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ABSTRACT: The acetabular region is often present and adequately preserved in adult human skeletal remains. Close morphological examination
of the 242 left male os coxae from the identified collection of Coimbra (Portugal) has enabled the recognition of seven variables that can be used to
estimate age at death. This paper describes these variables and argues their appropriateness by analyzing the correlation between these criteria and
the age, the intra- and interobserver consistence, and the accuracy in age prediction using Bayesian inference to estimate age of identified spec-
imens. Results show significant close correlation between the acetabular criteria and age, nonsignificant differences in intra- and interobserver test,
and 89% accuracy in Bayes prediction. Obtained estimated age of the specimens had similar accuracy in all ages. These results indicate that these
seven variables, based on the acetabular area, are potentially useful to estimate age at death for adult specimens.
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Bayesian inference

The estimation of the age at death of adult human osteological
remains is important for both Anthropology and Forensic Medi-
cine. It is one of the more difficult tasks undertaken in these fields
and it has remained a problem to be solved in anthropology and
forensic medicine (1-5). Among present methods ((6-11) among
others), those based on the os coxa take into account morpholog-
ical modifications of the pubic symphysis (12—14) and the auric-
ular surface (9,10). The pubic symphysis is not resistant to post-
depositional processes, and estimates based on this area of the os
coxa are less reliable and precise for individuals who die after the
age of 40 because changes here are likely to reflect retarded mat-
uration (15-17) and thus underestimate age at death for older
specimens. The auricular surface belongs to a more conservative
region and its age-related morphological modifications occur early
and continue until the age of 60 (18,19). However, estimates based
on observations of the auricular surface of adult specimens of
known age and sex do not give very accurate results (20-22); es-
timates of age at death for the majority of individuals were be-
tween 30 and 50 years old, underestimating the age at death of
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individuals older than 50 years and overestimating the age of the
younger individuals.

Recently, it has been proposed that changes in the region of the
acetabulum occurring with age may be useful to estimate age at
death in adults (23-26) and Rougé-Maillart et al. (27) found a high
correlation between these changes and both the age at death and
the auricular surface stages described by Lovejoy et al. (18). The
possibility of using this conservative region on unknown skeletons
increases the possibility of age assessment by the assignment of
another age marker, but also allows the diagnosis of remains per-
taining to wider age spectrum. In addition, the acetabulum is pre-
served longer in skeletal remains, therefore a method applied
directly to this region would provide a relevant age marker. Ful-
filling these aims could be very useful in Forensic Anthropology
and in the study of ancient human remains opening, new possi-
bilities. The main purpose of the work reported here was to de-
scribe age morphological changes of the fused acetabulum and
analyze the potential to estimate adult age at death using its ob-
servations.

Materials and Methods

The material used was the documented skeletal collection of
Esqueletos Identificados of Coimbra housed in the Department of
Anthropology of the University of Coimbra (Portugal) formed by
individual buried between late 19th and early 20th centuries (28).
From this collection we selected male individuals for which the
three elements of the os coxa were fused. We excluded individuals
who showed pathologies in either acetabulum, but did not exclude
those with noninflammatory osteoarthritis or diffuse idiopathic
skeletal hyperostosis because these conditions are related to age
(29,30). Therefore, a total of 242 male individuals from 16 to 96
years old was selected. Only the left os coxa was used.

The wide range of age represented by these specimens was used
to reflect a more complete spectrum of the morphological changes
that can occur in the region of the acetabulum throughout a human
life span.
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Description of Variables

To carry out our purpose, seven variables based on previous
observations and work (24-27) were defined and later scored in
the sample. These seven variables describe the area adjacent to the
acetabulum, the rim of the acetabulum, the outer edge of the ace-
tabular fossa, and the acetabular fossa. We did not use variables
from the lunate surface because, in our preliminary analysis they
displayed substantially lower significance and had greater overlap
in age at death among states.

Each of seven variables was structured as a series of states de-
scribing the various kinds and extents of observed morphological
conditions. The seven variables are (1) acetabular groove; (2)
acetabular rim shape; (3) acetabular rim porosity; (4) apex activ-
ity; (5) activity on the outer edge of the acetabular fossa; (6) ac-
tivity of the acetabular fossa; and (7) porosities of the acetabular
fossa. The seven variables and their states are described accurately
in Table 1 and illustrated with photographs (Figs. 1-38) to com-
plement the descriptions. The descriptions refer to the anatomical
structures shown in Fig. 1.

Appropriateness of the Variables

To argue the appropriateness of the variables and quantify cor-
relation with age Kruskal-Wallis (31) and Kendal range (32) tests
were calculated. Box plots of age at death within the states of each
variable were also examined visually to identify the fraction of
stages within a specific age range. Mean, standard error, and
standard deviation have been considered.

Moreover, how the states of the variables specifically corre-
spond to known age at death and intra- and inter-observer con-
stancy were quantified. To quantify how the states of the variables
specifically correspond to known age, the mean and the variance
of known age at death were calculated for each state of each var-
iable, a total of 41 states. To compare observed variance with how
much variance would be expected if a state describing as many
specimens were unrelated to age, a simulated state was assigned at
random, and independent of age at death, to that same number of
specimens. Variance among specimens simulated to have this
state was calculated and compared with variance in known age at
death among specimens in the observed state. This was repeated
1000 times. The number of simulated states with variance less or
equal to the variance of the observed state is a measure of the
significance of the relationship of the observed state with known
age at death under the hypothesis that this state is independent of
known age at death. The average variance over the 1000 simulated
states can be compared with the variance in the observed state to
determine “% squared error explained” in the context of the
scored sample. Skew was calculated as the third moment about the
mean. Skew indicates whether the greatest errors were over-esti-
mates (positive) or under-estimates (negative), and its magnitude
reflects the magnitude of these greatest errors, in units of years.

To quantify intraobserver constancy, 62 coxae were observed
twice, at different times, three months apart, by the same observer.
The constancy of observations was evaluated by Wilcoxon’s test
(33). To quantify interobserver constancy and evaluate the utility
of the descriptions and photos of the seven variables, 38 coxae
were observed, under identical conditions and using only the de-
scriptions and photos, by three different observers with different
osteological experience. One of the observers was a Ph.D student
of Zooachaeology, another held a Master’s degree in Anthropol-
ogy, and the third was a Ph.D expert on coxae. Our intention was
to evaluate also how an untrained but osteologically competent

person could score the traits using only the information given in
descriptions and photos of the variables. The constancy among the
three data sets was evaluated using Friedman’s test (33).

Analysis of the Accuracy of the Variables in Age Prediction

Our second goal is to analyze the accuracy of the variables. So
that our results will be comparable with those of other workers, we
used the same Bayesian method as Schmitt and Broqua (16), Lucy
et al. (34), Schmitt et al., (35), and Gowland and Chamberlain
(36). The computational details of this Bayesian estimation pro-
cedure are fully described in this journal by Lucy et al. (34). In our
application, prior probability (the probability that the age at death
of an unknown individual falls in an age class before any bones
have been examined) is estimated as the fraction of individuals in
the reference collection with known age at death in that age class.
Thus, our underlying assumptions are that test individuals are at
least 16 years old and are drawn from a population whose survi-
vorship is similar to that of the reference collection.

The posterior probability (the probability that the age at death
of an unknown individual falls in an age class after some bones
have been examined) is based on conditional probability distri-
butions of age (class) at death given that a particular osteological
feature had been observed in the test specimen (37). These dis-
tributions were estimated by observing frequencies in the refer-
ence collection.

To ensure that our test specimens met our underlying assump-
tions, each specimen was removed, one at time, from the reference
collection and used as a test specimen. After experimenting with
age class widths from 3 to 10 years, we chose relatively narrow 5-
year age classes because the variables we report here enabled us to
estimate age with this precision, but with no substantial loss of
accuracy. Thus, we report results here based on 5-year age classes.

We can associate with a probability distribution, the expected
value of the central age in each class to determine a single age
estimate (estimated age). One measure of the accuracy of an es-
timate is the absolute difference between this expected value and
known age at death. Even when estimated age is close to known
age at death, another kind of estimation inaccuracy occurs when
incorrect age classes are given moderately high probabilities. A
measure of this inaccuracy, called fit, is the expected value of the
absolute difference between the known age and the nearest age in
any age class (except the one in which the known age falls). Fit
shows how closely the estimating distribution fits known age at
death.

Although, the computational details of this Bayesian estimation
procedure are fully described by Lucy et al. (34), this study has
been implemented with a computer program (IDADE2) with
which we developed the calculations of the present study. The
explanation of the calculations and the IDADE2 program can be
downloaded from http:\\www-Personal.umich.edu\~gfe\, where
many other computational applications can also be found.

Results

For clarity, the results of the appropriateness and accuracy
analysis of the variables will be considered individually.

Appropriateness of Variables

Kruskall-Wallis statistics to quantify the correlation of each
variable with known age at death were all significant. The seven
variables had substantially higher values (all >120) for this test
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FIG. 1—Terminology. 1, The lunate surface. This is the articular surface
within the acetabulum. 2, The acetabular fossa. This is the nonarticular sur-
face within the acetabulum. The three arrows in this area indicate the three
lobes of the fossa. 3, The outer edge of the acetabular fossa. This is the limit
between the lunate surface and the acetabular fossa. 4, The apex of the
posterior horn of the lunate surface. 5, The acetabular rim surrounding the
acetabulum. 6, The acetabular notch. It is compressed between the two horns
of the lunate surface (arrows).

FIG. 2—State 0 of variable 1 (3, 17 years). There is no groove (arrows)
below the acetabular rim.

FIG. 3—State 1 of variable 1 (3, 28 years). The arrows point to a noticeable
groove below some of the acetabular rim.

FIG. 4—State 2 of variable 1 (3, 44 years). The arrows point to a pro-
nounced groove below the ilio-ischiatic area of the acetabular rim.

statistic (Table 2). Box plots (Fig. 39) of the variables show the
fraction of states in a specific age range, indicating mean, standard
error, and standard deviation. The age ranges of the states of each
variable cover all individual ages from young to old and with only
slight overlap. In addition, Bayesian inference increases accuracy
by using all the variables simultaneously.

The analysis of how the states of the variables specifically cor-
respond to known age (Table 3) shows that 38 of the 41 states,
except for the three states with fewer than 10 specimens, were
significantly correlated with known age and 35 of them were sig-
nificant at p <0.005. Within each variable, mean known ages of

FIG. 5—State 3 of variable 1 (3, 63 years). Extremely pronounced inter-
ruption (tissue discontinuity) between the lunate surface and the acetabular
rim (arrows) surrounding nearly all the acetabular rim.
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FIG. 6—State 0 of variable 2 (3, 16 years). The arrows point to the dense, FIG. 9—State 3 of variable 2 (3, 31 years). osteophytic construction
round and smooth acetabular rim. forming a small chain 1 mm in height on the posterior part of the acetabular
rim.

w4

.

&

L mi
FIG. 7—State 1 of variable 2 (3, 27 years). The external part of the ace- FIG. 10—State 4 of variable 2 (3, 63 years). A high (4 mm) dense crest
tabular rim is rounded (arrowhead) and the internal part has an upright form along just the posterior area of the acetabular rim is shown between arrow

(arrows). This image corresponds to the 1b category of this variable. heats. This image corresponds to the 4 b category of this variable.

FIG. 8—State 2 of variable 2 (3, 22 years). Narrow acetabular rim with
surface rough to the touch on it posterior part, where the arrow points to some FIG. 11—State 5 of variable 2 (3, 69 years). A very high (5 mm) and sharp
slight roughness. This image corresponds to the 2b category of this variable. crest on most of the acetabular rim.
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FIG. 12—State 6 of variable 2 (3, 73 years). Arrows point to a destructured FIG. 15—State 2 of variable 3 (3, 27 years). There are some large and
acetabular rim with an extremely high (1 cm) crest all around. small microporosities on the ischiatic part of the acetabular rim. The acetab-
ular rim appears round.

FIG. 13—State 0 of variable 3 (3, 27 years). Smooth acetabular rim without FIG. 16—State 3 of variable 3 (3, 53 years). Not all the acetabular rim is
porosities. Arrowheads point to normal porosity on the adjacent area of the smooth to the touch. The arrows point to some roughness on it.
acetabular rim.

4
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FIG. 14—State 1 of variable 3 (3, 27 years). Arrowheads show where mi-
croporosity has increased on the posterior wall of the acetabulum. There is no FIG. 17—State 4 of variable 3 (3, 63 years). The acetabular rim appears
porosity on the acetabular rim. fragile because of its great porosity. Micro- and macroporosity are evident.
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FIG. 18—State 5 of variable 3 (3, 63 years). The extreme macro- and
microporosity of the destructured acetabular rim invade the superior area of FIG. 21—State 2 of variable 4 (3, 53 years). The arrow points to a
the lunate surface. conspicuous osteophyte larger than 1 mm.

FIG. 19—State 0 of variable 4 (3, 18 years). The apex of the posterior horn FIG. 22—State 3 of variable 4 (3, 55 years). An osteophyte larger than
of the lunate surface is round and smooth (arrow). There is no spicula. 3 mm covers the entire posterior horn of the lunate surface (arrow).

i

FIG. 20—State 1 of variable 4 (3, 63 years). The arrows point to where a FIG. 23—State 4 of variable 4 (3, 63 years). An extremely large osteophyte

small spicula could be felt on the apex of the posterior horn of the lunate (>5mm) is on the posterior horn of the lunate surface (arrow 1). In this case,
surface. the anterior horn also shows bone growth (arrow 2).
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FIG. 24—Variable 5. The arrows indicate how to move the finger along the
outer edge of the acetabular fossa towards the fossa.

FIG. 27—State 1 of variable 6. (3, 18 years). The acetabular fossa is still

dense and smooth, but no longer level with the lunate surface (arrows).

FIG. 25—State 5 of variable 5 (3, 73 years). Extreme growth of the outer
edge towards the fossa, which is partially obliterated (arrow).

death within states are separated and spread over much of the
range observed among specimens.

None of the seven variables showed significant intra- and in-
terobserver differences between different observers or times, ex-
cept for one slight but nonsignificant difference in how two of the

FIG. 28—State 2 of variable 6 (3, 26 years). Activity on less than a half of
the fossa (arrows). The activity is only on the posterior half and does not ex-
tend to the center of the fossa.

three observers scored the second variable. These seven variables
seem to have states and descriptions that can be consistently ob-
served for an untrained but osteologically competent person.

These results indicate the appropriateness of the variables for
age estimation.

FIG. 26—State 0 of variable 6 (3, 19 years). The fossa is level with the
lunate surface (arrows).

FIG. 29—State 3 of variable 6 (3, 19 years). Activity on the posterior half of
the fossa and extending to the center (arrows).
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FIG. 30—State 4 of variable 6 (3, 39 years). Activity on more than three
quarters of the fossa (arrows). The fossa is consistent.

Analysis of the Accuracy of the Variables in Age Prediction

Estimates of age at death for a few example specimens, show-
ing the known age at death, the estimating probability distribution
over age classes, expected age at death calculated from this dis-
tribution, and the measure of fit is presented in Table 4.

FIG. 31—State 5 of variable 6 (a) (3, 46 years). The bone of the fossa has
lost its consistency. (b) (3, 45 years) The fossa is partially obliterated as a
consequence of extensive bone formation.

FIG. 32—State 0 of variable 7 (3, 18 years). The acetabular fossa is dense
and smooth, with normal porosity.

The difference between known age and the estimated age (Ta-
ble 5) is within 10 years in more than 89% of the specimens.
About 67% received estimates within 5 years and nearly 35% re-
ceived estimates within 2 years of known age at death.

The fit value (Table 6) shows that over 60% of the specimens
had an expected difference between known age at death and the
estimating distribution of less than 5 years, and only about 11%
received values of fit over 10 years.

Results (Tables 5 and 6) clearly show that these measures of
accuracy do not vary widely with age, indicating that these var-
iables might be expected to estimate age at death with nearly equal
accuracy over all adult ages.

Discussion

The first descriptions of the relationship between morphological
changes of the acetabulum and age at death of an individual were
given by Rissech and Malgosa (23), Rissech (24), and Rissech et
al. (25), who observed changes on the acetabular fossa. Later,
Rougé-Maillart (26), and Rougé-Maillart et al. (27) described
more of these changes and demonstrated their correlation with the
stages of auricular surface described by Lovejoy et al. (18). In this

FIG. 33—State 1 of variable 7 (3, 19 years). Dense acetabular fossa with
some microporosities on the superior and posterior lobes (arrows).
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FIG. 36—State 4 of the variable 7 (3, 41 years). The acetabular fossa has a
base of micro- and macroporosities dotted with macroporosities with destruc-
tion, indicated by arrows.

FIG. 37—State 5 of variable 7 (3, 35 years). Trabecular bone occupies

FIG. 34—State 2 of variable 7 (a) (3, 27 years). Arrows point to a mac- most of the fossa.

roporosity and the arrowhead points to a microporosity. In this case the mac-
roporosity has a blunt perimeter and is beginning to transform to trabecular
bone. (b) (3, 23 years). The arrow points to some trabecular bone on the pe-
ripheral area of the fossa.

article, we have described and ordered categories for seven var-
iables of age at death to make this aging process explicit in three
anatomical zones of the acetabulum: the acetabular rim; the outer
edge of the acetabular fossa; and the acetabular fossa. Changes of
the morphology of the lunate surface are not so well correlated

FIG. 38—State 6 of variable 7 (3, 53 years). The fossa has been obliterated
because of bone production in this area.

TABLE 2—Correlation between variables and age by Kruskal-Wallis test.

Kruskal-Wallis p (Statistical

Variable Test Significance)
Acetabular groove 120,892 0.000*
Thinning and bone construction of the 170,964 0.000*
acetabular rim
Porosity and bone destruction of the 160,016 0.000*
acetabular rim
Apex activity 126,858 0.000*
X R Activity of the outer edge 162,346 0.000*
FIG 35—S;tlatZ 3 ojl”v;mablz 7h(<§‘, 25 years)h There are macro—;l;:d micro- Activity of the accetabular fossa 136,301 0.000*
porosity on all three lobes and the center of the fossa (arrows). There is no Porosities of the acetabular fossa 175.060 0.000*

porosity on the external area of the acetabular notch.
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TABLE 3—Results of the analysis of how the states of the variables specifically correspond to known age.

State Variable 0 1 2 3 4 5 6
1
n 39 138 43 22
Mean 26.9 41.6 50.1 71.2
Variance 7.45 13.58 13.13 9.49
Skew 6.86 10.81 —9.40 7.91
%SE 81.9 41.0 43.7 70.3
Significance 0.000™* 0.000* 0.001* 0.000*
2
n 2 47 43 76 47 18 9
Mean 21.0 25.6 347 45.9 60.3 68.1 75.8
Variance 5.00 5.48 8.54 11.53 11.13 9.47 10.09
Skew 0.00 3.59 470 9.01 —6.37 2.44 8.46
%SE 83.9 90.3 76.5 57.3 60.1 69.8 63.4
Significance 0.322 0.000* 0.000* 0.000* 0.000* 0.000* 0.050*
3
n 15 57 65 72 26 7
Mean 21.5 31.1 39.0 55.3 69.7 73.9
Variance 421 8.22 10.74 11.61 10.76 11.75
Skew 3.67 7.48 7.05 —4.34 —11.14 11.08
%SE 94.0 78.5 63.0 56.3 61.7 48.6
Significance 0.000™* 0.000™* 0.000* 0.000* 0.000* 0.147
4
n 28 129 55 21 9
Mean 26.6 382 59.4 65.8 75.3
Variance 7.93 11.97 14.38 10.03 9.85
Skew 7.25 10.15 —12.36 5.45 8.64
%SE 79.1 54.5 37.6 66.6 65.6
Significance 0.000* 0.000* 0.008* 0.001* 0.037*
5
n 7 23 60 47 78 27
Mean 22.6 27.2 323 39.2 58.3 67.9
Variance 2.87 7.98 9.33 9.89 12.56 9.94
Skew 1.9 7.24 8.34 7.42 6.58 9.43
%SE 96.9 78.9 71.9 68.3 49.3 67.5
Significance 0.000* 0.000* 0.000* 0.000* 0.000* 0.000*
6
n 16 13 53 108 44 8
Mean 21.0 233 33.9 48.1 63.8 62.5
Variance 3.18 441 8.33 14.27 14.27 7.14
Skew 1.65 3.81 6.88 9.14 —6.56 491
%SE 96.6 93.3 71.5 34.9 34.1 81.5
Significance 0.000* 0.000* 0.000* 0.001* 0.018* 0.005*
7
n 13 9 100 47 46 22 5
Mean 21.4 21.6 343 48.7 62.7 67.5 76.0
Variance 2.59 2.17 8.92 10.95 9.53 11.48 13.11
Skew 2.29 1.18 6.18 8.94 —6.86 —531 6.11
%SE 97.7 98.3 74.6 61.1 70.6 56.4 329
Significance 0.000* 0.000* 0.000* 0.000* 0.000* 0.006* 0.334

For each variable and state, from top down is shown the number of specimens described by that state, mean age of those specimens, variance, skew, percent
squared error explained and its significance under the hypothesis that any specimen is any age.

TABLE 4—Estimates of age at death for a few example specimens.

AD EAD FIT 15 20 25 30 35 40 45 50 55 60 65 70 75
16 19.9 33 62 20 18

16 17.2 0.2 97 2 1

21 22.6 0.8 1 86 13

21 22.5 0.9 3 84 13

23 31.4 8.4 3 34 37 24 2

23 28.9 59 6 54 36 4

31 31.4 1.7 7 9 74 8 2

31 30.3 1.8 11 15 71 2 1

54 49.8 3.8 1 5 38 51 1 4

54 532 1.7 3 4 68 18 7

68 64.5 59 36 11 31 15 7
68 68.5 5.0 19 26 41 14

Estimate for right side is above estimate for left side of same individual. Columns are labeled as follows: AD is known age at death; EAD is estimated age at
death; FIT is expected difference between estimating distribution and AD; and 15, 20 ... are the estimated probabilities of age class 15-19, 20-24 . . . in percent.



RISSECH ET AL. « ADULT AGE ESTIMATION BY THE ACETABULUM 227

TABLE 5—Number of specimens with absolute difference (1d|) between known age and estimated age, less than specified amounts, tabulated within age classes,
and over all specimens.

ldl<1 Idl<2 Idl<3 ldl<4 Idl<5 Idl<10 Idl<10
Age _ + — 3+ _ + — + — + — + — 4+ Nonestimated Total
15-19 5 1 4 6 1 5 7 1 6 7 1 6 7 1 6 9 1 8 0 0 0 0 9
20-24 30 3 6 2 4 14 3 11 17 5 12 17 5 12 20 5 15 1 0 1 0 21
25-29 3 1 2 7 3 4 9 4 5 13 5 8 15 7 8 23 9 14 2 0 2 1 26
30-34 7 5 2 15 7 8 18 8 10 22 10 12 23 11 12 25 12 13 (V] 0 0 25
35-39 4 3 1 7 5 2 10 6 4 14 8 6 17 5 7 24 14 10 1 0 1 1 26
4044 32 1 7 5 2 9 6 3 11 6 5 13 8 5 18 11 7 30 3 0 21
45-49 7 1 6 9 2 7 12 5 7 15 8 7 15 8 7 18 10 8 1 1 0 0 19
50-54 3 2 1 7 3 4 100 5 5 11 5 6 11 5 6 15 8 7 3 3 0 0 18
55-59 2 1 1 3 2 1 32 1 5 2 3 8 2 6 15 4 11 5 1 4 1 21
60-64 1 1 0 3 2 1 32 1 4 2 2 7 2 5 9 2 7 4 4 0 0 13
65-69 2 1 1 4 1 3 5 1 4 8 2 6 11 2 9 12 3 9 1 1 0 0 13
70-74 2 1 1 5 4 1 7 5 2 9 7 2 9 7 2 11 8 3 1 1 0 0 12
75-79 0 0 0 0 0 0 1 1 0 1 1 0 1 1 0 7 7 0 3 3 0 1 11
80-84 1 0 1 3 2 1 3 2 1 3 2 1 4 3 1 4 3 1 1 1 0 0 5
85-89 1 0 1 1 0 1 1 0 1 1 0 1 1 0 1 1 0 1 0o o0 0 0 1
90-94 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0
95-99 1 0 1 1 0 1 1 0 1 1 0 1 1 0 1 1 0 1 0o o0 0 0 1
Total 45 84 113 142 160 212 26 4 242

Number of individuals underestimated ( — ) and overestimated (+) within and specific absolute difference.

with known age of death among the specimens; these changes in
morphology may involve unknown factors unrelated to age. These
unknown factors might include taphonomic factors, such as the
tendency of humidity to increase the porosity of osteological re-
mains (38,39), or they might include differences in acetabular
morphology and body weight, which affect the articulating sur-
faces to differentially modify the area of contact between the lun-
ate surface and the femoral head, resulting in different patterns of
wear on the surface of the acetabulum over the same time periods
(40).

The processes of change described by the seven variables we
used here to estimate age at death agree with the arthroscopic
observations of Noguchi et al. (41) who reported that, in prear-
thritic hip joints with normal radiological morphology, the first
morphological changes of the acetabulum appear on the lip as
small detaching tears, and on the outer edge of the acetabular fossa
as small bony accretions such as osteophytic formations that grow

near the fossa. This bone growth on the outer edge of the acetab-
ular fossa can eventually occupy the entire fossa resulting in its
total obliteration, with the collateral decrease of fibro-fatty,
pulvinar tissue. In addition to this osteophytic formation (referred
to as activity) on the outer edge of the acetabular fossa, we ob-
served also a progressive change in the osteological texture (re-
ferred to as activity and porosities) of the fossa in which the
modification of the smooth bone reveals the trabecular bone. The
changes undergone by the acetabulum have a certain similarity to
the changes of the auricular surface with increasing age, as de-
scribed by Lovejoy et al. (18). In both, porosities, ostophytic for-
mations and characteristics compatible with degenerative
osteoarthritis are evident in both.

The applicability of variables such as those we describe here for
estimating age at death depends on the adequacy of the collections
that provide data to establish the relationship between the states of
the variables and known age at death. When such data are not

TABLE 6—Number of specimens with fit (f), less than specified amounts, tabulated within age classes, and over all specimens.

Age f<1 f<2 f<3 f<4 f<5 f<10 £>10 Not Estimated Total
15-19 3 6 6 7 7 9 0 0 9
20-24 10 12 16 17 17 20 1 0 21
25-29 1 1 6 11 15 23 2 1 26
30-34 2 7 14 21 23 25 0 0 25
35-39 0 3 6 8 18 24 1 1 26
40-44 1 3 5 9 9 18 3 0 21
45-49 1 3 10 13 14 18 1 0 19
50-54 1 2 7 9 11 14 4 0 18
55-59 0 0 2 4 8 15 5 1 21
6064 1 1 1 3 4 9 4 0 13
65-69 0 0 1 2 6 12 1 0 13
70-74 0 2 4 4 5 11 1 0 12
75-79 0 0 0 0 1 7 3 1 11
80-84 0 3 3 3 3 4 1 0 5
85-89 1 1 1 1 1 1 0 0 1
90-94 0 0 0 0 0 0 0 0 0
95-99 1 1 1 1 1 1 0 0 1
Total 22 45 83 113 143 198 27 4 242

Fit is the expected value of absolute difference between the known age and the nearest age in any age class, except the one in which the known age falls.
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sufficient, it will not be possible to estimate age at death for some
individuals. In the results reported here, scores from four of 242
individuals did not result in an estimate of age at death because
there were insufficient data.

Using the seven variables based on the acetabulum and the
computational methods we describe produces encouragingly ac-
curate estimates in the form of probability distributions over 5-
year age classes. The most immediate and conspicuous indication
of the potential utility of these variables to estimate age at death is
revealed by comparing known age at death with the estimated
probability distribution of age classes, using measures of fit and
comparing known age at death with expected values. All ages
were estimated with good levels of accuracy, indicating that ob-
servations from the acetabular area may be useful to estimate age
at death in adult individuals of any age, even those who died at
over 40 years of age. This accuracy for older ages is largely ex-
plained by the longer maturation and aging time course of the
anatomical features of the acetabulum used to estimate age at
death.

The estimates we present here are seen to be more accurate than
those of most previous workers because the estimating probability
distributions have lower variances, estimating intervals have
shorter time spans, and estimates are closer to the known ages
at death. Higher variances reflect a trade-off that increases the
chance that known age at death will fall inside the distribution but
decreases the precision of the estimate. In the results we present
here, based on observation of the acetabulum, the estimating dis-
tribution tends to be both narrow and centred near known age at
death, with age at death for adolescents, middle aged adults, and
elderly all estimated with similar levels of accuracy.

Only a few authors report comparable levels of accuracy. Sch-
mitt (30) and Schmitt et al. (35) used observations on the auricular
surface and the pubic symphysis. However, these authors encoun-
tered difficulties with estimates of age at death for specimens
older than 60 years, and so lumped into a single age class all
specimens who died at age 60 years or older, obscuring inaccu-
racies there. These difficulties are probably because of the unre-
liability of the auricular surface and the pubis symphysis as
estimators of age at death in adults over 40 years old. Because
we use the probability distributions themselves and several oper-
ationally defined and quantitative descriptions of estimated age at
death derived from them to evaluate accuracy, it is difficult to
make a more specific comparison with the more subjective eval-
uations employed by some authors. Wittwer-Backofen et al. (11)
report accurate estimates of age for living individuals, based on
microscopic measurements of extracted teeth, but such data are
rarely available to archaeologists and palaeontologists.

Conclusion

From the previous results of age analysis on the acetabular area
(27) based on a small Spanish and French sample and the results
reported here based on a Portuguese sample we can conclude that
the acetabulum seems to be an effective age predictor. The seven
age indicators described in the present work, based on measures of
the acetabulum, can be useful to estimate age at death of unknown
specimens of any age with fused acetabulum with same accuracy
(89% in 10-year intervals or 67% in 5-year interval), including
individuals who fall at the far end of the aging distribution. In
addition, the acetabulum is an especially convenient structure to
observe in ancient and forensic remains because, as part of the
central area of the os coxa, it is one of the best-preserved elements
of the skeleton (42). For this reason it seems useful and necessary

to increase the research on the acetabulum as an age indicator in
order to understand better the behavior of this anatomical structure
during the aging process in the different populations.
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