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ABSTRACT

Biological profiles are used to assist in the identification of an unknown person. Sex estimation is important in
this process as other aspects of the biological profile such as age-at-death, population affinity and stature depend
on accurate sex estimates. While the pelvis and long bones, respectively, take preference over the dentition and
cranium for sex estimation, dentition remains a good proxy for this parameter due to their post-mortem
longevity. The purpose of this study is to examine dental size variation in incisors, canines, premolars and
molars of black, white and coloured South Africans and to use discriminant function statistics (LDA) to develop
population-specific formulae for the estimation of sex. A total of 906 adult crania were analysed. Measurements
included four permanent tooth crown dimensions: maximum mesiodistal, maximum buccolingual and molar
diagonal diameters (mesio-buccal - disto-lingual and mesio-lingual — disto-buccal). Statistical analyses included
TEM, Student’s t-test, ANOVA, and discriminant function analysis (DFA). Dental dimensions are repeatable with
low intra and inter-observer errors ranging from 0.09% to 4.17% and 0.18-6.17%, respectively. Of the 36 dental
variables, 26 were statistically significant for biological sex and 17 for population affinity, and included all tooth
types. Stepwise discriminant functions with a LOOCV provided correct classification rates of up to 86% for sex.
The raw data for the dentition of black, white and coloured South Africans is provided on https://doi.org/10.

5281/zeno0do.5226935.

1. Introduction

When human remains are recovered, the first task in forensic an-
thropology is to construct a biological profile. A biological profile is a
general description covering estimates of age-at-death, population af-
finity, biological sex and stature [1]. Without this information, along
with contextual information and eye-witness accounts, it would be
difficult to solve any forensic investigation involving human remains
[1]. The estimation of biological sex relies on the quantification of
sexually dimorphic differences between males and females within a
population [2], with the pelvis and long bones exhibiting the highest
degree of sexual dimorphism when compared to the cranium and
dentition. For example, with the pelvis, one can obtain accuracy rates of
95 - 100%, and 92 — 94% with long bones, but this accuracy reduces to
approximately 80% for the cranium [3-5]. However, the pelvis and long
bones may not be present during recovery or may be too fragmented for
either morphological or osteometric analysis. In South Africa, many
skeletonized human remains are found in the open veldt (field), of which
most recovered skeletal elements are the skull and mandible.

Practitioners need to consider teeth as a means in which to estimate sex
from fragmentary and/or incomplete remains.

Odontometric analysis has been scantily investigated in South Africa,
with most research focused on canines and molars, and mainly
employing black South Africans samples [6-8]. In 1967, Jacobson [6]
examined the buccolingual and mesiodistal diameters and crown areas
of canines, premolars, and molars of black South Africans and found
pronounced sexual dimorphism in the mesiodistal and buccolingual
diameters. However, only descriptive statistics and sex ratios were
applied to these data, such that it is not possible to compare with later
studies. Recently, Macaluso [7,8] evaluated sexual dimorphism in the
mesiodistal and buccolingual crown diameters of the upper first and
second molars of black South Africans and obtained classification ac-
curacies of 74% and in a further study on the sexual dimorphism of
molar cusp areas of the same group found classification accuracies
ranging between 60% and 74%.

Sexual dimorphism in the buccolingual and mesiodistal diameters of
the upper and lower canines of black and white South Africans has also
been investigated, and researchers noted variation in size between sex
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Table 1

Number of specimens from each South African group.
Collections SA black SA coloured SA white Total

M F C C w w

PBC 166 63 0 1 74 45 349
RDC 0 85 0 0 74 77 236
KSC 4 0 178 97 30 12 321
Total 170 148 178 98 178 134 906

and population affinity, with black South Africans having larger canines
than their white South African counterparts. When discriminant func-
tion analysis was used, white South Africans had a range of 65-72%
classification accuracy for the maxillary canine and 84-87% for the
mandibular canine, while black South Africans had a classification ac-
curacy range of 76-78% for the maxillary canine and 77-82% for the
mandibular canine [9]. Similarly, in a coloured South African sample
from Cape Town, Abdellatif [10] noted sexual dimorphism in the
mesiodistal diameters of the upper and lower canines with classification
accuracies of 60-72%. The variable geographic origin of populations in
South Africa as well as historical, social-political, and socioeconomic
circumstances likely contributed to significant variation in buccolingual
and mesiodistal diameters for canines and molars between the sexes and
among three self-identified populations, thereby warranting further
investigation into dental size variation for all dentition such as incisors,
canines, premolars, and molars. Previous researchers has only eluci-
dated some of the dental variation observable within and among South
Africans. All of the above-mentioned studies are limited in their statis-
tical analyses; focus on a single tooth such as canine or molar; and only
comparing two population groups. Little information is provided on
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variation within South African populations across the entire dental
arcade.

The purpose of this study is to examine mesiodistal and buccolingual
diameters of incisors, canines, premolars, and molars as well as mesio-
buccal - distolingual and mesiolingual — distobuccal crown areas of
molars of black, white, and coloured South Africans and to use
discriminant function statistics to develop population-specific formulae
for the estimation of sex.

2. Materials and methods

South Africa is comprised of a diverse set of people with various,
religions, cultures, and 11 official languages. Several peer-reported so-
cial groups exist [11], of which this study addresses, South African
blacks, whites, and coloureds who contribute to 80%, 8.4% and 8.8%
(http://www.cia.gov./) of the population, respectively. The remaining
2.5% consists of Asians/Indians, and the last 0.5% self-reported as un-
specified or other. [11]. The same terminology is used today for
self-identification, medico-legal identification, and redress.

A total of 906 adult crania with known demographic profiles (age,
sex, and population affinity) were used. Data was obtained from three
large skeletal collections in South Africa, namely the Pretoria Bone
Collection (PBC), the Raymond A. Collection of Human Skeletons (RDC)
both in the Gauteng province and the Kirsten Skeletal Collection (KSC)
in the Western Cape province [12-14]. The PBC is housed in the
Department of Anatomy in the Faculty of Health Sciences at the Uni-
versity of Pretoria, Pretoria, South Africa. As of 2017, the collection
comprises of 1023 complete skeletons, 324 complete crania with no
postcranial and 346 complete postcranial remains without crania [11,
15]. The sample contains both white (34%) and black (68%) South

Table 2
Measurement abbreviations and number of teeth in each population affinity*sex group.
Tooth Measurement Abbreviation n of variables Total
BM BF CM CF WM WF
Upper central incisor Mesiodistal crown UI1MD 39 46 23 20 15 21 164
Buccolingual crown UI1BL 51 52 32 21 35 34 225
Upper lateral incisor Mesiodistal crown UI2MD 63 73 35 32 38 36 277
Buccolingual crown UI2BL 71 77 41 32 41 40 302
Upper canine Mesiodistal crown UCMD 105 117 81 55 69 67 494
Buccolingual crown UCBL 107 118 83 57 70 63 498
Upper 3™ premolar Mesiodistal crown UP3MD 119 133 75 53 75 46 501
Buccolingual crown UP3BL 123 129 80 53 81 53 519
Upper 4™ premolar Mesiodistal crown UP4MD 120 127 76 47 56 32 458
Buccolingual crown UP4BL 122 127 84 51 66 44 494
Upper 1°* molar Mesiodistal crown UM1MD 117 133 72 51 55 31 459
Buccolingual crown UMI1BL 120 133 76 52 72 49 502
Diagonal crown UM1MBDL 117 133 73 52 67 46 488
Diagonal crown UM1MLDB 120 133 76 51 71 46 497
Upper 2™ molar Mesiodistal crown UM2MD 116 125 86 59 59 43 488
Buccolingual crown UM2BL 117 124 83 58 66 47 495
Diagonal crown UM2MBDL 114 125 85 58 64 44 490
Diagonal crown UM2MLDB 115 124 84 56 61 46 486
Lower central incisor Mesiodistal crown LIIMD 62 60 50 35 47 50 304
Buccolingual crown LI1BL 72 62 58 35 74 58 359
Lower lateral incisor Mesiodistal crown LI2MD 83 89 81 50 76 65 444
Buccolingual crown LI2BL 920 90 86 51 101 76 494
Lower canine Mesiodistal crown LCMD 103 104 122 74 95 86 584
Buccolingual crown LCBL 113 106 131 76 103 86 615
Lower 3™ premolar Mesiodistal crown LP3MD 135 122 124 71 106 72 630
Buccolingual crown LP3BL 133 123 122 71 105 69 623
Lower 4™ premolar Mesiodistal crown LP4MD 127 113 95 63 88 43 529
Buccolingual crown LP4BL 126 116 99 65 89 54 549
Lower 1% molar Mesiodistal crown LM1IMD 117 111 61 40 46 20 395
Buccolingual crown LM1BL 112 111 63 41 49 30 406
Diagonal crown LM1MBDL 115 111 61 40 44 26 397
Diagonal crown LM1MLDB 118 111 61 41 48 26 405
Lower 2"¢ molar Mesiodistal crown LM2MD 124 107 74 52 61 30 448
Buccolingual crown LM2BL 124 109 73 52 60 29 447
Diagonal crown LM2MBDL 121 108 72 52 58 30 441
Diagonal crown LM2MLDB 122 108 75 51 61 32 449
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Table 3
Summary statistics showing means (x ) and standard deviations (s) for black, coloured and white South Africans for each dental variable.
Variables BM BF CM CF WM WF
n X s n X s n X s n X s n X s n X s

UIIMD 35 8.70 0.72 39 8.43 0.60 23 8.82 0.65 20 8.57 0.63 15 8.62 0.43 21 8.41 0.74
UI1BL 42 7.40 0.45 42 7.01 0.36 30 7.43 0.67 19 7.28 0.59 31 7.46 0.45 32 7.12 0.49
UI2MD 51 7.10 0.51 67 6.81 0.63 35 7.11 0.67 30 6.72 0.54 38 6.67 0.57 34 6.42 0.59
UI2BL 56 6.89 0.51 64 6.52 0.45 37 6.73 0.54 29 6.54 0.50 37 6.58 0.54 34 6.26 0.41
UCMD 79 7.89 0.46 82 7.35 0.42 65 7.80 0.48 50 7.36 0.42 55 7.73 0.43 51 7.45 0.38
UCBL 83 8.68 0.66 84 8.04 0.52 72 8.50 0.61 52 7.97 0.57 61 8.51 0.66 57 8.11 0.55
UP3MD 81 7.35 0.43 92 7.13 0.45 60 7.12 0.45 45 6.94 0.41 63 8.51 0.42 38 6.83 0.47
UP3BL 86 9.69 0.62 96 9.29 0.59 72 9.25 0.69 44 8.94 0.68 70 9.24 0.54 44 8.94 0.61
UP4MD 84 6.89 0.42 89 6.69 0.47 62 6.89 0.44 40 6.65 0.46 46 6.80 0.38 29 6.61 0.34
UP4BL 97 9.73 0.6 93 9.39 0.62 74 9.37 0.68 48 8.99 0.84 57 9.42 0.65 42 9.19 0,63
UM1MD 87 10.76 0.57 91 10.27 0.54 60 10.78 0.63 44 10.38 0.59 50 10.62 0.74 28 10.20 00.6
UM1BL 87 11.71 0.49 98 11.26 0.52 64 11.63 0.7 46 11.07 0.57 65 11.62 0.62 43 11.24 0.57
UM1MBDL 89 12.62 0.57 96 12.18 0.54 65 12.56 0.58 49 12.03 0.60 57 12.41 0.64 42 11.99 0.51
UM1MLDB 96 11.73 0.64 95 11.20 0.59 65 11.59 0.64 47 11.02 0.62 63 11.32 0.62 40 10.93 0.64
UM2MD 95 10.43 0.70 93 10.10 0.76 72 10.34 0.74 52 9.99 0.71 55 10.25 0.87 39 9.82 0.74
UM2BL 92 12.09 0.65 99 11.56 0.66 69 11.83 0.78 54 11.32 0.83 58 11.99 0.78 39 11.37 0.82
UM2MBDL 92 12.76 0.81 105 12.01 0.77 78 12.4 0.82 55 11.79 0.82 54 12.32 0.83 41 11.68 0.88
UM2MLDB 96 11.59 0.74 99 11.07 0.76 74 11.45 0.75 54 10.72 0.82 50 11.17 0.75 42 10.60 0.91
LIIMD 48 5.45 0.36 46 5.35 0.37 39 5.45 0.46 28 5.24 0.29 36 5.37 0.33 41 5.24 0.40
LI1BL 56 5.87 0.39 46 5.65 0.37 51 5.85 0.48 32 5.63 0.39 59 6.01 0.39 43 5.78 0.31
LI2MD 61 6.28 0.42 65 5.92 0.39 69 6 0.43 36 5.79 0.35 63 6.00 0.43 49 5.77 0.37
LI2BL 68 7.28 0.35 66 6.06 0.34 67 6.19 0.46 42 6.04 0.44 72 6.38 0.35 58 6.11 0.30
LCMD 83 8.01 0.49 73 6.79 0.41 84 7.12 0.46 61 6.71 0.44 71 7.08 0.52 61 6.51 0.40
LCBL 82 7.47 0.51 76 7.36 0.45 98 7.85 0.54 64 7.34 0.56 82 8.11 0.49 72 7.47 0.51
LP3MD 95 8.44 0.42 82 7.23 0.43 90 7.22 0.49 61 7.02 0.43 78 7.06 0.42 60 6.80 0.40
LP3BL 92 8.44 0.46 86 8.07 0.51 92 8.1 0.56 60 7.85 0.51 84 8.00 0.53 57 7.61 0.59
LP4MD 89 7.51 0.52 88 7.29 0.50 74 7.47 0.51 49 7.20 0.50 70 7.25 0.48 40 7.01 0.48
LP4BL 89 8.73 0.52 82 8.07 0.51 78 8.5 0.64 58 8.31 0.55 75 8.48 0.61 48 8.19 0.50
LM1MD 84 11.59 0.52 87 7.29 0.50 55 11.61 0.69 37 11.16 0.51 42 11.48 0.64 20 11.09 0.54
LM1BL 92 10.83 0.47 79 10.56 0.60 53 10.78 0.61 39 10.47 0.57 45 10.64 0.54 28 10.30 0.55
LM1MBDL 80 12.11 0.5 88 11.70 0.56 52 12.07 0.60 34 11.71 0.58 41 12 0.54 23 11.58 0.40
LM1MLDB 91 11.87 0.53 78 11.48 0.56 57 11.8 0.58 32 11.42 0.54 41 11.64 0,56 25 11.41 0.59
LM2MD 99 11.38 0.7 81 11.02 0.65 69 11.53 0.77 48 10.91 0.76 55 11.32 0.56 27 10.87 0.71
LM2BL 94 10.85 0.57 84 10.38 0.63 60 10.73 0.55 47 10.23 0.72 52 10.54 0.59 29 10.25 0.55
LM2MBDL 95 12.17 0.67 84 11.58 0.64 60 12.02 0.63 45 11.40 0.73 49 11.73 0.62 30 11.35 0.78
LM2MLDB 84 11.85 0.68 87 11.50 0.65 67 11.81 0.71 48 11.23 0.66 54 11.64 0.56 29 11.19 0.71

Africans. Approximately 60 km from Pretoria, the RDC is housed in the
School of Anatomical Sciences at the University of the Witwatersrand,
Johannesburg, South Africa. As of 2009, the Dart collection contains
2635 skeletons representing black (76%), white (15%), and coloured
(4%) South Africans [14]. Both the PBC and RDC are in the Gauteng
province of South Africa. The KSC is housed in the Division of Anatomy
and Histology in the Faculty of Medicine and Health Sciences at Stel-
lenbosch University, Tygerberg, South Africa. The collection contains
1161 individuals of which approximately 12% are white, 17% black and
60% coloured South Africans [13]. This collection is unique as it en-
capsulates a large portion of the coloured South African sample (skel-
etal), as well as the genetic and socioeconomic diversity of this group
[16].

All three skeletal collections contain mid-20th century skeletal re-
mains with known demographic information. [12-14]. Skeletal material
from each of the aforementioned skeletal collections originate from
unclaimed bodies in local hospital settings, and/or have been donated
for research purposes. Unclaimed bodies with known demographic in-
formation are most often those of rural, migrant laborers from South
Africa and neighbouring countries, who have left their place of birth to
find work in South African city centers, often with little to no commu-
nication with friends or family members [12-14] The National Health
Act 61 of 2003 provides the structure and framework for whole-body
donations to the three medical schools which house these skeletal col-
lections. Overall, females are under-represented in these collections, and
all individuals tend to be of lower socio-economic status. Ethical
approval was obtained from the Research Ethics Committee of the
Faculty of Health Sciences, University of Pretoria (414/2017).

At least 100 individuals were sampled from each sex and population
affinity group, except for coloured South African females (n = 98) (see

Tables 1 and 2). Mean age at death for black South Africans males and
females was 46.3 years (s: 14.7) and 40.6, (s: 14.1), respectively, and
coloured South African males and females was 48.6 years (s: 13.6) and
42.5 years (s: 14.4), respectively.

All maxillary and mandibular teeth were measured with the excep-
tion of the third maxillary and mandibular molars. Dental dimensions
were taken from the left side when both sides of the dental arcade were
present and preserved. If the left dentition was absent or presented with
pathology (such as caries or degenerative disease), the right side was
measured as an alternative. Statistically significant differences (p >
0.05) between left and right sides were observed for the buccolingual
diameters of the maxillary lateral incisor and the mesiodistal diameter of
the maxillary first molar (U12BL, UM1MD) and the buccolingual and
mesiodistal diameters of the lower canine (LCMD, LCBL). Therefore, the
left side should be used in the multivariate models to estimate sex. A
dental calliper with fine points was used, and values were presented in
millimeters to two decimal places.

A total of four permanent dental dimensions were recorded: 1)
maximum mesiodistal crown diameter, 2) maximum buccolingual
crown diameter, and two diagonal diameters for molars, namely 3)
mesiobuccal - distolingual crown diameter and 4) mesiolingual — dis-
tobuccal crown diameter. The definitions are provided below and were
taken from Hillson [17] using modifications from Aubry [18]:

1. Maximum mesiodistal (MD) crown: maximum distance between two
parallel planes, tangential to the most mesial and most distal points
of the crown. Canines, incisors, and premolars, the landmarks lie on
the contact points, whereas on the molars on the maximum mesial
and distal points.
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Table 4
Technical error of measurement (TEM) and absolute technical error of mea-
surement (% TEM) for inter- and intra-observer agreement. * denotes lowest and
highest.

Variables Inter-observer agreement Intra-observer agreement
TEM %TEM TEM %TEM

UIIMD 0.015 * 0.183 * 0.020 0.244
UI1BL 0.061 0.872 0.054 0.763
UI2MD 0.188 2.899 0.104 0.597
UI2BL 0.216 3.246 0.086 1.292
UCMD 0.208 2.763 0.024 0.322
UCBL 0.518 6.167 * 0.051 0.606
UP3MD 0.194 2.687 0.031 0.431
UP3BL 0.250 2.735 0.044 0.482
UP4MD 0.048 0.718 0.034 0.511
UP4BL 0.035 0.364 0.061 0.637
UM1MD 0.180 1.751 0.059 0.575
UM1BL 0.144 1.295 0.227 * 2.046
UM1MBDL 0.067 0.559 0.056 0.472
UM1MLDB 0.178 1.596 0.070 0.623
UM2MD 0.206 2.156 0.048 0.506
UM2BL 0.132 1.146 0.117 1.010
UM2MBDL 0.129 1.105 0.092 0.787
UM2MLDB 0.331 3.003 0.154 1.400
LIIMD 0.053 0.940 0.033 0.583
LI1BL 0.100 1.728 0.027 0.460
LI2MD 0.097 1.606 0.101 1.674
LI2BL 0.071 1.134 0.068 1.098
LCMD 0.081 1.074 0.030 0.405
LCBL 0.042 0.517 0.016 0.193
LP3MD 0.325 4.509 0.301 4171+
LP3BL 0.087 1.043 0.032 0.381
LP4MD 0.334 * 4.853 0.011 * 0.157
LP4BL 0.117 1.379 0.056 0.658
LM1MD 0.107 0.947 0.044 0.392
LM1BL 0.137 1.302 0.030 0.289
LM1MBDL 0.111 0.942 0.025 0.211
LM1MLDB 0.211 1.830 0.031 0.269
LM2MD 0.244 2.282 0.114 1.065
LM2BL 0.115 1.125 0.010 0.097 *
LM2MBDL 0.191 1.784 0.043 0.399
LM2MLDB 0.092 0.823 0.067 0.596

2. Maximum buccolingual (BL) crown: maximum distance between two
parallel planes, one tangential to the most lingual point of the crown
side and the other tangential to the most buccal point of the crown
side. On the canines, incisors. and premolars the buccal/ labial point
is on a single convexity on the mesial crown. On the molars, the
maximum is found on the mesial of two or more bulges on the buccal
crown.

3. Diagonal 1 crown (MB-DL): maximum distance from the mesiobuccal
corner of the crown to the distolingual crown corner. The corners are
round so the tooth is rotated and multiple measurements are taken to
obtain a maximum value.

4. Diagonal 2 crown (ML-DB): maximum distance from the mesiolin-
gual corner of the crown to the distobuccal corner of the crown. The
tooth is rotated to obtain a maximum distance.

2.1. Statistical analyses

Student’s T-tests, using an alpha value of 0.05 was utilized, were
performed to determine bilateral asymmetry in the total sample.
Normality of the data was assessed to ensure selection of the correct
statistical tests, using the MVN package in R statistical software. The
technical error of measurements (TEM) measured absolute and the
relative technical error of measurements (%TEM) were calculated for
both inter- and intra-observer error [19], and in accordance with the
data collection procedures for forensic skeletal material [20,21]. Inter-
and intra-observer error rates were calculated by re-measuring the
entire dentition on nine crania, respectively. Data from 6 inter-observers

Forensic Science International: Reports 4 (2021) 100233

Table 5
Analysis of variance (ANOVA) by Population affinity as well as Sex- Population
affinity Interaction. Bold denotes significant values.

Variables By Population affinity Sex- Population affinity interaction
F-Value P-value F-Value P-value

UI1IMD 1.101 0.335 0.026 0.975
UI1BL 1.989 0.139 1.055 0.350
UI2MD 11.23 s 0.256 0.775
UI2BL 7.63 o 0.770 0.464
UCMD 0.099 0.906 3.819
UCBL 0.398 0.672 1.720 0.180
UP3MD 21.34 0.306 0.737
UP3BL 20.78 0.413 0.662
UP4MD 0.707 0.493 0.129 0.879
UP4BL 11.7 e 0.449 0.639
UM1MD 1.714 0.181 0.282 0.755
UM1BL 0.529 0.589 0.820 0.441
UM1MBDL 2.27 0.104 0.318 0.728
UM1MLDB 6.968 e 0.733 0.481
UM2MD 2.2 0.112 0.149 0.861
UM2BL 2.78 0.063 0.205 0.815
UM2MBDL 5.575 0.374 0.689
UM2MLDB 8.66 0.755 0.470
LIIMD 1.79 0.169 0.468 0.627
LI1BL 5.479 o 0.008 0.992
LI2MD 2.24 0.108 0.470 0.626
LI2BL 4.799 0.932 0.394
LCMD 9.82 o 1.450 0.235
LCBL 3.762 * 1.048 0.351
LP3MD 41.27 0.228 0.796
LP3BL 32.19 0.879 0.416
LP4MD 9.223 0.132 0.877
LP4BL 9.143 0.311 0.733
LM1MD 0.27 0.764 0.068 0.935
LM1BL 3.74 * 0.165 0.848
LM1MBDL 0.46 0.632 0.107 0.899
LM1MLDB 1.287 0.277 0.608 0.545
LM2MD 0.55 0.578 1.325 0.267
LM2BL 2.859 0.058 0.784 0.457
LM2MBDL 5.324 0.938 0.392
LM2MLDB 2.967 0.053 1.145 0.319
" < 0.05.

© < 0.01.
" <0.001.

were included in the calculations. Acceptable levels of %TEM have been
shown to be .05% to 7% [20].

An Analysis of Variance (ANOVA) was used to analyse the relation-
ships between male and females and the interactions of sex and popu-
lation affinity for each dental measurement. Linear discriminant
function analyses (LDA) were run in R statistical software [22] to
generate population-specific sex estimation formulae for black, col-
oured, and white South Africans. The best measurement combinations
were selected using stepwise selection method and validated using
leave-one-out-cross-validation (LOOVC) automated in R statistical
software [23].

3. Results

In Table 3, the means and standard deviations as well as the number
of individuals per dental variable are presented for all 36 variables,
including mesiodistal (MD), buccolingual (BL) diameters and diagonal
crown dimensions, mesiobuccal-distolingual (MBDL), and mesiolingual-
distobuccal (MLDB). The data was found to be normally distributed,
which permitted use of parametric statistical analyses.

In Table 4, the intra-observer error rates for % TEM ranged from
0.09% to 4.17%. Inter-observer error rates ranged from 0.18% to 6.17%.
All values were within the normal range of repeatability of skeletal
variables (i.e., < 7%).

Seventeen of the 36 variables were statistically significant (p > 0.05)
for population affinity (see Table 5). For the maxillary dentition, this
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Table 6
Analysis of variance (ANOVA) for black, coloured and white South Africans for
each dental variable. Bold denotes values that are statistically significant.

Measurements Black SA Coloured SA Whites SA

F value P-value Fvalue  P-value Fvalue  P-value
UIIMD 3.44 0.067 1.563 0.218 0.943 0.338
UI1BL 24.477 S 0.736 0.395 8.613 o
UI2MD 8.871 6.596 . 3.262 0.075
UI2BL 21.678 2.465 0.121 9.236 o
UCMD 85.538 30.413 16.148
UCBL 66.734 27.276 14.240 ‘
UP3MD 16.118 5.288 3.241 0.074
UP3BL 28.257 6.465 9.026
UP4MD 12.933 S 8.700 o 5.515 ¢
UP4BL 19.312 A 8.273 o 3.181 0.077
UM1MD 49.585 12.650 7.198
UM1BL 50.264 23.321 11.587
UM1MBDL 40.545 24.745 13.969
UM1MLDB 47.345 24.805 10.643
UM2MD 12.734 8.170 6.862
UM2BL 39.820 13.712 16.727
UM2MBDL 53.213 18.800 15.136
UM2MLDB 28.560 29.053 13.010
LIIMD 2.471 0.119 5.480 * 3.224 0.076
LI1BL 11.240 o 5.480 * 13.662 A
LI2MD 5.345 5.237 11.141
LI2BL 180.837 7.994 * 29.045
LCMD 61.526 39.261 69.734
LCBL 98.585 41.783 75.474
LP3MD 20.833 8.144 17.307
LP3BL 37.141 9.644 20.204
LP4MD 10.391 10.347 7.613
LP4BL 15.336 3.883 8.526
LM1MD 29.178 12.509 e 5.777
LM1BL 17.260 6.860 . 7.601
LM1MBDL 35.029 9.030 12.056
LM1MLDB 29.822 11.237 11.090
LM2MD 16.688 19.907 9.635
LM2BL 35.753 19.276 5.144
LM2MBDL 46.763 25.696 6.165
LM2MLDB 16.084 21.145 11.090
" < 0.05.
" <0.01.
" < 0.001.

includes the mesiodistal and buccolingual diameter of the lateral incisor
(UI2MD, UI2BL), the mesiodistal and buccolingual diameter of the third
premolar (UP3MD), the buccolingual diameter of the fourth premolar
(UP4ML), and the diagonal crown diameter of the maxillary first and
second molars (UM1MLDB, UM2MBDL, UM2MLBL). For the mandibular
diameter, this includes the buccolingual diameters of the central and
lateral incisor (LI1BL, LI2BL), the mesiodistal and buccolingual di-
ameters of the canine (LCMD, LCBL), the mesiodistal and buccolingual
diameters of the third and fourth premolar (LP3MD, LP3BL), the buc-
colingual diameter of the first molar (LM1BL), and the diagonal crown
dimensions of the second molar (LM2MBDL). The significant differences
among the groups justifies the use of population-specific sex estimation
models. No significant sex-population affinity interactions were
observed, except for the mesiodistal dimension of the maxillary canine
(UPMD) (Table 5).

ANOVA testing showed significant sex differences for 26 out of 36
variables (p > 0.05) (see Table 6). This included maxillary and
mandibular incisors, canines, premolar and molars. For black South
Africans, no differences in sex were found for two variables: the
mesiodistal diameters of the maxillary central incisor (UI1IMD) and
mandibular first incisor (LI1IMD). For coloured South Africans, three
variables were non-significantly different and included the mesiodistal
and buccolingual diameters of the maxillary central incisor (UI1MD,
UI1BL), and the buccolingual diameters of the lateral maxillary incisor
(UI2BL). White South Africans had the most non-significant variables for
sex of all the population groups, namely mesiodistal diameters for the
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Table 7
Sex estimation models created for the Black SA group.

Variables Unstandardized coefficient Correct classification rate

Function 1 (stepwise)
UI2MD
UCMD

Males: 87.50%
Females: 81.82%
Combined: 84.62%

0.4754597
2.4955852

Constant: 22,23684342
Sectioning point: 0,0736
Function 2 (stepwise)

UCMD 1.7423439 Males: 79.45%
UP3BL 0.5506656 Females: 85.56%
UP4BL -0.1883689 Combined: 82.82%
UM1MD 0.7742511
UM1BL -0.6739823
UM2BL 0.5553576

Constant: — 23,62669584
Sectioning point: 0,0220
Function 3 (stepwise)

UI1MD -0.4572116 Males: 80.00%
UI1BL 1.2656089 Females: 83.33%
UI2MD 0.7674519 Combined: 81.67%
UI2BL -0.1845165
UCMD 2.2524732
UCBL 0.4660932
UP3MD -1.4933465
UP4MD 0.3024874

Constant:— 21,54200448

Sectioning point:— 0,0456

Male < —0.0456 < Female

[sum of (measurement * unstandardized coefficient)] + constant

Table 8
Sex estimation models created for the Coloured SA group.

Variables Unstandardized coefficient ~ Correct Classification Rate

Function 1 (stepwise)

UMI1MLDB 0.9046736 Males: 83.02%
UM2MD -0.4681675 Females: 73.81%
UM2MLDB 1.0822583 Combined: 78.95%

Constant: 17,46652222
Sectioning point: — 0,0137
Function 2 (stepwise)

UP3MD 0.8492606 Males: 65,52%
UP3BL -0.8143542 Females: 80,56%
UP4MD 1.3729684 Combined: 73,85%
UM1MBDL 1.2160159
UM2MD -0.8776459
UM2MBDL  -0.3141814
UM2MLDB 1.0756596

Constant: 21,8406704
Sectioning point: 0.00
Function 3 (stepwise)

LP3MD -0.4284007 Males: 69.20%
LP4BL -0.3957938 Females: 77.43%
LM1MD 1.8948136 Combined: 73.68%
LM1BL -0.2383710
LM2MD -0.5366495
LM2BL 1.3578904

Constant:— 21,0290238

Sectioning point:— 0,0233

Male < sectioning point < Female

Discriminant score = [sum of (measurement * unstandardized coefficient)] + constant

maxillary central incisor (UI1MD), lateral incisor (UI2MD), third pre-
molar (UP3MD), and mandibular central incisor (LI1MD) as well as the
buccolingual dimensions for the fourth premolar (UP4BL).

The best performing LDA models using a stepwise selection of vari-
ables are presented in Tables 7 to 9. All tooth types were used to estimate
sex with frequent automatic selection of canines, premolars and molars
in the functions. Correct classification rates ranged from 79.45% to
87.50% for the black South African sample; 73.68-83.33% for the col-
oured South African sample; and 60.71 - 85.71% for the white South
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Table 9
Sex estimation models created for the White SA group.

Variables Unstandardized coefficient Correct classification rate

Function 1 (stepwise)

LI1BL 2.3198785 Males: 70.97%
LCMD 0.2538839 Females: 85.71%
LCBL 2.3198785 Combined: 78.79%

Constant: -17,1963

Sectioning point: 0.1838
Function 2 (stepwise)

LIIMD 0.90017644 Males: 60.71%
LI1BL -0.05242907 Females: 78.05%
LI2MD -1.17912253 Combined: 71.01%
LCMD 0.86916508
LCBL 1.47603967

Constant: -18,455

Sectioning point: 0,2763
Male < Sectioning point < Female
[sum of (measurement * unstandardized coefficient)] + constant

African sample (see Tables 7 to 9).
4. Discussion

The size of adult human dentition was evaluated among three
modern South African groups (black, coloured and white). Sex differ-
ences in dentition are consistent with other odontometric studies, indi-
cating sexual dimorphism among all tooth types and varying degrees of
sexual dimorphism between and among socially defined populations [2,
3,9,24-28]. All of these studies warrant population-specificity formulae.
Phenotypic variation in dental size can be primarily explained through
genetic material (52 — 96%), while a smaller percentage (8 — 29%) is
explained through other factors such as the broad geographical sepa-
ration, environment, hormonal activity, mechanical loading, positive
assortative mating, diet, as well as the socio-political and socioeco-
nomics circumstances of South Africans, themselves [29-31]. The social
and physical separation of groups in South Africa began as early as the
19th century with formal institutionalized racism in 1948 which defined
people as black, white, coloured, and Asian/Indian. [32]. Even after the
termination of Apartheid in 1990, socially defined South African groups
remain economically, socially and/or culturally segregated, which may
explain variation in sexually dimorphism within and among these
self-defined groups.

For 17 of the 36 variables, black South Africans had significantly
larger dentition for all tooth types when compared to white and col-
oured South Africans. Similar patterning in dental size has been
observed in other studies addressing broad geographic populations, such
that European groups had the smallest dentition when compared to
African and Asian groups [33-35]. Among South African groups,
parental populations for white South Africans are mainly British, Dutch,
German, and French Huguenots, whereas black South Africans are
mostly West and Central African groups [35]. Coloured South Africans
form a highly admixed population resulting from an encounter of
different peoples from Africa, Europe and Asia [36]. A phylogenetic
analysis of mitochondrial DNA and Y-chromosomal DNA of coloured
South Africans revealed at least five different parental populations
contributed namely Khoesan, “Bantu’-speakers, European, Indian and
southeast Asians. While broad geographic differences and varying
parental populations may explain some of the variation in tooth size
among South African groups, environmental conditions, forced popu-
lation segregation during the late 19th and 20th centuries, as well as
socioeconomic status may have also contributed to the observed varia-
tion in dental size.

Correct classification accuracies using multivariate discriminant
function formulae using all the tooth types yielded 60-86% accuracies
for both sex and population affinity which is consistent and/or higher
than univariate equations for maxillary and mandibular canines of
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coloured South Africans (60-72%); the maxillary (65-75%) and
mandibular (84-87%) canines of white South Africans; the maxillary
(76-78%) and mandibular (77-82%) canines of black South Africans,
and the upper maxillary molars of black South Africans (60-74.5%)
[7-10]. All teeth in this study presented with varying degrees of sexual
dimorphism, which supports the creation of multi-variate over univar-
iate models as a means to improve a researcher’s ability to estimate sex
from the recovered dentition. Multivariate classification models for the
dentition have classification accuracies up to 86% which is higher than
the cranium (80%) of white, black, and coloured South Africans [37],
but lower than the postcrania which have classification accuracies
ranging from 89% to 97% for these groups [11]. Limitations to using
population-specific dental formulae exist, for example, population af-
finity needs to be known prior to the estimation of sex with these
multivariate formulae, which is also a limitation for all published uni-
variate and multivariate formulae on sex estimation from the dentition.

In South Africa, unknown crania are often discovered in the bush
veldt [38]. In circumstances where the postcrania are absent or
damaged, the dentition can be used in conjunction with the cranium for
improved sex estimations. Yet, the anterior teeth are seldom recovered,
rendering univariate analyses of the canine less useful than a
multi-variate approach. For this reason, the raw data for the dentition of
black, white and coloured South Africans has been provided at https://d
o0i.org/10.5281/zenodo.5226935 [39], so that researchers can use it
with statistical software programmes, such as Fordisc 3.1 [23], to create
their own multi-variate discriminant function equations for available
dentition with a particular case of unknown remains.

Conflict of interest
The authors of this manuscript have no conflict of interest.

Acknowledgements

We would like to thank the three collection managers who assisted us
during this project. Ms. Gabriele Kriiger for access to the Pretoria Bone
Collection which is housed at the Faculty of Health Sciences, Depart-
ment of Anatomy at the University of Pretoria. Mr Brendon Billings for
access to the Raymond A. Dart collection of Human Skeletons in the
School of Anatomical Sciences at the University of Witwatersrand. Dr
Amanda Alblas for access to the Kristen Collection which is housed in the
Department of Biomedical Sciences, Faculty of Medicine and Health
Sciences at Stellenbosch University. This research was funded by the
National Research Foundation (NRF), South Africa (106044). Any
opinions, findings and conclusions or recommendations expressed in the
material are those of the authors, and therefore, the NRF does not accept
any liability in regard thereto.

References

[1] J. Adserias-Garriga, C. Thomas C, D.H. Ubelaker, S. Zapico, When forensic
odontology met biochemistry: multidisciplinary approach in forensic human
identification, Arch. Oral. Biol. 87 (2018) 7-14, https://doi.org/10.1016/].
archoralbio.2017.12.001.

[2] P. Tuttdsi, H.F.V. Cardoso, An assessment of sexual dimorphism and sex estimation
using cervical dental measurements in a Northwest Coast archeological sample,
J. Archaeol. Sci. Rep. 3 (2015) 306-312, https://doi.org/10.1016/j.
jasrep.2015.06.018.

[3]1 M. Vodanovi¢, Z. Demo, V. Njemirovskij, J. Keros, H. Brkié¢, Odontometrics: a
useful method for sex determination in an archaeological skeletal population?

J. Archaeol. Sci. 34 (2007) 905-913, https://doi.org/10.1016/j.jas.2006.09.004.

[4] M.K. Spradley, R.L. Jantz, Sex estimation in forensic anthropology: skull versus
postcranial elements, J. Sci. 56 (2011) 289-296.

[5] M. Steyn, M.L. Patriquin, Osteometric sex determination from the pelvis—does
population specificity matter? Forensic Sci. Int. 191 (2009) 113.e1-113.e5.

[6] A. Jacobson, A Morphological and Metrical study of the teeth, the jaws and the
bony palate of several large groups of South African Bantu-Speaking Negroids
(Thesis, University of Pretoria) (1967).

[7] P.J. Macaluso Jr., Sex discrimination potential of permanent maxillary molar cusp
diameters, J. Forensic Odontostomatol. 28 (2010) 22-31.


https://doi.org/10.5281/zenodo.5226935
https://doi.org/10.5281/zenodo.5226935
https://doi.org/10.1016/j.archoralbio.2017.12.001
https://doi.org/10.1016/j.archoralbio.2017.12.001
https://doi.org/10.1016/j.jasrep.2015.06.018
https://doi.org/10.1016/j.jasrep.2015.06.018
https://doi.org/10.1016/j.jas.2006.09.004
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref4
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref4
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref5
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref5
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref6
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref6

G.P. Shakoane et al.

[8]
[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

P.J. Macaluso, Investigation on the utility of permanent maxillary molar cusp areas
for sex estimation, Sci. Med. Path 7 (2011) (2011) 233-247.

A. Ackermann. The use of permanent maxillary and mandibular canines in sex and age
determination in a South African sample (Master dissertation, University of Pretoria)
(2013).

Abdellatif, A. Sexual dimorphism by measuring the mesiodistal width of the
permanent maxillary and mandibular canine in a sample of the South African
population in the Northern Suburb of Cape Town. MSc thesis, University of the
Western Cape, 2019. (https://etd.uwc.ac.za/handle/11394/7535).

L. Liebenberg, G.C. Kriiger, E.N. L’Abbé, K.E. Stull, Postcraniometric sex and
population affinity estimation in South Africa: a validation study, Int. J. Leg. Med.
133 (1) (2019) 289-296, https://doi.org/10.1371/journal.pgen.1003309.

E.N. L’Abbé, M. Loots, J.H. Meiring, The pretoria bone collection: a modern South
African skeletal sample, HOMO - J. Comp. Hum. Biol. 56 (2005) 197-205, https://
doi.org/10.1016/j.jchb.2004.10.004.

A. Alblas, L.M. Greyling, E.M. Geldenhuys, Composition of the Kirsten skeletal
collection at Stellenbosch university, South Afr. J. Sci. 114 (2018) 1-6, https://doi.
org/10.17159/5ajs.2018,/20170198.

M.R. Dayal, A.D.T. Kegley, G. Strkalj, M.A. Bidmos, K.L. Kuykendall, The history
and composition of the Raymond A. Dart collection of human skeletons at the
university of the Witwatersrand, Johannesburg, South Africa, Am. J. Phys.
Anthropol. 140 (2009) 324-335, https://doi.org/10.1002/ajpa.21072.

G.C. Kriiger, E.N. L’Abbé, K.E. Stull, Sex estimation from the long bones of modern
South Africans, Int. J. Leg. Med. 131 (2017) 275-285.

S. Pfeiffer, J. Heinrich, A. Beresheim, M. Alblas, Cortical bone histomorphology of
known-age skeletons from the Kirsten collection, Stellenbosch University, South
Africa, Am. J. Phys. Anthropol. 160 (2016) 137-147.

S. Hillson, C. FitzGerald, H. Flinn, Alternative dental measurements: proposals and
relationships with other measurements, Am. J. Phys. Anthropol. 126 (2005)
413-426, https://doi.org/10.1002/ajpa.10430.

B.A. Aubry, Technical note: cervical dimensions for in situ and loose teeth: a
critique of the Hillson et al. (2005) method: cervical dimensions of teeth: a critique,
Am. J. Phys. Anthropol. 154 (2014) 159-164, https://doi.org/10.1002/
ajpa.22475.

S.J. Ulijaszek, D.A. Kerr, Anthropometric measurement error and the assessment of
nutritional status, Brit J. Nutr. 82 (3) (1999) 165-177.

Langley, N.R., Jantz, L.M., Ousley, S.D., Jantz, R.L., Milner, G. Data Collection
Procedures for Forensic Skeletal Material 2.0. Forensic Anthropology Center,
Department of Anthropology, University of Tennessee, Knoxville, TN, 2016.

H.S. Fancourt, C.N. Stephan, Error measurement in craniometrics: the comparative
performance of four popular assessment methods using 2000 simulated cranial
length datasets (g-op), Sci. Int. 285 (2018) 162-171.

R. Core Team, 2014. R Foundation for Statistical Computing; Vienna, Austria:
2013.[(accessed on 4 June 2014)]. R Lang. Environ. Stat. Comput. Available
Online Httpwww R-Proj. Org.

S.D. Ousley, R.L. Jantz, R.L, Fordisc 3 and Statistical Methods for Estimating Sex
and Population affinity, in: D.C. Dirkmaat (Ed.), A Companion to Forensic
Anthropology, John Wiley & Sons, Ltd, 2012, pp. 311-329, https://doi.org/
10.1002/9781118255377.ch15.

[24]

[25]

[26]

[27]

[28]
[29]
[30.]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Forensic Science International: Reports 4 (2021) 100233

M.Y. Iscan, P.S. Kedici, Sexual variation in buccolingual dimensions in Turkish
dentition, Forensic Sci. Int. 2-3 (2003) 160-164, https://doi.org/10.1016/50379-
0738(03)00349-9.

F. Karaman, Use of diagonal teeth measurements in predicting gender in a Turkish
population, . J. Forensic Sci. 51 (2006) 630-635, https://doi.org/10.1111/j.1556-
4029.2006.00133.x.

C. Pereira, M. Bernardo, D. Pestana, J.C. Santos, M.C. de Mendonga, Contribution
of teeth in human forensic identification-discriminant function sexing
odontometrical techniques in Portuguese population, J. Forensic Leg. Med. 17
(2010) 105-110, https://doi.org/10.1016/.jflm.2009.09.001.

J. Viciano, S. Lopez-Lazaro, . Aleman, I, Sex estimation based on deciduous and
permanent dentition in a contemporary Spanish population, Am. J. Phys.
Anthropol. 152 (2013) 31-43, https://doi.org/10.1002/ajpa.22324.

E. Zorba, K. Moraitis, S.K. Manolis, Sexual dimorphism in permanent teeth of
modern Greeks, Forensic Sci. Int. 210 (1-3) (2011) 74-81.

K.E. Stull, M.W. Kenyhercz, E.N. L' Abbé, Ancestry estimation in South Africa using
craniometrics and geometric morphometrics, Forensic Sci. Int. 245 (2014), 206-el.
P.J. Dempsey, G.C. Townsend, Genetic and environmental contributions to
variation in human tooth size, Heredity 86 (2001) 685-693.

0.D. Otuyemi, J.H. Noar, A comparison of crown size dimensions of the permanent
teeth in a Nigerian and a British population, Eur. J. Orthod. 18 (1996) 623-628,
https://doi.org/10.1093/ejo/18.1.623.

D.C. Petersen, O. Libiger, E.A. Tindall, R.A. Hardie, L.I. Hannick, R.H. Glashoff,
M. Mukerji, P. Fernandez, W. Haacke, N.J. Schork, Indian Genome Variation
Consortium, Complex patterns of genomic admixture within Southern Africa, PLoS
Genet. 9 (3) (2013), e1003309.

A.H. Brook, R.C. Griffin, G. Townsend, Y. Levisianos, J. Russell, R.N. Smith,
Variability and patterning in permanent tooth size of four human ethnic groups,
Arch. Oral. Biol. 54 (Suppl 1) (2009) S79-S85, https://doi.org/10.1016/j.
archoralbio.2008.12.003.

M.A. Pilloud, J.T. Hefner, T. Hanihara, A. Hayashi, A, The use of tooth crown
measurements in the assessment of population affinity, J. Forensic Sci. 59 (2014)
1493-1501, https://doi.org/10.1111/1556-4029.12540.

E.N. L’Abbé, C. Van Rooyen, S.P. Nawrocki, P.J. Becker, An evaluation of non-
metric cranial traits used to estimate ancestry in a South African sample, Forensic
Sci. Int. 209 (1-3) (2011), 195-el.

L. Quintana-Murci, C. Harmant, H. Quach, O. Balanovsky, V. Zaporozhchenko,

C. Bormans, P.D. van Helden, E.G. Hoal, D.M, Strong maternal Khoisan
contribution to the South African coloured population: a case of gender-biased
admixture, Am. J. Hum. Genet. 86 (2010) 611-620, https://doi.org/10.1016/j.
ajhg.2010.02.014.

G.C. Kriiger, E.N. L’Abbé, K.E. Stull, M.W. Kenyhercz, Sexual dimorphism in
cranial morphology among modern South Africans, Int. J. Leg. Med. 129 (2015)
869-875, https://doi.org/10.1007/s00414-014-1111-0.

E.N. L’Abbé, M. Steyn, Forensic Anthropology in South Africa., in: D.C. Dirkmaat
(Ed.), A Companion to Forensic Anthropology, Wiley-Blackwell, London, 2012,
pp. 626-638.

Goodness P. Shakoane, Marie Christine Dussault, Ericka Noelle LAbbe,
Odontometric Data all Tooth Types Skelet. Collect. South Afr. (2021), https://doi.
org/10.5281/zenodo.5226935.


http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref7
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref7
https://etd.uwc.ac.za/handle/11394/7535
https://doi.org/10.1371/journal.pgen.1003309
https://doi.org/10.1016/j.jchb.2004.10.004
https://doi.org/10.1016/j.jchb.2004.10.004
https://doi.org/10.17159/sajs.2018/20170198
https://doi.org/10.17159/sajs.2018/20170198
https://doi.org/10.1002/ajpa.21072
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref12
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref12
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref13
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref13
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref13
https://doi.org/10.1002/ajpa.10430
https://doi.org/10.1002/ajpa.22475
https://doi.org/10.1002/ajpa.22475
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref16
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref16
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref17
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref17
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref17
https://doi.org/10.1002/9781118255377.ch15
https://doi.org/10.1002/9781118255377.ch15
https://doi.org/10.1016/S0379-0738(03)00349-9
https://doi.org/10.1016/S0379-0738(03)00349-9
https://doi.org/10.1111/j.1556-4029.2006.00133.x
https://doi.org/10.1111/j.1556-4029.2006.00133.x
https://doi.org/10.1016/j.jflm.2009.09.001
https://doi.org/10.1002/ajpa.22324
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref23
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref23
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref24
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref24
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref25
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref25
https://doi.org/10.1093/ejo/18.1.623
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref27
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref27
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref27
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref27
https://doi.org/10.1016/j.archoralbio.2008.12.003
https://doi.org/10.1016/j.archoralbio.2008.12.003
https://doi.org/10.1111/1556-4029.12540
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref30
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref30
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref30
https://doi.org/10.1016/j.ajhg.2010.02.014
https://doi.org/10.1016/j.ajhg.2010.02.014
https://doi.org/10.1007/s00414-014-1111-0
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref33
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref33
http://refhub.elsevier.com/S2665-9107(21)00064-5/sbref33
https://doi.org/10.5281/zenodo.5226935
https://doi.org/10.5281/zenodo.5226935

	Estimating sex among South African groups using the dentition
	1 Introduction
	2 Materials and methods
	2.1 Statistical analyses

	3 Results
	4 Discussion
	Conflict of interest
	Acknowledgements
	References


