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Highlights

The FIDBv2 method is effective for age estimation in forensic contexts worldwide.

A strong association of RDT with age-at-death was identified in all the samples.

The method is robust and reliable, with minimal impact of interpopulational variation.
Its relevance in the analysis of commingled and damaged samples is underscored.

The results support incorporating the FIDBv2 method within Daubert standards.

Introduction

Age-at-death estimation is a key component in forensic science for individual
identification and in bioarchaeological contexts for populational studies. However, in
both scenarios, adult age-at-death continues to be a persistent problem that still requires
scientific innovations proposing more rigorous and robust recording protocols and
statistical analyses (Milner et al. 2000, 2008; Hoppa and Voupel, 2002; Nawrocki, 2010,
among others). The selection of the procedures for obtaining such information is crucial,
as they can be scrutinized regarding the characteristics of the population of reference
compared to that from which the analyzed individuals come from, and the precision and
accuracy of the method across different age groups (Komar, 2003; Kimmerle et al., 2008a
and b; Ubelaker, 2008). Recognizing population variation in age-related changes during
the adult lifespan (driven by physiological aging processes, biomechanics, pathologic
changes, etc.) is essential to identify the most suitable procedures to be applied in a given
sample (Klepinger and Giles, 1998; Klepinger, 2006; Komar and Buikstra, 2008;
Nawrocki, 2010; Parra et al., 2020). While in bioarchaeological contexts, age-at-death
estimations provide a rough idea of the paleodemographic profile with respect to

indicators of health and disease (Verano and Ubelaker, 1992; Robert and Buikstra, 2003),



lifestyles (Meindl and Russel, 1998), fecundity (Horowitz et al., 1988) and, in general, on
the development of the individual and collective history of human groups (Buikstra, 1977,
2006; Buikstra and Konigsberg, 1985), the information offered in the forensic context by
adult age estimation is equally valuable and critical, related to the process of identification
of the bodies of deceased persons, either for humanitarian reasons or for legal needs. In
forensic contexts, the methodologies used, and the results obtained may be legally
questionable, which could even complicate both the humanitarian interests of the relatives
of the deceased in their right to know, as well as hinder the fight against impunity. From
this perspective, it is of vital importance to show the reliability of the methodology, which
implies, but is not limited to, the error of the results, the characteristic and statistical
weight, as well as repeatability and replicability factors, so that the results obtained
acquire solidity and scientific quality. During the accusatory process, this may be a
prerequisite to meet the criteria for admissibility of evidence in court (Grivas and Komar,
2008; Kimmerle et al., 2008a; Komar and Buikstra, 2008).

A concrete example was experienced during the war crimes cases being tried at
the International Criminal Tribunal for the former Yugoslavia in The Hague, against
General Radislav Krstic!. He was indicted and subsequently convicted for the massacre
of 8,000 to 9,000 people, including Muslim men, women and children from 8 to 80 years
old. These people were killed during the hostilities that took place on July 11th, 1995 in
the fall of Srebrenica (Huttenbach, 2004). The evidentiary documentation process against
Krstic was based mainly on anthropological evidence, although as expected, the defense
team questioned the testimony of forensic experts. The criticisms were based mainly on
arguments concerning the differences in the aging process of the Bosnian population in
contrast to the American population, the selection of age estimation methods, the
construction of age intervals, and the accuracy of age estimation predictions (Kimmerle
et al., 2008a and b).

This experience is likely to occur in other similar contexts where crimes against
humanity, violations of human rights or even common crimes are tried. The challenge in
the forensic context is precisely the standardization of the criteria for the evaluation of
evidence, and the need to identify methodological criteria that can be generalizable and

applicable to different human groups, both locally and globally (Chaillet et al., 2005;

ISee Prosecutor V. Radislav Krstic. Available at
http://www.icty.org/x/cases/krstic/tjug/en/krs-tj010802¢.pdf.



Komar and Buikstra, 2008; Parra et al., 2020). Although it is not possible to standardize
the enormous variability suffered by the several age indicators (Nawrocki, 2010), forensic
anthropologists do have the ability to find balances between error and its nature, as well
as precision and accuracy through the construction of sustainable and constantly
evaluable databases (Chaillet et al., 2005; Parra et al., 2020). In this regard, human
dentition has proven to be an invaluable source of bioanthropological information in
forensic science. Since the mid-20th century, the development of root dentin translucency
(RDT) and periodontal retraction (PR) starting from early adulthood has garnered
increasing interest, following the pioneering work of Gustafson (1950). RDT is
considered by many researchers the biological marker showing the highest correlation
with age when analyzed isolately. It has also been studied in association with PR, which
is proposed as another reliable age predictor, especially during early adulthood (e.g.,
Gustafson, 1950; Nalbandian et al., 1960; Bang and Ramm, 1970; Metzger et al., 1980;
Lamendin, 1988; Solheim, 1989; Xiaohu et al., 1991; Lamendin et al., 1992; Lopez
Nicolas et al., 1995; Foti et al., 2001; Prince and Ubelaker, 2002; Megyesi et al., 2006;
Ubelaker and Parra, 2008a; Vasiliadis et al., 2008; Parra et al., 2020, 2021; Garizoain et
al., 2021, 2024; Aranda, 2023, among others).

After Gustafson (1950) proposal on a sample of Swedish individuals, which
includes RDT along with PR, cementum, secondary dentin, wear, and root resorption to
estimate adult age-at-death in forensic contexts, Dalitz (1963) observed that the method
did not achieve the levels of precision reported in the original article when applied to an
Australian sample, and that only dental wear, periodontosis, secondary dentin formation,
and RDT were effectively age-related. He could also identify that the inclusion of only 4
of the 12 anterior teeth of an individual was enough to obtain adequate age estimates. At
the same time, Miles (1963) proposed technical improvements after analyzing another
Australian sample, suggesting that RDT could be measured macroscopically without the
need for thin sections. A few years later, Bang and Ramm (1970) refined the recording
procedure in both intact and sectioned single and multi-rooted teeth in a sample of
Norwegian individuals. They obtained very similar results from these two approaches,
emphasizing the relevance of prioritizing non-destructive procedures (see Lamendin,
1988; Aranda, 2023; Garizoain et al., 2024).

Subsequently, different innovations were developed, primarily focusing on
improving sample size and structure, as well as refining the statistical procedures (e.g.,

Johanson, 1971; Maples, 1978; Stott et al., 1982; Charles et al., 1986; Solheim, 1989).



The analysis of RDT and PR gained particular attention in the forensic field after the
research conducted by Lamendin (1988) and Lamendin and colleagues (1992), who
definitively overcame the technical limitations posed by the use of histological sections.
The authors recorded these two variables in a sample of 306 single-rooted teeth from 208
French individuals (135 men and 73 women; 198 of European ancestry and 10 of African
ancestry). To avoid the effect of tooth size, they calculated two ratios, named P and T,
incorporating RDT and PR in relation to the maximum root length (RL). The validation
results yielded an average error of 8.4 years, with no appreciable differences related to
the sex of the individuals or the type of tooth analyzed.

This new procedure had a significant impact in the academic field, as well as in
its practical application, due to its ease of application and the promising results obtained
(Prince and Ubelaker, 2002; Garizoain et al., 2024; Parra et al., 2020, 2021, among
others). During the 30 years following the publication, it became widely used, as well as
tested and refined through the study of diverse documented human collections from
different origins worldwide (Garizoain et al., 2024). Several local regression formulae
were generated, some incorporating both root transparency and periodontal retraction,
while others considered only the former (e.g., Solheim, 1984; Atsu et al., 1998; Kedici et
al., 2000; Vystreilova and Novotny, 2000; Foti et al., 2001; Prince and Ubelaker, 2002;
Wittwer-Backofen and Buba, 2002; Soomer et al., 2003; Wittwer-Backofen et al., 2004;
Blondiaux et al., 2006; Megyesi et al., 2006; Sarajlic et al., 2006; Gonzalez-Colmenares
et al., 2007; Prince and Konigsberg, 2008; Regalado Ruiz and Del Angel, 2008; Ubelaker
and Parra, 2008a; Schmitt et al., 2010; Retamal and Ubelaker, 2011; Vilcapoma Guerra,
2012; Gocha and Schutkowski, 2013; Ackermann and Steyn, 2014; Gibelli et al., 2014;
Ribeiro Lopez et al., 2014; De Angelis et al., 2015; Pulido Jiménez et al., 2017; Regalado
Ruiz et al., 2017; Mohan et al., 2018; Zorba et al., 2018; Garizoain et al., 2022, 2023;
Aranda, 2023, among others). These studies yielded average errors between 7 and 10
years, similar to the original work of Lamendin et al. (1992), and consistently provided
more accurate estimates for individuals between 30 and 59 years old, with
overestimations for younger cohorts and underestimations for older ones. Another
common finding was that interpopulation variation had a relatively low impact (Ubelaker
and Parra, 2008a and b; Parra et al., 2011, 2020) and that sex differences were generally
minimal (Parra et al., 2020, 2021; Garizoain et al., 2024), confirming the original

postulates of Lamendin et al. (1992).



It is worth highlighting the research carried out by Prince and Konigsberg (2008),
who approached the problem using posterior probability statistics. They compared the
results with those obtained by inverse calibration models in 401 individuals from Kosovo.
Their findings indicated that the Bayesian approach offered significantly lower average
errors (1.56 years) compared to the inverse calibration method (which ranged between
4.85 and 5.27 years). This work initiated a new area of innovation in dental adult age-at-
death estimations. Building on this precedent, Ubelaker and Parra (2008a and b)
demonstrated that the original procedure could be reliably applied in Peruvian samples,
widely different from those populations used for previous testing. This proposal initially
argued that the method could be reliably applied in various populations. During the
scientific meeting of the International Association of Forensic Sciences held in Funcha-
Madeira (Portugal), a theoretical model for a generalizable logic concerning age-at-death
estimation using the Lamendin criteria, and the construction of a database for the
operationalization of these guidelines, was proposed (Parra et al., 2011). Later, Parra et
al. (2020) strengthened the theoretical model and developed the first version of the
Forensic International Dental Database (FIDB) to evaluate whether a conditional
probabilistic approach could be widely used in forensic contexts globally, regardless of
the ancestral origin of the individuals studied. The FIDB included a reference sample of
693 individuals with diverse phenotypic characteristics, including African-Americans,
European-Americans, Europeans, Colombians and Peruvian Andean Quechuas. The
model was subsequently tested on a sample of 150 Colombian mestizos not previously
included in the FIDB calculation sample. The authors concluded that the proposal could
serve as a generalizable age-at-death model for all human populations, as the Bayesian
perspective provided reliable results, with average inaccuracies of 11.43 years and cohort
inaccuracies ranging 3.68 years (for the 40-49 years cohort) and 26.20 years (for those
individuals aged 80+ years).

This FIDB proposal was subsequently tested on a sample of 234 Peruvian
individuals (Parra et al., 2021), achieving an average accuracy of 3.08 years, with a
standard deviation of 8.24 years. More recently, broader methodological validation
studies were conducted across European, North American, and Latin American
populations. Garizoain et al. (2021) tested the original FIDB proposal on a sample of 805
individuals from six Latin American countries. Further, Garizoain et al. (2023) expanded
the reference sample used for calculating the posterior probabilities, encompassing 3482

individuals from Colombia, Peru, Portugal, Mexico, Argentina, Guatemala, Ecuador,



Brazil, Spain, France, Greece, Italy, and the United States. The procedure was tested on
external samples from Colombia and Greece (112 and 100 individuals, respectively).
Both studies confirmed that the Bayesian approach provides highly reliable results, with
average biases and accuracies of less than 5.12 and 10.27 years, respectively. Consistent
with previous research, the best results were obtained for individuals aged 30-59 years.
These findings reinforce the original assertion by Parra et al. (2011, 2020) and Ubelaker
and Parra (2008a) that this approach can be reliably used in diverse forensic contexts
worldwide. Moreover, the creation of an openly accessible website for the FIDBv2
method, available at https://iisap.odontologia.uba.ar/obs-bioarqueologia/, significantly
simplifies the scope and facilitate the age-at-death calculation process. This platform
enhances accessibility and the application of this innovative model, facilitating its use by
forensic scientists and researchers globally (Garizoain et al., 2024).

Considering these promising results, the aim of the present research is to
systematically verify and validate the FIDBv2 online procedure on a much broader scale,
using a larger control sample from a greater diversity of countries worldwide. The study
intends to analyze and discuss the trends identified for the different countries and compare
the error estimates among the various age cohorts considered. The patterns discerned will
be evaluated regarding correlations between the documented and estimated ages (DA and
EA, respectively), as well as between the latter and the age-related variables recorded
(RDT and PR). Additionally, the percentages of correctly estimated individuals for
different age cohorts will be compared. Thus, a global overview of the observed diversity
in all these aspects will be obtained, allowing for a more confident definition of the
effectiveness and reliability of the method regardless of the geographical origin of the

individuals studied.

Sample

The control sample used in this research to test the FIDBv2 Bayesian model was
increased from previous studies. It includes a total of 4810 teeth from 2559 individuals
of both sexes, from 9 countries in the Americas (Argentina, Brazil, Chile, Colombia,
Ecuador, Guatemala, Mexico, Peru, and the United States), 6 in Europe (France, Greece,
Holland, Italy, Portugal, Spain), and 1 in Asia (India) (Table 1). The teeth were obtained
from a variety of sources, including Documented Osteological Collections, autopsies,
cases of human rights violations, and dental clinics (Table 2). Each tooth is associated

with documented information about age and sex. Most of the individuals died in the late



20th and early 21st centuries, though some collections date back to the late 19th and early
20th centuries (Portugal, Spain, United States; Table 2).

The sample sizes vary across countries of origin, ranging from 23 individuals in
Brazil to 472 individuals in Peru, and from 35 teeth in Brazil to 883 teeth in Greece. At
the macro-regional level, samples from South and Central America are predominant,
comprising 1319 individuals and 1987 teeth. The average ages range from 36.20 years in
France to 65.46 years in Italy, covering age ranges from 16 to 99 years. The largest sample
cohorts are between 30 and 39 years old (N=1090; 22.66%) and between 40 and 49 years
old (N=908; 18.88%), while the smallest cohorts are between 16 and 19 years old (N=118;
2.45%) and over 80 years old (N=218; 4.53%) (Table 1). All data was provided by the
authors of this study, except for the Dutch sample, whose data are published in Sommers

(2019).

Methodology

Measurements of root dentin translucency (RDT), periodontal retraction (PR), and
root length (RL) were conducted on the labial surface of intact single-rooted teeth,
following the recommendations proposed by Lamendin et al. (1992). A digital caliper
with a resolution of 0.05 mm and an LED light source were used for these measurements,
performed by researchers with extensive experience in the application of the technique.
Teeth with any endodontic treatment, crown fractures, root resorption, severe wear,
chronic periodontitis, root caries, etc., were excluded from the analysis. RDT was
measured as the maximum extent of translucency from the apex, appearing as a lighter
area, while PR was identified as a darker, yellowish, or brownish area on the root,
measured from the crown-root junction. Additionally, root length was measured from the
apex to the crown-root junction. Each estimated age was calculated using the 2.0 version
of the Forensic International Dental Database online program (FIDBv2; Garizoain et al.,
2023, 2024), which employs the Bayesian model originally developed by Parra et al.
(2020). The program offers two most probable estimates: a direct one and a corrected one.
Along with the corrected estimate, upper and lower limits are also provided,
encompassing the 95% confidence interval of the estimated ages. This study focused
exclusively on the corrected most probable estimates.

The next step involved statistically processing the estimates. Descriptive statistics
were computed for RDT and PR (mean and standard deviation) as well as for EA (mean,

minimum and maximum values, range, and standard deviation) to understand the basic
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characteristics of the sample. Bias (the average of the actual differences between the
documented and estimated ages) and accuracy (the average of the absolute differences
between the documented and estimated ages, reflecting the degree of proximity regardless
of positive or negative variance; Kurki, 2005) between DA and EA were also calculated.
To assess the general association between variables, Pearson correlation coefficients (r)
were computed between DA and EA, DA and PR, and DA and RDT. The Intraclass
Correlation Coefficient (ICC) between DA and EA was also determined to identify the
strength of agreement between pairs of data. The statistical significance of the differences
between DA and EA was evaluated using the nonparametric Kolmogorov-Smirnov (Z)
test. Additionally, the percentages of correctly estimated cases within ranges of £2.5, 5,
7.5, and 10 years were calculated to identify trends in the reliability of the results. All
statistics were performed by segmenting the sample geographically (considering the
country, the region -South and Central America, North America, and Europe- and all
individuals together) and by 10-year cohorts (except the first and last ones, which
included individuals between 16 and 19 years and older than 80 years, respectively). The
statistical significance of biases and inaccuracies by provenance was also calculated
between DA and EA using the Kolmogorov-Smirnov Z test. Sex was not considered in
the analysis, as previous studies have shown it does not influence the estimates (Foti et
al., 2001; Ubelaker and Parra, 2008a; Garizoain et al., 2020, 2021; Parra et al., 2020,
2021, among others). A significance level of 0.05 was used for all statistical tests (Bland
and Altman, 1986; Zar, 2010). The analyses using the online program were performed
using the R System version 4.0.1, while IBM SPSS software (Version 25, IBM Corp.,

Armonk, NY) was used for data processing and other statistical analyses.

Results

Descriptive statistics for RDT and PR without discriminating by age cohorts are
shown in Table 3. All PR means vary between 1.81 mm (Holland) and 3.88 mm (United
States), except for a single case (Indian sample) with a much higher value (4.58 mm).
When analyzed by region of origin, PR means range between 2.72 mm (Europe) and 3.64
mm (North America), with a global average of 3.42 mm. For RDT, most averages vary
between 3.63 mm (France) and 5.87 mm (Spain), with three countries showing much
higher values (Brazil: 6.93 mm; Portugal: 6.33 mm; United States: 6.74 mm). Considering
the region of origin, RDT measurements range between 5.06 mm (Europe) and 5.28 mm

(North America), with a general average of 5.05 mm. The general bias is low, varying
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between -4.61 years (Holland) and 1.31 years (Portugal), with only one extreme negative
value outside that range (Chile: -7.87 years). When comparing by regions, the bias
averages are very similar and negative, ranging from -1.39 years (South and Central
America) to -2.27 years (Europe), with an overall value of -1.26 years. Accuracies are
also low, ranging between 4.81 years (Ecuador) and 9.72 years (Chile), with only two
values outside that range (France: 11.7 years, and Argentina: 12.94 years). In the regional
comparison, the accuracy values are close to each other, varying between 6.09 years
(Europe) and 7.69 years (North America), with an overall average of 6.95 years (Table
3).

When the estimated ages (EA) are compared by age cohorts, an increase in the
dispersion of the results is evident (Figures 1 and 5). All correlations between documented
age (DA) and EA are higher than 0.75, ranging from r=0.77 for Italy to r=0.93 for
Portugal, with the exception of the Indian sample (r=0.73). High values are also observed
when comparing regions (r=0.81 for North America, and r=0.83 for both South and
Central America and Europe), with an overall mean of 0.87 (Figure 2). Most of the ICC
values are high, varying between 0.75 (Spain) and 0.90 (Ecuador), though three samples
show lower results (0.67 for Brazil, 0.69 for Argentina, and 0.73 for India). Regional
values range between 0.79 (Europe) and 0.82 (North America), with a mean of 0.85 for
the whole sample. The magnitude of the differences between EA and DA is not
statistically significant for only three countries (Brazil, Colombia, and Ecuador), as well
as for South and Central America, and the total sample. Correlations between DA and the
recorded variables (PR and RDT) are always positive, but indicate dissimilar trends. PR
results are low, ranging from 0.11 (Argentina) to 0.54 (Holland), and similar trends are
observed when comparing regions (between 0.18 for Europe and 0.53 for North America),
with an overall average of 0.51. In contrast, high and positive correlations are observed
between DA and RDT for most countries, ranging from 0.74 (Spain) to 0.91 (Portugal).
Only two countries show lower values (r=0.70 for India; r=0.68 for Italy). The regional
comparison displays high and positive correlations, ranging from 0.73 for Europe to 0.80

for South and Central America, with an overall average of 0.79 (Table 3).
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Figure 1. Box plots showing the ranges of estimated ages for the different cohorts

considered.
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Figure 2. Correlations between documented (DA) and estimated (EA), by country.

Supplementary Tables 1 and 2 illustrate the results by cohorts. Generally,
consistent trends are observed across different countries and regions, though some
exceptions must be highlighted. Across most subsamples, PR shows a noticeable increase
between the first and second cohorts (16-30 years), after which values tend to fluctuate
between 2 and 4 mm, without significant increases (Figure 3). Exceptions include older
age groups with much higher values (6.05 mm and 7.62 mm for the 70-79 years cohort in
the French and Mexican samples, respectively, and 9.09 mm for the >80 years cohort in
the Indian sample), while some samples exhibit a decrease with age (between 50 and 79
years for the Dutch sample and between 50 and 59 years for the Indian sample). In
contrast, RDT shows progressive and notable increases with age across all subsamples
(Figure 3). Measurements range from 0.35 mm (France) and 2.40 mm (Portugal) for the
16-19 years cohort to between 7.17 mm (Spain) and 10.62 mm (Brazil) for the >80 years
cohort. Only a few cases show slight decreases in mean values among those over 50 years

old (Brazil, Chile, France, India, Mexico, and the United States), albeit with minimal
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magnitudes (less than 1 mm). Finally, when samples are grouped by regions, similar

trends are observed without significant variations compared to individual country

analyses.
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Figure 3. Mean values of PR and RDT by age cohorts, for the whole sample.

The average biases are positive and remain below 6 years up to the age of 59, with
a noticeable and consistent decline observed in the last three cohorts (60-80+ years),
reaching a maximum negative value of -11.18 years (Figure 4). When examined by
country, biases are generally positive and substantial, ranging from 0.78 years (Peru) to
11.04 years (Portugal)? for the first two cohorts (under 30 years) (Supplementary Table
1). Only few negative biases are identified, mostly of low magnitude (from -0.56 years
for France to -9.83 years for Spain). Bias typically shifts to negative values around the
age of 50 in several countries (Argentina, Brazil, Colombia, India, Italy, Portugal, and the
United States), although in some cases, this shift occurs earlier (France and Mexico in the
20-29 years cohort, Chile and Peru in the 30-39 years cohort, and Greece and Guatemala
in the 40-49 years cohort). Across all countries, the last two cohorts (individuals over 70
years) consistently show negative biases, ranging from -7.89 (Mexico) to -21.23 years
(Guatemala). Results from samples grouped by regions mirror these general trends.

Notably, three countries exhibit unexpected variations: biases for the first three cohorts

’The bias values for this age range obtained for Italy were not considered as the cohort only
includes two individuals.
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(up to 40-49 years) of the Ecuadorian sample are negative (ranging from -4.20 to -3.09
years), while biases for older cohorts are positive (ranging from 0.89 to 5.75 years).
Additionally, biases for the Dutch and Spanish samples fluctuate throughout the age

ranges (Supplementary Tables 1 and 2).

O Bias O Accuracy
= 11.90
9.41
10 171
5.233.94 579 5,73 5.49
5 - 3.81 2.70 2. 75 2.53
years 0 I
16-19 20-29 30-39 40-49 50-59 | 6069 0179 a0 =
-5
-5.24
o -8.80
s -11.18
Age cohorts (years)

Figure 4. Bias and accuracy by age cohorts, for the whole sample.

Regarding accuracy, the overall results follow a pattern similar to biases, with
values below 6 years for individuals younger than 59 years. Subsequent cohorts exhibit
progressively higher values, reaching 11.90 years for individuals older than 80 years
(Figure 4). When analyzed by country, there is a pattern for accuracy values to increase
with age. However, for six countries (Argentina, Brazil, Colombia, Greece, Italy, and
Portugal), as well as at the regional and total sample levels, accuracy fluctuates without a
clear progression across cohorts. Statistically significant differences between DA and EA
are identified only for individuals under 29 years and over 70 years, whereas intermediate
cohorts generally show non-significant differences, except some cases from Chile,
Holland, Mexico, Peru, and Spain. Correlations between DA and PR are positive but
generally lower than 0.51 for all countries and regions, without distinctive trends across
cohorts. Conversely, correlations between DA and RDT are notably higher, ranging
between 0.45 and 0.89. The strongest correlations are observed between 30 and 59 years

across all countries and regions (Figures 5 and 6; Supplementary Tables 1 and 2).
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For the + 2.5 years range, all the percentages of correct age estimations are low,
ranging between 12.38% (India) and 36.25% (Ecuador), with a particularly low value of
6.98% for the Italian sample (Table 4). Regionally, the percentages are quite similar,
varying between 24.51% (North America) and 21.38% (Europe). Moving to the £+ 5 years
range, the percentages of correct estimations show slight improvement, ranging from
26.15% (Spain) to 61.25% (Ecuador). Across regions, the variations remain modest,
ranging from 40.77% (Europe) to 45.59% (South and Central America). In the + 7.5 years
range, the percentages of correct estimations increase notably, ranging from 54.29%
(India) to 87.50% (Ecuador). Regionally, the percentages range from 62.30% (Europe) to
69.70% (South and Central America). Finally, the = 10 years range shows the highest
values of correct estimations, ranging between 69.52% (India) and 91.25% (Ecuador),
while the analysis by regions shows correct estimations between 74.72% (Europe) and

77.74% (North America) (Table 4).
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Ultimately, out of the 380 comparisons conducted on bias and accuracy using the
Z statistic by countries, regions, and the whole sample (190 for each variable), statistically
significant differences are observed in 10 pairs for bias (5.26%) and in 12 pairs for
accuracy (6.31%). Of these, only three bias comparisons (Chile-Ecuador, Holland-
Greece, and Holland-Portugal; 1.57%) and four accuracy comparisons (Brazil, Chile, and
Colombia-Ecuador, and Chile-Guatemala; 2.10%) correspond to countries within the

same region (Table 5).

Discussion

The results obtained in this study confirm and strengthen the findings of previous
research on adult age-at-death estimation using RDT and PR through the Bayesian model
of the Forensic International Dental Database (FIDBv2). Analyzing a diverse and
extensive geographically varied sample has allowed for a comprehensive evaluation of
the method effectiveness involving, but not limited to, reliability, the nature of the error,
as well as the precision and accuracy in forensic contexts worldwide. It is important to
highlight the consistency of bias and accuracy results observed across different age
cohorts and countries. The high correlations between DA and EA (Table 3; Supplementary
Tables 1 and 2) suggest that the method is robust and reliable. This finding aligns with
previous studies demonstrating minimal impact of interpopulational variation of
estimates (e.g., Foti et al., 2001; Ubelaker and Parra, 2008a and b; Garizoain et al., 2020,
2021, 2022, 2023; Parra et al., 2020, 2021).

The differences observed in the correlations of PR and RDT with DA (Table 3;
Supplementary Tables 1 and 2; Figures 3, 5, and 6) should be highlighted. For PR, the
correlation values are consistently low across all cohorts and countries. In contrast, for
RDT, a strong overall association with age-at-death, particularly in the 30-59 years age
range, is observed, with acceptable results extending to the 59-69 cohort. As expected,
after the age of 70 the correlation values decrease; however, the method still effectively
identifies mature adults with a lower level of precision. This is a significant contribution
to the forensic discipline, as few macroscopic methods provide reliable information for
these later stages of life. Furthermore, no samples were identified that significantly
deviated from the overall pattern, and the differences observed are generally of low
magnitude. Although the variation observed between countries and regions may reflect

differences in environmental and genetic influences on dental aging, and/or factors related
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to the diversity in sample size and structure, they do not significantly affect the method
reliability.

On the other hand, the results obtained for PR indicate that it does not significantly
influence the quality of the estimates, as has been repeatedly stated in previous research
(Parra et al., 2020, 2021; Garizoain et al., 2024). This suggests that the results would
improve if only the data corresponding to RDT and RL are considered in the analyses, as
proposed by Foti et al. (2001), Prince and Ubelaker (2002), Prince and Konigsberg
(2008), Ubelaker and Parra (2008a), Schmitt et al. (2010), Garizoain et al. (2020), and
Aranda (2023), among others. In this regard, some modifications are currently being
developed in the FIDBv2 Bayesian calculation procedure, which involve the generation
of algorithms that only consider these two variables in the calculations. Although this
approach still needs to be refined and rigorously tested, the preliminary results are
promising, showing a slight improvement in the values of the errors obtained (Parra et
al., 2024).

Bias and accuracy analyses revealed that mean errors are low, less than 10 years
in the comparison by country, with values ranging from -1.39 to -2.27 years for bias and
from 6.09 to 7.69 years for accuracy at a regional level (Table 3; Supplementary Tables 1
and 2; Figure 4). These results are consistent with those obtained by Garizoain et al.
(2023), confirming the global applicability of the FIDBv2 model. The trend towards
overestimation of ages among younger individuals and underestimation among older
ones, recurrently identified in previous research (e.g., Lamendin et al., 1992; Prince and
Ubelaker, 2002; Megyesi et al., 2006; Gonzalez-Colmenares et al., 2007; Prince and
Konigsberg, 2008; Ubelaker and Parra, 2008a; Parra et al., 2020, 2021; Garizoain et al.,
2021, 2023, among others), is observed here for samples from all countries, albeit with
generally smaller errors. The best results were obtained in the 30 to 59-year-old cohort,
which is consistent with existing literature and reinforces the method utility for
individuals in this age range (e.g., Prince and Ubelaker, 2002; Prince and Konigsberg,
2008; Parra et al., 2020). Additionally, the r and ICC values obtained by country and
region show minimal variation, with few results deviating from the common pattern,
which demonstrates a strong concordance between DA and EA in most samples (ranging
from 0.77 to 0.93 and from 0.75 to 0.90, respectively), as seen in Figure 2. These patterns
indicate an adequate association between both variables and EA, and a high global
consistency of the method. The highest correlations are those for the 30-59 age cohorts,

though it is noteworthy that individuals between 60 and 69 years also show good
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estimations. These results are consistent with those regarding the statistical significance
of the differences between EA and DA, where the most significant variations are observed
before 30 years and after 70 years (Table 3; Supplementary Tables 1 and 2; Figure 4).

Regarding the percentages of cases correctly estimated for different age ranges,
adequate results are observed starting from the + 7.5 years range, with the highest values
for the = 10 years range (over 69% by countries and 74% by regions; Table 4 and
Supplementary Table 3). The age groups providing the best results are primarily those
between 40 and 59 years, followed by those between 60 and 69 years, consistent with
previously identified trends in the present research. This reinforces the proposal that the
method can be confidently used for individuals within these age ranges. Conversely, the
results for the remaining age groups (younger than 40 years and older than 70 years)
should be considered as more general estimators. On the other hand, statistical
comparisons of bias and accuracy between countries and regions generally show no
statistically significant differences (Table 5). The few cases with notable variations may
be due to issues related to the phenotypic or contextual diversity of the populations
considered, or to intrinsic differences in the characteristics of the compared samples.
These aspects will need to be addressed in future research. Nevertheless, the impact of
these factors on the overall results is minimal, as samples from different origins show
consistent overall patterns.

The present research also reinforces previously identified trends (e.g., Foti et al.,
2001; Prince and Ubelaker, 2002; Megyesi et al., 2006; Meinl et al., 2008; Prince and
Konigsberg, 2008; Ubelaker and Parra, 2008a and b; Parra et al., 2011, 2020, 2021;
Ackerman and Steyn, 2014; Zorba et al., 2018; Garizoain et al., 2021, 2023, among
others) indicating that errors tend to increase with age (Table 3; Supplementary Tables 1
and 2; Figures 1 and 4). This pattern aligns with the biological process known as the
“trajectory effect” (Nawrocki, 2010; Parra et al., 2020, 2021; Garizoain et al., 2024),
which states that errors broaden progressively throughout the lifespan due to the
cumulative effects of biomechanical and physiological processes for each individual,
including intra-individual divergence among different skeletal and dental age indicators.
Moreover, another biological process that affects the development of translucency
patterns is its inherent non-linear behaviour, where younger individuals exhibit more
accelerated deposition of the crystals, while older ones tend to show a slower
development, possibly due to the thicker structure of one-rooted teeth towards the neck

region compared to the apical area (Bang and Ramm, 1970; Parra et al., 2020; Garizoain
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et al., 2024). This factor may contribute to the commonly observed pattern of
overestimating age in young adults and underestimating age in older adults (Parra et al.,
2020; Garizoain et al., 2023, 2024).

The trend toward age overestimation in younger individuals (under 30 years old)
and underestimation in older groups (over 61 years old) is consistent with the variability
inherent in the aging process (Martrille et al., 2007). Considering this biological reality,
and recognizing that its impact on age estimations cannot be completely eliminated, it is
noteworthy that this research and others previously conducted within the framework of
FIDB (Parra et al., 2011, 2020, 2024; Garizoain et al., 2021, 2023) have managed to
minimize these effects through the development and application of a Bayesian approach
(Prince and Konigsberg, 2008; Schmitt et al., 2010; Parra et al., 2024). This is particularly
relevant for estimating individuals over 50 years old because, as stated before, there are
currently few reliable methods available for age estimation in these cohorts. The present
research shows that the improvement in performance for individuals in these age groups,
compared to previous methods, effectively mitigates the trajectory effect across diverse
populations worldwide.

Finally, it should be noted that the Indian sample presents relatively divergent
results compared to the overall pattern (e.g., PR averages, correlations between DA and
EA, DA and RDT, ICC values, and percentages of cases correctly estimated for different
ranges). This divergence will need to be addressed in future research as it highlights an
aspect requiring further investigation. Given that this is the only dataset from Asia, these
differences could be related to regional variations in the biological development processes
of both translucency and periodontal recession. However, other factors such as sample
composition and the social background of individuals cannot be ruled out as contributing

factors, and should also be considered in subsequent studies.

Conclusions

The present research supports the conclusion that the FIDBv2 method is an
effective and accurate tool for age estimation using dental parameters in forensic contexts
worldwide. This finding strengthens the initial suggestion by Ubelaker and Parra (2008a)
and Parra et al. (2011, 2020) and subsequent investigations (e.g., Garizoain et al., 2021,
2023; Parra et al., 2021), provided that the interpretative limitations for each cohort are
considered. The results of this testing on samples from more diverse provenances than

previous studies reinforce the global applicability of the method, ensuring that the method
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can be confidently used within the field of forensic science. The large-scale validation
and diversity of the sample provide a solid foundation for its worldwide use, highlighting
its potential to significantly improve forensic practices. Furthermore, the contribution of
the method for the development of a multifactorial approach for age-at-death estimation
(Bailey and Vidoli, 2023) is strengthened, achieving more accurate results as it enhances
the reliability of the identification process. Its relevance is also underscored in cases
where other anatomical features typically used for adult age-at-death estimation, such as
the pubic symphysis and the auricular surface, are damaged or absent, as well as when
addressing the study of multiple secondary burials.

The results obtained also strongly support the incorporation of the FIDBv2
method within the Daubert standards, key legal principles used to assess the validity of
expert testimony and scientific evidence in US federal court cases (Daubert v. Merrell
Dow Pharmaceuticals, Inc. 1993) and Kumho (Grivas and Komar, 2008). These standards
ensure that scientific evidence presented in court is both relevant and reliable (Grivas and
Komar, 2008). Elements such as falsifiability (whether the technique has been tested),
peer review and publication in high-impact international journals, clearly identified error
rates, standardized operating procedure of the technique, and general acceptance by
specialists in the field, must be considered, as they help ensure that expert testimonies are
based on scientifically valid methods. Except for the last criterion, all these elements have
been consistently addressed and concurred in the FIDBv2 method. In this regard, the
accessibility and technical simplicity of use through the online platform (Garizoain et al.,
2024) facilitate its application by forensic scientists and researchers worldwide. As the
implementation of this tool in various forensic contexts will enhance the capability of
adult age-at-death estimation and identification across diverse populations and contexts,
it is desirable that other research teams focusing on this topic use the web-available
procedure to independently test the trends identified here, including the addition of further
information to the database. This collaborative approach can help further validate the
method, potentially fulfilling the final criterion of general acceptance and strengthening
its standing within the forensic community.

Future research should also focus on expanding the database to include an even
wider diversity of populations and environmental conditions, increasing the precision and
applicability of this innovative model. Further validation across diverse populations will
strengthen the model reliability and lead to its even wider acceptance as a standard

method for age-at-death estimation in forensic sciences. A deeper exploration to identify
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new divergent situations in a comparative inter-populational approach and elucidate the
causes of some discordant trends identified in this research (e.g., in the Indian sample), is
also desirable. Additionally, regarding the minimal effect of periodontal retraction on the
estimations, which may be influenced by numerous environmental variables related to
oral health, mechanical stress, cultural influences, and dental pathology (Ubelaker and
Parra, 2008a and b; Prince and Crowley, 2017; Aranda, 2023), efforts will be made to
refine the procedure, like those proposed by Parra et al. (2024), by eliminating this
variable from the algorithmic calculation and comparing the results obtained with those

of the current research.
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