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Abstract It has been generally accepted in skeletal sex
determination that the use of metric methods is limited due
to the population dependence of the multivariate algo-
rithms. The aim of the study was to verify the applicability
of software-based sex estimations outside the reference
population group for which discriminant equations have
been developed. We examined 98 skulls from recent
forensic cases of known age, sex, and Caucasian ancestry
from cranium collections in Frankfurt and Mainz (Germany)
to determine the accuracy of sex determination using the
statistical software solution Fordisc® which derives its
database and functions from the US American Forensic
Database. In a comparison between metric analysis using
Fordisc® and morphological determination of sex, average
accuracy for both sexes was 86 vs 94%, respectively, and
males were identified more accurately than females. The
ratio of the true test result rate to the false test result rate
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was not statistically different for the two methodological
approaches at a significance level of 0.05 but was
statistically different at a level of 0.10 (p=0.06). Possible
explanations for this difference comprise different ancestry,
age distribution, and socio-economic status compared to the
Fordisc® reference sample. It is likely that a discriminant
function analysis on the basis of more similar European
reference samples will lead to more valid and reliable
sexing results. The use of Fordisc® as a single method for
the estimation of sex of recent skeletal remains in Europe
cannot be recommended without additional morphological
assessment and without a built-in software update based on
modern European reference samples.
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Introduction

Morphological trait analyses for sexing skeletons are well
established, but they may be difficult due to breakage or
postmortem damage of the skeletal remains. Since there is
often a size difference between the two sexes, different
studies have attempted to differentiate males and females
on the basis of bone measurements.

In discriminant function analysis, reliable equations have
been developed for different bones or bone fragments
which are widely used today in anthropological research [4,
8, 9, 15, 16]. Most authors repeatedly emphasize the fact
that the use of any sexing method should be limited to
identical or very similar populations [18, 29, 42]. Secular
changes and population-specific differences among mod-
ern, mobile societies complicate the implementation of used
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methods which have, however, only rarely been developed
from recent material [5, 20, 21, 23, 25, 26, 31, 35, 39, 46].

Nonautosomal nuclear DNA analysis based on amelogenin
gene identification is established for sexing bones, but DNA is
not recoverable from remains in all circumstances [17, 44,
45]. Chang et al. [6] reported about a high failure rate in
some populations; in previous studies it was found that
approximately two thirds of all samples tested gave positive
results in DNA-based sex determination [7, 11, 12, 13, 27,
28]. Currently, because history, post mortem interval, and
ancestry is often unknown at the beginning of the anthropo-
logical investigation and because of the risk of contamina-
tion, DNA extraction and amplification from skeletal
material do not—contrary to expectations—make traditional
anthropological sexing methods dispensable [24, 38, 44].

In 1993, Jantz and Ousley [22] first publicized the
osteological software Fordisc®. The software package
enables a computerized analyses of sex, ancestry, and body
height through flexible biometric approaches based on the
availability of different measurements from skeletons [37].
At present, the reference database is based on more than
1,200 cases from the American Forensic Data Bank (FDB)
and from the Terry and Hamann Todd Collection which
contains more than 1,700 reference cases from the early
nineteenth century [10, 19, 30, 31, 37].

Fordisc®, which currently exists in the version 3.0, enables
sex determination by computing variable biostatistical func-
tions based on a maximum of 36 different cranial measure-
ments. The fast, efficient, and straightforward usage of the
software for different discovery conditions has contributed to
its increasing success throughout the USA and worldwide [41,
43]. It is not only of importance that the FDB represents
recent forensic cases but also that the data pool is continually
being expanded by verified, new, well-documented forensic
cases that are being passed on to the developers [22, 34, 36,

37]. This renewed data basis leads to a continued recalcu-
lation of the basis statistics.

On the basis of studies on a Spanish bone collection from
the sixteenth and seventeenth centuries, Ubelaker [43]
reported strongly differing results between the morphological
method and the use of the Fordisc® software in regard to sex
and population affiliation. One of the goals of this study was
to test the effect of the transfer of discriminant function
formulae developed on forensic collections in North America
to osteometric circumstances in present-day Europe.

The dispute about which methodical approach is better
has recently flagged since the majority of scientists share
the conviction that the combined use of metrical and
morphological methods is the best way to determine
osteological profiles [14, 38]. Both the high accuracy and
verifiability of linear measurements and the advantages of a
detailed and diverse morphognosis based on the examiner’s
high professional qualification and experience can be drawn
on by integrating both approaches.

To compare the accuracy of Fordisc® results with
morphological standards of sex determination was the
second aim of this work.

Materials and methods

The Centers of Forensic Medicine at Frankfurt and Mainz
University are curators of a recent skull collection of more
than 100 forensic cases from the past 40 years. The
collections represent individuals who lost their lives
through unnatural causes of death.

Preparation and maceration was necessary to perform
further examinations of gunshot wounds and blunt or sharp
force injuries that were ordered by the attorney’s office or
judge. Scientific analysis of this anonymized material has

Table 1 Example of sex estimation by using a scoring system of nine nonmetric sexual traits

Nonmetric sexual traits Weight Distinctness Product Typical female Typical male
w X xw (-) minus (+) plus
Skull size and shape 2 +1 +2 Small, round — Large, square +
Supraorbital ridge 2 -1 -2 Flat — Prominent +
Upper orbital rim 2 +1 +2 Sharp — Blunt +
Chin shape 1 +2 +2 Flat, rounded — Square +
Tubera frontalia 1 0 0 Distinctive — None +
Mastoid process 2 +2 +4 Gracile — Large, robust +
Occipital muscle ridges 1 +2 +2 Slight — Strong +
Zygomatic arch extension 1 +1 +1 None — Extends to the auditory meatus +
Mandible ramus 1 -1 -1 Narrow, less angled — Wide, sharply angled +
Sum +10

Any single score is calculated as a product of weight (w) and distinctness (x), with x values ranging from —2 to +2. If the observed trait is
indifferent, x=0. Sex determination can be estimated by calculating a sum of all nine single scores. A sum >1=male, a sum <l=female.
x (=2 hyperfeminine; —/ feminine; 0 indifferent; +/ masculine; +2 hypermasculine)
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been approved by the ethical board of the University of
Frankfurt (Project number FOR 1A).

Concerning these two collections, which represent a
Middle European population from 1968 to 2005, we have
knowledge both of the sex and age. All cases included in
this study have been clearly identified; there are no skulls
where sex has been determined by postmortem analyses.

From the collections, 98 skeletonized, well preserved
crania (65 male, 33 female) were initially examined
morphologically. For each case, a score system was used
to calculate a degree of sexualization (Table 1). Table 1 lists
the morphological characteristics and shows the calculation
method introduced by Acsadi and Nemeskéri [1] by which
the sex determination was accomplished.

Table 2 Cross table showing true and false classification rates for
both methods

True False Total
Fordisc® 84 14 98
Morphological 92 6 98
Total 176 20 196

Statistics: n=98. Degrees of freedom, 1. x°=3.56 (no Yates’
correction for continuity). P value is two-sided (or two-tailed). For
significance at the 0.05 level, ¥ should be greater than or equal to
3.84. The difference between the two test methods is significant at
level 0.10 (p=0.06).

The metric measurements for all 98 crania were collected
in a standardized form and analyzed by Fordisc® vers.3.0
discriminant functions (Fig. 1). The cranial and mandibular
landmarks were defined and recorded very strictly to ensure
the accuracy of the measurement procedures. This stan-
dardization of data collection, as it is used by Fordisc®, was
very important in order to guarantee comparability.

The skulls to be measured in the first and second run of
the examination were chosen in a masked, random
sequence in order to avoid an impact on examiner bias.
Statistical analysis was done with a cross table test to
compare true classification rates for both methods (Table 2).
In addition, the true and false classification rates for males
and females for each method are shown separately in the
2x2 Tables (Tables 3 and 4).

Receiver operating characteristic curve analysis (ROC)
was used to compare the diagnostic performance of the two

Table 3 2x2 Table showing true and false classification results for
males and females using Fordisc®

Real male Real female Sum
Fordisc® male 58 7 65
Fordisc® female 7 26 33

65 33 98

Both sexes can be estimated with about 86% accuracy. Sensitivity=
0.89; specificity=0.79; n=98.
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Table 4 2x2 Table showing true and false classification results for
males and females using morphognostics

Table 6 Kappa statistics: to quantify the disagreement between sex
diagnoses given by different observers after morphological analysis

Real male Real female Sum Expert A: male Expert A: female Sum
Morphological male 63 4 67 Expert B: male 61 5 66
Morphological female 2 29 31 Expert B: female 4 28 32
65 33 98

Both sexes can be estimated with about 94% accuracy. Sensitivity=
0.97, Speciticity=0.88; n=98.

methods [32, 33, 40, 47, 48]. Furthermore, Kappa statistics
were applied to measure or quantify the disagreement
between sex diagnoses done by different observers [2, 3,
40]. For this reason, all digitally collected measurements
from the two examiners were entered into the software
solution Fordisc® in order to test differences in the sex
classification resulting from measurement fluctuations.
Finally, kappa statistics were calculated for morphological
sexing by using the sum scores from the morphological
examination done by two different observers for each case.

Results

Of all 98 crania, 67 were assessed to be male and 31 female
using the nonmetric traits on the skeletonized skull
(Table 4). As shown in Table 2, the sex of 92 crania was
correctly classified by using morphological methods. In
contrast, of the 98 crania; Fordisc® 3.0 classified only 84
skulls in the correct group (y>=3.56, two-sided p value=
0.06). Yates’ correction for continuity (which adjusts
Pearson’s x> test) was not necessary in this sample.

The probability that Fordisc® will indicate a male
cranium when the particular cranium was proven male,
i.e., by autopsy or DNA analysis, was about 0.89
(sensitivity for male; true positive rate for males). The
probability that Fordisc® will indicate a female cranium
when the cranium was in fact female was about 0.79
(specificity for male). Table 4 shows the corresponding
results from morphological analysis (sensitivity 0.97; true
negative rate for male or specificity=0.88). Table 5 and
Table 6 demonstrate the results of Kappa statistics after
metric and morphological analysis done by two different

Table 5 Kappa statistics: to quantify the disagreement between sex
diagnoses given by different observers after discriminant function
analysis with Fordisc®

Expert A: male Expert A: female Sum

Expert B: male 63 1 64
Expert B: female 2 32 34

«=0.93. (95% CI=0.86-1.00). Percentage agreement=96.9%.

@ Springer

£=0.79 (95% CI=0.66-0.92). Percentage agreement=90.8%.

observers, with a value of x=0.79 for the morphological
test and a value of x«=0.93 for Fordisc® [95% CI «
(Fordisc®)=0.85 to 1.00; x (morph)=0.66 to 0.92]. The
area under the ROC curve (AUC) is presented as an overall
measure of diagnostic accuracy (Fig. 2). The value for the
AUC was 0.92 for metric analysis using Fordisc® (95%
confidence interval=0.851 to 0.967) and 0.96 for morpho-
logical analysis (95% confidence interval=0.898 to 0.988).
No significant differences between the areas under the
receiver operating curve (AUCgx=0.036) were observed
among the two compared methods ( fsp=0.14).

Discussion

Previous studies investigating the suitability of discriminant
function analysis outside the reference population group for
which the metric functions have been developed have
shown that the true classification rate is poorer than for
traditional morphological methods [26, 41, 43]. We used
the x* nonparametric test of statistical significance for
bivariate tabular analysis to test the null hypothesis that the
classification levels of the two methods have the same
frequency. Our results indicated that the classification rates
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Fig. 2 ROC analysis results: AUC (Fordisc®)=0.92; AUC (Morphol)=
0.96; difference between areas=0.036; significance level, p=0.139
(probability of the hypothesis that the difference between the two area
under curve is 0)
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of the two sexing methods do not differ significantly at a
level of @=0.05. The value of p=0.06 should, however, not
be misinterpreted as a positive proof for equality of the
methods and therefore as an exclusion of any meaningful
influence of the reference samples on Fordisc® estimations.
Choosing an alternative significance level of a=0.10 leads
to significant differences between classification rates. The
ability of a test method (software vs morphological method)
to discriminate male against female cases was evaluated
using ROC. Accuracy was measured by the AUC. When
the method cannot distinguish between the two sexes, the
AUC will equal 0.5 (the ROC curve will coincide with the
diagonal). The results show that there is a good but not
perfect separation of the two sex groups, and the AUC does
not equal 1. On our skull material, the morphological
method tests sex more accurately (AUC=0.96) than
Fordisc® (AUC=0.92). These differences are, however,
not statistically significant (p=0.14).

Clearly, regardless of how sensitive and specific the test
may be, if the result cannot be replicated, the method is of
little use. The low rate of personal disagreement among
observers (K morph=0.79; KFrordisc»=0.93) about classifica-
tion shows, furthermore, that the morphological and the
metric methods entail a low level of interobserver risk of
error. In general, x values between 0.61 and 0.8 could be
interpreted as good, x values greater than 0.81 as very good
agreement [3]. The sample displayed a typical composition
concerning the age and sex profile in forensic cases in
Germany and was, therefore, not represented in the
database used in Fordisc®. In our sample, derived from
forensic cases between 1968 and 2005 with a slight
predominance of older cases, both sexes could be estimated
with about 86% accuracy using Fordisc® (vs 94% using
morphognostics), and males were identified slightly more
accurately than females. Because of a different population
profile and the secular changes in the past 25 years, this
accuracy may be reduced in more recent and less
homogeneous forensic samples. Concerning the question
of the usability of the software, which forms discriminant
functions based on recent US American population data-
bases (FDA), our results seem to make apparent that the use
of Fordisc® as a computerized sex estimation tool for
forensic cases in Europe cannot be recommended without a
built-in software update based on European reference
samples. Despite the moderately good classification rates
on the skull material in this study, as soon as forensic cases
differ from the data base reference sample, any sex
classification done automatically by the software Fordisc®
has to be interpreted with maximum caution unless the
examiner has the opportunity to compare the computer
results with morphological observation results. In fact, in
forensic cases, it is often difficult or even impossible to
determine the membership to a specific population group

from the findings or discovery circumstances, and the
choice of a reference population for the upcoming analyses
therefore remains, in some respects, a game of chance. This
reason alone calls for a combined use of both available
methods and underlines the necessity of continuous further
advancement of the methods as long as DNA-based sex
determination does not guarantee proof results for all
possible forensic circumstances.
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