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ABSTRACT: There have been numerous attempts, with varying degrees of success, to differentiate males from females on the basis of the
immature skeleton. We investigate here whether the mandible can discriminate immature individuals by sex; the techniques we apply are from the
field of geometric morphometrics. The application of these methods in forensic anthropology is still relatively new; thus, an important aspect of
this research is that it demonstrates potential applications in this discipline. The sample comprises 96 known age and sex subadult individuals; the
three-dimensional coordinates of 38 landmarks are analyzed using the shape analysis software morphologika. Multivariate regressions indicated
no significant sexual dimorphism in the subadult sample; this result is supported by poor cross-validated classification accuracy (59%). Our results
suggest that the subadult mandible is not dimorphic (to the extent that dimorphism is not evident within the sample we studied); thus, sex
determination using previously described criteria is likely to yield poor results.
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The determination of sex from human skeletal material is of
fundamental importance for any forensic investigator. The most
favored approaches are selected in the hope of providing a high
degree of accuracy, but also for suitability of assessment of ma-
terial that is often damaged or fragmentary (1–2). Although these
methods have proved feasible when the recovered material is
adult, when applied to the subadult skeleton, the accuracy of sex
determination falls markedly. This, the inability to reliably assign
sex in the subadult age range is a significant problem facing even
the most experienced forensic anthropologist (3).

There are examples in the literature of attempts to differentiate
males from females using different elements of the immature
skeleton (4–7). Of direct relevance to the present study is the re-
search of Loth and Henneberg (8), who, based on their nonmetric
examination on a South African subadult sample, claimed that
shape differences in the symphyseal region and anterior body of
the mandible can be used to predict sex with above 80% accuracy.
In a blind test of that technique, however, Scheuer (9) showed that
when applied to different population samples, sex classification
accuracy declined considerably to 64%.

In recent years, geometric morphometric methods have become
increasingly common for studying human skeletal biology in both
physical, and of late, forensic anthropology (10). These methods
have been used to a greater extent because they are versatile and
allow detailed assessment of differences among specimens (11).
This paper is the first in a series of studies designed to apply three-
dimensional geometric morphometric methods to problems in

forensic anthropology. The aim of the present study is to use
techniques not previously applied to answer the following ques-
tion: given a large enough sample, can the mandible be used to
discriminate subadult individuals by sex?

Materials and Methods

Material

The present study examines 96 subadult mandibles from three
distinct populations. The composition and origin of the mandible
series are described in Table 1. The entire sample comprises
‘‘known individuals’’; thus, the sex, local population, and a state-
ment of age are documented for each specimen.

Data Acquisition

A total of 38 bilateral three-dimensional landmarks were de-
signed and acquired using a Microscribe G2X portable digitizer
and Inscribe-32 software (Immersion Corporation, San Jose, CA).
Landmarks were chosen to correspond to those commonly used in
the traditional metrical and geometric morphometric systems
(10,12–15) and should thus be familiar to most physical and fo-
rensic anthropologists. In addition, a series of new landmarks were
designed to characterize the shape of the posterior ramus, lateral
body, and symphyseal region (see Table 2 and Fig. 1 for a com-
plete description and illustration).

Shape Analysis

The shape analysis software morphologika (www.york.ac.uk/
res/fme) is used to analyze the three-dimensional coordinates of
the landmarks. As there are now many studies in the literature
utilizing the techniques of geometric morphometrics implemented
in this software, we provide only a succinct overview of our
methods; the reader is directed to consult the following sources for
a more detailed description (11,16–19).
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To eliminate the nonshape variation in the sample, the raw
landmark coordinates from all mandibles are first registered using
generalized procrustes analysis (GPA). This process involves
translating, rescaling, and rotating the configurations relative to
each other so as to minimize a total sum of squares (20). The
scaling procedure adjusts the landmark coordinates such that each
mandible has a unit centroid size, which is used as a biologically
meaningful expression of the overall size of the landmark
configuration, and thus of the mandible (20–22). In the analysis
of the shape differences between mandibles, the scatter of points
representing the specimens is projected from Kendall’s shape
space into Euclidean tangent space; this specifically allows
statistical analyses to be performed using standard analytical
techniques (11).

A series of principal components analyses (PCA) are used to
explore the relationships between samples of male and female
mandibles. The shape differences revealed by the PCA are visual-
ized and explored using PC plots, wireframe, and rendered models.
Multivariate regression analyses are used to assess the significance
of sexual dimorphism and interpopulation variation in the sample;
plots of fitted values against standardized residuals showed that the
assumptions of regression were met. Discriminant analyses with
cross-validation are then used to assess classification accuracy.

Both analyses use the PC scores from GPA/PCA of the sample. The
number of variables relative to the number of individuals tends to
be large in geometric morphometric analyses as there are three co-
ordinates per landmark. This inevitably means that classification
accuracy can be impaired because of the dimensionality. So, to
achieve optimal group discrimination, we examine plots of dis-
criminant classification results against the number of variables used
(23). By removing the redundant higher order variables, we effect-
ively reduce the dimensionality of the sample and optimize the ef-
ficacy of the discriminant functions. Statistical analyses are
performed using Genstat 8.10 and SPSS 13.0.

Measurement Error

Measurement error in landmark acquisition is assessed by digit-
izing six different specimens on six different occasions. Using the
method of O’Higgins and Jones (16), the six repeat sets of coor-
dinate data from the test mandibles are submitted to GPA and
PCA along with the total sample. The six repeat specimens cluster
closely together on PCs 1–8, relative to the variation between in-
dividuals. The test thus showed that measurement error was ex-
ceedingly small on all significant PCs.

Results

To explore whether there is any significant sexual dimorphism
in the sample, we examine the material at two levels: (i) the
pooled sample and (ii) various age and population groupings.

Sexual Dimorphism in the Pooled Sample

In the PCA of the total sample, PC 1 accounted for 47.4% of the
total variance and showed a significant correlation with age and
centroid size (both po0.001—Fig. 2). It should be noted that al-
though all the populations appear to scale on PC1, there are pos-
sible divergences in ontogenetic trajectories (between the sexes as
they approach adulthood) on higher order PCs (this is discussed

TABLE 1—Composition of, and institutions from which, the skeletal material
used in the present study are derived.

Population Male Female
Age Range

(years) Institution

African American 18 19 1–17 CMNH
South African Bantu 25 17 1–17 WITS
Caucasian 10 7 2–17 NHM

CMNH, Cleveland Museum of Natural History (Hamann-Todd Osteologic-
al Collection); WITS, University of the Witwatersrand (Raymond A. Dart
Collection of Human Skeletons); NHM, Natural History Museum, London
(Spitalfields Coffin Plate Sample).

TABLE 2—Definitions of the landmarks used in the present study.

Number Landmark Definition

Bilateral points: 1–17 (right); 22–38 (left)
1 and 22 Coronion (co) The most superior point on the coronoid process
2 and 23 Mandibular notch (mn) The most inferior point on the mandibular notch
3 and 24 Condylion mediale (cdm) The most medial point on the mandibular condyle
4 and 25 Condylion superior (cs) The most superior point on the mandibular condyle
5 and 26 Condylion laterale (cdl) The most lateral point on the mandibular condyle
6–8 and 27–29 Posterior ramus (pr) A set of three instrumentally determined points (equally spaced between condylion superior and

gonion) taken on the posterior border of the ramus
9 and 30 Gonion (go) The most lateral external point of junction of the horizontal and ascending rami of the lower jaw
10–12 and 31–33 Mandibular body (mb) A set of three instrumentally determined points (equally spaced between gonion and lateral gnathion)

taken on the inferior border of the mandibular body
13 and 34 Lateral gnathion (lg) Point at which a vertical line from landmark 14 and 35 intersects with the inferior border of the

mandibular body
14 and 35 Lateral Infradentale (lid) The mid-point of a line tangent to the outer margins of the cavities of the lateral incisor and canine

teeth
15 and 36 Mentale (ml) The most inferior point on the margin of the mandibular mental foramen
16 and 37 Posterior alveolar (pa) The most posterior point situated on the labial alveolar surface behind the most posterior erupted

tooth (or crypt for tooth)
17 and 38 Anterior ramus (ar) Point at which the minimum breadth transects the anterior border of the ramus

Midline points
18 Gnathion (gn) The middle point on the lower border of the mandible in the sagittal plane
19 Pogonion (pg) The most projecting point of the chin in the standard sagittal line
20 Mandibular symphysis

(mns)
The deepest point at the mandibular symphysis curvature (between the infradentale and pogonion
landmarks)

21 Infradentale (id) The mid-point of a line tangent to the outer margins of the cavities of the two mandibular central
incisor teeth
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further in a forthcoming publication). This PC therefore represents
aspects of scaling shared by both sexes. The shape changes visu-
alized by morphing from the negative to the positive extremes of
PC1 are shown in Fig. 2 and demonstrate common features asso-
ciated with ‘‘ontogenetic allometry’’ (10) of the mandible. From
Fig. 2, it is evident that in the younger specimens the ramus is
relatively short with a straight anterior border and a very obtuse
gonial angle, such that the condyle is almost in line with the body;
in the older specimens, the ramus is relatively longer with a
curved anterior border and the gonial angle is reduced. During
growth, the symphysis also increases in relative size and becomes
more anteriorly projected.

Sex—Multivariate regressions of shape (performed using PCs
1–18 [optimal PCs for classification as assessed by discriminant
function plots]—accounting for 90.8% of the total variance)
against sex, age, and size indicate no significant sexual dimor-
phism in the pooled sample (Wilks’L5 0.749, corresponding to
an F statistic of 1.397 with 18 and 75 df [p 5 0.158]). This result is
supported by the poor classification accuracy of the cross-valid-
ated discriminant analysis performed using PCs 1–18: male 29/53
(55%); female 28/43 (65%); and overall 57/96 (59%).

Population—In contrast, multivariate regressions of shape (per-
formed using PCs 1–36 [optimal PCs for classification as assessed
by discriminant function plots]—accounting for 97.4% of the total

variance) against population, age, and size indicate significant in-
terpopulation variation in the pooled sample (Wilks’L5 0.067,
corresponding to an F statistic of 4.267 with 74 and 110 df
[po0.0001]). This result is supported by good classification ac-
curacy of the cross-validated discriminant analysis performed
using PCs 1–36: Bantu (83%); African American (81%); and
Caucasian (70%).

Sexual Dimorphism: Various Age and Population Groupings

To further examine whether there is evidence of sexual dimor-
phism in the immature mandible (particularly in the more
developed subadults), we examine different age groupings with-
in a single sample, African Americans, selected because of the
relative completeness of sampling across age classes. The results
are shown in Table 3, and demonstrate that in only one of the
subadult age groupings examined (15–17 years of age) did the
analysis come close to, but not achieve, a significant level.
Although there are large gaps in the data because of age-biased
samples, examination of the Bantu and Caucasian populations
also yielded no evidence of significant sexual dimorphism
(not shown).

Discussion

In this study, we applied a relatively new methodology to
examine an old problem in forensic anthropology: assigning sex
in the subadult age range. Our investigation of the total sample
suggests that it is not feasible to use the subadult mandible for sex
determination. Nevertheless, some of our p values are close to
significance, and as a result, although our samples are larger than
most others so far reported, a further increase in sample size might
well yield morphometric evidence of subadult sexual dimorphism.

In any case, the forensic scientist is faced with determining the
sex of individual specimens and the results indicate that sex
determination from the subadult mandible would likely only be
viable from puberty. The precise age at which this could be done,
however, is difficult to determine from this study. We can infer
from our data that some degree of sex determination would be
possible around 15 years of age (Table 3), but further investigation
is necessary using adequate skeletal samples of individuals from
10 to 17 years of age. Ideally, this would use data from a single

FIG. 1—Lateral view of the mandible; only selected landmarks are shown
(see Table 2 for key).

FIG. 2—Analysis of the pooled sample. PC 1 versus age (correlation r 5 0.83, p 5o0.001). Shaded, male; open, female; �, African American; }, Caucasian;
^, Bantu. The lateral rendered images show the variation in the shape of the mandible at different ages on PC 1. A, � 0.08 (age 2); B, 10.01 (age 6); C, 10.05
(age 10); D, 10.10 (age 17).
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population because sexual differentiation is under both hormonal
and environmental control (24), and is thus widely variable both
within and between populations.

When we examined the South African Bantu sample separately,
we could not identify the dimorphic shape features outlined by
Loth and Henneberg (8). This, in addition to the fact that the pat-
tern and expression of sexual dimorphism varies between popu-
lations (25,26), may explain why Scheuer’s (9) subsequent
evaluation of their technique did not perform to expectation. Cau-
tion is thus recommended when attempting to apply sex-determi-
nation methods to individuals who are not members of the
population upon which the statistics are based, as classification
accuracy is likely to be reduced (1,2,27–29).

Apart from identifying sex from skeletal remains, determining
age at death and population affinity (race) are two other major
biological characteristics important in forensic identification (30–
32). It is clear that our data show a strong correlation between the
shape of the immature mandible and the age of the specimen (Fig.
2). With further testing and refinement, these techniques may
provide a practical means of forensic age estimation based on
mandibular morphology. Also, we have confirmed the findings of
Buck and Vijarsdóttir (10) by demonstrating that different popu-
lations can be separated using geometric morphometric methods.
This is especially significant to the forensic anthropologist, as it
suggests that mandibular morphology is useful for determining
population affinity irrespective of the age of the specimen (see
also (10)).

The results of this study appear to show that population differ-
ences are more pronounced than sex differences in the subadult
human mandible. We can speculate that population-specific man-
dibular morphology is perhaps established earlier in ontogeny, the
result of inherited genetic traits. Sexual dimorphism, however, is
not manifest at an appreciable level until after pubertal modifica-
tions have taken place (9). Thus, in the prepubertal age range it
would be reasonable to expect that population differences will be
more obvious than sex differences in the subadult mandible.

The results of this study strengthen previous findings that geo-
metric morphometric techniques are able to describe features re-
lated to sexual dimorphism and population variation with
increased sensitivity and objectivity compared with standard an-
alytical methods (33–35). We are not implying that standard
methods be disregarded; we simply aim to show how geometric
morphometric methods have the potential to solve problems in
forensic anthropology successfully.
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