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Abstract 
Background: Estimating the age of majority is a challenging task in forensic odontology, especially because the 
third molars are usually the only developing teeth between the ages of 16 and 21 years. The London Atlas emerged 
as an alternative to estimate age using dental development, eruption and deciduous root resorption as parameters. 
The method has performed well in young age categories, while its performance for age estimation via third molars 
has been disputed. The present study tested the performance of the London Atlas to estimate the age of legal majo-
rity in a sample of individuals from the Amazon Region. 
Material and Methods: The sample consisted of 1.256 panoramic radiographs of women (n = 694) and men (n = 
562) between 16 and 22.9 years. The method was applied to the maxillary (#28) and mandibular (#38) left third 
molars. For comparative purposes, the sample was divided into seven age groups: 16├ 16.99; 17├ 17.99; 18├ 
18.99; 19├ 19.99; 20├ 20.99; 21├ 21.99; and 22├ 22.99 years. Chronological and estimated ages were compared 
descriptively by means of mean absolute errors (MAE) and root mean squared errors (RMSE), as well as through 
Receiver Operating Characteristic (ROC) curves and their area under the curve (AUC). 
Results: The MAE of the age estimates using tooth #28 was 1.76 years for females and 1.52 years for males. When 
the tooth #38 was used, the MAE for the females and males were 1.68 and 1.51 years, respectively. The MAE and 
RMSE increased in ascending order between age categories. Tooth #28 led to 74% of correct classifications around 
the age of legal majority, while tooth #38 reached 77%. The area under the curve was 0.75 for tooth #28 and 0.73 
for tooth #38. 
Conclusions: The London Atlas should be used carefully to estimate the age of legal majority and not as a single 
method when the age threshold is 18 years.
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Introduction
Testing the performance of dental age estimation me-
thods in samples with different geographic origin has 
been the objective of many studies in forensic odonto-
logy (1-5). When the tests confirm the applicability and 
validity of a method originally developed from an inter-
national sample, they pave the way with scientific evi-
dence to support country-specific forensic practices with 
a larger armamentarium. The London Atlas is an age 
estimation method based on human dental development 
and eruption timing (6). This method is known for the 
intuitive user-interface and for the robust scientific bac-
kground. Several studies have tested the performance of 
the London Atlas worldwide, including in populations 
from Brazil (7), China (8), Korea (9), Portugal (10), 
South Africa (11) and Thailand (12). A recent systematic 
review claimed that the method has an acceptable error 
rate and proper accuracy for dental age estimation (13). 
This conclusion, however, might be disputable when it 
comes to the Brazilian population.
A population-specific meta-analysis ranked the best 
radiographic dental age estimation methods applied to 
Brazilian children (14). Out of 2.527 entries detected 
with a dedicated search string, the London Atlas has not 
been included amongst the top ranked methods (14). Re-
garding the performance of the method, previous studies 
have found an overall accuracy of 79.9% (15), while 
others have demonstrated concern especially when the 
method is applied solely based on third molars (7,16). 
Most of the performance tests that have been accompli-
shed with the London Atlas have followed the common 
methodological structure of dental age estimation stu-
dies and quantified the difference between chronological 
and estimated ages (7,16). Moreover, all the studies per-
formed in the Brazilian population sampled participants 
from the Southeastern, Central-Western and Northeas-
tern regions of Brazil (7,13-16). Hence, the scientific li-
terature has no study with a population from the Amazon 
region.
The importance of studying populations from this re-
gion relies on the broad frontier between Brazil, Co-
lombia, Peru and Venezuela. Regions of geographic 
frontiers might facilitate clandestine migration, human 
trafficking, and exploitation, and even body conceal-
ment – situations that usually involve undocumented 
persons. By estimating a person’s age, experts might 
be able to contribute to the identification process, and 
also help supporting the legal systems regarding Court 
decisions about the age of majority and sexual consent. 
The scientific literature about dental age estimation 
methods applied to populations of the Amazon region 
is scarce.
This study aimed to apply and test the performance of 
the London Atlas in a population of the Amazon region.

Material and methods
-Study design and ethical aspects
This was an observational, analytical, cross-sectional 
study performed. Hence, the checklist for cross-sec-
tional studies established by the Strengthening the 
Reporting of Observational Studies in Epidemiology 
(STROBE) was followed (17). Ethical approval was 
obtained from the institutional review board (protocol: 
44953421.2.0000.5374).
-Sample and participants
The sample consisted of 1.256 panoramic radiographs 
of women (n = 694) and men (n = 562) between 16 and 
22.9 years. The radiographs were retrospectively collec-
ted from an existing radiological database in Manaus 
(capital city of the State of Amazonas, Brazil), which 
means that no patient was exposed to ionizing radiation 
for research purposes. The inclusion criteria consisted 
of radiographs from participants of Brazilian nationa-
lity and originally from the Amazon region, with age 
between 16 and 22.9 years, and with a least one panora-
mic radiograph stored at the radiological database. The 
exclusion criteria consisted of radiographs with missing 
maxillary (#28) and mandibular (#38) left third molars, 
presence of teeth #28 and #38 with extensive decay, res-
torations and root canal treatment; presence of visible 
bone lesions associated with teeth #28 and #38; surgical 
appliances in the mandible, deformation of maxillofacial 
bones, and visible third molar anomalies; poor image 
quality; and missing data about the date of image acqui-
sition and patient’s date of birth and sex. 
Sample collection was performed between January and 
June, 2022. The sample size established in the current 
section was based on a systematic review and me-
ta-analysis (13) that compiled dental age estimation stu-
dies with the London Atlas. Hence, we targeted a sam-
ple size (n) as close as possible to the one used by the 
developers of the London Atlas in a comparative study 
published in 2014 (18). Apart from the study published 
by the London Atlas’ authors, most of the studies world-
wide (96%) that tested the London Atlas used smaller 
samples (13). This is the first study with a sample from 
the Amazon region. The sample of panoramic radiogra-
phs was imported to a personal computer equipped with 
a 15″ screen and Adobe Photoshop CS6™ image viewer 
(Adobe Inc. San Jose, CA, USA) for magnification of 
100% and eventual adjustments of brightness and con-
trast prior to analysis.
-Variables and data sources
The difference between chronological and estimated 
ages was the main outcome of this study. This outcome 
was assessed separately for females and males. Hence, 
sex was the first variable to be considered. The second 
variable consisted of the chronological age, which cal-
culated as the difference between date of radiographic 
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image acquisition and data of birth of each participant. 
Sex and chronological age were obtained from the hea-
dings of the digital panoramic radiographs before crop-
ping them for anonymization. The third variable was the 
estimated age quantified by means of London Atlas me-
thod. The comparisons between chronological and esti-
mated age were performed for based on age categories 
(meaning that age as a continuous variable was conver-
ted into a categorical variable): 16-16.99 years, 17-17.99 
years, 18-18.99 years, 19-19.99 years, 20-20.99 years, 
21-21.99 years, and 22-22.99 years.
-Assessment of reproducibility 
Following the protocol for the assessment of reproduci-
bility previously published, the main observer revisited 
100 panoramic radiographs (n = 200 third molars) of 
the sample, 30 days from the analysis of the full sam-
ple. The comparison between observer classification of 
third molar development enabled the assessment of the 
intra-observer agreement. For the assessment of the in-
ter-observer reproducibility, an additional observer was 
recruited to assess the same 100 radiographs. The com-
parisons between the main and the second observers was 
accomplished. Intra- and inter-observer reproducibility 
tests were calculated between estimated ages using the 
London Atlas, and the Intraclass Correlation Coefficient 
(ICC) was applied.
-Statistical analyses
Descriptive assessment was applied to observer first 
the distribution of participants based on sex and age 
categories. Additionally, the descriptive approach was 
applied to count the number of correct classifications 
per sex, age category and third molar (#28 and #38). 
Descriptive statistics consisted of measures of central 
tendency and dispersion (such as means and standard 
deviation, respectively) as well as absolute (n) and rela-
tive (%) frequencies of distribution. The difference be-
tween chronological and estimated ages was expressed 
as mean absolute error (MAE) and root mean squared 
error (RMSE). Spearman correlation test was applied to 
assess the correlation between third molar development 
and chronological age. T-tests were performed to verify 
the statistical significance of the correlation tests (statis-
tical significance set at 5%) The accuracy of third molar 
development based on the London Atlas age estimation 
method was measured by means of Receiver Operating 
Characteristic (ROC) curves and the inherent area un-
der the curve (AUC). The curves considered the legal 
age threshold of 18 years as cutting point to distinguish 
individuals (females and males) below or above the age 
of majority. The tests were performed separately for the 
teeth #28 and #38. Performance metrics were accuracy, 
sensitivity, specificity, positive and negative predictive 
values, and AUC. Statistical analyses were performed 
with R (R foundation, Vienna, Austria).

Results
The descriptive analysis of our data revealed that the 
distribution of participants (n = 1.256) per age and sex 
was nearly optimal since the mean age in each age ca-
tegory and sex was exactly between the minimum and 
maximum bounds of the age categories (i.e. in the age 
category of 16-16.99 years, the mean age of both the 
females and males was 16.5 years) (Table 1).

Age Sex n Mean age

16-16.99
F 95 16.5
M 86 16.5

17-17.99
F 78 17.5
M 99 17.5

18-18.99
F 89 18.5
M 80 18.4

19-19.99
F 112 19.5
M 80 19.5

20-20.99
F 105 20.5
M 80 20.5

21-21.99
F 110 21.5
M 72 21.5

22-22.99
F 105 22.5
M 65 22.5

Table 1: Sample distribution based on sex and age 
category.

Age estimation using tooth #28 showed that most of the 
individuals were better classified into their age category 
if their age was in the younger spectrum of the sample’s 
age interval. In this spectrum, age classifications were 
floating between correct and underestimations. Indivi-
duals in the age category of 16-16.99 years, for instance, 
were correctly estimated in most of the cases (as 16.5 
years) or were estimated as 15.5 years. As age increases, 
wrongful classifications increased as well, revealing a 
tendency of less accurate performances of the method. 
A balanced distribution occurred, for example, among 
the females that were in the age category of 21-21.99 
years – they were mostly and similarly classified be-
tween 17.5, 18.5, 19.5, 20.5 and 21.5 years (Table 2). 
The analyses based on the mandibular left third molar 
(#38) seemed sparser across the age categories, with a 
mix of underestimations and overestimations. Some of 
the estimates were distributed with a large number of 
individuals spread into four age categories. For instance, 
the females with age 16-16.99 years were estimated as 
15.5 (n = 31), 16.5 (n = 19), 17.5 (n = 17) and 18.5 (n = 
19) years (Table 2).

Age expressed in years; F: females, M: males; n: num-
ber of individuals.
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# Age Sex
Age estimated with the maxillary left third molar

15.5 16.5 17.5 18.5 19.5 20.5 21.5 22.5 23.5 n/a

28

16-16.99
F 27 28 16 9 6 1 2 0 0 6
M 20 16 19 13 7 5 0 0 0 6

17-17.99
F 12 24 19 9 8 2 0 0 0 4
M 12 18 24 14 15 4 3 2 0 7

18-18.99
F 9 16 15 14 14 3 6 3 2 7
M 9 7 10 19 17 2 4 5 3 4

19-19.99
F 7 14 23 13 19 10 6 8 1 11
M 1 11 5 8 15 12 11 8 1 8

20-20.99
F 3 13 10 16 24 3 11 10 2 13
M 2 6 5 5 15 11 14 12 0 10

21-21.99
F 2 7 11 12 19 14 18 15 4 8
M 0 1 4 1 16 5 12 20 6 7

22-22.99
F 4 4 7 10 17 11 15 13 6 18
M 0 2 1 3 7 9 13 11 6 13

38

16-16.99
F 31 19 17 19 0 4 1 0 0 4
M 13 8 21 26 8 1 1 0 0 8

17-17.99
F 14 13 16 22 7 4 0 1 0 1
M 13 12 23 24 13 4 2 4 1 3

18-18.99
F 6 8 10 32 12 3 1 8 3 6
M 7 2 8 20 9 14 5 4 4 7

19-19.99
F 8 10 12 35 12 8 6 12 4 5
M 2 5 1 8 21 16 14 7 3 3

20-20.99
F 2 10 8 23 14 10 13 13 5 7
M 1 5 1 7 19 17 9 14 5 2

21-21.99
F 1 1 8 17 22 18 16 12 9 6
M 2 0 0 3 9 14 11 20 11 2

22-22.99
F 2 4 1 13 19 19 15 14 7 11
M 0 1 3 4 6 10 12 20 5 4

Table 2: Age predictions using the maxillary (#28) and mandibular (#38) left third molars for each sex and age category.

Age expressed in years; F: females, M: males; n: number of individuals; n/a: cases in which age estimation was not applicable.

The mean absolute error (MAE) of the age predictions 
using tooth #28 was 1.66 years, and the root mean squa-
red error (RMSE) was 2.12 years, for the general sam-
ple. In females and males the values of MAE were 1.76 
years (RMSE = 2.25 years) and 1.52 years (RMSE = 
1.95 years), respectively. The performance of the me-
thod was better in the first two age categories (16-16.99 
years and 17-17.99 years). In the remaining age catego-
ries, the MAE was above 1.5 years and the RMSE was 
above 2 years (Table 3, Fig. 1). When the tooth #38 was 
used, the MAE for the general sample was 1.68 years 
(RMSE = 2.04 years) – 1.68 years (RMSE = 2.12 years) 
for females and 1.51 years (RMSE = 1.94 years) for ma-
les. The same tendency of mean overestimations above 

1.5 years in the age groups above 17.99 years was de-
tected, as well the increase of the RMSE above 2 years 
(Table 3, Fig. 2).
Strong correlations was observed between the develo-
pment of teeth #28 (0.53, p < 0.01) and #38 (0.54, p< 
0.01) and the chronological age. Among females, the co-
rrelation was 0.51 (p < 0.01) and 0.52 (p < 0.01) for the 
same teeth, respectively. For males, the correlation was 
0.58 (p < 0.01) for both teeth.
When the age threshold of legal interest of 18 years was 
considered, tooth #28 led to 74% of correct classifica-
tions of individuals that were younger or older (or equal) 
than 18 years. Tooth #38 led to 77% of correct classifi-
cations. Despite the sensitivity of 0.91 and 0.84 for teeth 
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# Age Sex
Age group-based Sex-based

RMSE MAE RMSE MAE

28

16-16.99
F

1.57 1.17
1.49 1.07

M 1.65 1.28

17-17.99
F

1.55 1.23
1.32 1.09

M 1.71 1.35

18-18.99
F

2.08 1.64
2.06 1.7

M 2.11 1.58

19-19.99
F

2.11 1.76
2.15 1.79

M 2.04 1.7

20-20.99
F

2.22 1.84
2.35 2.02

M 2.03 1.61

21-21.99
F

2.26 1.78
2.49 1.96

M 1.85 1.49

22-22.99
F

2.91 2.27
3.19 2.56

M 2.35 1.79

38

16-16.99
F

1.61 1.31
1.55 1.21

M 1.68 1.43

17-17.99
F

1.74 1.36
1.53 1.26

M 1.9 1.45

18-18.99
F

2.09 1.55
2 1.44

M 2.18 1.68

19-19.99
F

2.06 1.67
2.17 1.79

M 1.89 1.51

20-20.99
F

2.08 1.73
2.22 1.89

M 1.91 1.52

21-21.99
F

2 1.6
2.15 1.75

M 1.76 1.38

22-22.99
F

2.61 2.02
2.82 2.28

M 2.25 1.62

Table 3: Distribution of mean absolute errors (MAE) and root mean squared errors (RMSE) per 
sex and age using the maxillary (#28) and mandibular (#38) left third molars.

F: females; M: males; age expressed in years.

#28 and #38, specificity was below 0.6 for both teeth 
(Table 4). The area under the curve was 0.75 and 0.73 
for teeth #28 and #38, respectively (Fig. 3).

Discussion
In 2022, Goetten et al. (19) highlighted the importance 
of testing dental age estimation method in the Amazon 
region. The authors focused on three main points: I) the 
Brazilian border with Venezuela has enabled an increa-
se in the number of clandestine migrations (given the 
economic challenges in the neighbor country); II) the 
Northern Brazilian population has scarcer European an-
cestry compared to other geographic regions of Brazil; 
and III) the few dental age estimation methods that have 

been tested in this population. The London Atlas, for 
instance, never has been tested in the population of the 
Amazon Region.
The first set of outcomes obtained with this study confir-
med the rationale that better age predictions are obtained 
in younger ages. When the participants were distributed 
in age categories, the smallest differences between chro-
nological and estimated ages were observed amongst 
individuals in age groups 16-16.99 and 17-17.99 years. 
This finding may be explained by the fact that impor-
tant variations occur when third molars are closing their 
apices. Consequently, when age-related biological infor-
mation becomes restricted to the late stages of root and 
apex formation, error rates increase (15). This phenome-
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Fig. 1: Mean absolute error (MAE) and root mean squared error (RMSE) calculated for age group 1 (16-16.99 years), 2 (17-17.99 years), 
3 (18-18.99 years), 4 (19-19.99 years), 5 (20-20.99 years), 6 (21-21.99 years), and 7 (22-22.99 years), using the maxillary left third molar 
(tooth #28) for females (F) and males (M). The results are presented for the combined (A) sex (F + M), and separately based on sex (B).

Fig. 2: Mean absolute error (MAE) and root mean squared error (RMSE) calculated for age group 1 (16-16.99 years), 2 (17-17.99 years), 
3 (18-18.99 years), 4 (19-19.99 years), 5 (20-20.99 years), 6 (21-21.99 years), and 7 (22-22.99 years), using the mandibular left third molar 
(tooth #38) for females (F) and males (M). The results are presented for the combined (A) sex (F + M), and separately based on sex (B).

non has been observed by Correia et al. (15) when they 
noticed worse specificity values by gradually narrowing 
their sample (from 16 to 21.99 years) closer to the age of 
18 years. This scenario proposes a real challenge to ex-
perts because it suggests that some methods might have 
their performance jeopardized especially when a better 
performance is needed: around the age of 18 years (for 
most legal systems).
Contrasting, when The London Atlas was applied ba-
sed on the developing permanent dentition of Brazilian 

individuals aged 6-15.99 years (7), the MAE was only 
0.56 and 0.60 years The current results, based solely on 
third molar formation in the age group 16-22.99 years, 
showed MAE of 1.76 and 1.52 years for females and 
males, respectively. These outcomes seem to point out 
to a potentially acceptable performance of the method 
since third molar age estimation often leads to MAE ra-
tes that could reach over 2.0 years (20, 21). An example 
of a study with dental age estimation staging system that 
have found a higher MAE error rate in Brazilians inclu-
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Metrics #28 #38
Accuracy 0.7443 0.7717
Sensitivity 0.9199 0.8473
Specificity 0.3254 0.5848
Positive Predictive Value 0.7648 0.8345
Negative Predictive Value 0.6301 0.6079
Area under the curve 0.75 0.73

Table 4: Diagnostic accuracy metrics for the maxillary left (#28) 
and mandibular left (#38) third molars.

a: 95% CI = 0.7178; 0.7694; b: 95% CI = 0.7467; 0.7953; Tooth #28 
predicted as true 735 true cases and 226 false cases. Addition-
ally, the same tooth predicted as false 64 true cases and 109 false 
cases. Tooth #38 predicted as true 716 true cases and 142 false 
cases. Additionally, the same tooth predicted as false 129 true 
cases and 200 false cases.

de the one by Sartori et al. (20). Comparisons, howe-
ver, are hampered because the authors used a different 
age estimation method – namely the method proposed 
by Gunst et al. (22) and sampled a Brazilian population 
from the opposite geographic region (South).
When accuracy was considered, we noticed a slightly 
better performance of tooth #38. This tooth is known to 
be the reference source for dental age estimation analy-
ses when it comes to the metric approach proposed by 
Cameriere et al. 2008 (23), for example. The method 
based on ratios of third molar length and apical width 
has led to accuracy rates around 80% in the Northeas-
tern Brazilian population (15). Our outcomes, both for 
tooth #38 and tooth #28, were similar as the teeth rea-
ched accuracy rates of 77% and 74%, respectively. The 
similarity was even more evident when the comparisons 
were restricted to the previous applications of The Lon-
don Atlas in the Brazilian population (15). It must be 

noted that the present sample was from the Northern 
region of Brazil, while the previous application of The 
London Atlas was in the Northeastern region. These re-
sults converge to suggest that third molar development 
timing might be similarly depicted by The London Atlas 
between these populations. This finding, however, must 
not be misinterpreted. Being similar between different 
populations of the same country does not mean that the 
method is fully applicable without restrictions. Accu-
racy rates around 77% means that almost one in every 
four classifications of age (below or above the age of 
majority of 18 years) based on third molar development 
could be wrong.
The forensic value of The London Atlas as a method 
should not be diminished based on inherent limitations 

Fig. 3: Receiver operating characteristic (ROC) curves for the predictions of the maxillary (A) and mandibular (B) left 
third molars leading to areas under the curve (AUC) of 0.75 and 0.73, respectively.

for third molar age estimation (common to most third 
molar age estimation methods). The London Atlas co-
vers a much broader range of applications, including 
children and young adolescents (24) – with evidence 
proving the method’s efficiency (7). Future studies in 
the field should be planned to test the applicability of the 
method in other samples, especially when it comes to 
third molar development. The rationale behind the futu-
re studies needed is the scarce literature focusing on the 
performance of The London Atlas exclusively for third 
molar age estimation.

Conclusions
The London Atlas showed proper applicability for den-
tal age estimation of young adolescents, especially in the 
lower age limit of the present sample. The differences 
between chronological and estimated dental ages increa-
sed progressively with time. Slightly better performan-
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ces were observed among males compared to females 
and using the mandibular left third molar compared to 
the maxillary left third molar. The overall accuracy ra-
tes indicate that one in every four classifications of in-
dividuals below or above the age of majority (18 years) 
could be wrong based on The London Atlas – which 
makes this method a proper tool for age estimation ex-
cept when used as the sole resource for classifications 
around the age of 18 years.
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