
lnt J Legal Med (1995) 108 : 19-23 © Springer-Verlag 1995 

H .  P f e i f f e r  • H .  M 6 r n s t a d  • A ,  T e i v e n s  

Estimation of chronologic age 
using the aspartic acid racemization method. 
I. On human rib cartilage 

Received: 30 October 1994 / Received in revised form: 23 March 1995 

Abs t rac t  Determinations of  chronologic age are of great 
importance in forensic science. At present the aspartic 
acid racemization method on teeth provides one of the 
best means in adult individuals. However, if teeth are not 
available, some other stable tissue has to be used. In this 
study, the applicability of  cartilage from the ribs has been 
tested. Specimens of rib cartilage were obtained at au- 
topsy from 24 individuals aged 0.2-96 years. An acid-sol- 
uble peptide (SP) fraction and an insoluble collagen-rich 
(IC) fraction were prepared, and the ratio of D/L aspartic 
acid was determined using the HPLC technique. The cor- 
relation coefficient between the D/L ratio and age was r -- 
0.91 in SP and r = 0.97 in IC. It thus seems as if cartilage 
from non-weight-bearing areas may be a useful source of 
tissue for the estimation of chronologic age with the as- 
partic acid racemization method when teeth are not avail- 
able. 
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Introduction 

A large number of studies have demonstrated that the 
chronologic age of an individual can be estimated with rea- 
sonably good precision by analysis of the degree of racem- 
ization of aspartic acid in dental enamel or dentine [1-17]. 
Studies of dentine have usually demonstrated a high corre- 
lation (r up to 0.99) between the D/L ratio of aspartic acid 
and the chronologic age of the tooth. There is also a close 
relationship between age and D-aspartic acid accumulation 
in the white matter of the brain [18], the eye lens [19], elas- 
tic fibres of the lung parenchyma [20] and bone [21, 22]. 

The theory behind this method is that amino acids in- 
corporated into peptides and proteins exist in their L- 
forms immediately after formation, but then slowly trans- 
form into a racemic mixture of L- and D-forms if the tis- 
sue is not subjected to physiological renewal. The rate of 
transformation is about 0.1% per year in stable tissues 
such as dentine. 

There has been controversy about the rate of compo- 
nent turnover in cartilage, but it is now generally agreed 
that the mean half-life of proteoglycans is 1-2 years, and 
that there may be pools which turn over more slowly [23]. 
On the other hand, it has for a long time been believed 
that collagen has practically no turnover in the adult hu- 
man cartilage, but recently a very slow turnover has been 
demonstrated [24]. However, it is questionable if this 
newly-formed collagen becomes incorporated into the 
collagenous framework [25]. 

Ritz and Schtitz [26] studied tissues from the nucleus 
pulposus and different parts of  the annulus fibrosus of  the 
intervertebral discs, and found a higher degree of racem- 
ization of aspartic acid in levels deeper than superficial. 
The best relationship to age was found in the anterior pe- 
ripheral annulus fibrosus (r = 0.97). The test samples con- 
sisted of native tissue without separation of tissue com- 
partments. Maroudas et al. [25] studied native cartilage as 
well as cartilage that had been depleted of proteoglycans. 
The ratio of  D/L aspartic acid was found to be more than 
twice as high in native as in proteoglycan-depleted tis- 
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sues. Ritz and Schtitz [26] and Maroudas et al. [25] re- 
ported lower ratios in diseases rather than normal  carti- 
lage. 

Since the studies by Maroudas et al. [25] on cartilage 
and an earlier study by Ohtani  and Yamamoto [9] on den- 
t ine have shown that there are differences in racemizat ion 
rates in various tissue fractions, and since Maroudas et al. 
[25] examined only 3 samples, this study was designed to 
explore differences in racemizat ion rates in an acid-solu- 
ble peptide fraction and an insoluble  collagen-rich frac- 
t ion of cartilage. A further aim was to study cartilage from 
ribs, which can be regarded as be ing less subjected to 
physical  stress and pathological  changes than the tissues 
studied previously. 

Materials and methods 
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increased linearly to 100% over a period of 5 min. Solvent A was 
50 mM sodium acetate (pH 5.9) and solvent B was 80% (v/v) 
methanol and 20% (v/v) solvent A. The flow rate was 1.0 mL/min 
throughout. The excitation wavelength was set to 340 nm, and the 
emission wavelength to 420 nm. The data from the detector was 
collected and processed by Waters' Baseline system (Millipore, 
Milford, Mass.). 

Regression model 

The ratio of D- and L-aspartic acid was calculated from the areas 
under the eluted peaks (mV*s). The racemization of amino acids 
follows a first-order reversible rate law, where the racemization 
equation is 

ln[(1 + D/L)/(1 - D/L)] t - ln[(1 + D/L)/(1 - D/L)] r =0 = 2kt * t 

A linear regression model was constructed using this expression, 
where D/L is the ratio of D- and L-aspartic acids, t is any given 
time during racemization and the logarithmic term at t = 0 de- 
scribes the amount of D-aspartic acid formed during hydrolysis. 

Material 

Samples of cartilage from the fourth rib (junction between the ster- 
num and bony part of the rib) were taken from 24 individuals aged 
0.2-96.0 years (mean 48.9 _+ 26.2 years) of both sexes (12 males 
and 12 females) at autopsy. After a brief fixation overnight in 10% 
neutral formalin at 4 ° C, the samples were excised from bone and 
connective tissue, and small pieces from the central area were se- 
lected. The samples were washed in distilled water, briefly dried in 
air an kept at +4°C until used within one week. The tissue was 
subsequently cut into small pieces and ground to a fine powder in 
a procelain mortar. 

Analytical procedures 

The powder from each individual was divided into 10 mg aliquots 
and an acid-soluble peptide fraction (SP) was extracted in 1 mL 1 
M HCL under centrifugation at 5000 g at 4°C for 1 h. The super- 
natant was removed and dried under reduced pressure. The re- 
maining pellet was used as an insoluble collagen-rich fraction (IC). 
Both fractions were resuspended in 1 mL 6 M HC1 and hydrolysed. 
The samples were placed in hydrolysis tubes, washed several times 
with argon, evacuated, sealed and heated to 100°C for 6 h. After 
cooling, the hydrolysate was evaporated to dryness under reduced 
pressure and finally redissolved in 1 mL 0.06 M HC1. To remove 
particulate matter and inorganic salts, the sample was passed 
through a BIO-RAD AG 50W-X8 (100-200 mesh) cation ex- 
change column. The column was washed with 6 mL water, after 
which the amino acids were eluted between 2 and 3.5 mL 8 M 
NH4OH. The eluate was evaporated to dryness under reduced pres- 
sure, and the residue was finally redissolved in 0.5 (SP) or 1 mL 
(IC) of water. A 100 ~tL aliquot of each sample was derivatized 
with a chiral fluorogen according to Aswad [27]. Derivatization 
was accomplished by thoroughly mixing the sample with 5 gL of 
OPA-NAC (o-phthaldialdehyde adducted with N-acetyl-L-cys- 
teine) reagent in a polyethylene microfuge tube. After 2.5 min, 475 
gL o 50 mM sodium acetate (pH 5.2) was added and 25-100 gL of 
this solution was taken for direct injection into the HPLC system. 

Results 

Figure 1 shows a representativ chromatogram of hydro- 
lysates of both the acid-soluble peptide fraction (SP) and 
the insoluble  collagen-rich fraction (IC). D- and L-aspar- 
tic acid peaks were distinctly separated between 7.5 and 
10 min,  and the remaining compounds  were eluted be- 
tween 13 and 20 min.  

Plots of ln[(1 + D/L)/(1 - D/L)] of aspartic acid against 
ages of the individuals  are shown in Figs. 2 and 3. The ex- 
pressions obtained by the l inear regression with the ratio 
of D- and L-forms as the dependent  variable were as fol- 
lows: 

The acid-soluble peptide fraction: 

ln[(1 + D/L)/(1 - D/L)] -- 0.0123 + 0.0031 * t. 
r = 0.91, std err est = 0.037165, n = 23 
(the oldest individual  considered as outlier) 

The acid-insoluble collagen-rich fraction: 

ln[(1 + D/L)/(1 - D/L)] = -0 .012  + 0.0033 * t. 
r = 0,97, std err est = 0.024149, n = 24 

To calculate the age of an individual  from the insoluble  
collagen-rich fraction of rib cartilage from the D/L ratio, 
the fol lowing equation was derived: 

A G E  = ln[(1 + D/L)/(1 - D/L)] * 282.78 + 6.72 
std err est = 7.07. 

Discussion 

HPLC conditions 

A Waters HPLC system (Millipore, Milford, Mass.) consisting of 
2 model 510 pumps and one model 470 scanning fluorescence de- 
tector was used throughout the study. The diastereomeric dipep- 
tides were separated on a reversed phase HPLC column, Kromasil 
C8 (25 cm and 4.6 mm i.d.; Eka Nobel AB, Bohus, Sweden), 
placed after a guard column. Isocratic eluation with 90% solvent A 
and 10% solvent B was carried out for 5 min. Solvent B was then 

Age determinat ion of teeth with the aid of the degree of 
racemizat ion of aspartic acid has been shown to be valu- 
able for the est imation of chronologic age of individuals  
with u n k n o w n  birth records [3-7].  A series of studies over 
the last 2 decades [1-17] has shown that both the preci- 
sion and the reliabili ty of the method are high. Since teeth 
are not always available in practical forensic cases, it 
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Fig. 1 Reversed phase HPLC 
separation of OPA-NAC deriv- 
atives of D- and L-aspartic 1.00- 
acid in the acid soluble peptide 
fraction of cartilage from the 
rib, at 7.88 and 9.28 min, re- 
spectively. The peaks between 0. ao 
13 and 17 min contain the rest 
of the injected material. Iso- 
cratic eluation with 90% sol- 
vent A and 10% solvent B was 0.60 
carried out for 5 min. The con- 
tent of solvent B was then in- 
creased linearly to 100% over 
a 5 min period. The flow rate 0. a0- 
was 1 ml/min 
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Fig.2 Plot of ln[(1 + D/L)/(1 - D/L)] of aspartic acid from the 
acid-soluble peptide fraction of cartilage from the rib against age. 
The slope defines the rate constant (2k) of racemization. The arrow 
indicates an outlier 
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Fig.3 Plot of ln[(1 + D/L)/(1 - D/L)] of aspartic acid from the 
acid-insoluble collagen-rich fraction of cartilage from rib against 
age. The slope defines the rate constant (2k) of racemization 

seemed of  importance to also try some other tissues with 
slow turn-over to explore if  they can be used for age esti- 
mations in practice. A recent study [26] of  cartilage from 
the intervertebral discs demonstrated that the D/L ratio of  

aspartic acid in normal, and near normal cartilage gener- 
ally correlated well with age. However,  the correlation 
was less good when pathologically changed cartilage was 
used. The same influence by pathological changes was 
shown by Maroudas et al. [25] in cartilage from the 
femoral  head. In order to avoid problems with the fre- 
quently occurring pathological  changes in weight-bearing 
cartilage we investigated cartilage from the junction be- 
tween the sternum and the ribs. In this area, which is not 
subjected to the same amount  of  physical stress as the 
weight-bearing intervertebral and femoral  head discs, 
pathological  changes are less common.  There was a ten- 
dency in the SP fraction to a decreased racemization in 
older individuals, which might  be a result of  age-depen- 
dent pathological changes. Similar decreases were not 
seen in the IC fraction, which could possibly be inter- 
preted as if renewal of  proteins occurs more readily in the 
ground substance than in the collagen, which is in agree- 
ment with some earlier studies [23, 24]. 

Of  the 2 fractions used in this study, the IC fraction is 
probably the one with a composit ion closest to the native 
tissue by Ritz and Schiitz [26]. The racemization rates 
demonstrated in the study by Ritz and Schtitz [26] (slope 
coeficient 2.16 * 10 -3 in the anterior peripheral annulus 
fibrosus and 4.74 * 10 -3 in nucleus pulposus), and those 
o f  both the SP and IC fractions used in this study were 
of  the same order of  magnitude, with slope coefficients 
of  3.1 * 10 -3 and 3.3 * 10 -3, respectively. Similar racemi- 
zation rates are expected in the 2 fractions, since only mi- 
nor amounts o f  the ground substance would be extracted 
with the preparation method employed,  leaving large 
amounts in the IC-fraction. In the study by Maroudas 
et al. [25] it was shown that the racemization rate in 
highly purified collagen, where the proteoglycans had 
been enzymatical ly removed,  was less than half  o f  that of  
the native cartilage. However,  slope coefficients were not 
calculated, and detailed comparisons cannot therefore be 
done. 
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At  present  it is not  k n o w n  which  of  the var ious  t issue 
componen t s  in car t i lage has the bes t  age- re la ted  corre la-  
t ion with  the racemiza t ion  rate. In lung pa r enchy ma  [20] 
and in bone  [21, 22] it has been  shown that the corre la t ion 
is espec ia l ly  re la ted  to cer tain t issue components ,  e last ic  
f ibres and osteocalcin ,  respect ively .  Fur ther  s tudies have  
to be done  to explore  i f  the corre la t ion  can be increased  
after separa t ion  of  specif ic  componen t s  in cart i lage.  The  
ext rac t ion  me thod  with  acid  is ra ther  crude and was used  
in order  to make  compar i sons  with our  other  studies pos-  
s ible [17, 28]. 

The  r acemiza t ion  rate in car t i lage  is about  three-quar-  
ters that in dent ine (4.3 * 10 .3 in the SP fract ion)  [17]. The  
di f ference in r acemiza t ion  rates be tween  dent ine and car- 
t i lage is mos t  p robab ly  caused  by  the exchange  o f  nutri-  
ents by  d i f fus ion into the car t i lage,  and subsequent  t issue 
renewal .  This  renewal  can be expec ted  to be much  lower  
in the h igh ly  s t ructural ly  organized  and minera l i zed  den- 
tine. Fur thermore ,  dent ine does  not  conta in  any cel l  bod-  
ies, only  the ce l lu lar  processes  o f  the odontoblas ts ,  which  
retract  on ageing leav ing  space for  secondary  minera l iza-  
t ion in the tubules.  

This  s tudy demons t ra ted  a corre la t ion coeff ic ient  of  r = 
0.97 be tween  the D/L  aspart ic  ac id  rat ios in the IC frac- 
t ion and age,  and a 95% conf idence  interval  a round  an es- 
t imated  ind iv idua l  age of  a round 14 years.  The  corre la t ion  
and d ispers ion  are about  the same as have been  shown b y  
Ri tz  and SchLitz [26] in car t i lage  and by  us [17] and Ri tz  
et al. [15, 16] in dentine,  but  lower  than that  demons t ra ted  
in dent ine by  others  in cor responding  prepara t ions  (r = 
0.99) [3, 11]. We found  a lower  corre la t ion  with age in the 
SP fract ion than in the IC fraction.  This is in contras t  to 
ear l ier  f indings  in dentine,  where  the h ighest  correla t ions  
were  found in the SP fract ions [3, 16]. This  d i f ference 
may  again  be exp la ined  by  structural  di f ferences  be tween  
dent ine and cart i lage.  More  impor tan t  m a y  be  the fact  that 
there  are ind iv idua l  var ia t ions  in t issue renewal  in cart i-  
lage,  and that n e w l y  fo rmed  p ro teog lycans  m a y  decrease  
the re la t ive  amount  o f  the D-form.  

Conclusions 

In conclus ion  it has been  shown that non-weigh t -bea r ing  
car t i lage  can be used for  age es t imat ions  with the aspart ic  
acid  r acemiza t ion  method ,  and that the me thod  is sensi-  
t ive enough for prac t ica l  use. The  co l lagen  fract ion ap- 
pears  to be  the f ract ion o f  choice.  
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