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Abstract

Sex determination using mandible parameters is population dependent. In order to assess which measurements better characterize sex in
prehispanic individuals from the Canary Islands, we blindly contrasted the results obtained by visual inspection and osteometric measurements
with those obtained by molecular sexing using amelogenin ancient DNA analysis on teeth from the same material. Unambiguous sex classifi-
cation was achieved by amplification of sex specific amelogenin alleles in 56 out of 76 mandibles (73.78% of the cases). Visual inspection led to
a correct diagnosis in 66.04% of cases, with a greater proportion of errors for female (54.17%) than male (17.24%) mandibles. Osteometric
measurements were able to assign sex correctly in 72.2% in the best of cases (mandibular height), a proportion similar to that obtained using
a discriminant function (71.2%). By logistic regression analysis, ramus breadth, index ramus breadth/ramus height and mandibular length were
the parameters independently related with a mistaken diagnosis of female sex, whereas bigonial width, ramus height and mandibular length were
the parameters more closely and independently related to a mistaken diagnosis of male sex. In conclusion, diagnosis based on visual examination
of the mandible or on its metric measurement only serves to roughly estimate sex with an accuracy of around 70% or less, at least among the
prehispanic population from Gran Canaria. Amplification of amelogenin alleles leads to unambiguous identification of male and female alleles in
73.68% of cases, at least among the prehispanic population from Gran Canaria.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Sex determination from skeletal remains is an important
aspect of the osteologic analysis of a given population. Sexual
dimorphism is especially marked in some bones, which are,
therefore, suitable for sexing skeletons with high accuracy.
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Indeed, accurate sex estimation rate with only the pelvis rea-
ches 95% (Ubelaker, 1989). The skull also offers a marked
sexual dimorphism, which also allows accurate sexing of skel-
etons, although sexing from cranial bones is not as precise as
from the pelvis (Brothwell, 1972; Ferembach et al., 1979;
Mays, 1998). In addition, discriminant functions combining
several measurements on long bones may help (Dibennardo
and Taylor, 1982, 1983; Dittrick and Suchey, 1986; Iscan
and Ding, 1995; Iscan and Miller-Shaivitz, 1984; Iscan
et al., 1994; Ubelaker, 1989), but there is considerable varia-
tion of these functions among different populations, so the
standards used for one population should not be used for
borigin sex determination based on mandible parameters contrasted by amelo-

mailto:egonrey@ull.es
http://http://www.elsevier.com/locate/jas


2 M. Arnay-de-la-Rosa et al. / Journal of Archaeological Science xx (2006) 1e8

+ MODEL

ARTICLE IN PRESS
another (Stein and Iscan, 1997). However, in many instances,
just a few bones often constitute the sole remains of a dead
individual, especially when we are dealing with ancient popula-
tions. One of these bones is the mandible. Several measurements
and non-metric traits (Duric et al., 2005; Loth and Henneberg,
1996; Sutter, 2003) have been used to discriminate sex, although
there is some controversy among different researchers regarding
their validity (Balci et al., 2005; Koski, 1996).

The discovery that the human enamel protein gene amelo-
genin is expressed from both the X and the Y chromosomes
and that there are sequence differences between both alleles
(Salido et al., 1992) has provided a useful tool for sex determi-
nation in ancient remains (Faerman et al., 1995). Cortical and
cranial bone, as well as teeth, may provide sufficiently pre-
served DNA to perform molecular genetic analyses and iden-
tify sex-specific DNA sequences of X and Y alleles of the
amelogenin gene. Based on these facts we have analyzed in
the present study: 1) the accuracy of several mandibular mea-
surements for the diagnosis of sex; 2) the accuracy of visual
inspection of the mandible by an expert anthropologist based
on the general aspect of the mandible and on the evaluation
of non-metric traits; and 3) the determination of the X and
Y-specific amelogenin alleles, obtained from the same mandi-
bles and used as molecular controls for the metric traits. The
osteological study was performed on mandibles of prehispanic
individuals from different archaeological sites from Gran
Canaria, and the molecular study was performed on teeth
from the same material.

2. Materials and methods

2.1. Sample

We analyzed seventy-six complete or nearly complete man-
dibles housed in the Museo Canario of the city of Las Palmas,
belonging to prehispanic individuals from diverse archeologi-
cal sites of the island Gran Canaria. Most of the cases come
from Guayadeque, a ravine with several huge collective burial
caves, located in the eastern part of the island. Antiquity of the
samples, based on radiocarbon dating performed on skeletal
material from the same burials, ranges from 1213 � 60 to
1410 � 60 BP.

2.2. Methods

2.2.1. Anthropometrics
We recorded chin height, height of the mandibular body,

breadth of the mandibular bone, bigonial width (a), bicondylar
breadth (b), minimum ramus breadth (c), maximum ramus
height (d), mandibular length (e) and mandibular angle, fol-
lowing Buikstra and Ubelaker (1994), using a sliding caliper
and a mandibulometer. We also calculated the indexes
a � 100/b, c � 100/d, d � 100/e.

Non-parametric traits, such as general robustness, aspect of
the gonion and gnathion, or robustness of the mandibular
ramus were considered in the diagnosis of sex by an experi-
enced anthropologist.
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2.2.2. Genetic sex determination
This was performed using dentin and pulp, usually from the

second premolar and third molar, following the protocol
outlined below.

2.2.2.1. DNA extraction. The steps followed for teeth decon-
tamination and posterior DNA extraction were as previously
published (Loth and Henneberg, 1996). Briefly, the procedure
is as follows:

Prior to extraction, the surface of the tooth was thoroughly
washed with 15% HCl, rinsed with ultraviolet (UV)-treated
ddH2O and dried under UV lamp for 5 min on each side.
Each tooth was then placed between two sterilized metal
plates and crushed with a hammer, and the pieces were
introduced into sterile 15 ml tubes (Costar). DNA was
extracted according to a modified silica-based protocol
(Höss and Pääbo, 1993). Briefly, 1e2 ml of a commercial gua-
nidine thiocyanate solution (DNAzol R; Chomcynski et al.,
1997) were added to each tube and incubated, at room temper-
ature, for 3e4 days. After this incubation, the supernatant was
passed through commercial silica columns (QIAquic R,
Qiagen; Yang et al., 1998), according to the manufacturer’s
recommendation.

2.2.2.2. Amplifications. The X and Y amelogenin alleles were
amplified using primer Amel-A (CCCTGGGCTCTGTAAAG
AATAGTG) from Sullivan et al. (1993) and primer Amel-C
(AATRYGGACCACTTGAGAAAC) described by Maca-
Meyer et al. (2005). These primers amplify a small region in
intron 1 of the amelogenin gene that encompasses a deletion
polymorphism giving a product of 66 bp for the X allele and
a product of 72 bp for the Y allele, so both products should
be present in males, but only one in females. The polymerase
chain reaction (PCR) was carried out in 10 ml reaction, con-
taining 1 ml of 10X TriseHCl buffer, 200 mM of each dNTP,
1 pmol of each primer, 5 mM MgCl2, 15 ng of bovine serum
albumin (BSA), 1 unit of Taq polymerase (Ecogen) and 3 ml
of DNA extract. If no amplification product was obtained,
DNA was increased to 6 ml in subsequent PCRs. To overcome
PCR inhibition, detectable by the lack of primer-dimers in the
reaction, DNA was reduced to 1 ml and/or the Taq and BSA
amounts were doubled. Reactions were submitted to 40 ampli-
fication cycles with denaturation at 94 �C for 10 s, annealing at
45 �C for 10 s and extension at 72 �C for 10 s. PCR products
were completely loaded in 10% Acrylamide:Bisacrylamide
(19:1) gels, stained with ethidium bromide and visualized
under UV.

2.2.2.3. RFLP tests. The specificity of the amplified products
was tested by PCR re-amplification of each band and restric-
tion fragment length polymorphism (RFLP) analysis. Bands
were tooth-picked from the gel, dissolved in 10 ml sterile
ddH2O and 2 ml used in a 20 ml re-amplification PCR carried
out with the same primers and conditions as those used in
the first amplification. After checking, 10 ml of positive reac-
tions were RFLP analyzed using the restriction enzyme HinfI
that give bands of 30 and 36 bp for the X allele and of 30 and
borigin sex determination based on mandible parameters contrasted by amelo-
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42 bp for the Y allele. In addition, the Y allele is specifically
cut by MboII giving bands of 28 and 44 bp.

2.2.2.4. Cloning and sequencing. PCR products were ligated
into pGEM-T vectors (Promega). Colonies were plated on
selective Amp/IPTG/X-gal plates, and white colonies were
selected.

PCR fragments were directly sequenced using the same
primers as for amplification and clones were sequenced using
M13 universal primers. Sequencing reactions were prepared in
10 ml volumes using the BigDye 3.1 Terminator Cycle
Sequencing kit (Applied Biosystems) and the products were
ethanol precipitated and run on an ABI PRISM 310 Genetic
Analyzer (Applied Biosystems).

2.2.2.5. Contamination prevention and authentication. All the
procedures followed to prevent contamination from modern
sources and to monitor contamination were as previously re-
ported (Maca-Meyer et al., 2004). The authenticity of ancient
DNA (aDNA) was assessed performing the following criteria:
a) one negative extract control and three negative PCR con-
trols were included in each extraction and amplification to de-
tect possible contamination of extraction and/or PCR reagents,
in order to be sure that the products obtained were amplified
from the aDNA extracts; and b) previous to our amelogenin
study all the teeth had been successfully analyzed for mito-
chondrial DNA (mtDNA) using our seven fragment amplifica-
tion strategy (Maca-Meyer et al., 2004). Although in several
cases we were able to amplify double fragments we could
not amplify the total HVSI mtDNA region in one step in
any sample. These results were taking as an additional proof
that we were analyzing aDNA (Pääbo et al., 2004); c) ampli-
fied products were cloned and several clones sequenced; d)
quantification of the number of amplifiable DNA molecules
was carried out performing two amplifications and sequencing
several clones from each of them, as recommended by others
(Pääbo et al., 2004); e) reproduction of novel and unexpected
result in a second laboratory is commonly requested (Pääbo
et al., 2004). Regrettably, for sex, modern contamination is the
same in all laboratories. For this reason and as contamination
in our aDNA laboratory was sporadic and could be overcome
in a short time period, whenever possible, two independent tooth
extraction from the same individual were performed in our
aDNA laboratory, but separated in time by a six month period
and carried out by different individuals (RF for the first and
AMG for the second). In addition, to confirm the amelogenin au-
thenticity of the amplified products the following tests were car-
ried out: a) the correct electrophoretic migration of the X and Y
amelogenin alleles was assessed by running authenticated con-
trols in parallel. These controls were amplified and sequenced
from modern extracts using the same primers and conditions
as those established for aDNA. Amplifications were performed
in an independent laboratory by one of us (JML) who had not
been in contact with the ancient material; b) faint bands, or
bands with slightly different migration than controls, were re-
amplified and RFLP checked using HinfI. Occasionally, only
the Y allele band was amplified. In these cases the specificity
Please cite this article in press as: Arnay-de-la-Rosa, M. et al., Canary islands a
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of the product was checked by MboII digestion; c) initial suc-
cessful male and female reactions were cloned and 3 clones
(females) or 7 clones (males) were sequenced to authenticate
the amplified products as real X and Y amelogenin alleles.
This cloning strategy was also applied in the cases of individual
duplicates; d) at least two additional amplifications were carried
out for male extracts to confirm the presence of its sex specific
band, and 4e5 additional amplifications were performed when
only the female band was amplified the first time in order to di-
minish the possibility that the extract was from a male but only
the X band, common to both sexes, was amplified.

2.3. Statistics

We assessed the proportion of individuals for whom sex
was undoubtedly diagnosed by osteological traits using
genetic results as controls.

We calculated differences in the metric parameters between
men and women before they were diagnosed by genetic anal-
ysis. For parameters presenting differences between men and
women, we performed stepwise discriminant function analy-
sis, and also depicted the corresponding ROC (receiver operat-
ing characteristic) curves and calculated the area under the
curve (AUC).

We also calculated differences in the metric parameters
between mandibles classified as male and female by visual
evaluation. Comparing sex assessed by genetics (as control)
and visual evaluation, we calculated the proportion of true
positive estimations of sex by visual examination of the man-
dible, and the overall accuracy. We also studied possible dif-
ferences in the metric parameters between mandibles
correctly classified or incorrectly classified, and then per-
formed another logistic regression analysis to discern which
parameters contribute to misdiagnosis, both for men and
women.

3. Results

For amelogenin amplification we usually doubled DNA
sample amounts used for mtDNA amplifications. This worked
for roughly 60% of the samples sexed. For the rest we had to
double again the quantity of template DNA. Definitive DNA
results were obtained for 56 of the 76 individuals analyzed
(73.68%). Twelve individuals were discarded because two or
four additional duplicates were not possible for males or
females, respectively (15.8%). Five individuals were discarded
because no amplification was obtained in any case (6.6%), and
three more were excluded due to contamination in the extrac-
tion blanks (3.9%). Six additional teeth belonging to the sexed
individuals were replicated. Five of them generated repetitive
results, whereas no amplification was obtained for the other
one.

PCR contamination was sporadic and could be overcome
by leaving the lab inoperative for at least three days and, after
that, repeating the amplifications using new aliquots of PCR
solutions and primers.
borigin sex determination based on mandible parameters contrasted by amelo-



4 M. Arnay-de-la-Rosa et al. / Journal of Archaeological Science xx (2006) 1e8

+ MODEL

ARTICLE IN PRESS
The authenticity of the results was confirmed by all the
designed tests. The electrophoretic migration of the ameloge-
nin bands in ancient bone was identical to the authenticated
controls (Fig. 1a). In addition, the amplified fragments pro-
duced the expected band patterns in the restriction assays

Fig. 1. Polyacrylamide gels showing the band patterns for sex determination.

(a) shows migration of amplified fossils, compared with authenticated male

and female controls (samples 1 and 10, respectively): samples 2, 3, 4, 6 and

8 correspond to male individuals; sample 5 and 7 to females and 9 was

a PCR negative control. (b) shows the HinfI enzymatic assay: samples 1 and

12 correspond to undigested male controls, samples 2 and 10 correspond to

undigested male reamplified bands, samples 3 and 11 correspond to female

reamplified bands, samples 4 and 9 correspond to HinfI digested male controls,

samples 5 and 7 correspond to experimental HinfI digested male bands and 6

and 8 to females. Flanking lanes correspond to bands of 50 bp and 100 bp from

a 50 bp ladder.
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(Fig. 1b), and the sequences obtained by cloning from male
and female samples were the same as those previously pub-
lished (Nakahori et al., 1991), except for one female tooth
that showed a transition from T to C at position 4375 in the
three clones sequenced. Occasional bands with abnormal
migration were picked from the gel, reamplified and se-
quenced in 17 instances. None of them had a sequence related
to the amelogenin gene.

Comparative statistics of the means and standard deviations
of the anthropometric parameters for men and women are given
in Table 1. As shown, only bigonial width, maximum ramus
height, mandibular angle, and the c � 100/d index clearly serve
to discriminate between men and women, although when ROC
curves are plotted we can see that sensitivity and specificity are
not optimal (Figs. 2e5). Indeed, the area under the curve is, in
the best of cases (maximum ramus height) 0.722 (confidence
interval (CI) ¼ 0.582e0.862). When the anthropometric
parameters are step-wisely introduced in a discriminant
function analysis, only maximum ramus height and mandibular
angle enter as independent factors, leading to a formula
( y ¼ 0.194 � maximum ramus height � 0.110 � mandibular
angle þ 1.66) which shows significantly different values for
females (�121.19 � 6.24) and for males (�116.72 � 5.42,
t ¼ 2.73, p ¼ 0.009), but which does not improve the overall ac-
curacy of the diagnosis of sex provided by the individual anthro-
pometric parameters (AUC ¼ 0.712, CI ¼ 0.565e0.859,
Fig. 6). When a logistic regression analysis was performed,
mandibular ramus height entered the regression analysis in
the first place, but with a low beta value (�0.24, p ¼ 0.009). De-
spite a lack of differences between men and women in the uni-
variate analysis, the index bigonial width/bicondylar breadth
entered the logistic regression analysis in second place
(beta ¼ � 0.156, p ¼ 0.061).

An expert anthropologist, by visual inspection, was able to
make an unambiguous diagnosis of sex in 68 cases (89.47%).
This method led to a correct classification of male sex in
82.76%, but only in 45.83% of female cases, with an overall
Table 1

Differences in several parameters between men and women (sex assessed by genetics)

Men Women t value

n X � SD n X � SD

Chin Height (mm) 28 31.09 � 2.91 23 30.07 � 2.71 1.29

Height (mm) of the mandibular body 31 30.46 � 2.19 25 29.66 � 2.37 1.31

Breadth (mm) of the mandibular body 31 11.61 � 1.77 25 11.10 � 1.94 1.02

Bigonial width (mm) 29 97.45 � 6.78 24 93.01 � 5.54 2.57**

Bicondylar breadth (mm) 27 119.14 � 4.03 24 116.65 � 6.61 1.65

Minimum ramus breadth (mm) 30 32.64 � 2.67 25 31.85 � 2.70 1.09

Maximum ramus breadth (mm) 30 44.88 � 3.59 24 44.80 � 3.36 0.09

Maximum ramus height (mm) 30 61.63 � 5.22 24 58.20 � 4.07 2.65**

Mandibular length (mm) 31 83.19 � 7.11 25 80.26 � 6.86 1.55

Mandibular angle (�) 29 118.47 � 4.86 22 121.82 � 5.54 2.30*

Bigonial breadth � 100/bicondylar breadth 26 81.98 � 4.86 23 79.69 � 4.02 1.78

Minimum ramus breadth � 100/Maximum ramus height 30 53.32 � 6.32 24 54.72 � 3.59 1.41

Maximum ramus breadth � 100/Maximum ramus height 30 73.27 � 7.97 24 77.17 � 5.74 2.01*

Mandibular length � 100/Bicondylar breadth 27 69.71 � 5.89 24 68.78 � 5.40 0.59

* ¼ p < 0.05; ** ¼ p < 0.01.
borigin sex determination based on mandible parameters contrasted by amelo-
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accuracy of 66.04% (Table 2). As shown, this figure is slightly
less than the accuracy observed with metric parameters: AUC
is 0.640 (CI ¼ 0.486e0.794, Fig. 7).

When anthropometric measures were compared between in-
dividuals classified as males and females by visual assessment,
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Fig. 3. Receiver operating characteristic curve of maximum ramus height in the

diagnosis of male sex. (AUC ¼ 0.722; confidence interval ¼ 0.582e0.862.)
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Fig. 2. Receiver operating characteristic curve of bigonial width in the diagnosis

of male sex. (AUC ¼ 0.698; confidence interval ¼ 0.555e0.842.)
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differences were more marked than when these parameters were
compared for genetically-assessed sex (Table 3).

Incorrectly classified women showed a greater chin height,
height of the mandibular body, bicondylar breadth, minimum
ramus breadth and maximum ramus height than those who
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Fig. 5. Receiver operating characteristic curve of the index minimum ramus

breadth/maximum ramus height in the diagnosis of female sex. (AUC ¼
0.642; confidence interval ¼ 0.493e0.791.)
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Fig. 4. Receiver operating characteristic curve of mandibular angle in the

diagnosis of female sex. (AUC ¼ 0.683; confidence interval ¼ 0.533e0.833.)
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were correctly classified (Table 4). On the contrary, incorrectly
classified males showed narrower bigonial width and the bigo-
nial-bicondylear index, and shorter mandibular length than
correctly classified ones (Table 5). Logistic regression analysis
showed that minimum ramus breadth, the index minimum
ramus breadth * 100/maximum ramus height and mandibular
length, in this order, are the factors which independently
lead to misdiagnosis of female sex when assessed by visual
inspection. For the males, bigonial width, maximum ramus
height and mandibular length, in this order, are the factors
which led to misdiagnosis.

4. Discussion

Sequence differences between the X and Y alleles of the
amelogenin gene offer an exceptional tool for the assessment
of sex. However, genetic assessment of sex, when applied to
prehistoric population groups (Stone et al., 1996) is strikingly
dependent on burial conditions and preservation of the skeletal
remains. The fact that different amelogenin patterns are ob-
tained for males and females minimizes the rate of false

Table 2

Correctly and incorrectly sexed individuals by visual inspection of the

mandible

Visually assessed

Male Female

Genetically assessed sex Male 24 5

Female 13 11
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Fig. 6. Receiver operating characteristic curve of the discriminat function

obtained combining maximum ramus breadth and mandibular angle in the

diagnosis of male sex. (AUC ¼ 0.712; confidence interval ¼ 0.565e0.859.)
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negatives, which was too high when amplification of chromo-
some Y specific sequences were used (Hummel and Herrmann,
1991). Based on the amelogenin gene test we were able to per-
form unambiguous sex identification in 76.25% of cases. Our
results, however, are in the range of others reported. Faerman
et al. (1995), were able to identify sex correctly in 81.82% of
cases, using teeth and bone powder from skeletons of variable
antiquity (200e8000 years), and Stone et al. (1996) reached
95% in 20 skeletons dated from 1300 A.D. Although the precise
antiquity of our samples is not known, radiocarbon dating of
other specimens from the same burial site yield an antiquity
ranging from 1000e1500 BP. We have used teeth without frac-
tures, which provide sufficient DNA and minimizes the risk of
non-preservation and contamination.

Using genetically assessed sex as control, we have tested
the ability of several classical mandible measurements in the
sex diagnosis, as well as non-metric assessment of sex. We
found that accuracy ranges from around 70e75% with the
metric analysis, and 66% (46e83%,) with the non-metric
analysis. Sexual differences in the mandible of modern human
beings have at least two components: differences related to
musculoskeletal development and differences related to a dif-
ferent growth trajectory in males and females (Rosas et al.,
2002). Sexing based on mandibular features is not 100% accu-
rate. For instance, sexing based on the presence of ramus flex-
ure is 85.8% accurate, a figure which drops to 60% for
a correct classification of a female sex (Balci et al., 2005).
Other authors have observed accuracies of 79.1% (Hill,
2000), while others have reported an accuracy of only 66%
(Kemkes-Grottenthaler et al., 2002), and only 32% for
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Fig. 7. Receiver operating characteristic curve of visual inspection of the man-

dible in the diagnosis of sex. (AUC ¼ 0.640; confidence interval ¼ 0.486e

0.794.)
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Table 4

Differences among female individuals correctly and incorrectly classified by visual inspection

Incorrectly classified Correctly classified t value

n X � SD n X � SD

Chin Height (mm) 12 31.73 � 2.64 10 28.23 � 1.32 3.79***

Height (mm) of the mandibular body 13 31.03 � 2.09 11 28.44 � 1.53 3.40**

Breadth (mm) of the mandibular body 13 11.78 � 2.09 11 10.50 � 1.03 1.69

Bigonial width (mm) 13 94.44 � 6.49 10 91.62 � 3.85 1.22

Bicondylar breadth (mm) 13 119.44 � 7.36 10 113.87 � 3.38 2.21*

Minimum ramus breadth (mm) 13 33.52 � 2.24 11 29.81 � 1.81 3.71**

Maximum ramus breadth (mm) 13 45.47 � 3.95 10 43.82 � 2.49 1.15

Maximum ramus height (mm) 13 60.63 � 3.25 10 55.00 � 2.88 4.32***

Mandibular length (mm) 13 83.32 � 5.87 11 75.99 � 5.82 3.06**

Mandibular angle (�) 11 121.05 � 6.24 10 121.85 � 4.50 0.34

Bigonial breadth * 100/bicondylar breadth 13 79.14 � 4.36 9 80.27 � 3.81 0.62

Minimum ramus breadth * 100/Maximum ramus height 13 55.38 � 3.97 10 53.79 � 3.20 1.03

Maximum ramus breadth * 100/Maximum ramus height 13 75.05 � 6.06 10 79.76 � 4.58 2.05

Mandibular length * 100/Bicondylar breadth 13 69.86 � 4.71 10 66.15 � 4.33 1.94

* ¼ p < 0.05; ** ¼ p < 0.01; *** ¼ p < 0.001.

Table 5

Differences among male individuals correctly and incorrectly classified by visual inspection

Correctly classified Incorrectly classified t value

n X � SD n X � SD

Chin Height (mm) 22 31.81 � 2.58 3 31.81 � 2.58 0.33

Height (mm) of the mandibular body 23 30.89 � 2.07 5 29.17 � 1.29 1.77

Breadth (mm) of the mandibular body 23 11.68 � 2.01 5 11.08 � 0.74 0.66

Bigonial width (mm) 22 100.02 � 5.38 5 90.14 � 3.98 3.85***

Bicondylar breadth (mm) 21 119.62 � 4.05 4 119.57 � 1.53 0.03

Minimum ramus breadth (mm) 23 32.75 � 2.85 5 32.69 � 2.01 0.04

Maximum ramus breadth (mm) 23 45.01 � 3.80 5 45.26 � 3.28 0.13

Maximum ramus height (mm) 23 63.33 � 4.18 5 55.98 � 5.24 3.42**

Mandibular length (mm) 23 84.64 � 7.19 5 79.86 � 1.48 1.46

Mandibular angle (�) 22 117.98 � 4.46 5 120.10 � 6.27 0.89

Bigonial width * 100/bicondylar breadth 20 83.50 � 4.38 4 76.77 � 1.84 2.97**

Minimum ramus breadth * 100/Maximum ramus height 23 51.85 � 4.97 5 59.02 � 8.89 2.52*

Maximum ramus breadth * 100/Maximum ramus height 23 71.30 � 6.82 5 81.38 � 9.39 2.81**

Mandibular length * 100/Bicondylar breadth 21 70.72 � 6.22 4 67.15 � 1.91 1.12

* ¼ p < 0.05; ** ¼ p < 0.01; *** ¼ p < 0.001.

Table 3

Differences in several parameters between men and women (sex assessed by visual inspection)

n X � SD n X � þ/SD t value

Chin Height (mm) 47 31.37 � 2.61 16 28.69 � 2.25 3.66***

Height (mm) of the mandibular body 49 31.02 � 2.14 19 28.35 � 1.66 4.90***

Breadth (mm) of the mandibular body 49 11.74 � 1.87 19 10.57 � 1.61 2.40*

Bigonial width (mm) 46 97.70 � 6.11 17 89.70 � 5.43 4.74***

Bicondilar breadth (mm) 44 119.24 � 4.98 15 115.56 � 3.81 2.61**

Minimum ramus breadth (mm) 48 32.87 � 2.66 19 30.62 � 2.10 3.29***

Maximum ramus breadth (mm) 47 45.16 � 3.53 17 44.52 � 2.88 0.68

Maximum ramus height (mm) 48 62.56 � 4.99 17 55.10 � 3.54 5.66

Mandibular length (mm) 48 83.60 � 6.59 18 76.39 � 5.42 4.14

Mandibular angle (�) 44 119.88 � 5.69 17 121.94 � 5.62 1.28

Bigonial breadth � 100/bicondylar breadth 43 82.03 � 4.61 14 78.51 � 4.33 2.52*

Minimum ramus breadth � 100/Maximum ramus height 48 52.75 � 4.77 17 55.69 � 5.61 2.01*

Maximum ramus breadth � 100/Maximum ramus height 47 72.32 � 6.89 17 81.00 � 6.29 4.55***

Mandibular length � 100/Bicondylar breadth 44 70.11 � 5.73 15 66.12 � 3.81 2.51*

* ¼ p < 0.05; ** ¼ p < 0.01; *** ¼ p < 0.001.
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females. On the other hand, Haun (2000) correctly classified
96.3% of the males and 62.5% of females. Based on visual
evaluation of the robustness of mandibles, Duric et al.
(2005) correctly classified only 70.93% in a modern Balkan
population.

We have tried to analyze which factors lead to misdiagnosis
of sex by visual inspection. It can be seen that these factors are
different for men and women. Indeed, female mandibles which
were incorrectly classified as male ones showed features
related to robustness, such as breadth of the ramus in relation
to height and to mandibular length. On the contrary, more
‘‘gracile’’ male mandibles, with a narrower bigonial width,
lead to misclassification by visual inspection.

Several conclusions can be extracted from this study. At
first, extraction of DNA from teeth in sufficient amounts to
diagnose sex unambiguously was achieved in nearly 75% of
cases. Secondly, assessment of sex either by metric analysis
or by visual inspection of the mandibles yields an accuracy
of 65e70%. Visual inspection is especially misleading in the
case of female individuals who show some features of robust-
ness such as a wider ramus breadth, or a reduced index ramus
breadth/ramus height. In contrast, misclassification of male
individuals depends on bigonial width and mandibular length.
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Sexual dimorphism in the Atapuerca-SH hominids: the evidence from

the mandibles. J. Hum. Evol. 42, 451e474.

Salido, E.C., Yen, P.H., Koprivnikar, K., Yu, L.C., Shapiro, L.J., 1992. The hu-

man enamel protein gene amelogenin is expressed from both the X and the

Y chromosomes. Am. J. Human Genet. 50, 303e316.

Stein, M., Iscan, M.Y., 1997. Sex determination from the femur and tibia in

South African whites. Forensic Sci. Int. 90, 111e119.
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