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ABSTRACT: This study aimed to investigate the age determination in forensic expert opinions at the Institute of Forensic Medicine
(Mainz) over the last ten years and to determine the reliability rate of wisdom teeth in comparison to the clavicle. A total of 112
expert opinions were prepared between 2011 and 2021, following the guidelines established by the Working Group for Forensic
Age Diagnostics (AGFAD). Five indicators were studied: clavicle development coded according to Wittschieber et al. using
computed tomography and wisdom tooth development 18, 28, 38 and 48 coded according to Demirjian’s staging method in a dental
panoramic radiograph. Following an ordinary least square regression analysis performed separately for each of the five indicators,
it was possible to investigate whether the addition of more than one of the indicators would lead to a more predictive value for the
age determination. The combination of the clavicle and tooth 48 showed the best value. Adding tooth 38, which showed the second-
best prediction in the bivariate analyses, led to an increase of the explained variance of 11% to a total of 58% explained variance
(» < 0.001). The addition of further wisdom teeth did not show any relevant effect. For the clinical performance of dental age
diagnostics, the teeth of the mandible, in combination with the clavicle, should be primarily used.
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1. Introduction

Age determination in the case of missing documents has gained a great deal of merit in recent years due to the
refugee crisis. It is carried out on an interdisciplinary basis in Germany according to known standards. The focus is on
an interdisciplinary approach, which is combined into an overall expert opinion by involving experts from forensic
medicine as well as from radiology and dentistry. Age determination based on biological structures is used both within
and outside of criminal proceedings and is intended to determine the most probable age in the overall result [1]. The
legally relevant age limits of 14, 18 and 21 are of particular interest. In this case, the lack of documents and legal proof
of the real age is resorted to the development of biological structures. Here, ossifications of biological structures and
their correlation with age are well studied in the literature [2,3]. A major distinction must be made between age
determination in living individuals and that in deceased individuals. Radiation exposure is widely discussed to be
reduced to a minimum in relation to the benefit of age determination in living subjects, and the accuracy of the method
is the subject of literature with divergent results in outcome [4-6]. Consequently, strict requirements govern the
permitted methodologies for using radiation in age determination, with current recommendations identifying wisdom
teeth as a reliable biological marker. The use of, e.g., computed tomography scans for the visualization of the sutures
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and their ossifications in the head area could not be established in the literature. Due to the variance, they are only used
in deceased individuals when it comes to age diagnostics, but seem to be often underestimated value for age
determination according to Ruengdit et al. [7]. In contrast, common diseases such as hyperthyroidism, thalassemia, and
metabolic disorders are assumed to have an influence on early ossification of the sutures [8]. Dental age determination
using the orthopantomogram as a 2D diagnostic method is used worldwide and is also performed in Germany as a
standard procedure in an interdisciplinary approach. Nowadays, 2D diagnostics are supported by 3D diagnostics in an
everyday dental practice when there are special indications—for example when planning guided implantology and
assessing the nerve position in the case of complicatedly displaced wisdom teeth [9,10]. However, this is not a standard
procedure and is associated with a higher radiation dose [11,12]. In the literature, the wisdom teeth, which are of interest
for the relevant age range between 14 and 22, show a population- and sex-specific development [13]. The presence of
wisdom teeth is crucial for dental age determination and can be limited by frequent congenital absence. In a study by
Gambier et al.,, the forensic age estimation method focuses on assessing third molar eruption stages via
orthopantomograms. While offering a simpler and faster alternative to detailed developmental analyses, Gambier et al.
found that fully erupted molars are a strong, but not entirely definitive, indicator of being 18 or older [14]. Although
Gambier’s method offers valuable insights, its reliability is currently limited for definitive forensic age determination,
given the requirement for all four third molars to be fully erupted and the natural variability in third molar development
among individuals. Further research is essential to enhance the accuracy and applicability of this method [15]. In a study
by Yamada et al., it was found that 30% of the population had an agenesis of wisdom teeth [16]. In a study by Kirkham
et al., it was shown that the congenital absence of a wisdom tooth in one jaw is more likely to result in the absence of
the other wisdom tooth in the same jaw [17]. If all wisdom teeth are present, the evaluation of all four teeth is
recommended if they can be radiologically located adequately [1,18]. Differences between the development of wisdom
teeth in the maxilla and mandible could be described in the literature as well as between the right and left side of the
patients [19]. A study from the Thai region was able to show that if only the mandibular wisdom teeth were considered
and stage H was declared according to the Demirjian staging method [20], there was an almost certain probability that
the subject had reached the age of 18 [21]. Furthermore, a study could show that lower wisdom teeth are associated
with a more accurate determination of the chronological age [22]. Nevertheless, no study can be found in the literature
that advocates a specific combination of wisdom teeth and clavicles while performing age estimation. After the
completion of tooth development, age determination using dental methods is limited. Other methods, such as the original
Gustafson’s age determination based on the determination of secondary dentin deposition, translucency and resorption
of the tooth root, are accompanied by extraction of the tooth. This method has been further refined by multiple scientists
to eliminate its invasive nature and enable dental age estimation in older individuals [23,24]. A non-invasive
methodology for dental age determination in living individuals is mandatory and aligns with the standard procedure
established by the working group for forensic age diagnostics (AGFAD). The developmental stages of the wisdom teeth
(A-H) are classified according to the much-studied Demirjian staging method [6,25]. When the growth of the hand is
completed (according to the Greulich and Pyle Atlas method), a computed tomography of the ossification of the medial
epiphyseal fossa of the clavicles is attached. These ossify last compared to the entire skeleton [18]. The five stages with
respective sub-stages provide information on the completion of the 19th (stage 3¢) and 21st year of life (stage 4). There
is no indication of a clavicle x-ray in the case of underage hand growth. The clavicles then confirm the age of majority
by the corresponding staging and specify it more precisely in the context of age determination [6,26,27]. This study
aims to investigate the interaction between dental age diagnostics and clavicle analysis and their combined influence
on the overall forensic expert’s opinion. Even though Demirjian’s staging method is implemented frequently in the
literature/forensic practice, it is still unclear how much this method agrees with other methods, such as the clavicula.
Therefore, the study aimed to determine the reliability rate by comparing dental age estimation and the clavicula based
on the following hypothesis:

1. Combining the wisdom teeth with the clavicle leads to a more accurate overall result.

2. Combining only the lower wisdom teeth with the clavicle leads to a more precise result in the overall age estimation.
2. Materials and Methods

2.1. Subject Group

Overall expert opinions generated by the Institute of Forensic Medicine in (Mainz) from 2011 to 2021 were re-
examined. All cases that had been commissioned within as well as outside of criminal proceedings were examined in
reference to the existence of wisdom teeth and clavicula-CTs in the expert opinions. Thereby, 104 cases with existing
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clavicula-CTs were found, of which wisdom teeth were present in 84 cases. Only 4 female cases were found in this time
period. To maintain uniformity within the group, these were excluded. We used the FDI World Dental Federation’s
notation system as our schema for tooth identification. There was always one forensic radiologist, one forensic
odontologist and one forensic pathologist, performing the overall expert opinions in equal parts as a standard procedure
according to the Guidelines of the Study Group on Forensic Age Diagnostics (AGFAD) in Germany.

2.2. Sample

All subjects were male. They came from 15 countries, with 31% from Afghanistan, 24% from Somalia, 14% from
Guinea, and 6% from Iran. Other countries contributed fewer than 5% of the subjects. The mean estimated age was
approximately 21, and the exact age was unknown. All individuals were asylum seekers required to undergo age
estimation following the standard procedure.

2.3. Statistical Analysis

A total of five indicators were examined to predict the estimated age: development of the clavicula coded according
to Wittschieber et al. (2014) and mineralization of the four wisdom teeth coded according to Demirjian’s method.
Ordinary Least Square regression analyses were performed for each indicator separately due to missing data on various
indicators, e.g., if a certain tooth was not available. Unstandardized regression coefficients with standard errors were
reported, including the adjusted explained variance of the estimated age (R?). 95% confidence intervals were reported.
Finally, the predictive value of taking more than one possible age indicator into a model simultaneously was examined.
Due to missing data on the clavicula developmental stage and some teeth, multiple imputations had to be performed.
Only the 84 cases having an age estimation were included in this part of the statistic (Hardt et al., 2012). A total of 100
datasets were imputed using the MICE algorithm with predictive mean matching (van Buuren et al., 2011). Statistical
analyses were performed by STATA 17 (STATACorp, College Station, TX, USA, 2021), R?, after multiple imputations
by the package mibeta, using an algorithm described by Hare (2009).

3. Results

Table 1 displays the sample description. An estimate of the age could be performed for 84 of the 112 subjects.
However, the remaining 28 subjects’ available data did not provide sufficient evidence. The development of the
clavicula could be determined in 104 subjects, 24% of them had a developed clavicula, 76% did not. Hand development
was observed in all subjects. Wisdom teeth were far less often available (Table 1).

Table 1. Sample description.

Variable Valid Obs. Missing Obs. Mean SD

Age estimated. by expert 84 28 20.83 1.52

Age according to clavicula development 104 8 18.73 2.00
Age according to Demirjian’s classification

Tooth

18 78 34 21.31 2.00

28 73 39 21.35 1.75

38 83 29 21.17 1.73

48 82 30 21.15 1.97

All five indicators were significantly associated with the estimated age (correlations between » = 0.22 and 0.69,
all p <0.01). Clavicula was the best indicator, Tooth 48 the second best (» = 0.69 and 0.59, Table 2, last column.
Teeth 38 and 28 were the third-best indicators (» = 0.46 for each), and tooth 18 the poorest (» = 0.22, Table 2). Figure 1
displays the linear prediction of the estimated age. Clearly visible was that clavicula and tooth 48 perform better
than the other ones.
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Figure 1. Prediction of expert estimated age by development of the clavicula or the mineralization of the four wisdom teeth.

Table 2. Linear prediction of age when utilizing clavicula development and Demirjian’s classification of each tooth individually.

Variable n Beta SEbeta Cons R? r
Clavicula dev. 80 0.45 0.05 12.57 0.48 0.69
Tooth 18 62 0.19 0.09 16.93 0.05 0.22
Tooth 28 59 0.43 0.11 11.75 0.21 0.46
Tooth 38 65 0.49 0.12 10.43 0.21 0.46
Tooth 48 63 0.53 0.09 9.70 0.35 0.59

Table 3 shows the results after multiple imputations to examine the prediction of combined indicators. Clavicula
development alone (first line in Table 3) explained in this model 47% of the variance of the age estimation, which is 1%
less than in the bivariate analysis. This is normal in datasets of this size. Adding tooth 48, which showed the second-
best prediction in the bivariate analyses, led to an increase of the explained variance of 11% to a total of 58%
explained variance (p < 0.001). Including the next-best candidate, tooth 38, resulted in only a 2% increase in explained
variance, which was not statistically significant (p > 0.34). Adding two additional teeth showed no relevant effect.

Table 3. Linear prediction of age when utilizing clavicula development stage and mineralization of several teeth combined.

C?;iliﬁglll)zllel(’sl)us Beta SEbeta Cons. AR?
nothing 0.52 0.06 10.98 0.47
Tooth 48 0.43,0.31 0.06, 0.07 6.16 0.11
Teeth 38, 48 042,0.17,0.27 0.06, 0.19, 0.09 5.12 0.02
Teeth 28, 38, 48 0.41, 0.07, 0.09, 0.23 0.06, 0.10, 0.10, 0.10 4.50 <0.01
Teeth 18, 28, 38, 48 0.41,—0.02, 0.07, 0.08, 0.25 0.06, 0.08, 0.10, 0.10, 0.10 4.75 <0.01

Note: Calculations were performed on 100 imputed samples with n = 84.
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4. Discussion

Teeth show a constant biological development in primary and secondary dentition, which is hardly influenced by
external factors [28]. Besides systematic factors, peculiarities in the development of the stomatognathic system do not
seem to influence the expression of wisdom teeth as well. Of particular interest here is the differentiation between the
maxilla and mandible. Follow-up studies of unilateral palatally displaced canine teeth in the maxilla showed no
statistically significant change in the development of teeth related to their biological age [29]. This contrasts with a
2011 study by Rozylo-Kalinowska et al., who found delayed tooth development in buccally or palatally displaced
canines in the maxilla [30]. In contrast, Becker et al. demonstrated that buccally displaced canines showed no significant
difference in teeth development [31]. However, palatally emerging canines in the maxilla showed abnormalities in the
overall development of permanent dentition. In a study from the Thai region by Duangto et al., only mandibular wisdom
teeth were used since maxillary wisdom teeth are often subject to superimposition of anatomical structures, such as the
os zygomaticus, maxillary sinus, and processus zygomaticus [32]. This supports our assumption that mandibular
wisdom teeth should be clearly preferred when it comes to dental age estimation. Friedrich et al. were able to
demonstrate that the root development of the maxillary wisdom teeth was not assessable in twice as many cases as of
the mandible [33]. In this study, the mandibular wisdom teeth also showed a stronger correlation with the overall age
than the maxillary wisdom teeth. Tooth 48 showed the best predictability, and tooth 38 was the second best. A study by
Angelakopoulos et al. that included African and European and Asian subjects found no significant difference between
tooth 38 and 48 in correlation to actual age [34]. A left-right asymmetry has been described in the literature. Still, no
correlation between the asymmetric development of the wisdom teeth and the asymmetry of the development of the
clavicles could be found [35]. The clavicle’s significance in age determination, particularly in verifying legal adulthood,
has been extensively documented in the literature and applied in population studies, including the use of innovative
methods like MRI [27,36-38]. In this study, it was shown that the clavicle alone can best predict age, whereby the
combination with the dental methodology (wisdom tooth regio 48) shows optimization. An alternative identification
method is the Cameriere technique, as described in the study by Celik Giiler et al. [39]. The study compared Cameriere’s
open-apex method for dental age and the skeletal age method using the fourth cervical vertebra (C4) and found that
both methods showed reduced accuracy in older adolescents. For children under 13, the skeletal age method provided
more reliable age estimates, while both methods tend to underestimate age in adolescents, highlighting limitations for
forensic applications in older age groups [39]. In a study by De Tobel et al., a multifactorial age determination that
included all four wisdom teeth, as well as the left wrist, as well as both clavicles was shown to perform better than the
age estimation with just one age indicator [40]. This supports the requirement for interdisciplinary process chains in
age estimation and reinforces the standardized approach within and outside the criminal justice system [6,41—43]. The
agenesis of one or all wisdom teeth presents a problem in dental age determination [44] and requires further development
and investigation regarding combinations of age determination factors for the most accurate methodology. Further
statistical analyses are required for the creation of a statistical model if the age of the subject is known. A study by
Kvaal et al. compared skeletal and dental age assessment methods for unaccompanied asylum-seeking minors in
Norway to determine if individuals were over or under 18 years. Skeletal maturity (hand-wrist) and third molar
development showed 83% agreement for males and 79% for females, with skeletal assessments often indicating an
older age than dental. Differences in assessment consistency across ethnic groups highlight the need for a combined
approach, though biological variation remains a challenge [45].

In a study from Portugal by Pereira et al., it could be demonstrated that dental age estimation tends to underestimate
the chronological age by using most of the common methods described in the literature. This highlights the judicial
effort to adopt the best approach under the principle of in “dubio pro reo”, even though some studies suggest a preference
for assessing wisdom teeth in the mandible [37,46]. Nevertheless, the use of sex- and population-specific age
information is important to ensure an accurate approach to the actual age. In this study, only male subjects were to be
followed up, which should be clearly addressed as a limitation of the present study. In contrast to this, the literature
contains studies of female and male subjects; for example, a study from India by Ashifa et al. could demonstrate that
maxillary and mandibular wisdom teeth develop at different rates, and according to Demirjian stages F—H are reached
faster in the maxilla in males than in females [19].

Further studies should follow to investigate the combination of wisdom tooth and clavicle in relation to the actual
confirmed age. In order to idealize the patient collective and to verify our results for clinical applicability, subsequent
studies should harmonize the patient collective and test the resulting combinations on a collective that has a known age
and includes women.
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5. Conclusions

Within the limitations of this study, the following conclusions are drawn:
1. Aninterdisciplinary approach is essential in forensic age determination.

The statued approach of a team of experts consisting of radiologists, dentists and forensic pathologists has proven
itself to help in the accuracy of age determination. Each discipline stands for a well-founded individual assumption,
which, in its overall view, means a more accurate approximation of the actual age. Here, the clavicle shows itself to be
an outstanding feature, especially for the evidence of adulthood.

2. The mandibular wisdom teeth are preferable to the maxillary wisdom teeth, in my opinion.

It could be observed that upper jaw wisdom teeth are often not included in the overall assessment due to poor
assessability and quality. In this study, it was shown that the lower jaw wisdom teeth play a preferred role when it comes
to determining the dental age. The combination of a lower jaw wisdom tooth and the clavicle was rated as the most
effective approach, with the addition of further wisdom teeth providing no significant improvement.

3. In the presence of even one wisdom tooth, the combination of this with the clavicle can be used for age
determination.

Due to agenesis or previous extractions, the presence of all four possible wisdom teeth is often not given. The results
indicate that combining another feature, such as the clavicle, is essential for conducting a reliable age determination.
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