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ABSTRACT: Age-at-death estimations of 44 individuals (27
adults, 17 children) from the Branch Davidian sample were com-
pared with their actual ages. Estimations were evaluated for bias
and accuracy for the actual age at death. Although the overall
average estimates correlated well with the actual ages (r = 0.946),
several individuals displayed high residual requiring further analysis
and review. These individuals displayed age-related features that
did not correspond with the expected morphology for individuals
of their ages. Several age estimation techniques scored these indi-
viduals with all bias in the same direction. These examples should
serve as cautionary reminders that biology does not always correlate
with expected outcomes, particularly in such multifaceted traits
such as age.
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The anthropological contribution to the investigation of the
Branch Davidian incident near Waco, Texas provided recovery
and analysis of the human remains at the site (1,2). Part of this
analysis was the development of biological profiles, estimations
of sex, age, ancestry, stature, and trauma that assisted in the associa-
tion and identification of the deceased. At the time of the comple-
tion of the autopsies, 88 individuals had been examined, 83 of
them anthropologically. Forty-one individuals were positively
identified by dentition, fingerprints, or premortem X-rays during
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the autopsy process (1,2). Biological profiles had been developed
for the remaining 42 individuals who were later identified by
polymerase chain reaction (PCR)-based DNA typing (3); two addi-
tional individuals from those initially identified are included in
this sample as age estimations were made before identification.
This provided a total sample of 44 subsequently identified individu-
als. This confirmation of identity provided an opportunity to check
the accuracy and bias of various age estimation methods against
a “modern” sample of known age. In typical casework, forensic
anthropologists deal with only one or at most several individuals,
and these stochastic observations do not allow for evaluation of
methodologies based on large samples. Ideally, one would like to
have a recent population with which to compare contemporaneous
individual observations (4). The sample of DNA -identified individ-
uals provided a recent population against which methods of age
estimation could be assessed. Each individual’s age was verified
through public documents such as birth records or driver’s licenses.
Of the 27 adults, 18 were female and nine were male; as a result
of the distribution of the ages (Fig. 1) and the discontinuity between
13 and 17 years, 17 years and greater was used as the demarcator
of adulthood. Eleven of the children were female and seven were

Erequency “Tens”  “Ones”
12 0 111122222444
16 0 5789
17 1 3
19 1 78
20 2 3
)] 2 557(71788
17 3 0011133
10 3 567
7 4 023
4 4 78
2 5
2 5 5
1 6 1

FIG. 1—Stem-and-leaf of all ages of Branch Davidian sample. Each
value was separated into its first (“tens”) and second ( “ones”) digits with
the first digits broken into groups of 04 and 5-9 and the second digits
listed individually. For example, the third stem reads “13” and the fourth
stem reads “17, 18.” Frequency is shown in the first column, ascending
to the median group (the median value is in brackets), then descending.
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male. The distribution is bimodal and shows the majority of chil-
dren to be fewer than five years of age and the majority of adults
to be in their late-20s and early-30s with the median age being
27 years.

Methods

No single method of estimation of age at death is likely to
reflect accurately the changes that accumulate in the skeleton with
chronological age, therefore, no single method should be used for
skeletal populations including forensic casework (4,5). Methods
of age estimation were chosen based upon their published accuracy,
the skeletal elements from each individual that were sufficiently
preserved for analysis, the familiarity each anthropologist had with
the particular technique, and the appropriateness of the technique
to the imtial estimated age range of the individual. This approach
proved to be the most effective way for multiple anthropologists
to examine a large number of remains representing a variety of
taphonomic conditions. Because of the variability in the preserva-
tion of the remains, not all methods of age estimation were applica-
ble to all individuals; this precluded detailed intercomparison of
the remains, age estimation methods, and results.

The collective experience of the anthropologists, additionally,
played a large role in the interpretation of the remains. Most of
the remains were evaluated as a “group effort,” although some
individuals were assessed by one person with a subsequent check
by the other investigators. The following techniques were used:
long bone length (4,6,7), epiphyseal appearance and union (7-9),
dental development (10,11), pubic symphyseal morphology (12—
15), auricular surface morphology (16), sternal rib morphology
(17-19), and degenerative changes (9,20-23). The condition of
each individual was recorded on the University of Tennessee
Anthropology Database inventory sheets. On this form, skeletal
elements were scored as present, fragmentary, or absent postmor-
tem. Notes concerning the general condition of the remains as well
as age estimations were entered directly into a laptop computer
with word-processing software. This facilitated daily reviews of
work, reduced typing for later report generation, and allowed for
searches by keywords or individuals.

A probable age range was developed for each individual based
on our interpretation of the features presented at autopsy. These
initial estimates were later refined, either in the morgue or after
cleaning of an age-related specimen. Simple averages of estimated
ranges of age at death were calculated for each individual because
very little improvement is gained by applying complex statistical
procedures to this type of analysis (5).

An estimator’s accuracy refers to the distance a particular esti-
mated value lies, on average, from the true value of the parameter
being measured, in this case, age at death. The accuracy of an
estimator can be evaluated on the basis of its mean square error
(MSE). The smaller the MSE of an estimate, the greater its accuracy
(24). Using statistics such as mean, standard deviation, and vari-
ance can result in a misleading view of data because they rely on
squared deviations from the mean, cases farther from the mean
not only increase the sum of squares but also do so at an increasing
rate. This makes these statistics nonresistant to being disproportion-
ately influenced by a small proportion of the total number of
observations (25). Therefore, as often as possible resistant statis-
tics, such as the median and techniques of exploratory data analysis
(25,26), were used to address the question of accuracy and bias.
In simple problems involving a single set of measurements of

one variable, we can think of each measurement as having two
components, the indicator of central tendency and the residual.

Practically speaking, the residual is the deviation from a mean,
median or other location parameter (27). A simple method of
identifying outlying results is to address any measurements greater
than 1.5 times the midspread that is the distance between the third
quartile and the first quartile (25,27). Also, the distance between
the observed statistic and the estimated value in units of the vari-
ability of the statistic, that is, correlation and regression, was
measured.

Results

The sample of estimated ages at death showed close statistical
similarities with the actual sample ages (Table 1) and the estimated
ages also patterned closely with the known samples (Fig. 2). Calcu-
lation of correlation, analysis of variance, and regression demon-
strated a good correlation between the known and estimated
samples (r = 0.946) and accounts for almost 90% of the variation
in the estimated ages with no evidence for a lack of fit (P > 0.1,
Pgmpe = 0.1274) (Fig. 3). This close correlation can be seen in
a scatterplot of the data with a Tukey line imposed upon it (Fig.
4). A Tukey line is a resistant analog of a least-squares regression
line and is constructed as follows: a line is drawn from the median
values of the first third of the x and y data to the median values
of the last third of the x and y data values; this line is then moved
parallel to its original position until half the observations are above
the line and half are below it (25). Tukey lines serve as easy-to-
generate, outlier-resistant analogs of fitted least-square regression
lines. As a result of the regression equation, several estimated ages
showed large standard residuals that required explanation (Table
2). These outliers will be addressed later.

Bias and inaccuracy were calculated for each individual and then
summarized for the following demographic groups: all individuals,
male adults, female adults, male children, female children, all
adults, all children, all males, and all females (Tables 3 and 4).
Bias and inaccuracy were also calculated by decade for males and
females (Table 5). The overall bias was plotted (Fig. 5), probable
outliers fall between 1.5 and 3 times the midspread are denoted
with an “0.” Note that the greatest bias values in adults correspond
with the five unusual observations found earlier.

Discussion

Overall, the estimation of age at death for the Branch Davidian
sample was accurate showing a high correlation between the known
and estimated samples and low bias for all groups. This indicates
that, although no one age estimation method proved itself most
valuable, a consensus opimion derived from a variety of techniques
can be very accurate. The most erroneous statistics calculated for
this sample are that of the bias and inaccuracy based on the median

TABLE 1—Descriptive statistics for ages at death of Branch Davidian
sample. S.D. = standard deviation, Q1 = lower quartile,
Q3 = upper quartile.

Mini- Maxi-

Age Mean Median S.D. mum mum QI Q3
Actual age 22.18 26 16.83 1 61 4 33
Average estimated 2224 25 1627 0.9 55 4.87 34.87

age
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FIG. 2—Boxplot of actual and estimated ages at death of Branch
Davidian sample.

Correlation
Standard
Predictor Coefficient Deviation. t-ratio p
Constant 0.414 1.418 0.29 0.772
Ave. Est 0.979 0.052 18.94 0.000
Estimate of 6 = 5.512
Square of correlation coefficient (R2) = 89.5%
R2 adjusted for degrees of freedom = 89.3%
Analysis of Variance
Degrees of ~ Sum of Mean
m
Regression 1 10904 10904
Error 42 1276 30
Total 43 12181

FIG. 3~—Results of correlation and regression calculation on actual
and estimated ages at death for Branch Davidian sample.

values for female adults, 3.5 and 8.0 years, respectively, which are
small margins of difference when compared with other published
evaluations of documented samples (for example, see Ref 5). Adult
males also had high bias and inaccuracy but were scored more
accurately than females in all cases; this general relationship has
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FIG. 4—Scatterplot of average estimated age versus actual age of
Branch Davidian sample with Tukey “regression” line.

been noted elsewhere (15). The children’s estimates were the most
accurate and this is probably because dentition was the primary
mode of assessing age at death. As published, the method of
Moorrees, Fanning, and Hunt (10,11), at its worst, provides accu-
racy to * 1 year. Estimations on female children fared worse than
those on similarly aged male children. Given the general lack of
research into age and prepubertal sex differences for children, no
reasonable explanations can be provided at this time.

The difference seen between the mean and median inaccuracies
for all individuals may be due to statistical effects from outlying
values. The value of the median inaccuracy for all individuals may
be a more realistic value than the mean because a wide range of
ages (1 to 61 years) distributed bimodally is being investigated.

Several outliers defined by large residuals (bias) indicate that
age estimations on an individual-by-individual basis can be occa-
sionally quite inaccurate. Table 2 lists the individuals with the
largest deviations from the expected age at death. In an effort to
explain why these individuals in particular were evaluated less
accurately than other individuals of the same age bracket, the
original notes taken at autopsy were reviewed. All five individuals
were heavily charred and fragmented. Samples for postautopsy
cleaning and age estimation were taken from four of the five
individuals. In all five cases, initial age estimations made at autopsy
were not far from the final age estimation made after cleaning:
all final age estimations fell within the initial estimated ranges.
Interestingly, the notes from one of the autopsies read that “this
individual demonstrates both youthful and older characteristics”
(authors’ personal notes).

Another factor in the deviations could be that, for some of the
age estimation methods, a much narrower range than the 95%
confidence interval range was reported. In the interest of providing
the optimum age range (i.e., the narrowest range with the maximum
confidence) to help identify individuals, the 95% confidence inter-
val was often too wide to be diagnostic.

If we hold one indicator of age as a constant (the public symphy-
sis) and compare the descriptions across several variations of a
single technique (Todd, McKern, and Stewart, Modified Todd) we
still find that all tested methods tend to be misleading for these
individuals. For example, the description of the pubic symphyseal
surface of Observation 41, a 47-year-old female, reads, “very slight
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TABLE 2—Unusual observations of large standard residuals from the age at death estimations for Branch Davidian sample.

Observation Average Estimated Age Actual Age Fit Fit S.D. Residual Standard Residual
23 40.0 27 39.557 1.238 —12.557 -2.34
25 405 27 40.046 1.257 —13.046 -224
28 425 30 42.003 1.336 —12.003 -224
40 30 43 29.771 0.923 13.229 243
41 345 47 34.175 1.045 12.825 2.37
TABLE 3—Bias of estimated age at death for various demographic 'S
groups of the Branch Davidian sample.
Statistic Males Females All °
Mean: 10 o
Adults 1.33 —0.94 —-0.15
Children -0.6 0.9 0.38 o
All 0.56 —0.19 0.06
Median:
Adults 0.5 35 -0.15
Children —0.75 1.75 0.25 s
All 0.5 -1.0 -0.75
o
TABLE 4—Inaccuracy of estimated age at death for various .. l_—rﬁ |
demographic groups of the Branch Davidian sample. 3'“ m- o+ —‘L‘rj—
ears
Statistic Males Females All
Mean: o
Adults 417 6.0 5.37
Children 0.60 1.14 0.96 -5 W
All 2.74 3.69 6.00
Median:
Adults 2.5 8.0 35
Children 0.63 0.75 0.63 1
All 1.0 2.75 2.5
-10 1
TABLE 5—Bias by decade of estimated age at death of the Branch o
Davidian sample. °
Bias T adule Female Male Male
Decade N Males Females Females Children Adults Children
FIG. 5—Bias of age at death estimations of the Branch Davidian
0-10 16 —0.1 0.36 sample.
10-20 3 -1.17
21-30 8 2.83 2.86
3140 10 —2.33 2.17
‘;}:gg ? 1(2)% to overage a “modern” multiracial sample from Los Angeles. They
61-70 1 6.00 note that “older patterns (IX and X) can occur in males in their

vestigial billowing. The ventral rampart is nearly complete with
slight rim formation on the medial surface” (authors’ personal
notes). This observation yields the following age ranges: Todd,
Phase VI, 30 to 35 years, mean = 32.5 years; Suchey-Brooks,
Phase 4, 27.3 to 49.1 years, mean = 38.2 years; Modified Todd,
Phase C, 22 to 50 years, mean = 36 years. Our “composite”
method yielded an age range of 30 to 39 years, mean of 34.5
years. These data and the data for other individuals are presented
in Table 6. If we compare these individuals with others in the
same sex and age cadres, they still stand out as exceptions (Table 7).

In a paper evaluating pubic symphysis aging methods, Suchey,
Wiseley, and Katz (28) note that the original Todd method tends

twenties” (28:45). The IX phase corresponds to a 45 to 50 age
range and the X range to 50 or more years. This is approximately
what may have occurred with Observations 25 and 28, both males
with known ages toward the end of the second decade who were
scored at being over 40 years. Suchey, Wiseley, and Katz further
note that age 40 and above is a good cutoff to expect a reasonable
degree of accuracy. This, coupled with an intrinsic general lack
of accuracy of age estimation methods for females (15), could
account for the errors that occurred with Observations 23, 40, and
41. It is interesting to note that Observations 40 and 41 were both
under-aged to roughly the same degree. It is reasonable to assume
these individuals clearly presented characteristics that were not
consistent with the predicted traits for persons of their sex and
chronological age. Any errors were amplified by inherent bias and
inaccuracy in the age estimation methods used. By using multiple
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TABLE 6—Mean estimated ages at death using various pubic symphysis techniques on individuals with high residuals.

Observation McKermn- Suchey-Brooks Suchey-Brooks Modified Actual
Number Sex Todd Stewart M) F) Todd Age
23 F 42.5 n/a n/a 382 45+ 27
25 M 425 41 36.8 n/a 45+ 27
28 M 42.5 41 36.8 n/a 45+ 30
40 F 28.5 n/a n/a 30.7 245 43
41 F 325 n/a n/a 382 36 47

TABLE 7—Outliers of estimated ages at death compared with sex
and age cadres. Boxed values are outliers discussed in text.

Average
Observation Estimated
Number Actual Age Age Bias
Males:

25 24 1
25 22 -3

23 27 40 —13
27 30 3
28 25 -3
30 255 —45
42 50 8

40 43 30 —13

41 47 345 -125
43 475 -0.5
23 215 45

Females:

25 z 405
28 215 -0.5

28 30 425
31 335 2.5
33 325 -0.5
33 30 -5

methods of age estimation based on various anatomical features, we
hope that this type of error could be reduced to an acceptable level.

This evaluation of age estimation accuracy yields a variety of
common sense and the important cautionary remarks concerning
age estimations. Multiple methods of age estimation based on a
variety of age-related structures should be used on an individual.
This should reduce the errors inherent in each method and any
misleading features presented by any one individual. Within certain
boundaries, different areas of the skeleton can age at different
rates. Although it is natural to assume that an age estimation using,
for example, the auricular surface should correlate highly with
that derived from the sternal rib end, this may not necessarily be
so. For this sample, experienced evaluation with multiple methods
was the best way of producing an overall age assessment. When-
ever possible, the age-related skeletal changes of an individual
should be compared with a modern population. Experience is a
key aspect of this type of evaluation, and not simply experience
with the method at hand, but also with skeletal biology and anat-
omy. The accuracy of the age estimations for this sample depended
in large part on the experience of the anthropologists involved.
Having multiple observers often proved useful in producing age

estimates particularly with difficult samples or equivocal
indicators.

Although science often hopes to develop “pure” techniques that
can be accurately used by novice and master alike, experience is
nonetheless the determining feature of any evaluative process.
Technique alone cannot carry the day. An “insistence upon exact-
ness has to bow to the requirements of adequacy” (29), and those
requirements can be decided upon only after sufficient experience
has been accumulated. Because one of the inviolable laws of
biology is that individuals and populations vary (30), this variation
must be taken into account with every case examined. The charac-
terization of this variety and rendering it intelligible is the goal
of all biological sciences, particularly forensic anthropology. By
analyzing modern samples and reflecting on the results, we can
continue to refine and define the appropriate application of our
techniques.
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