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Age estimation based on aspartic acid racemization in dentine:
what about caries-affected teeth?
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Abstract Age estimation based on aspartic acid racemiza-
tion (AAR) in dentine is one of the most precise methods
in adult age. Caries induces protein degradation and may
have an impact on the kinetics of AAR in dentine. We
systematically examined standardized prepared dentine sam-
ples from caries-affected teeth to clarify the question, if
caries-affected teeth should not be used for age estimation
based on AAR at all, or if the analysis of dentine samples
from such teeth may be useful after removal of the
caries-affected tissue according to clinical standards. Our
results suggest that caries may lead to an extensive protein
degradation even in macroscopically healthy-appearing den-
tine samples from caries-affected teeth and may significant-
ly affect the precision of age estimation. To ensure the
quality of age estimation based on AAR in forensic
practice, we recommend using dentine samples from
healthy teeth. If only caries-affected teeth are available,
dentine samples from at least two teeth from the same
individual should be analyzed as it seems unlikely that
caries-induced protein degradation occurred with identical
kinetics in two different teeth. In any case, results of the
analysis of caries-affected teeth must be interpreted with
caution.
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Introduction

Estimation of age is an important task in forensic practice,
regarding identification of unidentified bodies as well as age
estimation of living persons of unknown age. One of the most
precise methods (in adult age) is based on aspartic acid race-
mization (AAR) [1–3].

The molecular basis of AAR has extensively been de-
scribed [4–6]. In permanent and long-living proteins, an accu-
mulation of D-aspartic acid residues may occur with increas-
ing age. If the relationship of D-aspartic acid content and age
is close enough, it can be used for age estimation [7, 8]. An
age-dependent accumulation of D-aspartic acid has been ob-
served. e. g., in dentine [9, 10], enamel [11–13], tooth cemen-
tum [14], erythrocytes [15–17], bone [18, 19], intervertebral
discs [20, 21], lens [22–24], sclera [25], elastic cartilage from
epiglottis [26], and rib [27], as well as in purified proteins, e.
g., osteocalcin from bone [28] and elastin from lungs [29],
artery walls [30], human skin [31], and ligamenta flava [32].

In forensic practice, dentine is the tissue of choice for age
estimation based on AAR, as it is a bradytrophic tissue
exhibiting a very close relationship of D-aspartic acid content
and age [2, 33]. For reasons of quality assurance, the analysis of
healthy intact teeth is strongly recommended [34]. However,
completely unaffected teeth are often unavailable in forensic
case work. The question arises if caries-affected teeth should
not be used for age estimation based on AAR at all, or if the
analysis of dentine samples from such teeth may be useful after
removal of the caries-affected tissue.

Experimental evidence for a relevant influence of caries
on AAR already comes from data presented by Tiemeyer
[13] and Griffin et al. [12]. Tiemeyer described elevated
AAR values in enamel from teeth with carious lesions, even
if the samples had been taken from caries-unaffected areas.
Griffin et al. [12] analyzed acid-extracted fractions of
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enamel; samples from carious teeth exhibited a higher devi-
ation of estimated from real ages than healthy teeth.
Tiemeyer [13] as well as Griffin et al. [12] recommended
further investigation of the influence of caries on the preci-
sion of the method.

The precise implications of the effects of caries on AAR
in dentine have not yet been examined in detail. Therefore,
we examined the influence of caries-induced protein
degradation on AAR by analysis of standardized prepared
dentine samples from caries-affected teeth. Under consid-
eration of the results of these analyses we discuss, if
caries-affected teeth are at least suitable after removal of
the caries-affected dentinal tissue according to clinical
standards, or if such teeth are not suitable for forensic
age estimation based on AAR in dentine at all.

Materials and methods

AAR in standardized prepared dentine samples
from caries-affected teeth

To investigate the relationship between the severity of a cari-
ous lesion (as detectable bymorphological methods according
to clinical standards) and the risk of false results of age esti-
mation, AAR was determined in standardized prepared and
categorized samples.

Ninety-nine standardized prepared root dentine samples
(cube) from 25 wisdom teeth with carious lesions (23 individ-
uals, with known ages between 21 and 79 years) were ana-
lyzed. To check the influence of the preparation method, three
sound wisdom teeth (from 3 individuals, with known ages
between 17 and 35 years) were analyzed in addition.

The samples were taken from vital teeth free of fillings and
root fillings. All teeth were extracted by dentists due to carious
or periodontal diseases, or for orthodontic and other medical
reasons. Patients consented to the analysis of their extracted
teeth for scientific purposes. Each extracted carious tooth was
X-rayed to assess the severity of the carious lesions. For clas-
sification, the International Caries Detection Assessment
System (ICDAS) was used (www.icdas.org). Only teeth with
a score of 5 and 6 were selected for further analysis.

The samples were processed and analyzed as in the proce-
dure described by Ritz-Timme [35] as follows:

Preparation of root dentine samples

All teeth were cleaned with water and stored dry at −20 °C.
Root dentine samples were prepared using a dental drill
under constant cooling. The roots were separated from
the crown at the enamel-dentine junction. The lower third
of the root was removed. The remaining root dentine was
freed from cementum and pulp tissue. The precision of the

preparation was checked using an UV lightener at a wave-
length of 366 nm; at this wavelength, dentine is fluores-
cent, while cementum is not.

Root dentine samples were separated into four Bcubes^ of
about 3 mm height each (see Fig. 1). The prepared cube sam-
ples were classified with regard to the extent of the carious
lesions visible:

– category 0: no carious lesions visible in the concerned
cube,

– category a: carious lesions cover 30% or more of the
cube,

– category b: carious lesions cover less than 30% of the
cube.

Washing procedure

The prepared cubes were rinsed in distilled water and washed in
15% sodium chloride solution for 1 h, in ethanol-diethylether
(3:1) for 15 min, and in 2% sodium lauryl sulfate (SDS) for
1 hour. The samples were then lyophilized and stored at −20 °C
until further processing.

Pulverization of dentine samples

Pulverization of dentine was performed by a hydraulic press
(P/O/Weber, Remshalden) at 20 kN. Four milligrams of the
pulverized dentine was used for the following steps.

Hydrolysis, derivatization, and chromatographic analysis

After pulverization of dentine, all samples were hydrolyzed in
1 ml 6 N hydrochloric acid for 6 h at 100 °C and dried in a
vacuum desiccator.

For derivatization, 1 ml isopropanol and 1 μl sulfuric acid
were added to each sample, and the samples were heated at

Fig. 1 Preparation of dentine samples: roots were separated from the
crown at the enamel-dentine junction. The lower third of the root was
removed. The remaining parts were separated into four cubes according
to Bcubes^ I–IV
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110 °C for 1 h. Isopropanol was removed by a nitrogen
stream. After adding 1 ml 4 N ammonia solution and 1 ml
dichlormethane, the samples were centrifuged and the
resulting two phases were separated and dried again. One
milligram dichlormethane and 50 μl trifluoroacetic acid
(TFAA) were added; the samples were heated for 15 min at
60 °C and dried using a nitrogen stream.

Separation and quantification of D- and L-aspartic acid
were performed on a chiral capillary column in a gas chro-
matograph (GC: Shimadzu GC-2014, column: Chirasil-L-Val,
Varian). A defined sample of aspartic acid with known D/L
ratio (Merck, Darmstadt) was used as a standard for quality
assurance. Each sample was analyzed at least twice. D/L ratio
was calculated by using the arithmetic mean. The extent of
AAR was calculated as ln ((1 + D/L)/(1 − D/L)) [11].

Age estimation

D/L values were used to estimate the individuals’ ages using
the regression equation established by Ritz-Timme et al. [35]
(ln ((1 + D/L)/(1 − D/L)) = 0.00165 t + 0.00716). Deviations
of estimated ages from real ages were determined.

Results

AAR in samples from sound wisdom teeth

Age estimation based on AAR in the prepared cubes from the
sound teeth resulted in deviations between estimated and real
ages between − 1.87 and 3.69 years.

AAR in samples from caries-affected teeth

Figures 2, 3, and 4 depict the deviations of estimated from true
ages in the prepared cubes from caries-affected teeth under
consideration of the observed degree of caries affection.

In all categories (of visible carious lesions), precise age
estimates as well as remarkably large deviations of estimated
from real ages were observed:

– Deviations of less than +/− 3 years were observed in 33
(out of 99) analyzed cubes from caries-affected teeth.

– 62 (out of 99) cubes exhibited deviations of less than
+/− 6 years.

– The analyses of 15 (out of 99) cubes resulted in deviations
of more than 10 years.

– Overall, deviations from − 12.67 to 20.39 years were
observed.

– In c. 92% of the cases with deviations of more than
+/− 6 years, false high AAR values were observed.

There was no relationship between the severity of the car-
ious lesions in the prepared cubes and the precision of age
estimation; in each defined category of affection, very precise
as well as very imprecise results of age estimation were
observed:

– Samples in category B0^ (no caries lesions visible in the
concerned cube) exhibited deviations of 0.02 years at best
and 20.39 years at worst (see Fig. 2).

– Samples of category Ba^ (carious lesion covered 30% or
more of the cube) exhibited deviations of estimated from
true age of 0.02 years at best and 14.33 years at worst (see
Fig. 3).

– In samples of category Bb^ (carious lesion covered less
than 30%), deviations between − 1.10 years at best and
15.08 years at worst were observed (see Fig. 4).

Discussion

Tiemeyer [13] and Griffin et al. [12] already concluded from
their data onAAR in enamel of caries-affected teeth that caries
may have an impact on the precision of age estimation based
on AAR. However, the precise implications of the effects of
caries on AAR in dentine remained unclear.

The results of the analysis of dentine samples from
caries-affected teeth (Figs. 2, 3, and 4) confirm the as-
sumption of a relevant impact of caries on the quality of
age estimation based on AAR. Deviations between esti-
mated and real ages of up to 20.39 years were observed.
Deviations in these dimensions have not been observed in
age estimation based on the analysis of healthy dentine in
large sample series by our group using the method
employed here [10, 34], and also other experienced
groups did not report such high deviations (e.g., Ohtani
et al. [36, 37]).

Most deviations of estimated from real ages were caused by
remarkably high AAR values resulting in falsely high age
estimates (see Figs. 2, 3, and 4). This is in line with the as-
sumption that caries-induced protein degradation generates
small fragments with lower steric hints, promoting a faster
accumulation of D-aspartic acid [4, 5].

However, there were also samples with relatively lowAAR
values resulting in falsely low age estimates. In these cases,
dentine samples may already have lost small protein frag-
ments with high AAR rates due to further degradation and
elimination.

The observed deviations of estimated from real ages in
samples from caries-affected teeth prove that caries may
indeed influence the precision of age estimation by AAR
in dentine considerably. The question arises, whether pre-
cise age estimation based on AAR is even possible in
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caries-affected teeth, if macroscopically healthy dentine is
prepared from these affected teeth according to clinical
standards. According to our results, this is not possible.
Cubes labeled as Bcategory 0^ (no caries visible) exhibited
very precise as well as very imprecise results of age estimation
(Fig. 2). Our findings indicate that caries may lead to exten-
sive changes on a molecular level (protein degradation) even

in regions that appear Bhealthy^ in the morphological exami-
nation according to clinical standards. On the other hand,
cubes with visible carious lesions also presented very precise
as well as very imprecise results of age estimation. There was
no relationship between the severity of a carious lesion (as
detectable by morphological methods) and the risk of false
results of age estimation based on AAR.
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Fig. 3 Deviation of estimated ages from true ages in samples from caries-affected teeth. Samples of category a (caries covers 30% and more in the cube,
n = 14)
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Fig. 2 Deviation of estimated ages from true ages in samples from caries-affected teeth. Samples of category 0 (no caries in the concerned cube, n = 71)
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Considering these results, the analysis of caries-affected
teeth should be avoided in forensic practice. Nevertheless, in
some cases, only carious teeth are available. In these cases, at
least two teeth from the same individual should be analyzed.
Since carious lesions are the result of complex biological pro-
cesses, it seems highly unlikely that caries produces the same
extent of protein degradation in two affected teeth from the
same individual. If the analysis of two carious teeth from the
same individual yields roughly the same results, we would
consider these results as being plausible, although they should
still be interpreted with caution.

Compliance with ethical standards

Ethical approval All procedures performed in studies involving hu-
man participants were in accordance with the ethical standards of the
institutional and/or national research committee and with the 1964
Helsinki declaration and its later amendments or comparable ethical
standards.
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