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Abstract
Objectives Radiographic evaluation of the wisdom teeth (third molar) formation is a widely used age assessment method for
adolescents and young adults. This systematic review examines evidence on the agreement between Demirjian’s development
stages of the third molar and chronological age.
Methods We searched four databases up until May 2016 for studies reporting Demirjian’s stages of third molar and confirmed
chronological age of healthy individuals aged 10–25 years. Heterogeneity test of the included studies was performed.
Results We included 21 studies from all continents except Australia, all published after 2005. The mean chronological age for
Demirjian’s stages varied considerably between studies. The results frommost studies were affected by age mimicry bias. Only a
few of the studies based their results on an unbiased age structure, which we argue as important to provide an adequate
description of the method’s ability to estimate age.
Conclusion Observed study variation in the timing of Demirjian’s development stages for third molars has often been interpreted
as differences between populations and ethnicities. However, we consider age mimicry to be a dominant bias in these studies.
Hence, the scientific evidence is insufficient to conclude whether such differences exist.
Key Points
• There is significant heterogeneity between studies evaluating age assessment by Demirjian’s third molar development.
• Most of the studies were subject to the selection bias age mimicry which can be a source of heterogeneity.
• Presence of age mimicry bias makes it impossible to compare and combine results. These biased studies should not be applied
as reference studies for age assessment.
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Abbreviations
CA Chronological age
PI Prediction interval

Introduction

Age assessment in the living is important in today’s society as
almost one third of all births worldwide are not registered [1].
It is particularly important to distinguish children from adults,
since status as a minor brings forth specific rights for protec-
tion, for instance in asylum cases. Age estimation in children
and adolescents is often performed by assessment of skeletal
hand-wrist or tooth development [2]. Themost prevalent tooth
formation system is described by Demirjian, Goldstein, and
Tanner (later called Demirjian’s stages) [3]. In late teens, the
only developing teeth are the third molars, and hence, the only
teeth relevant for age assessment in this age group.

Demirjian’s stages of tooth formation are a simplified and
modified version of the stages published by Moorrees,
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Fanning, and Hunt in 1963 [4]. Demirjian’s development
stages classify and divide the calcification of root and crown
into eight stages (A to H). Originally, Demirjian only studied
the first seven teeth; however, in 1993, Mincer et al
established Demirjian’s grading system for the third molar
[5]. Since then, several validation studies on Demirjian’s de-
velopment stages of the third molar have been published.
Some of these studies are used as a basis to assess age of
young asylum seekers with unverified age. These studies usu-
ally present mean chronological age with variance for each
development stage, often representing a specific population
with limited number of individuals in each stage.

The objective of this systematic review is to assess the
scientific evidence on the agreement between Demirjian’s
stages of wisdom teeth and chronological age, and if possible
to elucidate any variations between different populations. We
chose to focus on Demirjian’s formation stages as this grad-
ing system is the most widely used for age estimation in
children and young adults. In parallel, we also conducted a
systematic review on age estimation based on skeletal hand
maturation stages from the Greulich and Pyle atlas (BA sys-
tematic review of the agreement between chronological age
and skeletal age based on the Greulich and Pyle atlas^ by
Dahlberg et al [6]).

Material and methods

We conducted this systematic review guided by the Cochrane
Handbook for Systematic Reviews [7] and PRISMA
(Preferred Reporting Items for Systematic reviews and
Meta-Analyses) [8], using a pre-defined protocol. Full details
of search strategy can be found in a technical report [9].

Search strategy and study selection

In May 2016, we searched for primary studies in the
Cochrane Centra l Regis ter of Control led Tr ials
(CENTRAL), MEDLINE (Ovid) and PubMed [sb],
Embase (Ovid), and Google Scholar with no restrictions
on publication date or language. The search strategy was
peer reviewed. This search was a joint search for four sys-
tematic reviews on age assessment: one on the Greulich
and Pyle hand-wrist atlas, the present on third molar for-
mation, another on the medial clavicle ossification, and the
last on knee and ankle ossification. Hence, the search cov-
ered studies that use radiographs of teeth or hand-wrist,
and CT or MRI of the clavicle, knee, and ankle for age
assessment of children and young adults between 10 and
25 years. Pairs among the authors independently screened
the identified references from title and abstract, subse-
quently in full text, for potentially eligible publications
for age estimation using dental radiographs. Studies were

eligible if they reported mean chronological age with var-
iance for all or some of Demirjian’s third molar stages in
healthy individuals and presented number of persons in
each stage. Exclusion criteria were (a) the absence of a
full-text report and (b) fewer than 50 participants in the
predetermined age range as mentioned above.

Quality assessment

Two of the authors independently considered the risk of bias
in the included studies based on the Quality Assessment of
Diagnostic Accuracy Studies (QUADAS-2) checklist and
summarised this jointly. QUADAS-2 consists of four key do-
mains covering patient selection, index test, reference stan-
dard, and flow of patients through the study and timing of
the index test and reference standard.

When age assessment is based on the direct probability distri-
butions of age in each development stage, the estimate is highly
influenced by the age span and sample size in each age group of
the reference population. This effect is called age mimicry [10,
11]. The intention of many studies is to provide results for further
analysis: study comparisons or age assessment in other popula-
tions. We considered the extracted data as biased in the age
mimicry domain if the reference sample was non-uniformly dis-
tributed on age and/or the age span was not appropriate.
Selection bias is covered in the first domain by QUADAS-2
where we added two extra signaling questions: (1) whether the
age span was wide enough to cover all possible ages for the
described Demirjian’s stages of the third molar and (2) if the
number of subjects in each age group was equal or nearly equal.

Data extraction and statistical analysis

For each included study, we extracted mean chronological age
with variance and number of subjects in each Demirjian’s
third molar stage presented. The 95% confidence intervals
(95% CI) of the population means and inference of heteroge-
neity between studies were calculated by the statistical soft-
ware R (version 3.3.2) with the R-package Bmetafor.^

In order to apply Demirjian’s stages of the third molar to
assess chronological age, mean age and confidence interval of
the mean are considered inadequate due to the biological vari-
ation between individuals. To illustrate the age variation within
each Demirjian’s stage, we calculated 95% prediction intervals
(95% PI) of age by assuming a normal distribution (as done by
Chaumoitre et al [12]) based on results from the largest study
with an adequate study design [13]. A 95% PI is an estimate of
an interval in which a future observation, coming from the same
population, will fall inside with 95% probability.

To verify the effect of one of the contributors to age mim-
icry bias—the age span of the reference sample—we present a
frequency table using data from the same study [13]. Hence,
we recalculated the mean age for each stage using different
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truncation of the reference sample resulting in different age
span. To demonstrate further the effect of the age structure of
the included study population on the results, we presented
mean age, SD, and 95% CI from three of the included studies
together with the age structure of their reference sample.

Results

The literature search yielded 10,059 references (Fig. 1). Based on
title and abstract, we excluded 9468 articles or considered these
for the three parallel reviews. Figure 1 shows the literature search

References found in literature search 
(n = 10059) 

Records excluded based on �tle and 
summary or evaluated for another 
project (n = 9468)

Full-text ar�cles assessed for eligibility 
(n = 591)

Full text studies excluded with 
reasons (n = 206)

Studies included in quan�ta�ve synthesis;
third molar and Demirjian’s stages (n = 21)

Studies with relevant data sets 
evalua�ng Demirjian’s stages, but 
not fulfilling data requirements 
(n = 214) 

Studies on age assessment on teeth 
with other index tests than 
Demirjian’s stages (n = 150)

Fig. 1 Flow diagram of the
systematic literature search
(PRISMA flow diagram, [8])

Table 1 Characteristics of the included studies

First author, year (reference) Country Number (n)* Male/female Age (years)

Boonpitaksathit et al 2011 [14] Great Britain 1223 453/770 12.6–24.9

Cavrić et al 2016 [15] Botswana 1760 807/953 6–23

Elshehawi et al 2016 [16] Malta 1593 742/851 4–26

Guo et al 2014 [18] China 3512 1255/2257 11–24

Guo et al 2015 [17] China 3212 1551/1661 5–25

Johan et al 2012 [19] Malaysia 1080 540/540 14–25

Karadayi et al 2015 [20] Turkey 784 379/405 8–23

Karataş et al 2013 [21] Turkey 832 424/408 6–15

Lee et al 2009 [13] South-Korea 3301 1610/1691 4–26

Li et al 2012 [22] China 2078 989/1089 5–23

Lopez et al 2013 [23] Brasil 659 280/379 15–22

Meinl et al 2007 [24] Austria 610 275/335 12–24

Nur et al 2015 [25] Turkey 1120 406/714 7–22

Olze et al 2006 [26] South-Africa 595 474/121 10–26

Olze et al 2010 [27] Canada 605 258/347 11–29

Olze et al 2012 [28] South-Africa 553 437/116 10–26

Prieto et al 2005 [29] Spain 1054 462/592 14–21

Qing et al 2014 [30] China 2192 984/1208 8–25

Rougé-Maillart et al 2011 [31] France 209 94/115 11–26

Zandi et al 2015 [32] Iran 2536 982/1554 5–26

Zeng et al 2010 [33] China 3100 1200/1900 4.1–26.9

*Number of included individuals
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Table 2 Quality assessments of the included studies by QUADAS-2 checklist

Karata

Quality assessment based on Quadas-2 domains

First Author, Year

Selec�on bias

Pa�ent 
selec�on

Age mimicry Index test Reference 
standard

Flow and 
�ming

Boonpitaksathit 2011

Cavrić 2016*

Elshehawi 2016

Guo 2014

Guo 2015

Johan 2010**

Karadayi 2015

ş 2013

Lee 2009

Li 2012

Lopez 2013

Meinl 2007

Nur 2015

Olze 2006

Olze 2010

Olze 2012

Prieto 2005

Qing 2014

Rouge-Maillart 2011

Zandi 2015

Zeng 2010

Low risk, unclear risk, high risk for systematic bias in the study

*Has an even number in each age group from 11 years and hence evaluated as non-biased by age mimicry. **Has a uniform age distribution, but a
truncated age span (from 15 years) not appropriate to describe all analysed stages
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and selection of included studies. We examined 591 publications
in full text, and 21 studies [13–33] met the inclusion criteria.

The included studies are presented in Table 1. Further de-
scription and quality assessment of the included studies are
found in the technical report published in March 2017 [9]. In
the present paper, three studies that were wrongly excluded in
the technical report were included due to re-evaluation of all
the publications according to inclusion criteria [15, 25, 30].

The included studies were published from 2005 to 2016.
The study populations comprise both sexes and are from all
continents, except Australia. The study sample size varied from
209 to 3512 individuals. There was also large variance in age
span. The smallest age spanwas 7-year cohorts in the studies by

Prieto (14–21 year) [29] and by Lopez (15–22 years) [23]. The
widest ranged from 4.1 to 26.9 years (23-year cohort) in the
study by Zeng [33]. All the included studies evaluated third
molar stages by panoramic radiographs.

Quality assessment

A summary of our risk assessment based on the QUADAS-2
checklist is presented for each of the 21 studies in Table 2.
Based on our judgment of the selected age span and number of
individuals in each age group, we consider that the results in
most of the studies can be influenced by age mimicry bias. Six
of the studies did not present the number of individuals in each

17.5 18 18.5 19 19.5 20 20.5

Chronological age

Boonpitaksathit 2011

Nur 2015

Karadayi 2014

Prieto 2005

Lee 2009

Olze 2006

Elshehawi 2016

Johan 2012

Zandi 2015

Rouge−Maillart 2011

Guo 2015

Qing 2014

Guo (non−impacted) 2014

Guo (impacted) 2014

Li 2012

Zeng 2010

Olze 2010

Lopez 2013

Cavrić 2016

Meinl 2007

UK

Turkey

Turkey

Spain

South Korea

South Africa

Malta

Malaysia

Iran

France

China

China

China

China

China

China

Canada (native)

Brazil

Botswana

Austria

99

108

58

86

96

16

49

114

83

32

86

92

176

92

122

221

14

78

120

98

18.25 [17.95, 18.55]

18.71 [18.31, 19.11]

18.92 [18.47, 19.37]

18.41 [18.11, 18.71]

19.50 [19.12, 19.88]

19.60 [18.52, 20.68]

19.51 [19.20, 19.82]

20.15 [19.78, 20.52]

19.20 [18.72, 19.68]

18.35 [17.41, 19.29]

20.69 [20.16, 21.22]

19.20 [18.82, 19.58]

21.48 [21.08, 21.87]

21.63 [21.06, 22.20]

19.90 [19.55, 20.25]

20.61 [20.31, 20.91]

20.30 [19.04, 21.56]

19.50 [18.99, 20.01]

18.45 [18.18, 18.72]

20.30 [19.88, 20.72]

Country SizeAuthors and Year CA [95% CI]

(Q = 456.27, df = 19, p = 0.00; I
2
 = 95.8%)

17.5 18 18.5 19 19.5 20 20.5

Chronological age

Boonpitaksathit 2011

Nur 2015

Karadayi 2014

Prieto 2005

Lee 2009

Olze 2012

Olze 2006

Elshehawi 2016

Johan 2012

Zandi 2015

Rouge−Maillart 2011

Guo 2015

Qing 2014

Guo (non−impacted) 2014

Guo (impacted) 2014

Li 2012

Zeng 2010

Olze 2010

Lopez 2013

Cavrić 2016

Meinl 2007

UK

Turkey

Turkey

Spain

South Korea

South Africa

South Africa

Malta

Malaysia

Iran

France

China

China

China

China

China

China

Canada (native)

Brazil

Botswana

Austria

71

35

41

76

90

23

49

43

105

37

17

88

50

96

62

115

110

7

65

94

56

17.56 [17.29, 17.83]

18.71 [18.12, 19.30]

19.14 [18.52, 19.76]

17.92 [17.58, 18.26]

18.60 [18.27, 18.93]

20.73 [19.87, 21.59]

21.10 [20.48, 21.72]

19.01 [18.72, 19.30]

19.03 [18.64, 19.42]

18.05 [17.45, 18.65]

17.84 [17.05, 18.63]

20.06 [19.50, 20.62]

18.64 [18.20, 19.08]

20.49 [19.88, 21.10]

20.21 [19.54, 20.88]

19.20 [18.80, 19.60]

19.32 [18.99, 19.65]

19.80 [18.84, 20.76]

18.70 [18.22, 19.18]

18.30 [17.98, 18.62]

20.10 [19.55, 20.65]

Country SizeAuthors and Year CA [95% CI]

(Q = 314.58, df = 20, p = 0.00; I
2
 = 94.7%)

(a) Females, stage G

(b) Males, stage G

Fig. 2 Mean chronological age
for Demirjian’s stage G of the
third molar 38 in each of the
included studies. a Results for
females. b Results for males.
Results are given as mean age and
95% confidence interval [95%
CI] within stage G for each study
together with chi-squared statistic
(Q), degrees of freedom of the
chi-squared test (df), p value of
the chi-squared test (p), and I-
squared test for heterogeneity (I2)
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age group, and hence the risk of age mimicry is unclear. One
study was judged as having high risk of bias in the domain
patient flow and timing due to exclusion of individuals with
closed apex (Demirjian’s stage H) in all four wisdom teeth.

In Fig. 2, we present results of stage G for each study with
heterogeneity test. These results are from the lower left third
molar tooth 38 as this tooth is the most commonly considered.
However, the technical report ([9], appendix 6) presents re-
sults for all third molars analysed in each study. Females and
males are presented in separate graphs, A and B. Results from
the other Demirjian’s stages of 38 can be found in

Supplementary material (stages A–H, except G). We observe
large between-study variation in the mean age of the develop-
ment stage G. For females, the mean age diverges from
18.25 years in the study by Boonpitaksathit et al [14] to
21.63 by Guo et al [18]. For males, the variation in the mean
age for stage G ranges from 17.56 to 21.10 years in the in-
cluded studies. The 95% CI of the means are wide for most
stages and studies.

Due to the high risk of age mimicry bias in most of the
included studies, we did not perform meta-analyses. This de-
cision is supported by results of the heterogeneity tests and the
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Chronological age

[15−17]

[14−18]

[13−19]

[12−20]

[11−21]

[10−22]

[9−23]

9 10 11 12 13 14 15 16 17 18 19 20 21 22

A

B

C

D

E

F

G

H

CA A B C D E F G H Total
9-10 21 8 4 33
10-11 22 20 13 1 56
11-12 5 19 37 2 63
12-13 2 5 41 8 1 57
13-14 1 4 25 21 5 1 57
14-15 1 11 20 10 5 47
15-16 1 2 13 13 27 5 61
16-17 1 12 18 24 9 64
17-18 5 11 22 18 56
18-19 1 7 15 25 6 54
19-20 3 3 17 32 55
20-21 1 1 7 47 56
21-22 1 5 51 57
22-23 4 51 55

Fig. 3 Effect on truncation of the age span in the reference sample of a
study. The table on the left displays a real distribution of individuals with
different chronological ages (CA) considered to be in developmental
stages A to H from Lee et al [13]. The figure to the right shows how
the mean age and standard deviation (expressed as vertical line ± 1 SD

from the mean) within each stage of development (colour-coded) changes
according to truncation of the age span. The figure starts with participants
from 9 to 23 years and gradually shows the age range down to the group
15–17 years

Male − Lee 2009

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

SA (Size)

A (65) ( )

BB (58) ( )

C (135) ( )

DD (83) ( )

E (69) ( )

FF (99) ( )

G (90) ( )

HH (187) ( )

Fig. 4 Prediction intervals for Demirjian’s third molar stages calculated
from data by Lee et al [13]. a The mean chronological age (point) and the
variation of chronological age (CA) for different stages (A–H) for males.

Size gives number of individuals in each stage. The parenthesis presents
the 95% confidence interval (95% CI), while the line provides a 95%
prediction interval (95% PI)
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I2 index (Fig. 2 shows Q and I2 for stage G). To illustrate the
effect of age mimicry, we used data from one of the few
studies with a nearly uniform age structure in their reference
sample, and additionally present a frequency table of the in-
cluded individuals with concurring stages [13]. Figure 3 ex-
emplifies the effect of the included age range in the reference
sample by using data from this study (Table 4, page 158, data
for tooth 38 in males [13]). These results illustrate how the
mean chronological age is drawn towards the age of the in-
cluded test subjects and how a smaller age span reduces the
standard deviation. Hence, the effect of truncation of the age
span is increased bias and underestimated variation.

Figure 4 presents calculated 95% PI of age for the different
stages based on data from the same study as in Fig. 3, Lee et al
[13]. The 95% PI for each Demirjian’s third molar stage vary
from 4.7 years in stage H to 6.8 years in stage E. These results
reveal large individual variation in age within third molar de-
velopment stages. These 95% PIs also illustrate how reference

data can be used to describe the age variation within each
Demirjian’s stage of tooth development.

To elucidate the effect of age mimicry further, we present
study results superimposed on the age distribution of the refer-
ence sample for males from three of our included studies
(Fig. 5): one study with uniform age distribution and a wide
age span [13], another study with a wide age span and uneven
sized age groups [17], and the last study with a narrow age span
and different numbers of individuals in each age group [23].

Discussion

In this systematic review, we summarise the literature estimat-
ing the mean age of Demirjian’s development stages for the
third molar among adolescents and young adults. Twenty-one
studies fulfilled our inclusion criteria and presented mean

Male − Lee 2009
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G (90) ( )

HH (187) ( )
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N
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Fig. 5 Results for males from three included studies together with the age distribution of the reference sample. a Male mean age and variation of each
Demirjian’s thirdmolar stage fromLee et al [13] with chronological age (CA) distribution of the reference sample. bMale mean age and variation of each
Demirjian’s third molar stage from Guo et al [17] with CA distribution of the reference sample. cMale mean age and variation of each Demirjian’s third
molar stage from Lopez et al [23] with CA distribution of the reference sample. The filled circles showmean age and the line is one SD (95% confidence
interval in parenthesis). The bars show number of individuals in each age group
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chronological age with variance and number of individuals in
each stage for all or some of Demirjian’s stages A–H.

Ourmain finding is that amajority of these studies are highly
influenced by age mimicry bias, a selection bias caused by the
age composition of their reference sample. The bias arises when
studies include a non-uniform number of individuals in the
different age groups studied and/or the age span is inappropriate
to describe all development stages analysed. Furthermore, sev-
eral studies have not described the age structure of the reference
sample, thereby making it impossible to assess if the results are
reliable. If a study aims to describe how mean chronological
age of a population is directly distributed within developmental
stages, it is essential to include an equal number of individuals
in each age group. Likewise, the age range in such a study
should be broad enough to cover all probable ages for the de-
scribed stages. This is critical in order to make the studies com-
parable and applicable as reference data for further analysis.

Age mimicry bias was first described in 1982 by
paleodemographers assessing the age of skeletons [10].
Several guides and publications on age assessment in living
individuals have also stressed the risk of age mimicry bias
[34–36]. In spite of this awareness, even recently published

studies on third molar age assessment have not considered this
factor in the study design. Moreover, several papers have
discussed possible causes of variations between studies with-
out taking this bias into account. Often, such variations have
been interpreted as ethnic differences. As shown in the results,
the mean age for stage G among boys varies from 17.56 to
21.10 in the studies. This may be due to factors such as bio-
logical or environmental (including nutritional) variations, but
can also very likely be attributable to inadequate sample size
in each stage (e.g., down to 7 individuals for studies on female
stage G, see Fig. 2a) and age mimicry bias.

The age structure of the reference sample will affect the
statistics of different stages at varying degrees due to the com-
position of the included individuals. Studies judged as biased in
this review may have some stages more affected by age mim-
icry than other stages. However, evaluating the risk of bias for
each stage is a complex analysis and beyond our current scope.

Another important factor is that the studies present standard
deviation or confidence intervals for age in each stage. Due to
the natural biological variation, it is important to present the
age variation of the population of each tooth stage in a predic-
tive way. Consequently, we have calculated 95% PI based on
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Fig. 5 (continued)>
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data from one of the studies with an adequate study
design, Lee et al [13]. Our calculations show relatively
large natural variation in age within each stage, up to
nearly 7 years. However, the PI calculation assumes nor-
mal distribution of age within each stage—an assumption
that may not always be valid for third molar develop-
ment [37].

Notably, there is a particular problem with stage H as this is
the final development stage. It is also an important stage in
order to determine whether a person is younger or older than
18 years. The upper age of the enrolled participants in a study
will strongly influence the observed results—a higher includ-
ed upper age will result in higher mean age and wider standard
deviation for stage H. In this systematic review, the study with
the highest mean age for stage H (23.2 years) also included the
oldest individuals (up to 29 years) [27], whereas the study by
Prieto, that included individuals only up to 21 years, reports
mean age for stage H to be 19.7 years. Other sources of het-
erogeneity between studies also occur, including the example
of Rougé-Maillart et al [31] that excluded individuals with all
third molars matured and thereby got a lower mean age for
stage H. Several approaches to avoid the problem of stage H

have been suggested, for instance to set an age limit of where
the anterior stage G stops [13, 38]. Another method used is by
giving the age where 50% of the individuals have entered
stage H [27, 39].

In recent years, a Bayesian approach to age estimation
has gained significant interest [11, 40–45]. With chronolog-
ical age and corresponding stage for each individual, it is
possible to control the effect of age mimicry by performing
a statistical analysis using Bayes theorem. To make use of
studies already conducted and avoiding age mimicry (i.e.,
indirectly applying Bayes theorem with a uniform age dis-
tribution as a prior for age), we recommend collecting in-
dividual data from already published studies as a time- and
cost-efficient approach. A joint effort will result in a refer-
ence data set including a high number of individuals from
many populations around the world. Calculated prediction
intervals based on such analyses will give an improved base
for age assessment for judicial purposes. However, the
question relating the representativeness of the included
population in such a model for a future tested individual
still remains. Hence, there is still a need for studies of
new populations (designed to avoid age mimicry).
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Conclusion

Variation observed between studies reporting mean chrono-
logical age of Demirjian’s stages for wisdom teeth has often
been interpreted as differences in tooth development between
populations and ethnicities. However, we consider the effect
of age mimicry to be a dominant source of bias in these studies
and conclude that the scientific evidence is insufficient to as-
sess whether such differences exist. Based on one of the few
studies avoiding age mimicry, we calculated 95% PI for chro-
nological age in each development stage. We found that the
age variation within the different Demirjian’s development
stages ranged from 4.7 to 6.8 years, reflecting large individual
variation in third molar mineralisation.
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