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Abstract

Dental caries affects the majority of adults worldwide. Particularly behavioural and genetic factors
associated with caries in adults need to be studied further.

The main aims of this study were to examine the prevalence of the different stages of caries in
an adult population, to study behavioural and clinical factors affecting various stages of caries and
to perform a genome-wide association study (GWAS) to determine possible genetic backgrounds
for different caries phenotypes. An additional aim was to generate a simple questionnaire for
assessing the need for operative treatment due to caries.

The study population consists of a sub-population of the Northern Finland Birth Cohort 1966
(NFBC1966) members who participated in an oral health examination in Oulu (n=1961) at 46-47-
years of age. Another study population was used in validation study. The questionnaire was
validated among a random sample of 40-year-old residents of Vaasa, Finland (n=45).

The results showed that in NFBC1966 although extensive caries lesions were rare, initial caries
lesions were present in almost the whole population. The enamel caries lesions were most
common among the participants who had a considerable amount of visible plaque on their teeth
and had a high number of restored teeth. Regarding restorative treatment, only 8% of restorations
were indirect, and these were mostly among those subjects who had low need for restorative
treatment. In GWAS, novel gene variants were detected which were associated with severe caries
manifestation among females and another gene variant associated with dentin caries lesions
among males. The validated questionnaire recognized subjects as being in need of operative caries
treatment moderately.

Results of this study can help allocate dental health resources for oral health promotion and
caries prevention of adults

Keywords: cohort studies, dental caries, dental caries susceptibility, epidemiology,
genome-wide association study, risk factors
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siihen liittyvät suuhygieniatottumukset ja geneettiset tekijät. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta; Medical Research
Center Oulu; Oulun yliopistollinen sairaala; 
Acta Univ. Oul. D 1695, 2022
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Hampaiden reikiintyminen koskettaa lähes koko maailman väestöä. Aikuisväestön hampaiden
reikiintymiseen liittyvien suuhygieniatottumusten ja geneettisten tekijöiden osalta tutkimustieto
on vähäistä.

Tämän tutkimuksen tavoitteina oli selvittää hampaiden reikiintymisen eri vaiheiden esiinty-
mistä aikuisväestössä. Lisäksi tavoitteena oli tutkia suuhygieniatottumusten ja aiempaan korjaa-
vaan hoitoon liittyvien tekijöiden yhteyttä reikiintymisen eri vaiheisiin. Edelleen tavoitteena oli
selvittää perimän yhteyttä hampaiden reikiintymisen aikuisilla. Viimeisenä tavoitteena oli muo-
dostaa lyhyt kysely, jolla voitaisiin kartoittaa aikuisten korjaavan hoidon tarvetta.

Tutkimusaineisto koostui Pohjois-Suomen vuoden 1966 syntymäkohortin henkilöistä, jotka
osallistuivat 46-vuotiaina suunterveyden tutkimukseen (n=1961). Lisäksi kyselylomakkeen vali-
dointiin osallistui satunnainen otos 40-vuotiaita vaasalaisia (n=45).

Kohorttiaineistossa alkuvaiheen reikiintymisvauriot olivat erittäin yleisiä, kun taas laajat,
korjaavaa hoitoa tarvitsevat vauriot olivat harvinaisempia. Alkuvaiheen vaurioita esiintyi eniten
henkilöillä, joilla oli myös runsaasti plakkia hampaissaan sekä useita paikattuja hampaita. Pai-
koista 8 % oli valmistettu epäsuoralla menetelmällä. Tämän tyyppisiä paikkoja havaittiin enim-
mäkseen tutkimushenkilöillä, joilla oli vähäisesti korjaavan hoidon tarvetta. Tutkimuksessa löy-
dettiin geenimuunnoksia, joilla oli yhteys laajojen reikiintymisvaurioiden esiintymiseen naisilla,
sekä geenimuunnos, jolla oli yhteys korjaushoitoa tarvitsevien vaurioiden esiintymiseen miehil-
lä. Kehitetyllä kyselylomakkeella voitiin kartoittaa korjaavan hoidon tarvetta kohtalaisen hyvin.

Tutkimuksen tuoma uusi tieto auttaa kohdentamaan ehkäisevää hoitoa aikuisväestössä aiem-
paa paremmin.

Asiasanat: epidemiologia, karies, kariesalttius, kohorttitutkimukset, koko genomin
assosiaatioanalyysi, riskitekijät
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Definitions of key terms 

Key terms appearing in this dissertation are explained here.  

Caries experience  

Clinically detected caries lesions, restorations and teeth missing due to caries 

at a given timepoint (Machiulskiene et al., 2020) 

Caries history 

Caries management procedures received in the course of one’s life (Pitts et al., 

2014) 

Caries incidence 

Number or proportion of individuals developeding new caries lesions within a 

given time (Machiulskiene et al., 2020) 

Caries increment 

Number of new caries lesions per person within a given time (Slade & Caplan, 

1998) 

Caries lesion 

A clinical manifestation of dental caries (Machiulskiene et al., 2020) 

Caries management 

Comprehensive management of dental caries, which includes the management 

of an individual’s caries risk factors as well as management of actual lesions 

with operative, non-operative and preventive measures (Pitts et al., 2014) 

Caries prevalence 

Number or proportion of individuals in a population, who have caries lesions, 

at a certain time point (Machiulskiene et al., 2020) 

Caries risk 

Odds for clinical manifestation or progression of caries lesions (Machiulskiene 

et al., 2020) 

Caries risk factor, as described by Machiulskiene et al. (Machiulskiene et al., 2020) 
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“Environmental, behavioural, or biological factor confirmed by temporal 

sequence, usually in longitudinal studies, which, if present, directly increases 

the probability of caries occurrence”  

Dental caries, as described by Machiulskiene et al. (Machiulskiene et al., 2020) 

“Biofilm-mediated, diet modulated, multifactorial, non-communicable, 

dynamic disease in net mineral loss of dental hard tissues. As a consequence, 

a caries lesion develops”  

Occurrence of a disease 

Describes combined information on prevalence and incidence in epidemiology 

(Jager et al., 2007) 

Operative caries treatment 

Restorative treatment due to caries, which restores both the function and the 

form of a tooth (Machiulskiene et al., 2020) 
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1 Introduction  

Caries is a multifactorial disease, which affects the hard tissues of a tooth and can 

result in infection of the tooth’s pulp and surrounding tissues (Selwitz et al., 2007). 

Caries is caused by oral microbes that produce acid and tolerate an acidic 

environment (Selwitz et al., 2007). The oral cavity is colonized by bacteria, but 

changes in the oral environment due to alterations in saliva flow, diet, tooth 

cleaning habits or general diseases, for example, can favour the growth of aciduric 

bacteria which can result in dysbiosis and consequently in the formations of caries 

lesions on tooth surfaces (Marsh, 2006). All teeth and tooth surfaces are not equally 

prone to caries lesion formation throughout life course. The permanent molars and 

their occlusal surfaces seem most prone right after their eruption in this respect, 

while the incidence of approximal and smooth surface lesions in general seems to 

increase with age (Batchelor & Sheiham, 2004; Hopcraft & Morgan, 2006). In 

addition, some genetic background for caries exists and studies have presented that 

half of caries occurrence on average is explained by genetic variation (Vieira et al., 

2014). Studies on genetic factors associating caries of adults are yet limited in 

number, and caries phenotyping is of importance in such studies (Alotaibi et al., 

2021). 

A tooth is generally classified as healthy or diseased according to the visual-

tactile detection of a distinct caries lesion on some part of its surface (World Health 

Organization [WHO], 2013). A caries lesion starts on the enamel and a distinct 

lesion can be detected after it has proceeded to the dentin and formed a cavity. The 

caries process can be arrested at any point with preventive and if needed, with 

operative treatment, but if only distinct caries lesions are considered clinically and 

in research, it is impossible to evaluate the need for non-operative treatment (Pitts 

et al., 2014). In addition, the burden of caries disease in a population can be 

underestimated if initial lesions restricted to the enamel are not reported. The World 

Dental Federation (FDI) has encouraged the inclusion of all stages of caries lesions 

in clinical studies (World Dental Federation [FDI], 2012), and the International 

Caries Detection and Assessment System (ICDAS) has been developed to meet this 

need, as it classifies caries lesions into six categories depending on their depth in 

relation to the enamel and dentin (Ismail et al., 2007).  

Practically all Finnish adults nowadays have at least some history of caries, i.e. 

restorations or extracted teeth (Suominen-Taipale et al., 2008). The major oral 

health reform in 2002 guaranteed access to public dental services for all Finnish 

residents irrespective of their age (Vuorenkoski et al., 2008), and the treatment of 
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adults in Finnish public dental services is now focused on restorative treatment 

(Widstrom et al., 2015). At the same time, however, caries treatment policy has 

begun to emphasize preventive and lesion arresting treatment (Caries (control): 

Current Care Guidelines Abstract, 2020; Pitts et al., 2014; Schulte et al., 2011). 

Decisions regarding preventive and operative caries treatment should be based 

on individual anamnesis and a clinical examination. Anamnesis will reveal an 

individual’s risk factors for dental caries which can vary between age groups (Pitts 

et al., 2014). There are several risk assessment tools available, which estimate the 

risk of a patient developing new caries lesions (Cagetti et al., 2018). A short 

questionnaire has proved capable of estimating the current need for operative caries 

treatment among young adults (Kämppi et al., 2014), but no such questionnaire 

exists for adults. 

People globally seem to be retaining their natural teeth longer than earlier, even 

for their whole life (GBD 2017 Oral Disorders Collaborators et al., 2020), which 

means that it is important to study caries prevalence in adulthood and to find out 

possible risk factors for high caries experience in the specific culture. Different oral 

health professionals are needed for particular procedures in caries management, 

which highlights a necessity for allocating resources efficiently. If everyone were 

to receive optimally timed caries management performed by the correct 

professional this could have an effect on their caries experience later in life.  

The aims of this work were to investigate the prevalence of the various stages 

of caries among 46-year-old adults in the Northern Finland Birth Cohort 1966 

(NFBC1966), to find out the risk factors for caries among adults and, to perform a 

genetic analysis to examine whether caries-associated genetic variation existed in 

the given population. An additional aim was to form a simple questionnaire to 

assess the need for operative caries treatment based on the reported possible risk 

factors.  
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2 Review of the literature 

The first teeth in the human oral cavity are the deciduous teeth, which start erupting 

few months after birth. The permanent teeth begin to replace these deciduous teeth 

at approximately 5 years of age and their eruption typically continues for the next 

10-15 years (Eskeli et al., 2016). The oral cavity of an infant is colonized by oral 

bacteria at birth, after which the oral microbiome is relatively constant throughout 

the individual’s life, but will change if the oral environment changes (Manji et al., 

2018). Globally, and also nationally in Finland, older people seem to be retaining 

their natural teeth to a greater age, so that edentulism seems to have decreased 

during the 20th century (Engstrom & Holmlund, 2011; Kassebaum et al., 2017; 

Suominen-Taipale et al., 2008). This has resulted in people having more dental 

health problems later in life (Peres et al., 2019). 

Dental caries is a process that takes place on the surface of a tooth, where 

dysbiotic biofilm containing acid-forming microbes accumulate on the enamel 

(Marsh, 2006; Selwitz et al., 2007). These microbes receive nutrients from dietary 

sucroses and transform them into acids, which then dissolve the minerals in the 

enamel. If the acids cannot be neutralised (e.g. by the salivary buffering capacity), 

or their development mechanically disturbed (e.g. by tooth brushing), a white spot 

lesion will develop. If the process is left un-interrupted, the lesion will proceed 

through the enamel into the underlying dentin, finally reaching the tooth’s pulp 

tissues. The enamel consists mainly of hydroxyapatite, which makes it a non-vital 

tissue that relies fully on salivary defence mechanisms and fluoride against dental 

caries. In contrast, the dentin is composed of organic and mineralized compounds. 

In the innermost layer of dentin there is a line of odontoblasts, cells which are able 

to form new dentin tissue oriented towards the pulp.  

The dental caries process is affected by changes in the oral cavity (Manji et al., 

2018), which can either favour or diminish the growth of acid-forming or acid-

tolerating bacteria. Changes in the reduction of dietary sugars, elevated salivary 

flow and regular oral hygiene habits can reduce the number of acid-producing 

bacteria, thus lessening the formation of caries lesions but, the opposite changes 

can increase the growth of these bacteria and favour demineralization of the dental 

tissues. The process could be compared to a measuring scale, which is constantly 

levelling out the remineralization and demineralization of the dental hard tissues. 

(Manji et al., 2018). 
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2.1 Assessment and classification of dental caries and caries 

experience 

Caries lesions can be detected by tactile and visual means, aided by 

transillumination lighting devices and radiographs (Pitts et al., 2014). Caries 

lesions, and restorations as well, can be registered tooth-wise, surface-wise or at 

the crown or root level. In addition, the depth and activity of caries lesions can be 

assessed, depending on the classification system. The first caries classification was 

based on G.V. Black’s classification of cavities as an aid to designing the operative 

treatment of caries (Black, 1908). A more modern recording system is the Decayed, 

Missing and Filled (DMF) index, which has been widely used since the 1930’s 

(Klein et al., 1938). The approach of taking account of early caries lesions and 

aiming at arresting their growth was established by the FDI in 2012 (FDI, 2012).  

This goal is met by the International Caries Detection and Assessment System 

(ICDAS) and the Nyvad criteria, for example, which both assess the activity of both 

the non-cavitated and cavitated caries lesions (International Caries Detection and 

Assessment [ICDAS] Committee, 2005; Nyvad et al., 1999). 

2.1.1 Present caries experience and caries history 

The World Health Organization (WHO) recommends a caries experience detection 

system that is feasible in all environments and is not dependent on electricity or 

water, for example (WHO, 2013). The equipment needed for caries recording 

comprises a mouth mirror, a dental probe and a light-source. The teeth are recorded 

individually as sound, with caries in the crown or root, restored with caries present 

simultaneously or not, with fissure sealant, extracted due to caries or for some other 

reason, replaced with a fixed dental prosthesis (FDP) or unerupted. If the tooth 

cannot be examined, it is marked simply as ‘not recorded’. All the items are 

recorded separately and can be combined or used independently as required. 

A DMF (decayed, missing and filled) index includes data on current dentin 

caries lesions (decayed, D) and caries history (missing, M or filled, F) per tooth and 

sums these into a single numerical value (Klein et al., 1938). The D element counts 

only those teeth that have obvious decay (cavitated lesion, undermined or softened 

enamel or dentin surface). The M element, used for people over 30 years old, counts 

all extracted teeth, and the F element counts all the permanent restorations detected, 

but not FDPs. The DMF index can be calculated, not only for individual teeth 

(DMFT), but also for individual surfaces (DMFS). (WHO, 2013).  
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2.1.2 The International Caries Detection and Assessment System 

(ICDAS) 

The FDI has proposed that caries lesions should be recorded and studied over the 

whole caries development scale from initial enamel lesions to extensive dentin 

lesions (FDI, 2012). The ICDAS development began in 2005 (ICDAS Committee, 

2005) and was supplemented with dental treatment guidance (International Caries 

Classification and Management System [ICCMS]) in 2013 (Pitts et al., 2013). The 

ICDAS is a tool which provides visual descriptions of caries lesions and the 

corresponding depth of each level of lesion in relationship to the enamel, dentin 

and pulp (Ismail et al., 2007). The seven ICDAS scores represent different stage of 

caries lesions (Table 1). 

Table 1. Description of ICDAS scores. Modified from Pitts et al., 2013. 

ICDAS 

numerical 

score 

ICDAS 

verbal 

description 

DMF comparison Visual interpretation 

0 healthy healthy Healthy 

1 initial sound Lesion visible after extensive air drying 

2 initial sound Lesion visible without air drying 

3 moderate sound or decayed Local enamel breakdown visible 

4 moderate decayed Lesion shadow visible through the enamel 

5 extensive decayed Unmistakable lesion in the dentine covering less than 

half of the surface 

6 extensive decayed Unmistakable lesion in the dentine covering more than 

half of the surface 

The ICDAS scores are based on criteria developed by tactile and visual 

examinations of caries lesions that have then been cut in half and their histological 

depth assessed (Ismail et al., 2007). The ICDAS protocol includes cleaning the 

teeth before examination and the use of a dental mirror, dental probe and three-in-

one-syringe together with a proper light (Ismail et al., 2007). The ICDAS can easily 

be adopted by general dentists and even by dental students with some training 

(Kangas et al., 2021). 

The activity of caries lesions should also be estimated, since arrested lesions 

do not need active treatment. The ICDAS has specific criteria for assessing the 
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activity of caries lesions at different sites and stages (ICDAS Committee, 2005), 

the ICCMS then guides the risk assessment and treatment, which needs to be 

evaluated individually for each patient (Pitts et al., 2014).  

2.2 Factors associated with dental caries 

Caries is a multifactorial non-communicable disease to which several behavioural, 

geographical, economic, genetic and general disease-related factors have been 

reported to associate with (reviewed by Selwitz et al., 2007).  

2.2.1 Behavioural factors 

Tooth brushing is widely recommended twice daily, as also in the Finnish Current 

Care Guidelines for caries control (Caries (control): Current Care Guideline 

Abstract., 2020). The effectiveness of tooth brushing is based on disrupting the 

emergence and development of a dental biofilm (Manji et al., 2018). The incidence 

and increment of caries are increased when the teeth are brushed less than twice 

daily (Kumar et al., 2016). In addition to tooth brushing, topical fluoride is 

considered important for controlling caries, see the review by Griffin et al.  (2007), 

who state that both self-administered and professional use of topical fluorides can 

prevent a caries increment in adults by an average of 25%. Tooth brushing is unable 

to clean the interdental spaces thoroughly, and so separate interdental cleaning has 

been suggested for inclusion in caries control (Caries (control): Current Care 

Guideline, 2020). Interdental cleaning with various tools has achieved some 

reduction in plaque accumulation and gingival bleeding, but not directly in 

incremental coronal caries (Worthington et al., 2019). Interdental cleaning would 

most likely affect the development of approximal caries lesions, and a recent study 

from Korea has found that specifically the use of dental floss was associated with 

having less approximal caries lesions (Kim et al., 2021). 

Diet, more precisely snacks and frequent high-dose sucrose intakes, has been 

shown to influence the risk of caries (Moynihan & Kelly, 2014). The classical 

Vipeholm study showed a linear association between a high frequency of sucrose 

intake and the caries increment (Gustafsson et al., 1953), while a more recent study 

of Finnish adults has showed a linear association between DMFT and sucrose 

intake (Bernabé et al., 2016). A non-linear association has also been suggested, 

which could explain why relatively small changes in sucrose intake have not been 

reflected in caries experience (van Loveren, 2019). Interestingly, regular 
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toothbrushing with fluoride toothpaste can weaken the association significantly 

(Bernabé et al., 2016; Duggal et al., 2001; van Loveren, 2019).  

Smoking is commonly associated with dental caries and other oral diseases 

(Bernabé et al., 2014; Chapple et al., 2017). Bernabé et al. (2014) found a dose-

dependent association between the caries increment and heavy smoking among 

Finnish adults. Smoking reduces the saliva flow, which can then lead to caries (Rad 

et al., 2010). In addition, smoking is reported to co-exist with other harmful 

behaviours associated with dental health (Päkkilä et al., 2017). 

2.2.2 Genetic background 

Caries remains prevalent world-wide among all age-groups despite oral health 

promotion and the accessibility of dental treatment (Marthaler, 2004). This has 

raised an interest in genetic susceptibility. Studies among families and twins have 

suggested that heritability could explain even more than third of the prevalence of 

caries (reviewed by Vieira et al., 2014). Even though caries prevalence varies 

among genders in populations, the genetic studies focusing that matter are scarce. 

Lukacs and Largaespada (2006) suggested that in addition to environmental, 

behavioural and cultural factors, physiological hormonal fluctuations during life-

course could explain caries of females. 

Much attention has been focused on genome-wide association (GWAS) and 

candidate-gene studies (Vieira et al., 2014). In GWAS research millions of single 

nucleotide polymorphisms (SNP) located across the genome are screened for 

associations with the phenotype to be studied. The loci with SNPs reaching 

statistically suggestive (p<1E-05) or significant (p≤5E-08) p-values are further 

searched for genes that have biologically relevant functions and, thus could 

contribute to caries risk. GWAS research produces hypotheses which then need to 

be tested on different populations and with the adjustment of behavioural and 

environmental factors (such as exposure to fluorides) (Agler et al., 2019).  

By contrast with GWAS, candidate gene studies focus on known genes or their 

variants and their associations with caries. Both types of research are highly 

influenced by the phenotype of the caries. For studies among small children, the 

dmf index (i.e. the DMF index applied to deciduous teeth) can be relevant, but for 

young people and adults the DMF index the phenotype difficult to interpret. (Vieira 

et al., 2014). 

Earlier GWAS evaluations of caries in the permanent teeth are listed in Table 

2. Several loci have been reported to be associated with caries, but little overlapping 
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can be seen between the results of different studies, which can be explained by 

epigenetics and the caries phenotype used. Agler et al. (2019) presented a detailed 

proposal on how to plan, conduct and report a GWAS evaluation of caries and 

periodontal diseases. Their report draws attention to factors related to sample size, 

phenotype and the comprehensive use of database tools in order to interpret the 

results adequately. 

Table 2. Previously published GWAS evaluations of caries in permanent teeth. 

Authors Population Caries phenotype(s) Results, locus (gene of interest 

related to the lead SNP) 

Wang et al., 2012 17-94 years 

n=7 443 

DMFS Suggestive associations for: 

1q42.13 (RHOU) 

4q13.3 (ADAMTS3) 

6q27 (RPS6KA2) 

8p21.1 (PTK2B) 

14q21.2 (BMP4) 

Shaffer et al., 2013 18-74 years 

n=920 

DMFS, 5 clusters Significant associations for: 

1p36.32 (AJAP1) 

10p11.23 (LYZL2) 

Zeng et al., 2013 14-56 years 

n=1063 

Decayed and filled 

surfaces clustered into pits 

and fissures / smooth 

surfaces 

Suggestive associations for: 

2q35 (AAMP, CXCR1, 

CXCR2) 

7p14.1 (INHBA) 

8q21.3 (RIPK2) 

Xp11.4 (BCOR) 

Shungin et al., 2019 n=26 792 

GLIDE 

17-93 years 

UK Biopank 

40-69 years 

NFBC1966 

46-47-years 

 DMFT, DMFS Significant associations for: 

1q22 (KRTCAP2) 

2q35 (WNT10A) 

5q31.1 (C5orf66) 

5p12 (FGF10) 

6p22.2 (HLA) 

9q33.3 (PBX3) 

15q22.2 (CA12) 

Alotaibi et al., 2021 18-60 years 

n=2570 

Decayed and filled teeth Suggestive associations for: 

2p16.1 (PAPOLG) 

7q34 (TAS2R38, TAS2R3, 

TAS2R4, TAS2R25)  

9p21.1 (APTAX) 
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2.2.3 Other associated factors mentioned in the literature 

Since caries is a multifactorial disease, other associated factors in addition to afore 

mentioned ones are presented in the literature, but these lay beyond the scope of 

this work. Geographical and socio-economic inequalities exist, and the prevalence 

of caries in permanent teeth has shown to be lower in high-income countries and 

among people of higher socio-economic status as compared with low-income 

countries and low socio-economic status (Wen et al., 2022). Finland is one of the 

high-income countries where caries in the permanent teeth lies below the global 

average (Wen et al., 2022), but geographical differences are present (Kämppi et al., 

2013; Suominen-Taipale et al., 2008). In a study of Finnish 20-year-old conscripts, 

naturally occurring fluoride in drinking water explained some of the geographical 

differences (Kämppi et al., 2013), but even so, the national cohort of Health 2000 

did not point to fluoride as an explanation for caries in over 30-years old adults 

(Suominen-Taipale et al., 2008). 

One meta-analysis showed associations between high DMFT and low 

household incomes and between a need for operative caries treatment and 

household incomes (Schwendicke et al., 2015). Higher socio-economic status in 

adults is associated with a lower number of decayed or missing teeth than is low 

socio-economic status (Broadbent et al., 2016), but even so, motivation to take care 

of oneself seem to be associated with good oral health regardless of socioeconomic 

status (Bernabé et al., 2010). Somewhat earlier, Helm & Helm (1990) had already 

demonstrated that children’s caries experience at a young age predicted their caries 

experience later in life, which indicates difficulty in changing one’s adapted dental 

behaviours. 

For aging population, head and neck radiation and low salivary flow are 

relevant patient-related risk factors that are most likely due to general health-related 

diseases or medications (Pitts et al., 2014). Cancer is treated with radiation therapy 

and its consequences for oral health are enormous immediately and persist long 

after the therapy has been completed (Sroussi et al., 2017). In a review by Michelet 

(2012) untreated caries was present in nearly 30% of the populations, which 

included both children and adults. Caries among patients who have undergone 

radiation therapy is caused by reduced salivary function, saliva composition 

changes and overall changes in both oral microbiota and enamel and dentin 

structure (Lopes et al., 2021). Salivary function is also impaired in other diseases 

such as autoimmune diseases and various medications, e.g. antidepressants 

(Tanasiewicz et al., 2016). 
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2.3 Prevalence of dental caries among adults 

Untreated caries in the permanent teeth was the most common non-communicable 

disease in 2015 and 2019 (Kassebaum et al., 2017; Wen et al., 2022). The D part of 

DMFT in these two studies comprised untreated caries, and the representative 

figures were retrieved from several national registers. In Finland, dentin caries 

lesions affected an average of 30% of the population aged over 30 years in 2000 

(Suominen-Taipale et al., 2008), while the dentin caries prevalence among 20-year-

old conscripts in 2011 was already over 40% (Tanner et al., 2013). In Northern 

Finland, the prevalence of dentin caries lesions in the NFBC1966 was 40% in 2012 

(Alaraudanjoki et al., 2016). In other Nordic countries, prevalence of dentin caries 

lesions during the 20th century has been reported to vary between one third and 

nearly half of the population (Edman et al., 2016; Hadler-Olsen & Jönsson, 2021).  

Caries in adults has traditionally been recorded and reported in terms of DMF 

or its compartments, but epidemiological studies could undoubtedly benefit from a 

more detailed caries recording. If only distinct caries cavities are noted and 

examined, most of the disease will remain unrecognized. Epidemiological studies 

that include enamel caries lesions are still rare, although it has been shown in 

Norway that young people had more enamel caries lesions than did older people 

(Mulic et al., 2020; Oscarson et al., 2017), with 30% of the 35-49-year-olds having 

enamel lesions (Oscarson et al., 2017). In a study of Italian adults, enamel lesions 

showed an even lower prevalence, less than 10%, while the average prevalence of 

caries lesions in general, including both enamel and dentin lesions was 60% (Carta 

et al., 2015).  

The caries prevalence has declined in many industrialized countries in recent 

decades (Marthaler, 2004), leading to polarization of the disease in the population. 

In other words, the numbers of those not having the disease and those having most 

of it have both increased (Pascual et al., 2018). This polarization of untreated caries 

has been illustrated previously among adults in Norway and Finland (Oscarson et 

al., 2017; Suominen-Taipale et al., 2008; Tanner et al., 2013), and it has been shown 

that 10% of a population of young Finnish adults accounted for half of the dentin 

caries lesions (Tanner et al., 2013). Similarly, only 10% among adults over 30 years 

of age had more than the average number of teeth with caries (Suominen-Taipale 

et al., 2008). 
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2.4 Tools for measuring the risk of caries 

As research has identified many risk factors for caries in different age groups, this 

information has been used to create tools for measuring the caries risk of 

individuals. Cariogram®, a software-based caries risk assessment tool that 

combines information on caries experience, dietary and oral health habits, saliva 

flow and buffering capacity (Bratthall et al., 2005), was the most widely used risk 

assessment tool in the review by Cagetti (2018) and it was also capable of 

recognizing a high risk of caries among adults.  

Caries risk and management of the disease can also be assessed by dividing the 

factors related to caries into ones which either favour the formation of new caries 

lesions or provide protection against such lesions (Young & Featherstone, 2013). 

The Caries Management by Risk Assessment (CAMBRA®) questionnaire 

developed at the University of California, San Francisco, is valid for assessing the 

risk in children aged 6 years and above and in adults (Featherstone & Chaffee, 

2018). Both, Cariogram® and CAMBRA® aim at assessing the patient’s risk of 

developing new caries lesions and suffering from the progression of existing lesions. 

In Finland, the individual caries risk assessment is based on ICCMS, and an 

individual recall interval for a dental check-up is recommended for adults at 

intervals determined by their individually assessed risk level (Caries (control): 

Current Care Guideline Abstract, 2020; Pitts et al., 2014). 

An instrument based on a questionnaire screening the current need for 

operative dental treatment in 21-year-old Finnish adults was developed and 

validated by Kämppi et al. (Kämppi et al., 2014), but no follow-up study has yet 

been performed to evaluate if that questionnaire is capable to predict the patient’s 

caries increment at the given follow-up time. The risk of caries can change over 

time even among adults if changes occur in their oral hygiene habits or diet 

(Rechmann et al., 2018), or if general health problems arise (Pitts et al., 2014). A 

questionnaire which screens the current need for operative treatment could be used 

to determine the urgency of operative dental care and additionally as a part of 

modern digital dental applications in e.g. patient education (Khan and Omar, 2013). 

2.5 The treatment paradigm for dental caries 

Caries treatment is undergoing a paradigm shift towards minimal and non-invasive 

treatment rather than the previously favoured invasive treatment procedures 

(Schulte et al., 2011). The ICCMS pattern recommends a variety of measures that 
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could be used before invasive treatment is considered (Pitts et al., 2014). In Finland, 

dental care in the public dental services (PDS) is free of charge for Finnish residents 

up to the age of 18 years. Children are invited for regular dental check-ups 

according to the Primary Health Care Act (66/1972), whereas adults are themselves 

responsible for their regular dental visits. In 2002, all Finnish people were entitled 

to treatment under the PDS, which is even today able to provide dental treatment 

at a lower cost than the private sector. In 2007 over half of the adults in Finland 

reported that they attend PDS appointments regularly (Raittio et al., 2014). These 

visits were most often for procedures that included restorative dentistry (Widström 

et al., 2015), while information about home care and prevention is reportedly 

provided for less than 10% of adult attendees (Suominen-Taipale et al., 2008; 

Widström et al., 2015).  

Oral health promotion for an individual is aimed at good home care that will 

prevent the development of new caries lesions and arrest existing enamel caries 

lesions and the progression of active lesions. These preventive measures are 

performed by dental health professionals (Pitts et al., 2014). In Finland the Current 

Care Guideline for Caries Management recommends that an individual 

management plan should be revised for each patient according to that person’s risk 

of developing active caries lesions (Pitts et al., 2014; Caries (control): Current Care 

Guidelines Abstract, 2020). This plan should include regular tooth brushing with 

fluoride toothpaste, at a high concentration if needed, and a regular and 

nutritionally balanced diet. Preventive means employed at the dental clinic include 

the application of topical high-concentration fluoride, sealants, resin infiltration 

and silver diamine fluoride for enamel lesions. If enamel caries lesions progress 

during the follow-up time, minimally invasive operative treatment should be 

considered. 

The FDI declares in its policy statements that tissue removal in restorative 

dentistry should be based on the surface type of the tooth as well as the activity and 

depth of the lesion and should be as minimal as reasonably possible (FDI, 2017, 

2020). The materials suggested for restorative dentistry depend mainly on the tooth 

material left after preparation of the cavity, but also on the patient’s caries risk, 

availability of appropriate home care and economic circumstance (Dental 

restorative treatment: Current Care Guideline Abstract, 2018). Amalgam and 

composites have been the most common direct restorative materials up to now 

(Forss & Widström, 2003; Opdam et al., 2010). Since the global Minamata 

Convention on Mercury in 2013, the parties involved, including the European 

Union, have made efforts to give up the use of mercury (WHO, 2021), as a result 
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of which the use of amalgams containing mercury will be forbidden in the European 

Union countries by 2030 (Harjunmaa & Auero, 2019). Various materials have been 

suggested to replace amalgam and achieve longer survival times for restorations. 

Indirect restorations, prepared either in collaboration with a dental technician 

or with chair-side digital scanning and milling, include composite materials, metal 

alloys and ceramic materials. Posterior onlay restorations seem to show a good 

survival regardless of the material used, but survival has been shown to decline 

within a certain follow-up time and is lowest for composites (Bustamante-

Hernández et al., 2020). All-ceramic or metal-ceramic single crowns seem to have 

a slightly higher survival rate, still over 90% within 5 years (Sailer et al., 2015). 

The most common reason for direct restorations failing is caries (Opdam et al., 

2010), and the failure risk is higher for high caries risk patients (Opdam et al., 2010; 

van de Sande et al., 2013).  
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3 Aims of the study 

The general aim of this study was to examine caries experience and associated 

behavioural and genetic factors among an adult population in Northern Finland. 

The additional aim was to generate a questionnaire to assess the need for operative 

caries treatment. 

The specific aims are listed below: 

1. to examine the prevalence of different stages of caries lesions in the given 

population and to identify possible differences in prevalence between the 

genders, 

2. to study the association between the prevalence of caries lesions and 

behavioural factors and a previous history of caries, 

3. to detect profiles with high and low caries prevalence with regard to their past 

history of caries and the distribution of enamel and dentin caries lesions, 

4. to perform a GWAS for sex-stratified caries phenotypes, and 

5. to develop and validate a questionnaire for screening the need for operative 

caries treatment in an adult population. 
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4 Subjects and Methods 

4.1 The Northern Finland Birth Cohort 1966 (Papers I, II and III) 

4.1.1 The population 

The data used here are derived from the Northern Finland Birth Cohort 1966 

(NFBC1966) established by the University of Oulu in 1965. Initially, the unborn 

babies of all pregnant mothers who lived in the provinces of Oulu and Lapland 

whose expected date of delivery fell within the year 1966 were included in the 

cohort, which thus came to comprise 12 058 live infants. The cohort has since been 

followed up systematically by means of health examinations and surveys, and the 

findings compared with prenatal information collected from registers. (Nordström 

et al., 2022). 

The NFBC1966 study protocol follows the Declaration of Helsinki (World 

Medical Association, 2013). Written consent was obtained from all the participants, 

and they had, and will have indefinitely, the right to deny the use of data collected 

from them at any time. The Ethical Committee of the Northern Ostrobothnia 

Hospital District has approved the study (74/2011).  

4.1.2 The 46-year follow-up 

In 2012 the participants in the original NFBC1966 who were living in Finland with 

a known postal address (n=10 331) were invited to participate in a 46-year follow-

up study. Four questionnaires concentrating on lifestyle and general health, 

resources and economics, opinions as well as dental health behaviours were posted 

to these participants, and altogether 70% (n=5055) answered all the questionnaires. 

As a part of the 46-year follow-up study, the participants living in, or a maximum 

distance of 100 km away from, the city of Oulu (n=3 150) were invited to an oral 

health examination.  

4.1.3 The postal and computer aided questionnaires 

The participants who attended the oral clinical examination were instructed to fill 

in the computer-aided dental questionnaire immediately after the clinical 

examinations, with assistance of a dental nurse if necessary. The data from the 
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postal and computer-aided questionnaires that were used for the present purposes 

are listed in Table 3. Every participant examined filled in the questionnaire, and no-

one refused to allow the data about the questionnaires to be used. 

Table 3. Data extracted from the postal and computer-aided questionnaires during the 

46-year follow-up. 

Topic of a question Answer options Notes 

Gender male / female  

Tooth brushing at least twice daily / twice daily / once daily /  

almost every day / sometime during a week / 

 hardly ever / never 

 

Interdental cleaning every day / almost every day / sometimes /  

hardly ever / never 

combined data on the 

use of floss, a pick or an 

interdental brush 

Smoking yes / no smoking currently and 

smoking in the past 

asked about separately 

Smoking time  age of starting smoking and age of quitting duration calculated by 

subtracting the age at 

starting from the age at 

quitting 

4.1.4 The clinical oral examinations 

The clinical oral examinations, performed in Oulu in 2012, were attended by 62.3% 

of those invited (n=1 964). The examinations were carried out at a dental clinic 

using an operating light, a mouth mirror, a WHO dental probe and fibre-optic 

transillumination. The teeth were dried with a three-in-one syringe for the duration 

of the examination. Data gathered on caries lesions, direct and indirect restorations 

and plaque, was used. Caries lesions and restorations were recorded separately for 

five surfaces in each tooth (occlusal, mesial, distal, oral and buccal/labial), the 

caries lesions being assessed in terms of ICDAS scores (0-6), using fibre-optic 

transillumination as an aid when examining approximal surfaces. Plaque was 

recorded for the buccal surfaces of each tooth and was said to be present, if it was 

detected visually or had become attached to the probe. Unmistakable caries lesions 

with ICDAS scores 4-6 were considered to be in need of restoration, i.e. the 

examiners were advised to record lesions in need for operative caries treatment as 
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ICDAS scores 4-6, depending on their extent. Fractures with caries were recorded 

as caries according to the corresponding ICDAS score, whereas fractures which 

had no caries were recorded simply as fractured. The different materials used in 

restorations were recorded separately. Wisdom teeth were examined in the same 

manner as all the other teeth but were excluded from the analyses reported here. 

The oral examinations were carried out by seven trained and calibrated dentists, 

with one experienced dentist, who was also involved in the study design, acting as 

a gold standard. The dentists were trained in the use of the ICDAS criteria and 

calibrated every 3 months. In addition, repeated measurements were carried out for 

5 randomly selected patients every month. Parallel measures were performed, and 

the gold standard re-examined at least 10 randomly selected participants for each 

examiner. The κ-values for intra- and inter-examiner agreement were 0.61 and 0.64 

respectively. The protocol has been described in detail by Alaraudanjoki et al. 

(2016).  

4.1.5 Genetic data 

As part of a 31-year follow-up study venal blood samples were drawn from the 

participants (n=6007) and DNA was extracted using standard protocol. The 

Illumina Infinium Human CNV370-Duo marker set was used for genotyping and 

the 1000 Genomes reference panel was used as a base for imputation. The 

imputation success was set at 0.4, so that if the genotyping success of a participant 

was <95% this sample was excluded. In addition, if at least one of the quality 

measures (minor allele frequency >95%, Hardy-Weinberg equilibrium p-value ≤ 

1x10-07) was not reached, the SNP in question was excluded. In total, the quality-

controlled genotype data was available for 5402 participants, of whom 1481 also 

participated to dental examinations. The protocol for this aspect of the work was 

originally described by Sabatti et al. (2009). 

4.2 Validation of the questionnaire on the need for operative caries 

treatment (Paper IV) 

4.2.1 Construction of the questionnaire 

The questionnaires were generated in order to evaluate a person’s risk of having 

ICDAS4-6>0. The method was similar to that previously used for Finnish conscripts 
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(Kämppi et al., 2014). For the study population of 40-year-olds a large set of 

questions on known risk factors was selected from the questionnaires answered by 

the NFBC1966 participants in their 46-year follow-up. The selected questions were 

relevant to caries according to the previous literature. Then, the questions were 

tested for association with ICDAS4-6>0. Finally, a set of six questions, all with a 

statistically significant association with ICDAS4-6>0 was chosen. The questionnaire 

was then slightly modified for the validation study, as a question on tooth brushing 

habits was added. The main reason was the oral health promotion aspect, because 

answering to a questionnaire can make participants think their own habits. The 

questionnaire included the following seven questions and optional answers: 

1.  If you were going to the dentist tomorrow, how would you feel? 

a) nervous / not at all nervous 

2. Do you usually consume sports drinks? Think about the past six months. 

b) more than once every week / once a week or rarely 

3. Have you had teeth other than wisdom teeth extracted? 

c) yes / no 

4. Gender? 

d) male / female 

5. Do you have caries cavities? 

e) yes / no 

6. For how many years have you smoked? 

f) over 17 years / less than 17 years or not at all 

7. How often do you brush your teeth? 

g) never or hardly ever / occasionally during the week / every day or nearly 

every day 

The construction of the questionnaire for 15-year-olds population was similar but 

was based on the previous study with a study population with a corresponding age 

(Anttonen et al., 2008). Eventually, the questionnaire consisted of three questions. 

For the 21-year-olds population, the previously published questionnaire of ten 

questions was used (Kämppi et al., 2014).  
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4.2.2 Population and protocol 

The constructed questionnaire was validated in Vaasa, Finland among random 

samples of voluntary 15-year-old, 21-year-old and 40-year-old participants. The 

participants answered the digital questionnaire prior to a clinical dental 

examination performed by one experienced dentist using a dental mirror, a probe, 

a three-in-one syringe and fibre-optic transillumination. The light source of the 

dental examination unit was used. Bitewing radiographs were taken when indicated. 

Caries was recorded as enamel lesions, dentin lesions needing restorative treatment 

or dentin lesions extending to pulp or having only radix left. Caries and restorations 

were recorded surface-wise and the DMFT index was calculated. Third molars were 

included in the analyses. 

An experienced researcher and educator, doing also the training in NFBC1966 

cohort, trained and calibrated the dentist who performed the clinical examinations. 

Pictures and extracted teeth were used for this purpose. 

Participation was voluntary and free of charge for the participants. They signed 

a declaration of informed consent. The Ethical Committee of the Northern 

Ostrobothnia Hospital District (§42/2018) and the City of Vaasa (§94/2018) 

approved the study. 

4.3 Statistical analyses 

Statistical analyses were performed with SPSS (version 24.0, IL, USA) (Papers I, 

II and IV) and R language and environment for statistical computing (version 3.2.5, 

R foundation for Statistical Computing, Vienna, Austria) (Papers I). The basic 

statistical analyses used are presented in Table 4. The independent samples t-test or 

Mann-Whitney U-test was selected based on the distribution of the variable in the 

population (normal or skewed) (Table 4).  

Table 4. Summary of basic statistical analyses. 

Test used and its variables Paper 

Independent samples t-test1  

Direct restorations II 

DMFT I, II 

ICDAS1-2 I, III 

ICDAS1-3 I 

Restored teeth II 
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Test used and its variables Paper 

Mann-Whitney U2 
 

ICDAS3-4 I 

ICDAS4-6, D I, II 

ICDAS5-6 III 

Fractured teeth II 

Indirect restorations II 

Missing teeth II 

Need for restorative treatment II 

Proportion of teeth having plaque I 

Pearson’s Chi-squared test  

DMF II 

ICDAS1-3 among tooth groups I 

ICDAS4-6 among tooth groups I, II 

ICDAS1-3 among tooth surfaces I 

ICDAS4-6 among tooth surfaces I 

Indirect restorations II 

Need for restorative treatment II 

Logistic regression analysis  

Proportion of visible plaque (dependent) I 

Fractured teeth  

ICDAS1-3  

ICDAS4-6  

Missing teeth  

Restored teeth  

Tooth brushing frequency  

ICDAS4-6 (dependent) IV 

Consumption of sports drinks  

Dental fear  

Gender  

Missing teeth other than wisdom teeth  

Logistic regression analysis  

ICDAS4-6 (dependent) (continued from previous page) IV 

Self-reported need for restorative treatment  

Smoking  

Tooth brushing frequency  

ICDAS4-6 (dependent) IV 

Sum of risk factors  

1normal distribution variables, 2skewed distribution variables 

Variables were then categorized for further analyses (Table 5). Cross-tabulation and 

Pearson’s Chi-square test were used to analyse the differences between categorized 
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variables (Papers I, II, IV). Furthermore, a logistic regression model was used to 

analyse multifactorial differences. P-values <0.05 were considered statistically 

significant in basic statistical analyses. 

Table 5. Categories of the variables studied. 

Variable Categories Cut-off point 

Consumption of sport drinks  <1 / ≥1 times a week peak of prevalence 

Dental fear extremely or very nervous / other clinical interest 

DMFT ≤ 14 / >14 mean 

Fractured teeth <1 / ≥1 peak of prevalence 

ICDAS1-3 ≤10 / >10 peak of prevalence 

ICDAS4-6 ≤1 / >1 mean 

Indirect restorations 0/ 1 / >1 peak of prevalence 

Missing teeth <1 / ≥1 mean 

Need for restorative treatment ≤ 1 / >1 mean 

Plaque proportion <20% / ≥20% of teeth mean 

Restored ≤13 / >13 mean 

Smoking ≤17 / >17 years mean 

Tooth brushing frequency <2 / ≥2 times a day clinical interest 

4.3.1 Papers I and II 

For the analyses, the ICDAS score for a given tooth was determined by the highest 

ICDAS score observed on its five surfaces. The prevalence of direct restorations 

was calculated using the sum of all direct restorations regardless of the material 

used. One tooth could have more than one restoration on it. Indirect restorations 

comprising ceramic, gold and metal-ceramic inlays, onlays and single crowns, were 

calculated with the same manner. The number of restored teeth was a combination 

of these two, with the limitation that if a tooth had even one restoration on it, it was 

considered restored. Plaque was first calculated as the prevalence of teeth with 

plaque, and then as a proportion, by dividing the number of teeth with plaque by 

the number of teeth in the participant’s mouth. The need for restorative treatment 

was calculated by summing the teeth with ICDAS4-6 lesions together with fractured 

teeth. 

For the purposes of the analyses, the ICDAS scores were grouped into those 

for enamel caries lesions (ICDAS1-3) and dentin caries lesions (ICDAS4-6). The 

teeth were categorised as molars, premolars and incisors and canines and the tooth 

surfaces as occlusal, approximal and smooth.  
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Polarization in the ICDAS1-3 and ICDAS4-6 results was examined by drawing 

a Lorenz curve for the prevalence. Cross-tabulation and Pearson’s Chi-square test 

were used to analyse differences between categorized caries stages with tooth 

groups and surfaces, differences between genders, associations of plaque 

proportions with brushing frequency and differences in DMFT, the need for 

restorative treatment and indirect restorations. To examine whether caries 

experience was associated with the presence of indirect restorations, caries 

experience was dichotomized as a low need for restorative treatment being 

determined by having 0 or 1 tooth needing restorative treatment for ICDAS4-6 or a 

fracture. Furthermore, indirect restorations were categorized into three groups 

according to their prevalence (0, 1 and >1). 

4.3.2 Paper III 

For GWAS purposes, three caries phenotypes were created on the basis of the caries 

findings recorded. Genetic data were available for 76% of the population (n=1481). 

The caries severity phenotype represented an extreme approach, with initial 

(ICDAS1-2) and extensive (ICDAS5-6) lesions. Those participants who had >1 

ICDAS5-6 lesions and simultaneously ≤10 ICDAS1-2 lesions were cases, and those 

who did not have any ICDAS5-6 lesions but had <10 ICDAS1-2 lesions acted as 

controls.  

The dentin caries phenotype was based on ICDAS4-6 prevalence, the cases 

being those participants who had at least one ICDAS4-6 lesion and the controls those 

who did not have any ICDAS4-6 lesions.  

The enamel caries phenotype was based on ICDAS1-3 prevalence, those with 

ICDAS1-3 >10 being cases, and those with ICDAS1-3≤10 controls.  

The GWAS was performed on the all the phenotype definitions and, in addition 

to the pooled sample, also separately for the genders (male and female). Snptest 

v.2.5.1 and the additive frequentist1 association model were used for the analysis. 

A p-value <1x10-5 was considered suggestive and a p-value ≤5x10-8 was considered 

statistically significant. 

A detailed search was carried out for loci showing genome-wide suggestive or 

significant associations. Manhattan plots of all these loci were drawn. The SNP 

with the smallest p-value in each locus was identified as the lead SNP and a local 

plot of this was drawn with LocusZoom (locuszoom.org) at a flanking size of 500 

kB to examine the genes allocated to that locus. A Variation viewer was used as 

well, and gene functions were searched for using Gene Cards. A literature search 
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was then performed for each gene with Pubmed and Google Scholar searches 

employing the command “gene abbreviation” AND (dental caries OR tooth OR 

dental), where “gene abbreviation” was replaced with each gene abbreviation in 

turn. 

4.3.3 Paper IV 

A binary logistic regression model was used first to examine the association of the 

selected factors with ICDAS4-6. In the second step a new regression analysis was 

conducted for the factors that were statistically associated with ICDAS4-6 in the first 

model. The stepwise exclusion of factors was continued until all the factors 

included were statistically significantly associated with dentin caries.  

The factors originally included were selected if they had been associated with 

dentin caries separately in previous studies or were of interest to the light of the 

previous literature. The explanatory variables were dichotomized prior to 

introduction into the regression model, the cut-off points being means or peak of 

the prevalence. A single question was chosen for both dental fear and eating habits, 

since each was associated separately with dentin caries. Any stage of nervousness 

in choosing among the optional answers was interpreted here as indicative of dental 

fear. Smoking time was calculated using the year when smoking had begun and the 

year when it stopped.  

A multivariate regression analysis was performed to analyse the risk increment 

if one or more factors were present for the individual. A sum score was calculated 

from the NFBC1966 data in order to study how much possessing multiple risk 

factors would affect the risk of having ICDAS4-6>0. If a participant had two risk 

factors, the risk was nearly doubled (OR 1.9, 95% CI 1.07, 3.38) while having more 

than three risk factors elevated the risk of having ICDAS4-6 tenfold on average (OR 

9.7, 95% CI 4.70, 19.86). Thus, having three risk factors was chosen as the 

predetermined value in the validation study. 

The area under the curve was used to determine the number of risk factors 

needed to achieve the highest odds on having a need for operative caries treatment.  
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5 Results 

5.1 Characteristics of the NFBC1966 population (Papers I, II and III) 

The population consisted of 1961 participants altogether, with slightly more 

females (53%, n=1050) than males (47%, n=911). All the participants were dentate, 

the mean number of teeth being 27 (SD 2.1), with no gender difference (p=0.511). 

5.2 Prevalence and location of caries lesions (Papers I and II) 

Enamel caries lesions (ICDAS1-3) were present in 99% of the subjects, whereas 

dentin caries lesions (ICDAS4-6) were found in 40% (n=773). The mean (SD) 

number of teeth with the various stages of caries lesions are listed in Table 6. 

Significantly higher proportion of males (47%) had ICDAS4-6>0 than of females 

(34%) (p<0.001).  

Table 6. Mean numbers of teeth with ICDAS scores 1-6. 

Caries stage Mean (SD) p-value 

Male Female Total 

ICDAS1-3 13.9 (4.7) 13.8 (4.5) 13.8 (4.6) 0.0441 

ICDAS4-6 1.2 (2.0) 0.8 (1.7) 1.0 (1.8) 0.0012 

ICDAS1-2 11.5 (4.3) 11.5 (4.2) 11.5 (4.2) 0.9771 

ICDAS3-4 3.0 (3.1) 2.6 (2.8) 2.8 (2.9) 0.0342 

ICDAS5-6 0.4 (1.1) 0.3 (1.1) 0.3 (1.1) <0.0012 

1Independent samples t-test, 2Mann-Whitney U-test 

ICDAS1-3 lesions were present evenly across the population, whereas ICDAS4-6 

lesions were polarized (Fig 1), half of the teeth detected with ICDAS4-6 were 

discovered in less than 10% of the population.  
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Fig. 1. Lorenz curves demonstrating the distribution of enamel caries (ICDAS1-3) and 

dentin caries (ICDAS4-6) in the NFBC1966 cohort. 

To assess the need for restorative treatment, fractured teeth were added to the 

numbers of teeth with ICDAS4-6. The need for restorative treatment was on average 

51% for the whole population (male 59%, female 41%), the mean number of teeth 

with a need for restorative treatment being 1.4 (SD 2.3). Fractures alone were 

present in 29% of the subjects. One third of the population (n=583) had a high need 

for restorative treatment, meaning that they had more than one tooth with either a 

dentin caries lesion or a fracture.  

Analysing the tooth groups separately (incisors and canines, premolars and 

molars), the ICDAS1-3 cases generally concerned the molars and ICDAS4-6 were 

most common in the lower molars and upper premolars, whereas fractures more 

evenly affected all the teeth except canines. The incisors and canines were most 

often caries-free. The overall difference between the tooth groups in terms of caries 

prevalence was statistically significant (p<0.001). A surface-wise examination 

revealed that both ICDAS1-3 and ICDAS4-6 were most often observed on 
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approximal surfaces, the difference between the genders being significant for 

smooth surface enamel lesions (p=0.003), with males having more such lesions 

than females (Fig. 2). No significant differences in prevalence of caries lesions of 

any stage were observed between the genders for other surfaces. 

 

Fig. 2. Mean distribution of ICDAS1-3 on various surface types among males and females. 

5.3 Association of caries lesions with caries experience (Papers I 

and II) 

All the participants had DMFT >0, the mean DMFT being 14.9. (SD 5.2). On 

average, the DMFT consisted mostly of restored teeth (Table 7), of which 8% 

(n=151) were indirect restorations. Participants who had indirect restorations, had 

only one indirect restoration on average (range 1-18 indirect restorations per 

individual). The indirect restorations were most often located in the molars of both 

jaws (Fig. 3). No difference in the prevalence of indirect restorations was found 

between the genders. 
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Table 7. Mean numbers of ICDAS4-6 (D), missing (M) and restored (F) teeth. 

Factor male female total p-value 

ICDAS4-6, D 1.2 (2.0) 0.8 (1.7) 1.0 (1.8) <0.0012 

Missing, M 1.4 (2.5) 1.2 (1.7) 1.3 (2.1) 0.4922 

Restored, F 13.1 (5.3) 12.9 (4.9) 13.0 (5.1) 0.5461 

DMFT sum 15.3 (5.4) 14.6 (4.9) 14.9 (5.2) 0.0061 

1Independent samples t-test, 2Mann-Whitney U-test 

 

Fig. 3. Observed numbers of indirect restorations (inlays, onlays and single crowns) in 

the maxillary and mandibular teeth. Numbers 7 and 6 represent molars, numbers 4 and 

5 premolars, number 3 canines and numbers 2 and 1 incisors. 

More than two thirds of the population (70%, n=1234) belonged to the group with 

a low need for restorative treatment, so that the majority of the indirect restorations 



49 

were seen among these participants (n=127, 84%), the difference between the 

groups being statistically significant (p<0.001).  

5.4 Association of caries lesions with oral hygiene (Papers I and II) 

Of the population studied here, 35% reported that they brushed their teeth less than 

twice a day, and 3% that they did so less frequently than once a day. The quality of 

brushing was examined here in terms of the presence of visible plaque on the tooth 

surfaces. One fifth of the participants had visible plaque even though they had 

reported brushing their teeth twice daily, and these with visible plaque had more 

ICDAS1-3 lesions than did those who brushed their teeth more efficiently (p<0.001). 

Neither brushing frequency alone nor interdental cleaning frequency was 

associated with prevalence of any particular stage of caries lesions.  

A multifactorial model showed the presence of visible plaque on >20% of the 

teeth and the existence of more than 13 restored teeth to be associated with having 

more than 10 ICDAS1-3-teeth (Table 8). 

Table 8. Logistic regression model for the association of independent factors with a 

high prevalence of enamel caries (ICDAS1-3>10 teeth). 

Independent factor Adjusted OR 95% CI lower bound, upper bound 

Plaque on > 20% of teeth 2.27 1.396, 3.675 

Restored teeth > 13 1.56 1.168, 2.070 

Brushing ≥ 2 times per day 1.34 0.979, 1.840 

ICDAS4-6 > 1 1.59 0.958, 2.648 

Female gender 1.08 0.848, 1.371 

Missing teeth > 1 0.76 0.579, 1.005 

Fractured teeth > 1 1.11 0.475, 2.581 

5.5 Genome-wide associations of caries lesions (Paper III) 

The GWAS resulted in total four statistically significantly associated novel variants 

and multiple suggestively associated variants. Statistically significant as well as 

some of the suggestive findings are presented below. All suggestive findings are 

presented in Appendix 1. 
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5.5.1 Caries severity phenotype 

This analysis compared the participants who had a high number of extensive dentin 

caries lesions (ICDAS5-6) but less than the average number of early enamel lesions 

(ICDAS1-2) with those who had numerous ICDAS1-2 lesions but no ICDAS5-6 

lesions. The total number of participants reaching the caries severity phenotype was 

n=898, the participants having ICDAS5-6≥1 and simultaneously ICDAS1-2<10 

acting as the cases (total n=117, males n=66, females n=51), and those who had no 

ICDAS5-6 but had ICDAS1-3≥10 as the controls (n=781, males n=338, females 

n=443). The analyses were performed for the whole phenotype group and for the 

genders separately. 

The analysis for the whole sample did not reveal any statistically significant 

associative SNPs, whereas the analysis of the sex-stratified subgroups pointed out 

three statistically significant loci associated with caries severity for females, in 

chromosomes 2 (the lead SNP rs112924349, p=4.45E-10), 5 (rs67142107, 

p=1.05E-8 and 15 (rs410499777, p=1.07E-8) (Fig 4.), but none for males.  

The significant loci found in the female sub-sample are illustrated in Figures 5 

and 6. The rs112924349 on the short arm of chromosome 2 is located in the Catenin 

Alpha 2 gene (CTNNA2), the leucine rich repeat transmembrane neuronal 1 

(LRRTM1) gene and two micro-RNAs (MIR8080, MIR4264) are also close to this 

locus. On the long arm of chromosome 5 near SNP rs67412107 there is an 

interesting gene 5-phosphohydroxy-L-lysine phospholyase (PHYKPL) and one 

defined as required for meiotic nuclear division 5 homologue B (RMND5B). The 

rs410499777 on the long arm of chromosome 15 is located near the interesting 

genes DET1 Partner of COP1 E3 Ubiquitin Ligase (DET1), Interferon Stimulated 

Exonuclease Gene 20 (ISG20) and the Milk Fat Globule EGF And Factor V/VIII 

Domain Containing gene (MFGE8). There are also a few micro-RNAs (MIR1179, 

MIR7-2 and MIR3529) in the same locus.  
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Fig. 4. Manhattan plot of the whole genome of females from caries severity group. 
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Fig. 5. Local plot of a) rs112924349 in chromosome 2 and b) rs67412107 in chromosome 

5 of females from the caries severity group. 
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Fig. 6. Local plot for rs410499777 in females of the caries severity group. 

5.5.2 Dentin caries phenotype 

In the dentin caries phenotype the participants, who had dentin caries lesions 

(ICDAS4-6>0) (cases, total n=617, males n=322) were compared with those who 

did not have ICDAS4-6 lesions (controls, total n=864, males n=341). The analysis 

was conducted for the whole sample and for sex-stratified subsamples.  

One locus reached the statistically significant threshold in the analysis of the 

males, the lead SNP being located on chromosome 5 (rs370906, p=5.00E-08), at a 

locus that harbours very few genes (Fig. 7). The analysis of the whole sample and 

female subsample found few only suggestively associated SNPs. 
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Fig. 7. a) Manhattan plot of the whole genome and b) a local plot for rs370906 in 

chromosome 5 of the males from dentin caries group. 
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5.5.3 Enamel caries phenotype 

The cases for the enamel caries phenotype were those participants with >10 teeth 

having ICDAS1-3 lesions (n=1176) and the controls those who had ≤10 teeth with 

ICDAS1-3 lesions (n=305). Females dominated in both the cases (n=645) and the 

controls (n=173). 

The analyses performed for the whole population and for the gender subgroups, 

pointed out several suggestive associations, but none reached the threshold for 

significance. Interesting suggestive associations were found for SNPs at or near the 

genes Paired box 6 (PAX6) and PAX6 Upstream antisense RNA (PAUPAR) in the 

whole sample and Myelin Transcription Factor 1 Like (MYT1L), Peroxidasin 

(PXDN), Wnt family member 1 (WNT1) and Wnt family member 10B (WNT10B) 

in the male subsample. 

5.6 Outcome of a questionnaire screening need for operative 

caries treatment associated with risk factors (Paper IV) 

The validated questionnaire for 40-year-olds consisted of seven questions, among 

which those concerned with the self-reported need for operative caries treatment 

and tooth brushing were statistically significantly associated with ICDAS4-6>0 

(Table 9). All questions included in the first analysis are presented in Appendix 2. 

Table 9. Selected questions estimating the need for operative caries treatment and the 

significance of their association with the dependent variable ICDAS4-6>0. 

Question, in the order they were presented to 

participants of the validation study 

Answer option(s) indicating 

risk 

p-value 

NFBC1966  Vaasa 

Dental fear I would feel extremely or  

very nervous 

0.004  0.423 

Consuming sport drinks Few times a week or  

more often 

0.015  0.832 

Extractions, other than wisdom teeth Yes <0.001  0.540 

Smoking  Over 17 years 0.023  0.236 

Gender Male <0.001  0.109 

Self-reported need for operative caries treatment Yes <0.001  <0.001 

Tooth brushing frequency Sometimes during the week 

or less often 

not 

included 

 <0.001 
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Of the 40-year-old participants (males n=21, females n=24), 44% had dentin caries 

lesions, and the mean DMFT was 12 (SD 4.7). Dentin caries lesions were more 

prevalent among males (57%) than among females (33%). All the participants had 

restorations, and all of them reported brushing their teeth at least once a day.   

The predetermined value of the risk factors was three, and the same value was 

calculated for the validation using the AUC for the sum scores and calculating 

kappa scores. The AUC was highest if three or more risk factors were present (AUC 

0.665).  

For the 15-year-olds, the questionnaire of three questions was not able to 

identify those in need for operative caries treatment. For the 21-year-olds, the AUC 

was highest if five or more risk factors were present (AUC 0.714), demonstrating 

a moderate capability to identify those having operative caries treatment need. The 

questionnaires for the 15-year-olds and the 21-year-olds are presented in Appendix 

3. 

5.7 Summary of the results 

– The prevalence of caries was high in terms of enamel caries lesions and caries 

experience. 

– The prevalence of dentin caries lesions was polarized. 

– The presence of visible plaque and a high caries experience were associated 

with a high prevalence of enamel caries lesions. 

– Molars and approximal surfaces were most often affected by enamel and dentin 

caries lesions. 

– Smooth surface enamel caries lesions were detected more frequently for males 

than for females. 

– Indirect restorations were more common among those having low caries 

experience than among those with high caries experience. 

– Four novel genetic loci were found to be associated with dental caries: 

– three novel loci for the caries severity phenotype among females 

– one novel locus for the dentin caries phenotype among males  

– A short questionnaire was promising for screening the need for operative caries 

treatment among adults. 
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6 Discussion 

The aim here was to evaluate the occurrence of caries in an adult Finnish population 

and to examine the factors associated with it. Furthermore, an aim was to use the 

results to generate a questionnaire to assess the need for operative caries treatment. 

The NFBC1966 is a population-based age cohort that serves well to represent 46-

year-old adults living in Northern Finland. The results concerning dentin caries (D, 

ICDAS4-6) are in line with those of a previous national cohort study of Finnish 

adults aged over 30 years (Suominen-Taipale et al., 2008). In both the Health 2000 

study and in studies based on NFBC1966 the males had more dentin caries lesions 

than the females (Alaraudanjoki et al., 2016; Suominen-Taipale et al., 2008). 

Gender differences have also been observed in adult populations elsewhere in 

Europe, but they differ between nations. As in Finland, in Sweden, for instance, 

males had more dentin caries lesions than females (Edman et al., 2016), whereas 

the situation was the opposite in Hungary (Madléna et al., 2008). 

Novel information was obtained regarding the prevalence of enamel caries 

lesions in Finland, in terms of caries severity and associated behavioural and 

clinical parameters and in terms of the genetic background of caries in adults. In 

addition, preliminary information about the feasibility of a short questionnaire as 

an aid to screen the need for operative caries treatment was obtained. 

6.1 Prevalence of enamel caries lesions and the need for 

preventive treatment 

The prevalence of dentin caries observed here was in line with the results of the 

national Health 2000 survey (Suominen-Taipale et al., 2008) suggesting that the 

prevalence of caries in adults has remained at the same level in spite of the time 

interval of over 10 years. The same trend is seen in other high-income countries, 

which may be a signal that traditional preventive measures have limited potential, 

and that more oral health resources are needed to meet the world-wide population 

growth (Marthaler, 2004; Wen et al., 2022). The role of genetics is not clear yet, 

but could offer explanation at some part. On the other hand, the prevalence of 

enamel lesions in a Finnish adult population is presented for the first time, and was 

found to be markedly higher than in Italian and Norwegian adults (Carta et al., 2015; 

Oscarson et al., 2017).  

The need for preventive measures has been estimated to date by means of the 

DMFT index or with the prevalence of caries lesions needing restorative treatment. 
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Restored and extracted teeth reflect the disease history, but not the active stage in 

the disease. In principle, there are many stages of caries lesions that can be arrested 

before operative caries treatment is needed, and it is the activity of a caries lesion 

that is the core issue when planning treatment. An active initial lesion has the 

potential to progress to a lesion that needs to be treated invasively, whereas the 

potential for this in an arrested initial lesion is minimal (Nyvad et al., 2003). 

According to the ICCMS, a caries lesion at any stage can be arrested (Pitts et al., 

2014), although this is challenging for cavitated and approximal lesions without 

minimally invasive (i.e. resin infiltration) or operative treatment (Urquhart et al., 

2019). Estimation of the activity of an enamel caries lesion is challenging task 

(Nyvad et al., 2003), and the only reliable way for doing so in clinical work is to 

have sufficiently frequent regular visits preferably to the same clinician and to use 

a validated assessment system. The Finnish Caries Management Current Care 

Guideline, which is based on the ICCMS and Finnish legislation, recommends re-

evaluation of arresting treatment 3-6 months after its initiation (Caries (control): 

Current Care Guidelines Abstract, 2020). Regular visits to a clinician that include 

a motivational interview also provide a chance to assess the patient’s risk level, 

which can motivate the adoption of beneficial oral health habits (L. Wu et al., 2017). 

A motivational interview can be beneficial for improving health-related habits 

(Lundahl et al., 2013), even though its role for improving clinical oral health 

outcomes still remains controversial (Werner et al., 2016). 

The caries severity of the population examined here can be considered 

relatively mild since enamel caries lesions were the most common, and even the 

dentin caries lesions were only moderate severity, since most of the ICDAS4-6 

lesions were of the ICDAS4 kind. Polarization of the ICDAS4-6 lesions was thereby 

expected, as that tends to happen when oral health improves in a population 

(Pascual et al., 2018). Polarization of dentin caries lesions has also been reported 

previously for adults and adolescents in Finland (Suominen-Taipale et al., 2008; 

Tanner et al., 2013). On the other hand, ICDAS1-3 lesions were very common in the 

present population and were thus not polarized. This emphasizes a considerable 

need for preventive measures, but since no estimation of activity was undertaken 

here, it is impossible to state whether the need was a current or a past one. The 

prevalence was so high, however, that even though some of the observed lesions 

could already have been arrested, it can be assumed that the need for preventive 

measures was high. 

Visible plaque and a high number of restored teeth were found to be associated 

with a high number of enamel caries lesions. Furthermore, enamel lesions were 
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most commonly seen on approximal surfaces and on molar teeth. There seems to 

be an association between caries history and current caries prevalence in this 

population, as has been reported previously among children (Helm & Helm, 1990). 

The margins of restorations can provide stagnation sites for microbes (Mjör, 2005), 

and difficulties in cleaning can result from morphologically inadequate restorations. 

As far as gender differences are concerned, the males had more ICDAS1-3 lesions 

on smooth surfaces than did the females. Smooth surfaces are usually considered 

easier to clean, so that this could be an indicator that males have a deficiency in 

brushing quality. On the other hand, tooth brushing frequency alone was not 

associated with the occurrence of any particular stage of caries in this cohort. 

Clinical evaluations of brushing quality, i.e. the presence or absence of visible 

plaque, are important for caries management.  

In order to prevent the progression of caries among adults, clinicians should 

target oral health promotion and preventive care measures towards those 

undergoing restorative care and those who are seen in dental visits to have visible 

plaque on their teeth. In particular, patients who have ICDAS1-3 on smooth tooth 

surfaces should be given guidance in oral health-related self-care. The preventive 

measures that the ICCMS guidelines suggest for patients with a moderate or high 

risk of caries include use of a high-concentration fluoride toothpaste or mouth rinse, 

professional cleaning of the teeth and topical fluoridation every 3 months and 

motivational discussion with patients to change their oral health behaviour and diet 

(Pitts et al., 2014). Most of the changes are up to the patients and their motivation, 

and resources should be devoted to on oral health education and motivational 

interviews. Unfortunately, preventive care seems to be neglected, as less than 5% 

of adults in PDS of Finland received preventive treatment in 2013 (Linden et al., 

2020) and similar figures had been reported more than ten years earlier, since less 

than 7% of the participants in the Health 2000 survey reported that they had 

received preventive care (Suominen-Taipale et al., 2008). These numbers are 

alarming, since they imply that not even all the patients with dentin caries lesions 

were able to receive oral health promotion or preventive measures. It is possible, 

of course, that they did receive oral health promotion or preventive measures but 

that this was not recorded in the patient files, or that some patients did not recall 

the fact it when asked about it in the questionnaire. 
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6.2 Restorative treatment needs and restorative materials 

The present results regarding fractures and ICDAS4-6 lesions pointed to a need for 

restorative treatment in the case of about half of the participants.  Fractures here 

represent those due to causes other than caries, such as bite forces or debonding of 

a restoration.  Of the tooth groups, ICDAS4-6 affected mainly the upper premolars 

and molars of both jaws, while fractures were more evenly distributed among the 

tooth groups. These findings reflect previously described caries patterns. In terms 

of age, caries affects approximal and smooth surfaces more than it does occlusal 

surfaces, which tend to be affected in youth (Batchelor & Sheiham, 2004; Hopcraft 

& Morgan, 2006). 

Restored teeth comprised most of the caries experience described in this cohort 

(mean DMFT=15, mean F=13). Restorative treatment was, in fact, the most 

commonly given form of dental treatment for adults in Finland in 2009, for example 

(Widström et al., 2015), and the situation had not changed in the 2010s (Linden et 

al., 2020). The reasons for restorative treatment are most often caries and fractures 

(Forss & Widström, 2004; Opdam et al., 2010).  

Composite materials have become regular options for all forms of restorative 

treatment, whereas the use of amalgam will be discontinued in the 2030s FDI, 

2014). Composites have shown better survival rate beyond 12 years than amalgam, 

but the patient’s caries risk also affects this survival (Opdam et al., 2010). In 

contrast, Moraschini et al (2015) found amalgams to perform better in the posterior 

teeth, while Morimoto et al. (2016) in their meta-analysis comparing feldspathic 

porcelain and glass ceramics, noted that the survival of both was high, over 90% in 

10 years, and no differences were detected. When solely posterior onlays were 

observed, ceramic materials and hybrid materials seem to have a higher survival 

than composites, although the survival all these materials is high (Bustamante-

Hernández et al., 2020). With regards to single crowns, metal alloys perform just 

as well as ceramic materials, although with some limitations with respect to the 

tooth type (incisor vs. molar) and technical difficulties with zirconia (Sailer et al., 

2015).  

The quality and clinical success of a restoration as well as its survival will 

depend on the degree of marginal adaptation (either minimal or non-existent 

polymerization shrinkage or accurate manufacture of the indirect restoration), the 

natural contours of the surfaces and the enamel-like wear of the restoration (Bayne 

& Schmalz, 2005). Indirect restorations have no shrinkage, are manufactured 

precisely according to a given impression, which leads to good marginal adaptation, 
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and have good morphological shape, but at the same time the manufacture of such 

restorations is time-consuming and expensive compared with direct restorations 

(Sailer et al., 2015).  

The prevalence of indirect restorations and single crowns in the present 

material was surprisingly low, less than 10%. This proportion is also low compared 

with reports from other Nordic countries, where the prevalence of FDPs has varied 

between 30% and 50% (Zitzmann et al., 2007). Even among older people in Finland 

the number of single crowns has been reported to be higher (Näpänkangas et al., 

2011). According to Linden et al. (Linden et al., 2020), the Finnish PDS rarely 

provide prosthetic treatment, which may partly explain the low prevalence found 

here. New technologies including intra-oral scanners and chairside computer-aided 

design and manufacturing devices have become popular, and this may lead to a 

higher prevalence of FDPs in the near future. Also, the Council of Choices in Health 

Care in Finland (COHERE Finland) recommended in December 2021 the inclusion 

of indirect restoration among the operative caries treatment options for the 

restoration of severely damaged teeth in the PDS (COHERE Finland, 2021).  

In addition, FDPs were most likely to be found among those adults whose need 

for restorative treatment was low. Even though restorations seem to fail earlier 

among those having a high caries risk (van de Sande et al., 2013), only limited 

research has taken place into this issue. Indirect restoration could provide less 

plaque stagnation sites and better occlusal performance than direct restorations, 

even for caries risk patients. According to the present findings, the need for 

restorative treatment was highest in the molars and premolars, which would most 

likely benefit from the improved quality, retention, marginal fit and wear resistance 

provided by indirect restorations.  

6.3 Genetic associations 

The GWAS findings suggest that a genetic background seems to exist for caries, 

and that it would appear to be at least partly related to gender. The GWAS analyses 

were focused on the caries phenotypes, where the severity phenotype approached 

the clinical insight of those people who seem to have almost solely cases with 

extensive dentin caries lesions and controls who mainly have only early enamel 

caries lesions. The traditional dentin caries phenotype was used for comparing 

those having dentin caries lesions with those who did not have such lesions. 

Additionally, an enamel caries phenotype was constructed, so that the analysis 

compared those having the average number of enamel lesions with those whose 
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lesions exceeded that number. The phenotyping used ICDAS criteria, which is one 

strength of this study. An emphasis on phenotyping has been recommended by 

Vieira et al. (2014) and Agler et al. (2019), and other studies have also shown 

gender differences within caries prevalence in Finland (Alaraudanjoki et al., 2016; 

Suominen-Taipale et al., 2008), leading to the generation of sex-stratified 

subgroups in this work, too. 

A genetic component was found in all three phenotypes, but most significant 

ones were seen in the caries severity. Among the subgroups, significant results were 

seen in caries severity phenotype among females and in the dentin phenotype 

among males. Prior to the present study, there are no GWASs conducted in sex-

stratified settings, but instead the analyses in previous studies have been adjusted 

for gender (Alotaibi et al., 2021).  

The genetically isolated population of Finland is of importance for research 

into hereditary diseases (Arcos-Burgos & Muenke, 2002). Even complex diseases 

can have the same underlaying genetic variants in genetically isolated populations, 

which may facilitate the identification of a specific locus or number of loci 

associated with the disease (Peltonen et al., 2000). The NFBC1966 is a genetically 

isolated population, in which the participants were born in the same region and in 

the same year, and for the most part still living in the same region at the age of 46 

years (Nordström et al., 2022). 

6.3.1 GWAS of sex-stratified subgroups 

Significantly associated variants were found among females on chromosomes 2, 5 

and 15 in the caries severity phenotype. Even though none of the significantly 

associated loci were directly involved in tooth development, the nearby genes have 

some links to the teeth or oral cavity. The CTNNA2 gene at 2p12 is downregulated 

in enamel maturation (Lacruz et al., 2012) and the LRRTM1 gene at the same locus 

is expressed in the salivary gland and periodontal ligament (Benson et al., 2007; 

Song et al., 2013). Similarly, the findings at 15q25 are located near the genes DET1, 

ISG20 and MFGE8, which have previously been associated with periodontitis 

(Gölz et al., 2016; Kajikawa et al., 2017; X. Wu et al., 2020). A single variant was 

detected at 5q35.3 located near RMND5B, which is a part of the Carboxy-terminal 

LisH – macrocomplex (CTLH), which interacts with wnt-signalling pathways 

(Huffman et al., 2019). These pathways have previously been reported to be 

associated with caries and tooth morphogenesis (Liu et al., 2008; Shungin et al., 
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2019), but the finding reported here was a single variant and needs to be interpreted 

with caution.  

The only significant variant in the dentin caries phenotype was found on 

chromosome 5 among the male subgroup, i.e. in a gene region of which the 

functions are not known.  

The analysis of the enamel caries phenotype did not result in any statistically 

significant loci, probably because of the high prevalence of enamel caries lesions. 

The cut-off-point for this phenotype was based on the peak prevalence of such 

lesions, and the results could have been different with other phenotyping, but even 

with the threshold chosen here there were multiple suggestively associated variants. 

The most interesting variants in the sample as a whole were two SNPs on 

chromosome 11 near the PAX6 and PAUPAR genes. PAUPAR regulates the 

expression of PAX6, resulting in changes in glucose metabolism (Singer et al., 

2019). Gender differences were also seen in this analysis, and two interesting 

suggestive associations were found among the females. The gene cluster associated 

with dyslipidemia on chromosome 11 (rs75723689) is an interesting result, since 

obesity has previously been shown to be associated with dental caries (Barrington 

et al., 2019). In addition, suggestive associations were found in the subsample of 

males on chromosome 2, near the MYT1L and PXDN genes, which are associated 

with erosive tooth wear (Alaraudanjoki et al., 2019), which in turn has previously 

been shown to be associated with caries (Alaraudanjoki et al., 2016). Furthermore, 

also in the male subsample, a suggestive association was found on chromosome 12 

near the WNT1 and WNT10B genes, which are involved in wnt/β-catenin 

signalling. Interestingly, a variant associating with wnt/β-catenin signalling was 

also detected in the caries severity phenotype in the female subsample. 

The findings of the three analyses performed here suggest that gender 

differences in caries risk exists at some level. The statistically significant loci 

harbour genes that affect tooth morphogenesis and glucose or lipid metabolism, as 

explained above, but of course, when dealing with a complex disease such as caries 

it must be remembered that the variants in the genome are not the sole causes of 

the disease, but rather modify the probability of the individual developing the 

disease if other risk factors are present. 

6.4 Caries risk assessment 

Individual risk assessments are needed in order to recommend and provide 

individually designed preventive and operative cariological treatment, while at the 
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population level, risk assessment should be used for allocating resources in oral 

health services. It is also important, that both the individual treatment plan and the 

allocation of resources should be based on reproducible data rather than merely a 

clinician’s or researcher’s judgement. To my knowledge, the present results provide 

information about enamel caries lesions among Finnish adults for the first time, and 

indicate that their need for oral health promotion and preventive measures is high. 

The subjects concerned were under 10-year-old children when the Primary Health 

Care Act (66/1972) was enforced and 36 years old when the age restrictions on 

access to PDS in Finland were removed (Vuorenkoski et al., 2008). It can therefore 

be assumed that these people have received comprehensive information and caries 

prevention measures in childhood but experienced a gap before gaining access to 

the PDS in young adulthood. Studies of oral health beliefs and habits suggest that 

good habits adopted in childhood are retained into adulthood while adults’ beliefs 

regarding oral health tend to reflect those of their parents during their childhood 

(Broadbent et al., 2016; Tolvanen et al., 2010).  

Since 2002 all citizens of Finland have been able to choose between the public 

or private dental treatment sector (Vuorenkoski et al., 2008). More than half of the 

adults visit a dentist regularly, and most of these consider their oral health good as 

compared with those who visit a dentist irregularly (Raittio et al., 2014). Oral health 

promotion among adults could emphasize home care more strongly, which would 

allow resources to be allocated to those in need of preventive measures. Non-

emergency access to a dental health provider in Finland is governed by lawin terms 

of a set of Uniform criteria for access to non-emergency care (The Health Care Act 

1326/2010, 2011; Uniform Criteria for Access to Non-Emergency Care, 2019). 

Access to emergency dental care is organized round-the-clock, and non-emergency 

treatment in the PDS is usually provided during office hours, while the private 

sector also provides dental treatment in the evening depending on staff preferences. 

Waiting times from the first contact to the visit were still long in the PDS in 2021, 

up to half a year (Ministry of Social Affairs and Care, 2021). The lack of resources 

in the PDS and the need for continuous dental treatment among adults exerts 

pressure on estimating the caries risk for individuals and on their treatment plans. 

A simple questionnaire administered during the first contact with the PDS could 

make it possible to estimate whether the person currently needs dental treatment 

and whether the risk of oral diseases is likely to increase in the near future. For this 

purpose, the development of such a risk questionnaire for Finnish adults was 

included within the aims of the present work. 
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A low number of questions in a questionnaire can be considered beneficial, as 

completing it is not time-consuming. Kämppi et al. (2014) had previously released 

and validated a questionnaire consisting of 10 questions for screening the need for 

operative caries treatment among 21-year-old conscripts, and the same method was 

used here, leading to a series of 7 questions for 40-year-olds and three questions 

for 15-year-olds. There are no data to weight these questions separately, which 

allowed for a clear-cut calculation of the sum score. For 40-year-olds, the 

questionnaire proved to be useful if three or more risk factors were present and was 

able to provide a simple tool for screening patients’ operative treatment needs at 

the time of contacting the dental office. For 21-year-olds, the questionnaire was 

moderately capable to identify the need for operative caries treatment if five or 

more risk factors were present. As for the youngest age-group, the set of three 

questions was not enough, and needs more research. The questionnaires could assist 

with oral health promotion at the individual level, allocating those patients most 

likely to be in need of operative caries treatment to a dentist, and others to dental 

hygienists and nurses. The questionnaires had different number of questions 

focusing to different oral health related factors. It is evident that different age 

groups have different factors associated with the need for operative caries treatment. 

More research is needed to generate usable questionnaires for each age group as 

well as to include other oral diseases to them. 

6.5 Methodology, strengths and limitations 

Since this was a cross-sectional retrospective study, causative relationships could 

not be studied. This limits the interpretation of the associations between variables, 

and prospective studies are needed to address the causative relations between 

enamel lesions, visible plaque and restored teeth. In addition, it is impossible to 

estimate the occurrence of caries if the lesions of those having the most caries 

experience were restored with indirect materials at some point in life. Given that 

the questionnaire was validated, it must be said that it only counts instances of 

cariological treatment, while of course oral health is much more than a single 

disease. Other oral conditions did not, however, fit into the topic of this research.  

6.5.1 Population 

The NFBC1966 is a population-based age cohort of citizens living in the two 

northernmost provinces of Finland. Considering the relative nature of the 
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NFBC1966 participants, it should be noted that 314 out of the original cohort 

population (n=12 231) were twins, and 13 mothers gave birth to a sibling within 

the same year (Nordström et al., 2022). Since roughly 3% of the original population 

were siblings, the fact that it was not possible here to adjust for family relatedness 

may be considered a limitation. There are no recommendations on the GWS sample 

size, but most of surveys of that kind have been performed on large cohorts. 

Phenotyping the participants to form a severe caries subsample reduced the sample 

size even further, but provided new evidence on caries manifestation. Probably the 

unique characteristics of Finnish population genetics will add value to the findings 

despite the limited sample size. Using the ICDAS is a strength which will also make 

replication and comparison with other studies possible in the future. 

The population in the validation study was small (n=45), which can be 

considered a limitation, but the questionnaire was generated using the NFBC1966 

cohort (n=1961) and validated with a population compiled in a different 

geographical area. The caries prevalence in the validation population was roughly 

the same as in the NFBC1966 and Health 2000 populations.  

6.5.2 Protocol  

The clinical examinations for the NFBC1966 were performed in one clinic by seven 

trained dentists using a precise protocol. Professional cleaning of the teeth prior to 

examinations is recommended in the ICDAS to help record enamel caries lesions, 

but this was not included in the protocol here because the intention was to record 

instances of visible plaque. The fact that the number of enamel caries lesions was 

remarkably high here may mean either that the number was actually even higher, 

or that the teeth were mostly clean enough at the time of the examinations. It is a 

common habit in Finland to brush one’s teeth before visiting a dentist although 

there was no evidence of that here.  

The clinical findings were recorded separately for all five surfaces of all the 

teeth, which should reduce the effect of interpretation in the case of the extent of 

restorations, for example. The data on the lesions affecting different surfaces 

showed that lesions were most common on the occlusal and approximal surfaces. 

This is in line with previous studies, which have shown that different surfaces of 

the teeth are more susceptible to caries at different age, and approximal and smooth 

surface caries lesions generally become more common with age (Batchelor & 

Sheiham, 2004; Hannigan et al., 2000; Hopcraft & Morgan, 2006). 
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This 46-year follow-up of the NFBC1966 cohort used the same general health 

questionnaire that has been used previously at the age of 31 years. This will enable 

comparisons to be made in future studies, but limits the alterations which might be 

needed. In the case of smoking, for instance, only data from the general health 

questionnaire were used here. The computer-aided questionnaire was a modified 

version of that used previously by Anttonen et al. (2011) and Kämppi et al. (2014), 

and as the dental health questionnaire was not included in electronic or printed form 

in the 31-year follow-up, it was impossible to examine factors retrospectively this 

time round. It is also impossible to determine whether the participants were 

replying truthfully or giving the answers that they thought would be socially 

acceptable. To add validity of the answers, the participants were able to ask help 

from a dental nurse when answering the computer-aided questionnaire.  

The protocol for the clinical examinations held in Vaasa during the validation 

of the questionnaire was similar to that for the NFBC1966 46-year follow-up; one 

trained dentist performed all the examinations. The validated questionnaire had one 

question more than was proposed in the questionnaire generated on the basis of the 

NFBC1966 data. The added question was relevant to caries and oral health, 

however, and was added because answering a question on tooth brushing could set 

a participant thinking about his/her tooth brushing habits if they were not at the 

recommended level. The validation study showed that no single question was more 

important than any other, which emphasizes the multifactorial nature of caries. 

6.5.3 Statistical considerations 

The statistical analyses required grouping most of the variables. The cut-off values 

were chosen based on either the distribution or the relative clinical interest of the 

items (Table 5). Many epidemiological caries studies use a cut-off value of D>0, as 

is feasible in countries with low dentin caries prevalence. This was true here as well.  

Different approaches are needed to understand the genetic background of 

dental caries, however, and here phenotyping in GWAS was of great importance. 

Use was therefore made of the common D>0 dentin caries phenotype, which 

enables the comparison of different GWAS patterns. In addition, an enamel caries 

phenotype was used here, for which a cut-off of ICDAS1-3>10 was chosen, 

according to the peak prevalence. Furthermore, a third phenotype was constructed 

to reflect the severity of the disease. Since this phenotype has not been defined 

previously, no comparison can be made with other studies, although it has been 
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suggested earlier that disease severity should be taken into account in genetic 

studies (Agler et al., 2019).  

The questionnaire generated here for the 40-year-olds used the same questions 

as had already been used in the 46-year NFBC1966 follow-up study, so that they 

are certainly appropriate for the content. The answer options which indicated a risk 

for caries were chosen according to literature, except for the questions about 

smoking and dental fear, for both of which the risk level was analysed using the 

NFBC1966 data. Smoking at the time of answering the dental questionnaire for the 

46-year follow-up was not associated with ICDAS4-6, but use of the number of years 

of smoking is more informative, as long-term smoking will have long-term effects 

on oral health (as reviewed by Ford & Rich, 2021). Dental fear is not something 

that could be assessed objectively, as minor fear can prevent some persons from 

contacting a dentist, while other fearful persons will attend even if they merely 

experience pain or discomfort in their teeth. Such an effect of dental fear could not 

be separated out in the questionnaire. In the present study, the questionnaires for 

the 40-year-olds and 21-year-olds perform fairly well. The overall oral health of the 

15-year-olds in the validation study affected the number of questions included to 

the final questionnaire. As a result, three questions were not able to screen those in 

need for operative caries treatment. More research is needed to include more 

relevant questions. Even more, the result emphasizes the need for clinical 

examination of children to determine their caries status and risk. 

6.6 Recommendations for further research 

This study was focused mainly on the prevalence of clinical manifestations of 

caries and associated behavioural patterns. Socio-economic differences have an 

impact on dental attendance, as also on oral health beliefs and behaviours 

(Schwendicke et al., 2015), and it would be important to study these socio-

economic differences in association with caries in large cohorts such as the 

NFBC1966 in future. The findings could help to allocate preventive treatment 

resources to those in the most need.  

In addition, it is important to recognize those who are most likely to need caries 

treatment at the time when they contact dental professionals and also to estimate 

their individual caries risk, even when a patient is caries-free or does not need 

urgent treatment at the time of the dental visit. Re-testing the 40-year-olds 

questionnaire generated here with the same population for which it was validated 

would enable the examination of its capability for estimate the caries increment and 
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thus the caries risk. Both research into enamel caries lesions in adults and 

comparisons of direct and indirect restorative materials with regard to differences 

in caries experience have been scarce to date, and the prospective nature of the 

NFBC1966 cohort could provide a chance to study the caries increment and 

variables associated with it in the future. 

Several factors are associated with caries in adults, but more research will be 

needed in future to ascertain whether they have causative relationship and if so how 

strong it is. This could be possible in the context of ongoing longitudinal cohort 

studies, where risk factors could be examined retrospectively, or in prospective 

studies focused on the caries increment in relation to given risk factors. The 

NFBC1966 cohort would serve well for this purpose.  

The GWAS is a hypothesis-free study design which generates propositions for 

evaluation in future research. The present application should thus be replicated in 

a larger population in Finland and in populations elsewhere. Since it is not yet 

possible to extract ICDAS scores from patient registers in Finland, it would be 

interesting to perform a GWAS on consequences of caries such as pulpal infections 

or extractions due to caries. 
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7 Summary and Conclusions 

Caries is experienced by practically everyone in the course of life, but the present 

findings indicate that it is highly prevalent among middle-aged Finns if all stages 

of its development are taken into consideration. The prevalence of enamel lesions 

in Finnish adults was studied here for the first time, and the figure was surprisingly 

high. As expected, nearly half of the cohort had caries lesions that needed to be 

restored.  

Enamel caries lesions were common among those having visible plaque and 

who also had a high number of restored teeth. Having visible plaque on one’s teeth 

can be a sign of poor tooth brushing, which in turn can provide microbes with a 

chance to cause caries lesions. Plaque is most likely to be the reason for restorations 

in the first place. Nearly half of the present cohort reported brushing their teeth at 

least twice a day but still had a deficiency in brushing quality and consequently 

more enamel caries lesions. Those patients who have visible plaque on more than 

a fifth of their teeth and have a notable past caries history, should be targeted for 

preventive measures, to be chosen with the help of the ICCMS or Caries 

(Management) Current Care guidelines (Pitts et al., 2014; Caries (control): Current 

Care Guidelines Abstract, 2020). These findings underline the continuous need for 

oral health promotion among adults. In research context, tooth brushing quality 

should be assessed together with brushing frequency. 

The prevalence of lesions that were in need of operative caries treatment was 

as expected, and the polarization of ICDAS4-6-lesions may be taken as a sign of a 

relatively low prevalence of such lesions in this population. Most of the ICDAS4-6-

lesionswere to be found in 10% of the cohort, and these people in particular should 

receive regular check-ups and support for home care from dental professionals. 

Those members of the cohort who had less need for restorative treatment and less 

past caries treatment history had been treated with more stable and permanent 

restorative materials than had those with high levels of caries experience. Even 

though the caries risk has been shown to affect the survival of indirect restorative 

materials (Opdam et al., 2010), composite, ceramic and metal-alloy materials have 

proved to have high survival rates. Since the caries risk of a patient can change with 

time, it could potentially be beneficial to use indirect materials for high caries risk 

patients as well. The role of restorative materials in a patient’s long-term caries risk 

requires further research. 

Three genetic variants were found here that are associated with severe caries 

manifestation. Even though the population in that phenotype was low in GWAS 
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terms, the unique characteristics of the NFBC1966 cohort and the use of ICDAS 

for phenotyping increase the validity of these observations. Phenotyping of the 

disease is essential, and the caries severity phenotype was generated here to study 

the clinical issue in which some individuals develop extensive caries lesions, while 

others seem to have mainly initial caries lesions. It would also be interesting in the 

future to examine genetic variations among those having a high number of ICDAS4-

6 by comparison with those having one such lesion or none at all.  

A short caries risk questionnaire showed here to have a potential for estimating 

the need for operative caries treatment among adolescents and adults, and could be 

useful at the time when a person contacts a dental office. The outcome could also 

be used for oral health promotion purposes.  

In conclusion, this thesis reports new information on the prevalence of different 

stages of caries in middle-aged Finnish adults, and reveals behavioural, clinical and 

genetic factors associated with those stages. The results were utilized in generating 

a short questionnaire for screening a person’s need for operative caries treatment. 

Use could be made of such findings when planning new strategies for improving 

the oral health of adults. 
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Appendix 1. The SNPs with a potential for interacting with embryogenesis 

and odontogenesis or having association with factors related to caries 

(Paper III). 

Phenotype 

and subgroup 

SNP Chromosomal 

position 

Effect 

allele 

P-value Nearest genes 

Caries 

severity 

     

Whole 

sample 

rs10831959 11p15.3 G 5.94E-07 BMAL1, PTH 

chr18:51492404 18q21.2 AC 3.03E-06 DCC 

      

Male rs11265551 1q23 G 2.98E-07 PVRL4, B4GALT3, ADAMTS4, 

HSPA6 

rs76287963 4p15.2 A 8.49E-07 SLC34A2 

rs13176776 5q23.1 T 2.31E-06 LOX 

      

Female chr7:7010374 7p22 AT 9.66E-07 KDELR2 

rs1114232 12q15 C 5.81E-07 IFNG 

rs61957474 13q34 A 1.01E-07 SOX1 

rs11158827 14q24.2 C 3.02E-07 SLC10A1 

Dentin caries      

Whole 

sample 

rs2883954 7p21 C 1.32E-06 ARL4A 

rs243659 21q21 G 4.67E-06 * 

      

Male rs138780755 4p13 T 6.34E-06 KCTD8 

 rs9359036 6q13 T 7.00E-06 SLC17A5, CGAS 

      

Female rs2344826 3p25 G 2.07E-07 ATG7 

chr16:70726574 16q22 CG 3.04E-07 VAC14 

rs8101543 19p13.1 C 2.26E-06 PRCAKA, ADGRL1, ADGRE5 

Enamel caries      

Whole 

sample 

rs182800685 6q27 A 4.10E-07 PDE10A, C6orf118 

rs6578472 11p15.4 C 6.09E-06 STIM1 

rs60171845 11p13 C 2.14E-06 PAX6, PAUPAR 

rs10791313 11q25 C 5.89E-06 * 

      

Male rs60585106 2p25.3 T 6.24E-07 MYT1L, PXDN 

rs56069940 2q32.2 A 1.51E-06 HECW2 

rs2680183 2q35 A 6.92E-07 FN1, MREG 

chr12:53834179 12q13.1 T 5.55E-06 WNT10B, WNT1 

rs9316242 13q14.2 C 4.71E-07 HTR2A, ESD, LRCH1 

rs79852054 17q24 C 4.31E-07 KCJN2 
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Phenotype 

and subgroup 

SNP Chromosomal 

position 

Effect 

allele 

P-value Nearest genes 

Enamel caries      

Female rs2559054 2p24 G 5.14E-07 NMYC 

 rs75723689 11q23.3 A 6.62E-06 BUD13, APOA5, APOA4, APOA1, 

APOC3, ZPR1 

*the function of the locus is not yet known 
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Appendix 2. All the questions included in the first analysis in NFBC1966 

(Paper IV). Those questions included in the final questionnaire are marked 

with an asterisk. 

 

Number Question 

1 Dental fear* 

2 Consumption of alcohol 

3 Consumption of energy drinks 

4 Consumption of sports drinks* 

5 Consumption of sweets 

6 Drink choice when thirsty 

7 Extractions, other than wisdom teeth* 

8 Gender* 

9 Having dentures 

10 Interdental cleaning 

11 Latest visit to dentist due to dental pain 

12 Marital status 

13 Previous visit to dental health professional 

14 Previously received oral health promotion 

15 Self-reported dental pain or symptoms 

16 Self-reported good oral health 

17 Self-reported gum bleeding 

18 Self-reported need for any dental treatment 

19 Self-reported need for extractions 

20 Self-reported need for restorative treatment* 

21 Self-reported previously restored teeth 

22 Smoking* 

23 Toothbrushing frequency* 

24 Usage of xylitol chewing gum 

25 Using electric toothbrush 

26 Usually eating breakfast on working days 
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Appendix 3. The questionaires for the 15-year-old and the 21-year-old 

participants of the validation study (Paper IV). 

 
Questionnaire Answer options 

15-year-olds 

1. How often do you use candy? Never or almost never / Sometimes during the week 

/ Almost every day or every day 

2. How often do you use snacks by the 

computer? 

Never or almost never / Sometimes during the week 

/ Almost every day or every day 

3. What do you usually drink while having a 

meal at home 

Milk / Water or bottled water / Juice / Regular soda 

or light soda 

21-year-olds* 

1. Do you think you need dental treatment? No / Yes 

2. Have you had your teeth restored? 

No / Yes 

3. What is your education? High school / University / University of applied 

sciences / Comprehensive or vocational school / 

Other 

4. How often do you brush your teeth? Every day or almost every day / Sometimes during 

the week / Never or almost never 

5. Do you smoke? No / Yes 

6. Do you find visiting a dentist scary? Not at all / A little / Very much 

7. How long has it been since you visited 

an oral hygienist or a dentist? 

<1 year / 1-2 years / 3-4 years or more / I don’t 

remember 

8. Do you skip brushing if you feel tired or 

you don’t feel like brushing? 

Never or almost never / Sometimes during the week 

/ Every day or almost every day 

9. Did you visit the dentist because of a 

toothache the last time? 

No / Yes 

10. Do you spend over 6 euros on snacks 

weekly? 

No / Yes 

* The questionnaire was generated and published by Kämppi et al., 2014 
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