-imaging to detect proximal
dental caries lesions [28]. They showed that QLF-imaging can substitute radiographs
in the screening for proximal caries. Even though Kim et al. used a better performing
method to diagnose proximal caries as the reference standard, our sensitivity and
specificity were very similar for caries detection [28]. However, we did not discriminate
between the degree of decayed surfaces within our analyses. In contrast to the study
of Kim et al., our results should be interpreted as the performance of the QLF-camera
for diagnosing caries, independent of the tooth surface.
Generally, clinical literature discussing the reliability of diagnosing enamel
hypomineralization on dental photographs is scarce. One in vitro and one in vivo study
found QLF to be a useful method to detect hypomineralized lesions [29, 30]. However,
comparison of our study with their results is not possible because of the different outcome
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measures in the study of Gambetta-Tessini et al. and the low quality of the study of Durmus
et al. The use of an intraoral camera with conventional white light has been proven by
two studies as a reliable tool to evaluate Hypomineralized Second Primary Molars (HSPM)
and MIH [11, 31]. Both studies showed a similar sensitivity and specificity to ours [11, 31].
As stated before, our study found a greater sensitivity and specificity for diagnosing dental caries from dental photographs than was found in the review of Estai et
al. [26]. This may be a result of the addition of the QLF-photographs in our study. The
sensitivity analysis in a subset of 30 participants showed a great decline in the reliability
when only the white light photographs of the Qraycam™ were used. Omitting the QLFphotographs from assessment, led to an equal decline in reliability of scoring decay
or fillings. The QLF-photographs help the examiner with scoring decay by showing a
red fluorescence at the affected site. Moreover, they support the examiner in correctly
identifying tooth-colored composite resin restorations by omitting a brighter blue
fluorescence compared to sound enamel. This is especially advantageous in a setting
where amalgam restorations are obsolete [32, 33].
Furthermore, we did not find evidence for any added value of QLF-photographs
to evaluate MIH. Apparently, the demarcated lesions resulting from MIH are already
obvious from white light pictures. However, because of low MIH prevalence in the
population sample, further research may be needed to verify these findings.
The present study is not without limitations. Due to the low prevalence of dental
caries and MIH in our population, the precision of the estimate for the interrater
reliability was reduced, as shown by the wide 95% CI’s. Moreover, missing teeth due
to caries were not considered in the present study. Therefore, we were not able to
calculate reliability measures for the missing component of the dmft/DMFT-index.
Obviously, missing teeth are the least difficult to observe from dental photographs.
Another limitation was the presence of two outliers in the random sample for the
sensitivity analysis (i.e. high clinical caries burden, but low caries burden from the
white light photographs). As a result, the added value of QLF-photographs compared
to white light photographs may be overestimated slightly. Still, the better reliability is
not expected to disappear after exclusion of the outliers.
Despite these shortcomings, this study provides important insight to researchers
and clinicians in the dental field. It is one of the first studies which examined the use
of a QLF-camera in a clinical setting for diagnosing dental caries and MIH. Moreover,
we are the first group that also included the reliability of scoring fillings which can be
challenging in the era of tooth-colored restoration materials [32, 33].
In conclusion, compared to oral examination, dental photographs made by
the Qraycam™ are reliable to score dental caries and MIH in children. However, the

167

4

Chapter 4

advantage of QLF-photographs over white light photographs could only be shown
for the detection of caries, but not for the detection of MIH. Using the Qraycam™ in a
clinical setting offers valuable time- and cost saving opportunities, particularly in the
teledentistry setting.
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Table S4.1. Reliability of scoring dental caries with a QLF-camera vs. white light only (n = 30)a
White light + QLF
ICCb

White light only
ICCb

Caries per patient
(dmft/DMFT or DMFT)

0.96
[0.91–0.98]

0.53
[0.22–0.75]

Decayed teeth
(dt/DT or DT)

0.90
[0.80–0.95]

0.58
[0.28–0.78]

Missing teeth
(mt/MT or MT)

NA

NA

Filled teeth
(ft/FT or FT)

0.95
[0.89–0.97]

0.60
[0.31–0.79]

MIH per patient

0.84
[0.69–0.92]

0.81
[0.63–0.90]

dmft/DMFT = decayed, missed, filled teeth ; dt/DT = decayed teeth; mt/MT = missing teeth; ft/FT = filled
teeth; MIH = Molar Incisor Hypomineralization; ICC = Intraclass Correlation Coefficient; NA = Not Applicable.
b
Calculated with the outcome on a continuous scale.
a

4
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This thesis contributes to the existing epidemiological knowledge of dental enamel
hypomineralization and dental caries. In this chapter, the main findings together with
their general interpretation and subsequent implications will be discussed. Hereafter,
methodological considerations on limitations and strengths are point of discussion.
Finally, future research directions will be proposed, and the chapter ends with general
conclusions.

Main findings’ interpretation and their clinical implications
Here we focus on those findings requiring additional discussion, in a more general
context than the one provided in each chapter.

Mineral metabolism and dental enamel hypomineralization
Chapter 2 focuses on determining new risk factors for dental enamel hypomineralization,
with mineral metabolism as the main and shared interest. Considering that there is an
inverse association between enamel hypomineralization and some parameters of bone
accrual in childhood (Chapter 2.1); a logical next step was to evaluate in Chapter 2.2.
whether 25(OH) vitamin D levels, which play an essential role in calcium metabolism,
could have an effect on the risk of having dental enamel hypomineralization [1-5]. We
measured 25(OH)D concentrations at three points in time; prenatal in mothers, early
postnatal (umbilical cord blood) and late postnatal (at the age of six). However, no
significant association between the 25(OH)D status at any of the points in time and
dental enamel hypomineralization at the age of six was found.
Before the study from Chapter 2.1, there were no studies published about the
association between bone health and dental enamel hypomineralization. There was
only one research group that has studied the association between Bone Mineral
Density (BMD) and dental caries, which is interesting because children with dental
enamel hypomineralization are more prone to develop caries [6, 7]. Fabiani et al. found
a positive relationship between a low BMD and dental caries in 12-year-old children
[8]. Since Fabiani et al. did not adjust for dental enamel hypomineralization within their
analyses, part of the reported association could be explained by a skewed distribution
of children affected by dental enamel hypomineralization within their population.
However, because of the relatively low prevalence of dental enamel hypomineralization
and older age of their population this effect is expected to be minimal. Apparently,
children with worse low bone health parameters are more prone to develop enamel
diseases as Hypomineralized Second Primary Molars (HSPM’s) and dental caries than
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children with high bone health parameters. The reason why low Bone Mineral Content
(BMC) is associated with HSPM and not with Molar Incisor Hypomineralization (MIH)
remains to be elucidated. It is well-established that the first permanent molars need a
longer time period to develop fully than the primary second molar [9, 10]. Therefore, it
is plausible that within this longer period of development, the mineralization capacity
is of less importance for the eventual mineral density of a permanent tooth than that
of a primary tooth.
What is the clinical relevance of the finding that children with a low BMC are
more frequently affected by HSPM than children with a high BMC? Somehow, the
general ability to mineralize tissue in children with HSPM seems to be affected. Tissue
mineralization is dependent of cation/ion availability throughout the body, with calcium
as the most important element of the hydroxyapatite mineral (Ca10(PO4)6(OH)2), which
forms the basis of dental enamel and bone [11, 12]. The availability of this cation is
dependent of several factors like calcium intake and vitamin D status. How calcium
intake affects its cation availability is straightforward, but behind the regulation of
the calcium serum concentration by vitamin D hides a more complex interplay of
different processes. Vitamin D affects the serum calcium concentration by three different
activities; it enhances intestinal calcium absorption, together with parathyroid hormone
(PH) it mobilizes calcium from bone by activating osteoclasts if the calcium blood serum
concentration is too low, and together with PH it enhances the reabsorption of calcium
from the distal renal tube [13]. Hence, the question is whether the mineralization ability
is affected by a too low calcium intake, by a too low vitamin D serum concentration, or
are there any other unknown etiological factors accountable?
Within the studies is was not possible to adjust for calcium intake in a reliable
way, but in Chapter 2.2 the relationship between vitamin D serum concentrations
and dental enamel hypomineralization was further explored. However, no significant
association was found, although previous research had suggested that 25(OH)D status
is a significant factor in the development of MIH as well as for dental caries [14-18]. It
was suggested that high 25(OH)D concentrations could have led to enhanced enamel
mineralization which prevents the development of dental caries [16]. However, this
possible mechanism of enhanced enamel mineralization, was not evident in the study
population of this thesis as less dental enamel hypomineralization. Another mechanism
may be found through an immunological pathway, in which 25(OH)D enhances the
expression of cathelicidin. Cathelicidin is an antimicrobial peptide, that can be found
in epithelial and immunological cells, and destroys the cell membrane of microbes [5].
This may rationalize the significant relationship between 25(OH)D and dental caries
(which is an infectious disease), and no relationship between 25(OH)D and enamel
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hypomineralization (which is a developmental disease). Severe Vitamin D deficiency
(set at below 10 nmol/L) has been shown to have undeniable biologic deleterious
consequences on the skeletal system either due to “environmental vitamin D deficiency”
resulting in rickets in children and osteomalacia in adults; or due to genetic mutations
resulting from hereditary vitamin D-dependent rickets or 1α-Hydroxylase deficiency
[19]. The phenotypic presentation of these rare genetic diseases is the consequence of
alterations in calcium metabolism, extended to tooth alterations and alopecia (findings
also corroborated by mutant mice models). In fact, in utero development in all cases is
considered to be normal due to maternal normocalcemia (as is the case with children
born normal from mothers with osteomalacia). This is in line with the finding of no
effect in relation to maternal vitamin D status. Whereas in children from Generation
R, the low number of children with very low vitamin D levels also explains the lack of
association with dental enamel hypomineralization propensity. Still, more research is
needed to fully understand a possible role of vitamin D in the development of dental
enamel hypomineralization.
From a clinical perspective, the Health Council of the Netherlands advises all
children up to the age of four to use vitamin D supplementation of 10mcg on a
daily basis in order to prevent the occurrence of rickets [20]. Based on our findings,
we cannot advise to add dental enamel hypomineralization as a possible extra
indication for vitamin D supplementation in children. Neither are we able to make
any recommendations concerning calcium intake in children as a preventive measure
for dental enamel hypomineralization. Moreover, the existing evidence suggests a
multifactorial etiology for HSPMs and MIH [21-23]. Therefore, it is unlikely that the
association between BMC and dental enamel hypomineralization is fully explained by
a deficit in mineral metabolism by vitamin D only. More research is needed to further
investigate these associations, to deliberate more on new hypotheses, or to test any
preventive measures for dental enamel hypomineralization.

Ethnic and genetic determinants on caries
Dental caries, the most common form of enamel disease, was previously shown by
our group to be found more often in children with dental enamel hypomineralization
[6, 7]. Nevertheless, it was still not established whether genetic susceptibility plays a
role. First, we explored in one of our studies (Chapter 3.1) whether ethnic disparities
in caries prevalence existed in our study population. The odds to have dental caries
(defined as a decayed-, missing, and filled teeth (dmft) > 0) were almost two-times
higher in Surinamese Hindustani children and more than three-times higher in Turkish
and Moroccan as compared to Dutch children. Both Turkish and Moroccan children
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even had five-time higher odds to experience severe dental caries (dmft > 3) than
Dutch children. These children from ethnic minority groups were vulnerable to develop
dental caries, but the origin of these disparities remain to be elucidated. The literature
proposes a few hypotheses like poor oral hygiene, frequent sugar consumption, and/
or genetic factors [24-26]. I elaborated on these genetic factors in Chapter 3.2, where a
Genome Wide Association Study (GWAS) for caries was carried out within a consortium
of nine different research groups around the world. Using the GWAS data we could
determine that the heritability of dental caries in the primary and permanent dentition
was low. From the GWAS meta-analysis of caries in primary teeth, a marker (rs1594318)
on chromosome 2 (chr2: 3733944) was suggestive of genome wide significance. The
meta-analysis for caries in the permanent dentition revealed another locus associated
with dental caries, with the strongest signal (rs7738851) mapping to chromosome 6
(chr6:11241788). While environmental factors are expected to play a prominent role,
the heritable component suggests that a highly polygenic architecture underlies the
etiology of dental caries, as recently corroborated by the discovery of 47 GWAS signals
in the UK-Biobank study including almost 490,000 participants [27].

Impact of caries in a sociodemographic context
The next step was to typify further the environmental factors influencing the risk of
developing caries. In Chapter 3.1 I also showed that an important part of the association
between ethnicity and dental caries was explained by mother’s educational level and
household income. In line with the influence of sociodemographic factors, I studied
in Chapter 3.3 how social inequalities could influence caries prevalence in children.
Moreover, we explored the distribution of caries within the city of Rotterdam, the
Netherlands. The most important indicator of socioeconomic position (SEP) in relation
to dental caries was maternal educational level. Furthermore, paternal educational level,
parental employment status, and household income additionally served as independent
indicators of SEP in children with severe caries (dmft > 3). Examining the distribution of
dental caries within Rotterdam showed clustering of dental caries within certain districts.
Especially children in the districts IJsselmonde and Charlois were highly affected by
caries. The significant relationship between the districts and the caries prevalence,
however, disappeared after adjustment for all included SEP indicators.
The findings of this thesis suggest that caries may “run in a family” with certain
genetic factors as a plausible underlying reason. However, in this thesis only a few
genetic loci were identified that led to a decreased or increased caries risk in the primary
and permanent dentition respectively, and the heritability of dental caries was estimated
to be low. Clinicians should still reckon the environmental risk factors (highly frequent
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sugar consumption, low fluoride use, and bad oral hygiene) as the most indicative
rather than single genetic variants. Information towards patients should take this into
account as well; dental caries risk is most probably the consequence of the patient’s
own behavior and actions, more than it is determined by their genetic background
which is characteristic for a multifactorial disease.
In light of the findings above, we found no environmental factors that fully
explained the association between ethnicity, SEP, and dental caries. However, we did
not adjust for sugar consumption which might explain the worse oral health in children
with an ethnic minority background and/or from a mother with a low educational level
[28, 29]. Following the caries prevention recommendations of “het Ivoren Kruis”, there
is already ample attention for nutritional influences on dental caries [30]. In their core
nutritional advise, they recommend no more than three main meals, no more than
four snacks in-between meals, to avoid sugary drinks, to avoid intake of acidy products
one hour before tooth brushing, and to avoid eating or drinking of sugar-containing
beverages after the last moment of tooth brushing in the evening (Table 5.1). If this
guideline would be followed strictly by dental professionals, every patient should be
familiar with these nutritional advices. Patients presenting with caries activity at a
dental professional, should be informed again about the core advises or should get

Table 5.1. Core advice caries prevention1 “Ivoren Kruis”
1. Core advice oral hygiene

2. Core advice fluoride

3. Core advice nutrtion

• Brush the teeth twice a day for
2 minutes with an appropriate
amount of toothpaste
• Children from 0 up to 1 year
brush the teeth once a day
with toothpaste for toddlers
• Parents are advised to brush
the teeth again after the
children brushed the teeth
themselves up to the age of
ten before going to bed

• 0 and 1 year of age:
From the eruption of the fist
tooth brush once a day with
toothpaste containing 500–
750 ppm fluoride

• Only eat or drink something
7 times a day (3 main meals
and a maximum of 4 snacks)
with an interval of minimal 2
hours

• 2, 3, and 4 years of age:
Brush the teeth twice a day
with toothpaste containing
500–750 ppm fluoride

• Do not eat or drink acidy
products one hour before
toothbrushing
• Do not eat or drink anything
after the last moment of
toothbrushing and do not
bring anything to bed

• 5 years of age and older:
Brush the teeth twice a day
with toothpaste containing
1000–1500 ppm fluoride
• For all ages:
Consult the dentist or oral
hygienist for any other form
of fluoride use

B.M. van Amerongen, C.M.M. Berendsen-Wolters, N.G. Blanksma, S.J. Fokkema, M.C.D.N.J.M. Huysmans, C.
van Loveren, A.A. Schuller, G. Stel, Advies Cariëspreventie, 2011. https://www.ivorenkruis.nl/userfiles/File/
IvK_Advies_Cari_spreventie.pdf.
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additional recommendations concerning their oral hygiene, fluoride use, and/or their
nutritional behavior [30]. Despite this guideline, disparities in caries prevalence among
six-year-old children from different ethnic groups and a different SEP exist. Question
remains why these caries prevention recommendations of “het Ivoren Kruis” are less
known/less followed among children from an ethnic minority group or from a low SEP.
A dental professional should be aware of suboptimal adherence or knowledge to the
core recommendations in an early stage, so that guidance to a better adherence or
more informative counseling can be started. Therefore, it is encouraged for a dental
professional to check the parents’ and/or patients’ knowledge and insight on oral health
on a regular basis. Another recommendation would be to start with oral health training
at the “Centrum voor Jeugd en Gezin” already. We know that early education of the
parents, as used in the non-operative caries treatment program (NOCTP), at the age
of 8 months is an effective measure in caries prevention [31, 32]. However, I found that
the probability of seeing children at this age at the dentist is low. Almost 50% of the
children visited the dentist above three years of age for the first time or never visited
the dentist at the age of six. Therefore, if the age of first dental visit remains this high,
the likelihood of reaching children and their parents at a younger age is the highest at
the “Centrum voor Jeugd en Gezin”. The first steps for this idea are already taken; we
are sharing thoughts with the municipality of Rotterdam and the “Centrum voor Jeugd
en Gezin” to implement oral health education to parents through coaching during
their regular visits at the center by discussing our findings and sharing our concerns.

Early origins of dental caries
Chapter 3.4 describes the relation between a complicated pregnancy course and dental
caries later in childhood. Our hypothesis was that children, born from a complicated
pregnancy, have high prenatal stress exposure and therefore a weaker mineralization
potential resulting in less caries resistant enamel. We assessed four different measures
for a complicated pregnancy course and a combination of those four: SGA, sPTB, GH, PE,
and placental syndrome respectively. We did not find a significant relationship between
a complicated pregnancy course and caries in six-year-old children.
In Chapter 2.2 the early origin topic was already mentioned on prenatal vitamin D
exposure and dental enamel hypomineralization prevalence in childhood. My colleague
dr. Elfrink already has explored other early origin factors, like those derived from adverse
pregnancy outcomes, in relation to dental enamel hypomineralization and dental caries.
[33]. She found that a low birth weight, the ethnic background, alcohol consumption
of the mother during pregnancy, and any history of fever in the first year of the child’s
life may play a role in the development of HSPM’s [33]. Within this thesis, however, no
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association was found between adverse pregnancy outcomes (SGA, sPTB, GH, PE) and
dental caries in six-year-old children. Previous literature on the association between
adverse pregnancy outcomes and dental caries risk later in childhood was inconclusive.
Some groups found no association between sPTB, SGA and/or PE with dental caries
in childhood, while others did find a significant association between sPTB and SGA
with dental caries [34-38]. Highly different populations, residual confounding, or true
absence of any relationship could be explanatory factors for the contradictory findings.
One research group assessed a longitudinal relationship between caries increment
and adverse pregnancy outcomes [39]. They found that children with a low birth weight
< 2,500 grams, had a higher caries increment in a lifespan of four years compared to
children with a normal birth weight [39]. It is reasonable that the influence of adverse
pregnancy outcomes on eventual enamel strength is better captured by caries
increment than total caries experience as used in Chapter 3 and by other researchers.
Therefore, it would be interesting to explore the potential association with rising
prevalence of caries in future research. But for now, I believe the evidence is still too
weak to draw definitive conclusions and/or formulate any clinical recommendations
about caries risk in children born from complicated pregnancies. Again, the findings
of this thesis underscores that the focus of a clinician should be on the patient’s own
behavior and responsibility for maintaining a low caries risk (sustainable oral health),
disrespect of their early life-events or their genetic background.

Digital assessment of dental enamel hypomineralization and caries
In all presented studies, enamel hypomineralization and dental caries were assessed
from intra-orally made photographs with conventional white light. In the last chapter
a research project is presented, with which I aimed validating Quantitative Light
Fluorescence (QLF)-photographs in the setting of epidemiologic research. QLF
photography is a different method of oral photography using not only conventional
with light, but fluorescent blue light as well which may improve identification of dental
caries and tooth-colored restoration material. We assessed the reliability of diagnosing
both conditions in children and adolescents by comparing its performance with visual
examination by a dental professional. Based on the results of that study, we found a
QLF-camera to be a reliable tool to evaluate caries experience and MIH in a population
aged between nine and eighteen years. Moreover, the reliability of scoring dental caries
increased by having extra fluorescent photographs next to the white light photographs.
There was no difference in added reliability between scoring decay or fillings. For MIH
the added value of fluorescent photographs was absent.
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The extra fluorescent photographs from the QLF-camera enhanced the reliability
for assessing dental caries compared to using white light photographs for assessment
only. Likely, the red fluorescence on decayed surfaces and the more intense blue
fluorescence tooth-colored composite resin restorations are helpful for the examiner
to identify a caries lesion or restoration correctly. From a clinical perspective these are
interesting results. It enables research groups to implement a QLF-based method as
an assessment tool for dental caries and MIH in their study. This tackles the logistical
and financial problem of appointing a dental professional for clinical examination in
any study, provides the option of easy data storage, and the examiner is not limited by
time or any location to assess the clinical photographs. Moreover, data can be easily
assessed in a standardized way which is preferable in research settings. Using a QLFmethod for a study that is only interested in dental enamel hypomineralization as the
primary outcome, the added value of fluorescent pictures may be debatable and other
(cheaper) options may perform equally. Especially in severe cases the effects of MIH
are obvious and less subtle than in caries lesions or tooth-colored restorations. This
may explain the absence of any added value of QLF in diagnosing MIH. The setting in
which our study was performed, including the capturing of the intra-oral photographs,
was probably different from most (epidemiological) studies. This limitation should be
taken into account when a research group decides to use a QLF-method. Still, when
dental caries only or both entities are outcomes of interest within a future study, a
QLF-camera is a recommendable and reliable option when tele-assessment is desired.

Methodological limitations, considerations, and strengths
Before describing the implications of my research for professionals and patients, the
methodological limitations and considerations of the studies contained in my thesis
should be discussed. Furthermore, I will emphasize several strengths of our studies
as well.

Phenotype assessment
One limitation arises from the fact that all diagnoses of dental enamel hypomineralization
and dental caries were based on the assessment from intra-oral photographs. Elfrink
et al. showed that assessments from intra-oral photographs to be a valid method for
diagnosing dental enamel hypomineralization and dental caries [40]. The sensitivity
for scoring enamel hypomineralization reached 72.3% and a specificity of even
92.8%. This low-sensitivity represents a relatively high number of false-negatives in
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presence of high specificity resulting in a relatively low number of false-positives
for identifying enamel hypomineralization. Therefore, slight underestimation of the
enamel hypomineralization prevalence might have occurred and the use of intra-oral
photographs for enamel hypomineralization diagnoses may have led to loss of power in
our studies. Moreover, the sensitivity and specificity were quite similar for scoring dental
caries on intra-oral photographs, being 85.5% and 83.6% respectively [40]. Therefore,
the number of false-negatives and false-positives is probably equally distributed
within our research in Generation R. If this misclassification is equally distributed and
independent of any outcome measure (non-differential misclassification) like ethnicity
or SEP, the influence of using intra-oral photographs on our effect estimates in analyses
for dental caries is rather minimal. Furthermore, because of measuring caries at only
one time point, we only had information about caries prevalence/experience and
not about caries activity. Caries activity is defined as an increase in the number or
size of the discolorations or decalcifications of the dental enamel, or newly formed or
progressed (root)caries compared to the previous periodic dental examination [30].
Subsequently, caries activity may be a better indicator for a child’s current caries risk
than caries prevalence/experience which is used in this thesis.

Selection bias and missing data
Another limitation that applies to most of the studies embedded in Generation R,
is the possibility of selection bias, where the identified effect estimates of exposure
on outcome do not represent the true magnitude of those who were eligible for the
study [41]. The Generation R study is especially prone to two types of selection bias i.e.,
bias due to differential loss to follow up and due to non-response/missing data. Loss
to follow-up within the Generation R Study was 10%, while 80% of the participating
children visited the research center at the age of six years (n = 6,690) [42, 43], resulting
in children from mothers with a higher educational background, with older age, and
Dutch ethnicity who have been recruited more frequently than what was anticipated
from the study area. This degree of selection bias might have resulted in loss of power
in the studies about the relationship between ethnicity, SEP and caries; and should
be considered in the interpretation of the findings. Furthermore, we had to deal with
nonresponse and missing data bias, where not all children who visited the research
center had available oral photographs for the assessment of enamel hypomineralization
and dental caries. Several factors were responsible for this loss of information; i.e. refusal
of intra-oral photography by the participant/caretakers, the research employee ran out
of time at the research center, or the photograph quality was too low to score. However,
the chance of nonresponse/missing data bias to be differential is low, considering that
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sensitivity analyses revealed no significant difference in baseline characteristics between
the participants with or without missing data on the outcome. Furthermore, we made
use of multiple imputation methods to account for missing data on the covariates. This
is a widely applied and accepted method to lower the risk of influencing the effect
estimates by selection bias [44]. Therefore, we deem the effects of selection bias and
missing data on our results to be low.

Confounding
Residual confounding is another limitation needing to be considered in my thesis.
Confounding means that an apparent association is actually explained by a determinant
that is related to both the exposure and the outcome but is not in the causal pathway.
For example, if boys tend to consume more sugar than girls and boys seem to have
more dental caries in general, sex is a confounder of the association between sugar
consumption and dental caries. Absence of control for this confounder results in biased
or so called “spurious” associations. In this thesis, our models were adjusted for many
different potential confounders. In the literature, the term residual confounding is
often used for two forms of biases combined; residual confounding and unmeasured
confounding. Residual confounding occurs when there is a measurement error in the
confounder included in the model and unmeasured confounding occurs if a confounder
is not included in the model due to omission of no measurement of the confounder
at all [45]. In all studies within our thesis, both forms of biases may be present. The
Generation R study has collected by design a comprehensive set of health determinants
that allows extensive correction for confounders [42]. Still, we were not able to measure
all possible confounding factors. For example, we missed data on sugar consumption
in children and the possibility remains that these unmeasured confounders exist.
Moreover, the occurrence of erroneous measurement of confounders cannot be
completely ruled out within a big cohort study with thousands of participants. Though
assumed to be limited, there is always a possibility in participants making mistakes in
questionnaires, the occurrence of mistakes in data processing, or participants giving
socially acceptable answers concerning health behavior (response bias, i.e. smoking
habits or tooth brushing frequency).

Study design
The cross-sectional setting in which most studies are performed within this thesis,
poses another limitation. Within an observational setting it is not possible to randomize
participants on exposure and confounding plays an important role, particularly with a
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cross-sectional study where all measurements of a participant are taken at one point
in time [46]. Therefore, we assessed differences in exposure variables between children
with and without a dental trait and adjusted the analyses for the exposure variables
that were significantly different between the two groups. This may have overcome
the disadvantage of lack of randomization for a part, but we still lacked information
about the temporal relationship between exposure and the outcome. Therefore, we
should be cautious about drawing any conclusions on causality from our cross-sectional
studies [46, 47]. For the findings of this thesis it means that we were only able to identify
“associations”, and any inference about “causation” needs to be addressed in future
research drawn within Generation R. Because dental enamel hypomineralization is
already present after eruption of the affected tooth and does not develop over time,
the cross-sectional measurement is of less relevance in light of our limitations.

Strengths
The large study population is one of the biggest strengths of the Generation R Study,
where most of the studies of my thesis were embedded. This study, located in the city
of Rotterdam, the Netherlands, is a large multi-ethnic prospective population-based
pregnancy-cohort with a relatively low percentage of loss to follow-up [42]. Embedding
the studies within the Generation R Study made it possible to study a relatively large
sample of children affected by dental enamel hypomineralization and dental caries.
Worldwide, our study is one of the largest in which dental enamel hypomineralization
and dental caries is studied [48].
Furthermore, we were the first to have studied dental health problems across
seven major ethnic minority groups in the Netherlands [49]. Other Dutch studies were
limited to distinguish only two or three ethnic groups [48, 50] and frequently also
drawing conclusions across studies. Instead, the Generation R Study allows for relative
matching across socioeconomic, health access, schooling and regional exposures (like
physical activity, sunlight, etc.) among other determinants. This led to a more specific
understanding in which ethnic minority groups need more intensive guidance in
learning good oral health behavior. Like advised, we based the child’s ethnicity on the
birth country of both parents; if one parent was born abroad, the child was classified
within a non-native Dutch group and if both parents were born abroad the mother’s
origin was used as the child’s ethnicity [51]. In fact, the cultural background and
behavior is better accounted by using the mother’s origin as the determinative factor.
Further division in first, second, or third generation immigrants is commonly used as
well. However, we did not take this ethnic classification into account as this may have
resulted in a mismatch between the assigned ethnicity group and the self-perceived
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ethnical background and culture of the children. The likelihood, however, of a first- or
second-generation immigrant to be raised completely by a native/Dutch culture is
considered to be low.
Concerning the SEP of our participants we were able to include many different
indicators for SEP, as compared to those typically reported in the literature. Where
other studies assess the SEP with only one or two indicators, all studies in my thesis
used at least seven different ones. This way, we were able to better determine the SEP
as advised by Galobardes et al., and also determine the most important SEP indicators
influencing childhood caries [52, 53]. The construct of SEP is a highly complex term that
can only be assessed by using variables related to SEP, and a clear measurable definition
for SEP is lacking [52, 53]. We believe that our studies approximated the children’s true
SEP very close by including the most important ones in relationship to dental enamel
hypomineralization and dental caries.

Future research
In general, I encourage to replicate some of the findings within this thesis, typifying
associations with rarely studied outcomes. For example, we were the first to study the
association between bone health and dental enamel hypomineralization and one
out of few groups, studying the association between vitamin D and dental enamel
hypomineralization. More evidence, especially in the rarely studied associations may
lead to new and clearer insights. Eventually and hopefully, this might be translated
to better patient oral health and improved care. Moreover, a larger GWAS on dental
enamel hypomineralization could be a promising opportunity to help find new
biological pathways in explaining the etiology of this enamel disease. For sufficient
power, collaboration is needed between well-designed (prospective) cohort studies
like was done for the GWAS on dental caries included in this thesis.
A major finding in my thesis was the great disparity in dental caries prevalence
between children from different ethnic groups and different social classes. The
explanation behind these disparities, however, remains poorly understood. Within
this thesis we provided some hypotheses and colleagues already found a possible
mediator of these inequalities in the parent’s attitude towards oral health being
dependent on extrinsic or intrinsic factors, but more research is needed to really get
a grip on the underlying problem [54]. Other study designs like qualitative research
may be suitable for answering these open research questions, but within Generation
R there are still opportunities to draw additional studies seeking better understanding
of this problem. Children are still being followed-up and currently they are visiting the
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research center for data collection on multiple dimensions of oral health and assessing
many other parameters, recently completed at a mean age of thirteen and which will
be collected again around the age of seventeen years. To better understand the ethnic
and socioeconomic disparities in caries prevalence, it would be interesting to test the
children’s and their parents’ knowledge on the caries prevention recommendations
of “het Ivoren Kruis” with open questions followed by the question on how many
days per week they feel have succeeded in following the recommendations. This will
give insight into whether this is a problem of knowledge/education or whether it is
a motivational problem, once a month disregarding biological susceptibility (ethnic
or genetic). Afterwards, stratification or correction for ethnicity or SEP may help us to
further grasp the cause of disparities in caries prevalence.
The data collection at the age of thirteen, provides us with new data on oral
health. Because the children have probably passed the second transitional period at
this, we will be able to study caries confined to the permanent dentition. Combining
this information together with the caries experience at the age of six, we can measure
caries activity instead of caries experience, which is an important measure in terms
of risk factor identification. Following the Dutch guideline of “het Ivoren Kruis”, the
choice of preventive measures is based on caries activity rather than on previous caries
experience [30]. Thus, caries activity may better capture current oral health behavior
than caries prevalence/experience. However, because children at the age of six are not
at risk for developing caries for a long time yet and probably had similar oral health
behavior throughout their life, it is plausible that caries prevalence/experience may be
a good proxy for caries activity in young children. Highly different findings from using
caries activity within this thesis, instead of caries experience/prevalence, are therefore
not expected. Moreover, all questions asked within this thesis are as relevant for the
permanent dentition as they are for the primary dentition, especially since permanent
teeth have to endure a lifetime. Permanent teeth already start developing in utero and
need a longer period of time to develop fully. Hence, environmental factors can even
have longer influence on the development of permanent teeth than on primary teeth.
Moreover, all children will have their permanent first molar at the age of thirteen (if there
are no cases of agenesis or early extractions). This will result in a greater population of
children in which the presence of MIH can be assessed and thus more power to identify
new potential risk factors for MIH of which the exact etiology remains unknown [55].
Based on the findings of this thesis, continuation of dental enamel hypomineralization
and dental caries assessment with QLF-based photography is highly encouraged due
to its positive characteristics of high reliability and ease of use.
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Besides embedding new research within the Generation R Study, we encourage
researchers to look for methods to decrease the existing sociodemographic disparities in
caries prevalence. For example, the NOCTP studied by Vermaire et al. may be a promising
method, but still has to be validated in a population with a more mixed socioeconomic
background [31]. Within this program the focus lies on the patient’s responsibility for
self-care and the duration between periodic visits is based on the patient’s level of
self-care, the eruption period of the permanent teeth and the caries progression within
the dentition, especially in the permanent first molars [31]. Furthermore, our before
mentioned initiative at the “Centrum voor Jeugd en Gezin” may be a good opportunity
to reach children and their parents at a young age. Well-designed interventional studies,
preferably randomized controlled trials (RCT’s), have to show which methods are most
effective in our ultimate goal to decrease the caries prevalence in minority groups. Like
is advocated for in a recent Cochrane Review as well [56]. For example, children with a
mixed socioeconomic background could be randomized between a group receiving
preventive care according to the NOCTP or a group receiving care according to the
traditional preventive dental care at the dentist. Comparing the caries progression
over time between these groups of children, would show the efficacy of NOCTP in a
mixed population. Moreover, caries progression could be compared between children
randomized over a group receiving extra oral health education at the “Centrum voor
Jeugd en Gezin” at a young age or receiving only the regular care and education (not
involving oral health education) at the “Centrum voor Jeugd en Gezin”.

General conclusion
From this thesis we can conclude that children who have a low BMC more often
have HSPMs, but this association is not explained by differences in vitamin D serum
concentrations. Vitamin D serum concentrations measured at three time points
(prenatal, umbilical cord blood, and at the age of six) were neither associated with
the presence of HSPMs nor with MIH at the age of six. I encourage other researchers
to replicate our findings, since we were one of the first to study those associations
and it may increase the power of our findings. Moreover, research should still focus
on finding the biological pathway of the development of enamel hypomineralization
which remains unknown. This may help the development of preventive measures for
enamel hypomineralization. For example, a GWAS might be a useful instrument to
discover new biological pathways.
Furthermore, we found great disparities in caries prevalence among different
ethnic and socioeconomic groups. Particularly, Surinamese-Hindustani, Turkish,
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Moroccan children, and children from parents with a low SEP were significantly more
affected by dental caries than Dutch children and children from parents with a higher
SEP. Although we did propose several hypotheses, the underlying mechanisms behind
these disparities are unknown. Still, higher awareness among these groups for poor
oral health and impact on the long term is the first step of prevention. Therefore, this
thesis is not only a stimulus for more research, but also for development of strategies
to successfully lower the existing oral health inequalities.
I have showed in this thesis that genetic variants and prenatal factors only have
modest or no influence on caries susceptibility in children. Nevertheless, limitations of
our study (i.e. power limitations) should be kept in mind, but from our results I believe
behavioral factors are probably most important in caries development.
Finally, the QLF-camera seemed to be a reliable method in caries and dental
enamel hypomineralization assessment. Moreover, the addition of fluorescent
photographs did seem to have added value in caries assessment in terms of reliability.
Future epidemiological studies may benefit from this new technology for digital
assessment of these enamel conditions.
Unfortunately, from this thesis no preventive measures for dental enamel
hypomineralization could yet be proposed. However, a persistent challenge for caries
prevention, however, might be found in reaching and engaging the children from the
identified risk groups. An opportunity to educate them and their parents early in life
could be pursued at the “Centrum voor Jeugd en Gezin”. Another opportunity could arise
from implementing the NOCTP at the general dental practice. Future research has to tell
which method is most effective or whether they could be synergetic. Eradicating caries
completely, remains a utopia; developing one cavity can be as inevitable as getting
the flu. However, decreasing disparities in caries prevalence and severity between
population groups should be a priority in a well-developed country as the Netherlands,
during the upcoming decade. Hopefully, initiatives derived from the findings of this
thesis can help reaching this goal.
In conclusion, there are still large areas pending to be investigated, but “Advances
in Epidemiological Research of Dental Enamel Hypomineralization and Caries” have
definitely been achieved.
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Summary
Chapter 1 introduces the three dental enamel diseases on which we focused within this
thesis; Hypomineralized Second Primary Molars (HSPM), Molar Incisor Hypomineralization (MIH), and dental caries. Children affected by HSPM and/or MIH have brittle dental
enamel due to less mineralization, which may result in a higher caries susceptibility or
even early tooth loss. Somewhere in the complex process of tooth development, the
cells involved with enamel mineralization show problems to facilitate mineralization of
the extracellular matrix. Factors causing these problems, however, are largely unknown.
It is speculated that early childhood diseases may cause these mineralization issues, but
the exact etiology of HSPM and MIH is still unknown. On the contrary, the etiology of
dental caries has been well established. Dental caries is a multifactorial disease. Major
risk factors are a low frequency of fluoride use and a high frequency of sugar intake.
Preventive strategies focus most on those two risk factors and are quite successful. Yet,
it is expected that the caries prevalence in children can reach even lower numbers.
Identification of risk groups and/or new risk factors may help to develop more effective
caries prevention strategies. Aims of this thesis were to further explore the etiology
of dental enamel hypomineralization, to identify major risk groups and risk factors for
dental caries, and to assess the use of relatively new instrument, a Quantitatve Light
induced Fluorescent (QLF)-camera, for diagnosing dental enamel hypomineralization
and dental caries within an epidemiological study setting. All studies, except the last
study, were embedded within a population-based cohort study following children from
fetal life until adulthood, the Generation R Study. Dental enamel hypomineralization
and dental caries were assessed at the children’s age of six from intra-oral photographs.
In Chapter 2 we tried to further unravel the etiology of dental enamel hypomineralization. First, we assessed the association between the children’s bone mass and dental
enamel hypomineralization. Since the same minerals play a crucial role in both bone
development and enamel maturation, we hypothesized that children’s bone mass could
be an indicative factor for having dental enamel hypomineralization. Bone mass was
measured using a Dual-energy X-ray Absorptiometry scan at the age of six (DXA-scan).
Eventually, we found a low child’s bone mineral content (BMC) to be associated with a
higher presence of HSPM. No significant association was found between BMC and MIH.
Furthermore, in the search for etiologic factors of dental enamel hypomineralization,
we assessed the association between vitamin D status and HSPM/MIH. Vitamin D is an
important mediator in bone metabolism, vitamin D receptors are found on ameloblasts,
and may therefore (partly) explain the found association between a child’s BMC and
the presence of HSPM. We measured vitamin D serum concentrations at three points in
time; mid-gestational from the mother’s blood sample, early postnatal from umbilical
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cord blood, and at the age of six from the child’s blood sample. After analyzing the
results, however, the vitamin D serum concentrations were neither associated with the
presence of HSPM at the age of six, nor with MIH. Based on our findings, we were not
able to identify a new risk factor for dental enamel hypomineralization nor to explain the
found association between a child’s bone mass and the presence of HSPM in children.
In Chapter 3 we focused on dental caries. First, we explored the presence of
ethnic disparities in dental caries among the children from the Generation R Study,
independent of SEP. For this study we distinguished seven different ethnic groups,
including the most important ethnic minority groups within the Netherlands: Dutch,
Surinamese-Hindustani, Surinamese-Creole, Turkish, Dutch Antillean, Moroccan,
and Cape Verdean. Compared to native Dutch children, children with a SurinameseHindustani, Surinamese-Creoles, Turkish, Moroccan, and Cape Verdean background
had significantly higher odds for dental caries. Especially the Surinamese-Hindustani,
Turkish, and Moroccan group had significantly higher odds for severe dental caries
(more than three teeth affected by decay, missing teeth and/or filings due to caries).
Household income and educational level of the mother explained up to 43% of the
association between ethnicity and dental caries. Public health strategies can apply
this new knowledge and specifically focus on the reduction of ethnic disparities in
oral health.
Second, we assessed whether dental caries traits in children and adolescents
are partially heritable. For this purpose, we performed a genome-wide association
study (GWAS) within an international consortium of nine different cohort studies
with participants aged from 2.5 up to 18.0 years. Phenotype definitions were created
for the presence or absence of treated or untreated caries, stratified by primary and
permanent dentition. Analysis included up to 19,003 individuals (7,530 affected) for
primary teeth and 13,353 individuals (5,875 affected) for permanent teeth. Eventually,
we found two different single variants to be associated with dental caries in the primary and permanent dentition (rs1594318-C and rs7738851-A, respectively). However,
consortium-wide estimated heritability of caries was low compared to corresponding
within-study estimates or previously published estimates. Phenotypic heterogeneity between cohorts and limited statistical power might have contributed to the low
number of found single variants and the relatively low heritability. These findings could
also reflect complexity not captured by our study design, such as genetic effects which
are conditional on environmental exposure.
Third, we explored social inequalities in dental caries prevalence among six-yearold children from the Generation R Study. We did this by assessing the association
between seven different indicators for socioeconomic position (SEP) and by using a
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district-based approach to explore the distribution of dental caries among districts of
low and high SEP within the city of Rotterdam. Statistical analyses showed that dental
caries is more prevalent among six-year-old children with a low SEP, which is also visible
at a district level. This should raise concerns about the existing social inequalities in
dental caries and should encourage development of dental caries prevention strategies.
New knowledge about the distribution of oral health inequalities between districts
should be used to target the right audience for these strategies.
In the last part of Chapter 3, we studied the prevalence of dental caries in children born from a complicated pregnancy course compared to children born from an
uncomplicated one. Since enamel formation already starts in utero, pregnancy course
and outcome may play a role in the eventual enamel strength and caries susceptibility.
Again, we included the six-year-old children from the Generation R study. Four different
adverse pregnancy outcomes were studied individually; being small for gestational
age (SGA), spontaneous preterm birth (sPTB), gestational hypertension (GH), and preeclampsia (PE). Moreover, we studied all four outcomes combined as the placental
syndrome. However, statistical analyses did not reveal any association between the
adverse pregnancy outcomes and dental caries in six-year-old children. Although it was
expected that prenatal stress can be a risk factor for caries development later in life, our
study did not support this hypothesis, despite the well-powered setting of our study.
Because the efficient and cost saving aspects of digital assessment, we examined
whether QLF-photographs may help in assessment of dental caries and MIH within
a study setting in Chapter 4. We compared scoring dental caries and enamel
hypomineralization from QLF-photographs with visual examination by a dentist as
the gold standard. The study was situated in a dental practice in the Netherlands,
included participants from 9 up to and including 18 years old. Eventually, 113 children/
adolescents participated in the study. We found dental photographs, made by the
Qraycam™, to be reliable enough to score dental caries and MIH in children/adolescents
aged 9 up to and including 18 years compared to visual examination. Moreover, QLFphotographs seemed to enhance the reliability of diagnosing dental caries compared
to assessment from conventional white light photographs alone. Therefore, the use of a
Qraycam™, might be a convenient tool for dental caries and enamel hypomineralization
assessment within study settings.
Chapter 5 covers a general discussion about the main findings of all our studies
within this thesis, which are put into perspective of the existing literature. Furthermore,
the most important limitations of our studies are mentioned like potential biases,
limitations regarding the data collection, but the great sample size, it’s advantages, and
other strengths are discussed as well. Moreover, we tried to translate our findings to a
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clinical setting and therewith to deliberate on their clinical implications. Afterwards,
we proposed different future research directions for unanswered and newly raised
research questions by this thesis. We concluded the general discussion with a summary
of our conclusions that:
•
•

•

•
•

Children who have a low BMC more often have HSPMs, this association is probably
not explained by differences in vitamin D serum concentrations,
Surinamese-Hindustani, Turkish, Moroccan children, and children from parents with
a low SEP were significantly more affected by dental caries than Dutch children and
children from parents with a higher SEP,
We found no common genetic variants that influenced dental caries with modest
effects on susceptibility in the primary dentition, but a single variant did influence
the presence of dental caries in the permanent dentition,
Placental dysfunction outcomes did not influence the caries risk in six-year-old
children,
A QLF-camera is a reliable system to assess dental caries and enamel hypomineralization, and the addition of fluorescent photographs did seem to have added value
in caries experience assessment in terms of reliability.
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Samenvatting
Hoofdstuk 1 introduceert de drie tandglazuuraandoeningen waarop wij focussen binnen
dit proefschrift; Hypomineralized Second Primary Molars (HSPM), Molar Incisor Hypomineralization (MIH) en cariës. Het tandglazuur van kinderen met HSPM en/of MIH is broos
door een lagere mineraaldichtheid en kan zorgen voor een hogere cariësgevoeligheid
of zelfs voor vroeg tandverlies. Ergens in het complexe proces van de tandontwikkeling,
lijken de cellen die betrokken zijn bij de mineralisatie van het glazuur te falen in het
mineraliseren van de extracellulaire matrix. Echter, duidelijke oorzaken hiervoor zijn tot
op heden nog niet gevonden. In de literatuur zijn vroege kinderziekten geassocieerd met
glazuur hypomineralisatie, maar verder onderzoek is nodig naar de exacte etiologie van
HSPM en MIH. Tegenovergesteld, is de etiologie van cariës duidelijk bekend. Deze is zeer
multifactorieel van aard, maar twee belangrijke risicofactoren zijn een lage fluoridefrequentie en veelvuldige suikerconsumptie per dag. Preventieprogramma’s focussen dan
ook vooral op deze twee beïnvloedbare risicofactoren en zijn daarmee redelijk succesvol.
De cariësprevalentie onder kinderen is echter nog relatief hoog, zeker omdat lagere
prevalentiecijfers te verwachten zijn bij preventie. Identificatie van risicogroepen en/of
nieuwe risicofactoren kunnen mogelijk helpen bij het ontwikkelen van nog effectievere
preventieprogramma’s. De belangrijkste doelstellingen voor dit proefschrift waren om de
etiologie van glazuurhypomineralisatie verder te ontrafelen, om belangrijke risicogroepen
en mogelijk nieuwe risicofactoren voor cariës te identificeren en om de betrouwbaarheid
te onderzoeken van een relatief nieuwe methode, Quantitatve Light induced Fluorescent
(QLF)-foto’s, om glazuurhypomineralisatie en cariës te diagnosticeren binnen een onderzoekssetting. Al onze studies, behalve die over de QLF-camera, zijn uitgevoerd binnen
het Generation R onderzoek. Dit is een op de populatie gebaseerd cohortonderzoek,
waarbinnen kinderen worden gevolgd vanaf het moment voor de geboorte tot aan
de volwassen leeftijd. Glazuurhypomineralisatie en cariës hebben wij bij de kinderen
geëvalueerd toen zij zes jaar waren op basis van intra-orale lichtfoto’s.
Hoofdstuk 2 begint met de eerste doelstelling; het verder ontrafelen van de
etiologie van glazuurhypomineralisatie. Ten eerste onderzochten we het verband tussen de botmassa van een kind en het hebben van glazuurhypomineralisatie. Omdat
dezelfde mineralen een rol spelen in het mineraliseren van zowel bot als glazuur, was
onze hypothese dat de botmassa van een kind indicatief kan zijn voor de aanwezigheid van glazuurhypomineralisatie. Botmassa werd bij alle kinderen gemeten door
middel van een “Dual-energy X-ray Absorptiometry scan” op dezelfde leeftijd als dat
we glazuurhypomineralisatie hadden beoordeeld, zes jaar. Uit de analyses bleek dat
een laag botmineraal gehalte (BMC) significant geassocieerd was met de aanwezigheid
van HSPM. Deze associatie vonden wij echter niet met MIH.
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In de verdere zoektocht naar een etiologische verklaring voor het ontstaan van
glazuurhypomineralisatie, onderzochten wij tevens de relatie tussen vitamine D-status
en HSPM/MIH. Vitamine D is een belangrijke factor in botmetabolisme en vitamine
D receptoren zijn te vinden op ameloblasten (glazuur aanmakende cellen). Mogelijk
dat vitamine D dus een mediërende rol speelt in de relatie tussen botmassa en HSPM
onder kinderen. Vitamine D serumconcentraties werden gemeten op drie momenten;
op de helft van de zwangerschap in moeders’ bloed, vroeg na de zwangerschap in
bloed van de navelstreng en op zesjarige leeftijd in bloed van de kinderen zelf. Na de
analyses, echter, vonden wij geen van deze Vitamine D serumconcentraties significant
geassocieerd met de aanwezigheid van HSPM of MIH op zesjarige leeftijd. Uit onze
bevindingen kunnen wij dus geen nieuwe risicofactor voor glazuurhypomineralisatie
aandragen, noch kunnen wij de relatie verklaren tussen een verminderde BMC en het
meer voorkomen van HSPM onder kinderen.
In Hoofdstuk 3 zoomen we in op de derde glazuuraandoening van dit proefschrift,
cariës. Ten eerste onderzochten we etnische verschillen in cariësprevalentie onder de
kinderen uit de Generation R Study, onafhankelijk van de SEP. Alle kinderen werden
ingedeeld in zeven verschillende etnische groepen, inclusief de grootste groepen etnische
minderheden binnen Nederland: Nederlands, Surinaams-Hindoestaans, SurinaamsCreools, Turks, Antilliaans, Marokkaans en Kaapverdiaans. Vergeleken met Nederlandse
kinderen, kinderen met een Surinaams-Hindoestaanse, Surinaams-Creoolse, Turkse,
Marokkaanse en Kaapverdiaanse achtergrond hadden grotere kans op het hebben van
cariës. Vooral de Surinaams-Hindoestaanse, Turkse en Marokkaanse groep hadden een
significant hogere kans op ernstige cariës (meer dan drie tanden met actieve cariës,
meer dan drie missende tanden en/of vullingen door cariës). Inkomen van de ouders
en opleidingsniveau van moeder verklaarden slechts 43% van de gevonden associatie.
Deze nieuwe kennis zou kunnen worden meegenomen in het opstellen van nieuwe
volksgezondheidmaatregelen om de etnische ongelijkheden in mondgezondheid onder
kinderen te verkleinen.
In het tweede deel hebben we getracht antwoord te geven op de vraag of cariës
in zowel kinderen als adolescenten deels erfelijk is. Hiervoor hebben we een “genomewide association study” (GWAS) uitgevoerd in een internationaal consortium van
negen verschillende cohortstudies met deelnemers van tussen de 2,5 en 18 jaar oud.
De definitie van het fenotype cariës werd gebaseerd op de aan- of afwezigheid van
behandelde of onbehandelde cariës, gestratificeerd voor het melk- en het blijvende
gebit. Uit de resultaten kwamen twee verschillende genetische varianten naar voren
die werden gecorreleerd aan de aanwezigheid van cariës in het melk- en het blijvende
gebit (rs1594318-C en rs7738851-A, respectievelijk). De maat voor erfelijkheid over
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het gehele cohort was echter laag vergeleken met de waarden gevonden binnen de
studies of uit andere gepubliceerde studies. Mogelijk dat fenotypische heterogeniteit
tussen de cohortstudies en een matige statistische “power” hebben bijgedragen aan
het beperkte aantal gevonden genetische varianten en de relatief lage waarde voor
erfelijkheid. Onze resultaten tonen waarschijnlijk ook de mate van complexiteit die
niet gevangen kon worden met de huidige studieopzet, zoals genetische effecten die
afhankelijk zijn omgevingsfactoren.
Ten derde exploreerden wij sociale ongelijkheden in cariësprevalentie onder
kinderen van de Generation R studie. Dit hebben wij gedaan door zeven verschillende
indicatoren voor socio-economische positie (SEP) te includeren in de analyses en door
op wijkniveau de cariësprevalentie te bekijken in zowel de Rotterdamse wijken met
een lage SEP als die met een hoge SEP. Uiteindelijk vonden wij een hogere cariësprevalentie onder kinderen met een lage SEP ten opzichte van kinderen met een hoge
SEP. Dit verschil was ook te zien op wijkniveau. Zulke ongelijkheden roepen zorgen op
en moet de ontwikkeling van preventieve programma’s aanmoedigen. De kennis over
de distributie van cariës over de sociale groepen en wijken kan als hulpmiddel worden
ingezet om te focussen op het publiek dat dit het meeste nodige heeft.
In het laatste deel van Hoofdstuk 3, hebben we onderzocht of kinderen geboren
uit een gecompliceerde zwangerschap meer cariës hebben dan kinderen geboren
uit een ongecompliceerde zwangerschap. De ontwikkeling van het glazuur begint
namelijk al in de baarmoeder. Het zwangerschapsverloop en de uitkomst kunnen dus
mogelijk een effect hebben om de glazuursterkte en daarmee op cariësgevoeligheid.
Opnieuw includeerden we de zesjarigen uit het Generation R onderzoek. Vier verschillende zwangerschapsuitkomsten werden onderzocht; klein zijn voor de draagtijd (SGA),
spontane vroeggeboorte (sPTB), zwangerschapshypertensie (GH) en pre-eclampsie
(PE). Bovendien hebben we alle vier de uitkomsten gecombineerd in een variabele, het
placentaire syndroom. De analyses toonden echter geen associatie tussen een enkele
zwangerschapsuitkomst en cariës in zesjarigen. Ondanks onze studie met voldoende
“power” en de gefundeerde hypothese dat prenatale stress een risicofactor kan zijn
voor cariësontwikkeling later in het leven, ondersteunen onze bevindingen deze niet.
Vanwege het efficiënte en kostenbesparende aspect van digitale beoordelingen,
onderzochten wij in Hoofdstuk 4 of QLF-foto’s een rol kunnen spelen bij het digitaal
diagnosticeren van cariës en MIH in onderzoeksverband. Wij vergeleken het scoren
van cariës en glazuurhypomineralisatie via QLF-foto’s met visuele inspectie door
een tandarts als de gouden standaard. Deze studie hebben wij uitgevoerd in een
Nederlandse tandartspraktijk. Uiteindelijk includeerden we 113 deelnemers van 9 tot en
met 18 jaar oud. Gebitsfoto’s, gemaakt met de Qraycam™, waren betrouwbaar genoeg
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om cariës en MIH te diagnosticeren ten opzichte van visuele inspectie. Bovendien leken
de fluorescentiefoto’s, voor het diagnosticeren van cariës, van toegevoegde waarde
te zijn ten opzichte van witlicht foto’s alleen. Daarom kan de Qraycam™ een geschikt
hulpmiddel zijn voor digitale beoordelingen van cariës en glazuurhypomineralisatie
in onderzoeksverband.
Hoofdstuk 5 is een algemene discussie over de belangrijkste bevindingen uit al
onze studies van dit proefschrift en worden in de context van de bestaande literatuur
gezet. Verder bespreken we de beperkingen van onze studies zoals mogelijke “biases”,
beperkingen omtrent de dataverzameling, maar ook de grote studie populatie, de
voordelen hiervan, en andere sterke punten worden uiteengezet. Bovendien hebben
we geprobeerd onze bevindingen te vertalen naar de kliniek en daarmee hun klinische implicaties behandeld. Hierna hebben we een voorstel gedaan voor toekomstige
onderzoeksrichtingen om onbeantwoorde en nieuw ontstane onderzoeksvragen uit
dit proefschrift te kunnen beantwoorden. We sloten de algemene discussie af met een
samenvatting van onze conclusies dat:
•
•

•

•
•

Kinderen met een lage BMC vaker HSPM hebben, maar dat deze associatie waarschijnlijk niet verklaard wordt door verschillen in vitamine D concentraties,
Surinaams-Hindoestaanse, Turkse, Marokkaanse kinderen en kinderen van ouders
met een lage SEP significant vaker cariës hebben dan Nederlandse kinderen en
kinderen van ouders met een hogere SEP,
We geen genetische varianten hebben gevonden die effect hebben op cariësgevoeligheid in het melkgebit, maar wel een variant die de aanwezigheid van cariës
beïnvloedt in het blijvende gebit,
Placentaire dysfunctie uitkomsten het cariësrisico onder zesjarigen niet beïnvloeden,
Een QLF-camera een betrouwbaar systeem is om cariës en glazuurhypomineralisatie digitaal te beoordelen in onderzoeksverband en dat fluorescentie foto’s van
toegevoegde waarde zijn voor het beoordelen van cariëservaring.
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