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This study aimed to evaluate the reliability of an age estimation method based on the pulptooth area ratio by
assessing intra- and inter-examiner agreement across five observers at different intervals. Using the same X-ray
device and technical parameters, 96 digital periapical X-ray images of upper and lower canines were obtained
from 28 deceased people in Central America, whose age at death ranged from 19 to 49 years. Excellent and good
agreement of results were achieved, and there were no statistically significant differences. The R2 value for upper
teeth (54.0%) was higher than the R2 value for lower teeth (45.7%). The highest intraclass correlation coefficient

value was 0.995 (0.993-0.997) and the lowest 0.798 (0.545-0.895). Inter-examiner agreement was high with
values of 0.975 (0.965-0.983) and 0.927 (0.879-0.955). This method is adequate for assessing age in missing
and unidentified people, including victims of mass disasters.

1. Introduction

Age-at-death estimation in adults remains challenging due to the
uncertainty involved in method selection and the challenge of making
an optimal decision for a court of law, especially in criminal cases and
mass disaster scenarios, where the skeletal remains are often com-
mingled and incomplete [1].

The particular value of estimating age at death in forensic contexts
has already been highlighted in several scientific publications [2].
However, forensic estimation of age at death faces issues of time and
cost. An added complication is that it must often be performed on small
body parts. One of the major aims of forensic experts is to achieve an
accurate, non-destructive method of age-at-death estimation, with an
acceptable margin of error, to ensure accurate reporting to law
enforcement, and to narrow the list of missing persons for presumptive
identification.

* Corresponding author. Via Don Minzoni, 9, 62100, Macerata, Italy.
E-mail address: r.scendoni@unimc.it (R. Scendoni).

The Scientific Working Group for Forensic Anthropology
(SWGANTH) states that the final age estimate is a matter of expert
judgment by synthesizing all available information. Factors to be
considered are: appropriateness of the reference data, skill in using one
method over another, condition of the remains, applicability of statis-
tical models, etc. [3]. In addition, the Organization of Scientific Area
Committees for Forensic Science (OSAC), which strives to strengthen
forensic standards, has published approved standards for age-at-death
estimation [4]. The aim of these forensic standards is to provide the
best available up-to-date information and guidance for estimating age
based on human dentition. They include guidelines on obtaining
forensic dental data and selecting the most appropriate recommended
methodology to establish accurate assessments of chronological age in
humans. They are intended for practitioners performing dental age as-
sessments and for individuals, groups, or agencies that make use of the
results. Age-at-death estimation assists in the identification of missing

1 These authors contributed equally to the drafting of the manuscript, sharing the first authorship.
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and unidentified individuals by narrowing search parameters. However,
dental age assessment is based on large populations of identifiable
human groups and involves an associated level of uncertainty, which
needs to be quantified in the application of the method.

In a mass disaster involving a huge number of fatalities, it is neces-
sary not only to handle the bodies with respect, but also to identify them
so that families can find out what happened to their missing relatives
and bury them quickly (a death certificate is needed in this case). Un-
identified human remains should be deposited in registered places and
properly identified, in accordance with regulations and protocols, such
as the Minnesota Protocol [5], so that the protection of human remains
can be guaranteed until their identification.

Today, Mexico faces a series of challenges in forensic practice: the so-
called “War on Drugs” has resulted in multitude deaths and missing
people as well as hundreds of illegal graves throughout the country and
thousands of people internally displaced [6,7]. In addition, hundreds of
thousands of Mexicans try to cross the Mexico-United States border
annually and hundreds of these individuals die in the attempt [8].
Finally, due to its particular geographic position, surrounded by several
volcanoes (including Popocatepetl Volcano, one of the most active
stratovolcanoes in Mexico [9]), the country has been struck by several
large earthquakes [10] and remains under constant risk of a mass
disaster [11].

Although Mexican authorities have the duty to locate and identify
victims, Mexico lacks an official protocol to regulate the systematic
protection of bodies [12]. In addition, while much has been published
worldwide on the most common methodologies for assessing a biolog-
ical profile [13], publications from Mexico are limited [12].

Dental age estimation methods are based on biological changes over
time that include growth and wear. The various approaches based on the
formation and development of teeth involve the use of conventional
radiographs, CT scans, or MRIs. Dental age estimation techniques are
considered highly reliable in children and therefore useful in cases
where it is important to distinguish between minor/major age. Over the
years, methods have also been refined in adult subjects, resulting in
reduced evaluation errors.

As indicated in Solheim [14], secondary dentine apposition in a
tooth has a relatively high correlation with chronological age in adults
and can be calculated using radiographic techniques. According to the
last few works on this issue [15], once dental development is complete,
rapid secondary dentine deposition is observed in the lower canine until
the 25-30 years age group. In middle age, secondary dentine deposition
slows down and is consistent. In the 6th decade of life, rapid dentine
formation is once again observed.

In the last two decades, several studies have been published on age
estimation using quantitative measurements of these morphological
changes on X-ray images of teeth [16]. Cameriere et al. [17], who
developed a method for assessing age based on pulp/tooth area ratio,
found that canines showed the highest correlation with chronological
age when compared with other types of teeth (e.g., incisors or
premolars).

In such analyses, permanent canines are selected because they have
long roots and distinct pulp margins and can therefore be easily
measured in both panoramic and periapical X-rays [18]. In addition,
they are single rooted and have the largest pulp areas among the mon-
oradicular anterior teeth [19]. Furthermore, canines are more resistant
and survive longer than any other teeth regardless of age, unaffected by
the most common taphonomic and diagenetic changes (e.g., thermal
alterations) [20]. The resistance of this particular tooth against most
environmental alterations makes it a useful indicator for assessing age at
death and for identifying victims of mass disasters. This last task is an
intensive and demanding mission involving specialists from various
disciplines.

Although new protocols have been developed to make the identifi-
cation process faster and more accurate [4], each mass fatality incident
results in new challenges for identification teams of well-trained experts.
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Table 1
Sample distribution according to the circumstances of victims (fully identified),
analyzed teeth, and nationality.

Deceased Analyzed teeth Nationality
Illegal burials 18 66 Mexico
Migrants 10 30 Central America
Total 28 96
Table 2
Sample quantity of analyzed upper and lower
canines.
Quantity
Upper canines 49
Lower canines 47
Total 96

Table 3
Distribution of cases according to the presence of canine.
Quantity

Deceased people with upper right canine 25
Deceased people with upper left canine 24
Deceased people with lower left canine 23
Deceased people with lower right canine 24
Total 96

Since forensic personnel have to search for matching ante-mortem data
within a specific age range from a missing persons list, the most precise
age estimation technique should be selected in order to reduce estima-
tion times and subjectivity. However, while different researchers express
concerns about inter- and intra-observer error [21-23], few report on
the extent to which these types of error affect the accuracy or repro-
ducibility of the method being used, especially when it comes to the
Mexican context.

The main aim of this study, then, is to determine the intra- and inter-
observer agreement between five forensic experts in blind trials in order
to assess whether reliability (intra-observer error) and reproducibility
(inter-observer error) can significantly reduce errors in estimating the
age of human remains, which would lead to more reliable personal
identification. This can be achieved when several experts are available
to work together as a team applying the same method.

2. Material and methods
2.1. Sample

The sample consisted of 96 X-ray images of teeth from 28 subjects
(26 males and 2 females): 18 deceased people of Mexican origin
(recovered from illegal burials) and 10 deceased migrants from Central
America (7 from Guatemala and 3 from the Dominican Republic) who
had been killed in car crash accidents (Table 1). All of the teeth collected
were upper and lower healthy unaltered canines with fully formed roots
(Tables 2 and 3), and all subjects were aged between 19 and 49 years at
death. Each tooth had been extracted from the dental socket without
damage, and all 96 X-ray images were analyzed by multidisciplinary

Table 4
Age and sex distribution of the sample.
Sex Age groups Total
19-29 30-39 40-49
Male 16 5 5 26
Female 2 - - 2
Total 18 5 5 28
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Fig. 2. Digital image of a periapical X-ray from an extracted lower left canine (a); measurement of pulp area (b); measurement of tooth area (c). The polygon
selection tool in ImageJ® software (National Institute of Health, Bethesda, Maryland, USA) was used [24].

post-mortem analysis units between 2020 and 2021.

Chronological age and country of origin/birth place were confirmed
when the person was fully identified by one or more scientific methods
for human identification. Age was calculated by subtracting date of birth
from the date the subject went missing or died. Table 4 shows the dis-
tribution of the sample by age (categorized into groups: 19-29, 30-39,
and 40-49 years) and sex.

Digital periapical X-ray images were obtained in line with routine
dental post-mortem analysis using Kodak Carestream RVG 5200 digital
sensors and the Aribex Nomad Pro Dentalportable X-ray system (Fig. 1).

Each tooth was placed in a vertical position no more than 5 cm from the
digital receptor and exposed using the paralleling technique. The
equipment was operated at 50 kV and 8 mA with an exposure time of
0.500 ms, and the two-digit notation system proposed by the FDI World
Dental Federation (French: Fédération Dentaire Internationale) was
adopted. The exclusion criteria were: visible third molar open apices,
teeth with prosthetic restorations, any sign of endodontic treatment, and
visible alterations such as wear or extensive cavities.

The five observers were of four different nationalities (Italian,
Russian, Japanese, and Mexican) and each had over five years’
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Table 5
Results obtained regarding intra- and inter-examiner agreement according to the
intraclass correlation coefficient (ICC).

Agreement analysis Examiner/ ICC (CI95%) “Classification
type Exam
Intra-examiner ST 0.953 Excellent
agreement (0.925-0.970)
A 0.798 Good
(0.545-0.895)
SE 0.995 Excellent
(0.993-0.997)
I 0.882 Excellent
(0.811-0.926)
G 0.986 Excellent
(0.975-0.992)
Inter-examiner 1st 0.975 Excellent
agreement (0.965-0.983)
2nd 0.927 Excellent

(0.879-0.955)

ICC = Intraclass correlation coefficient; CI95% = Confidence interval 95%.
@ According to Landis & Koch [25].

experience in the field of forensic anthropology or odontology. All ob-
servers were skilled at performing the age estimation method based on
the pulptooth area ratio.

A single forensic odontologist collected all dental information; the
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images were saved in high resolution JPEG digital format, and dental
age assessment for each tooth was performed according to the pulptooth
area ratio method [17]. To obtain the points of tooth and pulp outlines in
order to evaluate tooth and pulp areas and area ratios, the ImageJ®
public domain image processing program (National Institute of Health,
Bethesda, Maryland, USA) was used [24] (Fig. 2).

The following morphological variables were recorded: TA = tooth
area; PA = pulp area; date of death/disappearance; date of birth; sex;
and nationality. Data were entered in a single Microsoft Excel©
(Microsoft Corp., Redmond, WA, USA) file (used by all five observers).
However, only the first observer (the person who collected the data of
the whole sample) knew chronological age; the other four observers
performed blind age-at-death estimations in order to test the intra- and
inter-observer reliability [17].

The first observer assessed age at death for each of the 96 canines
within 48 h of collecting the sample. The other four observers evaluated
age at death one month later. Two months after the first results, the five
observers evaluated twelve random cases from the twenty-eight
deceased people, and the third and final evaluations were made by all
five observers on the entire sample eight months after the first
evaluations.

Cameriere et al.’s [17] linear regression equation was applied for
each tooth according to upper or lower canine as follows:

Upper canine: Age = 99.937-532.775 * PA/TA.

Observer

First (1)
Second (ST)
Third (A)
Fourth (SE)
Fifth (G)

1.00
0.75
S os0
0.25
0.00
First (1) Second (ST) Third (A)
Observer

Fourth (SE) Fifth (G)

Fig. 3. Results of the intra-class correlation coefficient (ICC) for the five examiners.
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Fig. 4. Plot of the inter-class correlation coefficient (ICC) of both exams.

Lower canine: Age = 89.456-461.873 * PA/TA.

2.2. Statistical analysis

The analysis was performed using the Statistical Package for the
Social Sciences software (SPSS version 26.0, IBM Corporation, Armonk,
New York, USA). Intra- and inter-observer agreement rates for the “age
at death” variable were assessed with intraclass correlation coefficients
using a two-way random method and expressed with 95% confidence.
Thus, we evaluated absolute agreement between the 5 observers, as well
as consistency of repeated measurements by the same observer at
different times. The observers’ age-at-death estimates were compared to
chronological age by linear regression, which generated the determi-
nation coefficient (RZ), and error parameters were calculated. A signif-
icance level of 5% was adopted for the entire analysis (Table 5).

3. Results

Both intra- and inter-observer agreement were considered satisfac-
tory, in view of the good and excellent correlation coefficients (Table 5).
The results indicate that the method under study could be reproduced
with confidence both by the same operator at different times and by
different evaluators.

For the agreement analysis, the data were evaluated using the two-

way random method and absolute agreement was observed in the
same evaluator at two different times (intra-examiner agreement), and
between evaluators for each examination (inter-examiner agreement)
[25].

The intraclass correlation coefficient values for four of the five ob-
servers showed high agreement between observers, indicating that the
measurements were strong and reliable. In one evaluator only, agree-
ment between evaluations was moderate. However, the results from all
five observers indicated significant agreement on all measurements
(Figs. 3 and 4).

Upper right canines provided a higher determination coefficient and
lower mean prediction error compared to the lower right canines be-
tween all five observers. Therefore, upper canines offered more accurate
age estimation with predictions closer to chronological age compared to
the lower canines (Fig. 5).

The distribution of the difference between chronological and esti-
mated age at death, according to observer and tooth evaluated for age-
at-death estimation, also combining two and three teeth, are reported in
Tables 6 and 7, respectively (Tables 6 and 7).

4. Discussion

In contexts of missing and unidentified people, age-at-death esti-
mates are an integral part of establishing the individual characteristics
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Fig. 5. R? values for upper and lower teeth.

of the deceased person. Therefore, the proper age estimation method
and criteria must be selected according to the age range.

Mexico is undergoing a forensic crisis regarding human identifica-
tion. According to official numbers, over 52,000 unidentified bodies are
being held in forensic facilities waiting to be fully identified, but this
number could be higher [26].

In 2019, the state of Mexico approved the agreement and creation of
the Extraordinary Forensic Identification Mechanism (MEIF) whose
main purpose is to collaborate with the national authorities in the
identification process of unidentified deceased people in the custody of
forensic institutions. Once identified by valid scientific methods for
human identification [27,28], the deceased must be handed over to their
family members under decent conditions respecting human dignity in
accordance with international human rights standards [29].

Mexico has constantly high rates of kidnappings, disappearances,
and other criminal violence that has resulted in the deaths of tens of
thousands of people in recent years [26]. Forensic anthropologists work
with teams of forensic specialists that may include forensic pathologists,
forensic odontologists, radiologists, fingerprint examiners, molecular
biologists, mortuary technicians, photographers, and others.

Mass disasters are situations in which a multitude of victims need to
be identified, and X-ray imaging is often a vital tool for victim identi-
fication. It is important to establish a team to carry out external exam-
inations and autopsies, as well as instrumental examinations (especially

dental) aimed at finding specific signs of identity; these teams also use
radiographic examination tools to estimate sex and age [30].

In our experience, radiography has been widely used in post-mortem
age estimation for the purposes of victim identification. Limiting the
analysis to forensic odontology, several techniques have been developed
to estimate chronological age in both children and adults, using the
relationship between age and morphological changes in the structure of
the teeth, particularly dimensional changes in the pulp area in relation
to the tooth area [31].

Using a single tooth in age assessment can lead to errors in age
estimation as the tooth under analysis might be the most worn down or
not present in the mouth. Age assessment in forensic contexts requires
access to as much of the sample as possible in order to perform indi-
vidual analysis and obtain independent results per tooth to express a
unique result. At least two canines are needed to perform Cameriere’s
age estimation method [32].

In the context of age assessment for forensic purposes, the impor-
tance of intra- and inter-observer reliability in the measurement of
odontological parameters cannot be overstated [34]. Inter-observer
reliability is defined as the agreement between two or more observers.
Sometimes different observers produce different results because they do
not use the measurement device in the same way [33]. Differences in
readings could also be due to small random changes in the morpho-
logical variable itself during the measurement process. Intra-observer
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Table 6
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Distribution of the difference between chronological and estimated age at death, according to observer and tooth evaluated for age estimation.

Observer Tooth R? Mean chronological age (SD)

Mean estimated age (SD)

Mean difference (SD) Median difference (IQR) Mean prediction error (SD)

1 All 75.1% 29.16 (8.35) 30.74 (7.77)
13 77.4% 29.76 (8.58) 31.04 (9.23)
23 52.6% 28.93 (8.22) 30.22 (10.38)
33 63.3% 28.75 (8.29) 31.35 (7,51)
43 37.4% 28.43 (7.89) 28.97 (7.00)
2 All 67.9% 29.16 (8.35) 28.54 (8.21)
13 72.7% 29.76 (8.58) 29.85 (8.53)
23 66.6% 28.93 (8.22) 28.95 (8.84)
33 58.4% 28.75 (8.29) 28.89 (7.87)
43 38.3% 28.43 (7.89) 26.71 (7.78)
3 All 68.1% 29.16 (8.35) 30.46 (7.93)
13 69.5% 29.76 (8.58) 31.29 (8.90)
23 56.8% 28.93 (8.22) 30.28 (8.72)
33 69.7% 28.75 (8.29) 30.59 (7.42)
43 42.7% 28.43 (7.89) 29.71 (7.81)
4 All 66.6% 29.16 (8.35) 28.09 (8.71)
13 58.5% 29.76 (8.58) 28.65 (9.72)
23 56.2% 28.93 (8.22) 27.95 (10.74)
33 70.6% 28.75 (8.29) 28.44 (8.71)
43 58.3% 28.43 (7.89) 27.01 (8.06)
5 All 45.0% 29.16 (8.35) 35.64 (10.31)
13 38.8% 29.76 (8.58) 36.90 (11.24)
23 38.2% 28.93 (8.22) 35.56 (10.97)
33 37.8% 28.75 (8.29) 35.41 (9.87)
43 26.6% 28.43 (7.89) 33.80 (9.62)
All All 57.5% 29.16 (8.35) 30.69 (8.93)
13 56.7% 29.76 (8.58) 31.54 (9.84)
23 50.5% 28.93 (8.22) 30.59 (10.16)
33 54.0% 28.75 (8.29) 30.94 (8.55)
43 37.3% 28.43 (7.89) 29.24 (8.36)

—1.57 (4.12) —2.87 (4.80) 0.49 (0.31)
—1.27 (4.32) —1.72 (6.02) 0.49 (0.32)
—1.28 (7.01) —0.80 (8.65) 0.69 (0.63)
—2.60 (4.97) —3.31(7.69) 0.61 (0.41)
—0.53 (6.43) —0.47 (7.29) 0.62 (0.58)
0.62 (4.81) 0.58 (3.79) 0.43 (0.47)
—0.08 (4.54) 0.79 (4.80) 0.42 (0.42)
—0.01 (5.08) —0.12 (4.32) 0.43 (0.51)
—0.13 (5.41) —0.37 (6.40) 0.50 (0.50)
1.71 (6.65) 1.84 (5.24) 0.61 (0.67)
—1.29 (4.73) —0.45 (1.64) 0.32 (0.56)
—1.52 (4.93) —0.68 (2.83) 0.41 (0.54)
—1.35(5.81) —0.63 (1.57) 0.43 (0.66)
—1.84 (4.47) —0.62 (2.96) 0.34 (0.54)
—1.28 (6.36) —0.76 (3.13) 0.49 (0.70)
1.07 (5.08) 0.51 (3.79) 0.44 (0.52)
1.11 (6.22) 2.22(7.97) 0.65 (0.51)
0.98 (6.95) 0.92 (3.90) 0.61 (0.70)
0.30 (4.70) 1.09 (4.23) 0.44 (0.43)
1.42 (5.35) 2.22 (5.60) 0.56 (0.46)
—6.48 (7.61) —7.02 (13.80) 1.05 (0.80)
—7.13 (8.71) —6.24 (11.53) 1.14 (0.96)
—6.62 (8.52) —7.01 (13.48) 1.15(0.84)
—6.65 (7.86) —8.31 (11.92) 1.11 (0.79)
—5.36 (8.48) —5.78 (15.04) 1.03 (0.84)
—1.53 (5.97) —0.66 (4.75) 0.55 (0.61)
—1.78 (6.52) —0.68 (6.18) 0.62 (0.64)
—1.65 (7.16) —0.30 (6.83) 0.66 (0.71)
—2.18 (6.05) —0.93 (7.55) 0.60 (0.60)
—0.80 (7.09) —0.29 (6.83) 0.66 (0.68)

R? = Determination coefficient; SD: Standard deviation; IQR: Interquartile range. Linear regression. Significance level = 5%.

Table 7
Distribution of the difference between chronological and estimated age at death, according to combinations of two and three teeth evaluated for age-at-death
estimation.
Teeth R? Mean chronological age (SD) Mean estimated age (SD) Mean difference (SD) Median difference (IQR) Mean prediction error (SD)
13 and 23 54.0% 29.36 (8.26) 31.08 (9.99) —1.72 (6.83) —0.44 (6.61) 0.64 (0.68)
13 and 33 55.8% 29.28 (8.29) 31.25(9.23) —1.97 (6.29) —0.86 (6.92) 0.61 (0.62)
13 and 43 48.6% 29.11 (8.12) 30.42 (9.20) —1.30 (6.81) —0.48 (6.63) 0.64 (0.66)
23 and 33 52.0% 28.84 (8.09) 30.76 (9.39) —1.91 (6.64) —0.68 (7.04) 0.63 (0.66)
23 and 43 44.7% 28.68 (7.91) 29.92 (9.31) —-1.23(7.13) —0.29 (7.03) 0.66 (0.69)
33 and 43 45.7% 28.59 (7.93) 30.07 (8.48) —1.48 (6.63) —0.68 (7.37) 0.63 (0.64)
13, 23 and 33 53.9% 29.16 (8.21) 31.03 (9.54) —1.86 (6.59) —0.68 (6.84) 0.63 (0.66)
13, 23 and 43 49.3% 29.05 (8.10) 30.47 (9.51) —1.42 (6.92) —0.39 (6.77) 0.65 (0.68)
13,33 and 43 50.1% 29.00 (8.12) 30.58 (8.99) —1.58 (6.58) —0.68 (6.85) 0.63 (0.64)
23, 33 and 43 47.4% 28.70 (7.97) 30.25 (9.07) —1.54 (6.80) —0.62 (7.00) 0.64 (0.67)

R? = Determination coefficient; SD: Standard deviation, IQR: Interquartile range. Linear regression. Significance level = 5%.

reliability, on the other hand, is defined as consistency of measurements
by the same rater on two or more different occasions. Cohen’s K statistic
is commonly used for reliability assessments of categorical scales, while
intraclass correlation coefficient (ICC) or concordance correlation co-
efficient (CCC) statistics are appropriate for continuous scales [35]. The
greater the difference between the results, the poorer the inter- and
intra-observer reliability of the survey [36].

In this case study sample, the deceased subject more often had four
canines intact rather than just two. Since the linear regression equation
model did not require any modification, the pulptooth area ratio
method could be applied to the entire sample. In keeping with inter-
national forensic best practices, the method was validated by at least a
second observer to confirm the results in age estimation [37].

A critical issue in the field of age estimation for forensic purposes is
the interpretation of results. Combined anthropological methods are
often used, but they give different results. Providing a court of law with a
single result is not straightforward, given the risks of error involved in
the application of different techniques. Our approach centers on a
consolidated forensic method for obtaining a single value which is given

by calculating the average of the measurements performed on multiple
dental elements collected from the corpse; the specific standard devia-
tion can be extrapolated from the same method. This certainly guaran-
tees greater ease of interpretation of the data, and the results can be
explicitly reported to a judicial authority.

4.1. Limitations

It is difficult to know which of the four permanent canines provides
the best results in age-at-death estimation [34]. In comparison to third
molars, canines are more susceptible to the effects of external factors
such as dental wear, severe or low trauma, and even food and chewing
frequently on one side. The forensic odontologist must be highly trained
to confidently and accurately mark the precise points of pulp and tooth
outlines in order to calculate pulp and tooth areas followed by pulp/-
tooth area ratios. At least two canines need to be evaluated for age
assessment. For better results in pulp/tooth area ratios, dental X-rays
should be obtained outside the tooth socket with digital sensors, along
with image enhancement tools for better visibility. Another limitation of
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our study is the fact that the sample consisted predominantly of male
subjects. However, the sex variable was considered in the analyses, and
the validity of the study was demonstrated by low inter- and
intra-operator variability using the method applied.

Finally, a limit of the study could be that of not having specific for-
mulas available for the canine method in the populations of Guatemala
or the Dominican Republic. However, this method of estimating age is
not strictly dependent on ethnicity: possible variations, as found in some
studies [32], could also depend on many other factors (nutrition, health,
climate, etc.), which are unlikely to definable for each sample examined.
The future challenge will be to apply the method on a large scale to
evaluate ethnic differences, having to consider that a homogeneous
sample, even within the same ethnic group, is difficult to obtain.

5. Conclusions

The pulptooth area ratio method is not undermined by subjectivity
as it is a quantitative method that offers the advantage of sharing digital
X-rays with other experienced observers around the world who can
evaluate age with accuracy and precision if the sample is perfectly ob-
tained applying the proper methodology. In contrast, in qualitative
methods age can only be assessed by the person who took the sample or
observed the changes in the evaluated teeth.

Mexico lacks validation in dental age estimation methods in
contemporary samples from daily forensic cases. Therefore, the results
obtained in the present case study are relevant for further research
aimed at testing and verifying an age estimation method that does not
require the use of complex or high-cost equipment for achieving results
that are close to a person’s chronological age.

Other forensic approaches where intra- and inter-operator variability
were tested individually have not yielded better results than the method
proposed in our study [38]. Forensic experts often resort to using
different approaches where reliability is not often assessed. This is
particularly true in subjects over the age of 40 where the anthropolog-
ical and dental techniques commonly used give very unreliable results,
often with very wide ranges.

Funding

The authors did not receive support from any organization for the
submitted work.

CRediT authorship contribution statement

Roberto Scendoni: Writing — original draft, Conceptualization.
Israel Soriano Vazquez: Writing — original draft, Conceptualization.
Isabella Lima Arrais Ribeiro: Formal analysis. Stefano De Luca:
Investigation. Galina V. Zolotenkova: Data curation. Serena Viva:
Data curation. Akiko Kumagai: Validation. Roberto Cameriere:
Supervision.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments
Thanks to Jemma Dunnill for proofreading the manuscript.

References

[1] D. Franklin, Forensic age estimation in human skeletal remains: current concepts
and future directions, Legal Med. (Tokyo) 12 (1) (2010) 1-7, https://doi.org/
10.1016/j.legalmed.2009.09.001.

[2]

[3]

[4]

[5

=

[6]

[71
[8]
[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]

Forensic Science International: Synergy 9 (2024) 100484

E. Baccino, A. Schmitt, Chapter 11 determination of adult age at death in the
forensic context, in: A. Schmitt, E. Cunha, J. Pinheiro (Eds.), Forensic
Anthropology and Medicine: Complementary Sciences from Recovery to Cause of
Death, Humana Press Inc., Totowa, NJ, 2006, pp. 259-280. https://link.springer.
com/chapter/10.1007/978-1-59745-099-7_11.

Scientific Working Group for Forensic Anthropology (SWGANTH), Age Estimation,
https://www.nist.gov/system/files/documents/2018/03/13/swganth_age_estimat
ion.pdf, 2013. (Accessed 15 December 2023).

National Institute of Standards and Technology, U.S. Department of commerce, the
organization of scientific area Committees for forensic science. https://www.nist.
gov/organization-scientific-area-committees-forensic-science, 2022. (Accessed 30
November 2023).

Office of the United Nations High Commissioner for Human Rights, The Minnesota
protocol on the investigation of potentially unlawful death (2016), New York/
geneva, in: https://www.ohchr.org/en/special-procedures/sr-executions/minnes
ota-protocol, 2017. (Accessed 30 November 2023).

Movimiento por Nuestros Desaparecidos en México, México rebasa las 5600 fosas
clandestinas. https://adondevanlosdesaparecidos.org/2023/10/09/mexico-reba
sa-las-5600-fosas-clandestinas/, 2023. (Accessed 10 August 2023).

Human rights watch, world report 2023: Mexico. https://www.hrw.org/world-re
port/2023/country-chapters/mexico, 2023. (Accessed 1 December 2023).

G.H. Hanson, Illegal migration from Mexico to the United States, J. Econ. Lit. 44 (4)
(2006) 869-924, https://doi.org/10.1257/jel.44.4.869.

Centro Nacional de Prevencion de Desastres, Historia de la actividad del volcan
Popocatépetl: 17 anos de erupciones, Direccién de Investigacién. Subdireccién de
Riesgos Geologicos, 2014. https://www.cenapred.unam.mx/es/Publicaciones/
archivos/225-HISTORIADELAACTIVIDADDELVOLCNPOPOCATPETL-17A0OSDEE
RUPCIONES.PDF. (Accessed 15 August 2023).

W. Stone, F. Yokel, M. Celebi, T. Hanks, E. Leyendecker, Engineering aspects of the
september 19, 1985 Mexico earthquake, building science series (NBS BSS 165),
National Institute of Standards and Technology, Gaithersburg, MD (1987), https://
doi.org/10.6028/NBS.BSS.165. (Accessed 1 February 2023).

World Bank Group, FONDEN: Mexico’s natural disaster fund - a review,
Washington, D.C. http://documents.worldbank.org/curated/en/408711
468286527149/FONDEN-Mexicos-natural-disaster-fund-a-review, 2012. (Accessed
25 July 2023).

1. Beltran-Gil, Double disappearance: a problem that increases the forensic crisis in
Mexico, Forensic Sci. Int. Rep. 5 (2022) 100256, https://doi.org/10.1016/j.
fsir.2022.100256.

M.K. Spradley, Metric methods for the biological profile in forensic anthropology:
sex, ancestry, and stature, acad, Forensic Pathol. 6 (3) (2016) 391-399, https://
doi.org/10.23907/2016.040.

T. Solheim, Amount of secondary dentin as an indicator of age, Scand. J. Dent. Res.
100 (4) (1992) 193-199. https://onlinelibrary.wiley.com/doi/10.1111/j.1600-
0722.1992.tb01740.x.

E. Paewinsky, H. Pfeiffer, B. Brinkmann, Quantification of secondary dentine
formation from orthopantomograms-a contribution to forensic age estimation
methods in adults, Int. J. Leg. Med. 119 (1) (2005) 27-30, https://doi.org/
10.1007/s00414-004-0492-x.

T.Y. Marroquin, S. Karkhanis, S.I. Kvaal, S. Vasudavan, E. Kruger, M. Tennant, Age
estimation in adults by dental imaging assessment systematic review, Forensic Sci.
Int. 275 (2017) 203-211, https://doi.org/10.1016/j.forsciint.2017.03.007.

R. Cameriere, L. Ferrante, M.G. Belcastro, B. Bonfiglioli, E. Rastelli, M. Cingolani,
Age estimation by pulp/tooth ratio in canines by peri-apical X-rays, J. Forensic Sci.
52 (2007) 166-170, https://doi.org/10.1111/§.1556-4029.2006.00336.x.

S. Kazmi, S. Manica, G. Review, S. Shepherd, M. Hector, Age estimation using
canine pulp volumes in adults: a CBCT image analysis, Int. J. Leg. Med. 133 (2019)
1967-1976, https://doi.org/10.1007/s00414-019-02147-5.

R. Cameriere, S. De Luca, N. Egidi, M. Bacaloni, P. Maponi, L. Ferrante,

M. Cingolani, Automatic age estimation in adults by analysis of canine pulp/tooth
ratio: preliminary results, J. Forensic Radiol. Imaging 3 (1) (2015) 61-66, https://
doi.org/10.1016/j.jofri.2014.10.001.

S. Ishwarkumar, P. Pillay, M. Chetty, K.S. Satyapal, The application of the
cameriere’s methodologies for dental age estimation in a select KwaZulu-natal
population of South Africa, Dent. J. 10 (7) (2022) 130, https://doi.org/10.3390/
dj10070130.

C.J. Utermohle, S.L. Zegura, Intra- and interobserver error in craniometry: a
cautionary tale, Am. J. Phys. Anthropol. 57 (3) (1982) 303-310, https://doi.org/
10.1002/ajpa.1330570307.

A. Pérez-Pérez, A. Alesan, L. Roca, Measurement error: inter-and intraobserver
variability. An empiric study, Int. J. Anthropol. 5 (1990) 129-135, https://doi.org/
10.1007/BF02442082.

K. Henson, T. Harding, K. Starcher, A. Smith, D. Seccurro, Intraobserver and
interobserver error in osteological analysis as an indicator for non-expert skeletal
analysis, J. Forensic Sci. Criminol 8 (1) (2020) 104. 1-7.

National Institute of Mental Health, ImagelJ, https://imagej.net/ij/docs/intro.html,
(accessed 10 January 2023).

J.R. Landis, G.G. Koch, The measurement of observer agreement for categorical
data, Biometrics 33 (1) (1977) 159-174, https://doi.org/10.2307/2529310.
Movimiento por Nuestros Desaparecidos en México, Informe La Crisis Forense en
México: mas de 52,000 personas fallecidas sin identificar. https://movndmx.org/
wp-content/uploads/2021/08/Informe-La-Crisis-Forense-en-Me%CC%81xico.pdf,
2021. (Accessed 20 June 2023).

Mecanismo Extraordinario de Identificacion Forense (MEIF), Cémo surge el MEIF?.
https://meif.org.mx/index.php/como-surge-el-meif/. (Accessed 16 November
2023).


https://doi.org/10.1016/j.legalmed.2009.09.001
https://doi.org/10.1016/j.legalmed.2009.09.001
https://link.springer.com/chapter/10.1007/978-1-59745-099-7_11
https://link.springer.com/chapter/10.1007/978-1-59745-099-7_11
https://www.nist.gov/system/files/documents/2018/03/13/swganth_age_estimation.pdf
https://www.nist.gov/system/files/documents/2018/03/13/swganth_age_estimation.pdf
https://www.nist.gov/organization-scientific-area-committees-forensic-science
https://www.nist.gov/organization-scientific-area-committees-forensic-science
https://www.ohchr.org/en/special-procedures/sr-executions/minnesota-protocol
https://www.ohchr.org/en/special-procedures/sr-executions/minnesota-protocol
https://adondevanlosdesaparecidos.org/2023/10/09/mexico-rebasa-las-5600-fosas-clandestinas/
https://adondevanlosdesaparecidos.org/2023/10/09/mexico-rebasa-las-5600-fosas-clandestinas/
https://www.hrw.org/world-report/2023/country-chapters/mexico
https://www.hrw.org/world-report/2023/country-chapters/mexico
https://doi.org/10.1257/jel.44.4.869
https://www.cenapred.unam.mx/es/Publicaciones/archivos/225-HISTORIADELAACTIVIDADDELVOLCNPOPOCATPETL-17AOSDEERUPCIONES.PDF
https://www.cenapred.unam.mx/es/Publicaciones/archivos/225-HISTORIADELAACTIVIDADDELVOLCNPOPOCATPETL-17AOSDEERUPCIONES.PDF
https://www.cenapred.unam.mx/es/Publicaciones/archivos/225-HISTORIADELAACTIVIDADDELVOLCNPOPOCATPETL-17AOSDEERUPCIONES.PDF
https://doi.org/10.6028/NBS.BSS.165
https://doi.org/10.6028/NBS.BSS.165
http://documents.worldbank.org/curated/en/408711468286527149/FONDEN-Mexicos-natural-disaster-fund-a-review
http://documents.worldbank.org/curated/en/408711468286527149/FONDEN-Mexicos-natural-disaster-fund-a-review
https://doi.org/10.1016/j.fsir.2022.100256
https://doi.org/10.1016/j.fsir.2022.100256
https://doi.org/10.23907/2016.040
https://doi.org/10.23907/2016.040
https://onlinelibrary.wiley.com/doi/10.1111/j.1600-0722.1992.tb01740.x
https://onlinelibrary.wiley.com/doi/10.1111/j.1600-0722.1992.tb01740.x
https://doi.org/10.1007/s00414-004-0492-x
https://doi.org/10.1007/s00414-004-0492-x
https://doi.org/10.1016/j.forsciint.2017.03.007
https://doi.org/10.1111/j.1556-4029.2006.00336.x
https://doi.org/10.1007/s00414-019-02147-5
https://doi.org/10.1016/j.jofri.2014.10.001
https://doi.org/10.1016/j.jofri.2014.10.001
https://doi.org/10.3390/dj10070130
https://doi.org/10.3390/dj10070130
https://doi.org/10.1002/ajpa.1330570307
https://doi.org/10.1002/ajpa.1330570307
https://doi.org/10.1007/BF02442082
https://doi.org/10.1007/BF02442082
http://refhub.elsevier.com/S2589-871X(24)00031-7/sref23
http://refhub.elsevier.com/S2589-871X(24)00031-7/sref23
http://refhub.elsevier.com/S2589-871X(24)00031-7/sref23
https://imagej.net/ij/docs/intro.html
https://doi.org/10.2307/2529310
https://movndmx.org/wp-content/uploads/2021/08/Informe-La-Crisis-Forense-en-Me%CC%81xico.pdf
https://movndmx.org/wp-content/uploads/2021/08/Informe-La-Crisis-Forense-en-Me%CC%81xico.pdf
https://meif.org.mx/index.php/como-surge-el-meif/

R. Scendoni et al.

[28]

[29]

[30]

[31]

[32]

[33]

Inter American Commission on Human Rights, IACHR welcomes the creation of
Mexico’s extraordinary forensic identification mechanism, awaits its swift
implementation. https://www.oas.org/en/iachr/media_center/PReleases/201
9/329.asp, 2019. (Accessed 16 November 2023).

United Nations Committee on Enforced Disappearances, Guiding principles for the
search for disappeared persons. https://www.ohchr.org/en/documents/legal-stan
dards-and-guidelines/guiding-principles-search-disappeared-persons, 2019.
(Accessed 16 November 2023).

R. Scendoni, M. Cingolani, V. Tambone, F. De Micco, Operational health pavilions
in mass disasters: lessons learned from the 2023 earthquake in Turkey and Syria,
Healthcare 11 (2023) 2052, https://doi.org/10.3390/healthcare11142052.

G. Willems, A review of the most commonly used dental age estimation techniques,
J. Forensic Odonto-Stomatology 19 (1) (2001) 9-17.

P.S.P. de Aradjo, P.H.V. Pinto, R.H.A. da Silva, Age estimation in adults by canine
teeth: a systematic review of the Cameriere method with meta-analysis on the
reliability of the pulp/tooth area ratio, Int. J. Leg. Med. 138 (2) (2024) 451-465,
https://doi.org/10.1007/s00414-023-03110-1.

S. Javadinejad, H. Sekhavati, R. Ghafari, A comparison of the accuracy of four age
estimation methods based on panoramic radiography of developing teeth, J. Dent.
Res. Dent. Clin. Dent. Prospects 9 (2) (2015) 72-78, https://doi.org/10.15171/
joddd.2015.015.

[34]

[35]

[36]

[371

[38]

Forensic Science International: Synergy 9 (2024) 100484

J.P. Pillai, D. Nilendu, N. Thomas, S. Nagpal, L.S. Nedunari, Inter-observer
agreement in the radiographic interpretation of Demirjian’s developmental stages
in the mandibular second and third molars - a comparative study, J. Oral
Maxillofac. Pathol. 25 (3) (2021) 554-555, https://doi.org/10.4103/jomfp.jomfp_
85_21.

K.L. Sainani, Reliability statistics, Pharm. Manag. PM R 9 (6) (2017) 622-628,
https://doi.org/10.1016/j.pmrj.2017.05.001.

V. Marconi, M. Iommi, C. Monachesi, A. Faragalli, E. Skrami, R. Gesuita,

L. Ferrante, F. Carle, Validity of age estimation methods and reproducibility of
bone/dental maturity indices for chronological age estimation: a systematic review
and meta-analysis of validation studies, Sci. Rep. 12 (1) (2022) 15607, https://doi.
0rg/10.1038/541598-022-19944-5.

American Dental Association, Human age assessment by dental analysis, ADA
technical report No. 1077. https://www.nist.gov/system/files/documents/2021/
02/23/ADA, 2020. (Accessed 16 June 2023).

H. Plascencia, M. Diaz, R. Ordinola-Zapata, M.E. Vazquez-Sanchez, N. Judrez-
Broon, A. Ruiz-Gutiérrez, G. Gascon G, A. Cruz, Intra- and interobserver agreement
during the assessment of the different stages of root development using 4
radiographic classifications, J. Endod. 47 (6) (2021) 906-913, https://doi.org/
10.1016/j.joen.2021.02.014.


https://www.oas.org/en/iachr/media_center/PReleases/2019/329.asp
https://www.oas.org/en/iachr/media_center/PReleases/2019/329.asp
https://www.ohchr.org/en/documents/legal-standards-and-guidelines/guiding-principles-search-disappeared-persons
https://www.ohchr.org/en/documents/legal-standards-and-guidelines/guiding-principles-search-disappeared-persons
https://doi.org/10.3390/healthcare11142052
http://refhub.elsevier.com/S2589-871X(24)00031-7/sref31
http://refhub.elsevier.com/S2589-871X(24)00031-7/sref31
https://doi.org/10.1007/s00414-023-03110-1
https://doi.org/10.15171/joddd.2015.015
https://doi.org/10.15171/joddd.2015.015
https://doi.org/10.4103/jomfp.jomfp_85_21
https://doi.org/10.4103/jomfp.jomfp_85_21
https://doi.org/10.1016/j.pmrj.2017.05.001
https://doi.org/10.1038/s41598-022-19944-5
https://doi.org/10.1038/s41598-022-19944-5
https://www.nist.gov/system/files/documents/2021/02/23/ADA
https://www.nist.gov/system/files/documents/2021/02/23/ADA
https://doi.org/10.1016/j.joen.2021.02.014
https://doi.org/10.1016/j.joen.2021.02.014

	Reliability of a forensic odontology method for age-at-death estimation in adults: A Mexican case study
	1 Introduction
	2 Material and methods
	2.1 Sample
	2.2 Statistical analysis

	3 Results
	4 Discussion
	4.1 Limitations

	5 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


