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Abstract

Background: Dental age estimation of children may be necessary in the clinical and forensic fields. In the former, it
may contribute to the investigation of dental development and biological maturation. In the latter, dental age estima-
tion may support the Court in several circumstances, such as adoption and unidentified bodies of deceased children.
This study aimed to apply Willems method for dental age estimation of children from Southeastern Brazil. The second
aim of the study was to test the performance of the method modeled with multiple linear regression (MLR) and
artificial neural network (ANN). The sample consisted of 1000 panoramic radiographs of female (n = 500) and male (n
= 500) Brazilian children. The individuals were evenly distributed through ten age intervals of 1 year from 6 to 15.99
years. Dental development was classified with the 7-teeth technique of Demirjian et al. (1973), followed by age calcu-
lation with Willems method (2001). The difference between chronological and estimated ages was quantified for the
original Willems model and for the MLR and ANN models.

Results: For females and males, the overall difference found with Willems original model was 0.27 and 0.28, respec-
tively. With MLR and ANN, the overall differences were 0.54 and 0.35, and 0.26 and 0.24, respectively. The ANN was
able to reduce half of the mean error of female age predictions up to 100%. The same phenomenon occurred in 1/3
of the males. Despite the improvements of the ANN model to specific age groups, the original Willems model per-
formed similar or better in 40% of the studied age intervals. All the models showed the worse age predictions in the
interval between 15 and 15.99 years (p < 0.001).

Conclusions: Willems method remains optimal and applicable after 20 years since original development. The ANN
model might be an option for future improvements (depending on sex and age interval).
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Background

After the development of Demirjian’s (Demirjian et al.

1973) radiographic technique for dental age estima-

tion in 1973, several so-called validation studies were
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performance of the technique on samples other than
the original (Nur et al. 2012). By comparing estimated
and chronological ages, the authors detected constant
overestimation (Jayaraman et al. 2013). Twenty-eight
years later, Willems et al. (2011) revisited the technique
by maintaining the staging system originally proposed
and recalculating maturity values attributed to each of
the seven mandibular left permanent teeth. Over time,
Willems method becomes a popular approach for den-
tal age estimation in the forensic practice (Wang et al.
2017). In 2017, a systematic literature review (Yusof et al.
2017) pooling together different populations showed that
Willems method had an overall overestimation of 0.10
years (nearly a month). In 2020, a meta-analysis (Franco
et al. 2020) dedicated to test the performance of differ-
ent methods in Brazilian children rated Willems the top
method based on accuracy.

For the Brazilian population, more specifically, the
method was previously confirmed as accurate—with
mean underestimation of 0.17 and 0.38 among females
and males, respectively (Franco et al. 2013). The popula-
tion previously sampled, however, was restricted to the
South region and was not balanced on distribution for
sex and age (Franco et al. 2013). The progressive develop-
ment of existing techniques is justified towards tool pol-
ishing and practical improvement. Willems et al. (2010),
for instance, published alternative tables for the original
Willems method (Willems et al. 2001) in 2010. The new
reference maturity values, combined for females and
males, enabled dental age estimation in case of unknown
sex (Willems et al. 2010). Bedek et al. (2020) proposed a
sequential reduction of the number of staged teeth, so
Willems method could be used even when some of the
seven mandibular left permanent teeth were missing.
Multiple linear regression (MLR) and artificial neural
network (ANN) emerge as methodological possibilities
to minimize error rates. To the present, studies with ide-
ally balanced samples were not previously designed to
improve Willems method with MLR and ANN—repre-
senting an important gap to be investigated.

Based on the exposed, this study aimed to test the
applicability and performance of Willems method in a
large and balanced population of Brazilian children; and
to test the performance of MLR and ANN modeling on
error minimization.

Methods

Study design and ethical aspects

This observational cross-sectional study was structured
according to the Strengthening the Reporting of Obser-
vational Studies in Epidemiology (STROBE) Initiative
(Von Elm et al. 2014). Ethical approval was granted by the
local committee of ethics in human research (clearance
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protocol: 29384620.7.0000.5374). The research steps
respected the Declaration of Helsinki 2013. The radio-
graphs used in this study were retrospectively collected
from an existing image database of a private oral radi-
ology center in Sao Paulo State, Southeastern Brazil.
Hence, patients were not exposed to ionizing radiation
for the purpose of the present study.

Sample and participants

The sample consisted of 1000 panoramic radiographs
of Caucasian females (# = 500) and males (# = 500) in
the age interval between 6 and 15.99 years (Table 1). In
order to establish and assess the eligibility criteria, clini-
cal records were investigated. The inclusion criteria con-
sisted of panoramic radiographs of Caucasian Brazilian
children from Vale do Paraiba region, in Southeastern
Brazil. The exclusion criteria consisted of images showing
maxillofacial lesions, bilateral missing and restored teeth
in the mandible (except for third molars), fixed ortho-
dontic appliances in mandibular teeth, bilateral root
canal treatment, history of systemic diseases with impact
on growth and development, history of broken bones in
the face, presence of appliances for the fixation of maxil-
lofacial trauma and images that did not allow a clear visu-
alization of the mandibular left permanent teeth. All the
images were acquired with a Sirona Orthophos device
(GmbH, Bensheim, Germany) and settings of 69 Kv, 15
mA, and acquisition time of 14.1 s.

Variables and settings

Sex, known chronological age (quantified from the differ-
ence between the date of image acquisition and date of
birth), and estimated age were the main variables in this
study. Secondary variables considered for statistics were
the eight developmental stages (from A to H) proposed

Table 1 Balanced sample distribution per age interval and sex

Age interval F M Total
6-6.99 50 50 100
7-7.99 50 50 100
8-8.99 50 50 100
9-9.99 50 50 100
10-10.99 50 50 100
11-11.99 50 50 100
12-12.99 50 50 100
13-13.99 50 50 100
14-14.99 50 50 100
15-15.99 50 50 100
Total 500 500 1000

F females, M males

Age interval expressed in years
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by Demirjian et al. (1973). The radiographic staging sys-
tem describes the development of crown and roots of the
seven mandibular left permanent teeth, except the third
molar. The stages were later quantified into estimated age
using the sex-specific tables proposed by Willems et al.
(2001)—originally trained in a Belgian population. The
method was chosen based on the following aspects: (I)
a systematic review and meta-analysis from 2017 (Yusof
et al. 2017) pointed Willems method as reliable for age
estimation in children; (II) another systematic review
with meta-analysis from 2017 (Wang et al. 2017) con-
firmed that the method was appropriate for Caucasians;
(III) a third systematic review and meta-analysis (Franco
et al. 2020), revealed that Willems method had the best
performance among Brazilian children; and (IV) a study
among Brazilians (Franco et al. 2013) showed a small
error when Willems method was applied in a population
of Southern children.

Study bias and minimization

The mandibular left permanent teeth were classified
into stages by a main examiner—an oral radiologist
with 7 years of experience with 2D and 3D image anal-
ysis. To avoid examiner fatigue, no more than 20 radio-
graphs were analyzed per day. Within an interval of 30
days from the main analysis, the examiner re-analyzed
10% (n = 100) of the sample to enable intra-examiner
agreement calculation. An additional examiner, a foren-
sic odontologist with 10 years of experience in practice
and history of age estimation assignments, was recruited
to analyze the same 100 panoramic radiographs to ena-
ble the inter-examiner agreement test. The sample used
during examiner agreement tests was selected from the
main pool of radiographs using the online tool www.ran-
dom.org setting as reference for randomization of the
(free service) numbering system. The sample size (10%,
n = 100) and randomization tool used to test examiner
agreement were set based on the previous study (Franco
et al. 2013; Machado et al. 2018). Examiner agreement for
staging each tooth was calculated with Cronbach Alpha
and Weighted Kappa statistics. Image analyses were
performed using a MacBook Pro notebook (Apple Inc.,
Cupertino, CA, USA) equipped with a 13.3” screen (reso-
lution: 2560 x 1600). Computer’s original photo viewer
was used with maximum image magnification of 200%.

Statistics

Data were initially treated by means of descriptive sta-
tistics of central tendency and dispersion. Mean age and
standard deviation per age category of 1 year (interval)
were calculated. Spearman’s correlation between devel-
opmental stages and chronological/estimated ages was
calculated. Mean error (ME), mean absolute error (MAE),
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and root mean squared error (RMSE) were calculated for
each age interval of 1 year subtracting chronological and
estimated ages. The significance between differences was
quantified by means of Wilcoxon’s test. The error of the
method was depicted via Bland-Altman plot. All the tests
were performed separately for females and males. As
an attempt to reduce the error of the method, MLR and
ANN analysis were accomplished. ANN has the ability to
learn relationships between input variables (independent,
predictors) and output variables (dependent, outcome).
This is achieved by applying algorithms that train the
network with a training data set (or derivation) that con-
sists of predictor variables and the known or associated
results (Farhadian et al. 2019). In the linear regression
analysis, the dental stages were firstly tested for their uni-
variate effect. Next, they were included in a multivariate
model (Hair et al. 2019). In the ANN, Radial Basis Func-
tion was considered to build up a model able to describe
the chronological age from stages. A training setup was
designed with 70% of the sample while the testing set up
had 30% of the sample (randomized process was used).
The predicted probabilities for the dependent variable
resulting from the MLR and ANN were saved and used to
calculate the error measures of the method. Statistic tests
were performed with a confidence interval of 95% and
significance set at 0.05. The softwares used were SPSS
20.0 (IBM Corp., Armonk, NY, USA) and MedCalc 19.4
(MedCalc Software Ltd., Ostend, Belgium).

Results

The subsequent text describes tooth positions according
to the notation system of the Fédération Dentaire Inter-
nationale (FDI).

Weighted Kappa statistics showed intra- and inter-
examiner agreement over 0.83, 0.85, 0.89, 0.90, 0.92, 0.78,
and 0.87 for the mandibular left central incisor (#31), lat-
eral incisor (#32), canine (#33), first premolar (#34), sec-
ond premolar (#35), first molar (#36), and second molar
(#37). Cronbach alpha (Wessa 2017) was above 0.94, 0.96,
0.97,0.97, 0.98, 0.93, and 0.97, respectively.

Descriptive statistics revealed that Willems method
had a better performance in the age intervals of 10-10.99
and 11-11.99 for females, in which the ME error between
estimated and chronological ages was — 0.06 and — 0.09,
respectively. Between the age intervals of 7-13.99, the
ME was never worse than — 0.25 (1 month difference
between estimated and chronological ages). Among
males, the method was able to reach ME = 0 in the
age interval of 12-12.99. Between the age intervals of
7-14.99 the ME was never above — 0.39 (3 months dif-
ference between estimated and chronological ages). The
worst predictions were detected in age intervals in the
upper and lower limits of the sample, namely 6-6.99
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(ME: females = — 0.42; males = — 0.54) and 15-15.99
(ME: females = females = 0.71; males = 0.54) (p<0.05).
Overestimations were predominant over underestima-
tions (Table 2). Bland-Altman plotted female and male
predictions clustered most of the error rates close to zero
and between the error limits of 1 year (Fig. 1).

For females and males, positive and statistically sig-
nificant (p < 0.001) correlations were detected between
chronological age, estimated age, and allocated develop-
mental stages (Table 3).

The regression showed that the dental developmental
stages were proper predictors of the chronological age.
The multivariate model indicated that the most promi-
nent predictors to age estimation were the stages allo-
cated to teeth #33 (8 = 0.332; SE = 0.068; p < 0.001), #34
(B = 0.589; SE = 0.078; p < 0.001), #35 (8 = 0.326; SE =
0.069; p < 0.001), #36 (8 = 0.320; SE = 0.106; p = 0.003),
and #37 ( = 0.727; SE = 0.061; p < 0.001). The outcomes
were similar within the ANN, in which the best predic-
tors were the stages allocated to teeth #34, #35, #37, and
#33 in females and teeth #37, #34, #33, and #35, in males
(Fig. 2).

The MLR and ANN models behaved differently com-
pared to the original Willems model. In general, the MLR
had a better performance reducing the ME of the original
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Willems model applied to Brazilian males. More specifi-
cally, within the age interval between 6 and 10.99 years,
the model was able to reduce the ME close to 100%. Dif-
ferently, the ANN had more balanced improvements
between sexes. The most evidence improvements were
in age interval from 7 to 8.99 years, in which the model
reduced the ME nearly 100% in females and males. From
the polled age intervals (6—15.99) addressed in this study,
40% showed a better performance of the original Willems
model compared to MLR, while 60% showed a better
performance of the original model compared to the ANN
(Table 4).

Discussion

Dental age estimation of children is usually needed in
cases of adoption, unaccompanied minors in irregular
migration, unknown deceased, and clinical diagnosis and
treatment planning (Pradella et al. 2017; Sobieska et al.
2018). Testing methods trained in international popula-
tions is an essential step towards the external validation
of forensic tools. This study aimed to test the applicability
of Willems method in a population of Southeastern Bra-
zil and to test the performance of method modeling with
MLR and ANN.

Table 2 Prediction performance of Willems method for the studied sample distributed per sex and age interval

Sex Age interval CA EA ME MAE RMSE Pvalue
M SD M SD

F 6-6.99 6.46 0.29 6.88 0.72 — 042 0.58 0.77 <0.001*
7-7.99 748 0.28 7.70 061 -022 0.55 0.62 0.009*
8-8.99 846 0.28 855 0.83 —0.10 0.58 0.75 0.307
9-9.99 948 033 9.66 0.92 —-0.18 0.65 0.83 0.137
10-10.99 10.50 0.24 10.56 0.96 — 0.06 0.67 0.86 0.584
11-11.99 11.52 0.29 11.61 0.84 —0.09 0.62 0.83 0.901
12-12.99 1250 030 1225 1.27 0.26 0.98 1.23 0.042%
13-13.99 13.50 0.29 13.74 1.37 —0.25 1.01 1.29 0.127
14-14.99 14.51 027 14.05 133 046 123 143 0.076
15-15.99 1544 0.32 14.73 1.09 0.71 1.05 1.32 <0.001*

M 6-6.99 6.54 0.32 7.08 0.61 — 054 0.63 0.74 <0.001*
7-7.99 749 032 7.88 0.57 —039 0.52 0.65 <0.001*
8-8.99 8.54 0.29 8.83 0.77 —0.29 0.64 0.81 0.007*
9-9.99 9.48 0.29 9.84 1.00 —036 0.79 0.95 0.012%
10-10.99 1047 0.29 10.61 0.94 —0.14 0.73 0.89 0.229
11-11.99 11.47 0.29 11.81 0.83 —033 0.74 093 0.010*
12-12.99 1243 0.29 1243 1.06 0.00 0.80 0.99 0.787
13-13.99 13.51 0.28 13.64 118 —0.13 093 1.14 0.233
14-14.99 14.44 0.26 14.61 1.27 —0.17 1.04 1.25 0318
15-15.99 15.52 0.29 14.98 1.28 0.54 0.98 133 0.019*

F females, M males, CA chronological age, EA estimated age, M mean, SD standard deviation, ME mean error, MAE mean absolute error, RMSE root mean squared error

Age interval expressed in years
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Fig. 1 Bland-Altman plot of the difference of chronological and estimated ages for females and males
Table 3 Spearman correlation analysis between chronological age, estimated age, and stages of tooth development
Sex Correlations
CA EA #31 #32 #33 #34 #35 #36 #37
F CA 1.000
EA 09417 1.000
#31 0646 0658 1.000
#32 0.779" 0.792" 0816 1.000
#33 08717 0910" 0648~ 07817 1.000
#34 0910” 0.955" 0630 0.776" 0.876" 1.000
#35 0.898" 0.952" 0617" 0.753" 0855~ 0926~ 1.000
#36 0.791" 0.809" 0.756" 0916" 0.796" 0.782" 0.767" 1.000
#37 09127 0967 0608 0.763" 0.850" 0.898™ 09017 0779 1.000
M CA 1.000
EA 0.945" 1.000
#31 0714" 0.730" 1.000
#32 0.807" 0.837" 0.828" 1.000
#33 0.902" 0.953" 0.702" 07917 1.000
#34 0915" 0961 0687 0.801" 0914" 1.000
#35 0.902" 0952" 0684 07917 0.893" 0.940” 1.000
#36 0.809” 0.835" 0.803" 0.893" 07917 0.806" 0.800" 1.000
#37 0917”7 0.968™ 0680 0.792" 0.893" 0919” 0922" 0795 1.000

F females, M males, CA chronological age, EA estimated age

** p < 0.001 (2-tailed); #31-37: permanent mandibular left central incisor, lateral incisor, canine, first premolar, second premolar, first molar and second molar. Tooth
positions described according to the notation system of the Fédération Dentaire Internationale (FDI)
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Fig. 2 Artificial neural network (ANN) analysis of the importance the independent variables to estimate chronological age, considering females (A)
and males (B). The bar charts display the importance and the normalized importance for each independent variable in predicting the chronological
age. Tooth positions described according to the notation system of the Fédération Dentaire Internationale (FDI)
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Table 4 Comparison of prediction performance between multivariate linear regression and artificial neural network

Sex Age interval ME MAE RMSE

OWM MLR AAN OWM MLR AAN OWM MLR AAN

F 6-6.99 — 042 —0.59 — 048 0.58 0.78 0.51 0.77 0.95 0.63
7-7.99 —0.22 —0.36 —0.04 0.55 061 043 0.62 0.71 0.54
8-8.99 —0.10 —032 0.01 0.58 0.79 0.66 0.75 0.98 0.77
9-9.99 —0.18 —0.59 —0.21 0.65 0.90 0.72 0.83 1.13 0.96
10-10.99 —0.06 — 0.60 —0.19 0.67 091 0.84 0.86 113 1.04
11-11.99 —0.09 —0.73 — 048 0.62 091 0.94 0.83 1.09 1.08
12-12.99 0.26 —0.30 —0.08 0.98 0.78 0.79 1.23 0.99 1.07
13-13.99 —0.25 —0.24 —0.27 1.01 0.66 0.82 1.29 0.79 091
14-14.99 0.46 0.54 0.54 1.23 0.70 0.68 143 0.89 1.03
15-15.99 0.71 117 1.20 1.05 117 1.20 132 1.28 132

M 6-6.99 —0.54 — 0.06 —0.39 0.63 0.52 045 0.74 0.63 0.52
7-7.99 —0.39 0.05 0.01 0.52 0.49 0.45 0.65 0.66 0.54
8-8.99 —0.29 0.09 —0.15 0.64 0.66 0.69 0.81 0.83 0.87
9-9.99 —0.36 —0.08 —0.27 0.79 0.89 0.80 0.95 1.04 0.96
10-10.99 —0.14 0.06 —0.15 0.73 0.81 0.72 0.89 1.07 093
11-11.99 —033 —0.17 —0.29 0.74 0.73 0.73 0.93 0.89 0.88
12-12.99 0.00 017 —0.03 0.80 0.88 0.78 0.99 1.06 0.99
13-13.99 —0.13 0.17 0.01 0.93 0.74 0.75 1.14 1.01 0.94
14-14.99 —0.17 042 0.16 1.04 0.60 0.63 1.25 0.85 0.86
15-15.99 0.54 135 1.00 0.98 135 1.00 133 1.53 1.27

F females, M males, OWM original Willems model, MLR multivariate linear regression, ANN artificial neural network, ME mean error, MAE mean absolute error, RMSE root

mean squared error
Age interval expressed in years

Willems method was already designed as an improved
version of Demirjian’s age predictions (Demirjian et al.
1973). In short, Demirjian’s approach—known for recur-
rent overestimation (Asab et al. 2011; Souza et al. 2015;
Moness Ali et al. 2019), was recalculated to best-fit the
Belgian population. Over time, population-specific inves-
tigations have shown an overall optimal applicability of
the method—with some restrictions to Asian populations
(Wang et al. 2017). In 2013, a study with Southern Bra-
zilian children tested the performance of Willems origi-
nal model compared to a South-Brazilian model (Franco
et al. 2013). With the original Willems model, the authors
found a ME of — 0.17 in females and — 0.38 in males
between estimated and chronological ages (Franco et al.
2013). The four-month difference between ages depicted
a positive outcome of the method in its first application
in Brazil (Franco et al. 2013). In the same study, the Bra-
zilian model led to an ME improvement of 0.02 and 0.2
in females and males, respectively. The difference was not
clinically significant to justify the proposition of a new
method (Franco et al. 2013). In the present study, the
combined ME values for females and males were — 0.27
and 0.28. The difference between studies might rely on
not only in the geographic origin of the sample, but also

mainly on the unbalanced sample used by the previous
authors in 2013 (Franco et al. 2013). In the present study,
age- and sex-related bias was minimized by sampling
the same number of individuals per age interval and sex.
In practice, the performance of Willems original model
showed in the present study confirms its applicability
among children with age and sex similar to the sampled
population.

From an international perspective, several systematic
literature reviews (Wang et al. 2017; Yusof et al. 2017;
Esan et al. 2017; Sehrawat and Singh 2017) corrobo-
rate the applicability of Willems method within global
populations. Recent examples of international valida-
tion include South Africa (Willems et al. 2018), Kosovo
(Kelmendi et al. 2018), and Kenya (Llano-Pérula et al.
2020). In 2017, a meta-analysis considered Willems
method accurate with mild overestimations and mean
difference from chronological age of 0.29 and 0.26 for
females and males (Esan et al. 2017). Despite the rel-
evant outcomes, the authors concluded by suggest-
ing population-specific modeling for best application
worldwide instead of unified standard approaches (Esan
et al. 2017). The present study proposed statistical mod-
eling via MLR and ANN. The outcomes of the proposed
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modeling were not unanimous on improvements of age
predictions through the different age intervals (10 inter-
vals from 6 to 15.99 years for each sex). The overall ME of
the pooled age intervals according to the MLR was 0.54
and 0.35 for females and males, respectively. The ANN
instead, decreased the ME of females and males to 0.26
and 0.24—close to international values (Esan et al. 2017)
and very similar to the outcomes of the original Willems
model used in the present study.

It must be noted, however, that the accuracy of Wil-
lems performance among older age intervals, namely
15-15.99, decreases with the progressive development
of the seven permanent left mandibular teeth, which is
scarce at this point. The scientific literature (Ismail et al.
2018) highlighted this phenomenon before. In the pre-
sent study, the ME of MLR and ANN for the age inter-
val of 15-15.99 was above 1 year, for females and males,
while Willems original model led to ME of 0.71 and 0.54,
respectively. In order to have a clear look of the outcomes
and to avoid the false impression of high ME values, the
ME for the age interval of 15-15.99 can be excluded. By
doing so, the pooled ME for females and males decreases
to 0.47 and 0.25—using the MLR model; 0.14 and 0.16—
using the ANN; and 0.22 and 0.26—using Willems origi-
nal method, respectively.

The improvement of dental age estimation after pool-
ing ME outcomes of the ANN modeling was depicted in
this study. Forensic odontologists must understand, how-
ever, that Willems original model remains superior in
most age intervals among females, and in older age inter-
vals in males (>12 years). In practice, these findings sug-
gest that the original method is a reliable tool in forensic
practice with overall realistic estimate up to the age of
14.99. If the need for improvements to specific age inter-
vals arises in practice, dedicated modeling with the ANN
approach might be useful, especially in the age intervals
where the original method is more limited.

Conclusions

Designed 20 years ago, Willems method figures reliable
and applicable for dental age estimation among individu-
als of the Southeastern Brazilian population aged below
15 years. The method showed slightly smaller differ-
ences between chronological and estimated ages among
females, compared to males. Attempted improvements
by modeling with MLR and ANN were only optimal in
specific age intervals depending on sex. In general, ANN
performed better than MLR and similar to the original
approach.
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