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Abstract

The determination of an individual's age assumes paramount significance in forensic
and legal contexts, necessitating the utilization of diverse techniques. Dental radiography
emerges as a non-invasive approach for determining age-related dental changes. This
method grants a comprehensive analysis of various dental features to identify an individ-
ual’s precise age, place them within designated age ranges, or define whether they exceed
or subordinate to specific age thresholds. This review summarizes age estimation meth-
odologies using dental radiography and conducts the investigations into contemporary
trends by reviewing relevant studies published in Pubmed between 2020 and 2023. Age
categorization delineates into three distinct phases: pre-natal, neo-natal, and post-natal;
childhood and adolescence; and adulthood. Panoramic radiography becomes the predom-
inant radiographic modality, with the Demirjian method is more commonly known for
age estimation in the initial two phases. In contrast, adulthood age estimation relies on
anatomical changes. Significantly, artificial intelligence (Al) technology has recently
attracted attention for age estimation, yielding promising results. Al demonstrates the
potential to enhance the accuracy of conventional methodologies, diminishing human
errors and mitigating associated workload burdens, offering inventive ground for future

advancements.

Keywords: age estimation, dental imaging, dental radiography, forensic dentistry, forensic
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Introduction

Age estimation holds significant importance in
both forensic and legal contexts. Numerous methods are
employed for this purpose, involving various anatomical
markers such as cranial suture closure, pubic symphysis,
auricular surface, lumbar vertebrae, acetabulum, bone
histomorphometry, and teeth. Among these, teeth stand
out as remarkably durable components of the human body,
often remaining well-preserved even after disasters or
accidents. Their resilience makes them invaluable for
post-incident investigations.(!") Age estimation from
dental structures encompasses three distinct categories:
morphological methods, such as assessing tooth wear(*®)
and root transparency; biochemical methods, including
examining aspartic acid racemization and other amino
acids within the tooth7-?, and radiological methods,
including evaluating tooth development and erup-
tion®19-29) " and analyzing pulp size regression due to
secondary dentin formation.(®2!-3?) Dental radiography
has emerged as a practical, non-destructive technique
that significantly aids age estimation.(6:10-18,21-23,25-33)
It is essential to acknowledge that bone and teeth growth
rates exhibit variations based on nationality. Employ-
ing methods that utilize population-specific databases
enhances accuracy in age estimation,(10-13:16:19,25.29-32)

Additionally, many age estimation models have
been manually developed, introducing the potential for
human error,(+>10-19:21:22.25.33.39) A ddressing this limitation,
artificial intelligence (AI) has become a promising approach
for creating new age estimation models, as evidenced by
previous studies.(6-20:23:33.36) Deep learning, in particu-
lar, has gained prominence in age estimation due to its
capacity to reduce human workload, enhance accuracy
in detection and decision-making, and, in some cases,
even classify genders as part of the age estimation
process. (6:20:3537)

This review article is to provide a comprehensive
overview and critically assess recent trends in age esti-
mation methodologies through the application of dental

radiography.

Dental radiography in age estimation
Age estimation stands as a fundamental procedure

within the domain of medico-legal investigations. Histor-

ical evidence reveals that in the early 19t century, teeth

served as pivotal indicators of age, particularly in relation
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to child labor regulations. Notably, the English Parliament
of 1837 implemented the "Teeth A Test of Age," stipulat-
ing that children under the age of nine were prohibited
from employment, while those between nine and twelve
years old faced restricted working hours based on dental
observations related to tooth eruption.*®)

Furthermore, the utilization of dental structures for
age estimation has gained prominence due to their ex-
ceptional durability.!"?) Situated within the protective
confines of the oral cavity, teeth remain shielded from
external environmental factors. Consequently, they exhibit
aremarkable resistance to deterioration and a capacity for
long-term preservation, establishing them as invaluable
assets for age determination in the domains of forensic
science, anthropology, and archaeology.

Dental radiography serves as a widely employed,
non-invasive methodology for the examination age-
related changes within teeth. This involving technique
includes various modalities such as intraoral radiogra-
phy (periapical radiograph), orthopantomography (OPG),
cone-beam computed tomography (CBCT), and magnetic
resonance imaging (MRI). The non-invasive tooth-based
age estimation techniques enhance their appeal, as they
eliminate the need for invasive procedures, thereby ensur-
ing minimal disruption to samples and the preservation of
invaluable remains.

The process of ascertaining an individual's age
through radiological examination involves a compre-
hensive assessment of multiple features. These encircle
the development and mineralization of tooth follicles,
root resorption, and completion, and secondary dentin
deposition within the pulp cavity. The outcome of this
method varies, depending on the specific approach em-
ployed, ranging from the estimation of an individual's age,
the classification into age groups to the determination of
whether an individual falls below or above a precise age
cut-off. Age can be stratified into three primary phases
based on an individual's age range: pre-natal, neo-natal,
and post-natal phase; children and adolescence phase; and
adult and elderly phase. Chronological progression of age
estimation methods across three age phases is shown in

Figure 1 and described in details as follows:

1. Pre-natal, neo-natal, and post-natal phase
The initiation of primary incisor mineralization

occurs during the 16™ week of intrauterine development.
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Prior to the tooth germs mineralization, it is discernible as
aradiolucent area in the radiographic images. Subsequent-
ly, during the prenatal phase of fetal development, the
mineralization of primary teeth manifests as radiopaque
structures resembling teeth within radiographs.)

In 1965, Kraus and Jordan*? reported the early
mineralization of primary teeth and the permanent first
molar. This framework comprises ten stages, denoted by
Roman numerals I to X, with stage IX further subdivided
into three sub-stages and stage X into five sub-stages. This
approach, known as the "tooth atlas method," is valuable

for age estimation during this developmental phase.

2. Children and Adolescents phase

Age estimation through the observation of tooth
development has been widely employed for assessing
the age of children and adolescents. This estimation is
facilitated through clinical examination and dental radiog-
raphy, advantaging the precise and stable nature of tooth
development. Several methods have been elucidated as
follows:

2.1 Tooth development staging method

In 1960, Nolla proposed a method that relies on the
observation of calcification in permanent teeth to esti-
mate age. This method involves dividing tooth develop-
ment into ten stages, including seven maxillary and
mandibular teeth on the left side, from the absence of
a crypt to complete root formation.*" The cumulative
stages of all teeth provide an estimated age. In 1973, the
method of Demirjian in the tooth development staging
method was introduced.*?) and then in 1976, Demir-
jian delivered an age estimation method based on the
development of seven lower left permanent teeth from
the left lower central incisor to the second molar, visi-
ble in panoramic radiographs.**) This method presents
percentile standards for ages ranging from 2.5 to 17.0
years, separately for each gender. It involves eight stages,
denoted A to H, representing the progression from tooth
mineralization to the completion of development. Subse-
quent studies, such as Willems ez al. ¥, have adapted and
modified the Demirjian method to suit their populations.
Additionally, many studies have utilized the develop-
mental stage proposed by Demirjian et al. to assess the
development of third molars and other selected teeth,
combined with chronological age, to formulate regression

formulas for age estimation.(1%-194%)
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2.2 Atlas of human tooth development and eruption
method

The development and eruption of primary and perma-
nent teeth can be assessed through panoramic radiographs,
serving as valuable age estimation indicators. The widely
used London Atlas by AlQahtani'® comprehensively
illustrates tooth growth and emergence, covering the entire
range from ages 1 to 23, including the in-utero period
from 30 weeks to birth. Various studies have explored the
applicability of this method in their respective popula-
tions, yielding promising results.(46-4®)

2.3 Open apices measurement method (Cameriere
method)

In 2006, Cameriere introduced an age estimation
method centered on measuring open apices of seven man-
dibular left permanent teeth, ranging from the left man-
dibular central incisor to the second molar. This method
revealed significant and negative correlations between
age and open apices in teeth. Additionally, gender and the
number of teeth with completely closed root canal apical
ends (NO) exhibited significant correlations with chrono-
logical age. Utilization of a stepwise multiple regression
model, it was demonstrated that a linear relationship exists
between open apices, N0, and age.*”

In instances where the roots of all seven perma-
nent teeth roots are fully closed, attention turns to the
third molars, the last teeth to develop. Some studies have
indicated that the complete development of third molars
can serve as an indicator of adulthood or minority
status.©*%33) One notable method in this context is the
Third molar maturity index (I3M) proposed by Came-
riere.% This index proves valuable in legal contexts to
ascertain whether an individual has reached the age of
maturity, typically set at 18 years. It is based on the rela-
tionship between chronological age and the I13M, defined
as the ratio between the sum of two apical pulp widths
measured from the inner sides of two open apices and
tooth length. If the root development of the third molars
is complete, I3M = 0, indicating that the individual is
at least 18 years old; otherwise, if I3M < 0.08, they are
classified as below 18 years old, based on the results of a

logistic model.*”
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Chronological progression of proposed age estimation methods across three distinct age phases

. Pre-natal, neo-natal, and post-natal phase

Children and adolescence phase

@ Adultand elderly phase

1965 Tooth atlas method
(proposed by Kraus and Jordan)

2004 Pulp-to-tooth width and area using
multiple regression methods
(proposed by Cameriere A, et al)

1985 Tooth-coronal index (TCI)

(proposed by Ikeda N, et al)

1995 Pulp regression ratlo
(proposed by Kvaal S|, et al)

2006 Pulp-to-tooth volume ratio using CBCT
(proposed by YangF, et al)

2010 Root pulp visibility (RPV)

: (proposed by Olze A, et al)

1973 Tooth development
Staging method
(proposed by Demirjian A, et al)
1960 Tooth development
Staging method

(proposed by Nolla CM)

L 2010 London Atlas method
(proposed by AlQahtani S, et al)

2008 Third molar maturity index (lgv)
(proposed by Cameriere A, et al)

2006 Open apices measurement method
(proposed by Cameriere A, et al)

Figure 1: Chronological evolution of proposed age estimation methods across three distinct age phases: prenatal, neo-natal, and post-natal

stages; childhood and adolescence stages; and adulthood stages.

3. Adult and elderly phase

3.1 Pulp regression ratio

Age estimation during late adolescence and adult-
hood presents challenges due to the intricate nature of
fully developed permanent teeth. Estimating age based
on tooth development in this age group can be inherently
challenging or unavailable. Therefore, the assessment of
adult age often relies on the examination of changes in
secondary dentin. As individuals age, dentin thickens due
to the continuous formation of secondary dentin, resulting
in a reduction in the pulp cavity size. This correlation
between age and the pulp regression ratio serves as a use-
ful tool for estimating age within a specific range.?’>+%)

3.2 Linear measurement and ratio

The Kvaal method®”) involves the examination of
pulp/root length, pulp/tooth length, and pulp/root width,
which have shown associations with chronological age.
Ratios were calculated to account for potential film dis-
tortion at three distinct levels. Regression analysis of
these ratios was performed to develop an age estimation
formula. This method is particularly valuable for assessing
the age of individuals with single-rooted teeth, including
the maxillary central incisor, maxillary lateral incisor,
maxillary second premolar, mandibular lateral incisor,
mandibular canine, and mandibular first premolar. Some
studies also incorporate additional teeth, such as the max-
illary canine, due to its extensive root length and minimal
likelihood of being missing.(>*3%)
Additionally, the tooth-coronal index (TCI) or

coronal pulp cavity index is a widely exploited method
that examines the relationship between secondary dentin
deposition and age, similar to the Kvaal method. However,
TCI calculations are limited to the crown area.%+3%
The TCI, proposed by Ikeda et al.®?, is determined by
measuring the coronal height (CH), defined as the maxi-
mum perpendicular distance from the cervical line to the
tip of the highest cusp of the tooth. The coronal pulp cavity
height (CPCH) denotes the distance from the cervical line
to the coronal tip of the pulp chamber. TCI is expressed
by (CPCHx*100)/CH and is analyzed for each tooth, with
regression against actual age yielding an age estimation
model. Precision in TCI assessment hinges on the accurate
identification of reference points, including the cervical
line and the mesial and distal cementoenamel junction
points, which demarcate the division between the crown
and root. 3439

3.3 Volumetric measurement and ratio

In 2004, Cameriere introduced an age estimation
method that relies on the observation of the relationship
between pulp and tooth dimensions in single-rooted teeth
in panoramic radiographs. This method utilizes ratios such
as pulp-tooth width, length ratio, and area ratio, pulp-to-
root ratio, and tooth length. A multiple regression model
revealed a linear relationship between the pulp-to-root
width at the mid-level of root and age, as well as between
the pulp-to-tooth area and chronological age.*®)

Subsequently, various studies have explored the

assessment of changes in pulp cavity volume using ground
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truth data obtained through various radiographic tech-
niques, including CBCT, which offers enhanced accuracy.
Yang et al.®? reported the examination of the relation-
ship between pulp-to-tooth volume ratio and age using
CBCT scans of single-rooted teeth. Customized voxel
counting software was utilized, revealing a linear relation-
ship between the pulp-to-tooth volume ratio and age.>”
However, correlations may vary across different genders
and populations, emphasizing the importance of utilizing
population-specific databases.586%)

3.4 Root pulp visibility (RPV)

Following the completion of tooth formation, the
continuous deposition of secondary dentin gradually nar-
rows the pulp canal lumen. This knowledge underpins an
age estimation method that assesses the visibility of pulp
in radiographic images.

In 2010, Olze et al. introduced an age estimation
method that focuses on the observation of pulp visibility in
fully formed mandibular third molars with apical closure.
This method categorizes individuals into four stages based
on the visibility of the pulp lumen within the root canals.
In Stage 0, the lumen of all root canals is visible to the
apex. In Stage 1, the lumen of one root canal is partially
obscured. In Stage 2, the lumen of two root canals is par-
tially obscured, or one canal may be virtually invisible
its entire length. In Stage 3, the lumen of two root canals
is virtually invisible throughout their entire lengths. The
study results indicate uncertainty regarding whether the
method can accurately determine if someone is younger
than 18 when in Stage 0. However, individuals in Stages

1, 2, or 3 were all found to be at least 21 years old.(®D

Artificial intelligence aids the age estima-
tion process.

It has become evident that many age estimation
models are susceptible to human error, primarily owing
to human interpretation, which can introduce variabil-
ity and bias. However, this challenge finds resolution
through the application of automated Al methodologies
for the development of novel age estimation models. Al
has the capacity to minimize human error and reduce
subjectivity in age estimation. It employs standardized
algorithms, enhancing the consistency and reliability
of age estimations by evaluating a multitude of dental
features, from tooth development stages to anatomi-

cal changes, facilitating more precise age predictions.
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Prior investigations have demonstrated the efficacy of
Al-powered age estimation models, guiding in sever-
al advantages, including significant cost and resource
savings.(2%:62)

While Al assistance in age estimation predominantly
revolves around binary or multiple-group age classifica-
tion, a lesser number of models aspire to achieve numeric
age regression. Deep learning has garnered prominence in
the ground of age estimation due to its capacity to min-
imize human intervention while simultaneously enhanc-
ing accuracy in the processes of detection and decision-
making. Certain studies have exploited deep learning
further to classify genders within the context of age
estimation.

Numerous studies have embraced fully automatic,
deep-learning-based solutions offering two significant
advantages. Firstly, these methods require annotation
exclusively in terms of expected age, thus reducing the
time investment as the traditional process in dental age
estimation is mostly manually done and allowing the
utilization of expansive datasets comprising thousands
of images. Secondly, these approaches circumvent the
need for expert identification of specific teeth and bone
structures, instead relying on image components that the
algorithm deems most relevant to the task at hand.(3
Notably, these automatic methodologies maintain func-
tionality even in scenarios involving missing teeth. While
these automatic techniques have elevated the performance
and utility of dental age estimation methods, there exists
room for enhancement in their validation.

The relatively recent emergence of deep learning
techniques implies that the automatic methodologies have
yet to undergo comprehensive testing across diverse pop-
ulations or acquisition devices beyond their original con-
texts. This imparts a degree of uncertainty regarding their
generalizability to varied scenarios. Nevertheless, the ver-
satility of these methods enables simplistic adaptation to
distinct situations through the employment of specialized
domain adaptation techniques, such as transfer learning

or fine-tuning.®¥

Current trends of the Radiology-based
age estimation

Areview of studies published in the Pubmed database
in last three-year (2020-2023) was conducted to find the

contemporary trends in age estimation via radiology. The
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search incorporated the MeSH term “Age Determination
by Teeth*/methods” (81 studies) and relevant terms related
to dental, age estimation, and radiography, connected
with the Boolean operator “AND” (134 studies). The
review exclusively considered articles published in English,
full-text-accessibility and the usage of human radiography.
The 215 collected data on 26 October 2023 included title,
author information, year of publication, and full papers.
With duplicates excluded (60 studies), 155 selected results
adhered to specific criteria: age estimation utilizing dental
or periodontal tissue, with a focus on human radiography
specific to the dentition, with reviews and reports excluded.
84 studies were excluded due to the criteria, in total, 71
studies underwent thorough assessment. (%-23:32:43:47,48,65-
129) The publication count being at its highest in 2022 and
following by in 2021 and 2020. Furthermore, the objective
was to locate the most recent trend studies, which prompted
the inclusion of studies up to 2023.

OPGs emerged as the most frequently used radio-
graphic modality. Its popularity stems from its user-friend-
ly nature, data collection simplicity, and ability to capture
multiple teeth and anatomical changes within a single
image. Consequently, numerous age estimation methods,
such as the staging method, atlas, and assessment of open
apices, rely greatly on OPG. Additionally, CBCT has
proven valuable for assessing tooth volume, pulp cavities,
and open apices. However, its applicability for evaluating
developmental stages remains a topic of discussion. A
study reported the use of MRI to examine pulp tissue areas
and revealed the potential of MRI segmentation of tooth
tissue volumes in predicting age for populations over 18
years old.("'®) In this context, 9.4 tesla ultra-short echo
time (UTE)-MRI is considered a suitable option for both
single-rooted and multiple-rooted teeth!’>°% offering
robust reliability and lower variation compared to CBCT.
Nonetheless, manual segmentation is requisite for MRI
due to the necessity for a detailed interior representation of
the pulp cavity.*? A study utilized periapical radiography
for dental age estimation using the pulp and tooth ratio
method with excellent results.?

The distribution of age estimation methods is
depicted in Figure 2, with further details available in
Tables 1-3. The review denotes the continued preva-
lence of age estimation rooted in tooth development,
accounting for 59% of all results. This preference arises

from the method's precision in tracking developmental
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timelines, thereby mitigating reliance on external factors.
Within this category, the Demirjian staging method
remains highly popular. However, certain studies have
raised concerns about its potential for age overestima-
tion(10-45.71.83.92) " while the Willems method, modified
from Demirjian’s, has demonstrated greater accuracy in
some studies(!+7182.92.130) yy¢ yielded contrasting results
in others.(!*»!3) The assessment of open apices, as pio-
neered by Cameriere, is also extensively employed and has
been reported to provide more accurate age estimations
compared to Demirjian!°" and Willems in some instances,
although another has noted potential age underestima-
tion.(?

The second choice for age determination (23.1%),
employed when all teeth have fully developed, involves
assessing anatomic changes. RPV by Olze et al.®") has
proven valid for establishing a cutoff age at 21 years
old. Moreover, pulp to tooth ratio is also popular in this
aspect as many studies explored its potential in age estima-
tion with promising results. 326873768490 This approach
remains adequate for age estimation but leaves room for
some error due to independence from various factors, such
as individual oral hygiene and socio-economic conditions.
Some studies have sought to compare the accuracy of
different methodological groups to determine the most
precise approach for major-minor identification. Specifi-
cally, a specific cutoff value of I13M< 0.08, proposed by
Cameriere, has demonstrated superior accuracy, sensi-
tivity, and specificity compared to Demirjian's Stage H
(completed mineralization), Stage D of mandibular third
molar eruption (full eruption) by Olze ef al. and Stage
1 of RPV (root canal not visually observed to apex).®>
However, for establishing a legal age of 21 years old,
Stage 2 of RPV has been found to be more reliable in
differentiating individuals over 21 years old, exhibiting
fewer false positives compared to a score I3M < 0.02.(19%)
Lastly, Al has gained prominence, comprising 17.9% of
the studies. Researchers have shown increasing interest
in Al, with promising results indicating its potential to
reduce human workload and minimize human errors, thus
augmenting traditional processes.>>! 8110117 gome studies
have conducted comparisons between conventional Al-
assisted models and traditional methods, with results
indicating improved performance outcomes associated
with AL 3198110 Nevertheless, it is important to note that
Kumagai et al. reported a slight advantage for the tradi-
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Tooth development
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Stasi o Artificial
o St t . .
o SEMgMata intelligence
e Tooth eruption
o Atlas method (17-9%)
e Open apices method
Anatomic change
¢ Pulp regression ratio Anatomic Tooth
¢ Radiographic visibility change development
Artificial intelligence (23.1%) (59%)

e Machine learning
e Convolutional neural network
e Al aids conventional method

Figure 2: Percentage of age estimation methodologies in published articles included in this review.

tional (Demirjian) model over the Al model, although this
was based on discussions with a relatively small number

of participants.(12!)

Conclusions

Age determination plays a pivotal role in forensics
and legal contexts, and dental structures, renowned for
their remarkable resilience, have emerged as an essential
element in this pursuit. Dental radiography, notably OPG,
stands as a non-invasive means to constantly contemplate
age-related transformations in teeth. The radiological
approach involves thoroughly examining diverse charac-
teristics, facilitating the estimation of an individual’s age,

their grouping within specific age ranges, or determin-

ing whether they fall above or below designated thresh-
olds. Age categorization opens through three distinctive
phases: pre-natal, neo-natal, and post-natal; childhood and
adolescence; and adulthood. While tooth development
serves as generally used for age estimation in the initial
phases, the observation of anatomical changes in adult-
hood takes priority. In recent times, there have been
expanding explorations of Al as a robust tool in age esti-
mation, yielding promising outcomes. Al holds the poten-
tial to enhance the precision of traditional methodologies,
mitigating human errors and reducing associated work-
load, offering to produce ground for further development

in coming years.
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