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Abstract

Using standards established by Lovejoy et al. (1) to estimate age at death from auricular surface morphology, 266 individuals of docu-
mented age, sex, and ancestry from the Terry and Bass Donated Collections were scored. Analysis of covariance (ANCOVA) indicates
that for the factors that could be controlled, age is the sole influence on auricular surface morphology. Ancestry and sex had no signifi-
cant effect on auricular phase expression. No evidence of secular changes was detected when comparing the Terry Collection (early 20th
century) to the Bass Collection (later 20th century). Pearson correlations reveal that several of the subcomponents of the auricular surface
(superior and inferior demifaces, left and right sides, transverse organization, texture) correspond with age equally well, although a com-
bined scoring of all features performs slightly better than any one indicator taken alone. Not surprisingly, only 33% of the sample was
correctly aged when using the 5-year age ranges provided by Lovejoy et al. (1), suggesting that the published ranges are much too narrow
to be used in forensic contexts. To assess the variation in age per phase, standard descriptive statistics and error ranges were calculated
and can be employed by forensic anthropologists when estimating the age of an unidentified decedent. Because the mean ages of some of
the eight phases did not differ significantly from one another, a modified six-phase system is presented. The auricular surface performs as
well as any other single skeletal indicator of adult age. This research suggests that a statistically-informed approach should be taken in or-

der to fully understand the drawbacks and limitations of any aging method.

Keywords: forensic sciences, forensic anthropology, skeletal age estimation, auricular surface, os coxae

Perhaps the greatest challenge to those investigating human
skeletal remains is the problem of accurate age estimation. Al-
though standards are currently available for the estimation of
adult age at death from several skeletal indicators (1-9), many
fall short of their desired levels of accuracy (7-12). Confusing
the issue is that the age ranges provided by some authors for
their methods (e.g., auricular surface and sternal rib end tech-
niques) do not adequately describe the full range of variation in
age that exists per phase or stage (7-13).

Lovejoy et al. (1) developed a method by which age at death
can be estimated by examining morphological features of the il-
ium. In this study the authors selected specimens from the Ha-
mann-Todd Collection whose known ages fell within specific
five-year increments. A phase system was created based on the
modal morphological condition for each age cohort. The most im-
mediate application of this method is in paleodemographic re-
search, whereby the relative ages of individuals in a population
are determined by seriation (1,14). However, forensic anthropolo-
gists have employed the method to estimate specific ages for un-
identified individuals. Unfortunately, actual error ranges for each
phase have never been provided. This study documents the ap-
plication of the auricular surface technique of age estimation on a
case-by-case basis to two U.S. population skeletal samples of doc-
umented age at death in an attempt to increase the method’s ap-
plicability in forensic settings.

Literature Review

Lovejoy et al. (1) conducted the original study on age-re-
lated changes of the auricular surface. Materials used in this

analysis include the Libben Collection housed at Kent State
University (n = 250), the Hamann-Todd Collection curated at
the Cleveland Museum of Natural History (n = 500), and fo-
rensic cases from the Cuyahoga County Coroner’s Office (n =
14). The authors noticed a correlation between age estimated
through several regions of the skeleton and auricular sur-
face morphology (1, 14). After recognizing the regularity with
which auricular surface morphology appears to have changed
with age, the authors analyzed how these changes in morphol-
ogy correlated with age.

Their study included a new method of age estimation based
on metamorphosis of the auricular surface, the application of a
case-by-case seriation and a systematic multifactorial method
of age determination (15). The results of the study defined eight
stages of metamorphosis divided into five- and ten-year incre-
ments, spanning a range of 20-60+ years. Seriation was applied
to minimize research time and reduce the chance of inter-ob-
server error (15). The age ranges were created and the modal
features recorded for each phase in the technique. Sample pho-
tographs of each stage of metamorphosis were provided in the
original study and have since been updated (16). Subsequent
tests of accuracy were conducted using specimens from the Ha-
mann-Todd Collection. Two blind tests were run with sample
sizes of 100 and 110, respectively, which were drawn randomly
from the Hamann-Todd Collection. Results showed that the use
of the auricular surface aging technique as a single indicator of
age-at-death is comparable to or better than any other adult ag-
ing technique. The importance of the auricular surface technique
in a multifactorial determination of skeletal age was also dem-
onstrated by Lovejoy et al. (15). The authors presented a multi-
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factorial method that uses a principle components weighting of
five indicators of age. These indicators included the pubic sym-
physeal face, auricular surface, radiographs of the proximal fe-
mur, dental wear, and suture closure.

Lovejoy et al. (16) used the comparative anatomy of primates
to demonstrate the efficacy of the pubic symphysis and the au-
ricular surface in the estimation of age-at-death. In this study,
the authors argue that the pubic symphysis is valuable for age
estimation up to and immediately following the formation of
the ventral rampart (typically in the third or fourth decade of
life; phases I-V in the Todd system) and that changes in this re-
gion following the fusion of the ventral rampart “offer only min-
imal special ability to systematically chronicle advancing age”
(16, p. 33). Auricular surface morphology, however, changes in
a regular way throughout life. Therefore, while the pubic sym-
physis is a helpful indicator of age into the third and fourth de-
cades of life, the auricular surface is a more reliable indicator
of age beyond the fourth decade of life. The authors also argue
that any attempt to estimate age from skeletal remains should
consider all regions available and when faced with large demo-
graphic samples, seriation should be employed in order to avoid
or reduce inter-observer error.

Meindl and Lovejoy (14) reviewed their original study in Age
Markers in the Human Skeleton (17), stressing the importance of
the auricular surface aging technique in the study of paleodemo-
graphy. In this article the authors argued that auricular surface
morphology is a valuable indicator of age because: (1) it is more
durable than other regions through which age can be estimated
(i.e., pubic symphyses and sternal ends of ribs), and thus more
likely to be present upon examination of skeletal material re-
covered from an archaeological context; and (2) the results pro-
duced in tests of the auricular surface method indicate a higher
frequency of correctly aging individuals past the fifth decade
of life, thus giving a more accurate paleodemographic profile.
The authors also argued that the most accurate means of deter-
mining age at death in the human skeleton is accomplished via
the multifactorial method. The use of the auricular surface tech-
nique in the context of forensic anthropology was not discussed.

A test of the accuracy of the auricular surface aging technique
on a case-by-case basis was conducted by Murray and Murray
(13). In a blind study of 189 autopsied individuals of known age
at death from the Terry Collection, the auricular surface aging
technique was employed to determine the accuracy of the tech-
nique across ancestry and sex. In their conclusions the authors
suggest that degenerative change is not dependent upon either
ancestry or sex. The investigators discovered, however, that the
auricular surface technique had a tendency to underage speci-
mens by almost 13 years. This suggested that the rate of degen-
erative change was unreliable as a single indicator of age and
that errors made in estimating age with auricular surface mor-
phology occurred too frequently for the method to be useful to
forensic anthropology. This also suggested that while the age
ranges defined by Lovejoy et al. (1) may seriate a large sample,
they do not reflect individual variability of the auricular surface
morphology related to age.

Buckberry and Chamberlain (7) offered a revision of Lovejoy
et al’s (1) method using a components scoring system. In this
study the authors created a scoring system in which morpho-
logical features are scored independently and then summed to
get a composite score. The composite scores were divided into
seven stages, which correspond with age ranges derived using
methods similar to Brooks and Suchey (2) and Katz and Suchey
(5). Initial development of this technique utilized a medieval
cemetery from Blackgate, Newcastle, UK. Subsequent testing of

the technique took place utilizing the Spitalfields Collection, a
known-age sample from London, UK. Buckberry and Chamber-
lain (7) found no sex-related differences in the method and re-
ported a 0.63 correlation with age.

Osborne (8) tested and refined the Lovejoy et al. (1) method
using the Terry and Bass Collections of known-age individuals.
The goals of this analysis were to create more discrete phase cat-
egories based on exclusive morphological features and to deter-
mine what statistical method would provide the most accurate
age range per phase. In doing this, standard descriptive statistics
and probit analysis were compared using inaccuracy and bias sta-
tistics. Results indicate that use of standard descriptive statistics
provides the most accurate representation of age-related variation
in auricular surface morphology. The author used Lovejoy et al.’s
(1) definitions of features, with the exception of microporosity as
it has been deemed difficult to differentiate from weathering. The
results of this analysis included the collapsing of the eight-phase
system to a six-phase system that utilized mean ages and 95%
prediction intervals to create age ranges.

Schmitt et al. (9) provide a multifactorial method of age esti-
mation using various features of the auricular surface and pubic
symphysis. In this study the authors discuss the application of a
separate scoring system for individual indicators of age using a
geographically heterogeneous sample, but they do not elaborate
on the details (i.e., actual application) of this method. Schmitt et
al. (9) do report greater repeatability with this technique, but find
no evidence that multifactorial analysis of age estimation is any
better than using a single indicator alone. The authors suggest
that the variable sex does not influence age estimation, but that
there is variation at the population level in rates of senescence.

Materials and Methods

The two skeletal collections used are the Bass Donated Col-
lection (n = 72), housed at the University of Tennessee, Knox-
ville, and the Terry Collection (n = 194), housed at the United
States National Museum of Natural History at the Smithson-
ian Institution in Washington, DC (Table 1). The Terry Collec-
tion was collected between 1914 and 1965 by Terry and Trotter
(18). The Bass Donated Collection, collected since 1981, repre-
sents a contemporary sample of the U.S. population. During the
examination, the left and right superior and inferior demifaces
were scored independently of each other using standards set
forth by Lovejoy et al. (1). The superior and inferior demifaces
were designated using an arbitrary sectioning point extending
posteriorly from the arcuate line. Surface features were recorded
without the knowledge of the individual’s true age. The senior
author collected all data (for more details see Osborne (8)).

Table 1. Sample distribution by sex, ancestry, collection, and decade.

Black Black White White

Males Females Males Females Total
16-20 2 7 1 0 10
20-29 9 8 11 3 31
30-39 8 9 19 11 47
40-49 12 10 18 9 49
50-59 12 8 16 11 47
60-69 9 10 12 12 43
70-79 6 9 9 9 33
80-89 2 0 3 1 6
Total Terry 49 58 45 42 194
Total Bass 11 2 44 15 72
Combined 60 60 89 57 266
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Table 2. ANCOVA model.

Dependent Variable  Independent Variables

Phase = Sex + Ancestry + Collection + (Sex * Ancestry)
+ (Sex * Collection) + (Ancestry  Collec-

tion) + (Sex * Ancestry * Collection) + Age

The data were statistically analyzed in four ways: (1) Pearson
correlations, (2) analysis of covariance (ANCOVA), (3) calculation
and comparison of inaccuracy and bias statistics, and (4) calcula-
tion and comparison of means and 95% prediction intervals. SPSS
v. 9.0 (19) and SYSTAT v. 5.2 (20) were used in this analysis.

In order to determine whether auricular surface morphology
is influenced by factors other than age, an analysis of covariance
(ANCOVA) was run on the combined dataset. ANCOVA is de-
signed to test whether treatments (e.g., sex, ancestry, and col-
lection) affect the dependent variable phase while holding age
constant. The general model for the ANCOVA used here is pro-
vided in Table 2 (21). Variables in parentheses are interactions.
Age is a continuous covariate and therefore does not enter into
the interactions.

Although analysis of (co)variance is traditionally used on
continuous dependent variables (such as osteometrics), we be-
lieve that the use of phase as the dependent variable is justified.
First, auricular surface morphology changes in a continuous
fashion with increasing age as the joint is subjected to repeated
microtrauma, and discrete phases are only assigned for ease of
scoring during osteological analysis. Second, there are a rela-
tively large number of phase categories (eight), which helps to
more closely mimic a truly continuous variable. Third, while the
differences in morphology between each adjacent phase may not
necessarily be exactly equivalent (proportional) across the entire
range, the method of scoring was originally designed to track
modal morphological changes that occur in subsequent five-
year age brackets (1), which imparts a degree of regularity to the
system. In short, the auricular surface phases contain more in-
formation than traditional ordinal data, and the use of nonpara-
metric tests designed for nominal or ordinal variables would
probably result in a reduction in sensitivity in hypothesis test-
ing. Instead, a parametric test that can control for a number of
variables simultaneously, such as ANCOVA, would seem to be
more appropriate for age-degenerative biological data.

Analysis of this dataset indicates that for phases with more
than a few individuals, age is normally distributed or nearly
so within each phase. Levene’s test on the residuals of the full-
model ANCOVA is insignificant for each main effect and each
interaction, indicating homogeneity of variances. Furthermore,
the covariate age was entered into the ANCOVA model with
the main effects (sex, ancestry, and collection) to test for hetero-
geneity of slopes. The results of these tests were insignificant (p
< 0.42), suggesting that the data meet the assumption of homo-
geneity of slopes. Since the underlying requirements for AN-
COVA have been met, and given the recognized robusticity of
ANCOVA in minor departures from normality (22) in addition
to the quasi-continuous nature of phase, the use of ANCOVA
is justified and, indeed, should provide a very powerful test for
the effects of other variables on auricular surface morphology.

Results

Pearson correlations were used to assess the strength of the
relationship between age and phase (Table 3). Correlations were
calculated separately for transverse organization, texture, the
left and right superior and inferior demifaces, and all indicators

Table 3. Pearson correlations between age and phase by surface
indicator.

Indicator r Value p Value
All indicators 0.589 <0.001
Transverse organization 0.538 <0.001
Texture 0.543 <0.001
Left superior demiface 0.538 <0.001
Left inferior demiface 0.544 <0.001
Right superior demiface 0.565 <0.001
Right inferior demiface 0.536 <0.001

Table 4. Results of ANCOVA with phase as the dependent variable (n
=266).

Sums of
Factor Squares F-Ratio p Value
Sex 0.722 0.284 0.595
Ancestry 0.587 0.230 0.632
Collection 0.012 0.005 0.945
Sex * Ancestry 4.382 1.722 0.191
Sex * Collection 0.243 0.095 0.758
Ancestry = Collection 9.831 3.652 0.064
Sex * Ancestry * Collection 1.222 0.480 0.489
Age 356.722 140.183 <0.001*

combined. The results indicate that while age is most highly cor-
related with an assessment of phase when using all indicators,
all values are very similar and there is good concordance be-
tween different sections of the auricular surface. Given these re-
sults, the phase estimate data derived from examining all mor-
phological indicators were used in all of the following analyses.

The results of the ANCOVA are presented in Table 4. Age
was the only significant influence (p < 0.05) on auricular surface
morphology. None of the main effects (sex, ancestry, or collec-
tion) are significant, and so it is not necessary to create differ-
ent sex- or group-specific standards for age estimation from the
auricular surface. The negative results for collection seem to in-
dicate that secular trends have not affected the relationship be-
tween phase and age in the past century in U.S. populations.
None of the four interactions are significant either, although the
ancestry * collection interaction, while not quite reaching signifi-
cance (p = 0.064), is suggestive. Detailed examination of the data
indicates that one of the four subgroups (blacks in the Bass Col-
lection) has a higher adjusted least-squares mean for phase and
yet does not substantially differ from the other three groups in
mean age. This subgroup is much smaller (1 = 13) than any of
the other subgroups and may represent a case of sampling error.
In summary, because there are no clear or substantive effects of
the independent variables on phase other than age, the entire
sample has been combined for subsequent statistical analyses.

The 2 for the ANCOVA model yields a value of 0.363, in-
dicating that most of the variation in auricular surface mor-
phology cannot be explained by age, sex, ancestry or collection.
Some other unknown variable or variables are therefore impli-
cated. The adjusted 72 for age (0.343) indicates that 34% of the
variation in auricular surface morphology in the population as a
whole is attributable to age.

Inaccuracy and bias statistics were utilized to determine the
accuracy of the standards created in the Lovejoy et al. (1) study.
Inaccuracy refers to the average error in years regardless of over-
or under-estimation of age, while bias refers to the average error
in years taking into consideration the direction of the deviation
(15). In calculating the inaccuracy and bias statistics using the
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Table 5. Inaccuracy and bias for the combined sample using Lovejoy
etal’s aging standards.

Table 6. Percentage of individuals correctly aged using Love-
joy et al’s aging standards and the inclusion of adjacent phase
intervals.

Age Inaccuracy
Phase Range n Inaccuracy* Range*  Bias*  Bias Range* % Individuals % Individuals
Correctly  Expanded Correctly

1 20-24 5 53 25-85 43 ~25-85 Phases n Intervals Aged Intervals Aged
2 25-29 10 7.0 25-115 7.0 25-115
3 30-34 13 7.2 0.5-13.5 3.3 -12.5-13.5 1 5 20-24 80 20-29 100
4 35-39 37 11.2 0.5-385 -49 -38.5-13.5 2 10 25-29 20 20-34 100
5 40-44 52 11.6 05-365 -48 -36.5-19.5 3 13 30-34 15 25-39 54
6 45-49 30 115 15-325 -12 -32.5-18.5 4 37 35-39 16 30-44 41
7 50-60 17 10.1 0.0-32.0 1.9 -32.0-24.0 5 52 40-44 15 35-49 42
8 >60 102 13.0 0.0-39.0 6.1 -22.0-39.0 6 30 45-49 10 40-60 43
All phases 266 114 0.0-39.0 1.2 -38.5-39.0 7 17 50-60 53 45-60 71

) ) 8 102 > 60 52 >50 72
* Inaccuracy and bias are reported in years. All Phases 266 n/a 33 n/a 59
Table 7. Mean ages and 95% prediction intervals by phase for the combined sample.
Phase n Mean* SD* 95% P.I* Accuracy Inaccuracy* Inaccuracy Range* Bias* Bias Range*
1 5 18.2 4.09 5.8-30.6 100% 2.7 0.2-6.8 0.00 -6.8-4.2
2 10 20.5 3.10 13.1-27.8 100% 25 0.5-4.5 0.00 -4.5-4.5
3 13 29.2 791 11.3-47.1 100% 6.1 0.2-15.8 -0.03 -15.8-10.2
4 37 424 13.67 14.4-70.4 97% 11.2 0.6-33.6 0.00 -33.6-18.4
5 52 473 14.20 18.6-76.0 96% 114 0.3-31.7 0.00 -31.7-24.3
6 30 487 13.70 20.1-77.3 97% 11.3 0.3-31.3 0.00 -31.3-19.7
7 17 53.1 14.14 22.3-83.9 94% 10.3 0.9-33.9 -0.02 -33.9-22.1
8 102 58.9 15.24 28.4-89.4 98% 12.9 0.1-32.9 0.00 -28.1-32.9

* Figures are in years; “S.D.” refers to standard deviation; “P.I.” stands for prediction interval; “accuracy” refers to the percentage of individuals
from the original sample correctly aged using the 95% prediction interval; “Inaccuracy” and “Bias” are reported.

five-year age ranges associated with the Lovejoy et al. (1) stan-
dards, the mid-range of each interval was used as the target age.
The results (Table 5) indicate that the method becomes increas-
ingly inaccurate with the progression to higher phases, which is
to be expected with any aging system (6). Furthermore, as in-
dicated by the bias values, individuals estimated in Phases 1-3
tend to be over-aged, those in Phases 4-6 are under-aged, and
individuals scored in Phases 7 and 8 are over-aged (Table 5).

If the original age ranges provided in the Lovejoy et al. (1)
study for each phase are used to estimate the age of the individ-
uals used in this study, it becomes readily apparent that their
five-year intervals do not reflect the true variation inherent in
this aging system. Table 6 lists the percentages of individuals
correctly aged using the original five-year ranges for each of the
eight phases and for the total sample. The observed ranges for
each phase in the study sample greatly exceed the five-year age
ranges. Even if the age ranges provided in the original study
are expanded to include the phase preceding and following the
phase in which an individual is scored (e.g., providing 15+ year
ranges), the results are still disappointing, with only 42% of in-
dividuals correctly aged in the middle three phases.

The mean ages and the 95% prediction intervals for each
phase were calculated to examine age variation by phase (Ta-
ble 7). While the results are not discrete (meaning that there are
large age distributions and significant overlap of ages between
phases), they are a good representation of the amount of vari-
ation in age present in each phase of development that would
exist in the parent population as a whole. In some cases (e.g.,
between Phases 1 and 2; and Phases 5 and 6) there does not ap-
pear to be a significant difference between the mean ages of each
phase. This may warrant the collapsing of phases with similar
age distributions into one phase, similar to other refined aging
systems (2,5).

Once the 95% prediction intervals were determined (11, 23),
the data were examined to establish how many of the individ-
uals used in the study would be aged correctly using the new
standards. Table 7 details the percentages of individuals cor-
rectly aged using the 95% prediction intervals derived from this
study. The overall trend shows that age estimation becomes less
accurate as individuals progress into more advanced phases, as
is common in all studies of skeletal aging (2, 5, 6). The inaccu-
racy and bias results for the entire sample as a whole are 11.1
and 0.01 years, respectively. The near zero bias values are a by-
product of the statistical method employed (6). In general, inac-
curacy values are only slightly lower per phase than those ob-
tained using the Lovejoy et al. (1) modal ages. Excluding Phase
1, the mean ages for the sample used in this study actually fall
outside of the modal five-year ranges provided by Lovejoy et al.
(1) for Phases 2, 3, 4, and 5.

To determine whether or not the mean ages of Phases 1 and
2, and Phases 5 and 6 were significantly different, t-tests were
performed. The results indicate that the mean ages for Phases 1
and 2 are not significantly different (p > 0.05), nor are the mean
ages for Phases 5 and 6 (p > 0.05), thereby justifying the com-
bination of these phases. After collapsing the phases, all indi-
viduals under the age of 18 were removed from the sample and
the mean ages and 95% prediction intervals for each of the six
new phases were recalculated. Table 8 presents the new mean
ages, suggested age ranges, and the inaccuracy and bias values
for each new phase. The suggested age ranges are modified pre-
diction intervals for each phase. They are rounded to the near-
est year, and when the lower age limit falls below 18 the range
is listed as less than or equal to the upper limit of the age range
(e.g., Phase 1 is < 27 years). Table 8 lists the percentages of in-
dividuals from this study correctly aged using these standards.
The morphological features defining each of these revised stages
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Table 8. Mean ages and suggested age ranges in years for the collapsed phases for the combined sample.

Phase n Mean* S.D.* Suggested Age Range Inaccuracy* Inaccuracy Range* Bias* Bias Range* Percent Correctly Aged
1 1 211 2.98 <27 2.7 1.1-3.9 0.0 -3.9-3.1 100

2 13 295 8.20 <46 6.2 0.5-15.5 0.3 -15.5-10.5 100

3 37 420 13.74 <69 11.2 1.0-34.0 -0.4 -34.0-18.0 97

4 82 478 13.95 20-75 11.5 0.2-32.2 0.0 -32.2-24.8 98

5 17 531 14.14 24-82 10.3 0.9-33.9 0.0 -33.9-22.1 100

6 102 58.9 15.24 29-89 12.9 0.1-32.9 0.1 -28.1-32.9 94

All 262 11.3 -0.0

* Figures are in years; “S.D.” refers to standard deviation; “Inaccuracy” and “Bias” are reported; “All” refers to all phases combined in which “n”
is totaled and “Inaccuracy” and “Bias” represent the data for the entire sample as a whole.

Table 9. Refined auricular surface phase descriptions.

Phase Morphological Features

1 Billowing with possible striae; mostly fine granularity with
some coarse granularity possible

2 Striae; coarse granularity with residual fine granularity; retro-
auricular activity may be present

3 Decreased striae with transverse organization; coarse granu-
larity; retroauricular activity present beginnings of apical
change

4 Remnants of transverse organization; coarse granularity be-

coming replaced by densification; retroauricular activity
present; apical change; macroporosity is present

5 Surface becomes irregular; surface texture is largely dense;
moderate retroauricular activity; moderate apical change;
macroporosity

6 Irregular surface; densification accompanied by subchon-

dral destruction; severe retroauricular activity; severe apical
change; macroporosity

are presented in Table 9. Individuals under the age of 18 are ex-
cluded from the age ranges because it is assumed that the ages
of those individuals will be estimated with greater accuracy us-
ing developmental indicators. The inaccuracy and bias values
of the six-phase system are roughly equivalent to those derived
from the collapsed eight-phase system.

In order for a direct comparison to be made between Love-
joy et al.’s (1) recommended mean ages by phase and those pre-
sented here, inaccuracy and bias statistics were computed by de-
cade (Table 10). For all three methods, inaccuracy is lowest in
the middle decades and highest in the oldest decade. Also, bias
is positive (overestimated) for the lower decades and negative
(underestimated) for the higher decades. Each of these results is
expected given the statistical methodology used in the analysis
(6). The Osborne six-phase method is no different in terms of ac-
curacy than the eight-phase method, suggesting that the use of

the eight-phase method is no better than the use of six phases
(i.e., there is no statistical justification for splitting auricular sur-
face degeneration into eight phases).

Discussion

The results of the ANCOVA test are perhaps the most inter-
esting and important results derived from this study. ANCOVA
indicates that for factors that may influence change in auricu-
lar surface morphology (age, sex, ancestry, and collection), age
is the only factor that influences such change. Given these find-
ings there is no need to create population-specific standards for
blacks and whites or males and females for the use of the auricu-
lar surface as an indicator of age at death. Caution is warranted,
however, when using the auricular surface as an age indicator
on a population not represented in the Terry and Tennessee col-
lections (e.g., non-U.S. populations), as well as populations de-
rived from archaeological contexts (9, 24, 25).

Auricular surface morphology has potential as an indicator
of age in skeletal remains of a forensic nature, particularly in the
United States. The reasons for this are two-fold: (1) the auricu-
lar surface is highly durable with regards to taphonomic pro-
cesses and, thus, extremely useful in the presence of fragmen-
tary remains; and (2) since auricular surface morphology is not
affected by sex or ancestry, an assessment of age at death can
be made without knowledge of the individual in question’s sex
or ancestral classification, the latter being problematic on many
levels (26).

While age does account for differences in auricular surface
morphology, it is not the sole contributor to such differences. As
indicated by the adjusted r? value (0.34), age only accounts for
a small amount of the observed variation in auricular surface
morphology. Since the categorical independent variables and
their interactions do not contribute significantly to auricular sur-
face morphology, there must be other factors for which effects
cannot be controlled that influence change in auricular surface

Table 10. Inaccuracy and bias statistics by decade: a comparison of Lovejoy et al. and Osborne methods.

Lovejoy et al. Osborne 8* Osborne 6
Decade n Inaccuracy Bias Inaccuracy Bias Inaccuracy Bias
20-29 31 12.7 126 135 122 133 124
30-39 47 139 13.6 14.6 14.0 145 139
40-49 49 9.3 4.4 7.0 5.0 71 5.0
50-59 47 9.8 -1.3 6.0 -24 6.1 -2.6
60-69 43 9.9 -85 10.5 -10.5 10.6 -10.6
70-79 33 131 -13.1 175 -17.5 175 -17.5
80-89 6 23.1 -23.1 27.3 =273 27.4 -27.4
Total 256 11.6 0.9 114 -0.1 114 -0.1

* Osborne 8 refers to the eight-phase method described in Osborne (8); Osborne 6 refers to the six-phase method described in Osborne (8).
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morphology. Such factors may include individual differences in
joint cartilage thickness, occupational stresses, life history vari-
ables, and the size and shape of the joint surface itself.

The results of testing the inaccuracy of the method show that
the average estimation error increases with the progression into
higher phases. This seems to mirror the overall trend in age esti-
mation, as the accuracy of age estimation decreases as the age of
the individual increases. This is likely a result of individual differ-
ences in anatomy and life history following completion of growth.

The percentage of individuals correctly aged using the origi-
nal standards presented by Lovejoy et al. (1) demonstrates how
inadequate the age ranges for this system are if misused as error
ranges. Some authors argue that an aging system should not be
tested on the sample from which it was developed, as a different
sample may be more variable than the sample used to create the
standards (27). Thus, such a different sample would truly test
an aging method’s applicability in a broader sense. Since neither
the Terry nor Bass Donated Collections were used in the original
study (1), they should provide an excellent test of this aging sys-
tem. It is clear that the original data as presented (1) do not ad-
equately reflect the true range of variation in auricular surface
morphology per phase, and that the uncritical application of the
five-year intervals is problematic.

If, however, Lovejoy et al.’s (1) age ranges are expanded to in-
clude the ranges adjacent to the estimated phase, there is some
improvement in the percentage of individuals correctly aged. This
may seem appealing to the forensic investigator whose primary
goal in estimating age at death is to provide a broad enough age
range so that a potential positive identification is not excluded,
but a range that is also narrow enough to facilitate the identifi-
cation process. Another benefit to this practice is the decreased
chance of incorrect phase assignment. Typically, the morpholog-
ical features of adjacent phases differ only slightly, so by includ-
ing their age ranges into a more robust age range the investiga-
tor would reduce the chances of incorrect phase assignment due
to slight, but incorrect, assessments of morphological features.
Therefore, the age range of an individual estimated as being in
Phase 3 would incorporate the age ranges for Phases 2, 3, and 4. In
so doing, the original five-year age range is expanded to 15 years.
While this results in a greater percentage of individuals correctly
aged, particularly for Phases 1 and 2, the results still do not de-
scribe the full range of variation present in auricular surface mor-
phology and the practice will clearly result in the incorrect age as-
sessment of a significant number of forensic cases.

The 95% prediction intervals calculated for each phase in-
dicate that change in auricular surface morphology with age is
highly variable. The 95% prediction intervals project, for each
phase, the ages that 95% of the population can be expected to fall
between. If these prediction intervals were used as age ranges in
an aging system, they would be as robust as other aging systems
that are based on rates of degenerative change, e.g., the pubic
symphysis (1, 4).

Conclusion

Given the findings presented herein, we suggest a modified
six-phase system for age estimation using auricular surface mor-
phology. The revised method provides more robust phase cate-
gories and a more realistic view of the variation associated with
auricular surface morphology and age. Although the method is
somewhat inaccurate, this is more of a reflection on adult age es-
timation in general rather than a problem specific to the auricu-
lar surface. These results should be considered typical for adult
age estimation via skeletal analysis.

We propose that ANCOVA is a useful tool in examining the
effects of multiple controlled factors on the aging process. Fur-
thermore, we suggest the continued use of inaccuracy and bias
statistics to gage the precision of an aging system. Standard de-
scriptive statistics and the use of 95% prediction intervals appear
to provide the most accurate representation of age per phase of
development.

While it is apparent that the original five-year intervals are
insufficient for the needs of forensic anthropology, only recently
has this issue been examined in a statistically meaningful way
(7-9). Here we have argued that in creating standards for the es-
timation of age at death the full range of variation inherent in
the aging system should be presented so that the reader is af-
forded an understanding of how imprecise such endeavors may
be. Forensic anthropologists have the unique ability to utilize
multiple regions in the skeleton to create a target age range for
the subsequent identification of the decedent. This ability, how-
ever, may be undermined without knowledge of the limitations
of the specific aging systems in question. Maples (10) described
skeletal age estimation as art rather than science. While this is a
good description, the process might best be described as more of
a gestalt, with our intuitive hunches being moderated by an in-
formed understanding of the underlying statistical realities and
limitations of our methods.
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