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Abstract
Accurate sexing methods are of great importance in forensic anthropology since sex assessment is among the principal tasks
when examining human skeletal remains. The present study explores a novel approach in assessing the most accurate metric traits
of the human cranium for sex estimation based on 80 ectocranial landmarks from 176 modern individuals of known age and sex
from the Athens Collection. The purpose of the study is to identify those distance and angle measurements that can be most
effectively used in sex assessment. Three-dimensional landmark coordinates were digitized with a Microscribe 3DX and ana-
lyzed in GNUOctave. An iterative linear discriminant analysis of all possible combinations of landmarks was performed for each
unique set of the 3160 distances and 246,480 angles. Cross-validated correct classification as well as multivariate DFA on top
performing variables reported 13 craniometric distances with over 85% classification accuracy, 7 angles over 78%, as well as
certain multivariate combinations yielding over 95%. Linear regression of these variables with the centroid size was used to
assess their relation to the size of the cranium. In contrast to the use of generalized procrustes analysis (GPA) and principal
component analysis (PCA), which constitute the common analytical work flow for such data, our method, although computa-
tional intensive, produced easily applicable discriminant functions of high accuracy, while at the same time explored the
maximum of cranial variability.
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Introduction

Sex assessment is among the principal tasks when examining
human skeletal remains. Since human identification as well as
various skeletal analyses heavily rely on sex, accurate sexing
methods are of great importance in forensic anthropology and
bioarchaeology. Over the years, a number of qualitative and
quantitativemethods have been proposed based on cranial and
post-cranial traits [e.g., [1–5]] with varying rates of success
and the highest correct sex classification concerning the pelvis
and the cranium [4, 5]. Qualitative methods assess specific

sexually dimorphic anatomical traits. In general, qualitative
methods are easier to apply but heavily rely on the experience
of the observer; hence, they tend to be more subjective and
prone to inter-observer error [5, 6]. On the other hand, quan-
titative methods rely on measurements, which may be more
time consuming and often require specialized equipment [7]
but are less prone to observer bias and often produce more
accurate results [5, 6, 8].

In recent years, the quantitative methods advanced to more
complicated techniques using geometric morphometrics,
which allow more advanced analysis of the shape variation
than traditional measuring methods [5, 9, 10]. Although the
application of geometric morphometrics requires the use of
sophisticated equipment such as laser scanners and 3D digi-
tizers, its more elaborate shape analysis of skeletal elements
has revealed further information on the variation of the human
skeleton such as asymmetry [11], age-related changes [12],
and secular changes in morphology [13]. Additionally, geo-
metric morphometrics have produced methods for sex estima-
tion with improved correct classification results over tradition-
al quantitative [4, 5, 8]. In contrast to the qualitative methods,
geometric morphometrics not only produce far more robust
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and reproducible results due to the minimization of inter-
observer error, but also allow more accurate measurement of
the magnitude of sexual dimorphism [8], which is known to
vary in its expression in different populations [14].

The use of ectocranial landmarks in geometric morphomet-
rics for analyzing the shape variation of the human cranium
with respect to sex has been previously studied [9, 13, 15–18].
The use of generalized procrustes analysis (GPA) and princi-
pal component analysis (PCA), which constitute the common
analytical work flow for such data, produce results that are
difficult to apply in forensic cases unless all landmarks are
present and the reference data are also available to the forensic
anthropologist or the bioarchaeologist, who need to examine
an isolated sample. This has resulted to some criticism against
the usability and effectiveness of geometric morphometrics in
sex assessment [7, 19]. On the other hand, the traditional
quantitative methods, which are straightforward to implement
(simple measurements), often rely on cranial traits known
from visual observation to be sexually dimorphic [20, 21].
As a result, significant sex-related variation, which is captured
with GPA and PCA, is left unexplored and unused for sex
discriminant functions [5]. The present study aims to fill this
analytical gap by iteratively exploring the sexually dimorphic
properties of almost a quarter of million possible

combinations of euclidean distances and angles based on
ectocranial landmarks in a modern Greek skeletal collection.

Materials and methods

The sample consisted of 176 adult crania of Greek individuals of
known sex: 94 males and 82 females. These crania constitute
part of the modern skeletal reference collection (known as the
Athens Collection), which is housed in the Department of
Animal and Human Physiology at the National and
Kapodistrian University of Athens. The collection consists of
225 skeletons. Information on the sex, age at death, cause of
death as well as place and year of birth for each individual in
the collection is derived from death records [22]. All individuals
are Greek nationals with recorded age-at-death ranging from 19
to 99 years old and their respective year of birth spanning from
1879 to 1965. Individuals without any evidence of pathological
deformation and absence of craniotomy were selected.

Data acquisition Eighty landmarks (12 midline and 34 bilat-
eral) on the outer surface of the skull, chosen on the basis of
adequately illustrating the geometry of the cranium, were used
(Table 1). Most of landmarks definitions were obtained after

Table 1 List of digitized landmarks

1 Nasion 24 Asterion left and right

2 Glabella 25 Entomion left

3 Bregma 26 Supramastoid crest–squamous suture intersection
left and right

4 Lambda 27 Crotaphion left and right

5 Opisthocranion 28 Coronale left and right

6 Opisthion 29 Sphenion left and right

7 Basion 30 Frontotemporale left and right

8 Nasospinale 31 Landmark × left and right

9 Hormion 32 Supra auricular left and right

10 Staphylion 33 Zygotemporale superior left and right

11 Staurion 34 Jugale left and right

12 Foramen incisivum 35 Frontomalare temporale left and right

13 Foraminolaterale left and right 36 Porion left and right

14 Occipitocondylion mediale left and right 37 Zygotemporale inferior left and right

15 Occipitocondylion posterior left and right 38 Zygomaxillare left and right

16 Occipitocondylion laterale left and right 39 Frontomalare orbitale left and right

17 Occipitocondylion anterior left and right 40 Supraconchion left and right

18 Caroticum mediale left and right 41 Maxillofrontale left and right

19 Spinale left and right 42 Subconchion left and right

20 Ovale mediale left and right 43 Ectoconchion left and right

21 Postalverion left and right 44 Infraorbitale left and right

22 Infratemporale left and right 45 Apertion left and right

23 Mastoidale left and right 46 Maxillonasofrontale left and right
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Bigoni et al. [9], while definition of supramastoid crest–squa-
mous suture intersection was obtained after Franklin et al.
[20]. Regarding the porion, glabella, and opisthocranion
landmarks, definitions were obtained from Whites’ book
[23]. All landmarks were type I, type II, and type III [24]
and can be unambiguously located on the cranial surface [9].
Three-dimensional landmark coordinates were digitized (by
MC and AB) with a Microscribe 3DX (Immersion Cor, San
Jose, California), whose rated accuracy is ± 0.23 mm. Inter-
and intra-observer errors regarding landmark digitization on
the crania of the Athens Collection have been previously re-
ported [12] ranging from 0.3 to 1.8 mm. Moreover, for the
purposes of the present study, the most sexually dimorphic
traits (13 distances and 7 angles) have been measured (by
AB) with a mechanical caliper on 20 randomly selected crania
(10 males, 10 females) to assess the usability of the produced
discriminant functions when measuring with simple
equipment.

Data analysis All available coordinates of the 80 landmarks
were analyzed in GNU Octave [25]. Purpose specific pro-
gramming functions, which are available upon request, itera-
tively calculated all possible combinations of distances and
angles from the battery of landmarks included in the present
study. For each unique set of the 3160 distances and 246,480
angles, a linear discriminant analysis was performed to calcu-
late the correct classification percentage of the original group
for each single variable (distance or angle). Thirteen distances
and seven angles with the highest correct classification score
were further analyzed in SPSS (IBM SPSS version 23.0,
Armonk, NY). Discriminant function analysis (DFA) for leave
one out cross-validated correct classification was performed
for all 20 variables. Multivariate DFA was further performed
on all angles and distances as separately as well as joined.
Both enter and step-wise methods were used in multivariate
analysis. Additionally, linear regression of each variable on
the centroid size was performed to assess the relation of each
variable to the size of the cranium. The centroid size was
calculated from 63 landmarks that were available in 167 indi-
viduals, who were included in all 20 angle and distance vari-
ables. Finally, the technical error of measurement (TEM) as
well as the scaled TEM has been calculated [26] for each of
the most sexually dimorphic traits between the measurements
calculated by landmark coordinates and those taken with the
caliper to assess the accuracy of the later method and deter-
mine sampling variability between the two measurement
techniques.

Results

The iterative approach adopted in the present study for inves-
tigating the sex-related geometric variation of the human

cranium yielded numerous sexually dimorphic distance and
angle measurements that yield reasonably high correct classi-
fication. Searching through the univariate results showed 60
distances with correct classification higher than 82% and 61
angles with correct classification higher than 75%. However,
we have decided to focus on the most sexually dimorphic
distance and angle variables, which were further used in mul-
tivariate analysis. Thirteen distances with correct classification
higher than 85% and seven angles with correct classification
higher than 78% were chosen for this matter. The descriptive
statistics of these measurements along with their correspond-
ing landmarks are presented in Table 2.

The aforementioned correct classification percentages were
used as a threshold for selecting the most sexually dimorphic
measurements based on the original group classification,
which was evaluated in the preliminary iterative analysis in
GNU Octave. The DFA in SPSS of the selected 20 angles and
distances altogether verified the original group correct classi-
fication results but also yielded the cross-validated correct
classification along with the discriminant functions presented
in Table 3. In addition to the total correct classification for
each variable, the corresponding percentages for males and
females are also provided, since there are certain measure-
ments that provide remarkably better classification in favor
of one sex over the other. It should be noted that the sectioning
point for all the discriminant functions in Table 3 is zero with
positive values classifying for male.

Whereas the highest cross-validated correct total classifica-
tion for D1 and A1 was 87.4 and 80.6%, respectively, the
multivariate analysis yielded even higher percentages. The
correct classification results of the multivariate analysis using
enter and stepwise DFA on the 20 variables are summarized in
Table 4. Although grouping angles and distances in multivar-
iate DFA (enter method) yielded higher correct classification
percentages, the stepwise method revealed that the combina-
tion of only four measurements, namely angles A3 and A7
and distances D1 and D6, is the most accurate sex classifier
with cross-validated correct classification 93.5%.
Additionally, the same classifier provides almost the same
accuracy for both males and females (93.3 and 93.8%, respec-
tively). It should be noted that although the multivariate dis-
criminant functions still produce different correct classifica-
tion scores between males and females, these differences are
reduced compared to univariate results. Again, the sectioning
point for all the discriminant functions in Table 4 is zero with
positive values classifying for male.

The results of the regression analysis between sex discrim-
inating variables and the centroid size are presented in Table 5.
As expected, the distance variables explain a much higher
percentage of the variance of the size of the cranium (mostly
between 70 and 80%) rather than the angle variables (ranging
from 17 to 27%). The only exceptions are variables D1 and
D12, which correspond to the same measurement from the

Int J Legal Med (2018) 132:1505–1514 1507



Ta
bl
e
2

D
es
cr
ip
tiv

es
of

hi
gh
es
tc
or
re
ct
cl
as
si
fi
ca
tio

n
di
st
an
ce
s
an
d
an
gl
es

D
is
t.a

L
an
dm

ar
k
1

L
an
dm

ar
k
2

Sa
m
pl
e

si
ze

b
M
ea
nb

95
%

co
nf
id
en
ce

in
te
rv
al

St
an
da
rd

de
vi
at
io
nb

St
an
da
rd

er
ro
rb

N
or
m
al
ity

te
st
b

L
ow

er
bo
un
db

U
pp
er

bo
un
db

D
1

O
va
le
m
ed
ia
le
ri
gh
t

M
as
to
id
al
e
ri
gh
t

93
/8
1

53
.3
/4
7.
5

52
.7
/4
6.
9

53
.8
/4
8.
1

2.
85
/2
.7
5

0.
30
/0
.3
1

0.
20
0/
0.
20
0

D
2

M
as
to
id
al
e
le
ft

Fr
on
to
m
al
ar
e

te
m
po
ra
le
ri
gh
t

92
/8
1

14
2.
5/
13
4.
3

14
1.
5/
13
3.
3

14
3.
3/
13
5.
3

4.
53
/4
.4
3

0.
47
/0
.4
9

0.
18
4/
0.
06
1

D
3

Sp
he
ni
on

le
ft

M
as
to
id
al
e
ri
gh
t

91
/8
1

14
1.
3/
13
1.
5

14
0.
2/
13
0.
6

14
2.
4/
13
2.
5

5.
23
/4
.2
7

0.
55
/0
.4
7

0.
20
0/
0.
20
0

D
4

M
as
to
id
al
e
le
ft

C
or
on
al
e
ri
gh
t

92
/8
2

15
9.
2/
14
9.
0

15
8.
1/
14
7.
9

16
0.
4/
15
0.
1

5.
46
/4
.9
8

0.
57
/0
.5
5

0.
20
0/
0.
05
7

D
5

M
as
to
id
al
e
le
ft

Ju
ga
le
ri
gh
t

92
/8
1

13
2.
5/
12
5.
0

13
1.
6/
12
4.
0

13
3.
4/
12
5.
9

4.
28
/4
.2
7

0.
45
/0
.4
7

0.
20
0/
0.
20
0

D
6

M
as
to
id
al
e
le
ft

Sp
he
ni
on

ri
gh
t

90
/8
2

14
1.
6/
13
2.
5

14
0.
6/
13
1.
4

14
2.
7/
13
3.
5

4.
96
/4
.6
3

0.
52
/0
.5
1

0.
20
0/
0.
06
1

D
7

Su
pr
ac
on
ch
io
n
le
ft

M
as
to
id
al
e
ri
gh
t

92
/8
0

13
9.
0/
12
9.
5

13
7.
9/
12
8.
5

14
0.
0/
13
0.
5

4.
97
/4
.5
6

0.
52
/0
.5
1

0.
20
0/
0.
20
0

D
8

Fr
on
to
te
m
po
ra
le

le
ft

M
as
to
id
al
e
ri
gh
t

93
/8
1

14
8.
1/
13
8.
5

14
7.
0/
13
7.
5

14
9.
2/
13
9.
5

5.
33
/4
.5
3

0.
55
/0
.5
0

0.
20
0/
0.
20
0

D
9

E
ct
oc
on
ch
io
n
le
ft

M
as
to
id
al
e
ri
gh
t

92
/8
0

13
5.
5/
12
7.
2

13
4.
5/
12
6.
3

13
6.
4/
12
8.
2

4.
60
/4
.3
6

0.
48
/0
.4
9

0.
20
0/
0.
20
0

D
10

Z
yg
ot
em

po
ra
le

su
pe
ri
or

le
ft

M
as
to
id
al
e
ri
gh
t

91
/8
0

13
2.
4/
12
3.
6

13
1.
4/
12
2.
7

13
3.
3/
12
4.
5

4.
69
/4
.2
4

0.
49
/0
.4
7

0.
20
0/
0.
20
0

D
11

Ju
ga
le
le
ft

M
as
to
id
al
e
ri
gh
t

91
/8
0

13
3.
1/
12
4.
6

13
2.
1/
12
3.
7

13
4.
1/
12
5.
6

4.
56
/4
.3
4

0.
48
/0
.4
8

0.
20
0/
0.
20
0

D
12

O
va
le
m
ed
ia
le
le
ft

M
as
to
id
al
e
le
ft

93
/8
2

53
.6
/4
8.
5

53
.0
/4
7.
9

54
.1
/4
9.
0

2.
62
/2
.5
8

0.
27
/0
.2
9

0.
20
0/
0.
20
0

D
13

G
la
be
lla

M
as
to
id
al
e
R
ig
ht

93
/8
1

13
4.
3/
12
4.
8

13
3.
3/
12
3.
7

13
5.
3/

12
5.
8

4.
94
/4
.5
4

0.
51
/0
.5
0

0.
20
0/
0.
20
0

an
gl
.a

L
an
dm

ar
k
1

L
an
dm

ar
k
2

L
an
dm

ar
k
3

A
1

G
la
be
lla

Su
pr
a-
A
ur
ic
ul
ar

le
ft

M
ax
ill
on
as
of
ro
nt
al
e

le
ft

94
/8
1

5.
3/
6.
6

5.
1/
6.
4

5.
5/
6.
9

0.
96
/1
.1
6

0.
10
/0
.1
3

0.
20
0/
0.
20
0

A
2

M
as
to
id
al
e
R
ig
ht

O
pi
st
ho
cr
an
io
n

Z
yg
ot
em

po
ra
le

su
pe
ri
or

ri
gh
t

91
/8
0

25
.0
/2
2.
6

24
.7
/2
2.
2

25
.4
/2
3.
0

1.
68
/1
.8
8

0.
18
/0
.2
1

0.
20
0/
0.
20
0

A
3

G
la
be
lla

A
st
er
io
n
le
ft

M
ax
ill
on
as
of
ro
nt
al
e

le
ft

93
/8
1

4.
5/
5.
5

4.
3/
5.
3

4.
6/
5.
7

0.
73
/0
.8
8

0.
08
/0
.1
0

0.
07
2/
/0
.2
00

A
4

G
la
be
lla

M
ax
ill
on
as
of
ro
nt
al
e

ri
gh
t

B
re
gm

a
94
/8
1

67
.9
/5
9.
2

66
.5
/5
8.
0

69
.3
/6
0.
3

6.
74
/5
.2
4

0.
70
/0
.5
8

0.
20
0/
0.
20
0

A
5

G
la
be
lla

M
ax
ill
of
ro
nt
al
e
ri
gh
t

B
re
gm

a
92
/8
1

71
.2
/6
4.
1

70
.1
/6
3.
1

72
.4
/6
5.
2

5.
51
/4
.6
0

0.
57
/0
.5
1

0.
20
0/
0.
18
9

A
6

O
va
le
m
ed
ia
le

le
ft

M
as
to
id
al
e
ri
gh
t

C
or
on
al
e
ri
gh
t

92
/8
1

66
.4
/6
9.
8

65
.9
/6
9.
2

67
.0
/7
0.
3

2.
63
/2
.4
8

0.
27
/0
.2
8

0.
20
0/
0.
20
0

A
7

G
la
be
lla

Su
pr
am

as
to
id

cr
es
t–

sq
ua
m
ou
s
su
tu
re

in
te
rs
ec
tio
n
le
ft

M
ax
ill
on
as
of
ro
nt
al
e

le
ft

93
/8
1

5.
2/
6.
3

5.
0/
6.
1

5.
4/
6.
5

0.
85
/1
.0
2

0.
09
/0
.1
1

0.
06
8/
0.
20
0

a
D
is
ta
nc
es

m
ea
su
re
d
in

m
m

an
d
an
gl
es

in
de
gr
ee
s

b
M
al
es
/f
em

al
es

1508 Int J Legal Med (2018) 132:1505–1514



right and left side, respectively, between landmarks Ovale
mediale-Mastoidale and the explained variance is about
47%. All regression models presented in Table 5 are statisti-
cally significant.

TEM and scaled TEM for distance and angle variables are
shown in Table 6. The scaled TEM for manually measured
distances varies from 0.8 to 2.3% with respect to the calculat-
ed distances based on landmark coordinates. Additionally,
TEM is systematically lower than the standard deviation (see
Table 2) of each variable for both males and females from the
entire skeletal sample and most important is much lower than
the difference between upper and lower confidence interval
bounds between sexes. The manual measurement of angles
revealed high values of scaled TEM for angles A1, A3, and
A7 ranging from 10.4 up to 19.1%, whereas the scaled TEM
for all other angles does not exceed 4%. Although TEM for
angles A1, A3, and A7 is low (1.1, 0.6, and 0.6, respectively)
suggesting high precision in measurement, it is of the same
magnitude as the observed standard deviation which may re-
sult in low accuracy when measuring these particular
variables.

In light of the TEM results, a stepwise method DFA
was conducted including all angle and distance variables
from the entire skeletal sample except for high-level
scaled TEM angles. The results (shown in Table 4)

revealed even higher classification scores with cross-
validated correct classification reaching 95.2% for the to-
tal sample, whereas males are correctly classified at
94.3% and females at 96.3%. This classification is based
on a three-variable discriminant function including dis-
tances D1 and D6 as well as angle A5.

Discussion

The aim of the present study has been two-fold. We aimed to
explore the geometry of the cranium in an iterative manner to
identify the most sexually dimorphic traits that can be used for
accurate sex identification, while at the same time minimizing
the complexity of the application of modern geometric morpho-
metric methods. Indeed, although our analysis was based on
three-dimensional coordinates of landmarks, which requires
specialized equipment (laser scanner or 3D digitizer in our
case), all traits reported in our results can be easily and accu-
rately measured with the use of simple equipment (caliper). For
distance traits, all is required a straightforward distance mea-
surement between two landmarks, whereas the traits regarding
angles can be easily calculated from the distances associated
with the respective landmarks that define the angle of interest.

Table 3 Discriminant functions
and correct classification results
of distances and angles

Dist. and Angl. Sample size Constant Coefficient Percentage of correct classification %

Totala Malesa Femalesa

D1 174 − 18.050 0.357 87.4 87.1 87.7

D2 173 − 30.920 0.223 86.7/86.1 88.0 85.2/84.0

D3 172 − 28.456 0.208 86.6 85.7 87.7

D4 174 − 29.482 0.191 86.2 83.7 89.0

D5 173 − 30.157 0.234 86.1/85.5 89.1/88.0 82.7

D6 172 − 28.576 0.208 86.0 87.8 84.1

D7 172 − 28.123 0.209 86.0 85.9 86.3

D8 174 − 28.870 0.201 85.6 86.0 85.2

D9 172 − 29.340 0.223 85.5/84.3 85.9 85.0/82.5

D10 171 − 28.594 0.223 85.4 84.6 86.3

D11 171 − 28.969 0.224 85.4 85.7 85.0

D12 175 − 19.690 0.385 85.1 83.9 86.6

D13 174 − 27.315 0.210 85.1 84.9 85.2

A1 175 − 5.604 0.948 80.6 87.2 72.8

A2 171 − 13.462 0.563 79.5/78.9 83.5/82.4 75.0

A3 174 − 6.180 1.248 79.3 84.9 72.8

A4 175 − 10.484 0.164 78.9 78.7 79.0

A5 173 − 13.313 0.196 78.6 77.2 80.2

A6 173 − 26.567 0.391 78.6 82.6 74.1

A7 174 − 6.102 1.068 78.2 86.0 69.1

a Single values are given when original group classification equals cross-validated classification, otherwise both
values are shown in the form: original group/cross-validated
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This can be achieved using the formula B ¼ arccos a2þc2−b2
2ac

� �
,

which is derived from the law of sines [27], or simply use an
online calculator such as http://www.calculator.net/triangle-
calculator.html. For illustration purposes, considering the
angle B formed by three landmarks, namely A, B, C, distance
a corresponds to the distance between landmarks B and C,
distance b corresponds to landmarks A and C, and distance c
between landmarks A and B. Although the discriminant
functions reported in the present study can be easily
implemented with a single vernier caliper, the use of
geometric morphometrics and digitization of 3D coordinates
of landmarks constitutes the backbone of our research
objective, since almost a quarter of a million distinct
combinations of distances and angles could not have been
evaluated manually. The TEM results reported in the present
study suggest that manual measurements are quite accurate and
precise for implementing the proposed sexual discriminant
functions without the need for specialized and expensive
equipment (3D microscribe). With the exception of angles
A1, A3, and A7, the scaled TEM lies well within acceptable
levels [28].

With respect to exploring accurate sex identifiers, our re-
sults have identified sexually dimorphic traits that have not
been previously reported, such as the distance between Ovale
mediale–Mastoidale landmarks. Moreover, all other distance
traits exhibiting correct classification higher than 85% con-
cern distances between landmarks on opposite hemispheres

of the cranium but not symmetric (e.g., bilateral landmarks).
Our results show that the most sexually dimorphic distances
correspond to non-symmetric traits which are not usually eval-
uated by other researchers [20, 21, 29]. The same pattern of
favoring non-symmetrical traits over symmetric measure-
ments is also present for the traits concerning angles, which
although they exhibit lower correct sex classification rates
than distance traits, they still produce better results than sym-
metrical angles often used on other research [30].

The application of iterative analysis of all possible distance
and angle combinations based on the battery of landmarks
used in the present study not only revealed different sex esti-
mation traits with higher correct classification rates than those
commonly used for producing discriminant functions for var-
ious populations [20, 21, 29–34], but also produced better
classification results than previous work on the same popula-
tion sample using GPA–PCAworkflow [15–17]. More specif-
ically, Franklin et al. [20] reported 85% correct classification
for bizygomatic breadth as the most accurate single variable
and 90% for multivariate classification using three variables
(namely, glabello-occipital length, bizygomatic breadth, and
mastoid height) in a study based on 3D volume rendered
multi-detector computed tomography scans of 400 adult indi-
viduals. Mahakkanukrauh et al. [21] working on a sample of
200 Thai skulls reported maximum accuracy of 90.6% when
combining six measurements (maximum cranial length,
bizygomatic breadth, biauricular breadth, nasal height,
biorbital breadth, and right mastoid length). Marinescu et al.

Table 4 Discriminant functions and correct classification results of multivariate analysis

Variables includeda Sample size Constant Coefficients Percentage of correct classification %

Totalb Malesb Femalesb

All angles A1 to A7 169 − 0.087 − 0.260, + 0.303, – 2.065, + 0.029,
+ 0.039, – 0.136, + 1.649

86.4/85.2 88.8/86.5 83.8

A2 +A3 +A4 +A6 +A7 169 0.563 0.310, – 2.159, + 0.056, – 0.130,
+ 1.402

86.5/85.3 88.9/86.7 83.8

All distances D1 to D13 167 − 30.233 0.107, – 0.017, + 0.052, + 0.069,
– 0.055, + 0.056, + 0.008,
– 0.148, − 0.029, + 0.193,
– 0.058, + 0.118 0.073

92.2/88.6 90.8/86.2 93.8/91.3

D1 +D4 +D6 167 − 30.745 0.214, + 0.061, + 0.077 90.6 87.8 93.8

all angles and distances
A1-A7 and D1-D13

166 − 23.655 0.020, + 0.093, – 2.217, + 0.004,
+ 0.027, – 0.020, + 1.401, + 0.011,
– 0.020, + 0.046, + 0.013, – 0.072,
+ 0.060, + 0.028, – 0.194, − 0.054,
+ 0.270, – 0.064, + 0.199, + 0.102

96.4/91.6 96.5/90.7 96.3/92.5

A3 +A7 +D1 +D6 166 − 23.874 − 1.951, + 1.200, + 0.241, + 0.106 94.1/93.5 94.4/93.3 93.8

A5 +D1 +D6c 166 − 31.370 0.084, + 0.214, + 0.109 95.8/95.2 95.5/94.3 96.3

a All variables were included using enter and stepwise methods of the discriminant function analysis
b Single values are given when original group classification equals cross-validated classification; otherwise, both values are shown in the form: original
group/cross-validated
c Stepwise method on all angle and distance variables except for A1, A3, and A7
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[29] produced multivariate discriminant functions achieving
88% correct classification for a Romanian population sample
based on four cranial measurements (cranial length, cranial
height, facial breadth, and nose height). Similar classification
scores have been reported by Ogawa et al. [33] from a
Japanese sample. Kranioti et al. [34] working on a modern
Cretan population sample, which may be regarded as the most
closely related to the Athens Collection since they both com-
prise from contemporary Greek individuals, reported
bizygomatic breadth as the most discriminatory variable with
82% correct classification whereas a stepwise method involv-
ing five measurements (bizygomatic breadth, cranial length,
nasion–prosthion and mastoid heights, and nasal breadth)
raised the classification accuracy to 88.2%.

Regarding the sample of the present study, the research of
Chovalopoulou et al. reported cross-validated correct classifi-
cation of 74.8% for the palate region (five landmarks) and
90.4% for the cranial base (25 landmarks) [15], original group
correct classification of 79.4% for the midsagittal curve of the
neurocranium (32, 2 landmarks and 30 semi-landmarks) and
89.2% for the cranial vault (31landmarks) [16] as well as

86.7% for the upper face (31 landmarks) and 83% for the
orbits (10 landmarks) [17]. In the present study, although the
maximum cross-validated correct classification of single dis-
tance variable (2 landmarks) reaches 87.4%, the multivariate
analysis produced a discriminant function with only three
traits (calculated from only seven landmarks), namely two
distances and one angle, with a total cross-validated correct
classification of 95.2%.

The direct comparison of our results with previous work on
the same population sample not only shows better classifica-
tion results with easier applicability on forensic cases for sex
identification, but also illustrates the advantages of the meth-
odological approach of the present study, where an exhaustive
iterative approach (although computationally intensive) was
selected over the GPA–PCA analysis often used in
landmark-based analysis [9, 10, 15–17]. Of course, using dis-
criminant analysis for landmark-based measurements is a long
established method for sex identification [e.g., [35–37]],
which is still adopted in recent research [20, 21, 29–34].
Nevertheless, the use of Bstandard^ craniometric measure-
ments or their variants poses limitations on the possible

Table 6 Technical error
measurement between digitized
landmarks and manual
measurements

Dist. and Angl. TEMa Scaled TEMb Dist. and Angl. TEMa Scaled TEMb

D1 0.90 1.8 D11 1.12 0.9

D2 1.15 0.8 D12 0.69 1.4

D3 2.49 1.8 D13 1.84 1.4

D4 3.51 2.3 A1 1.1 19.1

D5 1.25 1.0 A2 0.8 3.5

D6 2.18 1.6 A3 0.6 13.2

D7 2.75 2.1 A4 2.5 4.0

D8 1.32 0.9 A5 2.2 3.2

D9 2.32 1.8 A6 1.0 1.4

D10 1.28 1.0 A7 0.6 10.4

a Distances measured in mm and angles in degrees
b Values are shown in percentage %

Table 5 Regression analysis
between sex discriminating
variables and centroid size

Dist. and Angl. R square F sig. Dist. and Angl. R square F sig.

D1 0.468 145.282 < .001 D11 0.740 474.398 < .001

D2 0.776 570.744 < .001 D12 0.471 146.907 < .001

D3 0.723 430.008 < .001 D13 0.764 537.645 < .001

D4 0.749 492.157 < .001 A1 0.202 41.737 < .001

D5 0.748 488.675 < .001 A2 0.220 46.633 < .001

D6 0.706 396.801 < .001 A3 0.168 33.221 < .001

D7 0.765 540.661 < .001 A4 0.271 61.453 < .001

D8 0.805 681.596 < .001 A5 0.219 46.161 < .001

D9 0.745 481.415 < .001 A6 0.163 32.039 < .001

D10 0.738 469.595 < .001 A7 0.176 35.179 < .001
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findings for each population being examined, which the pres-
ent study tries to overcome by Bignoring^ the prior knowledge
of cranial sexual dimorphism expression. The benefits of non-
standard interlandmark distances (ILDs) over standard ILDs
as well as GM methods have also been reported by Spradley
and Jantz [38]. In their work on ancestry estimation of
American Black and White and Hispanic males and females,
they have demonstrated that nonstandard ILDs provide the
best classifications for the groups used in their analyses.

Although our correct classification results are mostly higher
than those reported for other populations regarding
craniometric traits [20, 21, 29–34], direct comparison of our
results with those from different populations does not necessar-
ily reflect higher expression of sexual dimorphism in the Greek
population, since different measurements are concerned.
However, the highest correct classification discriminant func-
tions reported in the present paper do not necessarily outper-
form other craniometric discriminant functions in other popu-
lations, although they definitely outperform them in the Greek
sample, since the extended list of landmarks in the present
study includes virtually all landmarks used in other studies
and all possible combinations have been assessed.
Nevertheless, it is valuable to compare our results with the
recent findings of Oikonomopoulou et al. [7], who examined
the accuracy of existing binary logistic equations for sex pre-
diction based on cranial traits in the same population sample
with our study. Oikonomopoulou et al. used the cranial traits of
the mental eminence, supra-orbital margin, glabella, nuchal
area, and mastoid process as described by Walker [2] and fur-
ther included the vertical femoral head diameter (FHD) for
further improving the classification results of their newly pro-
posed functions based on the Athens collection. According to
their findings, Walker’s equations produced variable degree of
success with correct classification ranging from 76 to 99% for
males, but only from 22 to 61% for females. Additionally,
applying the discriminant functions from Soficaru et al. [39]
produced even poorer results (males: 66–98%; females: 26–
77%) [7]. However, the high sex bias reported by
Oikonomopoulou et al. [7] shows rather poor overall sex esti-
mation for these discriminant functions. On the other hand, the
newly proposed equations by Oikonomopoulou et al. [7] based
on the Greek assemblage yielded correct classification accura-
cy ranging from 87.4 to 88.4% for males and 91.4 to 92.6% for
females, which are almost as good as the discriminant functions
reported in the present study. The inclusion of FHD in their
functions further increased the achieved accuracy in the range
of 92.6–94.7%, but the gain in classification accuracy is very
small for the requirement of the presence of the femoral bone
belonging to the same individual as the cranium.

Usually, size produces the most prominent variation
between males and females, whether it concerns the qual-
itative assessment of the mastoid process or the quantita-
tive assessment of the maximum cranial length. Previous

research by Chovalopoulou et al. [15–17] has shown that
cranial sex discrimination based on form variation, which
includes both shape and size variation, always produces
better results than shape variation. Additionally,
Oikonomopoulou et al. have shown that using a size re-
lated variable as a proxy in sex estimation further im-
proves the classification accuracy of discriminant func-
tions [7]. Nevertheless, using size as a proxy renders
the discriminant functions even more population specific,
since size-based variables are more influenced by secular
trend and are usually population specific [40]. Evaluating
the correlation of our distance and angle variables with
the centroid size of the crania used in the present study
aims to illustrate how much of each sex discriminating
variable is explained from the variation in size. Of
course, this should not be regarded as a population spec-
ificity metric of our discriminant functions. Nevertheless,
it provides some insight into how the expression of sex-
ual dimorphism is influenced by the observed size varia-
tion. Further research on different population samples is
required to evaluate the performance of the proposed dis-
criminant functions for sex assessment and to establish
how this performance is interrelated with the observed
size variation.

Conclusions

Iteratively exploring nonstandard ILDs as well as interlandmark
angles revealed a number of sex-discriminating single traits with
reasonably high correct classification, which can be valuable
when examining partial cranial remains. It also produced one
of themost highly accurate sex-discriminating functions reported
in literature involving only two distances and one angle, which
also has been demonstrated that can bemeasured accurately with
a simple caliper relaxing the need for use of specialized equip-
ment. The results of our study further emphasizes the need for
revising the standard data collection protocol as previously sug-
gested by Spradley and Jantz. Although the use of equipment
such as microscribe and landmark based GM methods has be-
come increasingly popular in forensic anthropology, the use of
discriminant functions based on simple measurements remains
very important since it relaxes the time constraints and need for
elaborate setups by the forensic examiner.
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