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Executive Summary

Introduction: South Africa is experiencing a rise in unidentified remains yearly, and due to poor
access to healthcare and illegal immigration, standard identification methods often fail. The
foundational data used to reconstruct South African faces are based on North American cadavers
which result in inaccurate reconstructions. This study aimed to create guidelines for approximating
the eyeball and periorbital structures for South African groups using cone-beam computed

tomography (CBCT) scans.

Methods: Retrospective CBCT scans of 206 South African adults (45 black females, 52 black
males, 57 white females, and 52 white males) were included in the study, of which 187 had open
eyes (32 black females, 51 black males, 52 white females, and 52 white males). Three-
dimensional landmarks were placed manually on the hard- and soft-tissue renderings of the face
and skull as well as the outline of the eyeball in 2D using the MeVisLab © v.3.0.2 software. The
3D coordinates of these landmarks were used to calculate the linear dimensions of the orbit,
eyeball, palpebral fissure, and the position of the eyeball in relation to the orbital rim. Predictive
equations and predictions based on proportionality for the position of the eyeball in relation to the
orbital rim, eyeball and palpebral fissure dimensions were derived from these linear dimensions.
The effect of sex and population affinity on the shape of the orbit and palpebral fissure was
investigated using geometric morphometric methods (GMM). The second part of the study
entailed the creation and validation of prediction models based on the relationship between shape

of the bony orbit and palpebral fissures using an automatic landmarking method.

Results: Sex and population affinity significantly affected the dimensions and shape of the orbit,
eyeball and palpebral fissures. Black females had significantly smaller eyeballs which protruded
more from the superior orbital margin than the other sex-population groups. Eyeball position,
eyeball dimensions and palpebral fissure dimensions could be predicted with greater accuracy
based on proportionality compared to linear regression formulae. Variations in the palpebral
fissure dimensions in black South Africans were driven by shape, while it was driven by size in
white South Africans. Population affinity had a greater effect on the shape of the orbital region
and palpebral fissures than on the linear dimensions. The shape analysis based on the
automatically placed landmarks concurred with this finding which resulted in the accurate
prediction of the open eye from the underlying bony tissue with a small measurement error,

especially when population affinity was added as a factor.
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Conclusion: When reconstructing South African faces, it should be noted that black South
African females had significantly smaller eyeballs compared to all other groups, while the eyeball
protruded more in the vertical plane in black South Africans than white South Africans. Black
compared to white South Africans had a greater inner canthal distance and less upward slanting
palpebral fissures. Instead of depending on normative dimensions, the palpebral fissure and
eyeball position can be predicted based on the morphology of each individual without considering
sex or population affinity. The open eyelids could be accurately predicted from the underlying
bony tissue for the use in automatic facial approximations. These prediction results should be
combined with prediction models of other facial features to create accurate, objective and less

time-consuming automated facial approximations of South Africans.

Keywords: Orbital dimensions, Palpebral fissure shape, Ocular position, Prediction equations,
Prediction model, Biological profiling, Facial approximation, Virtual Sculpture method, Automatic

approximation
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1. Chapter 1: Introduction

1.1 Background and Rationale

Developing countries, and more specifically South Africa, have more than double the number
of unidentified remains yearly compared to developed countries, such as the United States,
Italy and France (Reid et al., 2023). Standard identification methods, such as identification
documents, DNA analysis, dental record comparisons, and fingerprints are commonly used to
identify the deceased (L’Abbé et al., 2005; Dorfling et al., 2018; Beaini et al., 2021). However,
these methods can only be useful to confirm an individual’s identity when information
regarding the person’s identity is known e.g. from family members (Dorfling et al., 2018; Kruger
et al., 2018). In the South African context, with the history of socio-economic disparities and
migrant labour, identification may not always be possible as unclaimed remains often originate
from migrants or illegal immigrants (L’Abbé et al., 2005). Another factor hindering the
identification process is the recovery of incomplete remains due to scavenger activity,
geological, environmental or cultural activities (L’ Abbé, 2013; Small et al., 2018; Spies et al.,
2018; Keyes et al., 2022).

Alternative methods, which include facial approximation, have been used to aid the Victim
Identification Centre (VIC) of the South African Police Service (SAPS) in the presumptive
identification of the deceased, especially in cases where skeletal remains are recovered.
Facial approximation entails the construction of a face over a skull to recreate an in vivo face
of the deceased (Stephan and Davidson, 2008; Dorfling et al., 2018; Guleria et al., 2023).
Once completed, facial approximations are published in the media for the potential recognition
by family members or the public to provide identification of the deceased. When constructing
a face, the eyes are prioritised as they tend to play a more significant role in distinguishing
individuals when compared to other facial features (Janik et al., 1978; Ellis et al., 1979; Haig,
1984; Taylor, 2000; Wilkinson, 2004; Kunjur et al., 2006; Frowd et al., 2011; Davy-Jow, 2013).
The term facial approximation is also referred to as facial reconstitution (Suzuki, 1973), facial
restoration (Farrar, 1977), facial sculpture (Gatliff, 1984), facial reproduction (Rhine, 1990)
and facial reconstruction (Tyrrell et al., 1997). The term, “facial approximation”, will be used in
this project rather than “facial reconstruction”, which refers to additional procedures, methods

of facial surgery and the procedure of rebuilding a skull from skull fragments (Stephan, 2003).

Average soft-tissue thickness values, determined at specific bony landmarks, are commonly
used in the facial approximation process (Beaini et al., 2021; Guleria et al., 2023). Reference
thicknesses are determined based on a variety of methodologies and modalities and the effect

of sex, ancestry, age and body mass index (BMI) have been described (Aulsebrook et al.,
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1995; Phillips and Smuts, 1996; Wilkinson, 2002; Cavanagh and Steyn, 2011; Manhein et al.,
2000; Beaini et al., 2021; de Barros et al., 2021). The American and Manchester methods of
facial approximation utilises soft-tissue markers, based on tissue depth measurements, to
create a face on a skull (Taylor, 2000). These soft-tissue markers have been acquired by
taking direct measurements on cadavers, using ultrasonic echolocation, CT and MRI
(Aulsebrook et al., 1995; Phillips and Smuts, 1996; Wilkinson, 2003; Stephan and Davidson,
2008; Galdames et al., 2008; Stephan et al., 2009; Cavanagh and Steyn, 2011; Byers, 2016).
Some modalities have been criticised as the subject is positioned in the supine position during
scanning, causing gravity to create tissue depth measurements which are not comparable in
the upright position. Using cadaveric material has an additional disadvantage in that the
measurements are often influenced by soft-tissue distortion or desiccation, while the
embalming medium is also likely to affect soft-tissue preservation (Wilkinson, 2004; Munn and
Stephan, 2018).

Aulsebrook and colleagues (1995) pointed out that by using linear soft-tissue depth
measurements to reconstruct a face, only the areas surrounding the pegs are accurate. The
areas between pegs and the detail of the facial features, e.g. the eyes, are filled and modified
by the artist, resulting in a subjective rather than objective facial approximation (Aulsebrook et
al., 1995). On the assessment of the validity of facial approximation methods, Aulsebrook
concluded that future research should focus on the quantification of facial features and that it
be supported by mathematics, three-dimensional (3D) geometry and topology so that they can

be compared statistically rather than subjectively (Aulsebrook et al., 1995).

A further concern is that guidelines for soft-tissue depths as well as other variables vary
between and among population groups, making the broad application of guidelines for one
population inaccurate for another (Cavanagh and Steyn, 2011). Substantial variation in soft-
tissue depths around the periorbital region and eyeball position have been shown to vary
among populations in South Africa (Dorfling et al., 2018). However, the study sample was
small, measurements performed were limited and were taken on cadavers and computer
tomography (CT) scans, which are affected by gravity effects and soft-tissue distortion
(Dorfling et al., 2018). Studies have indicated that gravity affects the position of the eyeball
within the orbit (Haslwanter et al., 1992; Harris et al., 1993; Cabungcal et al., 2001; Pierrot-
Deseilligny, 2009). Substantial variation has also been noted concerning the height and width
of the palpebral fissure between the sexes and among populations (Kunjur et al., 2006; Song
et al., 2007; Rhee et al., 2012). These findings further highlight the necessity for developing
population-specific guidelines for the position of the eyeball among South African groups
(Ridel et al., 2018).
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The SAPS currently uses the “Virtual sculpture” method, performed using the Freeform
Modelling Plus™ software. This software is based on the Manchester method of facial
approximation, which incorporates facial muscles, soft-tissue landmarks and skull robusticity.
Facial features can also be imported from a database and then scaled and positioned
according to the bony landmarks of the skull. Soft-tissue markers are then imported to create
the skin layer on top of the muscle layer to complete the face. The facial features are then
manually changed with the aid of the haptic device in the hope that the final product will

resemble the characteristics of a South African face.

The database currently in use in the Virtual Sculpting method is based on soft-tissue
thicknesses of North American cadavers. Soft-tissue thicknesses are population-specific
making facial approximations based on a North American database often inadequate for
accurately depicting a South African person (Ridel et al., 2020b). The predicament faced by
the SAPS is that the manual landmarking and fine-tuning of facial features are subjective and
the reference databases are also not based on variation among South African groups. The
results of inaccurate data are poor correlations between the facial soft-tissue features and the
bony framework of the skull (Ridel et al., 2020b).

The Forensic Anthropology Research Centre (FARC) at the University of Pretoria is currently
engaged in active research aimed at aiding the VIC of the SAPS in creating biological profiles
(sex, population affinity, age and stature) of deceased children and adults to produce more
accurate facial approximations (Krlger et al., 2018; Ridel et al., 2018; 2020b; Shakoane et al.,
2021). Biological anthropologists have found considerable variation in facial features and
underlying bony tissue among self-identified South African population groups, namely black,
white and coloured South Africans. For example, the bony landmarks of the nasal aperture,
such as nasal widths, nasal height, nasal bone projection, mid-facial dimensions, and menton
shape differ in size and shape between black and white South Africans (Ridel et al., 2018;
Braun et al. 2023). Furthermore, positive correlations have been found between the hard
tissue and soft tissue structures of the human face, such that knowledge of the size and shape
of a bony element, such as the menton, nasal aperture, or external acoustic meatus, can be
used to predict the outlying soft tissue (Ridel et al., 2020; Erasmus et al., 2023; Braun et al.,
2023). In this study, the dimensions and shape of the bony orbit and eyeball are examined,
adding knowledge around variation in hard and soft tissue features so that practitioners can

construct more accurate facial approximations of unknown persons in South Africa.

Promising results have been obtained in recent years by studies aiming to predict the soft
tissue structure and the facial features, based on their relationship with the underlying bony

tissue, using geometric morphometric methods for the nose, mouth, chin and ear

3
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(Vandermeulen et al., 2006; Claes, 2007; Tilotta et al., 2010; Schlager, 2013a; Guyomarc’h et
al.,, 2014; Ridel et al., 2020a). These studies aimed to create an automated facial
approximation method, which will be time efficient, objective, repeatable and would be able to
create multiple facial representations based on a single skull (Vandermeulen et al., 2006;
Claes, 2007). Unfortunately, most of the studies have been performed using computer
tomography (CT) scans, which are taken in the supine position calling the results into question,
while the landmarks were placed manually, resulting in higher observer error values (Tilotta et
al., 2010; Schlager, 2013a; Guyomarc’h et al., 2014). Ridel and colleagues (2020b) provided
successful statistical prediction of the soft-tissue structure of the nose from the underlying
bony tissue of South Africans using cone beam computer tomography (CBCT) scans. As the
open eyelids have never been predicted from the underlying bony tissue, this study aims to
produce statistical models to predict the open eye of black and white South Africans from the

underlying bony tissue.

1.2 Research problem

The approximation of the eyes and periorbital structures is prioritised in the facial
approximation process as it is more likely than any other facial feature to lead to the recognition
of a familiar face (Janik et al., 1978; Ellis et al., 1979; Haig, 1984; Taylor, 2000; Wilkinson and
Mautner, 2003; Wilkinson, 2004; Kunjur et al., 2006; Frowd et al., 2011; Davy-Jow, 2013). At
present facial approximation prediction equations regarding the eyeball and periorbital
structures, including the palpebral fissure, are either unavailable or are limited in the South
African context (Dorfling et al., 2018). Accuracy and repeatability of existing guidelines may
be affected by the manual collection of landmarks, the use of data acquired from individuals
in the supine position, or data based on the size and shape of structures from other populations
(Wilkinson, 2004; Schlager, 2013a; Guyomarc’h et al., 2014; Munn and Stephan, 2018).

1.3 Conceptual framework

The purpose of this study is to use data from CBCT scans, negating the effect of gravity in the
supine position, to improve the approximation of the eye and periorbital structures in facial
approximations in South Africa. This study was divided into two parts to develop guidelines for
performing computerised and automatic facial approximations. In part 1, absolute distances
were calculated to determine the normative dimensions of the orbit, eyeball and palpebral
fissure. Based on these linear distances, prediction methods were proposed to predict the
position of the eye within the bony orbit as well as the eyeball and palpebral fissure dimensions
based on proportionality of the orbital height and breadth and by linear regression for use in
the virtual sculpting method, currently used by the SAPS. In part 2, an automatic landmarking

method, based on well-defined, craniometric (hard-tissue) and cephalometric (soft-tissue)
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landmarks (Stephan et al., 2008; Guyomarc'h et al., 2014; Caple and Stephan, 2016) was
used to objectively evaluate the shape of the bony orbit and palpebral fissure using CBCT
scans of South African groups. Based on the interrelationship between the shape of the orbital
rim and the palpebral fissure, statistical models were created to predict the open eyes from

the underlying bony tissue for the use in automatic facial approximations.
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1.4 Aims and objectives

The study aims to create guidelines for approximating the eye and periorbital structures of
South African groups using CBCT scans. The first objective was to establish the mean size of
the eyeball, orbit and palpebral fissure for each sex-population group as well as the position
of the eyeball within the bony orbit, which is useful in the placement of the eyeball in the orbit
during the facial approximation process. Univariate analysis (ANOVA and Tukey’s Pairwise
tests for parametric or Kruskal-Wallis and Mann-Witney tests for non-parametric data) was
conducted to determine the effect of asymmetry, sex and population affinity on these
normative values. The linear dimensions were used to define the interrelationship between
the position of the eyeball and orbital dimensions; eyeball- and orbital dimensions as well as
the palpebral fissure and orbital dimensions which were converted to percentages
(proportionality). Furthermore, linear regressions were used to create prediction equations for
the use in approximation of the eyeball and palpebral fissures. The manually placed landmarks
were used to determine the shape of the orbital region and the palpebral fissure. The
classification accuracy for each sex-population group based on the shape and size of the

orbital region was determined.

The second objective was to assess shape variation between South African sex-population
groups based on automatically projected landmarks and to find the statistical interrelationship
between the soft-tissue structure of the eyelids and the hard-tissue structure of the orbit to
predict the soft-tissue structure of the eyelids from the underlying orbit for use in an automated

facial approximation.
The specific objectives in the study include:

Part 1:

1. Calculate absolute distances from the manual placement of landmarks on the 3D or
2D surface of the palpebral fissure, bony orbit and eyeball to determine the dimensions
of the bony orbit and palpebral fissure, respectively.

2. Determine the position of the eyeball within the bony orbit (outer margins of the eyeball
to the orbital rim) and the protrusion of the eyeball from the bony orbit (oculus anterus
to the orbital rim).

3. Determine the effect of asymmetry, sex and population affinity on the absolute
distances describing the size of the orbit, eyeball, eyelids and position of the eyeball
in the orbit.

4. Propose the position of the eyeball, eyeball dimensions and palpebral fissure
dimensions based on proportionality, while predictive equations are proposed using

linear regressions.
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Determine the shape of the orbit and palpebral fissure based on the manually placed
landmarks on the 3D surfaces.
Determine the classification accuracy for each sex-population group using a

discriminant function analysis (DFA) using the size and shape of the orbit.

Extract soft- and hard-tissue surfaces for each individual from the CBCT scans.
Create average South African soft- and hard-tissue templates based on a non-rigid
surface registration process.

Anatomical templating by the automatic landmark projection onto each individual's
extracted soft- and hard-tissue surface.

Determine shape variation between sex-population groups based on the automatically
projected landmarks.

Create statistical models based on the relationship between the orbital rim and the
palpebral fissure using a Projection onto Latent Structures Regression (PLSR)
algorithm.

Validate the predicted models using cross-validation testing with the calculation of the

Mean Squared Error (MSE) using leave-one-out cross-validation (LOOCV).
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2. Chapter 2: Literature review

2.1 Introduction

The soft-tissue structure of the face and facial features are influenced by age, population
affinity, sexual dimorphism and positional changes (Phillips and Smuts, 1996; Wilkinson,
2002; Cavanagh and Steyn, 2011; Manhein et al., 2000; Avelar et al., 2017; Beaini et al., 2021;
de Barros et al., 2021) as has also been demonstrated in South African samples (Ridel et al.,
2018; Shakoane et al., 2021; Braun et al., 2023; Erasmus et al., 2023). As facial
approximations are based on the relationship between the soft-tissue structure of the face and
the underlying bony tissue (Schlager, 2013a), variations in the anatomy of the skull and facial
features among South African groups should be described and considered in the creation of

accurate facial approximations.

Investigations in the South African context of the dimensions and shape of the orbit, eyeball
and palpebral fissure are limited. This study aims to provide normative values of the size,
shape and position of the orbit, eyeball and palpebral fissures for South Africans, to uncover
variations between sex and population groups and to derive prediction equations or models

for accurate facial approximations.

In this literature review a thorough description of the anatomy of the bony orbit, orbital and
periorbital structures is given and the facial approximation methods are discussed. Current
guidelines used to approximate the eyeball within the orbit and the guidelines used to
reconstruct the palpebral fissures are summarised and critiqued. As these guidelines are
based on data derived using various modalities, an overview is given on 3D imaging with their

advantages and disadvantages for their use in facial approximation research.

2.2 Anatomy of the bony orbit, orbital and periorbital structures
2.2.1 Bony orbit:

The bony orbit houses the eyeball as well as the extraocular muscles, fat, nerves and vessels
(Standring, 2015). The bony orbit consists of (see Figure 2.1) the lesser wing of the sphenoid,
orbital plate of the ethmoid, lacrimal bone, orbital plate of the frontal bone, orbital plate of the
maxilla, greater wing of the sphenoid, zygomatic bones and a very small contribution by the

orbital process of the palatine bone (Standring, 2015).

The orbit resembles a quadrangular pyramidal space, which has a roof, floor and a medial and

lateral wall. The apex of the pyramid is directed posteromedially towards the optic canal and
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the base is directed anterolaterally towards the orbital margins. As the orbit develops around
the eyeball, it protrudes outwards to accommodate the lacrimal gland. The widest part is thus
not at the orbital margin, but approximately 15 mm behind it (Wolff, 1977). The bony orbit
contains the optic canal, superior and inferior orbital fissures that connect the orbit to the
cranial cavity, pterygopalatine and infratemporal fossae (Wolff, 1977; Moore et al., 2013;
Standring, 2015).

Lacrimal bone
Maxilla

Zygomatic bone

L Ddh -

Greater wing of the
sphenoid

o

Frontal bone

Lesser wing of the
sphenoid

7. Ethmoid bone
8. Palatine bone
Blue: Optic canal

Green: Superior orbital
fissure

Yellow: Inferior orbital
fissure

Figure 2.1. The right bony orbit with its openings

The orbital margin has a quadrilateral shape with rounded edges and the lacrimal fossa that
lies within the orbital margin. It is formed by the frontal, zygomatic and maxillary bones. Each
side of the quadrilateral orbital margin is approximately 40 mm, but the width of the orbital
margin is frequently greater than the height. The orbital index (= height of the orbit x100 / width
of the orbit) is the relation between the height and the width of the orbit and may differ among
geographically distinct groups (Wolff, 1977).

The orbital margin changes in size and shape with advancing age. At birth, the orbital margin
is sharp to protect the eyeball during the birthing process. Further changes in the shape and
size of the orbit depend on facial development and the development of the paranasal sinuses.

At the age of seven, the orbital margin tends to be trapezoidal with less sharp margins
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compared to infants and clearly defined superomedial and inferolateral angles (Wolff, 1977).
In adulthood up to senescence, shape and size changes are mostly attributed to the
absorption of bone. Elderly skulls may present with holes in the orbital roof, placing the
periorbital structures in direct contact with the dura mater. The lateral orbital wall often shows
signs of absorption, which is less commonly seen in the medial wall or floor. The orbital
fissures, in particular the inferior orbital fissure, are expanded by absorption of its margins
(Wolff, 1977). Avelar and co-workers (2017) reported an initial increase in the size of the
rounded orbital margin while maintaining its shape but with advancing age, most prominent in
skulls >50 years of age, the orbital margins became more rectangular and thus increasing the
orbital size (Avelar et al., 2017).

Limited sex differences can be observed in the skull up to puberty, but thereafter secondary
sexual characteristics change the size and shape of the skull. Adult males present with a well-
pronounced supraorbital rim, whereas the supraorbital rim is subtle and sharper in females
(iscan and Steyn, 2013; Avelar et al., 2017). Kriiger and colleagues (2015) reported significant
differences in the supraorbital margins between sexes, as well as a significant difference in
the supraorbital margin between black and white South African females (Kruger et al., 2015).
The more pronounced supraorbital rims may be due to the larger frontal sinuses reported in
males, producing distinct superciliary ridges with a less vertical forehead (Ozer et al., 2016).
Studies investigating the shape and size variation in the orbital margins between sexes have
concluded that sex influences the size and shape of the orbits, as males commonly present
with wider, rectangular orbits and a deeper lateral orbital margin, while females present with
shallow, round orbital margins (Bigoni et al., 2010; Gonzalez et al., 2011; Franklin et al., 2012;
Milella et al., 2021; Toniva et al., 2022; Ajanovic et al., 2023).

Population affinity also affects the shape and size of the orbital rim. Asian orbits tend to exhibit
rounded orbital contours, while Europeans present with square, more inclined orbital rims and
Africans with shorter wider orbital rims (Xing et al., 2013). Rubin and deLeon (2017) concluded
that the greatest population variation was noted in the curves of the medial and lateral orbital

walls when the shape of the orbit was compared between white, black and Asian samples.

Asymmetry in the orbital dimensions has been reported in the literature, although its presence
varies between studies. Asymmetry was noted in the orbital breadth of a French sample
(Guyomarc’h et al., 2012), while asymmetry in the orbital height was recorded in a Turkish
female sample (Ozer et al., 2016). No significant difference was noted between the left and

right orbital dimensions in a Chinese and Egyptian sample (Ji et al., 2010; Attia et al., 2018).
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2.2.2 Orbital and periorbital structures, including the eyelids

The orbital and periorbital structures include the eyeballs, muscles surrounding the eyeballs,
connective tissue and fat between the eyeball and bony orbit as well as the eyelids, eyelashes

and eyebrows surrounding the eyeball externally (Naini, 2011).

An intricate network of connective tissue can be found within the orbit, which forms the support
structure of the eyeball. The connective tissue network also groups the orbital fat and restrains
ocular rotations. Some of these connective tissue structures have clinical and anatomical
importance, including the orbital septa, fascial sheath of the eye and suspensory ligament of
the eyeball. The orbit also houses seven extraocular muscles, of which one elevates the
superior eyelid (levator palpebrae superioris) and six move the eyeballs (four recti muscles

and two oblique muscles) (Standring, 2015).

The eyelids or palpebrae are two thin movable anterior structures that protect the eye when
closed (Naini, 2011; Standring, 2015). The position of the eyelids depends on the muscle tone
in the levator palpebrae superioris and orbicularis oculi muscles as well as the degree of
protrusion of the eyeball (Standring, 2015).

The superior eyelid extends to the eyebrow above and the inferior eyelid smooths into the
cheek at the nasojugal and malar sulci. These folds intensify with advancing age as the skin
is tied to the underlying periosteum. The superior eyelid is the more mobile and overlays the
cornea in a forward gaze, while the inferior eyelid lies just inferior to the cornea in a forward
gaze. The eyelids encircle the elliptical palpebral fissure between their boundaries and meet
at the medial and lateral canthi. The anatomy of the eyelids is indicated in Figure 2.2. In
European groups, the medial canthus is often situated approximately 2 mm lower than the
lateral canthus. The inclination of the palpebral fissure is recorded as 2°t 2° in males and 4°t

2° in females, which may increase in those of Asian ancestry (Farkas, 1994; Naini, 2011).

Clinical observations noted substantial variation in the size and shape of the periorbital regions
between sexes and populations (Kunjur et al., 2006; Song et al., 2007; Rhee et al., 2012).
Kunjur and colleagues (2006) quantified the relationship of the eyebrow to the eyelids and the
palpebral fissure in males and females of groups defined in the research as White, Indian and
Chinese. White males had a significantly narrower palpebral fissure when compared to their
Indian counterparts. The axis of the palpebral fissure indicated that the lateral canthus was
situated significantly higher in white females when compared to Indian females. Males and
females from the Chinese group presented with significantly wider inner canthal distances
when compared to both the White and Indian groups (Kunjur et al., 2006). As variations have

been reported between males and females and among population groups, it is necessary to
11
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assess if similar variations are present between white and black South Africans. Differences
in the height and width of the palpebral fissures were noted between sexes (Song et al., 2007);
females had greater palpebral fissure heights whereas males had greater palpebral fissure
widths. However, this variation has not been observed in other groups (Song et al., 2007).
Asymmetry was also noted with the left side presenting with a taller palpebral fissure height

than the right side in both males and females.

1. Superior eyelid
2. Inferior eyelid

3. Medial canthus
4. Lateral canthus
5. Lacrimal caruncle
6. Nasojugal sulcus
7. Malar sulcus

Red bracket: palpebral fissure

Figure 2.2. Anatomy of the eyelids
2.2.3 Eyeball

The eyeball is covered by three distinct layers, the corneoscleral envelope, which forms the
tough, inelastic outer layer has two parts, the cornea, the transparent anterior sixth and the
sclera and the white opaque posterior five sixths. The uvea forms the middle layer and is highly
vascularised comprising the choroid, ciliary body and the iris. The retina forms the internal
photosensitive layer which contains photoreceptors and neurons involved with the initial
processing of visual stimuli (Moore et al., 2013; Standring, 2015).

The eyeball is not a spherical structure but consists rather of two fused spheres, the cornea is
the smaller sphere with a radius of 7.8 mm when compared to the sclera with a radius of 12
mm. The junction of the cornea and sclera is marked by the external scleral sulcus, known as
the limbus.

The reference textbooks and published literature describe the size of the eyeball as 23.4 - 25
mm in diameter from anterior to posterior (sagittal/axial length) and 23 - 25 mm from side to

side (transverse). The vertical diameter has been described as 23.5 - 25 mm (Wolff, 1977;

12
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Wilkinson et al., 2012; Moore et al., 2013; Bekerman et al., 2014; Standring, 2015). The axial

length of the eyeball is more variable than the vertical and transverse diameters.

The literature reviewed is not in agreement regarding the variation between eyeball sizes
among the sexes. Wolff (1977) found male eyeballs to be somewhat larger than female
eyeballs (Wolff, 1977). Bekerman and co-workers (2014) found no statistically significant
difference in the size of the eyeball between the different sexes, populations or age groups.
They found the right eyeball to be slightly smaller than the left, but the difference was not

significant (Bekerman et al., 2014).

2.2.4 Anatomical position of the eyeball

The eyeball is found superolaterally within the anterior orbit. It occupies only one-fifth of the
orbital cavity. When a line is drawn from the superior to inferior orbital margins the cornea will
barely touch this line in forward gaze. When a line is drawn from the lateral to medial orbital
margins, approximately one-third of the globe would project anterior to it. The eyeball is
shielded within the lateral orbits. The interpupillary distance is 58-60 mm, with the distance
between the medial canthi approximately half of this distance. Certain dysmorphic cranial
disorders may distort these distances e.g. hypertelorism increases the interpupillary distance
while Waardenberg’s syndrome increases the inner canthal distance (Wesoly, 2017; Liu et al.,
2020).

Exophthalmometry is valuable in determining globe positioning in the anterior-posterior plane
in living individuals as it gauges eyeball protrusion while seated with gravitational effects acting
inferiorly. A Hertel or the Luedde exophthalmometer measures the projection of the eyeball
from the deepest point on the lateral orbital margin to the most anterior point of the cornea
(Stephan, 2002). To measure eyeball protrusion using one of these devices, the
exophthalmometer is placed firmly against the lateral orbital margin and the projection of the
cornea can thus be read off the scale (Davanger, 1969; Stephan, 2002). Studies have
indicated that globe projection is significantly greater in males when compared to females (de
Juan et al., 1980; Dunsky, 1992). Significant differences in globe projection between black
and white Americans have also been reported (Brown and Douglas, 1975; de Juan et al,,
1980; Bogren et al., 1986; Barretto and Mathog, 1999). Barretto and Mathog (1999) noted a
significant difference in globe projection between males and females of both black American
and white American groups. These observations correspond to the findings of Dunsky (1992)
who also found a statistically significant projection between black American males and
females, with males having a greater mean projection when compared to females within the

same population group (Dunsky, 1992).

13
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2.3 Facial approximation techniques
2.3.1 Introduction

Facial approximation is the construction of a face over a skull to recreate an in vivo face of a
deceased person (Stephan and Davidson, 2008; Dorfling et al., 2018; Guleria et al., 2023).
This process is based on the presumed morphological relationship between the underlying
bone and the soft-tissue of the face (Schlager, 2013a). Welcker (1884) and His (1895) were
the first scientists to use skeletal remains to produce facial approximations (Welcker, 1884;
His, 1895).

2.3.2 Traditional methods of facial approximation

Three categories of facial approximation techniques exist, including 1) two-dimensional (2D)
facial approximation and craniofacial superimposition (Ubelaker et al., 1992; Taylor, 2000;
Ubelaker, 2015; Stephan et al., 2019; Guleria et al., 2023), 2) three-dimensional (3D) manual
facial approximation (Snow et al., 1970; Gerasimov, 1971; Praig and Neave, 1997; Vanezis
and Vanezis, 2000; Guleria et al., 2023) and 3) 3D computer-based facial approximation
(Vanezis and Vanezis, 2000; Wilkinson 2003; 2010). For a 2D facial approximation, an image
of a face is created two-dimensionally by drawing or by superimposing a photograph onto the
skull under investigation (Taylor, 2000). Three-dimensional (3D) manual facial approximation
is the recreation of a face onto a skull using clay (Snow et al., 1970; Gerasimov, 1971; Praig
and Neave, 1997; Wilkinson, 2004, 2010). There are three main methods of 3D manual facial
approximation techniques: anatomical or Russian, anthropometric or American, and

combination or Manchester (Verzé, 2009; Guleria et al., 2023).

The anatomical or Russian method was created by Mikhail Gerasimov in 1971. This method
is divided into two phases (Verzé, 2009). In the first phase, the soft-tissue elements (e.g. facial
muscles and fat), are modelled onto a target skull based on the robusticity of the muscle
attachment sites. In the second phase, the final modelling, a thin layer is modelled onto the
facial soft-tissue structures (Gerasimov, 1971; Verzé, 2009; Gupta et al., 2015; Guleria et al.,
2023). The second phase introduces bias, as it relies on the subjective opinion of the artist to
recreate the facial features based on the underlying bony tissue (Verzé, 2009). This method
was further criticized by Gupta and colleagues (2015) as it is time consuming and requires in

depth Anatomical knowledge (Gupta et al., 2015).

When using the anthropometric or American method, the first step in the facial approximation
process is to place pegs, representing the average soft-tissue thicknesses (STT), on the
surface of the skull at specific anatomical landmarks (Taylor, 2000; Verze, 2009). The pegs

may be attached via the planar or the imported peg method (Mires et al., 2003; Wilkinson et
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al., 2006). These pegs may differ in number and thickness depending on sex, age and
population. The soft-tissue is recreated by filling in the spaces between the pegs with
modelling clay (Taylor, 2000). With this method, the practitioner does not consider the
underlying anatomical structures as they do with the Russian method (Snow et al., 1970).
Another disadvantage of relying on STT values only, is that only the areas related to the pegs
will be recreated accurately, while the areas between the pegs would rely on artistic skill
(Aulsebrook et al., 1995). As the American and Russian methods requires great experience

and skills, these methods are not currently used (Gupta et al., 2015; Guleria et al., 2023).

Facial soft-tissue thicknesses have been recorded for various geographical locations, as well
as some South African groups, including black South African females and South Africans of
mixed racial origin (Aulsebrook et al., 1995; Phillips et al., 1996; Cavanagh and Steyn, 2011).
In the Manchester method, Richard Neave combined both anatomical and anthropometric
methods (Praig and Neave, 1997; Verzé, 2009; Gupta et al., 2015; Guleria et al., 2023). With
the combined method the artistic subjectivity, which takes place between pegs, is significantly
reduced because the face is reconstructed according to anatomical principles (Praig and
Neave, 1997; Guleria et al., 2023). In the manual Manchester method, the facial muscles are
placed as they span across their origin and attachment to the skull surface. Other relevant
facial structures are modelled onto the face (e.g. the parotid gland). Secondly, facial features
such as the eyeballs and eyelids are placed and modelled according to published data
(Stephan, 2002; Wilkinson and Mautner, 2003; Gupta et al., 2015). After the muscle layer has
been placed, the Manchester method requires a skin layer, which can be established using
tissue depth markers as guides (Taylor, 2000; Wilkinson and Rynn, 2012). The skin layer can
be placed with the additional method (placing balls of clay varying in size in the areas that
need to be filled and then smoothed out) or the offset method (placing clay strips of
approximately 4 mm between STT markers to fill in the spaces between the placed facial
muscles and structures (Wilkinson and Rynn, 2012). Lastly, textures are added to create a

realistic reconstruction.

2.3.3 Computerised 3D facial approximation methods

In an attempt to develop a method that is less subjective, more time-efficient and which
produces multiple variations of a face, computer-based programmes have been used for
creating facial approximations (Turner et al., 2006; Gupta et al., 2015). Two computer-based
approaches exist, the “Virtual sculpture” method and the automated method (Wilkinson, 2005;
Turner et al., 2005; Claes et al., 2006; Wilkinson et al., 2006; Claes et al., 2010; Wilkinson and
Rynn, 2012; Lee et al., 2012). In 2003 Wilkinson introduced the computerised “Virtual

sculpture” method which aims to imitate and expand on the 3D manual Manchester method
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(Wilkinson, 2003). This computer method combines facial anatomy, facial expression,
anthropometry, anthropology as well as the relationship between the hard- and soft-tissues of
the face (Wilkinson, 2004). The “Virtual sculpture” method operates using the FreeForm
Modelling Plus™ software with haptic feedback (Phantom Desktop™ haptic Device) which
allows physical contact between the computer and the user via the Haptic device (Wilkinson,
2003).

During a facial approximation using the computerised Manchester method, pre-modelled
muscles are imported from a database to reconstruct the anatomical structures of the face
(Wilkinson et al., 2006). As the facial muscles have reliable attachments and morphology,
each muscle is individually employed and altered relative to the size and proportions of the
skull (Wilkinson, 2003; Wilkinson et al., 2006; Lee et al., 2012). Each muscle can be deformed
and changed individually to fit the robusticity of the skull. To create the facial shape and profile,
it is important to import and deform all the craniofacial muscles as well as other important
anatomical structures, such as the parotid gland and superior temporal vessels (Wilkinson and
Rynn, 2012; Lee et al., 2012). Certain facial features can be imported from a database and
then scaled and positioned according to the bony landmarks of the skull (Wilkinson et al.,
2006). To create the skin layer, soft-tissue depth markers can be imported to complete the
face and by using the haptic device, the areas around the markers and facial features can be
modified and smoothed out (Wilkinson and Rynn, 2012). By using the programme tools, for
instance, the “tug” tool, age-related changes can be modelled for a more realistic

reconstruction (Wilkinson, 2003).

The “Virtual Sculpture” method, performed by Freeform Modelling Plus™ software, is the
method of choice for the South African Police Service (SAPS), to approximate the face
following the estimation of the biological profile (Ridel et al., 2020b). The skull of the
unidentified individual is scanned using a Metrascan 210 which is imported into the Freeform
Plus modelling software (Wilkinson et al., 2006; Ridel et al., 2020b). The soft-tissue depth
markers are placed onto the imported skull at predefined bony landmarks using a 3D stylus.
Currently, the soft-tissue depth markers placed to create the skin layer, are from a North
American database derived from cadaver based studies (Ridel et al., 2020b). The areas
surrounding the soft-tissue depth markers, especially surrounding the facial features, are then
manually changed to create a face that supposedly resembles the unidentified individual thus

resulting in less accurate and more subjective approximations (Ridel et al., 2020b).

The influence of sex, population affinity, age and BMI on the STT values of the face have been
thoroughly investigated and variations have been noted and described in the literature
(Aulsebrook et al., 1995; Phillips and Smuts, 1996; Wilkinson, 2002; Cavanagh and Steyn,
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2011; Manhein et al., 2000; Beaini et al., 2021; de Barros et al., 2021). Creating a facial
approximation based on STT values obtained from another sex or population group will result
in an inaccurate reconstruction which should be taken into consideration when performing a
facial approximation (Phillips and Smuts, 1996; Ridel et al., 2020b).

Another factor that has also been investigated is the effect of gravitational forces on the soft-
tissue structure of the face. The majority of published research describing the STT values of
the periorbital region and the positioning of the eyeball within the orbit has been performed on
cadavers, CT or MRI scans (Aulsebrook et al., 1995; Phillips and Smuts, 1996; Wilkinson et
al., 2003; Galdames et al., 2008; Stephan et al., 2008; Stephan et al., 2009; Cavanagh and
Steyn, 2011, Dorfling et al., 2018). In 2004, Wilkinson criticised these methods stating that
gravity may influence measurements taken on participants or patients in the supine position
(Wilkinson, 2004).

Contradicting results have been published as some authors found gravity to affect the soft-
tissue structure of the face, while others reported little variation in STT values between the
supine and prone positions (de Greef et al., 2006; See et al., 2008; Baillie et al., 2015; Stephan
and Preisler, 2018). Common variations in STT values due to positional changes and the effect
of gravity are commonly described in the lateral facial landmarks (Wilkinson 2002; de Greef et
al., 2006; See et al., 2008; Munn and Stephan, 2018). There has been limited research on the
impact of gravity on the positioning of the eyeball in the bony orbit and the periorbital structures
in humans. Research on cats and rhesus monkeys has shown displacement of the eyeball in
both supine and prone positions (Haslwanter et al., 1992; Harris et al., 1993; Cabungcal et al.,
2001). Pierrot-Deseilligny concluded that gravity plays a role in the vertical position of the
eyeball in humans based on results obtained from positional changes of the head (Pierrot-
Deseilligny, 2009). Apart from the effect of gravity on the eyeball, the periorbital structures are
also influenced by gravity. In a more recent study, Munn and Stephan re-evaluated the effect
of gravity on STT values by using high-resolution dimensional imaging stereo-photographs of
62 subjects in the supine and prone positions. They found a significant difference in the STT
values lateral and inferior to the orbit as the soft-tissue retracted laterally during the supine
position (Munn and Stephan, 2018). However, the gravitational effect on the position of the
eyeball in the orbit has not been quantified. Developing guidelines for the approximation of a
South African face using CBCT images will negate the possible effects of gravity in the supine
position and desiccation, and could address some of the current objections about this

computer-based facial approximation method.
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2.3.4 Approximation of the eyeball and palpebral fissure

When the eyeball is positioned in the bony orbit during a facial approximation, globe
positioning takes place in three planes: the superior-inferior plane, medial-lateral plane and
the anterio-posterior plane. During the approximation of the eyeball, pre-existing eyeballs with
a standard diameter of 25 mm are positioned within the orbits (Wilkinson et al., 2006; Lee et
al., 2012; Gupta et al., 2015). In the late 1980’s, the position of the eyeball in the mediolateral
and supero-inferior planes was achieved by placing the eyeball centrally within the orbit
(Gatliff, 1984; Krogman and iscan, 1986; Gatliff and Taylor, 2001; Taylor and Craig, 2005).
Yet other researchers have found that the eyeball is closer to the superior and lateral orbital
margins, rather than centrally placed (Goldnamer, 1923; Whitnall, 1932; Wolff, 1977; Dorfling
et al., 2018) (Figure 2.3). The eyeball is currently placed in the centre of the orbit and then
adjusted manually (Krogman and iscan, 1986; Lee et al., 2012; Wilkinson and Rynn; 2013).

Stephan and Davidson aimed to clarify the contradicting data in 2008, by dissecting four
Australian cadavers (2 males, 2 females). Various measurements were taken in order to
describe the exact position of the canthi and the eyeball, respectively. Their results showed
that the lateral canthus was 4.5 mm from the lateral orbital margin and the medial canthus
was 4.8 mm from the medial orbital margin. The position of the eyeball was 5.1 mm from the
superior orbital margin, 7.8 mm from the inferior orbital margin, 7.0 mm from the medial orbital
margin and 4.0 mm from the lateral orbital margin (Stephan and Davidson, 2008). In 2009,
Stephan repeated the same study but increased the sample size to 9 cadavers to test the
results found in 2008. The results demonstrated the same trend: the eyeball is more supero-
laterally positioned (Stephan et al., 2009).

Dorfling and co-workers (2018) determined the position of the eyeball in the orbit using
cadavers from a South African sample and found a similar supero-lateral location of the
eyeball within the orbit. The authors described the position of the eyeball as 3.4 mm from the
superior orbital margin, 6.1 mm from the inferior orbital margin, 8.3 mm from the medial orbital
margin and 4.2 mm from the lateral orbital margin (Dorfling et al., 2018). The lateral canthus
is at an equal level to the malar tubercle and is somewhat higher than the medial canthus
(Farkas, 1994; Stephan et al., 2008). According to Anastassov and van Damme (1996), the
lateral canthus moves downwards, lower than the medial canthus with the advancement of

age (Anastassov and van Damme, 1996).
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Figure 2.3. Recorded eyeball position within the orbit adapted from Dorfling and colleagues
(2018)

To place the eyeball in the anterior-posterior plane, the cornea can be located at the junction
of a line drawn from the superior orbital margin to the inferior orbital margin and the other line
intersecting the orbit between the above-mentioned landmarks. Gatliff and Snow, (1979)
confirmed the above theory and stated that the cornea would touch a line drawn from the
superior to the inferior orbital margins (Gatliff and Snow, 1979). However, more recent
research, performed on MRI from 39 patients, indicated that the eyeball projects 3.80 £ 2.48
mm from a line connecting the midpoints of the supra- and infraorbital margins (Wilkinson and
Mautner, 2003) (Figure 2.4). Another cadaveric study described that the eyeball projects 15.90
+ 2.60 mm from the deepest point on the lateral orbital margin (Stephan et al., 2008; Stephan
et al., 2009) (Figure 2.5). Currently, the eyeball is positioned in the orbit at a depth at which
the iris should touch a tangent taken from the mid superior orbital margin to the mid inferior
orbital margin (Stephan, 2002; Wilkinson and Mautner, 2003; Lee et al., 2012; Gupta et al.,
2015).

19

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

@ YUNIBESITHI YA PRETORIA

X: Line tangential to mid-
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Figure 2.4. Eyeball protrusion measurement adapted from Wilkinson and Mautner, 2003

e ﬁm oo

Protrusion

oa: oculus anterius

dLOM: deepest point on
the lateral orbital margin

Figure 2.5. Eyeball protrusion from the lateral orbital wall adapted from Stephan and
Davidson 2008
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Two common methods exist to reconstruct the eyelids. The first is referred to as the extrusion
method (Mires et al., 2003; Mahoney and Rynn, 2011). During this process, the eyelids are
constructed by extruding an offset piece the thickness of the eyelid from the surface of the
eyeball. The offset piece is aligned to the attachments of the eyelids at the medial and lateral
canthi. The eyeball surface is extruded backwards, creating upper and lower lids based on the
eyeball radius (standard eyeballs are placed with a diameter of 25 mm). The palpebral fissure
is created by aligning the lateral and medial canthi to their attachments. Individual lids can be
isolated and adjusted to their attachments onto the lacrimal crest and malar tubercle,
respectively. Majority of the eyelid should adhere to the shape of the eyeball, and the superior

eyelid should overhang the inferior eyelid at the lateral aspect.

The alternative method used for the reconstruction of the eyelids is the addition method
(Wilkinson et al., 2006; Wilkinson and Rynn, 2012). This method utilises a pre-made
orbicularis oculi muscle sculpted for a 25 mm diameter eyeball. The imported orbicularis oculi
muscle is positioned in such a way that the palpebral part is in contact with the superior and
inferior eyelids. While initially positioned for a perfect fit, adjustments are necessary to
accommodate for hard-tissue variation in the orbital region. The orbital part of the orbicularis
oculi muscle is also repositioned to accurately meet surrounding bones, without affecting the
palpebral part that remains in contact with the eyeball. Finally, the soft tissue between the
upper and lower orbital margins is sculpted towards the eyelids, considering variation in eyelid

patterns influenced by orbital shape and subcutaneous fat distribution.

2.3.5 Automatic facial approximations of the facial features

The use of computer-aided facial approximations has increased, as these methods are fast
and efficient and it reduces the subjectivity of the practitioner (Guleria et al., 2023). Following
the digitisation of the skull of the unknown individual, a face is selected from a database
according to the sex, population affinity and age of the individual which fits onto the skull like
a mask. The soft-tissue is adjusted according to the applicable STT values. Unfortunately, the
facial features remain challenging to reconstruct using this technique (Guleria et al., 2023).
Currently, most facial approximations based on automated methods create faces with closed
eyes. Open eyes can then be selected from a database which fit the dimensions of the closed
eyes in order to produce a facial approximation with open eyes (Vanezis et al., 2000; Gupta
et al., 2015; Guleria et al., 2023).

During the past two decades, forensic scientists have attempted to create automated
computer-assisted methods to approximate the facial features from the underlying bone based
on a variety of different methods and with wide ranges of uncertainty. In 2005, Turner and

colleagues introduced a reality enhancement facial approximation (RE/FACE) software to
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create automated facial approximations from CT scans of Americans (Turner et al., 2005). An
algorithm was used to warp surfaces based on crest lines and curves, followed by a two-step
Iterative Closest Point (ICP) registration process. Further deformations were conducted using
thin-plate splines. For this method, no anatomical landmarks were identified or placed, and no

measurement errors were reported.

Vandermeulen and colleagues (2006) introduced a fully automated 3D computerised facial
approximation method in 2006 using Geometric morphometric (GMM) techniques based on
20 CT scans. GMM is a useful tool to observe the shape and size of a biological structure.
GMM is based on the Cartesian coordinates of landmarks which allow for a useful visual
representation of statistical results as actual shapes or deformations. In this method, the
geometry of the landmark configuration is preserved by a set of 3D landmark coordinates
(Rohlf and Marcus, 1993; Bookstein, 1996, 1997; Zollikofer and Ponce de Ledn, 2002; Adams
et al., 2004; Zelditch et al., 2004, Slice, 2007; Mitteroecker, 2009). In the study conducted by
Vandermeulen and colleagues (2006), a template skull (average face) was created
considering all the features of the 20 imported facial CT scans. Newly imported skulls were
then warped to fit onto the template skull in order to create a facial approximation
(Vandermeulen et al., 2006).

To improve on the technique introduced by Vandermeulen and colleagues (2006), Claes and
supervisors (2007) described a semi-automated computerised robust statistical facial
approximation method (Vandermelen et al., 2006; Claes, 2007). This concept builds on a
statistical craniofacial model in which the relationship between soft-tissue thicknesses and
facial shape was measured at 52 predefined landmarks on 400 subjects with the aid of
ultrasound measuring technology (Claes, 2007). The same 52 corresponding landmarks were
placed manually on the skull. In this model, an ‘elastic’ face is transformed to fit onto a target
skull (Claes, 2007). In order to create a robust statistical embedded registration framework,
several surface registration tasks were performed. These tasks involved the establishment of
the geometrical relationship between the surface of the face and the surface of the skull
(Claes, 2007). The Root-Mean-Squared-Error (RMSE) was calculated of the distances
between analogous points of the original training set data and the model description to
determine the accuracy of the shape (Claes, 2007). This was calculated for all facial entries.
The global RMSE was reported as 1.38 mm (Claes, 2007) meaning that an average deviation

of 1.38 mm was seen globally, over all reconstructions.

Another predictive method was described by Tilotta and co-workers (2010) based on 47 CT
scans of a French sample. The study used an automatic patch extraction and surface

estimation method based on the placement of four landmarks (nasion, rhinion, anterior nasal
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spine and nasospinale) onto the skull aiming to predict the soft-tissue structure of the nose
based on the hard-tissue patch (Tilotta et al., 2010). The disadvantage of this method involved
using geometrically determined rectangular regions for the patch extraction, rather than

regions outlined by defined anatomical landmarks (Schlager, 2013a).

An improved approximation method was introduced by Schlager (2013a) based on GMM to
predict the soft-tissue structure of the nose using Chinese and European CT scans. Fourteen
craniometric and 15 capulometric anatomical landmarks were used to define the region of
interest. The nasal prediction was based on the statistical interrelationship of the hard- and
soft-tissue structures considering sex, age and population affinity. Using principal component
regression and projection onto latent structures regressions (PLSR) models, this study
predicted the soft-tissue structure of the nose with a prediction error ranging from 1.2 -1.4 mm
(based on mesh-to-mesh distances), while the prediction error increased to 2.0 - 2.7 mm when
population affinity (European and Chinese) was added as a factor (Schlager, 2013a).
Disadvantages of this method included the use of CT scans, in which the patient is scanned
in the supine position, exposing the soft-tissue structure to gravitational forces, and the manual

placement of landmarks onto a large dataset, which may lead to an increased observer error.

An anthropological facial approximation in three dimensions (AFA3D) method was developed
in 2014 by Guyomarc’h and colleagues. This is a comprehensive method, which integrated
GMM, statistical models and in addition, took STT values into account for the prediction of
facial features. This approach yielded a set of 100 cutaneous landmarks, which were then
transformed into facial shapes by warping a unified template. This is the first study including
the approximation of the eyes using GMM (Guyomarc’h et al., 2014). Following a PLSR, a
leave-one-out re-sampling method was used to calculate the uncertainty of the
approximations. The capulometric landmarks (endocanthion, exocanthion, oculus anterior and
palpebrale inferior) could be predicted with an average measurement error of 2.9 mm, ranging
between 2.6 — 3.1 mm across the sample of 92 CT scans of French males and females.
Unfortunately, this method was also based on placing manual landmarks on surface
renderings created from CT scans. The position of the palpebrale superior was not included,

which would have resulted in a more accurate prediction of the open eyes (palpebral fissure).

In 2020, Ridel and associates created a method predicting the soft-tissue structure of the nose
of white and black South Africans (Ridel et al., 2020). This study addressed the shortcomings
of the existing literature by using CBCT and an automatic landmarking method in a similar
approach as described by Schlager (2013a) and Guyomarc’h (2014). The use of CBCT scans
negates the effect of gravity associated with a supine position on the soft-tissue structures of

the face, while an automatic landmarking method has been proven to be more accurate and
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reliable (Ridel et al., 2020a; 2020b). The accuracy of the predictions was tested by estimating
the mean squared error (MSE), while a leave-one-out cross-validation (LOOCV) method was
used to assess the performance of the equation regression. The MSE was compared between
the training and the predicted data. Their method proved repeatable and objective (Ridel et
al., 2020b). This method should be considered to assess the prediction accuracies of the

eyelids, ears and mouth of South Africans.

At present a fully automated 3D computerised facial approximation method is possible,
involving the automatic placement of landmarks on a CBCT target skull and the accurate
prediction of the surface of the face by using projection onto latent structures regression
(PLSR) algorithms. However, greater accuracy of prediction is needed for other facial features

such as the eye, and skeletal and soft-tissue variation found among South Africans.

2.3.6 Modalities used in the creation of approximation methods
2.3.6.1 Computed Tomography (CT) scans

Automatic computer-aided facial approximations aimed at predicting the facial features from
the underlying bony tissue have been based on conventional CT scans. During a CT scan, a
complete image volume of the scanned object taken around a single rotational axis is created
from a large series of 2D X-ray images. An X-ray source is mounted on a rotatable ring, which
rotates around the patient in the supine position, with an array of detectors located across
from the X-ray source. During CT scanning, the X-rays pass through the patient in the supine
position, while the ring rotates, and are recorded by the detectors on the opposite side. The
attenuation of the radiation produces information regarding the internal features of the
scanned patient (Ridel, 2018).

As patients are placed in the supine position during CT scanning, gravity effects the position
of the facial features and soft-tissue thicknesses of the face in such a way that it influences
the accuracy of facial approximations expected to be recognisable in an upright position
(Wilkinson, 2002; de Greef, 2006; See et al., 2008; Munn and Stephan, 2018). In a study
conducted by Munn and Stephan (2018), a 1 — 4 mm difference was noted in the facial soft-
tissue between the upright and supine positions, resulting in facial contours changing
significantly with positional changes (Munn and Stephan, 2018). Automatic computer assisted
approximations predicting the soft-tissue of the face based on CT data could lead to errors or

inaccurate approximations (Schlager, 2013; Guyomarch et al., 2014).
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2.3.6.2 Cone Beam Computed Tomography (CBCT) scans

Cone-beam computed tomography (CBCT) utilises a rotating gantry system equipped with an
X-ray source and detector fixed on opposing ends. A divergent, cone-shaped beam of ionising
radiation is directed through the region of interest (ROI) towards a flat-panel detector on the
opposite side. Only a single rotational sequence is necessary to obtain enough information
(typically 150 — 600 images dependant on the ROI) to reconstruct an image (Scarfe and
Farman, 2008).

The main differences between conventional CT scans and CBCT scans include the flat fan
shaped beam, moving in a helical manner, taking multiple images or slices of the ROI during
a CT scan (Scarfe and Farman, 2008). All the slices are stacked to create a 3D representation.
Each slice requires a separate scan and 2D reconstruction, resulting in an increased radiation
exposure. CBCT scans however captures the information of the entire ROI in a single
rotational sequence (Scarfe and Farman, 2008). Besides the lower radiation exposure of the
patient during CBCT scanning, an additional advantage includes the higher spatial resolution
(0.1 = 0.4 mm) compared to CT scans (0.6 — 1.5 mm) (Scarfe and Farman, 2008; Casselman
et al.,, 2013; Guyomarc’h et al., 2014). The greatest advantage, for facial approximation
studies, is that CBCT scans are taken in the upright position to evaluate the soft-tissue
structure of the face in their natural position (Scarfe and Farman, 2008; Casselman et al.,
2013; Ridel, 2018).

Unfortunately, all automatic computer-aided facial approximations have been based on CT
scans which introduce errors due to the gravitational forces on the soft-tissue differently to the
upright position needed for facial recognition. This study utilised CBCT scans, negating the
effect of gravity on the orbital and periorbital tissues to produce more accurate and

reproducible results.
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3. Chapter 3: Materials and Methods

3.1 Materials

Retrospective cone-beam computed tomography (CBCT) scans of 206 South African adults (45
black females, 52 black males, 57 white females, 52 white males) were used in this study. Patients
were grouped according to the metadata of each patient embedded in the CBCT scans. The
average age of the complete sample was 40.9 years. The average age of the white South African
sample was 42.6 years, with females slightly older (44.3 years) than males (40.8 years). The
average age of the black South African sample was younger, with an average age of 39.0 years.
Black South African females were older (42.0 years) compared to their male counterparts (36.4

years) (Figure 3.1).
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Figure 3.1. Age distribution by sex-population group

Ethical approval was obtained from the Human Research Ethics Committee (HREC) of the
Faculty of Health Sciences, University of Pretoria (323/2020) (Annexure A). The CBCT scans
were collected from the Oral and Dental Hospital, University of Pretoria; Oral Health Centre,
Sefako Makgatho Health Sciences University; and from a private institution (Permission to collect
scans: Annexure B; Ethical clearance from the Sefako Makgatho University Ethics Committee:
Annexure C). All patients with pathological and/or traumatic effects or facial deformities of the
midface were excluded from the study. Preference was given to patients with open eyes, however,
due to the limited availability of scans meeting all inclusion criteria for black South African females,
scans with closed eyes were also included for this group. Importantly, closed-eye scans allowed

for the assessment of bony orbit dimensions, eyeball dimensions, and eyeball position within the
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orbit no differently to those with closed eyes. For the prediction of soft-tissue from underlying
hard-tissue 187 of the selected 206 CBCT scans were of patients with open eyes (32 black

females, 51 black males, 52 white females, and 52 white males).

At the time of scanning, patients were seated in an upright position, with a relaxed facial
expression. A Planmeca ProMax CBCT 3D scanner with the following specifications: 90kV, 8mA,
11.2 mA, voxel size of 0.4 mm?, and a maximum field of view of 230 (diameter) mm by 260 (height)
mm were used at the Oral and Dental hospital, University of Pretoria and the Private institution in
Pretoria, while a Newtom VGi CBCT 3D scanner with the same specifications and maximum field
of view were used at the Oral Health Care Centre, Sefako Makgatho Health Sciences University.
As parameters varied between patients, the field of view and parameters might have varied

between patients.

The CBCT scans were obtained in a DICOM (Digital Imaging and Communications in Medicine)
format to be imported into MeVisLab © v.3.0.2 software (Medical image processing and
visualization), an open-source computer software programme (available from

https://www.mevislab.de/). The MeVisLab software is used for medical image processing and

visualisation. The software programme, MeVisLab includes complex modules for segmentation,
registration, volumetric and qualitative functional and morphological analysis and permits the

development of clinical application prototypes and the testing of new algorithms.

3.2 Methods

The study had two objectives for evaluating the 2D and 3D data. The first objective involved the
manual placement of preselected landmarks onto the two-dimensional (2D) DICOM slices and
three-dimensional (3D) segmented surfaces. As the eyeball does not exhibit a density dissimilar
from other facial soft tissue structures, it cannot be isolated and reconstructed as a 3D model. As
a reconstructed 3D surface is a prerequisite for automatic landmarking, manual landmarking is
required for placing landmarks on the eyeball. Absolute distances were calculated to determine
the normative dimensions of the eyeball, orbit, and palpebral fissure specific to the South African
population. The position of the eyeball within the orbit was determined based on landmarks
selected from the literature to ensure comparability (Stephan and Davidson, 2009; Guyomarc’h
et al., 2012; Guyomarc’h et al., 2014). The manually placed landmarks were used to determine

the normative shape of the orbital region and palpebral fissure for each sex-population group.

The second objective involved automatic landmarking (Ridel et al., 2020b) to develop statistical
models for the prediction of the open eyelids from the underlying bony tissue for the use in

automated craniofacial reconstructions.
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3.2.1 Part 1: Linear distances calculated from manually placed landmarks

Due to the spherical shape of the eyeball and the identification of landmarks on the eyeball’s
outermost margins, the original DICOM files were resliced orthogonally to the Frankfort Horizontal

plane (FH) (Moore et al., 2013) to prevent orientation bias.

The rotate and reslice module in MeVisLab was created to reslice the DICOM files according to
the FH plane. To identify the left and right porion and orbitale respectively for the FH plane (Figure
3.2a), a hard-tissue surface was generated by the segmentation process. In order to calculate the
dimensions of the eyeball, DICOM images were segmented into soft-tissue (face) and hard-tissue
(skull) surfaces, after which the DICOM images were repositioned according to the FH plane,

resliced according to this plane, and then landmarks were identified and applied manually.

The segmentation process renders a soft-tissue surface or a hard-tissue surface image by finding
the threshold values between the segmented components according to the “Half Maximum
Height” (HMH) quantitative iterative thresholding method (Spoor et al., 1993). The segmentation
process identifies the best limit between substances of different densities (between the soft tissue
of the face and the skull in this case) without any intervention by the user. To determine the best
limit between different densities to classify a certain region, a label for each pixel of the image is
assigned. Global thresholds are set when adequate contrast is achieved between these different
regions, so that the data can be separated by their grey levels. The areas corresponding to the
segmentation are created and can then be viewed. Threshold values for hard-tissue typically vary
between 1450 — 1550 and for soft-tissue between 450 — 550.

Following the segmentation process, 3D-triangular surface meshes were constructed. A 3D hull,
that represents a solid object, was formed by triangular meshes that consist of an infinite number
of connected triangles. Orthogonal frontal and sagittal planes were created automatically as
planes perpendicular to the FH, using the porions and orbitale to establish the horizontal plane in
the module. Fig 3.2 (b — d) indicates the resliced 2D DICOM images, with the eyeballs located on

the same plane after all head rotation was eliminated from the original DICOM images.
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Figure 3.2. Reslicing of original DICOM images

a) Landmarks indicating the position of the FH plane. Newly created 2D slices denoting the eyes in the same planes with no rotation of the
head b) axial plane, c) sagittal plane and d) coronal plane.
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After the scan preparation was completed, seven bilateral craniometric landmarks and 10 bilateral
capulometric landmarks, in addition to those used to create the FH, were selected as guided by
published literature indicated in the footnote of Table 3.1 (Figure 3.3 — Figure 3.6). The 3D
coordinates of each landmark were used to calculate distances for determining orbital height and
breadth, the position of the eyeball in relation to the orbital margin, globe projection, and the
dimensions of the eyeball and palpebral fissure (Table 3.2). Franklin and colleagues (2005) noted
that linear measurements derived from traditional anthropometric measuring techniques, are
comparable with linear measurements derived from three-dimensional landmark coordinates and

can be successfully used in traditional linear dimension studies (Franklin et al., 2005).

The position of the eyeball relative to the orbital margin was determined in two different ways to
1) maximize its comparison with the literature and 2) its usability for facial approximations. The
position of the equator of the eyeball in relation to the orbital margin was used to measure the
depth of the placement of the eyeball within the orbit, in contrast, the position of the oculus

anterius in relation to the orbital margin was used to define the protrusion of the eyeball.
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Table 3.1. Definitions of manually placed landmarks.

Landmark Abbrv. Definition
Craniometric
Nasion n The junction of the internasal suture with the nasofrontal suture
Porion po The highest point on the superior margin of the external acoustic meatus
Supraconchion sk The superior-most point on the supra-orbital margin (excluding the supraorbital
notch where present)
Orbitale or Inferior-most point on the infra-orbital margin
Dacryon d The junction of the sutures between the frontal, maxillary and lacrimal bones
Ectoconchion ek The most lateral point of the orbital rim following a line bisecting the orbit from the
dacryon
Frontomolare fmo Most anterior point of the zygofrontal suture on the orbital rim
orbitale
The deepest point  dLOM Deepest point along the lateral orbital margin
on lateral orbital
margin
Zygion zy The most lateral extent of the lateral surface of the zygomatic arch
Capulometric:
Eyeball
Oculus anterius oa Most anterior point of the eyeball
Oculus posterius op Most posterior point of the eyeball
Oculus mediale om Most medial point of the eyeball
Oculus laterale ol Most lateral point of the eyeball
Oculus superius 0s Most superior point of the eyeball
Oculus inferius 0i Most inferior point of the eyeball
Capulometric:
Eyelids
Endocanthion en’ The most medial point of the palpebral fissure, at the inner commissure of the
eyeball
Exocanthion ex’ Most lateral point of the palpebral fissure, at the outer commissure of the eyeball
Palpebrale ps’ The central point on the margin of the upper eyelid
superius
Palpebrale inferius  pi’ The central point of the margin of the inferior eyelid

From Stephan and Davidson, 2008; Guyomarc’h et al., 2012 and Guyomarc'h et al., 2014
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Figure 3.3. Anterior view of the craniometric landmarks placed on the reconstructed cranium
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Figure 3.4. Lateral view of the craniometric landmarks placed on the reconstructed cranium

Figure 3.5. Capulometric landmarks placed on the eyelids of the reconstructed face

© University of Pretoria
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Figure 3.6. 2D DICOM slice indicating the capulometric landmarks placed on the ocular rim.
a) axial view; b) coronal view; c) sagittal view
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Table 3.2. Definition of the calculated dimensions

Measurement Abbr. Definition:

Orbital dimensions

Orbital height sk - or Distance between the supraconchion and the orbitale

Orbital breadth (1) d-ek Distance between the dacryon and ectoconchion

Orbital breadth (2) d-dLOM Distance between the dacryon and the deepest point on the lateral
orbital margin

Interorbital distance d-d Distance between the daryons of both sides

Bizygomatic breadth zy - zy Distance between the zygions, indicating the width of the face

Orbital index (Orbital height / Orbital breadth) * 100

Palpebral fissure

dimensions

Palpebral fissure height ps'—pi’ Distance between the palpebrale superius and - inferius

Palpebral fissure width en’ —ex Distance between the endocanthion and exocanthion

Eyeball dimensions

Ocular height 0S- Oi Distance between the oculus superius and oculus inferius

Ocular breadth ol -om Distance between the oculus laterale and oculus mediale

Ocular length (Axial oa-op Distance between the oculus anterius and oculus posterius

length)

Eyeball position

Superior orbital margin sk - os Distance between the supraconchion and the oculus superius

(SOM) — Oculus superius

Inferior orbital margin or—oi Distance between the orbitale and the oculus inferius

(IOM) — Oculus inferius

Medial orbital margin d—om Distance between the dacryon and oculus mediale

(MOM) — Oculus mediale

Lateral orbital margin ek —ol Distance between ectoconchion and oculus laterale

(LOM) — Oculus laterale
Deepest point of the LOM dLOM -  Distance from the deepest point on the lateral orbital margin to the
— Oculus laterale ol oculus laterale

Eyeball protrusion

Superior orbital margin sk —oa Distance between the supraconchion and the oculus anterius
(SOM) — Oculus anterius

Inferior orbital margin or—oa Distance between the orbitale and the oculus anterius

(IOM) — Oculus anterius

Medial orbital margin d-oa Distance between the dacryon and oculus anterius

(MOM) — Oculus anterius

Lateral orbital margin ek - oa Distance between ectoconchion and oculus anterius

(LOM) — Oculus anterius

Deepest point from the dLOM -  Protruded distance between the deepest point on the lateral orbital
lateral orbital margin — oa margin to the oculus anterius

Oculus anterius
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3.2.2. Part 1: Statistical analysis

A flow diagram of the statistical analysis plan for the first objective of this study is found in
Figure 3.7. All statistics concerning the first part of the study were conducted using the PAST
4 (Hammer et al., 2021) programme, while all shape analysis and predictions based on shape

were conducted using the R-studio software, version 1.0.44-®2009.

3.2.2.1 Calculation of linear dimensions

Following the manual placement of the described landmarks, the 3D coordinates (x, y, z) for
each landmark were exported in an XML format and imported into an Excel spreadsheet. The

data was imported into PAST in order to calculate inter-landmark distances (Table 3.2).

3.2.2.2 Reproducibility testing

In order to determine the reproducibility of the manually placed landmarks and the repeatability
of the calculation of the linear distances, 20 scans were randomly selected representing each
sex-population group. The primary investigator (intra-observer) placed landmarks on the
scans, while an independent researcher, not involved in the study (inter-observer), placed

landmarks on the same 20 scans.

The independent researcher received two training sessions on the programme from the as
well as a clear and figure and detailed table with the definitions of each landmark. Although
the independent researcher was not familiar with the programme, she holds relevant
qualifications in Human Anatomy. The same MeVisLab network, used for the data collection,
was shared with the independent researcher with a recording of the process to aid in the

placement of landmarks.

The reproducibility of the landmark placement was assessed by measuring landmark
dispersion, allowing for comparison of the reproducibility of landmarks to previous studies
(Guyomarc’h et al.,, 2012; 2014). Dispersion measures the average distance between a
landmark’s mean placement and all subsequent placements of that landmark. By using the
dispersion A; for each landmark /i and individual j the precision of the (intra-observer and inter-
observer) landmark placement can be calculated. Dispersion is defined as the Mean Euclidean
Distance (MED) of the sample landmark p ijk to the mean p ij of the (x, y, z)-coordinates of

landmark i over all observations k (inter, intra, resp.) for subject j:

K
”puk pl]” pUk
z , With pij = z

k=1 =1
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Variation of dispersion between the intra and inter-observers was reported as distances in mm
with a standard deviation (Table 3.1).

An Intraclass Correlation Coefficient test (Two-way random effects, absolute agreement,
single rater/measurement: ICC) 2,1) was performed to determine the repeatability of the linear
distances (Table 3.2). Interpretation of the ICC results was based on the description by Koo
and Li (2016).

3.2.2.3 Distribution of linear data

The distribution (normality) of the linear data calculated from the manually placed landmarks,
was determined by performing a Shapiro-Wilk test (Hernandez, 2021). Statistical tests to
determine variations between groups (sexes, population groups and sex-population groups)

were selected based on the Shapiro-Wilk test results.

3.2.2.4 Summary statistics, univariate and multivariate analysis of the linear data

Summary statistics (mean, standard deviation and range) were conducted to determine the
normative orbital, ocular and palpebral fissure dimensions as well as the normative eyeball
position. To determine the effect of asymmetry (left vs right), sex and population affinity on the
data, an ANOVA test was conducted on the parametric data, and a Kruskal-Wallis test was
conducted on the non-parametric data. Variance among the four sex-population groups was
determined using a Tukey’s pairwise test for parametric data and a Mann-Whitney pairwise

test for non-parametric data. The level of significance was set as a=0.05.

3.3.1.5 Discriminant function analysis based on the dimensions and shape of the orbit

Facial approximation of an unidentified individual is based on a biological profile, which
includes sex and population affinity. As cranial features are considered to be useful in the
estimation of sex-population groups (Rosas and Bastir, 2002; Kimmerle et al., 2008; Green
and Curnoe, 2009; iscan and Steyn, 2013), the orbital dimensions and shape considered in
this study were subjected to discriminant function analyses to determine its classification

accuracy for estimating sex and population affinity.

3.2.2.6 Predictive equations based on the linear data

The position of the eyeball as well as the dimensions of the eyeball and palpebral fissure
dimensions were proposed. To investigate a potential correlation between orbital morphology
and eyeball position, the distance from the eyeball to the superior (supraconchion) and lateral
(deepest point on the lateral orbital margin) orbital rim were expressed as percentages of

orbital breadth (OB) and height (OH), respectively. The eyeball height and palpebral fissure

37

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

height was expressed as percentages of OH, while the eyeball width and palpebral fissure
width was expressed as percentages of OB. These results are described as position by

proportionality.

In addition, bivariate linear regression was performed on one independent (or predictor) and
one dependent (predicted) variable based on the description of Guyomarc’h and colleagues
(2012) to propose prediction equations (Guyomarc’h et al., 2012). A linear regression is by
definition a relation that is a function. From these correlations, the correlation coefficient (r) or
strength (level of correlation) and direction of the correlation as well as the coefficient of
determination (R squared) were reported to comment on the precision of the model, while the
regressions are important to derive mathematical models as in this case the predictive

equations produced

3.2.2.7 Comparison of linear data with existing literature

To compare the sample sizes, means and variations in the dimensions of the orbit, eye,
palpebral fissure and the position of the eye in the orbit with the available literature,
comparative analysis was performed using two-sample t-tests (BSDA package in R) and a
Bayes Factor calculation (BayesFactor package in R) (Morey et al., 2015; Arnholt and Evans,
2017). In our statistical analysis, the Bayes Factor (BF) quantifies the ratio of evidence
favouring the alternative hypothesis, which suggests a difference between population means,
compared to the evidence favouring the null hypothesis. The results of the BF were interpreted
as follow: Values ranging between -0.5 to 0.5 indicate weak evidence of population variation.
Values between 0.5 to 1, indicate a substantial variation, 1 to 1.5 indicates a strong variation
and 1.5 to 2 indicate a very strong variation between populations. Values greater than 2
indicate a decisive variation. Negative values in the same ranges reflect similar strengths, but

concur with the null hypothesis.

3.2.2.8. Shape analysis of the orbit and palpebral fissure, based on manually placed

landmarks

Reproducibility of the landmarks used for the shape analysis was determined as described at
3.3.1.2 in the preceding text. To test the normality of the manual landmark data distribution,
multivariate normality testing was performed by interpreting quantile-quantile (Q-Q) plots
(Scrucca, 2000), created by using the hard- and soft-tissue PC scores. Q-Q plots assume that
variables are distributed according to the distribution tested. The closer the plotted values are
to the diagonal line, the greater the probability of a multivariate normality distribution (Schlager,
2013b). All results were verified using non-parametric testing. Results were considered

reliable when both tests provided similar outcomes.
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A Generalised Procrustes Analysis (GPA) (Goodall, 1991; Dryden and Mardia, 2016) was
performed on the Cartesian coordinates of the manual landmarks placed on the hard- and soft
tissue surfaces (Kendall, 1984; Klingenberg and Mclntyre, 1998; Slice, 2001; Klingenberg et
al., 2001). The raw data was used as these raw landmark coordinates comprise information
on the position and orientation as well as the shape and size of the landmark configurations.
Unfortunately, it also contains “nuisance parameters” like the orientation on position of each
landmark. A GPA was used to separate the shape from the “nuisance parameters” by
translating and rotating all configurations until the summed squared distances between the
landmarks and the corresponding sample average is a minimum (Gower, 1975; Rohlf and
Slice, 1990; Mitteroecker, 2009). The created landmark configurations are known as
Procrustes shape coordinates after the landmarks have been superimposed, scaled and

rotated and only contain information regarding the shape of the configurations.

Following the GPA analysis, data reduction was achieved by Principal Component Analysis
(PCA) to quantify the different shapes observed. PCA reduces the dimensions of a data set
by creating independent principal component (PC) scores for the hard- and soft-tissue
coordinates to highlight variations in shapes. Principal component scores representing 95%
of the sample’s overall variance were used for statistical testing. To determine if any
population-specific differences exist, the influence of sex was tested on each population
separately, while sexual dimorphism was determined by testing the influence of population on

each sex group.

To quantify and visualize group-specific variations in the periorbital region parametric
(MANOVA) and non-parametric (50-50 MANOVA and permutation testing) tests were

performed.

3.3.1.9 Discriminant function analysis based on the dimensions and shape of the orbit

Similar to the linear dimensions of the orbit, the classification accuracy for the shape of the
orbit was tested as well. This gave insight to the effect of size on the variation noted between

groups, as GMM remove the effect of size in order to only investigate shape variation.
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Calculation of linear distance based on manually placed 3D landmarks

Reproducibility testing
Landmark placing: Dispersion analysis
Linear distances: Intraclass correlation coefficient (ICC)

Distribution of data
Landmark placing: Q-Q plots
Linear distances: Shapiro-Wilk test

Summary statistics
(mean, standard deviation, range) for
each sex-population group

Generalised procrustes analysis on
Cartesian coordinates placed manually

Variations between sides
(asymmetry), sexes and population
groups
Parametric data: ANOVA
Non-parametric data: Kruskal-Wallis

Principal Component Analysis to create
PC scores

Quantification of group-specific
variations
Parametric test: MANOVA

groups Non-parametric tests: 50-50 MANOVA
Parametric data: Tukey’s pairwise and permutation testing

Non-parametric data: Mann-Witney

Variations between sex-population

Classification accuracy based on
dimensional variation (size/shape):
Discriminant function analysis

Predictive equations:
Prediction through regression
Prediction by proportionality

Comparison of linear dimensions to
literature by calculating Bays Factor

Classification accuracy based on
shape variation:
Discriminant function analysis

Figure 3.7. Statistical plan for Part 1 based on manually placed landmarks
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3.2.3 Part 2: Soft-tissue prediction: Statistical analysis

A flow diagram of the statistical analysis plan for the second objective of this study is found

in Figure 3.8.

3.4.2.1. Anatomical templating

A total of 187 CBCT scans were included (32 black females, 51 black males, 52 white females,
and 52 white males). All scans of patients with closed eyes (mostly black South African

Females) were excluded from objective 2.

Similarly, to Part 1, CBCT images in DICOM format were imported into the MeVisLab © v.
2.7.1 software programme for segmentation and 3D surface mesh generation. Once 3D soft-
and hard-tissue surface meshes were created, a surface mesh initialisation procedure was
performed. For the initialisation process, a set of landmarks was placed manually, refer to
Table 3.1, on the floating reference template (created by a large French sample) (Ridel et al.,
2020) and the target (segmented skulls from the South African population generated in this
study) surfaces to interactively translate and rotate the surfaces and to bring them into a
uniform coordinate system. The accuracy of the initialisation process determines the non-rigid
surface registration results. During the non-rigid-surface registration process, the geometrical
relationship between surfaces was created so that reference hard- and soft-tissue templates
could be produced. An average South African face was created and average skulls were
created for white and black South Africans, respectively, and containing dense sets of
landmarks (Ridel et al., 2020).

Lastly, selected landmarks (Table 3.1) were indicated once on the reference templates. The
landmarks placed on the created warped surface were associated with corresponding 3D
points on the reference template. Thus, information encoded in the 3D surface depiction was
extracted and made comparable. During the anatomical templating process, the reference
template representing the average South African face, was warped non-rigidly by making use
of the MeVisLab © 3.0.2 software to fit the corresponding surface (target surface) of all
subjects in the study. The warping procedure was performed iteratively with a ridged
alignment, followed by a gradual more flexible registration of landmarks. Finally, by the
automatic landmarking procedure, every landmark of the template was projected onto all the
target surfaces of the subjects, establishing a dense point-based anatomical correspondence
between all subjects. To perform statistical analysis, landmark coordinates were recorded

within a common coordinate system (Ridel et al., 2020).
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3.4.2.1 Landmarks

The same seven bilateral craniometric and four bilateral capulometric landmarks, used in part
1 of the study (Table 3.71), were paced once on the template skulls and face and projected
onto the aligned surfaces of each sex-population group. The 3D coordinates of the landmarks

of each patient were captured in XML format for further statistical analysis.

3.4.2.2 Shape analysis of the orbit and palpebral fissure based on predicted (automatic)

landmarks

Geometric morphometrics (GMM) was used to assess and quantify the differences in shape
attributed to known factors (sex and population affinity) and covariates on the hard- and soft-

tissue shapes to build statistical models for the estimation of the shape of the palpebral fissure.

The R-studio software, version 1.0.44-®2009-2016 for Microsoft Windows, was used to
determine the shape and shape variations of the orbit and palpebral fissures as well as the

prediction of the soft tissue based on the underlying bony tissue.

The reproducibility of the landmark placement was tested by performing a dispersion analysis
as described in part 1. The templates were landmarked by the primary investigator (intra-
observer) and independently by the co-supervisor (inter-observer). These landmarks were
projected onto 20 randomly selected scans. The Mean Euclidean Distance (MED) and
Standard Deviation (SD) were reported for each landmark for both the intra- and inter-observer

error. A MED of 2 mm or below is deemed acceptable (Ridel et al., 2018).

Similar to the shape analysis performed on the manually placed landmarks, a GPA was
performed on the 3D coordinates of the landmarks projected onto the hard- and soft-tissue
surfaces. A PCA followed to reduce the data and to identify the areas where the most variation

between sexes and populations were present.

Multivariate normality of the projected (automatic) landmark data was assessed using
quantile-quantile (Q-Q) plots (Scrucca, 2000) constructed from the principal component (PC)
scores of hard and soft tissues. Non-parametric tests were employed for verification.
Consistency between the results of the parametric and non-parametric tests ensured the

reliability of the normality assessment.

The prediction of the soft-tissue structure from the underlying bone is dependent on their inter-
relationship, shape analysis of the orbit and palpebral fissures were conducted again, but
based on the projected (automatic) landmark data. GMM were used to quantify and visualise

the covariance between the hard-and soft tissue structures of the bony orbit and the palpebral
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fissures. The covariates; population variation and sexual dimorphism were performed on the
complete sample. To identify any population-specific differences, the influence of sex was

thereafter performed on each population separately.

A parametric (MANOVA) and two non-parametric (50-50 MANOVA and permutation testing)
tests were performed to quantify and visualise the variations found in the periorbital region
and the covariates. Discriminant function analysis (DFA) was applied using the R package
Morpho through leave-one-out cross-validation (Schlager, 2013b; Schlager and Rudell, 2015).
The DFA finds linear combinations of variables that display intergroup differences, which in
turn define linear discriminant functions. The linear discriminant coefficients are defined from
the non-null eigenvectors of the between-group variance-covariance “scaled” by the within-
group variance-covariance. A DFA test can be used to determine how likely an unknown/test

sample belongs to a specific group taking into account the variability between groups.

A multiple analysis of variance (MANOVA) was used to test whether or not the independent
grouping variable simultaneously explained a statistically significant amount of variance in the
dependent variable. For this study, MANOVA was applied using the R-package geomorph
(Adams et al., 2020). A non-parametric, modified version of MANOVA, designed for many
potentially correlated response variables, 50-50 MANOVA, was applied using the R-package
ffmanova (Langsrud, 2002; Langsrud et al., 2007; Langsrud and Mevik, 2012). Permutation
testing, based on resampling, was applied using the R-package Morpho (Schlager, 2013b).
Permutation testing computes the sampling distribution for each variable (e.g. sexual

dimorphism).

A two blocks partial least squares (PLS) analysis, a valuable tool to predict trends in a dataset,
was used to evaluate the covariation between the hard- and soft-tissue of the periorbital region

and its dependence on sex and population affinity (Rohlf and Corti, 2000; Schlager, 2013a).

3.4.2.3 Statistical modelling for statistical prediction of the soft tissue surface of the open eye

and periorbital region

A Partial Least Squares Regression (PLSR) algorithm was employed to extract predictive
information for soft-tissue shape. This method identifies linear combinations of predictor
variables (hard-tissue shape and additional factors) that maximally covary with the response
variable (soft-tissue shape) (Wold et al., 2001; Martens and Naes, 2002; Abdi, 2010). PLSR
constructs a multivariate linear model by relating two data matrices, X (predictors) and Y
(response). PLSR is similar to PCR, but a single PLSR model can be built for multiple Y
(response) variables. By using PLSR a high level of prediction can be achieved because of its

ability to analyse data with colinear, noisy or even incomplete variables (Wold et al., 2001).
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The accuracy of the periorbital soft-tissue predictions made from the hard-tissue surface was
assessed in terms of metric deviations. Accuracy testing is an essential step to allow
comparison of the results to published studies. The validation of the prediction models was
performed using cross-validation testing. Cross-validation testing addresses overfitting and
under fitting of data, which lead to poor predictions. The mean squared error (MSE) was
calculated using the leave-one-out-cross-validation (LOOCV) method, and compared between
the training data and the predicted data (RMSE) (Mevik and Cederkvist, 2004). The impact of
population affinity and sex were evaluated by adding them to the models as predictors and
comparing the results of the MSE (training data) and RMSE (predicted data). The mean

Euclidean distance (MED) was calculated over all landmarks and all subjects.
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Creation of surface and skull templates for automatic
landmarking

4

Automatic projection of landmarks placed on templates
onto target skulls/faces

Reproducibility testing:
Dispersion analysis (Mean Euclidean distance: MED)

Quantification and visualisation of covariance between
hard- and soft-tissue: GPA

Data reduction: PCA by creating PC scores

Multivariate normality testing: Q-Q plots

Quantification of group-specific variations.
Parametric test: MANOVA
Non-parametric tests: 50-50 MANOVA and permutation
testing
Classification accuracy: DFA

Evaluation of covariation between hard- and soft-tissue
and its dependence on sex and population affinity: (PLS)
EREWETS

Identification of linear combinations relevant for explaining
predictor variables (predicting the open eyelids from the
underlvina bony tissue): PLSR

Validation of prediction models: Calculation of the MSE
using the LOOCV method compared between training
(MSE) and predicted (PE CV) data

Figure 3.8. Statistical plan for objective 2 based on automatically projected landmarks
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4. Chapter 4: Results

4.1 Part 1: Linear measurements
4.1.1. Reproducibility testing

The dispersion analysis indicated lower mean values for landmark positioning by the intra-
observer (mean: 0.72 mm) as compared to the inter-observer (mean: 1.13 mm) (Table 4.1). A
visualisation of the dispersion errors per landmark as obtained by the intra- and inter-
observers can be noted in Figure 4.1. Although the dispersion analysis results differed
between observers, the curves followed a similar pattern. The mean dispersion of all
landmarks placed by both observers fell within the acceptable range (below 2 mm), except for

the position of dacryon by the inter-observer which were above this range (Ridel et al., 2021).

Positioning of landmarks on the eyeball were prone to observer error for both inter- and intra-
observers testing, and the placement of the exocanthion had a greater mean Euclidian
distance (MED) compared to the endocanthion. The placement of the frontomolare-orbitale

and endocanthion were most reliable by both inter and intra-observers (Figure 4.1).

Table 4.1. Dispersion errors (mm) of landmark positioning.

Intra-observer error Inter-observer error
Mean SD Mean SD
Landmarks 0.72 0.46 1.13 0.65
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Figure 4.1 Graphical comparison between the mean dispersion results for both intra-
observer and inter-observer errors of the positioning of all landmarks (mm)
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The Intraclass correlation coefficient (ICC) indicated greater repeatability of measurements by
the intra-observer (mean: 0.76) compared to the independent inter-observer (mean: 0.62),
although agreement followed a similar trend (Table 4.2). Concerning the intra-observer ICC
results, excellent repeatability (ICC > 0.9) was noted for the right orbital height, orbital breadth,
interorbital distance and bizygomatic breadth as well as the position of the oculus anterius
(most projecting point on the cornea) in relation to the lateral, medial and superior orbital
margins. Good agreement (ICC between 0.75 and 0.9) was noted for right orbital height, right
palpebral fissure height, and the position of the equator of the eyeball in relation to the superior
and medial orbital margins. The position of the equator of the eyeball to the inferior and lateral
orbital margins and palpebral fissure width displayed moderate, ICC 0.5 — 0.75, agreement,
as well as the axial length of the eyeballs. ICC values below 0.5 were noted for the ocular
height and breadth (Figure 4.2).

Table 4.2. Mean Intraclass Correlation coefficient test results

Intra-observer error Inter-observer error
Mean SD Mean SD
Landmarks 0.76 0.25 0.62 0.28
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Figure 4.2. Graphical comparison between the mean ICC results for both intra-observer and
inter-observer errors

4 1.2. Distribution of the linear data

Maijority of the calculated linear dimensions were normally distributed, while certain linear
dimensions were not normally distributed in specific sex-population groups. All non-parametric
data are indicated in bold (Table 4.3.) and non-parametric tests were utilised to test variance

between those groups.
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Table 4.3. Distribution of linear dimensions (p-values) as calculated from 3D landmarks
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Measurement Entire Sex SBZ‘;'; :thﬁf‘ Black Black White White
sample Africans Africans females males females males
Orbital height (L) 0.56 0.46 0.11 0.83 0.91 0.48 0.24 0.48
Orbital height (R) 0.83 0.38 0.07 0.91 0.43 0.16 0.80 0.65
Orbital breadth (L) 0.08 0.18 0.30 0.05 0.23 0.15 0.09 0.20
Orbital breadth (R) 0.68 0.28 0.35 0.21 0.02 0.35 0.48 0.01
Orbital breadth (dLOM-d) 0.77 0.61 0.59 0.93 0.43 0.81 0.73 0.13
Orbital breadth (dLOM-d)) 0.33 0.37 0.31 0.28 0.26 0.14 0.71 0.24
Interorbital distance 0.11 0.40 0.28 0.86 0.27 0.42 0.97 0.59
Bizygomatic breadth 0.19 0.05 0.58 0.32 0.15 0.47 0.27 0.49
Eyeball projection (L) 0.54 0.56 0.49 0.73 0.26 0.96 0.46 0.31
Eyeball projection (R) 0.13 0.34 0.05 0.46 0.12 0.67 0.61 0.01
SOM to os (L) 0.67 0.93 0.59 0.20 0.93 0.13 0.61 0.95
SOM to os (R) 0.00 0.01 0.25 0.00 0.29 0.13 0.00 0.62
IOM to oi (L) 0.68 0.95 0.64 0.47 0.45 0.27 0.33 0.79
IOM to oi (R) 0.46 0.74 0.51 0.68 0.29 0.71 0.55 0.04
MOM to om (L) 0.93 0.71 0.41 0.24 0.32 0.51 0.24 0.50
MOM to om (R) 0.03 0.36 0.12 0.62 0.03 0.83 0.97 0.16
LOM to ol (L) 0.51 0.63 0.35 0.81 0.64 0.68 0.88 0.56
LOM to ol (R) 0.93 0.96 0.38 0.60 0.71 0.30 0.97 0.56
LOM (ek) to ol (L) 0.29 0.37 0.25 0.26 0.82 0.89 0.07 0.10
LOM (ek) to ol (R) 0.03 0.54 0.01 0.04 0.43 0.05 0.56 0.41
Eyeball width (L) 0.47 0.38 0.52 0.66 0.08 0.82 0.62 0.56
Eyeball width (R) 0.33 0.15 0.86 0.74 0.23 0.16 0.63 0.69
Eyeball height (L) 0.32 0.66 0.61 0.46 0.06 0.55 0.22 0.27
Eyeball height (R) 0.50 0.73 0.18 0.47 0.50 0.59 0.65 0.12
Anterior-posterior diameter (L) 0.36 0.38 0.79 0.39 0.96 0.77 0.19 0.87
Anterior-posterior diameter (R) 0.01 0.01 0.25 0.14 0.01 0.65 0.08 0.13
Width of palpebral fissure (L) 0.29 0.45 0.01 0.62 0.35 0.45 0.66 0.44
Width of palpebral fissure (R) 0.22 0.12 0.67 0.21 0.68 0.97 0.04 0.10
Height of palbebral fissure (L) 0.00 0.00 0.03 0.00 0.07 0.22 0.05 0.18
Height of palbebral fissure (R) 0.00 0.01 0.01 0.00 0.97 0.09 0.01 0.15
SOM-oa (L) 0.68 0.23 0.88 0.84 0.23 0.36 0.75 0.69
SOM-oa (R) 0.88 0.98 0.63 0.06 0.77 0.19 0.94 0.93
IOM-oa (L) 0.12 0.97 0.11 0.32 0.26 0.50 0.95 0.03
I0OM-oa (R) 0.37 0.44 0.67 0.08 0.61 0.78 0.26 0.12
MOM-oa (L) 0.84 0.51 0.62 0.12 0.35 0.21 0.35 0.07
MOM-oa (R) 0.02 0.00 0.84 0.02 0.50 0.71 0.01 0.44
LOM-oa (L) 0.47 0.52 0.31 0.18 0.25 0.61 0.36 0.08
LOM-oa (R) 0.85 0.91 0.12 0.88 0.40 0.28 0.47 0.67
All non-parametric data are indicated in bold
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4.1.3 Asymmetry by sex-population group:

Some asymmetry was noted in this sample (Table 4.4). White South African males presented
with the greatest asymmetry compared to other South African groups. In white males, a
statistically significant difference in the orbital breadth between sides (p = 0.00) was observed,
with the orbital breadth on the left being wider or larger (43.49 mm) than the right (42.02 mm).
Asymmetry was also noted in the distance between the lateral orbital margin (LOM) and the
oculus laterale (p = 0.04), with the eyeball located closer to the ectoconchion on the left (12.77
mm opposed to 13.40 mm). A statistically significant difference was similarly noted in the
measurement between the left LOM and the oculus anterius (p = 0.01) with the LOM located
closer to the oculus anterius on the left (24.84 mm opposed to 25.85 mm). Often, the ocular
and orbital dimensions were greater on the left compared to the right, however, a significantly
(p = 0.01) wider palpebral fissure was noted on the right in white South African males (28.22

mm opposed to 27.16 mm).

Asymmetry was noted in black South African females in the distance from the medial orbital
margin (MOM) and the oculus mediale (p = 0.01). The right eyeball was positioned closer to
the MOM compared to the left (11.73 mm as opposed to 10.75 mm). A statistically significant
difference was observed in the measurement from the lateral orbital margin (ectoconchion) to
the oculus laterale (p = 0.00) in white South African females. The eyeball was located closer
to the LOM on the left compared to the right (10.46 mm as opposed to 11.89 mm). No

asymmetry was noted between any measurements for black South African males.
As differences were observed, statistical analyses were performed on each side separately.

Table 4.4. Asymmetry specific to each sex-population group

Parameter South African South African South African South African
black females white females black males white males
Orbital breadth (ek-d) 0.93 0.70 0.51 0.04
MOM to oculus mediale 0.01 0.39 0.73 0.08
Ectoconchion to oculus laterale 0.71 0.00 0.74 0.04
LOM to oculus anterius 0.63 0.12 0.14 0.01
Palpebral fissure width 0.45 0.39 0.43 0.01

Significant p values (p < 0.05) are indicated in bold.

4.1.4 Summary statistics, univariate and multivariate analysis results
4.1.4.1 Orbital dimensions

Orbital breadth was greater than orbital height, suggesting on average, a more rectangular-

shaped orbit in general in South Africans (Table 4.5).
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White South Africans have larger orbital heights (p = 0.02 (L); p = 0.01 (R)) when compared
to black South Africans. No statistically significant difference was noted in the orbital breadth

or the orbital index between these two population groups (Table 4.5).

Black South Africans had a wider interorbital distance when compared to white South Africans
(p = 0.00). Although statistically significant differences were observed in the interorbital
distance between groups, no population differences were recorded concerning bizygomatic
breadth. Thus, the facial breadth does not vary between population groups, but the orbits are
located further apart in black South Africans.

South African females had significantly smaller orbital dimensions (p = 0.00), interorbital
distances as well as bizygomatic breadths (p = 0.00) compared to their male counterparts
(Table 4.5).
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Table 4.5 Summary statistics (mm) and p-values investigating the influence of asymmetry, population affinity and sexual dimorphism on orbital dimensions
Sex-population groups
Measurement Side South African South African South African South African Asymmetry (p) Population (p) Sex
black females white females black males white males (p)
n=45 n=57 n=52 n=52
Orbital height L 35.73 37.39 37.64 38.15 0.72 0.02 0.00
2.98 2.27 2.33 2.27
(29.44 - 42.22) (30.52 - 43.60) (33.63 -45.06) (33.18 - 42.78)
R 35.91 37.76 37.60 38.10 0.01 0.00
2.94 2.156 2.76 2.52
(28.74 - 40.23) (33.31-42.14) (32.34 - 43.93) (33.34 - 43.35)
Orbital breadth (d-ek) L 40.10 40.58 42.30 42.74 0.37 0.77 0.00
2.79 1.45 1.83 1.51
(35.73 - 46.30) (37.63 - 44.60) (39.10 - 45.77) (39.41 - 45.83)
R 40.14 40.70 42.55 43.49 0.39 0.00
2.63 1.81 2.02 2.10
(35.55 - 45.32) (38.02 - 44.46) (38.10 - 46.28) (40.03 - 48.98)
Orbital breadth (d-LOM) L 38.67 39.69 40.74 42.02 0.34 0.02 0.01
2.72 1.63 2.25 1.74
(32.78 — 43.99) (36.55 — 44.03) (35.35-46.10) (38.65—45.71)
R 39.19 39.96 41.10 42.34 0.50 0.00
2.51 1.92 2.18 20.3
(35.29 — 44.89) (36.46 — 44.48) (36.75 — 46.47) (38.31 —46.54)
Orbital index: L 89.17 92.23 89.04 89.30 0.59 0.01 0.02
OH/OB (d-ek) +5.09 +6.12 +5.12 +4.89
(81.82-103.14) (75.74 — 108.52) (80.12 — 106.38) (77.34 - 98.69)
R 89.53 92.88 88.40 87.72 0.08 0.00
+5.80 +5.50 £5.75 +5.88
(75.84 - 102.51) (78.14 — 106.34) (77.06 — 102.25) (74.36 — 100.59)
Orbital index: L 92.46 94.29 92.49 90.81 0.29 0.08 0.00
OH/OB (d-dLOM) +5.46 +5.77 +4.99 +4.48
(84.65— 112.95) (80.81 - 107.05) (82.66 — 104.52) (78.82-100.13)
R 91.68 97.58 91.54 90.02 0.32 0.00
+5.84 +5.29 +6.11 +4.83
(78.99 — 104.72) (80.97 — 106.76) (80.42 - 110.84) (78.11-101.37)
Interorbital distance - 21.65 19.09 22.62 20.11 - 0.00 0.00
+2.68 +2.35 +2.80 £2.34
(16.98 - 29.22) (14.45 - 24.43) (15.83 - 29.22) (15.82 - 25.28)
Bizygomatic breadth - 121.80 123.03 132.19 131.35 - 0.73 0.00
+7.87 +4.97 +7.21 +4.33
(105.29 - 136.65)  (113.41-135.81)  (112.37 - 154.04)  (122.51 - 140.73)
Bold values: mean; ltalic values: standard deviation, brackets: minimum and maximum values. Significant p values (p < 0.05) are indicated in bold.
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From the average dimensions noted for each sex-population group in Table 4.5, sexual
dimorphism in the face is more prominent in white than black South Africans. The effect of sex

and population affinity within subgroups was further investigated (Table 4.6).

Although sexual dimorphism affected all dimensions when males and females from both
population groups were analysed together, it is worth noting that variation in the orbital height
is only observed in the black South African sample as white South African females had a
squarer shaped orbit, while the interorbital distance does not vary between sexes within the

populations.

The effect of population affinity is more profound within sex groups than in the population as
a whole (Table 4.6). White South African females often have similar orbital dimensions to black
South African males. Orbital height varies between South African females only, with white
South African females presenting with larger orbital heights than black South African females.
Orbital breadth varies between South African males only, with wider orbital breadths noted in
white South African males than black South African males. White South African females
presented with the largest orbital indexes compared to black South African females and white
South African males.

Table 4.6 Variation in the orbital dimensions between sexes within populations and variation
between populations within sex groups

Sexual dimorphism within populations Population variation within sex groups

. Blad? South Wh|t<.e South SA females SA males

Measurement Side Africans Africans _ _
n=97 n=109 n=102 n=104

Orbital height L 0.00 0.40 0.00 0.26

R 0.01 0.69 0.01 0.75
Orbital breadth (d-ek) L 0.00 0.00 0.36 0.23

R 0.00 0.00 0.33 0.04
Orbital breadth (d-dLOM) L 0.00 0.00 0.07 0.01

R 0.00 0.00 0.26 0.02
Orbital index: OH/OB (d-ek) L 0.89 0.02 0.02 0.63

R 0.27 0.00 0.02 0.36
Orbital index: OH/OB (d-dLOM) L 0.28 0.00 0.02 0.36

R 0.99 0.00 0.05 0.50
Interorbital distance - 0.21 0.17 0.00 0.00
Bizygomatic breadth - 0.00 0.00 0.75 0.90

Significant p values (p < 0.05) are indicated in bold.
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4.1.4.2 Location of the eyeball in the orbit:

The position of the eyeball relative to the orbital rim was determined in two different ways to
maximise 1) its comparison with the literature and 2) its usability for facial approximations. The
position of the equator of the eyeball can be used to measure the depth of the placement of
the eyeball within the orbit. In contrast, the position of the oculus anterius in relation to the

orbital rim is used to define the protrusion of the eyeball.

4.1.4.2.1 Ocular placement: Equator in relation to the orbital rim

The equator of the eyeball is located within the orbit and is not linearly in line with the orbital
rim. In general, the equator of the eyeball was located deeper in relation to the superior orbital
rim, compared to the inferior orbital rim, while the eyeball was located closer to the lateral
orbital margin specifically in relation to the deepest point on the lateral orbital rim (dLOM)
compared to the medial orbital margin (MOM) (Table 4.7).

Asymmetry was also noted in the position of the eyeball in the horizontal plane, as the eyeballs
were generally located closer to the MOM on the right, while it was located closer to the LOM

(ectoconchion) on the left.

In general, the eyeball was located deeper in the bony orbit in white South Africans when
compared to black South African females. The eyeballs were located further from the superior,
inferior and medial orbital margins in white South Africans than black South Africans. Less
variation was noted in the position of the equator in relation to the dLOM than the ectoconchion

between population groups.

The equator of the eyeball in South African males was located deeper in the bony orbit when
compared to their female counterparts. These differences were significant in relation to the
position of the equator to the superior orbital margin, medial orbital margin and the

ectoconchion on the left lateral orbital margin (Table 4.7).
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Sex (p)

Table 4.7 Summary statistics (in mm) and p-values investigating the influence of asymmetry, population affinity and sexual dimorphism on
Asymmetry (p) Population (p)
0.22

ocular position
Sex-Population groups
Measurement (mm)  Side South African South African South African South African
black females white females black males white males
(n=45) (n=55) (n=49) (n=48)
SOM-os L 9.40 10.64 11.98 11.78 0.21 0.00
1.96 1.84 1.68 2.26
(6.24 - 13.76) (6.06 — 14.35) (7.59 - 16.08) (6.80 — 17.30)
R 9.53 11.20 12.28 12.28 0.05
1.40 2.17 1.76 2.20
(8.04 — 17.32) (8.12-17.31) (7.58 — 18.73)
10.38 9.60 0.64 0.00 0.11
1.83 1.30
(6.66 —12.61)
0.01 0.30
0.00

(7.36 — 14.03)
L 8.99 9.04
1.80 2.22
(4.85 — 14.63) (5.44 — 14.68)
10.12 9.38

1.50 1.76

(5.29 — 12.98)

0.02 0.00
0.00

(5.30 — 11.89)
R 8.93 9.23
2.18 20.3
(5.06 — 15.41) (7.02 — 13.45)
11.81 13.13

1.45 1.42

(10.32 — 16.44)

0.01
0.01

(4.93 - 13.58)
MOM-om L 11.57 11.97
1.45 1.61
(8.74 — 14.57) (7.99 — 14.76) (9.30 — 15.45)
R 10.70 12.08 11.81 12.67
1.29 1.75 1.45 1.67
(8.04 — 14.61) (80.2 — 15.69) (8.68 — 14.72) (9.37 - 15.64)
L 11.84 10.86 10.44 12.74 0.00 0.48
1.85 1.34 1.55 1.62
(7.42 - 15.43) (7.82 - 13.59) (7.32 - 14.08) (8.88 — 16.59)
R 12.01 10.94 11.80 13.31 0.00 0.40
1.63 1.67 1.80 1.35
(7.64 — 14.91) (6.68-16.12)  (10.67 —16.31)
8.29 9.30 0.59 0.06 0.10
1.68 1.98
(5.60 — 13.89)
0.14 0.02

(9.29 — 15.43)
L 9.39 9.17
1.96 1.81
(5.44 — 13.37) (4.70 - 12.34)
8.23 9.65
1.50 1.49
(6.38 — 12.30)

LOM (dLOM)-ol
(5.92 - 14.70)
9.45 9.07
1.84
(4.99 — 11.37)

0.00

IOM-oi

LOM (ek)-ol

(5.09 — 13.94)

R
11.69
(5.99 — 13.46)
Bold values: mean; ltalic values: standard deviation, brackets: minimum and maximum values. Significant p values (p < 0.05) are indicated in bold.
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The sex and population-specific variations in the dimensions of the orbit directly influence the
position of the eyeball in the orbit. The effect of sex and population affinity was investigated

within subgroups to identify variations specific for each group.

These specific variations are noted in Table 4.8. The position of the eyeball was less variable
in males compared to females. The eyeball of black South African males was located
significantly closer to the left MOM (dacryon) and both LOM (ectoconchion) when compared
to white South African males. This was expected as South African males have similar ocular

dimensions, but white South African males presented with significantly larger orbital breadths.

The eyeball of black South African females was located significantly closer to all orbital
margins (p=0.00) compared to white South African females, except the lateral orbital margin,
measured from the ectoconchion and deepest point on the lateral orbital margin as well as the
left MOM.

Variation in the position of the equator of the eyeballs in relation to the MOM was side-specific,

but can be explained by the asymmetry noted in the MOM-om measurement.

Table 4.8 Variation in ocular position between sexes within populations and variation
between population within sex groups

Sexual dimorphism within populations Population variation within sex groups

Measurement (mm) Side Black South White South SA females SA males

Africans Africans n=100 n=97
n=94 n=103

SOM-os L 0.01 0.93 0.00 0.07
R 0.00 0.99 0.00 0.16
IOM-oi L 0.99 0.07 0.00 0.67
R 0.89 0.12 0.01 0.98
MOM-om L 0.89 0.00 0.98 0.00
R 0.00 0.01 0.05 0.37
LOM (ek) - ol L 0.01 0.00 0.00 0.00
R 0.01 0.00 0.93 0.00
LOM (dLOM) - ol L 0.45 0.00 0.64 0.63
R 0.99 0.00 0.02 0.71

Significant p values (p < 0.05) are indicated in bold.

4.1.4.2.2 Ocular protrusion: Oculus anterius in relation to the orbital rim

Asymmetry was noted in the protrusion of the oculus anterius, measured from the

ectoconchion (Table 4.9) in all sex-population groups.

Although black South Africans presented with more protruding eyeballs than white South
Africans, few statistically significant differences were observed in the protrusion between the

two South African groups. Significant variation was noted between populations with regard to
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the position of the eyeball in relation to the SOM and LOM (ectoconchion), although the

variation seems to be sex specific.

Little variation was observed in the position of the eyeball between the sexes, although a
significant difference was noted with regard to the protrusion of the eyeball from the LOM
measured from the dLOM as well as the ek. The values were greater in females compared to
males (Table 4.9).
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Table 4.9 Summary statistics (mm) and p-values investigating the influence of asym