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Shape analysis of the nasal complex among South
African groups from CBCT scans

Three-dimensional (3D) anatomical extraction techniques could help the forensic anthropologistin a precise
and inclusive assessment of biological phenotypes for the development of facial reconstruction methods.
In this research, the nose morphology and the underlying hard tissue of two South African populations
were studied. To this end, a 3D computer-assisted approach based on an automated landmarking workflow
was used to generate relevant 3D anatomical components, and shape discrepancies were investigated
using a data set of 200 cone-beam computer tomography (CBCT) scans. The anatomical landmarks were
placed on the external nose and the mid-facial skeleton (the nasal bones, the anterior nasal aperture,
the zygoma, and the maxilla). Shape differences related to population affinity, sex, age, and size were
statistically evaluated and visualised using geometric morphometric methods. Population affinity, sexual
dimorphism, age, and size affect the nasal complex morphology. Shape variation in the mid-facial region
was significantly influenced by population affinity, emphasising that shape variability was specific to
the two population groups, along with the expression of sexual dimorphism and the effect of ageing. In
addition, nasal complex shape and correlations vary greatly between white and black South Africans,
highlighting a need for reliable population-specific 3D statistical nose prediction algorithms.

Significance:
e 3D anatomical structures were acquired and extracted from 200 CBCT scans of modern South Africans.

¢ Geometric morphometric methods were applied.

e Soft- and hard-tissue nasal complex morphology vary across South African groups.

Introduction

The human phenotype is a suite of apparent morphological characteristics of a person, which are dependent on the
expression of genes (genotype) and the environment. Today, with the development of new technologies, biological
anthropologists are able to extensively and intensively collect these quantitative phenotypic data for evaluating
variation within and between populations. These population-specific data are often applied in the forensic sciences
(e.g. biological profile and facial reconstruction), medicine (e.g. orthopaedics, prosthetics, and plastic surgery),
and education.” Today, modern 3D digital imaging methods provide researchers with extensive in vivo and non-
invasive databases of 3D representations of the face (soft and hard tissues).

Ultrasound?, magnetic resonance imaging®, computer tomography (CT), and cone-beam computed tomography
(CBCT)*5 scans are examples of digital imaging modalities that provide an optimal means for capturing information
on facial appearance within a population.

However, standard approaches for working with big data, as represented in readily available 3D images from public
and private hospitals, have not grown as fast as the research ideas for applying variation found among phenotypic
features within a population to real-world outcomes. With knowledge of both soft tissue and hard tissue, we can
now use this understanding of variation in forensic anthropology, such as quantifiable biological variation among
population groups, which helps provide an accurate biological profile.® Precise quantification of anatomical shape
from digital images is essential for evaluating phenotypic variation and applying this knowledge to evolutionary
processes, medicine, and the forensic sciences. Nevertheless, standard guidelines for how to collect data from 3D
images need to be considered. Traditionally, in biological anthropology, this has been accomplished by collecting:
(1) linear distances; (2) measurements between manually set landmarks; or (3) shape data by assessing the entire
array of landmarks using geometric morphometric models (GMM). However, the manual placement of anatomical
landmarks is time-consuming, prone to significant intra- and inter-observer error, and remains challenging to
standardise in practice."*’ To avoid the problems of manually placing landmarks by multiple operators, the utilisation
of automatic anatomical extraction techniques, such as automatic landmarking, is more suitable for analysing large
data sets.>® Today, the utilisation of GMM instead of linear distances is fostered for phenotypic variation analysis
because it allows the extraction of size-free shape variables to elucidate the patterns of shape variation more
satisfactorily. Using a dense configuration of landmarks will also give a more comprehensive evaluation of the
morphology and is preferable for applications that need extensive knowledge of the biological phenotypic changes,
such as estimating a biological profile in forensic anthropology.

There are discrete patterns of biological variation among humans, such as clinal phenotypic variability, which is
often driven by social and cultural aptitudes and noticed at geographical distances.®® Numerous bioanthropological
investigations on population affinity related shape changes have proven the effect of environmental influences
on nose shape™®, emphasising the fundamental premise that the external nose shape and anterior nasal aperture
are pivotal in climate adaptation.’® From the scientific literature, discrete morphological differences have already
been noticed between all South African groups.''* Numerous osteometric investigations have indicated that some
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mid-face features, such as alveolar prognathism and nasal breadth, are
population affinity related morphological variations.'"-3

Identification of a person from their skeletal remains is problematic in many
developing-world countries, including South Africa.™ Due to social and
political situations, standard identification procedures such as fingerprinting
and DNA comparisons are not always applicable. Furthermore, many South
African people do not have identification documents. Further compounding
these circumstances is that many migrants are coming into the country
from all over Africa. Consequently, this context necessitates using creative
and cost-effective technologies such as facial reconstruction techniques
to assist in creating visual representations for the prospective identification
of deceased family members.

Craniofacial reconstruction (CFR) is defined as the presumed
morphological correlation between soft tissue and underlying hard tissue.
Three categories of facial reconstruction techniques exist: 2D, 3D manual
facial reconstruction, and 3D computer-based facial reconstruction.
The scientific community acknowledges that manual CFR techniques
necessitate a high level of sculptural and anatomical proficiency and
remain subjective in practice.'>'® Today, researchers in the field of CFR
utilise technological advances such as computer science and medical
imaging to develop alternative computer-based CFR methods to improve
the objectivity of facial reconstructions during criminal investigations.*%'”
Computers are more impartial and consistent than forensic artists."
The computer incorporates all modelling assumptions and provides
identical output data repeatedly.'” Furthermore, some techniques may be
automated, such as developing several reconstructions from the same
target skull based on various modelling assumptions (e.g. biological
variation)."” The history and evolution of craniofacial reconstruction
methods and their applications have shown the extent of human diversity
within and across communities, laying the foundations for the current
development of accurate population-specific standards.

The presumptive identification of an unknown person is predicated on
the existence of quantifiable phenotypic variations and the relationship of
these variations to the individual’s socio-cultural identity.'® Socio-cultural
identity in South Africa is based on the cohesive social classifications
imposed on people during the apartheid period, notably ‘White’, ‘Black’,
‘Coloured’, and ‘Indian’. People in these groups hail from vastly distinct

Non-rigid surface registration.

Automatic landmarking

Figure 1:
landmarks positioning; and (c) automatic landmarking.5®
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geographical environments and have already exhibited various cultural
and biological characteristics. For instance, ‘white’ people mainly
descend from European immigrants, including Dutch, German, British,
and French." In comparison, the modern ‘black’ population groups are
the descendants of Sotho, Venda, Nguni, and Shangaan-Tsonga migrants
who came to southern Africa due to Bantu language tribes migrating
from central and western Africa.'8'°

In addition, assortative mating among the modern South African
population enhanced the already substantial biological variability
between groups. Consequently, it fostered the persistence of skeletal
variation to the extent that forensic anthropologists may categorise an
unknown person into four major socially identifiable categories: black,
coloured, Indian or white South Africans.?

In this study, we aimed to establish standardised and comprehensive
morphological representations of the nasal complex (mid-facial skeleton
and external nose) within two South African population groups from an
extensive CBCT database that can be used to examine phenotypic diversity.
In this research, we propose a reliable assessment of morphological
variations attributable to variables (population affinity, age, sex, and
allometry) by applying an automated landmarking workflow® and GMM.

Materials and methods

A retrospective and anonymised database of CBCT scans was collected
from two South African institutions: the Life Groenkloof Hospital and the
Oral and Dental Hospital, Pretoria, South Africa. All CBCT scans were
acquired using a CBCT scanning modality with the following specifications:
90 kV, 11.2 mA, 0.4 mm voxel size, and 230 x 260 mm field of view.
Subjects were excluded if they presented with any condition that could
affect the morphology of the face (e.g. orthodontic treatment, pathological
conditions, facial asymmetry, or any facial interventional reconstructive
surgery), resulting in 200 usable scans. Therefore 200 adult South
Africans with an average age of 40.51 years (SD: 16.17), of whom 100
were black South Africans (33 women, 67 men) and 100 were white
South Africans (65 women, 35 men), were selected from the available
database for this study. Ethical approval (No: 301/2016) to conduct this
research was obtained from the Main Research Ethics Committee of the
Faculty of Health Sciences at the University of Pretoria in South Africa.

Anterior Zygomatic bones

nasal aperture
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We used the MeVisLab v. 2.7.1 software to create the triangular
surface mesh and carry out anatomical extraction. Relevant anatomical
structures in 3D were obtained and retrieved using an already tested
and published automatic dense landmarking workflow.>® The automated
landmarking workflow used is depicted in Figure 1.

Biological landmarks were respectively placed on the external nose (soft
tissue) and the facial skeleton (hard tissue) following the definition in
facial approximation literature*?' (Figure 1b). A total of 21 capulometric
landmarks were placed to capture the external nose morphology. Five
craniometric landmarks were recorded on the nasal bones and eight
craniometric landmarks on the anterior nasal aperture. On the zygomatic
bone, nine craniometric landmarks were placed, whereas, on the maxillary
bone, ten craniometric landmarks (two median and eight bilateral
pairs) were positioned. A total of 41 craniometric and 21 capulometric
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landmarks were recorded for 3D manual facial reconstruction and 3D
computer-based facial reconstruction, respectively. Table 1 shows
the definition and reproducibility of craniometric landmarks placed
automatically and used in this study.

In this research, all statistical analyses were carried out using R studio
for Windows?? version 1.0.44-®2009-2016. The complete sample (400
3D reconstructions) was subjected to a test of the repeatability of the
digitisation in terms of inter- and intra-observer errors using the dispersion®
for each landmark and specimen. The dispersion was used to assess the
reproducibility of digitisation across and between observers (inter- and
intra-observer) for the complete sample (400 3D reconstructions) based
on the utilisation of automatic landmarking. The mean Euclidean distance
between the landmark and the mean of the (x,y,z)-landmark coordinates
across all observations for each specimen is used to measure dispersion.

Definition

Intersection of the nasofrontal sutures in the median plane.
Midline point on the internasal suture midway between the nasion and rhinion.

Most rostral (end) point on the internasal suture.Cannot be determined accurately if
nasal bones are broken distally.

The point where a line drawn between the inferior most points of the nasal aperture
crosses the median plane. Note that this point is not necessarily at the tip of the
nasal spine.

The deepest point seen in the profile view below the anterior nasal spine
(orthodontic point A).

Most anterior midline point of the nasal spine.

Median point between the central incisors on the anterior most margin of the
maxillary alveolar rim.

Most superior point of the zygomatico-temporal suture.
Most inferior point of the zygomatico-temporal suture.

Vertex of the posterior zygomatic angle, between the vertical edge and horizontal
part of the zygomatic arch.

Most lateral part of the zygomaticofrontal suture.

Point on the orbital rim marked by the zygomaticofrontal suture.
Point at the intersection of the frontal, maxillary, and nasal bones.
Lateral point on the orbit at a line that bisects the orbit transversely.

Most inferior point on the inferior orbital rim. Usually falls along the lateral half of the
orbital margin.

Intersection of the orbital margin and the zygomaticomaxillary suture.
Intersection of the anterior lacrimal crest with the frontomaxillary suture.
Most inferior point of the nasomaxillary suture on the nasal aperture.

Instrumentally determined as the most lateral point on the nasal aperture in a
transverse plan.

Most infero-lateral point of the piriform aperture.
Most inferior point of the piriform aperture.
Most inferior point on the zygomaticomaxillary suture.

Most supero-medial point on the maxillary inflexion between the zygomaxillare and
the ectomolar.

Point on the superior alveolar ridge superior to the crown of the maxillary canine.

Table 1: Definition and reproducibility of craniometric landmarks placed automatically and used in this study*?'
Landmarks Abbreviation Nature

Craniometric

1 Nasion n M
2 Mid-nasal mn M
3 Rhinion rhi M
4 Nasospinale ns M
5 Subspinale b SS M
6 Akanthion ak M
7 Prosthion pr M
8/9 Zygotemporale superior zts B
10/11 Zygotemporale inferior zti B
12/13 Jugale ju B
14/15 Frontomalare temporale fmt B
16/17 Frontomalare orbitale fmo B
18/19 Nasomaxillofrontale nmf B
20/21 Ectoconchion ec B
22/23 Orbitale or B
24/25 Zygoorbitale 20 B
26/27 Maxillofrontale mf B
28/29 Nasomaxillare nm B
30/31 Alare al B
32/33 Piriform curvature cp B
34/35 Nariale na B
36/37 Zygomaxillare zm B
38/39 Submaxillare curvature csm B
40/41 Supra canine SC B
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Figure 2:  Between-group principal component (PC) analysis of external nasal soft tissue shape and mid-facial hard tissue and components grouped by

population affinity (a,b) and by sex and population affinity (c,d). (a

, ) Mid-facial hard tissue and (b, d) external nasal soft tissue. Red circles

indicate black South Africans; green triangles indicate white South Africans; purple circles indicate black women; blue triangles indicate black
men; yellow pluses indicate white women; and orange crosses indicate white men.

Geometric morphometric methods were used to quantify and evaluate
shape differences attributable to population affinity, sex, size, age
variables, and covariates in both shape configurations (soft and hard
tissues). Geometric morphometrics reflects the geometry of the placed
landmarks and enables visualisations of statistical findings as real shape
deformations.?

Prior to statistical analysis, a general Procrustes analysis, a principal
component analysis, and a multivariate normality test using Q-Q plots
were run on both 3D reconstruction types for the complete sample and
each population subgroup, namely white and black South Africans. First,
a general Procrustes analysis was used to provide pose-invariant shape
coordinates for both configurations.#%® Then, a principal component
analysis was applied to minimise the dimensionality of the data and
provide independent principal component scores that accounted for
95% of the sample’s total variance. Finally, by evaluating Q-Q plots®,
the normality of soft and hard tissue principal component scores was
examined. The effect of the population affinity, sex, age, and allometry
variables on the complete sample’s soft and hard tissues was first
performed. The expression of sexual dimorphism, ageing, and size effect
(allometry) was then analysed for each subsample independently to
identify population-specific variations. Finally, the covariations between
nasal soft and hard tissue and population affinity dependency were
analysed.

Using R-package geomorph?, simple and multiple analysis of variance
(ANOVA/MANQVA) parametric tests were applied to examine shape
variations across the population, sexes, and age groups. Additionally,
R packages ffmanova® and Morpho®® were used to execute two non-
parametric tests, 50-50 MANOVA? and permutation testing’, to support
the findings. Finally, standard discriminant function analysis (DFA)* using
the Morpho® R package was also carried out to categorise population
affinity and sex based on leaving-one-out cross-validation to evaluate the
classification’s reliability.

Using the JVM R package®, allometry’s impact was determined by
generating linear models using soft and hard tissue configurations
as response variables and population affinity, sex, age, and centroid
size as predictors. The significance of each variable was determined

Research Article
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using 50-50 MANQVA and multivariate analysis of (co)variance
(MANCOVA)® with Pillai trace. MANCOVA is employed to analyse
the relationships between several dependent variables and one or
more categorical or continuous explanatory factors.?® In addition,
the correlation between the two blocks of shape coordinates was
examined using the two-block partial least squares®® analysis
available in the Geomorph R package.?

Results

Multivariate normality analysis indicated non-parametric distributions for
various hard tissue features, such as the anterior nasal aperture and the
maxillary morphologies, for the complete sample and within population
affinity subgroups. For this reason, all results were examined using both
parametric and non-parametric tests, and outcomes were only judged
acceptable if both tests yielded equivalent results. With regard to the intra-
and inter-measurement errors of the craniometric (mean: 0.22 mm; SD:
0.02mm) and capulometric (mean: 0.23 mm; SD: 0.04 mm) landmark
locations placed using the automatic landmarking procedure, lower mean
values were found for both configurations (soft and hard tissues).

Complete sample

The findings revealed that population affinity contributed the most to
shape variance in the complete sample for both soft and hard tissue
shape component configurations (Figure 2a,b). Moreover, all statistical
tests (Table 2) demonstrated a significant difference between the
population means. Finally, the classification reliability was 100% overall.
(Table 2). Judging by visual observation in Figure 4a,b of the hard tissue
(Figure 4a) and soft tissue (Figure 4c) mean shape representations, the
wider shape could be attributed to black South Africans. The box plots
(Figure 3a,b) further illustrated that the centroid sizes were slightly larger
within black South Africans than in white South Africans. Nonetheless,
this variance was limited in terms of the mean morphologies of the
groups, showing relatively small shape variations related to population
affinity specific size. Also, the interaction between size and population
affinity testing reported non-significant differences for hard tissue,
including all the skeletal elements evaluated separately, as well as for
the soft tissue (Table 2).
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Table 2:  Results of soft and hard tissue population affinity differences and covariation between soft and hard tissues and their dependence on population

affinity
Complete sample Black South African White South Africans
Population affinity Population affinity*Size Covariation* Covariation*
Test' Test? DFA Test® r-pls p-value r-pls p-value
Mid-facial region 0.001 0.001 100% 0.431 0.613 0.001 0.563 0.001
Nasal bones 0.001 0.001 100% 0.216 0.562 0.001 0.545 0.001
Nasal bone (left) 0.001 0.001 99% 0.554 0.549 0.001 0.492 0.002
Nasal bone (right) 0.001 0.001 100% 0.583 0.584 0.001 0.515 0.001
Anterior nasal aperture 0.001 0.001 100% 0.623 0.468 0.008 0.523 0.003
Anterior nasal aperture (left) 0.001 0.001 99% 0.580 0.460 0.007 0.477 0.008
Anterior nasal aperture (right) 0.001 0.001 100% 0.563 0.467 0.008 0.468 0.007
Zygoma 0.001 0.001 100% 0.556 0.570 0.001 0.458 0.022
Zygomatic bone (left) 0.001 0.001 100% 0.553 0.536 0.001 0.465 0.006
Zygomatic bone (right) 0.001 0.001 100% 0.534 0.577 0.001 0.414 0.052
Maxilla 0.001 0.001 100% 0.598 0.605 0.001 0.540 0.001
Maxillary bone (left) 0.001 0.001 100% 0.627 0.587 0.001 0.518 0.002
Maxillary bone (right) 0.001 0.001 100% 0.623 0.570 0.001 0.330 0.505

Test', MANOVA; Test?, permutation test; DFA, discriminant function analysis; Test’, ANOVA. Significant p-values (<0.05) are indicated in bold.

*Correlation between mid-facial region and external nose tested by two-block partial least square (pls) analyses.
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Figure 3:  Centroid sizes grouped by population affinity (a,b) and by sex and population affinity (c,d) of the mid-facial hard tissue (a,c), and the external nasal
soft tissue (b,d) shape components. Red: black South Africans; green: white South Africans; purple: black women; yellow: white women; blue:
black men; orange: white men.

The external nose and the underlying mid-face configuration of the two Furthermore, while evaluating the components of the mid-facial skeleton,
South African populations appeared morphologically distinct (Figure the nasal bones of black South Africans appeared to be more integrated

4a,b). Indeed, white South Africans were seen to have a longer and more into the skull (or blunt), whereas the nasal bones were more prominent in
prominent external nose than their black South African counterparts. white South Africans. The anterior nasal aperture of black South Africans
Research Article 5 Volume 120| Number 5/6
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External nasal soft-tissue shape
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Mid-facial hard tissue and external nasal soft tissue shape differences between population affinity, sex, and age averages. (a,b) Mid-facial hard

tissue and external nasal soft tissue shapes. Red: black South Africans; green: white South Africans. (c,d,e,f) Sexual dimorphism in mid-facial
hard tissue and external nasal soft tissue shape differences for the black and white populations separately. (c,d) Soft and hard tissue shapes of
black South Africans (purple: black women; blue: black men). (e,f) Soft and hard tissue shapes of white South Africans (yellow: white women;
orange: white men). (g,h,i,j) Soft and hard tissue shape ageing differences for the black and white populations separately. (g,h) Soft and hard
tissue shapes of black South Africans (purple: 18 years; green: 79 years). (i,j) Soft and hard tissue shapes of white South Africans (yellow: 18

years; orange: 79 years).

is wider and more rounded than that of white South Africans, which is
smaller and more restricted (or pear-shaped). In terms of the maxilla,
black South Africans displayed prognathism, while white South Africans
displayed orthognathism. In both population groups, the zygomatic
bones were retracted, although this was more pronounced in the white
South Africans than in the black South Africans. Additionally, white South
Africans have narrower zygomatic bones than black South Africans.

Sexinteracted with population affinity in the complete soft and hard tissue
sample. The between-group principal component analyses (Figure 2c,d)
confirmed a strong separation between population groups and illustrated
a similar expression with sexual dimorphism (Figure 4c,d,e,f) for both

Research Article
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soft (Figure 2c) and hard tissue (Figure 2d) shape components. However,
when elements of the mid-facial shape were considered separately,
the covariation between sex and population affinity was insignificant
(Table 3), demonstrating the absence of population affinity specific
expression of sexual dimorphism for the hard tissue shape. However,
the interaction between sex and population affinity was statistically
significant for the external nose, suggesting population affinity specific
expression of sexual dimorphism (Table 3).

In the complete soft and hard tissue sample, the interaction of age and
the covariate age with population affinity and sex was shown. For the
underlying bone tissue morphology, all tests did not report a similar
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Table 3: Soft and hard tissue sexual dimorphism in the complete sample and within population affinity groups
Complete sample Black South Africans White South Africans
Population affinity*Sex Size*sex Size*sex
Test Testd Test' | Test? | Test* | DFA Test? Test'" | Test? | Test' | DFA Test®
Mid-facial region 0.325 0.253 0.015 0.008 0.008 96% 0.270 0.017 0.019 0.616 93% 0.501
Nasal bones 0.121 0.086 0.053 0.049 0.000 76% 0.631 0.158 | 0.164 0.000 83% 0.629
Nasal bone (left) 0.364 0.396 0.036 0.034 0.052 71% 0.619 0.068 | 0.055 0.014 70% 0.620
Nasal bone (right) 0.060 0.082 0.006 0.006 0.000 79% 0.558 0.165 | 0.178 0.000 80% 0.621
Anterior nasal aperture 0.622 0.562 0.005 | 0.005 0.003 82% 0.378 0.514 0.516  0.476 79% 0.152
Anterior nasal aperture (left) 0.400 0.097 0.003 0.006 0.002 82% 0.618 0.454 | 0.424 0.234 68% 0.615
Anterior nasal aperture (right) 0.555 0.495 0.011 0.006 0.001 76% 0.571 0.239 ' 0.214 0.129 76% 0.587
Zygoma 0.249 0.372 0.001 0.001 0.000 91% 0.381 0.001 | 0.001 0.000 93% 0.593
Zygomatic bone (left) 0.394 0.502 0.002 0.002 0.000 86% 0.088 0.001 ' 0.001 0.000 90% 0.532
Zygomatic bone (right) 0.684 0.765 0.001 0.001 0.000 84% 0.521 0.002 0.001 0.000 94% 0.516
Maxilla 0.397 0.311 0.097 0.107 | 0.002 88% 0.531 0.029 0.021 0.000 94% 0.579
Maxillary bone (left) 0.173 0.188 0.025 0.032 0.000 82% 0.684 0.034 0.025 0.000 90% 0.378
Maxillary bone (right) 0.275 0.228 0.133 ' 0.147 | 0.003 82% 0.620 0.013 0.008 0.000 91% 0.641
External nose 0.008 0.008 0.005 0.005 0.014 88% 0.679 0.001 | 0.001 0.016 90% 0.378

Test', MANOVA; Test?, Permutation test; Test’, ANOVA; Test, MANCOVA; Test’, 50-50 MANOVA; DFA, discriminant function analysis. Significant p-values (<0.05) are indicated in

bold.

outcome for age, but significance was reported for the covariation
between population affinity and age (Table 4). Regarding the soft tissue
shape, both parametric and non-parametric tests reported significance
with age, and for the interaction between age and population affinity.
When the hard tissue elements were analysed separately, the right
anterior nasal aperture and the right maxilla seemed to show a higher
variability of shape with ageing when compared to the other skeletal
elements, as well as for the interaction between population affinity and
age (Table 4). On the other hand, apart from the right maxillary bone, all
tests on soft tissue and skeletal elements reported significance for the
interaction between sex and age, or for the interaction among population
affinity, sex, and age. Age and its interaction with population affinity
significantly contributed to overall soft and hard tissue shape variation
(Figure 4g,h,i,j).

All three variables — population affinity, sex, and centroid size — were
examined to create an impression of the extent to which allometry is
responsible for variability in the morphology of soft and hard tissues
in the complete sample. All statistical tests indicated size significance
for the hard tissue shape (Table 5). In addition, the nasal bones, the
left anterior nasal aperture, the left zygomatic bone, and the left
maxillary bone were significant for the interaction between size and
population affinity when all parts of the hard tissue area were evaluated
independently. On the other hand, no significance was found for the
interaction between sex and size, and only the nasal aperture and the
maxilla showed a significant interaction among population affinity, sex,
and size, with both parametric and non-parametric tests. Regarding the
soft tissue shape, both parametric and non-parametric statistical tests
reported significance for size (Table 5). No significant interaction was
observed between population affinity and size, or among population
affinity, sex, and size for soft tissue shapes. Qverall, size is an essential
contributor to the variation found in the soft and hard tissue shapes.

Population affinity subsamples

Population affinity differences were visible within the data, and to identify
significant population affinity specific variations, the expression of sexual
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dimorphism, the ageing process, and the impact of size (allometry)
were analysed for each population affinity subsample (white and black
subsamples) separately and on both soft and hard tissues.

Sexual dimorphism was verified in all hard tissue elements in the black
South African sample (Table 3), while only the maxillary and the right
maxillary shapes had no significance in parametric and non-parametric
tests. For the hard tissue structure, a DFA showed an accuracy rate of
96%. When we examined the anatomical parts independently in the
black South African population, the zygomatic morphology showed
the most significant sexual dimorphism, with a DFA of 91%. Only the
morphology of the zygoma and the maxilla demonstrated the presence
of sexual dimorphism in the white South African population, with DFA
achieving 93% and 94% accuracy, respectively. Sexual dimorphism
in the soft tissue shape was confirmed in both populations (Table 3).
Although sexual dimorphism of the soft tissue shape was accentuated
for the white South African sample, all tests also reported significant
differences between group means for the black South African sample.
A DFA on the soft tissue shape revealed an accuracy of 88% for the
black South African sample and 90% for the white South African group,
demonstrating the prevalence of sexual dimorphism in both populations.

The soft tissue and hard tissue shape differences between sex averages
for black South Africans (Figure 4c,d) and white South Africans (Figure
4e,f) confirm the statistical findings of sexual dimorphism in each
population group. Non-significant differences in the size variations for
the hard tissue, including all the skeletal elements evaluated separately,
as well as for the soft tissue (Table 3), were noted. For both population
affinity groups and for both soft and hard tissue shape configurations,
the centroid sizes were slightly larger in the male individuals than in the
female individuals (Figure 3c,d), demonstrating that the expression of
sexual dimorphism regarding centroid size is therefore very similar in
each population group.

Table 5 shows that, in both groups, age had a statistically significant
influence on hard tissue morphology, demonstrating that age affects
hard tissue shape variation. There was a strong correlation between

Volume 120| Number 5/6
May/June 2024


https://www.sajs.co.za
https://dx.doi.org/10.17159/sajs.2024/12972

Shape analysis of the nasal complex

% Page 8 of 12
Table 4: Soft and hard tissue shape change associated with age in the complete sample and within population affinity groups
Complete sample Black South Africans White South Africans
Population ey
Age ) p Sex*Age affinity*Sex* Age Sex*Age Age Sex*Age
affinity* Age
Age

Test* | Test = Testt | Test® | Test* | Test® | Test* = Testt | Test* | Test | Test* = Testt = Testt = Testt = Testt | Testt
Mid-facial
i 0.054 ' 0.012  0.002 0.000 0.454 0.288 0.317 | 0.302  0.006 0.000 0.001 0.064 0.001 0.015 0.020 0.015
Nasal bones | 0.420 | 0.309 @ 0.763 @ 0.484 0.501 0.760 | 0.989 @ 0.996 0.357 | 0.372 0.880 K 0.863 = 0.401 0.429 | 0.306 0.328
Nasal bone
(eft) 0.363 = 0.230 | 0.740 0.547 @ 0.782 | 0.632 0931 | 0975 0.670 0.694 | 0.758 0.770 0.548 0.583 | 0.565 0.586
Nasal bone
(right 0.507  0.298 | 0.391 0.266 @ 0.302 = 0.412 0981 | 0952 0.595 0.581 | 0.770 A 0.775 0548  0.548 | 0.754 = 0.797
Anterior
nasal 0.109 = 0.127  0.017 0.003 0.746 0.842 0.687 0.691 0.009 0.000 0.008 0.057 0.134 0.038 0.826 @ 0.901
aperture
Anterior
zszftlure 0.112  0.032 | 0.034 0.011 0598  0.796 0.348 | 0.533 0.115  0.057 | 0.368 0.454 0.282 0.276 | 0.904 0.934
(left)
Anterior
gszftlure 0.024 0.036 0.134 0.108 0.433  0.625 0.081 0.052 0.011 0.002 0.003 0.002 0.080 0.030 0.748 0.731
(right)
Zygoma 0.530 0.596 | 0.014 0.145 0.896  0.791 0769 | 0.700 0.040 0.092 | 0.070 = 0.151 A 0.102 @ 0.079 | 0.521 = 0.412
Zygomatic
bone (ift) 0.373 | 0.450 | 0.038 0.165  0.737 | 0.674 0210 | 0.193 0.121  0.113 | 0.153 = 0.155  0.574  0.408 | 0.304 0.188
Zygomatic
bone (right) 0.190 0.302 | 0.026 0.060 0.518 | 0.467 0.151 | 0.098 0.042 0.023 | 0.098 0.030 0.159 0.078 | 0.732 0.518
Maxilla 0.132 | 0.064 0.015 0.000 0.228 0.370 0.129 0.117  0.149 0.001 | 0.280 0.028 0.031  0.090 0.119 @ 0.121
Maxillary
bone (ieft) 0.137 | 0.094 | 0.079 0.038 0.379  0.279 0587 | 0.528 0.016 0.011 | 0.679  0.720  0.185 0.393 | 0.566 0.376
Maxillary
bone (right} 0.004 0.001 0101 0.019 0.009 0.020 0.005 0.002 0.109 0.043 | 0.044 0.046 0.039 0.057 | 0.075 0.017
External
nose 0.001 0.000 0.009 0.010 0.674 0.665 0.723 | 0.730 0.000 0.000 0.002 0.595 0.007 0.006 0.754 0.876

Test’, MANCOVA; Test®, 50-50 MANOVA. Significant p-values (<0.05) are indicated in bold.

the form of the anterior nasal aperture, right zygoma and left maxilla
in the black South African sample and the impact of age on shape
variability in the white South African sample, according to all statistical
tests. In both samples, significant interactions between age and sex
were found in the hard tissue shape, indicating that sex-dependent
ageing processes exist. In addition, all tests reported a significant
influence of age on the soft tissue, suggesting that age affects, or at
least influences, shape variability of the external nose (Table 4) in both
population groups. No significance was found for the interaction of sex
and age on the soft tissue, indicating that the influence of ageing was
independent of sex.

The statistical findings on ageing processes in each group are confirmed
in Figure 4, representing the external nose and the underlying hard tissue
shape differences between average age from 18 to 79 years for black
South Africans (Figure 4g,h) and white South Africans (Figure 4i,).

Separately for both population affinity groups, all tests showed
significance for size for all soft and hard tissue components. In both
groups, no statistical significance was noted for the interaction between
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sex and size on the soft and hard tissue shapes, demonstrating a similar
trend for allometry between the sexes and tissue types. Only the left
zygomatic bone and the right maxillary bone showed a significant
interaction between sex and size in the black South African sample
(Table 5). In both population groups, size is essential for explaining soft
and hard tissue shape variability.

Covariation within soft and hard tissues in each
population affinity subsample

Population affinity is paramount to evaluating shape variation in the soft
and hard tissues of the nose. Therefore, to assess covariation within
soft and hard tissue morphology and its reliance upon population
affinity, the data set was divided into subgroups specific to ethnicity
(white South African and black South African). In black South Africans,
all correlations between soft and hard tissue components were reported
to be significant. In comparison, most variables, excluding zygomatic
matrices and the right maxillary component, were significantly correlated
within white South Africans (Table 2).
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Table 5: Soft and hard tissue shape changes associated with size in the complete sample and within population affinity groups
Complete sample Black South Africans White South Africans
. Population e Population . o . o
Size affinity *Size Sex*Size affinity *Sex*Size Size Sex*Size Size Sex*Size
Test* | Testt Test* Tests | Test* | Testd Test* Tests Test* Test® | Test* | Test® | Test* = Test® | Test* | Test
Mid-facial region ~ 0.000 0.000 0.527 0478 0.636 0728 0467 0716 0.000 0.000 0280 0.277 0.000 0.000 0.124 0.098
Nasal bones 0.000 0.000 0000 0002 0611 0445 0313 0238 0.000 0.000 0.229 0.190 0.000 0.000 0.718 0.676
Nasalbone (left)  0.000 0.000 0.000 0.144 0312 0248 0577 0476 0.000 0000 0.142 0.142 0.000 0.000 0.780 0.780
Nasal bone (right)  0.000 0.000 = 0.014 0004 0287 0208 0466 0658 0.000 0.000 0323 0324 0.000 0.000 0.632 0.632
:‘p”;f{'uor;“asal 0000 0.000 0263 0215 0559 0444 0023 0013 0000 0000 0462 0406 0.000 0.000 0.090 0.072
Anterior nasal 0.000 0.000 0000 0021 0029 0122 0355 0092 0.000 0.000 0.042 0.065 0.000 0.000 0.135 0.135
aperture (left)
A S 0.000 0.000 0460 0329 0135 0.099 0159 0137 0.000 0.000 0.690 0.629 0.000 0.000 0.106 0.085
aperture (right)
Zygoma 0000 0.000 0227 0166 0405 0357 0264 0212 0000 0000 0.125 0187 0.000 0.000 0.122 0.362
fl‘é?t‘)’mat'c bone 5000 0.000 0017 0010 0298 0337 0552 0487 0000 0000 0.044 0020 0000 0.000 0230 0375
fr‘i’gst’)mmbone 0.000 0.000 0149 0078 0561 0482 0380 0481 0.000 0.000 0.373 0558 0.000 0.000 0.856 0.984
Maxilla 0.000 0.000 0074 0044 0718 0655 0.005 0012 0.000 0.000 0.35 0.303 0.000 0.000 0.780 0.709
Maxillary bone (eft) 0.000 0.000 0.024 0.013 0911 0856 0162 0127 0.000 0.000 0829 0749 0.000 0.000 0532 0.473
'(\fiZ’r‘]'l')arybO“e 0.000 0000 0012 0085 0610 0593 0.000 0.000 0.002 0.001 0.006 0.003 0.000 0.000 0577 0515
External nose 0000 0.000 0167 0189 0932 0932 0383 0383 0.000 0.000 0138 0191 0.809 0.000 0.047 0530

Test’, MANCOVA; Test®, 50-50 MANOVA. Significant p-values (<0.05) are indicated in bold.

Discussion

Variation in the mid-facial skeleton and related soft tissue (the
external nose) is influenced by a variety of factors, including
population affinity, sex, age and allometry. Nasal shape variation
results from the divergent development and growth of the craniofacial
skeleton. This biological variation, in both soft and hard tissues,
can be attributed to hormonal, genetic and epigenetic factors as
well as external stimuli (e.g. biomechanical factors)®-* and must
be considered in the approximation of the nose. The understanding
and quantification of human biological phenotypes allow for the
development of accurate facial approximation guidelines applicable
to forensic anthropology.

During skeletal development, and to preserve function and
proportionate growth, the bony elements of the face fluctuate in size and
morphology, as well as in location within the craniofacial complex.3'-%
During growth, the skull evolves through two concurrent and inter-
associated processes, namely ‘modelling’ and ‘displacements’ of the
skeletal components.®'-* Due to the bone growth biomechanics of
craniofacial morphology, such as the resorption of the canine fossae,
the nasal area, and the inferior edge of the zygomatic region, the adult
face exhibits forward and downward development directions.? During
adulthood, the remodelling of the underlying skeletal structure® and
changes in the facial musculature resulting from gravity and the effects
of hyperdynamic facial expressions may influence the soft tissue
morphology of the nose with advancing ageing.* Literature indicates
that facial soft tissue ageing varies by a decade of life, gender, and
population affinity.* Consequently, our findings demonstrate that the
remodelling of the underlying skeletal structure influences the shape
of the nose throughout craniofacial development, highlighting that the
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components of the nose cannot be regarded as independent aspects
of the craniofacial skeleton and that the effect of variables such as
population affinity, sex, and age must be taken into account to interpret
the observed variation.

Several bio-anthropological studies have demonstrated the effect
of environmental variables on variance in nose morphology across
populations.’® Generally, researchers consider that the shape of the
external nose and the anterior nasal aperture contribute to climate
adaptation by controlling air temperature to protect the pulmonary
functions against extreme environments.” On account of geographical
variation, physical anthropologists are able to estimate population
affinity by translating biological traits to a culturally elaborated labelling
system.®

In addition, Serre and Pd&bo®* noted a close relationship between
biology and culture and stated that “genetic discontinuities seen between
population groups are not racial or continental in nature but depend on
historical and cultural factors”. Moreover, Qusley and colleagues® have
demonstrated that biological phenotypic variation within population
groups is quantifiable and may be useful in providing a potential
classification of an unknown individual. Morphological variation is
observed over geographical distances, which is often driven by cultural
and social aptitudes.®

Apartheid-era categories are no longer enforced by law in South
Africa; yet contemporary South Africans continue to self-identify
according to such classifications. People’s cultural position in the
nation depends on their ability to socially identify as a member of one
of the several South African ethnicities.®” As a result, the majority of
South Africans (80.5%) identify as black, followed by coloured (8.8%),
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white (8.3%), and Indian/Asian (2.5%).*” The assortative mating
within these groups has bolstered the already evident morphological
differences within and across groups?, resulting in the continuation of
skeletal variation.?® Consequently, the three primary social categories
of South Africans are now black, coloured and white.

Several studies have described distinct biological variations in mid-
facial shape and size among South African groups.'-'3% Indeed,
distinct characteristics from the mid-face, such as inter-orbital breadth,
nasal width, alveolar prognathism and nasal bone morphology, are
significant population affinity related phenotypic variations.!-38
Variation in nasal soft and hard tissue structures between and among
worldwide population groups has also been described.* For instance,
Schlager* observed a significant difference in soft and hard tissue nasal
morphologies between Chinese and European groups. While European
nasal features are relatively pronounced, Chinese nasal shapes are
smoother and more integrated into the craniofacial skeleton.* In our
study, black and white South Africans demonstrated distinct population
shape variation in soft and hard tissues. These variations present a
challenge for facial reconstruction. Few effective techniques exist that
take into account the influences of biological parameters (population
affinity, sex, age) on the morphology of the face.*® Current facial
approximation approaches restrict the objectivity and precision of
the reconstruction by ignoring population-specific variables. Recent
research among South African groups® and on other European and
Asian populations* emphasises the significance of taking into account
the effect of variables such as population affinity, sex, and age on the
approximation of the nose. Disregarding biological parameters when
initiating approximations will affect the precision of the final facial
reconstruction.

The assessment of sex is dependent on quantifying and interpreting the
manifestation of sexual dimorphism in a population.*>4' Based on our
results, sexual dimorphism plays a crucial role in the overall variance
of the nose’s soft and hard tissues and might help discriminate
between the sexes. At birth, babies display a slight sexual dimorphism,
with significant divergence occurring during puberty, which is also
expressed as variation in nasal dimensions.*? In recent literature,
variation in nasal complex shape has been investigated using standard
morphometric methods, based on angles and distances*-6 or soft
tissue thickness®, that address a link between asymmetry and facial
masculinity.

In CFR, the nose is crucial in differentiating female and male facial
features, and therefore contributes to the creation of precise facial
approximation of an unknown individual.*6

Only one approach, developed by Schlager* using GMM on Chinese
and European samples, has been used to address these challenges
for reconstructing the nose. Schlager* observed that population affinity
seemed to statistically impact the manifestation of sexual dimorphism
in differences in the shape of the nose among Chinese and European
populations. Nevertheless, Schlager emphasised that “this impact is
negligible from a biological standpoint”. Numerous studies®'''® using
conventional morphometric techniques have shown considerable
variation in facial skeletal morphology (size and form) between the
sexes in the South African research environment. In general, it has
been established that sexual dimorphism is less pronounced in the
black South African population than in other populations (white and
coloured).81-13

In our study, visualisations of sexual dimorphism suggest that the shape
change is consistent between soft and hard tissue configurations, and
that the general similarity seems to outweigh the difference. Nonetheless,
the sex distribution in each sample (100 black South Africans (33 female,
67 male) and 100 white South Africans (65 female, 35 male)) may affect
the findings on sexual dimorphism to some extent.

Ageing is almost as important as sex when considering variation in
both soft and hard tissue shapes. Generally, studies focus on standard
metric measurements*® and/or additional area and volume analyses*
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of the external nose. These studies have revealed ageing-related nose
lengthening, broadening, and angle changes.**

Few studies using GMM describe age-related craniofacial shape
variations. Only two recent findings, on a French sample*® and a Chinese
and European sample®, found age-related changes in adults’ external
nose dimensions.

Our results on age-induced changes in the shape of soft tissues are
similar to those of prior research using conventional anthropometric
techniques. Indeed, in both population affinity groups, age influenced
soft and hard tissue shape. In this research, we observed that age-
related morphological differences across population affinity might be
explained by tissue deterioration and the effects of gravity. However,
findings on the effect of ageing may, to some extent, be impacted by the
sample’s age distribution.

Conclusion

Population affinity, sex, age, and size (allometry) influence the biological
variability of the nasal complex, both in soft and hard tissue shapes.
Population affinity was found to be an essential factor for shape variation
within the sample, highlighting population affinity specific differences.
Additionally, within population affinity groups, sexual dimorphism and
ageing appeared to influence distinct elements of the shape of the mid-
facial region. From the findings, the two South African groups varied
considerably in terms of soft- and hard-tissue nasal complex shapes
and their correlations, emphasising the importance of considering
biological parameters and highlighting the need for population-specific,
accurate, and reliable 3D statistical prediction methods. The current
situation of unidentified persons in South Africa will significantly benefit
from research into morphological variation among modern South African
populations to generate consistent and precise identification guidelines,
such as using South African standard facial reconstruction methods.
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