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ABSTRACT

Estimation of age-at-death for skeletonised forensic remains is one of the most significant
problems in forensic anthropology. The majority of existing morphological and histological
techniques are highly inaccurate, and show a bias towards underestimating the age of older
individuals. One technique which has been successful in forensic age estimation is amino acid
racemization in dentine. However, this method cannot be used on remains where the post-mortem
interval is greater than 20 years. An alternative approach is to measure amino acid racemization
in dental enamel, which is believed to be more resistant to change post-mortem. The extent of
amino acid racemization in the acid soluble fraction of the enamel proteins was determined for
modern known age teeth. A strong correlation was observed between the age of the tooth and the
extent of racemization. No systematic bias in the direction of age estimation errors was detected.
For the majority of teeth analyzed, the presence of dental caries did not affect the results
obtained. In a minority of cases, carious teeth showed a higher level of racemization than would
be expected given the age of the individual. These results indicate that amino acid racemization
in enamel has the potential to be used in age estimation of skeletal remains.
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INTRODUCTION
Knowing the age at death of an individual is a central concern to archaeologists and
forensic anthropologists alike. However, age estimation is also well known to be one of the most
problematic fields within forensic anthropology and palaeodemography. At present the majority
of age estimation techniques are believed to be highly inaccurate [e.g. 1, 2, 3]. Most existing age
estimation methods in adults rely on measuring degenerative changes in the skeleton, which are
strongly affected by the lifestyle, health and nutrition of the individual. Many of these traits also
show a wide range of natural variability in the timing of their appearance between individuals [2].
Thus, there is a pressing need for the development of methods for age estimation whose timing is
more consistent between individuals.

One age estimation method used in forensic work, which has the potential to meet these
criteria, is amino acid racemization. Amino acids are the building blocks from which proteins are
formed, and they exist in two forms – L and D – which are non-superimposable mirror images of
each other. When proteins are formed in the body, all the amino acids are in the L form, but
during the life of the protein they gradually convert to a mix of L and D forms by a process called
racemization. This reaction is strongly temperature dependent. In temperate climates, the
temperature experienced by the body post-mortem is often significantly lower than body
temperature, slowing the racemization reaction significantly (40 fold at a burial temperature of
10ºC; Ea 106 kJ mol-1). Thus, the levels of D and L amino acids in proteins which formed early
in life should reflect the age at death of individuals buried in cooler climates [4]. In warmer
climates, the rate of racemization has been shown to show little change post-mortem, due to the
higher temperature experienced by the body post-mortem [5]. Thus, it is important to know the
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conditions of the burial, particularly the temperatures to which the body has been exposed, prior
to applying amino acid racemization to the age estimation of forensic remains.

Aspartic acid is the most commonly used amino acid for age estimation purposes, due to
its fast racemization at body temperature. Asx D/L is used to denote the combined racemization
of both the aspartic acid and asparagine residues in the original protein, due to the
interconversion of aspartic acid and asparagine during the sample preparation process and
therefore the inability to distinguish them analytically [6]. Glx is used to denote glutamic acid
and glutamine for similar reasons.

Aspartic acid racemization in dentine is a well-established method for age estimation in
forensic research [e.g. 7; 8]. Dentine has been the tissue of choice, as it forms early in the life of
the individual and undergoes little biochemical turnover during life. However, the application of
this method to remains with a post-mortem interval of greater than 20 years has to date proven
problematic. Gillard et al. [9] measured the extent of amino acid racemization in dentine
extracted from the teeth of the Spitalfields Collection of known age at death archaeological
individuals. Whilst there appeared to be some tendency for racemization to increase with age, the
correlation of the extent of racemization with age at death was poor. Collins et al. [10] speculated
that this was because the principal protein in dentine is collagen, and racemization of Asx
residues in collagen is controlled by its highly ordered molecular structure. Succinimide
formation, the pathway for peptide bound Asx racemization, is effectively prevented in the
extended polyproline backbone of collagen, thereby restricting sites of racemization to those Asx
residues in the short flexible telopeptides at either end of the molecule [11]. The telopeptides
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contain only 6% of the total Asx residues in Type I collagen. These telopeptide Asx residues take
approximately a century to undergo complete racemization at 37 ºC, and therefore Asx
racemization in dentine is ideal for estimating age at death in recently deceased individuals.
However, prolonged burial will differentially affect younger and older individuals, as the former
still have many telopeptide Asx residues which can racemize during burial, whilst older
individuals do not. The net effect is to observe a gradual move to the same narrow range of Asx
D/L values (of approximately 0.036) in all individuals, as observed at Spitalfields [9].

In order to use racemization for age at death estimation on remains with a prolonged postmortem interval, an alternative protein pool was required. Dental enamel also forms early in the
life of an individual and undergoes little biochemical turnover. However, unlike dentine, enamel
contains virtually no collagen, so the specific problems with dentine illustrated in the earlier
Spitalfields study could be avoided. In addition, the proteins of mature enamel are processed
during enamel maturation by proteolytic enzymes to form low molecular weight peptides, which
presumably lack secondary and higher order structure that would restrict succinimide formation
[12]. Furthermore, Sykes et al. [13] and Collins & Riley [14] have argued that predictable
racemization could only be derived from intra-crystalline proteins. During enamel formation the
enamel proteins become entrapped in the growing crystalline structure of the enamel. As a result,
enamel provides a much better source of intra-crystalline proteins than dentine. Moreover,
enamel is much more resistant to change in the burial environment [15].

Enamel racemization has not been widely used in forensic age estimation, as the levels of
protein are so low that it presents a real analytical challenge [16, 17], and the correlation between
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racemization and age is not as strong as in dentine [8]. Previous work has required large amounts
of enamel, sometimes requiring destruction of an entire tooth for a single analysis. However, the
introduction of reverse phase – high pressure liquid chromatography (RP-HPLC) with
fluorescence detection has made it feasible to determine the extent of racemization of much
smaller quantities of amino acids than had previously been possible. RP-HPLC can detect amino
acids at quantities as low as 0.9 pg [18]. One aspect of this investigation was to therefore use the
sensitivity offered by RP-HPLC to develop an extraction method that was minimally destructive.
Using an analytical technique (such as RP-HPLC) with a lower detection limit allows analysis of
enamel samples with much smaller quantities of amino acids. The use of RP-HPLC in this study
has meant that the amount of enamel required for each analysis was smaller than in previous
studies of enamel racemization [16, 17]. Such an approach is particularly valuable when working
with scarce or irreplaceable materials, such as forensic remains. This paper presents the
application of amino acid racemization in enamel to the age estimation of healthy modern teeth.

MATERIALS AND METHODS
The modern teeth used in this study were provided by the Edinburgh Dental Institute and
the Clockhouse Dental Surgery, York. Thirty one healthy teeth with known age of extraction
were selected for analysis by amino acid racemization, chosen to provide as broad a range of ages
as possible. Thirteen teeth with dental caries were also selected to examine the potential effect of
caries on racemization. All the teeth were rinsed with bleach after extraction and transported to
the BioArch laboratory either dry (for samples from the Edinburgh Dental Institute) or in bleach
(for samples from the Clockhouse Dental Surgery).
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To minimize the amount of destruction to each tooth, enamel was removed from the
surface of the tooth by dissolution in acid, rather than by sectioning the tooth. In order to remove
any foreign proteins from the oral environment attached to the tooth surface, the surfaces of each
tooth were cleaned by applying a 0.2 ml PCR tube filled with 6M HCl (total volume
approximately 230 μl) to each of the labial and lingual sides of each tooth for one minute, then
rinsing the tooth surfaces with HPLC grade methanol. The teeth were then placed in 12% wt/vol
sodium hypochlorite for two days in order to remove contaminating proteins from handling of the
teeth or from the burial environment, and then rinsed in ultrapure water and HPLC grade
methanol. Samples were taken by applying two 0.2 ml PCR tubes filled with 6M HCl (total
volume of each tube approximately 230 μl) to each of the labial and lingual surfaces for two
consecutive time intervals of one minute. This method removes approximately 9±3 mg of enamel
apatite.

All samples obtained were hydrolyzed at 110°C for six hours in an N2 enriched
atmosphere. Although the use of acid in the sampling methodology may induce racemization, as
the samples were either hydrolysed shortly after collection or stored in a freezer until they were
hydrolysed, the extent of induced racemization is expected to be minimal. The hydrolysis
temperature applied here is also slightly higher than that used by some previous researchers [16,
17]. While this will result in a greater amount of induced racemization due to the hydrolysis
procedure, as the same hydrolysis procedure was used for all the samples included in this study,
the amount of induced racemization will be roughly identical for all the samples. Thus, the Asx
D/L values obtained here would be expected to be higher than those obtained by previous studies,
but to show a similar relationship between Asx D/L and age.
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After hydrolysis, the samples were dried on a rotary evaporator overnight, and then
rehydrated in 50 μl of 0.003 M HCl, 0.01 mM L-homo-arginine (as an internal standard) and 0.77
mM sodium azide, with a pH of 2. The sample vials were vortexed to aid dissolution, centrifuged
and the supernatant collected and analyzed on the HPLC. Samples were separated on a Hypersil
BDS column, by reverse phase HPLC using a modification of the method of Kaufman and
Manley [19]. Two analyses were conducted for each sample: one using the chromatographic
method outlined in Kaufman and Manley [19], and the second using an adapted version of the
Kaufman and Manley method, with the concentration gradient halved, in order to enhance
separation of the L- and D- Asx peaks. Absolute concentrations of L- and D- amino acids were
calculated from the integrated area under each peak, normalized to the peak area of the internal
standard, L-homo-arginine.

Chromatographs were carefully checked for evidence of contamination. One important
source of contaminant proteins is bacteria from the oral or burial environment. This
contamination was detected by examining the D/L values for Glx. Glx racemizes very slowly at
body temperature and levels of D-Glx in enamel proteins are normally low. However, bacteria
contain high levels of D-Glx, as glutamic acid is found in peptidoglycan within the bacterial cell
wall [20, 21, 22]. Samples with abnormally high values of D-Glx were assumed to be
contaminated and were not analyzed further. While it is possible that samples with lower values
of D-Glx may also contain small amounts of contamination, at such low levels the contamination
is unlikely to significantly affect the Asx and Ser D/L values obtained.
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RESULTS AND DISCUSSION
Amino acid racemization in the enamel of healthy teeth
The method applied in this study to the extraction and analysis of amino acids is able to
successfully separate and measure L- and D- Asx, Glx, serine (Ser), and L-threonine (Thr), Larginine (Arg), and L-alanine (Ala), as well as glycine (Figure 1). At least one sample from each
tooth analyzed was found to have a low level of D-Glx and thus to be free of contamination and
able to be analyzed further. Comparison of the proportions of these amino acids with those found
in previous work on the acid soluble fractions of enamel and dentine confirmed that enamel
proteins had been extracted, and not proteins from dentine [23, 24]. A good correlation (R2 =
0.92) between racemization and age of extraction was observed for the modern healthy teeth
studied (Figure 2). Using the regression line shown, it should be possible to determine the age at
death of an individual to ± 8.7 years with 95% confidence. Determination of age is more accurate
in teeth younger than 35 years, where the error in age estimation is ± 6.2 years. The slope of the
correlation line is similar to that observed by other researchers working on racemization in
enamel [17, 25], and thus it seems that the proteins extracted by etching behave in a similar age
dependent way to those obtained by the analysis of the total enamel. The D/L values obtained
using acid etching are higher than those determined using the total enamel, as this technique only
extracts the acid soluble fraction of the enamel proteins rather than analyzing the total enamel
protein content.

No systematic variation was observed between the values determined for the labial and
lingual sides of each tooth. This does not fit well with the findings of Ohtani [26] in dentine, who
found variations in the Asx D/L values from the labial and lingual parts of the dentine from the
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tooth crown [26]. Furthermore, the results of this study contradict those of Ohtani et al. [27] on
the total protein content of the enamel, which indicated that racemization occurs at different rates
at different parts of the mouth due to variations in temperature within the mouth. However, a
range of tooth types were used in the present study, from various positions within the mouth, yet
no systematic variation in the rate of racemization in teeth from different parts of the mouth was
observed other than that which is due to the different times of formation of the tooth types.
Therefore, the same equation for calculating age from Asx D/L values was used for all tooth
types. It is possible that the acid soluble fraction of the enamel examined here is less susceptible
to variations in the rate of racemization between locations within the mouth than the total enamel
protein content.

The Y-intercept of the relationship between Asx D/L and age is also higher than that
observed in previous research, and represents a higher level of racemization than is likely to be
induced during the hydrolysis step of the sample preparation process. It is likely that the high
intercept is due to the probable non-linearity of the racemization curve at very young ages. Nonlinear racemization has been suggested to occur in tooth dentine by Waite and Collins [28], and
this proposal is strongly supported by the very fast racemization observed in the teeth of young
rats, where much younger teeth were able to be analysed than is possible when studying human
populations [29]. Non-linear trends in the relationship between Asx D/L and age have also been
observed to occur in older samples [30]. As few teeth were analysed with a tooth age over 40
years, it is unclear whether the trend observed here in younger individuals will become non-linear
at greater ages. Analysis of further healthy teeth of known age covering a wider age range should
help clarify this situation.
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The correlation observed in modern teeth suggests that amino acid racemization has the
potential to provide more accurate age estimates than most morphological methods. A correlation
of age indicator with known age of R2 > 0.9 has been cited as necessary for an age estimation
method to be useful [31]. Few age estimation methods meet these criteria, but preliminary data on
aspartic acid racemization in enamel indicate that this method does.

Furthermore, the scatter around the regression line does not show an age dependent
pattern. Many age estimation methods display a bias in the direction of age estimation errors [32,
33]. Our preliminary data indicate that this is not true for amino acid racemization. This suggests
that amino acid racemization could make a useful contribution to multifactorial methods for age
estimation. One of the frequent criticisms of multifactorial methods is their use of numerous age
estimation techniques, which display the same bias in their age estimates. The use of multiple age
indicators that show the same inaccuracies in their age estimates has been argued to result in little
improvement in the quality of the final age produced [e.g. 34, 35]. As the inaccuracies in the age
estimation method presented here are different to those observed in other age estimation
techniques, it could be a valuable addition to existing multifactorial age estimation methods.

Effect of caries on amino acid racemization
One potential complicating factor in the use of amino acid racemization is the impact of
caries upon the protein content of the acid soluble fraction of the enamel, and hence potentially
also on racemization. The amino acid composition of carious teeth showed a small but
statistically significant difference to that of healthy teeth (Table 1). Carious teeth were found to
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have lower concentrations of Glx, Ser, Thr and Arg in comparison to Gly. Little research has
been done to date on the effect of caries on the amino acid composition of the enamel.
Researchers examining the amino acid composition of carious lesions found little difference
between the composition of the lesion and that of the enamel adjacent to it [36]. However,
previous work by Hess and Lee [37] found that there was a significant difference in the amino
acid composition of healthy enamel from carious and healthy teeth, with a decrease in the
concentration of Glx, Ser, Thr and Ala in enamel from carious teeth. The results of the present
study appear to support these findings, with the exception of the decrease in Arg rather than Ala.
It is unclear why the presence of caries produces such changes in the content of the enamel.
Nevertheless, it is apparent that the presence of a carious lesion in a tooth produces alterations in
the biochemical content of the enamel, which would be expected to produce differences in the
relationship between Asx D/L and age.

This discovery of a change in the biochemistry of enamel after exposure to caries was
supported by the variable impact of caries on Asx D/L in the teeth included in this study (Figure
3). Many of the teeth showed only a slight change in Asx D/L, while some showed a distinctly
higher or lower Asx D/L than would be expected for healthy teeth of the same age. An increase in
Asx D/L would be consistent with the observations of Ritz-Timme (pers. comm.), who has noted
an increase in Asx D/L in the enamel of carious teeth, regardless of the site sampled. Such an
increase may be due to either catalysis of the racemization reaction by the caries bacteria [see 38]
or contamination of the enamel by bacterial proteins, which are enriched in certain D-amino acids
[20, 21, 22]. However, the majority of the carious teeth analysed here do not show an increase in
Asx D/L. In part, this variability in the impact of caries on enamel biochemistry may be due to
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the different severity of carious lesions on the teeth, although visual inspection of the teeth after
analysis did not indicate a link between caries severity and deviation from the expected Asx D/L
value. This suggests that the effects of caries on the rate of racemization are more complicated
than was initially expected.

Of most concern are the two teeth which showed a decrease in Asx D/L. Examination of
the amino acid content of these teeth suggests that they may have been contaminated, perhaps by
collagen from the tooth dentine or environmental amino acids. As most sources of contamination
contain recently formed proteins, which will be less highly racemized than those in the enamel,
the presence of contamination would be expected to decrease Asx D/L. The presence of a similar
decrease in Ser D/L lends further support to this explanation.

The presence of caries in the teeth analysed appears to also have a varying effect on Ser
D/L (Figure 4). However, the majority of the Ser D/L values obtained are closer to those
expected from healthy teeth than was seen with the Asx D/L values, with the exception of one
tooth which displays an abnormally high Ser D/L. The Asx D/L value for this tooth does not
differ greatly from that predicted for healthy teeth. Although this could be due to selective
catalysis of Ser in preference to Asx in this tooth, this seems unlikely. The reason for this
deviation is unclear at present.

Ritz-Timme has suggested that even a small, localised carious lesion will affect the Asx
D/L throughout the tooth (pers. comm.). However, the results presented here do not support this
idea. The main effect of caries on Asx D/L seen in this study is an increase in the variability in
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the results obtained. While some teeth show an increase in Asx D/L, many show little change
from the value expected in healthy teeth. Furthermore, the majority of the teeth analysed showed
little alteration in Ser D/L. This suggests that it may be possible to use carious teeth to estimate
age using amino acid racemization in enamel, but that larger error margins would need to be
applied to the results obtained to take into account the heightened variability. A greater emphasis
on Ser D/L may also improve the age estimates produced, given the much smaller effect of caries
on this amino acid. Analysis of further carious teeth would be necessary to quantify the extent to
which the errors inherent in amino acid racemization age estimation would be increased by the
analysis of teeth with caries.

CONCLUSIONS
Amino acid racemization in acid soluble enamel proteins is a promising revival of an old
age estimation technique, which displays a higher level of accuracy in modern remains than many
existing age estimation methods. The data shown here indicate that racemization in modern
human enamel shows a steady increase in racemization with age, which could be used to estimate
age at death in remains that have been buried for only a short period of time. The presence of
dental caries in the tooth analyzed only has a small effect on the racemization of the tooth, and
thus even carious teeth could be used in age estimation, albeit with slightly larger confidence
intervals. Amino acid racemization in enamel could thus find use as an age estimation method in
forensic work, in cases where minimal sample destruction is required.
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Table 1. Amino acid concentrations [aa], calculated as a percentage of [Glycine], and average
total amino acid concentration (sum of Asx, Glx, Ser, Glycine and Ala; in pmol/μl) of carious and
healthy teeth. T- test values that are statistically significant are indicated in bold print.
Carious
[aa]
(n=13)
S.D.
Healthy [aa]
(n=31) S.D.
T test p value

Asx
Glx
Ser
Thr
His
L-Arg
Ala
35
54
31
18
12
9
19
6
8
4
3
4
2
5
37
64
39
25
12
12
21
8
13
8
7
3
3
5
0.18 0.00054 3.0x10-6 4.2x10-6 0.49 1.2x10-5 0.090

Total
63
17
59
15
0.26
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Figure 1. Chromatogram of a typical healthy tooth sample
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Figure 2. ln ((1 + Asx D/L)/(1 - Asx D/L)) by age for modern healthy (non-carious) teeth of
known age. Error bars represent 1st standard deviation about the mean for multiple
measurements from the same tooth.
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Figure 3. ln ((1 + Asx D/L)/(1 - Asx D/L)) by age for caries-free enamel from carious teeth and
healthy teeth. Error bars represent 1st standard deviation about the mean for multiple
measurements from the same tooth.
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Figure 4. ln ((1 + Ser D/L)/(1 - Ser D/L)) by age for caries-free enamel from carious teeth and
healthy teeth. Error bars represent 1st standard deviation about the mean for multiple
measurements from the same tooth.
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