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TECHNICAL NOTE

Susumu Ohtani,1 Ph.D.; and Toshiharu Yamamoto,2 Ph.D.

Strategy for the Estimation of Chronological Age
Using the Aspartic Acid Racemization Method with
Special Reference to Coefficient of Correlation
Between D/L Ratios and Ages

ABSTRACT: The estimation of chronological age has been performed by various methods in forensic science. Among these, racemization
methods, which are based on the age-dependent non-enzymatic changes of L-form amino acids to D-form mainly using aspartic acid, are one of the
most reliable and accurate methods to date. Separation of enantiomers is generally performed by gas chromatography or high performance liquid
chromatography. Various tissues with low metabolic rates have been applied for this purpose. In addition, single proteins purified from these target
tissues are also applicable. In this brief review we describe this method in detail, noting points of caution, as well as the advantages and disadvantages
of the different target tissues. In addition, special attention is given to the correlation rates obtained between chronological age and enantiomer
ratios. Currently, based on accuracy of estimated age, simplicity of the method, time required, and reproducibility, tooth dentin is considered one of
the best target tissues. Alternatively, analysis of osteocalcin and elastin have also provided accurate and reproducible results.
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The estimation of chronological age in forensic science has long
been made by using various methods (1). The most popular meth-
ods are those using morphological features such as evaluation of
skeletal and dental morphological changes with age (1,2). In the
adults, the age range estimated with those methods is rather wide,
and the estimated and chronological ages often do not match (1,3).
However, high concordance between tooth cementum annulations
and chronological age was recently reported (4). Unlike the mor-
phological methods, the racemization method does not have inter-
laboratory differences. Analysis itself is more objective since the
complete separation of D- and L-asp and data are indicated by
numbers. For this racemization method, shorter specialist training
and less thorough morphological knowledge seem to be sufficient
to choose target organs and to prepare samples correctly.

There are several age-related changes that occur in proteins
such as oxidation, isomerization, and racemization (5,6). Among
these changes, racemization is the first-order chemical reaction
from L-form amino acids to D-forms, and correlates highly with
protein age. In the living body, newly synthesized proteins are
normally composed of L-form amino acids, although there are
some exceptional peptides which are biologically synthesized us-
ing D-form amino acids (7). In general, L-form amino acids
within proteins are changed into D-forms by automatic chemi-
cal reactions whose rates are influenced by various factors such
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as temperature, humidity, pH, etc. Therefore, for the estimation
of chronological ages, organs with low metabolic rates are bet-
ter than those with high metabolic rates. In view of this, teeth
are the best choice for a tissue to analyze for age estimation, al-
though other organs such as bone, cartilage, white matter of the
brain, and eye lens are also applicable. Using tooth enamel, Helf-
man and Bada (8) found a very high correlation (r = 0.921) be-
tween aspartic acid racemization ratios and age in 19 cases. Sub-
sequently, from a study of 20 cases they reported that using dentin
of the crown yielded better results (r = 0.979) than enamel (9).
Likewise, the relation between the degree of racemization of
teeth and age was also studied by Shimoyama and Harada (10),
and Ogino et al. (11), and in agreement with Helfman and Bada,
they also reported a high degree of correlation. Furthermore, these
results have been double-checked and confirmed by others (12–21).
Thus, the high reliability of the racemization method has been well
established. At present, the method using the racemization reaction
of aspartic acid (the degree of racemization) is one of the most
accurate methods for the estimation of age (20). From 1987 to the
present, the current authors and their co-workers studied the re-
lationship between age and degree of aspartic acid racemization
method, to the actual appraisal of age (22).

In this short review, the authors will describe the details of this
technique (see Appendix) with key points for chronological age
estimation for corpses and skeletons using the racemization method
in order to spread and standardize the technique.

Choice of Organs

At present, teeth are the best organs for the estimation of chrono-
logical age, based on accuracy, simplicity, and time required.
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TABLE 1—Coefficient of correlation between D/L ratios and ages in various teeth.

Fraction of Sample Coefficient of
Tissue Location of Teeth Protein Nos. Correlation Reference

Enamel Permanent & deciduous teeth TAA 19 0.921 Helfman & Bada, 1975 (8)
Central incisor TAA 16 0.928 Ohtani & Yamamoto, 1992 (23)

Dentin Central incisor (Whole) TAA 16 0.995
Enamel Central incisor (Whole) TAA 8 0.961 Ohtani et al., 1995 (25)
Dentin Central incisor (Whole) TAA 8 0.992
Cementum Central incisor (Whole) TAA 8 0.988

Central incisor (Whole) TAA 8 0.991
Lateral incisor (Cervical) TAA 8 0.997
First premolar (Whole) TAA 8 0.988
Second premolar (Whole) TAA 8 0.984

Dentin Crown TAA 20 0.979 Helfman & Bada, 1976 (9)
Crown TAA 61 0.991 Ogino et al., 1985 (11)
Root TAA No correlation Shimoyama & Harada 1984 (10)
All of teeth TAA 46 0.96 Ritz et al., 1990 (13)
Central incisor (Cervical) TAA 45 0.974 Ohtani & Yamamoto, 1987 (22)
Lateral incisor (Cervical) TAA 27 0.990
Canine (Cervical) TAA 19 0.995
First premolar (Cervical) TAA 31 0.992
Second premolar (Cervical) TAA 27 0.969
First molar (Cervical) TAA 17 0.984
Second molar (Cervical) TAA 21 0.976
Third molar (Cervical) TAA 34 0.971
Central incisor (Whole) TAA 38 0.996
Lateral incisor (Whole) TAA 62 0.994
Canine (Whole) TAA 28 0.991
First premolar (Whole) TAA 14 0.997
Second premolar (Whole) TAA 24 0.992
Central incisor (Whole) TAA 13 0.996 Ohtani & Yamamoto, 1991 (52)

IC 13 0.988
SP 13 0.997

First premolar (Whole) TAA 14 0.991
IC 14 0.988
SP 14 0.994

Third molar; root TAA 70 0.99 Ritz et al., 1993 (14)
SP 39 0.99
IP 39 0.96

First premolar, crown TAA 28 0.9887 Fu et al., 1995 (18)
Central incisor, Whole dentin TAA 12 0.995 Ohtani, 1995 (58)
Central incisor, Crown TAA 12 0.986
Central incisor, upper of root TAA 12 0.984
Central incisor, central of root TAA 12 0.987
Central incisor, lower of root TAA 12 0.984

Deciduous teeth Anterior teeth, whole dentin TAA 24 0.941 Ohtani et al., 1994 (61)
Molar teeth, whole dentin TAA 16 0.919

Abbreviations: IC: Insoluble collagen; IP: Insoluble protein; SP: Soluble peptide; TAA: Total amino acid.

However, depending on circumstances one can choose other organs
such as bone, cartilage, and eye lens. These organs, however, show
lower correlation rates between age and racemization rate than teeth
(Tables 1 and 2). Alternatively, a single protein, such as osteocalcin
or elastin, is also a good target molecule for the estimation of age.
Regardless of the tissue selected, one should be aware of the range
of error of the estimated ages.

Teeth

Among cementum, enamel, and dentin, dentin is the best for age
estimation. When comparing the D/L ratios in these three structures,
the order obtained was cementum > dentin > enamel (23–25). The
highest D/L ratios in cementum may be due to the higher environ-
mental temperature from being surrounded with root membranes
and due to different protein composition. A high D-aspartic acid
content provides easy detection of the enantiomers. However, the
amount of sample obtained from one tooth is often insufficient (see
below for explanation).

Dentin formation starts at the boundary between enamel and
dentin, and gradually shifts toward the dental pulp and root apex

regions. The period of dentin formation is variable, depending on
the type of tooth as well as the individual. It is generally agreed
that about 8–10 years or more are required from start to completion
(26), indicating the possibility that the degree of racemization may
differ in different parts of the dentin. For the formation of permanent
teeth, it is generally agreed that dentin is formed earliest in the first
molar and last in the second molar, with the exception of the third
molar, in which dentin formation is very individual-dependent (26).
If uniform conditions are maintained in the intraoral region, then
the degree of racemization should be higher in the earliest formed
and completed teeth. The degree of racemization in different kinds
of teeth was found to be high in the first molar from middle-aged
donors, corresponding to the time of its formation (27). In elderly
donors, however, the degree of racemization tended to be higher
in the second molar, which was a finally formed tooth (27). The
molar region is deeper in the oral cavity than the region of the
front teeth. Thus, it was suggested that the teeth of the elderly
were more affected by the environment than the time of formation,
since they had been in the oral cavity for a longer period of time
(27).
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TABLE 2—Coefficient of correlation between D/L ratios and ages in various other tissues.

Fraction or Sample Coefficient of
Organ Protein Nos. Correlation References

Intervertebral discs Ritz et al., 1993 (14)
Anterior peripheral annulus fibrosus TAA 68 0.97
Nucleus pulposus TAA 19 0.89

Skull SP 25 0.96 Ritz et al., 1994 (62)
TAA 10 Male, 0.977 Ohtani et al., 2002 (33)
Osteocalcin 10 0.99 Ritz et al., 1994 (62)
Osteocalcin 45 0.99 Ritz et al., 1996 (29)

Rib cartilage SP 23 0.91 Pfeiffer et al., 1995 (63)
IC 24 0.97
TAA 10 Male, 0.763 Ohtani et al., 2002 (33)

Cortical bone SP 24 0.72 Pfeiffer et al., 1995 (64)
IC 24 0.84

Femur TAA 21 Male, 0.947 Ohtani et al., 1998 (31)
TAA 18 Female, 0.633
IC 21 Male, 0.914
IC 18 Female, 0.418
SP 21 Male, 0.969
SP 18 Female, 0.125
TAA 10 Male, 0.985 Ohtani et al., 2002 (33)

Sternum TAA 10 Male, 0.974
Lumbar spin TAA 10 Male, 0.931
Coxal bone TAA 10 Male, 0.881
Sacral spine TAA 10 Male, 0.739
Lumbar yellow ligaments total tissue 46 r = 0.84–0.92 Ritz-Timme et al., 2003 (35)

Purified elastin 24 r = 0.96–0.99
Articular cartilage Whole aggrecan 25 r = 0.90 Maroudas et al., 1998 (40)

Large monomer aggrecan no correlation
Articular cartilage Collagen r = 0.95 Verzijl et al., 2000 (39)
Buttock skin Collagen r = 0.78
Aorta Elastin 12 age-related accumulation Powell et al., 1992 (37)

Collagen 10 no correlation
Lung parenchyma Elastin 14 r = 0.98 Shapiro et al., 1991 (36)
Lens Central nucleus 17 r = 0.912 Masters et al., 1977 (44)
Cataractous lens grade I–II Central nucleus 13 r = 0.875
Cataractous lens grade IV Central nucleus 5 no correlation
Lens Cortex water soluble 10 r = 0.973 Van den Oetelaar & Hoenders, 1989

Cortex urea soluble 10 r = 0.981
Cortex urea insoluble 10 r = 0.979
Nucleus water soluble 10 r = 0.982
Nucleus urea soluble 10 r = 0.987
Nucleus urea insoluble 10 r = 0.967

Cataractous lens All above fractions no correlation
Lens αA-crystallin age-related accumulation Fujii et al., 1999 (65)
Brain White matter age-related accumulation Man et al., 1983 (45)

Gray matter no correlation

Abbreviations: IC: Insoluble collagen; SP: Soluble peptide; TAA: Total amino acid.

With respect to the homonymous teeth of the same jaw (i.e.,
teeth on the left and right sides), nearly the same degree of racem-
ization was found using whole dentin (28), since the time of dentin
formation is similar. When age was estimated using different parts
of sagittal sections (labial-lingual direction) of the upper central in-
cisor, the estimated ages were virtually identical among the sites of
transection. Accordingly it was suggested that a slight deviation of
transection from the medial to distal portion of the tooth would not
significantly affect the estimated age (28). However, when lingual
and labial (or buccal) parts of dentin were compared, the lingual
part tended to show higher D/L ratios, suggesting that the lingual
part may be exposed to a higher environmental temperature. Fur-
thermore, the lingual part of crown dentin tends to show a higher
D/L ratio than the labial (or buccal) part of crown dentin; how-
ever, there are no significant differences in D/L ratios between the
labial (or buccal) part of root dentin and the lingual part of root
dentin, suggesting that roots have similar environmental temper-
ature (28). In addition, when ages were estimated using different
part of transverse sections of the same tooth, the younger donors

tended to show higher values in the crown and lower values in the
root apex. In the older donors, the degree of racemization showed
a wave-like pattern waxing and waning from the crown toward the
root apex (28). Based on the process of dentin formation, the degree
of racemization should be high in the crown and low in the root
apex as seen in the younger donors. However, it was suggested that
in the elderly, the environmental temperature around the root apex
might have affected the degree of racemization, since a prolonged
period of time has passed since their tooth formation.

Bone and Adhering Tissues

Bone and adhering tissues may not be ideal organs for chrono-
logical age estimation because although the rate is slow, tissue
turnover occurs, and is subject to influence by disease states (29).
However, if teeth are not available, it becomes necessary to use
other organs. Using bones, correlation rates between chronologi-
cal age and racemization rate varied from 0.98 to 0.70 (Table 2).
Racemization rates differed within the same tissue for example,
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within intervertebral disks (30). Furthermore, gender differences
in racemization rates are evident (31). When one chooses bone as
the tissue for analysis, the diameter of pulverized samples should
be similar because these sizes influence the D/L ratios (32). There-
fore, special attention must be given to the portion, gender, disease
history, pulverized size, fractionation (see below), and hydroly-
sis steps. Although the work was preliminary, Ohtani et al. (33),
showed that correlation rates between age and D/L ratios varied de-
pending on the kind of bone studied. This suggested that the ideal
bone, with a much slower remodeling rate, needed to be identified.

One of the recent techniques for estimation of chronological age
using racemization rate, is the application of a known single pro-
tein. Although the purification steps are rather complicated and
extra-skills are required, the correlation between chronological age
and D/L ratios is reasonably good (Table 2). Such proteins include
osteocalcin from bone and elastin from yellow ligaments. Osteo-
calcin is a non-collagenous structural protein of the bone. The
correlation rate obtained is 0.99, and it should be noted that there
are no gender differences in the D/L ratios (29). Therefore, osteo-
calcin has good potential for the estimation of female age that is
not possible using whole bone because the incidence of metabolic
bone diseases is high in aged females, in general. However, even
osteocalcin is subject to turnover due to disease and physiological
conditions (34). This method is briefly as follows: 1) remove soft
tissues from bones, pulverize, and stir overnight in a 15% NaCl
solution; 2) extract each 15 g sample with formic acid for 5 h and
desalt on a column of Sephadex G-25M; 3) gel filtration with a col-
umn of Sephadex G-50SF and twice ion exchange chromatography
with an anion exchange column; 4) determination of osteocalcin by
enzyme-linked immunosorbant assay and assess homogeneity by
high-pressure liquid chromatography; 5) hydrolyze purified osteo-
calcin with 6N HCl for 6 h at 100◦ and separate D-and L- aspartic
acid by gas-chromatography.

Another single protein from bone and adhering tissues for age es-
timation is elastin. Using this protein, excellent correlation rates of
0.96–0.99 were obtained (35,36). Elastin is a compositional protein
comprised of elastic fibers, and is distributed throughout various
parts of the body, suggesting that there may be organ differences
in D/L ratios. In fact, D/L ratios of elastin from yellow ligaments
(35), aorta (37), and lung parenchyma (36) are different (Table 2).
In addition, it was demonstrated that different purification stages
showed different D/L ratios (36). It should be also noted that some
diseases influence elastin turnover as well. However, compared to
purification of osteocalcin, procedures of elastin purification are
relatively easier as shown in the following: 1) histological exam-
ination of yellow lagments (1 × 1 × 0.3 cm); 2) defat and digest
with collagenase for 24 hrs; 3) histologically check the absence
of collagen fibers; 4) amino acid analysis by ion-exchange chro-
matography to compare standard elastin; 5) hydrolyze samples in
6N HCl at 100◦ for 6 h and separate D-and L- aspartic acid by
gas-chromatography.

Collagen is one of the main compositional proteins of teeth and
bone. Therefore, collagen is the major contributing protein to D/L
ratios determined from whole dentin and whole bone. Some studies
have attempted to estimate age using purified collagen. Collagen is
also a ubiquitous protein like elastin, suggesting organ diversity in
D/L ratios. In fact, D/L ratios did vary between organs suggesting
different turnover rates of collagen (38). However, in organs with
relatively low turnover rates, such as auricular cartilage, purified
collagen gave a reasonable correlation rate (39).

Another attempt using the auricular cartilage, aggrecan (a main
component of the cartilage matrix) showed a reasonable correla-
tion rate, r = 0.90 (40). However, when large monomer aggrecan

instead of whole aggrecan was used for age estimation, there was
no correlation between age and D/L ratios (40). In addition, aggre-
can turnover is 2–3 times faster than collagen (41) suggesting that
the aggrecan may not be an ideal protein for age estimation.

Eye Lens

The eye lens is a good organ for the estimation of age, because dif-
ferent from teeth, this organ is applicable to young people (Table 2).
Within the lens, the central nucleus region shows a high correlation
rate, but it is decreased in the cortex (42). Furthermore, partially
purified protein samples also showed good correlation between D/L
ratio and chronological age (43). Special care is required for analyz-
ing the cataractous lens, as these lenses show remarkable changes
of D-aspartic acid (D-asp) contents, resulting in low correlation
rates between D/L ratio and chronological age (42–44). Therefore,
it is important to distinguish normal lenses from cataractous lenses,
and to demarcate the central nucleus from the cortex.

Brain White Matter

The brain is not an ideal organ for age estimation, although age-
related increases in D-asp contents were reported in brain white
matter (45). Attempts have been made to detect D-asp from puri-
fied myelin and myelin basic protein, which is a long-lived protein
in the brain. The amount of D-asp is varied depending on the degree
of purification (46) and on the myelin basic protein isoforms (47).
However, there are no reports that these purified proteins show con-
crete correlations between age and D/L ratio. In the brain, studies
of D-asp contents were focused on the relation with brain dysfunc-
tions such as Alzheimer and Parkinson’s disease, rather than age
estimation (48).

Separation of L- and D-enantiomers of Amino Acids

To separate D- and L-forms, gas chromatography and high per-
formance liquid chromatography are utilized in general. In both
cases, this is one of the critical points in the racemization method
to separate completely the D- and L-enantiomers of amino acids,
and to obtain sharp peaks on the chromatogram. We recommend
gas chromatography, as noted by Waite et al. (21) because a minute
amount of the specimen seems to satisfactorily fit this purpose. The
capillary column (30 m in length and 0.3 mm in internal diam-
eter) coated with Chirasil Val (GL Science, Tokyo, Japan), with
helium as the carrier gas under the following operating condi-
tions: the injection port temperature was 220◦ the initial column
temperature was 90◦, which was raised after 4 min to 200◦ at a
rate of 3◦/min and then maintained at 200◦. Figure 1 illustrates an
ideal gas chromatogram of total amino acids in the whole dentin.
From the total dentin large amounts of glycine, alanine, proline
and hydroxyproline were detected, which indicates the composi-
tion of collagen amino acids. As shown, D-enantiomers were found
for aspartic acid, glutamic acid, and alanine. In particular, D- and
L-enantiomers of aspartic acid are clearly separate from each other.
Complete separation of D- and L-amino acids in the chromatogram
has been reported by only a few researchers other than the authors,
and it is not mentioned in many other articles.

Factors Affecting D/L Ratios

Temperature—Racemization is a first-order chemical reaction.
Accordingly, temperature has enormous influences on the D/L ratio.
Therefore, standard samples should be stored at lower temperatures.
When chronological age is estimated for unknown cadavers, it is
assumed that the cadavers have been preserved at low temperatures
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FIG. 1—Gas chromatogram of N(0)-TFA isopropyl esters of amino acids
in a single dentin specimen. Column temperature: 90◦C, 4 min hold and
then programmed to 180◦C at 4◦C /min; Injection temperature: 280◦C;
Carrier gas: He; Split ratio: 40/1.

(below atmospheric temperature), and this racemization method is
not fundamentally applicable to burned bodies.

Humidity and pH—We studied the extent to which racemization
of aspartic acid in dentin proceeds when the tooth is stored in acidic
(pH 4.0), alkaline (pH 9.0) and distilled water, and as well as in dry
conditions. As the results demonstrate, the racemization rate was
highest when the tooth was stored in alkaline solution (pH 9.0).
Comparing the other conditions, in descending order, the rates of
racemization were distilled water > acidic solution (pH 4.0) > dry
condition. Thus, assuming that a tooth had been stored for 10 years
at 16 ◦C (average atmospheric temperature in Japan), we converted
the reaction rate to the age. As a result, we found that the estimated
age was increased by 1.1 years in the acidic solution (pH 4.0), by
1.7 years in distilled water and by 6.0 years in the alkaline solution
(pH 9.0). However, the estimated age was in creased by only 0.1 year
in dry conditions (49). Therefore, these results suggest that age at
the time of death of skeletonized bodies stored in dry conditions in
the air could be estimated by calculation even if the death occurred

10 or more years previously. However, careful attention should be
paid when the teeth have been stored in strong alkaline conditions
as, for example, when cadavers were left in rivers running through
volcanic regions.

Fixative—To accurately estimate age using teeth, homonymous
teeth from the same jaw extracted from age-known cadavers are re-
quired as the standard teeth. We conducted heating experiments to
study to what extent the degree of racemization of extracted control
teeth is affected when they are stored in alcohol or formalin solution,
by deriving the Arrhenius equation (50) which is based on plotted
reciprocal numbers of reaction temperatures (absolute tempera-
tures) on the x-axis and logarithms of reaction rates on the y-axis.
Teeth were stored in a fixative of 95% ethanol, 10% formalin so-
lution or 10% neutral formalin solution at various temperatures.
The degree of racemization was highest in the teeth stored in 10%
neutral formalin solution, second highest in those kept in 10% for-
malin solution and lowest in those kept in 95% ethanol. However,
assuming that teeth had been stored at 15 ◦C, the racemization rates
were almost not influenced by these fixatives, and the degree of
racemization was almost the same as at the time of extraction even
10 years later (51).

Fractional Extraction and Size of Pulverized Powder—Most of
our results were obtained from total amino acids. In addition, we
also fractionated the total amino acids into acid-insoluble collagen
and acid soluble peptides (51), and studied the correlation between
the degree of racemization of each respective fraction and age.
One ml of 1 N hydrochloric acid solution was added to 20 mg of
dentin powder and the specimen was centrifuged (5,000 × g) for
1 h. The sediment was regarded as the acid-insoluble collagen and
the supernatant as the acid-soluble peptides. Both fractions were
dried in a rotary evaporator.

In 13 cases , the correlation between the degree of racemization
of the lower central incisor and chronological age was ranked in the
order of acid-soluble peptide > total amino acids > acid-insoluble
collagen (52). Racemization reaction rates were high in these cases
and also ranked in the same order as the correlation. Thus, the
racemization rate was highest in the acid-soluble peptides. D-asp
in the acid-soluble peptides is very unstable, and different values of
the racemization rate were obtained depending on the amount and
concentration of acid used for fractionation, as well as on how the
specimen was stirred. Hence, it must be studied very cautiously. For
this reason the author uses total amino acids for age estimation in
the actual appraisal of age. Furthermore, when bones are utilized,
the size of pulverized powder must be carefully controlled because
different sizes resulted in different D/L ratios (31).

Protein Conformation—There are many papers discussing the
mechanism of racemization (see reviews) (53,54). The rate of
racemization of L-asp differs depending on not only the position of
L-asp in an amino acid sequence, but also depends on the higher
protein structures (55–57). Therefore, collection of similar parts of
tissues as standard samples and test samples is very important. Ap-
plication of single proteins implies an ideal material. However, it
is still required that test samples and standard samples be the same
type of tissue as well as the same purification grade since variation
in these attributes can lead to varying D/L ratios.

Conclusions

In the appraisal of chronological age using the racemization
method, currently teeth are the best available material based on
accuracy, reproducibility, time required, and simplicity of the
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methods. For the degree of racemization, whole dentin and total
amino acids should be used. For the accurate estimation of age, it is
recommended to study each time the test tooth along with 4 or more
control teeth of known ages, which are homonymous teeth from the
same jaw to the test tooth. This is analogous to the procedure used
for DNA appraisal. In each individual case of age estimation, the
authors derive the equation to calculate the age from the degree
of racemization (a linear regression equation derived by the least
squares method using standard teeth), and convert the degree of
racemization of the test tooth to age in years. In practice, standard
errors from control teeth should be within ± 3 years; and if not, it is
suggested that analytical procedures are different from each other.
For accuracy, we recommend pre-experiments using age-known
teeth until the standard errors are within ± 3 years before applying
the procedure to the appraisal of undetermined age.

Although many researchers obtain the specimens from only a
part of the dentin, it is crucial to use the whole dentin from lingual-
labial sagittal sections, in order to accurately determine the degree
of racemization (58). As the selected tooth for the estimation of age,
the incisor or premolar is the best, if possible, as both are single-
rooted, small in size, and the whole dentin is easily attainable.
When teeth are not available, bones and eye lenses are the next
choice for the racemization method. Among bones, the skull or the
femur is the better choice than other tested bones. When cadavers
are female, bones may not be ideal organs. In this case, purification
of osteocalcin from female bones is required. Alternatively, purified
elastin from lumbar yellow ligaments, or from the lung parenchyma
is a good choice for the method.

This racemization method is based on the constant accumulation
of D-asp in organs with low metabolic rates at the body temperature.
The second assumption for the method, that is supported by our and
others’ data, is that after death, the accumulation of D-asp is almost
negligible under the postmortem conditions. Therefore, this method
involves the possibility that these two assumptions are not effected
on some materials. This may cause broad deviations as a result in
rary cases. In the case that the assumptions are clearly not effected
on cadavers, this method should not be applicable. For example,
the organs assuming to have the possibility that metabolic rates
are altered by disease, for example catalactous lenses may not be
target organ for this method. Furthermore, the cadavers that have a
possibility to be exposed to the conditions which cause acceleration
of racemization after death may not be proper for this method. For
example, burned bodies and cadavers left in an alkaline solution
may not be ideal. Although we don’t have data, cadavers left in
a tropical rain forest might not be applicable, but cadavers in dry
tropical areas may be possible. Further studies are required.

Even this method is one of the best techniques to estimate the
age at death, not the passing time after death, we could not exclude
the possibility that estimated ages are affected by accidental errors
as in other methods. A crucial point is that one does not have the
way to know whether unexpected errors happen or not. One way to
address this problem, though still not perfect, is application of two
or more methods to estimate ages.

In the appraisal of age of more than 100 cases conducted so
far by the authors, the error has not exceeded ± 3 years in most
of the cases (59). Among research institutes, however, different
results have been recorded using the racemization method. This
may be due to differences in the specimens of dentin, as well as
to differences in the conditions of gas chromatography. However,
we cannot say that the authors’ method has been fully exploited
in many cases of age estimation. The reason for this seems to
be the laboriousness that this method requires to prepare sagittal
sections of teeth. In addition, teeth of known ages are required as

the control. As Ritz-Timme et al. (60) noted before, it is important
to evaluate intralabratory quality of the method using mixtures of
D- and L-asp, and age-known teeth. The authors have always stored
teeth extracted due to alveolar pyorrhea and other reasons, and any
remaining powdered specimens for the estimation of age. Currently
we are trying to develop methods that do not require control teeth,
and look forward to developing such methods in the near future.

Thus, the racemization method of aspartic acid seems to be highly
reliable for the estimation of age when compared with conventional
methods. We will continue to strive to improve this analysis method
so that it will facilitate age estimation and identification of victims.

Appendix

Our Ordinal Procedures for Measuring D/L Ratios

1. Collect test samples and select appropriate standard samples.
1a. In the case of teeth, prepare test tooth and 4 or more

standard teeth of known ages
1b. Cut into sagittal sections (labial-lingual or buccal-lingual

direction) of 1 mm thickness with a low speed cutter∗1 .
2. Equalize standard and test samples in view of tissue compo-

sition.
2a. In the case of teeth, completely remove enamel, cemen-

tum, and root soft tissues with an aid of a stereoscopic
microscope (if necessary, stain by van Gieson to demar-
cate these structures).

3. Wash samples with 0.2 M HCl for 5 min.
4. Wash samples three times with distilled water for 5 min each.
5. Wash samples with ethanol for 5 min.
6. Wash samples with ether for 5 min.
7. Pulverize samples with a pulverizer∗2 .
8. Weigh 10 mg from each pulverized sample.
9. Hydrolyze powdered samples with 6N HCl for 6 h at 100◦C.

10. Dry the powdered samples by evaporation.
11. Add 5 mL of distilled water.
12. Apply samples to ion-exchange resin (Dowex, 50W-X8,

50–100 mesh, Dow Chemical Company, USA) to collect
amino acids.

13. Wash resin with 10 mL of distilled water.
14. Elute amino acids from resin with 10 mL of 2N NH4OH.
15. Dry eluted fractions by evaporation.
16. Add 2 mL of a mixture of isopropyl alcohol and acetyl chloride

(8:2 v/v).
17. Let samples stand for 30 min at 100◦C.
18. Dry samples by nitrogen gas aeration.
19. Add 800 µL of dichloromethane.
20. Let samples stand for 30 min at room temperature.
21. Dry samples by nitrogen gas aeration.
22. Add 50 µL of ethyl acetate.
23. Apply samples to a gas chromatography∗3 (to separate L- and

D-aspartic acids).
24. Calculate D/L ratios and estimate age from a test sample

by substitution to the regression line deduced from standard
samples.

Asterisks indicate special instruments for the racemization method
using teeth.

∗1: Isomet low speed saw (BUEHLER, Chicago, USA), diamondo wafering
blade, Series 15 LC diamond (102 mm × 0.3 mm).

∗2: Vibratory Sieve Shaker (FRITSCH, Idar-Oberstein, Germany).
∗3: See text.
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14. Ritz S, Schütz HW, Peper C. Postmortem estimation of age at death based
on aspartic acid racemization in dentin: its applicability for root dentin.
Int J Legal Med 1993;105:289–93.[PubMed]

15. Saleh N, Deutsch D, Gil-Av E. Racemization of aspartic acid in the
extracellular matrix proteins of primary and secondary dentin. Calcif
Tissue Int 1993;53:103–10.[PubMed]

16. Mörnstad H, Pfeiffer H, Teivens A. Estimation of dental age using HPLC-
technique to determine the degree of aspartic acid racemization. J Foren-
sic Sci 1994;39:1425–31.[PubMed]
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29. Ritz S, Turzynski A, Schütz HW, Hollmann A, Rochholz G. Identification
of osteocalcin as a permanent aging constituent of the bone matrix: basis
for an accurate age at death determination. Forensic Sci Int 1996;770:
13–26.
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