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Abstract

Objective Radiocarbon analysis is used in forensic anthropology, and its application to dental tissues has become increas-
ingly adopted. This systematic review aimed to assess the current state of knowledge on radiocarbon dating of dental tis-
sues, focusing on methodological approaches, interpretative frameworks, and forensic applicability of enamel, dentin, and
cementum.

Methods PubMed, Scopus, and Web of Science databases were searched up to March 2024, and original studies involv-
ing radiocarbon analysis of dental tissues for forensic or anthropological purposes were included. Nine studies were found
eligible and reviewed in detail.

Results The selected studies encompassed over 270 individual teeth, primarily molars, and were conducted using accelera-
tor mass spectrometry combined with calibration curves. Enamel yielded the most accurate results, with a mean absolute
error of £1.3-1.9 years for post-1963 formation. Dentin and cementum, although metabolically active and subject to appo-
sitional changes, contributed useful complementary information but introduced potential chronological discrepancies. Key
limitations included small sample sizes, practical constraints in separating dental tissues, and the impact of geographic and
dietary variability on radiocarbon interpretation.

Conclusions Radiocarbon dating of dental tissues, particularly enamel, offers a reliable means of estimating time-related
biological parameters in forensics. Nonetheless, its effectiveness is influenced by sample integrity, the specific dental compo-
nent analyzed, and the availability of contextual data, such as geographic origin. Integration with stable isotopes and genetic
analyses is recommended to enhance the robustness of forensic identification. Future studies should prioritize larger sample
sizes and focus on whole-tooth analyses to reflect real-world forensic constraints.
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Introduction

Radiocarbon analysis, especially in the form of bomb pulse
dating, plays a crucial role in modern forensic science
for estimating the time since death [1-3]. By measuring
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carbon-14 (C-14) levels in human tissues, this method
can provide an approximate range of time since death.
Although initially developed and widely used in archaeol-
ogy to date ancient remains, its application has expanded
to forensics, where it helps distinguish between historical
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and contemporary cases and supports accurate postmortem
interval (PMI) estimations [4, 5].

This methodological shift has been particularly signifi-
cant in the study of hard tissues, such as teeth, which have
long played a pivotal role in many assessments in forensic
investigations, identification, and anthropological research.
Their resistance to postmortem decay and well-documented
developmental timeline make them uniquely valuable
for age estimation and contribution to the development
of anthropological profiles or biological histories [6—11].
Among the various tools used for such purposes, radiocar-
bon dating—particularly through analysis of (C-14)—has
become increasingly important, especially with the advent
of the “bomb pulse” method [3, 12].

This approach takes advantage of the considerable
increase in atmospheric C-14 levels caused by nuclear
weapons testing during the mid-20th century [12—-14]. Con-
sequently, it is possible to align the C-14 concentration
found in dental tissues, such as enamel or dentin, with spe-
cific points on the atmospheric C-14 curve. This technique
enables accurate estimations of birth year or, in some cases,
time of death for individuals who formed these tissues after
the 1950s [15].

However, teeth are complex anatomical structures com-
prising multiple tissues with distinct metabolic characteris-
tics. For instance, enamel is formed during early life and is
metabolically stable thereafter, whereas dentin and cemen-
tum may undergo limited post-formational changes [6]. This
variability implies that the choice of dental component to be
analyzed and how its radiocarbon signal is interpreted can
significantly affect the estimated date [16]. Several studies
have highlighted that separately analyzing enamel and den-
tin from the same tooth can provide different chronological
windows, allowing for refined estimations of both birth and
death years [17].

A key advantage of using teeth in radiocarbon analysis
is their biological stability. Unlike bones, which are subject
to remodeling and turnover throughout life, enamel retains
the isotopic signal present at the time of its formation. This
makes teeth particularly suitable for 14 C-based dating,
especially in contexts where skeletal remains are incom-
plete or compromised by environmental conditions [18].

Radiocarbon dating of teeth has recently gained traction
in forensic settings involving unidentified individuals, such
as undocumented migrants or disaster victims, where precise
age estimation is both a scientific and humanitarian priority.
Despite its promise, literature on C-14 analysis of dental tis-
sues remains sparse. Moreover, no clear consensus has been
reached regarding the optimal methodology, the comparative
reliability of enamel versus dentin, or the realistic margins of
error for age estimation across different populations.

@ Springer

Furthermore, individual factors, such as sex, diet, and
geographic origin, can subtly influence C-14 levels and must
be carefully considered during interpretation. For example,
Thevissen et al. [6] recently reported that environmental
and nutritional parity could help eliminate confounding
variables, enabling more reliable population comparisons in
tooth development studies.

Given these gaps and challenges, this review was con-
ducted to systematically assess the current state of knowl-
edge on radiocarbon analysis in dental tissues. We aimed
to examine the methodologies employed, the specific dental
components analyzed, and the forensic relevance and inter-
pretation issues of the resulting data.

Materials and methods
Study design and search strategy

This systematic review was conducted in accordance with
the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines to ensure transpar-
ency and methodological rigor throughout the process.
Although this work has forensic implications, it was not
registered in PROSPERO because the registry does not
encompass reviews unrelated to health or social care.

A systematic search was performed across three major
electronic databases—PubMed, Web of Science, and Sco-
pus—from their inception to March 2024. The search strat-
egy was derived from a previously validated string used for
radiocarbon research, specifically focusing on dental tissues
and bomb-pulse C-14 dating. The following MeSH terms
and keyword combinations were used.

((“TimeFactors“[MeSH]OR time) AND (“Death“[MeSH]
OR deaths OR “Postmortem Changes“[MeSH] OR post-
mortem OR “post-mortem”) AND (interval OR intervals)
AND (“Radiocarbon Dating” [2][MeSH] OR “Carbon-
14“[MeSH] OR radiocarbon OR “C14” OR “carbon dating”
OR “radiometric dating” OR radiometric) AND (“Anthro-
pology, Forensic“[MeSH] OR “forensic anthropology” OR
(forensic AND anthropology)) AND (“Tooth“[MeSH] OR
teeth OR tooth) AND (“bomb peak” OR “bomb curve” OR
bomb OR bombs))

Language or date restrictions were not applied. Addi-
tional studies were identified by manually screening the ref-
erences of all selected articles.

Eligibility criteria

The inclusion criteria for this review were as follows:
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1. Original studies involving C-14 analysis of dental tis-
sues (enamel, dentin, or cementum).

2. Articles focused on forensic or
applications.

3. Studies evaluating the correlation between C-14 levels
and estimated time of birth or death.

4. Full texts available in English.

anthropological

The exclusion parameters were as follows:

1. Studies focused only on bones or soft tissues.

2. Archaeological contexts not aimed at recent or forensic
relevance.

3. Reviews,
editorials.

4. Studies that did not provide sufficient methodological
details (e.g., no data on sample preparation or interpre-
tation model).

5. Papers including dental samples only for calibration
purposes or without specific reference to bomb pulse
methodology.

conference abstracts, commentaries, or

Study selection

Title, abstract, and full-text screening were independently
carried out by three researchers using Rayyan Al soft-
ware [19, 20]. The reference lists of all identified sources
were thoroughly reviewed and cross-checked to identify
additional relevant literature. Each document underwent a
detailed methodological assessment in line with PRISMA
guidelines, including a careful evaluation of potential bias.

Data extraction and categorization

The data collection process involved both the selection of
studies and the extraction of relevant data. All papers with
potentially relevant titles or abstracts were independently
reviewed by the researchers. Disagreements regarding study
eligibility were resolved through discussion and consensus.
Initial data extraction was performed by three investigators
and subsequently verified by a fourth investigator.

Since the aim of this review was to provide tools to iden-
tify the most accurate PMI, studies that met this criterion
were selected and described in Table 1, including C-14 data
from samples of forensic interest, in which the anatomical
region, lag time, age, and sex were specified.

The extracted data were categorized based on the ana-
lyzed dental tissue (enamel, dentin, or cementum), when
such specification was available. This classification enabled
the evaluation of the influence of tissue-specific turnover

and appositional dynamics on the resulting C-14 measure-
ments, as described in Table 2. Although the data in Table 2
included sex, this variable was not considered in the analy-
sis because further data subdivision would have reduced
the already small sample size, compromising any statistical
approach.

Results
Study selection

The study selection process followed the PRISMA 2020
guidelines to ensure transparency and reproducibility. A
total of 5,918 records were initially identified from three
major databases: PubMed (n=318), Scopus (n=907), and
Web of Science (n=4,693). After removing 633 duplicate
entries, the remaining 5,285 records were screened based
on titles and abstracts. Of these, 5,279 were excluded owing
to irrelevance to the inclusion criteria, leaving six full-text
reports considered for further evaluation. However, three of
these reports could not be retrieved in full, resulting in three
studies being assessed for eligibility.

In addition to the database searches, six additional
records were identified through citation tracking, with no
studies found on websites or in other sources.

Ultimately, nine studies met the inclusion criteria and
were included in the final review. This selection process is
visually represented in the PRISMA flow diagram (Fig. 1)
and reflects a rigorous approach in identifying studies
focused on radiocarbon dating of dental tissues for forensic
and anthropological applications.

Included studies

The nine included studies were published between 2006 and
2024, encompassing data from over 270 individual teeth.
These studies involved analyses of dental tissues includ-
ing enamel, dentin, and cementum—either separately or
in combination—to estimate year of birth (YOB), year of
death (YOD), or both.

In most investigations, accelerator mass spectrometry
was used for radiocarbon analysis and calibration programs,
such as CALIBomb, were used to correlate measured C-14
values with atmospheric bomb-pulse curves. Samples
included molars, premolars, incisors, and canines, with a
preference for the first and second molars owing to their
early and well-documented development, as well as their
larger size and higher volume of dental tissue, facilitating
sample collection and improving analytical reliability [16].

@ Springer
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Dental tissues

Enamel yielded the most accurate results, with a mean abso-
lute error (MAE) of + 1.3—-1.9 years referring to the pre-
cision of the radiocarbon-derived enamel formation year,
as calibrated against the atmospheric bomb curve [15, 23,
25]. The year of birth (YOB) is subsequently obtained by
subtracting the tooth-specific crown formation time from
this radiocarbon-derived enamel date; therefore, the overall
YOB uncertainty results from both the *C analytical error
and the biological variability in enamel development tim-
ing. Conversely, enamel formed before 1950 resulted in
broader chronological estimates owing to the flatter base-
line of atmospheric C-14 [16, 25]. The mean absolute error
in YOB estimation post-1963 enamel highlights the strong
correlation of the method with the atmospheric C-14 peak
[15, 23]. In cases where both enamel and dentin were ana-
lyzed, enamel provided a more reliable estimate owing to
its metabolic stability, whereas dentin occasionally helped
narrow down the potential age range [24]. Ubelaker DH et
al. (2011) demonstrated the utility of comparing enamel and
bone C-14 values to determine both YOB and YOD when
complete skeletal profiles are available [5].

The included studies showed that teeth, especially
enamel, offer a reliable substrate for radiocarbon dating
owing to their lack of post-formational remodeling. Once
formed during early childhood, enamel becomes meta-
bolically inert and does not undergo any turnover, thereby
preserving the original C-14 signal incorporated during its
formation. This stability is attributed to its acellular and
avascular nature, lacking the capacity for regeneration or
repair [26]. In contrast, dentin and cementum display dis-
tinct biological behaviors [27]. Dentin may undergo limited
secondary and tertiary apposition throughout life, particu-
larly in response to aging or injury, which can alter its car-
bon composition [28, 29]. Cementum, especially its cellular
form, continues to accumulate in incremental layers through
appositional growth, a process that persists throughout life
and can incorporate more recent atmospheric carbon, poten-
tially altering chronological resolution [30]. These differ-
ences in post-formational dynamics explain why enamel
provides the most temporally stable matrix.

Alkass et al. and Calcagnile et al. successfully combined
C-14 dating with stable isotope analyses (C-14 and O-18)
and DNA typing to improve forensic identification strate-
gies [13, 15]. Radiocarbon analysis of dental enamel was
used to estimate YOB with high precision by comparing
the measured C-14 levels with the atmospheric bomb curve
[15]. Simultaneously, stable isotope ratios, particularly dif-
ferences in C-13 composition, were analyzed to infer dietary
patterns and geographic origin, based on regional and eco-
logical differences in plant photosynthesis pathways (C3 vs.

C4). For example, Alkass et al. showed that C-13 values in
enamel varied significantly among individuals from Scandi-
navia, who had the lowest values, followed by those from
Japan, the Middle East, and South America, thus offering a
means to infer the regional background of the subjects [15].

Discussion

Radiocarbon analysis of dental tissues offers a valuable tool
for estimating YOB or YOD, primarily because of the bio-
logical stability of enamel and its ability to retain the atmo-
spheric C-14 signature from the time of formation [13, 15].
Nevertheless, the data reviewed in the present study high-
light several critical considerations that may affect the accu-
racy and reliability of dental radiocarbon analysis.

In practical forensic settings, analysis of isolated tissues
(e.g., enamel vs. dentin) is often not feasible. Whole-tooth
sampling, although less precise in terms of tissue-specific
formation time, represents a realistic and efficient solution
when dealing with compromised remains or minimal sam-
ple availability. Several studies have shown that even with
whole-tooth analysis, deviations from known dates remain
within acceptable forensic margins [15, 17, 31].

In the analyzed cases, enamel showed the highest chron-
ological reliability, with radiocarbon-derived enamel for-
mation dates differing from true values by an average of +
1.3-1.9 years and rarely exceeding 3 years. These values
represent the mean absolute error for enamel formation year
estimation, not directly for year of birth (YOB), which car-
ries an additional component of uncertainty due to biologi-
cal variation in crown-formation timing. When converted
into YOB estimates, discrepancies generally remained
within a £ 2-3-year window, consistent with the results
reported by some authors [23-25]. Nevertheless, as noted
by Saitoh et al., the amount of usable enamel may be limited
in practical forensic contexts owing to the requested enamel
quantity being approximately 0.5-1 g [4, 16, 22]. In such
cases, whole-tooth sampling, including dentin and cemen-
tum, becomes necessary. However, this approach introduces
a potential temporal discrepancy between enamel formation
and subsequent, more recently developed portions, such as
dentin or cementum. In our dataset, the average lag time
ranged from — 0.3 to over 3 years, with higher discrepancies
observed when dentin was included. This reflects the ongo-
ing appositional growth and metabolic activity of dentin and
cementum, which may incorporate more recent atmospheric
carbon over time [27, 30].

Another significant limitation of this approach involves
geographic and dietary variability in atmospheric C-14
levels. While calibration curves, such as IntCal20 (north-
ern hemisphere) and SHCal20 (southern hemisphere),

@ Springer
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Fig. 1 PRISMA 2020 flow diagram for new systematic reviews which included searches of databases and registers only

account for regional differences, the lack of information on
an individual’s origin complicates the choice of the correct
calibration model [21, 32, 33]. Ancestry evaluations, which
are fundamental for determining subject origin, rely only
on morphological characterization. In most forensic cases,
information regarding a sample’s origin or any other gen-
eral information is lacking and insufficient to determine the
precise geographic provenance, thus potentially impairing
accurate chronological interpretation [3]. Future studies
should focus on explicitly reporting the hemisphere of sam-
ple origin and selecting the appropriate calibration curve
(e.g., IntCal20 vs. SHCal20) to ensure dating consistency.
Although dental tissues, particularly enamel, can be valu-
able for establishing year of birth and for identifying individ-
uals in degraded or incomplete remains, they should not be
considered as a first choice. Tissues characterized by shorter
carbon turnover, such as hair, nail, or bones, offer a closer tem-
poral relationship with atmospheric radiocarbon and thus more
accurate time-of-death estimates, particularly in older adults,

@ Springer

and in the case of older individuals whose death occurred in
modern times, but whose teeth formed before 1950, in the pre-
bomb phase, prior to the ascending phase of the curve [3].

Conclusion

Radiocarbon dating of teeth is an asset in forensic identifica-
tion owing to the temporal and environmental information
preserved within dental tissues, especially enamel. How-
ever, practical limitations related to sample quantity, tissue
selection, and inter-individual variability must be carefully
considered when interpreting results.

Dental studies have often included limited sample sizes.
Unlike large-scale studies on bone dating, this limitation
prevents comprehensive statistical analysis, even when the
data are grouped. Furthermore, in real forensic cases, sepa-
rating individual dental tissues is almost always impractical;
therefore, the tooth must be considered as a single element.
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Geographic and dietary influences on C-14 distribution,
combined with the challenge of accurately determining an
individual’s region of origin (common in forensic cases),
complicate the use of global calibration curves. These chal-
lenges reinforce the need for integrated methodologies that
combine radiocarbon analysis with other forensic tools.
These considerations underscore the importance of a multi-
disciplinary approach to the analysis of unidentified human
remains. The integration of radiocarbon dating with stable
isotope analysis (e.g., C-13 and O-18) and genetic testing
can enhance the overall accuracy of biological profiling, as
demonstrated by Alkass et al. and Thevissen et al. [6, 18].

In conclusion, although not without methodological con-
straints, dental radiocarbon analysis can be a useful tool
for indirect PMI assessment and individual identification.
This approach should be integrated into a multidisciplinary
forensic framework to improve the accuracy and reliability
of postmortem reconstructions. Teeth are a promising tool
for dating, as YOB correlates with YOD and age—both
of which are fundamental parameters in forensics. How-
ever, further studies involving larger samples and whole-
tooth analyses are needed, without differentiating between
enamel, dentin, and cementum, owing to the practical dif-
ficulty of diversifying tissues from the same tooth in suf-
ficient, uncontaminated quantities. Although this implies a
slightly longer interval (approximately 3 years), the results
remain sufficient and useful for investigations.
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