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Abstract

Background: Dental and skeletal maturation have proved to be reliable evidence for estimating age of

children and prior studies and internationally accredited guidelines recommend to evaluate both evidence in

the same subject to reduce error in age prediction. Nevertheless the ethical and legal justification of

procedures that imply a double exposition of children stands as a relevant issue. This study aims to evaluate

the accuracy of age estimation provided by a combination of skeletal and dental methods applied in the same

sample of children.

Materials and methods: The sample consisted of 274 ortopantomographies and left hand-wrist X-rays of

Italian children, (aged between 6 and 17 years) taken on the same day. Greulich and Pyle's (GP), Tanner-

Whitehouse's version 3 (TW3) and Willems' (W) and the Demirjian's (D) methods were respectively applied

for estimating skeletal and dental age. A combination of skeletal and dental age estimates through Linear

Discriminant Analysis (LDA) is proposed to obtain a classifier respect to an age threshold.

Results: The combination of D and TW3 obtained an improvement of accuracy in classifying female

subjects respect to the 12 years threshold respect to the original methods (from about 77% using either

original methods to 83.3% combining TW3+D) as well as a consistent reduction of false positives rate (from

17-21% for original methods to 5.6% with TW3+D). For males the LDA classifier (based on TW3 and W)

enable a small improvement in accuracy, whilst the decreasing of false positives was as noticeable as for

females (from 17.6- 14.1% for original methods to 6.2% combining TW3+W).

Conclusions. Although the study is influenced by the limited size and the uneven age distribution of the

sample, the present findings support the conclusion that age assessment procedures based on both dental and

skeletal age estimation can improve the accuracy and reduce the occurrence of false positives.
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Combining dental and skeletal evidence in age classification: pilot study in a sample of

Italian sub-adults.

INTRODUCTION

In forensic practice, age estimation assessments in living children and adolescents have increased

due to irregular immigration, asylum seeker proceedings, criminality in adolescence and adoption

procedures [1]. Legal requirements depend on whether age estimation is requested for criminal

proceedings or for civil or administrative purposes. Moreover, legal age thresholds of criminal

responsibility vary considerably worldwide [2]. Dental calcification and wrist-hand bone maturation

have proved to be reliable tools for estimating chronological age or classifying individuals with

respect to an age threshold. Many studies [3 16] have concluded that an age assessment for legal or

forensic purposes should rely on estimation of both dental and skeletal age. Nevertheless very few

researchers had the opportunity to compare the estimation of dental age with bone age in the same

sample of sub-adults because of the difficulties in collecting samples of known age, who underwent

wrist X-rays and ortopantomography in the same period of time [9 11].

In the past dentists requested dental pantomographies and wrist-hand radiographies before

orthodontic treatments of children. Nowadays orthodontists can obtain the requested auxological

stage from cervical vertebrae development on lateral X-rays of the skull used for cephalograms,

thus avoiding the additional exposition due to wrist radiography [12 14]. This difficulty in

collecting appropriate sample of dental and wrist radiographies explains the low number of papers

dealing with these observations. The aim of this study is to evaluate the accuracy of age estimation

provided by different skeletal and dental methods applied in orthopantomography and wrist X-rays

taken from the same children on the same day. Additionally, a procedural combination of skeletal

and dental age estimates by means of Linear Discriminant Analysis (LDA) is experimented in order

to verify whether the accuracy of final age assessment improves when a dental method is combined

with a skeletal one.

MATERIALS AND METHODS

A sample of the left wrist-hand radiographies and ortopantomographies from 274 individuals (139

males and 135 females) 6-17 years of age (table 1) was selected using the following inclusion

criteria:

- dental pantomography and left hand and wrist radiography taken on the same day;
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- Unremarkable medical history;

- Known gender, date of birth and date of X-ray examination

A specialist in forensic medicine examined the left hand and wrist x-rays and estimated skeletal age

according to the atlas method of Greulich and Pyle (GP) [17] and the score method of Tanner and

Whitehouse, RUS, version 3 (TW3) [18]. GP and TW3 were selected since GP is largely used in

Italy and TW3 proved to be reliable for bone age estimation in Italian children [7], whilst other

methods (Gisland and Ratib digital atlas, e.g.) are not used in Italy [19,20]. A forensic odontologist

provided estimations of dental age based on teeth development 21] and

2,23]. For the present study, the age of 12 is selected as the age

threshold of interest, since it is relevant in some countries and because it is the most suitable to be

analysed according to the age distribution of the sample (Table 1).

The reproducibility of the methods was evaluated using the Intra-class Correlation Coefficient

(ICC). Inter-rater variability was investigated by submitting 27 (about 10% of the sample) randomly

selected X-rays to two different experts provided by similar scientific background and experience of

the original operators.

Finally we experimented the use of LDA to combine dental and bone age estimates. LDA is a

statistical methodology used to find a linear combination of variables that is adequate to separate

two (or more) classes of objects or events. In this context it aims to express a dependent variable

(the classification of a subject with respect to the age threshold) as a function of a set of explicatory

variables, which are the different estimates of the age provided by the different applied methods

(TW3, GP, W and D).

The best dental and skeletal method were selected by comparing the mean error (both overall and

per gender), accuracy, false positive and false negative rates, when classifying subjects with respect

to the age threshold of 12 years. LDA was then applied to the selected methods and the performance

of the LDA classifier [24] was compared to each original method. Since the estimated ages were

assumed as independent and continuous variables, and in LDA independent variables must be

normal, Shapiro-Wilk normality tests were performed and a graphical overview of normality is

given by means of Q-Q plots.

In order to validate the approach based on LDA, the sample was randomly divided using the R

statistical computing environment and individuals were assigned to a training sample, which was

composed of 60% of the original sample, and to a test sample. The predictive performance of the
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LDA model was then evaluated using test sample. This is a quite common technique for assessing

how the results of a statistical analysis will generalize to another dataset.

Table 1. about here

For a preliminary comparison among methods, we considered the difference, express through Mean

Error, between estimated age and chronological age. The mean error gives a measure of differences

between chronological and estimated ages that is not affected by the sign (positive or negative) of

The Correct Classification rate (

method indicates the proportion of individuals that are correctly classified with respect to the age

threshold of interest.

The false positive rate (children younger than 12 misclassified as older) and the false negative rate

(individuals older than 12 misclassified as younger) have been assessed.

RESULTS

The ICC values resulted to be 0.93 for GP, 0.90 for TW3, 0.85 for W and 0.82 for D. Hence all

applied methods demonstrated to be highly reproducible since all these values are higher than the

minimum satisfactory level, traditionally fixed at 0.80 [25].

Table 2 shows the mean error of estimations for each method calculated for the whole sample and

separately for each gender. Skeletal methods yielded slightly lower mean error than dental methods

in both genders. Furthermore TW3 and GP produced similar mean error (0.922 GP and 0.916 TW3)

while, among dental methods, D was associated with lower overall errors, even if W performed

better for male subjects.

Table 2. about here
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The performance of the methods in the classification of individuals with respect to the age threshold

of 12 is displayed in Table 3.

For accuracy, it emerged that TW3 performs better for male individuals (83.5%), whilst other

methods (GP, D, W) obtained similar values for both males and females (ranging from 75% to

79%). The Willems and the Demirjia methods were consistently much more prone to age

underestimation for both genders than skeletal methods, leading to higher occurrence of false

negatives. Regarding the false positive rate, our data revealed that W was the safer method and that

GP was affected by an impressively high percentage of overestimation, being 27% of males and

31% of females misclassified over the age threshold.

Table 3 about here

The comparison of mean error and accuracy values showed that TW3 performed better than GP,

thus it was chosen for the LDA framework. The results were less definitive for dental methods since

D was associated with lower overall mean error whilst W was the more accurate in males (79.1% W

vs 75.5% D). Since LDA requires that independent variables are normal for each level of the

grouping variable, the normality tests were performed for TW3 and dental methods using the

Shapiro-Wilk test for normality according its approximated version proposed by Royston [26].

Figure 1 and Table 4 report the normality test results: D slightly failed in males <12 years (p-value

0.045) and W in females <12 years (p-value 0.044). Hence results of the normality tests, the

accuracy and mean error values lead us to choose D for females and W for males to be combined

with TW3 as skeletal method in the LDA framework.

Table 4 . about here

Figure 1 : about here

The test and training sub-samples are assumed as independent due to their random composition and

the LDA classifier obtained from the training sample was then applied to the test sample. The

Correct Classification rate, false negative rate and false positive rate were calculated for LDA

classifier separately for males and females. Table 3 (last line) reports the values of the Correct

Classification rate, the false positive rate and false negative rate yielded by LDA classifiers for both

genders (TW3+D for females and TW3 + W for males). An improvement of the performance
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emerged when the LDA classifiers were used to classify individuals at the threshold of 12

years instead of single methods (TW3, D, W).

For female individuals the LDA based on TW3 and D improved the accuracy to 83.3 % and reduced

consistently the false positive rate to 5.6%, whilst the false positive rate of the original methods

were respectively 21.9% (TW3) and 17.7% (D). In male individuals the LDA enables an accuracy

improvement (80.4%) with respect to D method (75.5%), but a little worsening in comparison to

TW3 (83.5%). As for females the most remarkable improvement emerged from the false positive

rate that decreases to 6.2% for LDA whilst for the original methods the values were respectively of

17.6% for TW3 and 14.1% for W.

DISCUSSION

In many countries there is a growing demand for forensic age estimation of living children and

adolescents related to criminal or civil proceedings or asylum seeker procedures and age

thresholds for criminal liability vary ranging from 8-10 to 18-21 years in different legal systems

[27]. Skeletal and dental evidence have both proved effective and reliable for age estimation, but

the occurrence of prediction errors continues to stimulate researches looking for ever more accurate

methods and procedures as well as suitable statistical approaches [3 7, 9 11, 28-41]. Garamendi et

al. [10] highlighted the difference between technically unacceptable errors (misclassifications under

the threshold) and ethically unacceptable errors (misclassification over the threshold). Ethically

unacceptable errors are the most detrimental to the child's best interest, particularly in criminal

proceedings and the false positive rate of the applied methods should be accurately investigated and

reported. Since age estimation is mainly based on radiological methods for the analysis of teeth and

bone maturation, the X-rays exposition of growing subjects for forensic purposes, without clinical

indications, stands as a relevant ethical issue [42-44]. The combined dental and skeletal age

estimation in the same subject to improve accuracy and reduce misclassifications of the age implies

double expositions for children, the involvement of two forensic experts, more expensive and time

consuming procedures. As stated by Maber et al. [29] the scientific evidence can be built by

comparing similar studies with consistent conclusions, but the comparison of this study with very

few prior researches is limited due to different samples, methods and statistical approaches used

by Authors.

Among dental methods, W and D were chosen since were reported to be reliable for estimating age

of Italian subadults [23] and D produced a general underestimation of age in both genders. These

results are consistent with results of Cameriere et al. [34], who reported that D underestimates the



1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

6

ages of Italian, Spanish and Croatian female subadults and Maber et al. [29], whose research

revealed a mean underestimation of -0.05 years for boys and -0.20 years for girls. On the contrary,

many studies [19, 37, 41, 45-47] reported that the Demirjian method tended to overestimate age.

Similarly to other studies [19, 29, 41, 48,49], we found W to be more accurate than D.

Regarding the bone age assessment this study cannot address properly the possible influence of

ethnic, environmental or socio-economic status on dental or bone maturation since the sample was

ethnically homogenous and no information about life conditions were available [19]. Consistently

with previous researches [10, 50-53], GP showed the highest false positive rate among all methods

for both genders (27% for males and 31% for females). In agreement with Serinelli et al. [52], TW3

resulted to be more accurate than GP yielding a false positive rate of 17.6% for male and 21.9% for

female individuals. Among all methods applied here TW3 resulted the most accurate for male

individuals (83.5%), whilst all methods produced very similar accuracy (~77%) for females. As

previously reported in literature wrist-hand bone maturation and dental calcification resulted to be

affected by gender [15, 23,54-59].

The combination of dental and skeletal age estimation methods has consistently been regarded as a

procedure endowed with higher accuracy than age assessments performed using only either wrist or

dental maturation evidence [54-58]. Despite limitations due to the sample size and the uneven age

distribution, the combination of dental method with a skeletal method through LDA improves

accuracy in classifying subjects over/under the age threshold of 12 years and reduces false positive

rate for both genders with respect to original methods. Hence this approach reduces the risk of

misclassifications over the threshold of age, thereby supporting the legal and ethical justification

[24] of procedures that require double expositions (dental and wrist radiographies) of young

individuals undergoing an age assessment. The results of this study are consistent with very few

similar studies retrievable in literature. Santoro et al. [9] compared GP and D in an Italian sample

and noticed that mean errors were greater in older children for both GP and D. The study is limited

to a comparison of estimated ages (dental and skeletal), whilst a real combination of the two

methods was not tested. Cameriere et al. [56] reported an improvement of accuracy in all age

cohorts by combining estimates based on dental and skeletal evidence, but the remarkable

differences about the applied methods for age assessment and the age range of the sample

jeopardize the possibility of further comparison with our results. Garamendi et Al. [10] found that a

combination of lower third molar calcification and wrist development enables consistent

improvements in accuracy and reduction of false positive cases (specificity) in age estimation of

Moroccan boys. As rigorously reported by the Authors themselves, two relevant biases affected this
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study: only male subjects were considered and the chronological ages of the sample was uncertain

due to the limited reliability of the Moroccan birth registration system.

CONCLUSIONS

Robust scientific literature demonstrated that hand and wrist maturation and dental calcification are

both reliable pieces of evidence that can be used to predict the age of children.

The results of this research show that skeletal methods based on wrist/hand bones (GP and TW3)

resulted slightly more accurate than dental methods (D and W), but the latter produce lower rates of

false positives, which are the worst ethical and legal errors.

The LDA classifiers, which combine TW3 with W for females and D for males, gained an

improvement of accuracy and a consistent reduction of false positive rate respect to original

methods separately applied.

The present findings support the conclusion that age assessment procedures based on both dental

and skeletal age estimations is a valid approach that can improve the accuracy of the final prediction

and reduce the occurrence of overestimations. Future developments of this study should consider

larger samples, with more homogenous age distributions so that 14 or 16 age thresholds could be

properly investigated.
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Figure 1 : Q-Q plots for TW3 and D for females and for TW3 and W for males
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Table 1. Composition of the sample

Mean Error

Method Overall Females Males

GP 0.922 0.945 0.901

TW3 0.916 0.950 0.882

W 1.187 1.267 1.110

D 1.108 1.081 1.134

Table 2. Overall (left), Females (middle) and Males (right) Mean Errors (ME) related to the four

methods considered.

Age Females Males Total

6 1 0 1

7 1 3 4

8 4 4 8

9 35 8 43

10 31 38 69

11 24 32 56

12 17 27 44

13 15 12 27

14 3 10 13

15 3 1 4

16 0 3 3

17 1 1 2

Total 135 139 274
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Females Males

Method CC FPr FNr CC FPr FNr

TW3 77.8% 21.9% 23.1% 83.5% 17.6% 14.8%

GP 77.0% 31.2% 2.6% 78.4% 27.1% 13.0%

D 77.0% 17.7% 35.9% 75.5% 20.0% 31.5%

W 77.8% 9.4% 53.8% 79.1% 14.1 % 31.5%

LDA
TW3 + D

83.3% 5.6% 38.9%
LDA
TW3 + W

80.4% 6.2% 37.5%

Table 3. Accuracy (CC), False Positive (FP) and False Negative (FN) rates for the four methods considered, by

gender. CC, FPr and FNr obtained by linear discriminant analysis (LDA) classifier for females (TW3+D) and

for males (TW3+W).

Table 4. The table shows the results (p-values) of the Shapiro-Wilk tests for normality applied to the methods on

the sample of female and male individuals subdivided by the age threshold of 12 years

Females Males

Methods <12 years >12 years <12 years > 12 years

TW3 0.24 0.12 0.09 0.95

D 0.48 0.41 0.04 0.57

W 0.04 0.12 0.09 0.23


