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Abstract 

Background In contrast with the last century, caries epidemiology has begun integrating enamel caries into deter-
minations of caries prevalence and experience. The objective of the present systematic review and meta-analysis was 
to assess the caries status including estimations of enamel caries, of European adolescents.

Method Four databases (Medline Ovid, Embase, CINAHL, and SweMed+) were systematically searched from 1 Janu-
ary 2000 through 20 September 2021 for peer-reviewed publications on caries prevalence and caries experience in 
12–19-year-olds; that also included evaluations of enamel lesions. Summary estimates were calculated using random 
effect model.

Results Overall, 30 publications were selected for the systematic review covering 25 observational studies. Not all 
studies could be used in the meta-analyses. Caries prevalence was 77% (n = 22 studies). Highest prevalence was 
reported in the age groups 16–19 years, and in studies where caries examinations were done before 2010. The overall 
mean DMFS score was 5.93 (n = 14 studies) and it was significantly lower among Scandinavian adolescents than 
among other European adolescents (4.43 vs. 8.89). The proportion of enamel caries (n = 7 studies) was 50%, and high-
est in the lowest age group (12–15 years). Results from the present systematic review reflected the caries distribution 
to be skewed at individual-, tooth- and surface levels; at tooth and surface level, also changed according to age.

Conclusions Although studies in which the caries examinations had been done in 2010 or later documented a 
reduction in caries prevalence, caries during adolescence still constitutes a burden. Thus, the potential for preventing 
development of more severe caries lesions, as seen in the substantial volume of enamel caries during early adoles-
cence, should be fully exploited. For this to happen, enamel caries should be a part of epidemiological reporting in 
national registers.
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Introduction
Oral disease continues to constitute a global public health 
challenge. The most common oral disease globally is den-
tal caries [1]. When occurring in the childhood years, 
caries may develop into a lifelong condition that tracks 
across adolescence and adulthood. Thus, it is worrying 
that in 2010, untreated caries in deciduous teeth was the 
tenth most prevalent health condition, affecting 9% of the 
global child population [1]. Surprisingly, from 1990 to 
2015, global prevalence of untreated caries in deciduous 
and permanent teeth remained relatively unchanged [2]. 
These data also reveal that caries affected the permanent 
teeth of 5 billion people, with prevalence peaking in the 
15–19-year-old group [2]. Although largely preventable, 
caries continues to be widespread, especially in many 
low- and middle-income countries [1]. In contrast, high-
income countries have experienced a decrease in caries, 
most distinctly among 12-year-olds [3].

While a substantial number of epidemiologic stud-
ies have targeted childhood caries, few have focused on 
adolescents. Adolescence has been described as a period 
of continued behavioural development along a pathway 
established in childhood [4]. It is a critical life phase when 
the individual develops independence; peer interactions 
are gradually increasing, and parental control lessens. As 
a consequence, adolescent behaviour patterns differ from 
those in childhood and adulthood. Risk of caries in this 
phase of life is higher due to environmental factors such 
as a changing, sometimes poor, diet [5]; a lowering of oral 
hygiene standards [6, 7]; and a new independence for 
seeking, or avoiding, dental care [8]. The 12–15-year-old 
age group also faces a greater caries risk [9] due to newly 
erupted permanent canines, premolars, and second 
molars; 76 new tooth surfaces become exposed during 
this period. Adverse conditions around emerging teeth 
are another risk factor; good oral hygiene may be dif-
ficult, resulting in bacterial accumulation, which would 
promote the initiation of caries [10]. If favourable oral 
hygiene behaviours are not established before this period, 
it will be challenging for adolescents to maintain proper 
oral health hygiene [11].

Mejàre et  al. observed a higher incidence of enamel 
caries on proximal surfaces among adolescents aged 
12–15  years when compared to 20–27-year-olds [12]. 
The research group also found that the 12–15-year age 
group had a higher rate of caries lesion progression from 
the enamel-dentin border to the outer dentin compared 
with young adults [12]. In another study, Mejàre et  al. 
[13] found that 11–12-year-old individuals with proximal 
caries experience showing visible radiolucency on bite-
wing radiographs (BW) have a 2.5 times greater risk of 
developing new proximal enamel lesions than their coun-
terparts with no such radiolucency. Caries when detected 

at the enamel stage, can be arrested or reversed, given 
the initiation of preventive strategies and non-operative 
treatment; thus, establishing good dental health habits, is 
clearly important.

Reproducible methods of dental caries evaluation have 
been described and measured for more than 70  years 
[14]. Even at that time, researchers were conscious of 
the possibility of caries arrest (inhibition of caries pro-
gression) and of the importance of an exact diagnosis 
of incipient or enamel caries as a therapeutic measure. 
Currently, inter-examiner reproducibility for enamel 
caries is acceptable, mostly due to the development of 
scientifically proven caries diagnostic criteria and exam-
iner calibration routines [15, 16]. Regretfully, today 
national epidemiological surveys rarely assess enamel 
caries [17]. Caries prevalence in the population is thus 
underestimated, and the usefulness of the survey data 
in oral health care planning is undermined. However, 
a growing awareness is seen of the predictive strength 
of enamel lesions and their role in risk assessment [18], 
also, in the potential for managing future caries devel-
opment through early, non-invasive treatment [19, 20]. 
Additionally, reporting caries patterns with enamel car-
ies included at the individual, tooth, and surface levels is 
recognized as important for planning and evaluating oral 
health care [21]. In a lifespan perspective, preventive and 
early non-invasive treatment in adolescents is essential; 
caries control in this period will lay the foundation for 
good oral health in adulthood and reduce future costs for 
restoration and repair [22].

Previous systematic review and meta-analyses on caries 
prevalence [2, 23, 24] have used the World Health Organ-
ization (WHO) caries diagnostic criteria [25] based on 
the Decayed, Missing, and Filled Teeth index (DMFT) 
[26]. By this criterion cavitation in the dentine is used for 
caries detection, thus ignoring the presence of enamel 
caries. Kale et al. [24] targeted children and adolescents 
aged 6–15  years in the Eastern Mediterranean region, 
while Kassebaum et al. [2] took a global perspective and 
included all ages. No systematic reviews and meta-analy-
ses on caries have included a focus on enamel caries in a 
study population of European adolescents.

The aims of the present systematic review and meta-
analyses were to determine the prevalence and expe-
rience of dental caries in European adolescents with 
particular emphasis on the role of enamel caries. Three 
research questions were investigated a) What is the over-
all caries prevalence and caries experience at various ages 
during adolescence, and do they vary by age, year of pub-
lication, year of caries examination, type of caries exami-
nation or geographical region? b) What proportion of the 
total caries experience does enamel caries constitute at 
various ages? c) What is the caries distribution at various 
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ages during adolescence at the individual-, tooth-, and 
surface levels?

Methods
Search methods
Four electronic databases (Medline Ovid, Embase, 
CINAHL, and SweMed+) were systematically searched 
from 1 January 2000 through 20 September 2021. We 
also manually searched the reference lists of all included 
publications for other relevant citations. The search was 
restricted to publications published in peer-reviewed 
journals and written in English, German, Norwegian, 
Swedish or Danish. Additional file  1: 1 presents the 
search terms used in the four databases.

Selection criteria
Reviews assessing prevalence data must adhere to the 
CoCoPop (Condition, Context, and Population) mne-
monic criteria [27]. The observational studies including 
cross-sectional, case–control, cohort designs (prospec-
tive or retrospective), and randomized controlled trials 
(RCTs) (e.g., caries baseline reports before intervention, 
or caries data from the control group) were included.

Population
Adolescents 12–19  years living in Europe were selected 
to limit the populations to a more comparable Human 
Development Index (HDI) country (https:// en. wikip 
edia. org/ wiki/ List_ of_ sover eign_ states_ in_ Europe_ by_ 
Human_ Devel opment_ Index) than if the same age group 
of the global population was selected. Table 1 outlines the 
characteristics of the studies and participants: publica-
tion year; year of examination; country; levels according 
to national, subnational (regions), and community (cities 
and small areas); gender; socio-economic status or posi-
tion (SES/SEP); immigrant background; and age.

Condition
The selected studies reported on dental caries in per-
manent teeth. All of them incorporated enamel caries 
(enamel caries with and without cavitation) which clini-
cally implied any sign of caries in the enamel, and when 
radiographs were used, any radiolucency in enamel. The 
examinations were carried out either by full-mouth or 
partial-mouth examination (examination of proximal 
lesions in posterior teeth). The outcome variables were 
caries prevalence at enamel threshold (D[M]FS [S: Sur-
face] > 0 or D[M)]T > 0), prevalence at dentine thresh-
old without enamel caries, mean total caries experience 
(mean D[M]FS or mean D[M]FT, including enamel 
lesions), the enamel caries proportion of this latter value, 
and presentations of caries distribution at the individual, 
tooth, and surface levels (Table 1).

Context
The context or specific settings relevant to caries preva-
lence and caries experience, were reported. The fol-
lowing subgroups were used in the meta-analyses: age 
(12–15  years vs. 16–19  years as well as 12–13  years vs. 
16–19 years), publication year (< 2010 vs. ≥ 2010), caries 
examination year (< 2010 vs. ≥ 2010), mouth examination 
(full- vs. partial-mouth), and region (Scandinavia [Nor-
way, Sweden, Denmark] vs. rest of Europe).

Exclusion criteria
Figure  1 illustrates the selection of studies, with rea-
sons for exclusion, in a flow chart. Studies not reporting 
enamel caries and studies examining groups with vari-
ous medical problems were excluded. Studies compar-
ing populations exposed to low or high-water levels of 
fluoride were also excluded [28–30]. Adolescents under 
12  years of age were excluded to avoid results from the 
deciduous dentition being included in the data. Not all 
publications selected for the present systematic review 
could be included in the meta-analyses because some 
publications represented the same study and were con-
sidered as one study in the meta-analysis; some did not 
report the exact sample size of the adolescent groups, 
only the total sample size; and some only reported esti-
mates of caries prevalence, not caries experience, or vice 
versa. Additionally, mean caries experience of enamel 
caries (mean  DeS) or of total caries (mean D[M]FS with 
enamel lesions included), was sometimes reported with-
out 95% confidence intervals (CI), standard deviations 
(SD) or Standard errors (SE). These studies were also 
excluded. Lastly, publications reporting total caries expe-
rience on the tooth level (D[M]FT) were also omitted as 
only a few did so and a meta-analysis can only be done on 
comparable values.

Data extraction
Two reviewers (MSS, KSK) independently evaluated arti-
cles for inclusion in the study. Articles were first selected 
based on the title. The reviewers then read the abstracts 
of these articles, followed by the full-text article if the 
study was within the scope of the research questions in 
the present study. Both reviewers then re-read the full-
text articles that had been selected to determine final 
inclusion in the study; in cases of doubt, a third author 
(AS) read the article and discussed it with the reviewers 
to reach a consensus.

Critical appraisal
We assessed risk of bias using the Joanna Briggs Institute 
(JBI) Critical Appraisal Instrument for Studies Report-
ing Prevalence Data, a revision of the JBI critical check-
lists for studies reporting prevalence data [27, 31]. The 

https://en.wikipedia.org/wiki/List_of_sovereign_states_in_Europe_by_Human_Development_Index
https://en.wikipedia.org/wiki/List_of_sovereign_states_in_Europe_by_Human_Development_Index
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Fig. 1 Flow chart
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instrument evaluates nine items. The quality assessment 
of studies included were performed by two authors (MSS 
and KSK). In case of discrepancies, a third author (AS) 
was consulted (Additional file  1: 2). The instrument’s 
range of scores was from 0 to 11. Based on the scoring, 
overall, the studies were of good scientific quality. Two 
studies were scored equal to 8, all the others above 8.

Statistical analysis
The statistical analyses were conducted using Stata 
version 17.1 (StataCorp, College Station, TX, USA). 
Metaprop, a new command in Stata was used to conduct 
meta-analyses of proportions which allows computa-
tion of exact binomial confidence intervals using the ci 
(method) option [32]. The subgroups and overall sum-
mary estimates of dental caries prevalence with inverse-
variance weights were obtained using random-effects 
model. The metan command was used to estimate overall 
caries experience and approximate proportion of enamel 
caries via pooling of study-specific estimates (mean 
enamel caries experience divided by mean total caries 
experience) and corresponding 95% confidence inter-
vals, using inverse variance method of the Der Simonian 
and Laird random effect model. Cochran’s Q test and I2 
[33] were used to assess heterogeneity between studies; 
 I2 is the total variation explained by between-study vari-
ation. A value above 60% was considered to be substan-
tial heterogeneity. The influence analyses were performed 
by removing one study at a time to assess whether a sin-
gle study changed pooled estimates. Subgroup analyses 
were done to investigate potential sources of heteroge-
neity (studies within and between the groups). Conven-
tional funnel plots for assessing the publication bias were 
found to be inaccurate to determine proportional related 
studies (i.e., for caries prevalence) [34], thus, LFK index 
to detect and quantify asymmetry of study effects in 
Doi plots. However, for mean caries experience, con-
ventional Egger’s test [35] and Begg’s test [36] as well as 
funnel plots were inspected to assess publication bias. If 
p < 0.10 or if there was asymmetry in the funnel plots, the 
results were considered to indicate publication bias. Due 
to the low number of studies, no publication bias assess-
ment was done for the meta-analysis of the proportion of 
enamel caries. Sensitivity analyses were done by omitting 
one study at a time to check the robustness of the find-
ings. For each study, the displayed effect size corresponds 
to an overall effect size computed from a meta-analysis 
excluding that study. In addition, the plot also displays a 
vertical line at the overall effect size based on the com-
plete set of studies (with no omission) to help detect 
influential studies.

Results
In total, 30 publications (Table  1), all published in Eng-
lish, met the inclusion criteria for the present system-
atic review; together, these publications reported data 
on approximately 92,780 adolescents (the exact num-
ber is unknown since some samples included younger 
age groups). Europe currently (year 2021) comprises 44 
countries (https:// www. world omete rs. info/ geogr aphy/ 
how- many- count ries- in- europe/); these publications 
cover 11 of the countries (25%). No publication studied 
populations in the 14 European countries with the low-
est economic background according to GDP per capita 
(Gross domestic product divided by the total population) 
(https:// www. thete alman go. com/ featu red/ poore st- count 
ries- in- europe/).

Three publications used data from UK’s the 2013 Chil-
dren’s Dental Health Survey (CDHS) [21, 37, 38]. For 
meta-analysis, we used the publication with the highest 
sample size [21]. Three publications used survey data 
from the Valencia region of Spain [39–41], again the 
publication with the highest sample size was included 
in the meta-analysis [40]. Finally, of the two publications 
from the oral section of the “Fit Futures” study in Troms 
county, Norway [42, 43], the study presenting full-mouth 
caries data was used for meta-analysis [43], because the 
other publication only partially covered the study. Hence, 
in total 25 studies were included (30 publications). The 
types of caries examination varied. Of 30 publications, 22 
publications reported caries based on full-mouth exami-
nation, of these, two included both full and partial mouth 
data. Eight of the publications were solely based on par-
tial mouth examinations.

Ten publications were from the 2000s, 14 from the 
2010s and six from the 2020s. Swedish publications were 
in the majority (n = 11). The majority of all publications 
(n = 17) included caries data of 12-year-olds, either as 
the only age group or together with other age groups. All 
studies (n = 25) were observational, mostly with cross-
sectional designs (n = 18). In studies with cohort designs 
(n = 7), examination data were collected cross-section-
ally, at baseline, at follow-up, or at both sessions. Cohort 
studies with intervention collected caries data from the 
control group (n = 2). The International Caries Detec-
tion and Assessment System (ICDAS) [44] was the caries 
diagnostic method most often used, but its Code 3 (visual 
change in enamel with cavitation) could not be separately 
quantified in all studies and hence, was not included in 
the total magnitude calculated for enamel caries. Table 2 
shows the criteria of the different diagnostic tools for 
enamel caries.

https://www.worldometers.info/geography/how-many-countries-in-europe/
https://www.worldometers.info/geography/how-many-countries-in-europe/
https://www.thetealmango.com/featured/poorest-countries-in-europe/
https://www.thetealmango.com/featured/poorest-countries-in-europe/
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Table 2 The criteria for enamel caries (with and without cavitation) in the different diagnostic tools used

Diagnostic tools Clinical examination Radiographical examination

Full mouth caries examination
Amarante et al. 1998 [71]

Grade 1 Occlusal: White or brown discoloration in 
enamel. No clinical cavitation. No radiographic 
evidence of caries

Proximal: Radiolucency in outer half of enamel

Grade 2 Occlusal: Small cavity formation, or discoloration 
of the fissure with surrounding grey/opaque 
enamel and/or radiolucency in enamel on 
radiograph

Proximal: Radiolucency in inner half of enamel

Socialstyrelsen, 1988 (National Board of Health 
and Welfare) [72]

Initial caries  (Di) Loss of mineral in the enamel causing a chalky 
appearance but without any clinical cavitations

Not reported as radiographs were performed on 
individual indication only

Koch G, 1967 [73]

Initial caries Loss of mineral in the enamel causing a chalky 
appearance but not clinically classified as a cavity

The lesion restricted to the enamel

The International Caries Detection and Assess-
ment System (many researchers have contrib-
uted developing the criteria [44, 75, 78]

ICDAS (see https:// www. ncbi. nlm. nih. gov/ pmc/ 
artic les/ PMC50 30492/)
ICDAS II criteria (see https:// www. ncbi. nlm. nih. 
gov/ pmc/ artic les/ PMC55 73507/)

Code 1 Smooth tooth surfaces: A loss of mineral in the 
enamel causing a chalky appearance, but with-
out any clinical cavitations

Code 2 Distinct visual change in enamel: The tooth must 
be viewed wet. When wet there is a (i) carious 
opacity (white spot lesion) and/or (ii) brown 
carious discoloration which is wider than the 
natural fissure/fossa that is not consistent with 
the clinical appearance of sound enamel (Note: 
the lesion must still be visible when dry)

Code 3 Localized enamel breakdown because of caries 
with no visible dentin or underlying shadow

Splieth CH et al., 2019 [45]

IT Initial caries lesions with no precise description

Deery C et al., 1995 [77]
Clinical visuals examination (CVE) alone
W

B White spot enamel caries

Brown spot enamel caries

E Enamel caries with breakdown of surface

Partial mouth caries examination (proximal 
surfaces of posterior teeth)
Gröndahl et al., 1977 [80]

Based on BW: (1) Caries lesion in the outer half of the enamel

Based on BW: (2) Caries lesion more than halfway through 
the enamel but not passing the enamel-dentin 
junction

Poorterman HJ et al., 2003 [84]
Based on BW:

A lesion confined to the enamel

Gustavsson et al., 2000 [83]

Based on BW: A lesion confined to the enamel

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5030492/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5030492/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5573507/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5573507/
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Caries prevalence
Of the 25 studies on caries prevalence at the enamel 
threshold, 22 were included to compute the sum-
mary estimates (participants: 84,512; cases with car-
ies: 40,594). As all studies included in the meta-analysis 

from the Scandinavian countries, diagnosed caries using 
both clinical- and radiographic examinations, only two 
non-Scandinavian applied radiographs. Figure  2 shows 
that the overall prevalence of caries in 12–19-year-
old adolescents was 77% (95% CI 49–81%;  I2 = 99.95%; 

Fig. 2 Meta-analysis of caries prevalence when caries is diagnosed at enamel threshold
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Table 3 Analyses of caries prevalence, caries experience, and enamel caries as a proportion of total caries experience

I2 = proportion of total variation in effect estimate due to between-study heterogeneity (based on Q)
* Karlsson et al. (2019) was excluded because the caries examinations were done both before and after 2010

Subgroups N Summary estimates Pheterogenity (within) I2 Pheterogenity 
(between)

Caries prevalence (enamel caries threshold)

Age group (years)

12–15 24 0.73 (0.59–0.87)  < 0.001 99.9% 0.028*

16–19 7 0.90 (0.85–0.94)  < 0.001 95.2%

Publication year

 < 2010 7 0.83 (0.75–0.89)  < 0.001 96.1% 0.28

 ≥ 2010 15 0.72 (0.54–0.89)  < 0.001 99.9%

Examination year*

 < 2010 10 0.78 (0.70–0.87)  < 0.001 98.7% 0.001

 ≥ 2010 11 0.74 (0.53–0.96)  < 0.001 99.9%

Type of examination

Partial-mouth 5 0.81 (0.70–0.91)  < 0.001 99.7% 0.48

Full-mouth 17 0.74 (0.57–0.90)  < 0.001 99.9%

Europe geographical region

Scandinavian 11 0.76 (0.65–0.87)  < 0.001 99.1% 0.88

Non-Scandinavian 11 0.74 (0.53–0.96)  < 0.001 99.9%

Caries prevalence (dentine caries threshold)

Publication year

 < 2010 4 0.56 (0.22–0.90)  < 0.001 99.9% 0.78

 ≥ 2010 11 0.51 (0.36–0.66)  < 0.001 99.5%

Type of examination

Partial-mouth 3 0.50 (0.06–0.94  < 0.001 99.9% 0.90

Full-mouth 12 0.53 (0.38–0.68)  < 0.001 99.9%

Europe geographical region

Scandinavian 9 0.49 (0.32–0.67)  < 0.001 99.9% 0.64

Non-Scandinavian 6 0.57 (0.32–0.81)  < 0.001 99.7%

Caries Experience

Age group (years)

12–15 17 5.58 (4.33–7.21)  < 0.001 99.7% 0.41

16–19 4 7.61 (3.78–15.30)  < 0.001 98.9%

Age grouping (years)

Publication year

 < 2010 4 5.48 (4.27–8.47)  < 0.001 96.7% 0.74

 ≥ 2010 10 6.24 (4.16–9.37)  < 0.001 99.9%

Examination year*

 < 2010 7 7.54 (5.46–10.43)  < 0.001 97% 0.41

 ≥ 2010 6 5.21 (2.30–11.81)  < 0.001 99%

Type of examination

Partial-mouth 2 3.53 (1.62–7.70)  < 0.001 93.2% 0.16

Full-mouth 12 6.56 (4.55–9.47)  < 0.001 99.8%

Europe geographical region

Scandinavian 8 4.43 (2.52–7.81)  < 0.001 98.5% 0.037*

Non-Scandinavian 6 8.89 (6.41–12.33)  < 0.001 99.8%

Enamel caries proportion

Age groups (years)

12–15 8 0.56 (0.42–0.76)  < 0.001 99.6% 0.10

16–19 3 0.37 (0.24–0.56)  < 0.001 99.8%
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P-heterogenity < 0.001). In the subgroup analyses (Table  3), 
we found a significantly higher caries prevalence among 
16–19-year-olds compared with 12–15-year-olds (P-het-

erogeneity: 0.028). When analyses by age group (12–13 
vs. 16–19) were performed, there were still a little evi-
dence of heterogeneity between the groups (P-heterogeneity: 
0.057). We also found a significantly higher caries preva-
lence in adolescents examined before 2010 (1990–2010) 
than those examined later (P-heterogeneity: 0.001). Espe-
cially noticeable among 12-year-olds was a pattern of 

cross-country variation in caries prevalence. Two stud-
ies on German 12-year-olds reported the lowest caries 
prevalence [45, 46].

No indication of publication bias for caries prevalence 
(LFK index = 0.46; no asymmetry; Additional file  1: 3 
and caries experience were apparent (Additional file 1: 
4). Further, sensitivity analyses were performed by 
omitting one study at a time revealed a pooled effect 
size of dental caries prevalence in the range between 76 
to 78% (Additional file 1: 5).

Heterogeneity between groups: p = 0.000
Overall  (I^2 = 99.86%, p = 0.00);

Alm et al., 2006

Lith A et al., 2002

Calado R et al., 2017
David  et al.,2006

Wang et al., 2021

Calado R et al., 2017

Subtotal  (I^2 = 99.9%, p = 0.00)

18y

Agustsdottir et al., 2010

Saethre-Sundli  et al., 2020

Baciu et al.,2015

Agustsdottir et al., 2010

Wang et al., 2021

Maldupa et al., 2021

Almerich-Silla et al., 2014

Jacobsen et al., 2016

Subtotal  (I^2 = .%, p = .)

Splieth et al., 2019

year

16y

Diamanti et al., 2021

Almerich-Silla et al., 2014

Jablonski-Momeni et al., 2014

15y

Jacobsen et al. 2005

David  et al.,2006

Subtotal  (I^2 = 99.4%, p = 0.00)

17y

12y

Author,

0.56 (0.43, 0.68)

0.22 (0.19, 0.26)

0.84 (0.79, 0.88)

0.47 (0.44, 0.50)
0.63 (0.55, 0.70)

0.45 (0.43, 0.47)

0.68 (0.65, 0.71)

0.49 (0.34, 0.63)

0.59 (0.56, 0.63)

0.32 (0.30, 0.34)

0.76 (0.72, 0.79)

0.80 (0.77, 0.83)

0.59 (0.57, 0.61)

0.80 (0.78, 0.82)

0.44 (0.39, 0.49)

0.83 (0.80, 0.85)

0.74 (0.71, 0.76)

0.21 (0.21, 0.21)

ES (95% CI)

0.52 (0.49, 0.55)

0.38 (0.33, 0.43)

0.23 (0.20, 0.26)

0.44 (0.34, 0.53)

0.92 (0.85, 0.96)

0.50 (0.30, 0.70)

100.00

5.01

5.00
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4.93

5.02
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55.07
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Fig. 3 Meta-analysis of caries prevalence when caries is diagnosed at dentine threshold
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The overall caries prevalence when performed at the 
dentine threshold (n = 15 studies), Fig. 3, showed a mean 
caries prevalence of 56% (95% CI 43–68%;  I2 = 99.86%; 
P-heterogenity < 0.001). Also, caries prevalence at dentine 
threshold showed no significance difference between 
studies according to publication year (< 2010 vs. ≥ 2010), 
mouth examination (full- vs. partial-mouth) and region 
(Scandinavia  vs. rest of Europe) (Table 3). However, the 
prevalence at dentine level might be overestimated as 5 of 
the 15 included studies, dentine caries also included the 
ICDAS Code 3 (visual change in enamel with cavitation).

Caries experience
The present systematic review included 28 publica-
tions on caries experience; of these, 14 were eligible for 
meta-analysis (participants: 17,658). The overall mean 
estimate of caries experience (DMFS) in 12–19-year-
old adolescents was 5.93 (95% CI 4.82, 7.28;  I2 = 99.9%; 
P-heterogenity ≤ 0.001) (Fig. 4). Further, the subgroup anal-
yses (Table 2) revealed only significant heterogeneity in 
caries experience by region with a significantly lower 
DMFS in Scandinavian countries than in the other 
European countries in the present study (P-heterogeneity: 

NOTE: Weights are from random effects analysis

.

.

.

.

.

.

Overall  (I-squared = 100.0%, p = 0.000)

Subtotal  (I-squared = 99.9%, p = 0.000)

Subtotal  (I-squared = .%, p = .)

Subtotal  (I-squared = 97.6%, p = 0.000)

15y

Baciu et al.,2015

David  et al., 2006

Almerich-Silla et al., 2014

Wang et al., 2021

Karlsson et al., 2019

17y

Agustsdottir et al., 2010

Jacobsen et al., 2005
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Koch G et al., 2017
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Maldupa et al., 2021
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18y

Sköld UM et al., 2005

Agustsdottir et al., 2010

16y

13y
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Hugoson et al., 2008
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Fig. 4 Meta-analysis of caries experience (D[M]FS) when caries is diagnosed at enamel threshold
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0.037). A sensitivity analysis that omitted one study at a 
time suggested that pooled mean caries experience lies 
in the range 6.77–7.60 (see Additional file 1: 6).

Further, we found some evidence of publication bias 
(Egger’s test for a regression intercept; P = 0.054), and 
an asymmetrical funnel plot. However, the evidence of 
publication bias appears to have been driven by relatively 
large studies [21, 47–49].We found no evidence of publi-
cation bias with Begg’s test (P = 0.78).

The D component—enamel caries
According to Fig.  5, only 7 of the 24 publications were 
included in meta-analysis computing the summary esti-
mates of enamel caries (participants = 7056). The overall 
proportion of enamel caries was 0.50 (95% CI 0.39, 0.65; 
 I2 = 99.6%; P-heterogenity < 0.001). When we performed 
a sensitivity analysis deleting one study at a time, the 
pooled proportion ranged between 0.50–0.57 (see Addi-
tional file  1: 7. The proportion of enamel caries in the 

12–15-year age group was found to be slightly higher 
than in the 16–19-year age group, though the P for het-
erogeneity between the groups was non-significant 
(P = 0.10; Table 2). Four of the included 7 studies [48, 50–
52] using ICDAS diagnostic criteria, underestimated the 
proportion of enamel caries because only enamel caries 
without cavitation was noted, not ICDAS Code 3.

The Swedish studies of 12-and 15-year-olds [53] and 
of only 15-year-olds [54–56] in the present systematic 
review, not included in this meta-analysis, found that 
80–90% of all proximal caries lesions were enamel caries. 
Enamel caries as a proportion of total caries (Table 1) was 
rather low in studies reporting a high total caries expe-
rience. As an example, a study from Portugal, published 
in 2017, found a substantially high caries experience 
among 12-year-olds (DMFS: 8.6; SD: 0.34) and 18-year-
olds (DMFS: 16.64; SD: 0.51) [47] where enamel caries 
constituted 39% and 26%, respectively, of the total caries 
burden.

NOTE: Weights are from random effects analysis
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Fig. 5 Meta-analysis of proportion of enamel caries
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Caries distribution
No meta-analysis could be conducted since the report-
ing of caries distribution in the different studies (n = 11 
studies) varied too much, both at individual-, tooth- and 
surface levels.

At the individual level
Six studies [45, 47–50, 57] used The Significant Car-
ies (SiC) index [58] which measures the mean DMFT 
for one third of the population with the highest level 
of caries. The national German study on 12-year-olds 
[45] found the SiC-index to be three times higher than 
the mean DMFT of all participating 12-year-olds. 
Other studies also revealed that caries had a skewed 
distribution [38, 50, 54, 55]; e.g. the 2013 CDHS study 
in the UK [38] observed that 15% of the 15-year-olds 
had a severe caries burden. Different measures of 
socio-economic markers also displayed significant 
association with caries at individual level (results not 
shown).

At the tooth level
In participants aged 12  years, three studies observed 
the permanent first molars to be the teeth most often 
affected by caries [21, 48, 59]. One study of these [48] 
reported the mandibular first molars to be the most car-
ies prone, while another [21] found no difference in car-
ies prevalence between the four quadrants. The same 
study [21] which also included 15-year-olds, reported 
that the permanent second molars at that age were 
increasingly more caries prone. The teeth least affected 
by caries among 12- and 15-year-olds, were the lower 
anterior- and upper canine teeth [21]. By age 18  years, 
the first permanent molars had still the highest caries 
experience [59].

At the surface level
Some publications reported that the caries surfaces 
most often affected among 12- and 15-year-olds were 
the occlusal surfaces of the permanent molars and the 
buccal surfaces of the lower first molars [21, 46, 59]. In 
Sweden, however, the Jönköping epidemiological surveys 
in 15-year-olds [54, 55], reported that proximal surfaces 
were most often affected with caries of all surfaces. The 
2013 CDHS study targeting 15-year-olds also revealed 
that the surface distribution of caries was influenced by 
the extent of the caries experience [37]; among those with 
low decay caries experience, caries mainly affected the 
occlusal and buccal surfaces of the permanent molars, 
but among those with extremely high decay experience, 
caries lesions affected almost all teeth, even the anterior 
surfaces of mandibular teeth.

Discussion
This systematic review and meta-analysis report on dental 
caries also including enamel caries among European ado-
lescents. First, the studies included had a substantial level 
of statistical variability. The meta-analyses of caries preva-
lence suggested that 77% of the adolescents were affected 
by caries (n = 22 studies), with a significantly higher car-
ies prevalence in 16–19-year-old group. Caries prevalence 
was also significantly higher among participants examined 
before 2010 compared with in 2010 and after, which indi-
cates a caries reduction in recent years. Our meta-analy-
sis of caries experience (n = 14) found significantly lower 
value among adolescents in Scandinavian countries than 
in European countries outside Scandinavia. In the meta-
analysis of enamel caries proportion, it constituted 50% 
of the total caries experience (n = 7 studies); however, this 
proportion was higher in the 12–15 year than the 16–19-
year age group. Other publications that were not included 
in the meta-analysis tended to confirm this finding, report-
ing enamel caries to constitute 80–90%. Thus, our find-
ings have clearly revealed that when caries epidemiology 
omits consideration of enamel caries, the caries burden is 
seriously underreported. The systematic review also con-
tained information about the distribution of caries (n = 11 
studies). This information also confirmed findings in the 
literature that caries distribution was skewed, both at indi-
vidual-, tooth- and surface level. At tooth and surface level, 
this distribution also changed according to age.

The present findings were not representative of the 
European continent since the search resulted in studies 
originated in only one-fourth of the countries and only a 
share of these reported caries on national levels [21, 37, 
45, 47, 48, 50, 57, 60]. Germany reported the lowest caries 
prevalence with data for 12-year-olds [45, 46], but since 
bitewing radiographs were not taken, caries prevalence 
may be underestimated [46, 50]. The lower caries prev-
alence in Germany and sometimes in Scandinavia, may 
be due to the organization of dental health care and the 
focus on preventive care for this age group; free dental 
health care service in Germany through a comprehensive 
oral health insurance [61] and in Scandinavia, through 
publicly free provided oral healthcare services [62]. 
Although many countries in Southern Europe provide 
free public dental services for children, dental treatment 
of adolescents may still incur out-of-pocket costs [63]. 
Caries distributions at the individual level (not shown by 
meta-analysis) have indicated that a multitude of socio-
demographic markers of caries also prevail in countries 
with free dental health care. As European countries 
are not homogeneous, a validated, measure compris-
ing socio-economic markers would have benefitted our 
review by allowing inter-country comparisons [64].
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It has been reported that enamel caries has a greater 
impact on caries estimates among school children with 
a higher SES compared with among those with a lower 
SES [65] and that enamel caries is more often a higher 
proportion of total caries in populations with low com-
pared with high caries prevalence [66]. The dominance 
of enamel caries seen in 12- and 15-year-olds in Scandi-
navia (countries with a high HDI) [53–56] is consistent 
with this literature. Because caries progression is lower in 
individuals living in affluent conditions, the reasoning is 
that enamel caries is more likely to be identified [65].

Current knowledge that caries increases with age is 
consistent with this present meta-analysis of caries prev-
alence, showing a significantly higher prevalence in the 
16–19-year-old group. We also observed higher DMFS 
scores in the older age groups compared with younger 
age groups, but the differences were not significant. The 
lack of significance may be both methodological and 
biological: methodologically, due to the high degree of 
clinical heterogeneity (e.g., inconsistency in sample size) 
[67] and biologically, due to the variability of caries risk 
during the adolescent years. The occlusal surfaces of the 
permanent second molars are at highest caries risk the 
first 3 years after eruption, during ages 12–15 years [12]. 
Likewise, following eruption and establishment of proxi-
mal contact in this same period, proximal surfaces of pre-
molars and molars are at likelihood of new caries lesions 
[12], in particular the distal surfaces of the premolars and 
the mesial surfaces of the second molars [13]. Lesion pro-
gression from the enamel into the dentine, however, is 
reported to be relatively slow; surfaces affected by enamel 
caries survive a median of 4.8  years and 46% of enamel 
caries survive 15  years without progressing into den-
tine [12, 13]. This implies that enamel lesions most often 
occur in early adolescence and then progress during late 
adolescence. Mejàre and Kidd [68] observed that a car-
ies-free 15–16-year-old runs a very small risk of experi-
encing new lesions over the next 3 years. It is therefore 
essential that especially during early adolescence, the 
great prevention potential visualized by the volume of 
enamel caries, should be fully exploited. When stud-
ies omit consideration of enamel lesions, the caries data 
simply demonstrate a failure of the optimal treatment 
option: the one being performed when the lesions were 
in the enamel stage.

The meta-analyses of both caries prevalence and over-
all caries experience did not differ significantly between 
partial- vs. full mouth examination. This finding is in 
line with the Swedish Jönköping surveys in 15-year-olds 
[54, 55], which found consolidation of proximal caries to 
be extensive during adolescence. The 2013 CDHS study 
from the UK showed that the level of caries experience 

influenced caries distribution [37]: the distribution of 
caries lesions among participating 15-year-olds differed 
between groups with low and extremely high decay expe-
rience. This supports the model of Batchelor and Shei-
ham, introduced 20 years ago, of grouping tooth surfaces 
by caries susceptibility [69].

Strengths
The most important strength of the present systematic 
review and meta-analysis was the inclusion of enamel 
caries in the definition of caries burden during the 
searches, thus allowing both the magnitude of enamel 
caries and its proportion of the total caries experience 
to be quantified. Including enamel lesions in the selec-
tion criteria means the present systematic review and 
meta-analysis is the first to accurately reflect modern 
dental caries epidemiology [70]. Our systematic review 
also looked at the distribution of lesions at the indi-
vidual-, tooth-, and surface- levels, issues that were 
emphasized in the 2018 “Brussels statement on the 
future needs for caries epidemiology and surveillance 
in Europe”[64].

Limitations
Only limited studies could be included in the meta-analy-
sis on the enamel proportion because most of the studies 
have not reported standard deviation or confidence inter-
vals. Its meta-analysis result was also underestimated 
because in four out of seven included studies, accurate 
estimations of enamel caries were not possible. Other 
shortcomings were that some of the included publica-
tions provided little information on previous calibration 
procedures, some publications did not report the number 
of examiners or reported a high number, and use of bite-
wing radiography varied. Together with the skewed dis-
tribution of ages and fewer studies fulfilling the inclusion 
criteria outside Scandinavia, the present findings might 
not be considered representative of the European adoles-
cent population.

Conclusion
Although studies in which the caries examinations had 
been done in 2010 or later documented a reduction in 
caries prevalence, caries during adolescence still consti-
tutes a burden. Thus, the potential for preventing devel-
opment of more severe caries lesions, as seen in the 
substantial volume of enamel caries during early ado-
lescence, should be fully exploited. For this to happen, 
enamel caries should be a part of epidemiological report-
ing in national registers.
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