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SUMMARY  

 

 Each year in the Gauteng province of South Africa, approximately 1300 bodies are 

incinerated without a known identity (Bloom, 2015; Krüger et al., 2018). Because of various 

socio-economic reasons, identification is not always possible with conventional methods such 

as DNA comparisons and fingerprints. Therefore, more creative methods, including facial 

reconstruction, have been implemented to assist in the identification of unknown persons from 

their skeletal remains in South Africa. 

 

 The aim of this thesis was to provide an automated computer-assisted method, 

independent of any forensic artistic interpretations, to create accurate statistical models for 

predicting nasal soft-tissue shape from information about the underlying skull substrate.  The 

acquisition and extraction of the relevant anatomical structures (hard- and soft-tissue) were 

performed using an automatic dense landmarking procedure and analysed by geometric 

morphometrics.   

 

 In this research, a validation of the precision of the automatic placement of landmarks, 

demonstrated its utilisation as a convenient prerequisite for geometric morphometric based 

shape analysis of the nasal complex. The automatic landmark positioning on hard- and soft-

tissue 3D surfaces offered increased objectivity and the possibility of standardisation. In 

addition to reducing measurement errors in landmark placements, automatic landmarking, 

achieved a better precision for facial approximation, enabling the possibility to include more 

samples and populations with ease.  

 

 A detailed study of the influence of factors (ancestry, sex, ageing and allometry) on the 

variability of the mid-facial skeleton among two South African ancestral groups were 

performed, revealing their statistically significant influences on the overall shape variation of 

the nose. Ancestry was found to be a very important factor in shape variation within the sample 

emphasising ancestral-specific differences. In addition, the expression of sexual dimorphism 

and effect of aging appeared to be different on distinct elements of the shape of the mid-facial 

region. From the findings, the two South African groups differed significantly regarding hard- 

and soft-tissue nasal complex morphology and their correlations, emphasising the importance 
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of considering ancestry, sex and age as factors in the process of approximating the nose and 

highlighting the need for population specific accurate and reliable 3D statistical nose prediction 

methods.  

 

 This study provided accurate statistical models using Partial Least Squared Regression 

(PLSR) algorithms which were optimised by including additional information such as ancestry, 

sex and age. Age and sex appeared to be important factors to be considered as additional 

information in order to improve the quality of the prediction. The predictions were based on a 

sample of 200 specimens resulting in an error when using the landmark-to-landmark distances 

on non-trained data, ranging between 2.139 mm and 2.833 mm for black South Africans at the 

tip of the nose and the alae, while they ranged from 2.575 mm to 2.859 mm for white South 

Africans. 

 

 This research is the first attempt at a computer-assisted facial approximation of the nose 

with an automatic landmarking approach for the development of valid and reliable South 

African population specific standards using Cone Beam Computer-Tomography scans.  

 

Key words: Statistical modelling; Non-rigid surface registration; Automatic landmarking; 

Shape variation; Geometric morphometrics; Partial Least Squared Regression; Identification of 

unknown individuals; Templates; Craniometric landmarks; Capulometric landmarks. 
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Chapter 1 

 

INTRODUCTION  

  

 

1.1. Problem statement 

 

 Each year in the Gauteng province of South Africa, approximately 1300 bodies are 

incinerated without a known identity (Bloom, 2015; Krüger et al., 2018). With unknown 

persons, identification is not always possible with conventional methods such as DNA 

comparisons and fingerprints. Additionally, many poor South Africans do not have 

dental/hospital records or identification documents. Further compounding these circumstances 

is a high incidence of migrant labour in South Africa which is associated with the countryôs 

socio-political and mining history (L'Abbé et al., 2005). Therefore, more creative methods, 

including facial reconstruction, have been implemented to assist in the identification of 

unknown persons from their skeletal remains in South Africa. In collaboration with the Victim 

Identification Centre (VIC) of the South African Police Service (SAPS), the Forensic 

Anthropology Research Centre (FARC) at the University of Pretoria has worked hard toward 

finding solutions for many of the challenges in the identification of unknown skeletal remains 

found within the South African context. In particular, attention has been given to the 

development of South African standards for establishing a biological profile (age, sex, stature 

and ancestry) in adults and children; the validation of current research methodologies and 

improvements of methods used in craniofacial reconstruction and skull-to-photo 

superimposition (Stephan et al., 2008; Stephan, 2014; Steyn et al., 2016; Stephan, 2017; Krüger 

et al., 2018).



 

2 

 

 Craniofacial reconstruction (CFR) 1 methods are employed to estimate the ante-mortem 

appearance of an individual from their skeletal remains, providing information about an 

individual which can be conveyed to the public. Craniofacial reconstruction is a useful tool in 

the identification of a corpse that is unrecognisable due to its state of decomposition, soft-tissue 

mutilation or incineration, and with no available evidence for positive identification 

(Vandermeulen et al., 2012). Yet, prior to reconstructing a face from the cranial substrate, the 

practitioner needs information as to the individualôs biological profiles which includes 

estimations of ancestry, sex, age and stature. These skeletal estimations are then used to provide 

a presumptive identification of the deceased.  

 

 In the South African context, the estimation of ancestry from unknown remains is an 

important component of the biological profile, due to the socio-cultural identity background of 

the country (Petersen et al., 2013).  Indeed, in South Africa, the socio-cultural identity is based 

on the strict social categories assigned to people during the apartheid era, namely ñWhite,ò 

ñBlack,ò ñColoured,ò and ñIndianò. People in these different categories were originally from 

different geographical backgrounds and already displayed a variety of cultural and biological 

distinct traits. ñWhiteò individuals were mostly descendants from European settlers, native from 

the Netherlands, France, Germany and Britain (LôAbb® et al., 2011). ñBlackò individuals were 

the descendants of Nguni, Sotho, Venda and Shangaan-Tsonga migrants who arrived in 

southern Africa due to the migration of Bantu speaking groups from western and central Africa 

(Franklin et al., 2007; Liebenberg et al., 2015). Although racial classification is no longer 

legally imposed in South Africa, modern South Africans continue to socially self-identify as 

one of the previously prescribed groups. A need to self-identify is pervasive in all aspects of 

life and is an important part of a personôs cultural place in the countryôs citizenship. Therefore, 

the majority of the population in South Africa self-classifies today as black (80.5%), coloured 

(8.8%), white (8.3%), and Indian/Asian (2.5%) South Africans (Statistics South Africa, 2015).  

 

 

 

                                                           
1 Craniofacial reconstruction (CFR) is based on the assumed morphological relationship 

between the soft- tissue envelope and the underlying skull substrate (Schlager, 2013).  
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 The presumptive identification of an unknown individual is based on the presence of 

biological features (human variation) of the skeleton and the relationship of these features to 

the individualôs socio-cultural identity. Asortative mating within South African groups 

strengthened the already notable biological variation between groups and engendered the 

perpetuation of skeletal variation  within the population such, that forensic anthropologists are 

able to classify an unknown individual into three main socially identified groups: a black,  a 

coloured, or a white South Africans (Sutherland, 2016).  

 

 The current situation of unidentified persons in South Africa will greatly benefit from 

research into human variation of South African groups, with the intention of creating accurate 

and reliable identification guidelines such using South African standard facial reconstruction 

methods (Steyn et al., 2016). The history and development of craniofacial reconstruction 

methodology, as well as its applications, has exposed the depth of human variation within and 

between populations and forms the foundation for the current development of valid and reliable 

population specific standards.  

 

 Currently, the craniofacial reconstruction division of the SAPS uses facial sculpting 

with modelling software to construct three-dimensional (3D) manual approximation of faces 

following the estimation of the biological profile (sex, age and ancestry) by anthropologists at 

the FARC, University of Pretoria. The facial reconstruction process involves a 3D surface scan 

of the target skull (unidentified skull) with a Metrascan 210. The 3D surface of the target skull 

is then transposed onto Freeform modelling software and soft-tissue thicknesses are manually 

applied at specific craniometric points using a 3D stylus. Facial features are adjusted on the 

skull, using the same process, according to North American databases of soft-tissue thicknesses 

derived from cadaver studies. After the final touches by the forensic artists, the final 3D facial 

reconstruction is printed and presented to the family for possible recognition. The main critiques 

of this current facial approximation techniques  are the inherent subjectivity in manual methods, 

the references used, the non-consideration of population specificities, the lack of 

standardisation and the poor correlations between facial bony structures and facial soft features, 

which limit the objectivity and the accuracy of the estimation. 

 

 The scientific community in the field of CFR recognised that manual reconstruction 

methods require a high degree of anatomical and sculptural expertise and remain difficult and 

subjective in practice. The manual 3D CFR technique used by the VIC in South Africa relies 
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on the expertise of a forensic artists to manipulate a 3D stylus. Therefore, the interpretations of 

two different forensic artists from the same skull can result in the creation of two substantially 

different faces (Tyrrell et al., 1997; Stephan, 2003; Verzé, 2009; Ullrich & Stephan, 2011; 

Vandermeulen et al., 2012; Guyomarcôh et al., 2014). According to Davy and collaborators 

(2005), this point is further illustrated by Haglund & Reay (1991), who repoted that multiple 

facial reconstructions of several victims of the Green River serialkiller were created. The results 

were highly variable between practitioners and little success was achieved when the 

reconstructions were shown to the public.  Furthermore, manual reconstructions are time 

consuming, and are therefore often limited to a single reconstruction. Traditional 2D or 3D 

manual techniques of CFR are thus now considered to be unsuitable for application to the 

judicial system, which requires precision, reliability and knowledge of possible quantisation 

errors (Vandermeulen et al., 2012). 

 

 The reliability of the craniofacial reconstruction methods used by the VIC in South 

Africa, is further challenged by the reference sample used to create guidelines. The utilisation 

of guidelines derived from cadavers, subjected to desiccation or swelling and gravity limits, 

greatly affect the accuracy of the reconstruction. The use of cadavers for recording soft-tissue 

thicknesses has been extensively criticised in recent craniofacial identification literature. Poor 

relationships were reported between cadaver-based and in vivo measurements due to tissue 

deformation from post-mortem changes, (Todd & Lindala, 1928) namely dehydration and 

shrinkage, as well as swelling with the onset of putrefaction (Manhein et al., 2000; Wilkinson, 

2002; Chen et al., 2011; Wilkinson, 2004; De Greef et al., 2005, 2009; Lee et al., 2011; 

Vandermeulen et al., 2006). In addition, the utilisation of guidelines derived from populations 

other than South Africans, is also problematic. The non-consideration of South African 

standards, taking into account the population specificities in current facial features, 

approximation techniques such as the approximation of the nose, limits the objectivity and the 

accuracy of the reconstruction, and by extension, the success of the recognition.  

 

 The nose is of particular interest as it is a projecting feature, displaying much variation. 

Its reconstruction could be invaluable in the identification of unknown individuals. The nose is 

an important feature to accurately predict in facial recognition, especially in in profile view and 

in three-quarter view (Bruce, 1989). However, reconstruction of the nose poses specific 

challenges, because of its less clear relationship with the underlying skeletal features. The 

morphology of the nose is often manually reconstructed from the shape and size of the nasal 
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aperture, represented by the position of the pronasale, subnasale, and alare landmarks 

(Gerasimov, 1955; Krogman, 1962; Krogman & Iscan, 1986; Macho, 1986; George, 1987; 

Prokopec & Ubelaker, 2002; Stephan et al., 2003). These nasal profile prediction methods are 

time consuming, often limited to a single reconstruction and has been demonstrated to be 

highly varied and subjective, rendering their applications not suitable to the judicial system 

(Stephan et al., 2003).  

 

 In order to assess with accuracy, the structural and functional coherence of correlations 

between facial bony structures and facial soft-tissue, a definition of a biologically meaningful 

region of interest, not limited to the nasal aperture and the nasal bones, for the approximation 

of the nose, is proposed in this thesis. During craniofacial development, from birth to death, the 

morphology of the nose is influenced by the remodelling of the underlying skeletal structure, 

(Albert et al., 2007) emphasing the fact that the components of the nose cannot be considered 

as independent elements of the craniofacial skeleton. In addition, in nasal approximation, a 

biologically meaningful region of interest is rarely considered. A biologically meaningful 

region of interest is defined as a skeletal region which demonstrates important shape variation, 

impacting on the external morphology, and is influenced by factors such as age, sex, ancestry. 

In the scientific literature, it has been demonstrated that the growth and development of the 

human craniofacial skeleton results from the interdependence of its different components, 

which are influenced by multifactorial processes involving hormonal, genetic and epigenetic 

factors such as age, sex, ancestry and external stimuli (Moss & Young, 1960; Atchley & Hall, 

1991; Enlow & Hans, 1997; Moss, 1997a, 1997b, 1997c, 1997d; Lieberman et al., 2002; 

Klingenberg et al., 2003; Tomoyasu et al., 2009; Lieberman, 2011; Gröning et al., 2013). 

According to the literature, differences in the rate of soft-tissue facial aging exists, and varies 

according to the decade of life, sex and ancestry (Taylor, 2000; Akgül et al., 2002).  Recent 

studies on the facial approximation of the nose among South African groups (Ridel et al., 2018) 

and on other European and Asian populations (Schlager, 2013), demonstrate the importance of 

considering factors such as sex and ancestry in the approximation of the nose.  

 Nasal shape variations present a challenge for facial reconstruction. Effective techniques 

taking into account the effects of population, sexual dimorphism and of aging on the 

morphology of the nose, need to be developed. Failure to account for this suite of variation 

impacts on the accuracy of the final facial reconstruction.  
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 To further improve the accuracy of facial approximation of the nose in the South African 

population, this thesis proposes the development of a computer-based method using large 

databases of 3D representations of hard- and soft-tissues of the face. In general, all computer-

based methods share the foundational premise that information about the complete skull versus 

information of the skin is used for mapping a template face onto a dry skull (Claes et al., 2010a). 

The prediction is performed by using a soft-tissue representation generated from the database 

by applying a deformation, based on the correlation between skin and skull-surfaces 

incorporated in the database.  

 

 As compared to a human expert, a computer is consistent and objective. The computer 

integrates all the modelling assumptions and repeatedly generates the same output data. As 

compared to forensic artists, some procedures can be automated, such as the creation of multiple 

reconstructions from the same target skull, using different modelling assumptions (ancestry, 

age, sex). An additional advantage of using computer-based CFR is the convenience of 

visualisation. Furthermore, the CFR process is more accessible to a wide range of forensic 

experts without the need for extensive expertise in computer science or computer-based CFR 

fields. In practice, the development of software for computerised facial reconstructions of an 

individual could benefit law enforcement agencies by allowing faster, easier and more efficient 

generation of multiple representations of an individual.  

 

 Tilotta et al., (2009) and Schlager (2013) developed computer-assisted methods for the 

prediction of the structure of the external surface of the nose, based on conventional computer 

tomography (CT) scans. Compared to manual methods, automation of facial approximation of 

the nose, using large 3D surface samples, offered increased objectivity and the possibility of 

standardisation. However, the use of conventional CT scans as initial references for CFR 

methods is influenced by supination effects on the face, due to the horizontal position of the 

patient during scanning (Iblher et al., 2013; Marin et al., 2015; Munn & Stephan, 2018). Munn 

& Stephan (2018) have recently shown important differences in the shape of the face between 

upright and supine postures (1-4.0 mm) using high-resolution Dimensional Imaging DI3D 

stereo-photographs. This recent study (Munn & Stephan, 2018) demonstrates that the actual 

standard collection of facial soft-tissue thicknesses in the supine position is unusable when the 

measurements are intended for use in the context of an upright subject (Munn & Stephan, 2018). 

Postural effects need to be taken into consideration when developing approaches in all CFR 

methods. In addition, the slice thickness of conventional CT scans, which generally ranges from 
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0.6 mm to 1.5 mm (Tilotta, 2008; Schlager, 2013; Guyomarcôh et al., 2014), may induce errors 

in the manual landmark placement on the 3D hard- and soft-tissue surfaces. Although 

automation of facial approximation of the nose increased objectivity as compared to the 

traditional manual methods, the manual placements of landmarks on large 3D surface samples 

affected the accuracy of the standardisation. Indeed, these methods for approximation of the 

nose involve manual placements of landmarks for the definition of the region of interest (Tilotta, 

2008; Schlager, 2013). Manual placement of landmarks is extremely time consuming on large 

3D surface samples and may induce important observer subjectivity and errors in placing the 

landmarks. As a result, manual landmarking may render the analysis less repeatable and 

accurate for the facial approximation process. 

 

 In the light of the great demand for the identification of unknown remains in South 

Africa, a need exists to establish reliable facial approximation techniques that will not only take 

into account sex and age, but most importantly be specific for the South African population. 

Current nose approximation techniques, used in South Africa, have proved disappointing in 

practice. Three possible reasons include that the guidelines were derived 1) from populations 

other than South Africans, or 2) from cadavers subjected to desiccation or swelling and gravity 

and 3) from CT scans subjected to the effects of gravity and subjectivity in defining 3D 

landmarks manually. In order to improve the accuracy of facial approximation of the nose, this 

study proposes the development of an automated three-dimensional (3D) method based on an 

automatic dense landmarking procedure. Instead of using conventional CT for the acquisition 

and extraction of the relevant anatomical structures, we used cone beam CT (CBCT).  By means 

of the semi-automatic computer-assisted technique proposed in this study, the reconstruction of 

a complex feature, such as the nose, may be actualised. In this way, the potential of this novel 

automatic computer-based method may be demonstrated. The research question therefore is: 

will such an automatic computer-based method render nasal shape approximations more 

reliable, in practice? 
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1.2. Scope of the thesis 

 

 The thesis aims to provide an accurate computer-assisted method for the prediction of 

the nasal soft-tissue shape, based on the shape of the underlying skull substrate. The first 

objective is to improve the standardisation, accuracy and objectivity in the methods of the facial 

approximation of the nose by developing an accurate automatic landmarking procedure, using 

CBCT-scans. The second objective is to find the statistical interrelationship between the hard- 

and soft-tissue of the nasal complex, attributed to factors such as sex, age and ancestry. This 

research requires the collection and compilation of a large 3D surface database for the creation 

of statistical models and for estimating the most probable soft-tissue shape, based on the known 

hard-tissue information. 

 

The specific objectives of this research were the following: 

 

1. Creation of a large CBCT-scan database. Cone beam computed tomography scans 

of South African individuals were collected from the Oral and Dental Hospital, 

University of Pretoria, South Africa and the Life Groenkloof Hospital, Pretoria, 

South Africa. 

2. Extraction of 3D soft- and hard-tissue surfaces from CBCT-scans. The segmentation 

of 3D hard-tissue and soft-tissue surface meshes on the same individuals was 

performed. 

3. Creation of hard- and soft-tissue templates using a non-rigid surface registration 

process. Reference hard- and soft-tissue templates were created from hard- and soft-

tissue 3D surface meshes using a non-rigid surface registration process. 

4. Definition of hard- and soft-tissue regions of interest (mid-facial skeleton and 

external nose). Craniometric and capulometric landmarks (Caple & Stephan, 2016) 

were selected and distributed on the facial skeleton and the external nose, creating 

a hard- and soft-tissue region of interest. The hard-tissue region of interest was 

demarcated by the facial skeleton comprising the nasal bones, the nasal aperture, the 

maxillae and the zygomatic bones. The soft-tissue region of interest was demarcated 

by the surface anatomy as related to the hard-tissue, including mainly the external 

nose and the nares. 

5. Hard-and soft-tissue anatomical templating (automatic landmarking projection 

onto every subjectôs surface using a warping procedure). The reference templates 
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were created in an iterative fashion, akin to the generation of the mean shape in a 

generalized procrustes superimposition (GPS) procedure. As a by-product of this 

template generation process, every individual surface was ótemplatedô: every point 

on these surfaces is associated with the anatomically corresponding point on the 

template. Alternatively, the templates can be independently generated from the 

population under study and the template warping applied in a subsequent step. This 

procedure was applied to the automatic placement of discrete landmarks as follows: 

The landmarks of interest were indicated once on the template, which were then 

projected onto every subjectôs surface using a warping procedure. The coordinates 

of the warped landmarks were then recorded and saved in an Excel file for further 

statistical analysis. 

6. Preliminary analysis: characterisation of the nasal complex morphology among 

120 South African individuals (18-30 years).  

In order to facilitate nasal soft-tissue reconstruction and to characterise the 

morphological differences among South African groups (black and white South 

Africans), the prediction of the displacements of capulometric landmarks in a sub-

sample, using linear measurements, was performed. 

7. Validation of the automatic landmarking. The aim of this analysis was to validate 

the automatic landmarking method by comparing the intra-observer errors (INTRA-

OE) and inter-observer errors (INTER-OE) between automatic and manual 

landmarking. 

8. Anthropological study on nasal shape variation. The determination of the influence 

of factors such as age, size, sex and ancestry on nasal complex shape variation was 

assessed. The approach taken in this study was to calculate regression models, based 

on the hard- and soft-tissue shape information stored in the database, and on 

additional factors (ancestry, sex, age and size), using geometric morphometric. 

a. Analysis of covariation between nasal hard- and soft- tissue and its 

dependence on ancestry. 

b. Quantification of covariance between nasal complex shape and the 

covariates: ancestry and sex, as well as, age and size. 

9. Creation of statistical models based on relationships between hard- and soft-tissue 

and additional factors/covariates. Statistical models were calculated using a 

Projection onto Latent Structures Regression (PLSR) algorithm, that allow for 
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establishing the statistical relationship predictors (hard-tissue shape, age, sex and 

ancestry) and response variables (soft-tissue information). 

10. Validation procedure to test the accuracy of prediction models. The validation of 

prediction models was performed using cross validation testing with the calculation 

of the Mean Squared Error (MSE) using leave-one-out cross-validation (LOOCV).  
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Chapter 2 

 

LITERATURE REVIEW  

 

 

2.1. Methods of craniofacial reconstruction (CFR) 

 

2.1.1. Introduction 

 

 In forensic investigations, the identification of an unknown person is obtained by 

various identification techniques, which are predominantly based on comparisons of ante- and 

post-mortem data such as medical files, dental records, radiographs, fingerprints or DNA. 

However, the identification of an unknown person is not always possible with conventional 

methods. In the South African context, for instance, reliable ante-mortem data are often missing 

because of the poor socio-economic status of many victims. Therefore, other methods, 

including facial reconstruction, have been implemented to assist in the identification of 

unknown persons from their skeletal remains. Following the recommendations of the Scientific 

Working Group for Forensic Anthropology (SWGANTH), facial reconstruction methods are 

employed to estimate the ante-mortem appearance of an individual from skeletal remains, 

provide a presumptive identification of the individual and convey the result to the public.  

 

 Craniofacial reconstruction (CFR) is based on the assumed morphological relationship 

between soft-tissue and the underlying bone. Three categories of facial reconstruction 

techniques exist and include: 2D facial reconstruction, 3D manual facial reconstruction, and 3D 

computer-based facial reconstruction. Two-dimensional facial reconstruction involves the 

creation of a 2D image, either by drawing (Taylor, 2000), or application of computer-assisted 

methods (Wittwer-Backofen, 2004; Wittwer-Backofen et al., 2007), 3D manual methods, 

defined as the simulation of soft-tissue onto a 3D skull replica uses clay or plasticine (Snow et 

al., 1970; Gerasimov, 1971; Lebedinskaya et al., 1993; Prag & R. Neave, 1997; Wilkinson, 
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2004; Wilkinson, 2010), or 3D modelling software (Wilkinson, 2003; Lee et al., 2012). As both 

the traditional manual 2D and 3D facial reconstruction techniques are dependent on the unique 

knowledge and skills of the forensic artist, they are often subsumed into the  broader category 

of traditional manual methods. 

 

 The final category and the main purpose of this thesis constitutes the computer-based 

3D reconstructions, defined as (semi) -automated procedures for estimating the surface of the 

face and for which a large and reliable 3D hard- and soft-tissue surface database is used. 

Computer-based CFR approaches exclude any possible subjectivity produced by forensic 

artistic interpretations. The following describes, in detail, the CFR methods which are available 

for practitioners to use in forensic case analysis. All realistic representation of the individual 

from any of these methods may be presented to the public for possible identification.  

 

2.1.2. Traditional manual methods of 2D/3D-CFR 

  

 A 2D reconstruction is defined as the creation of a 2D-image, either by drawing (Taylor, 

2000) or application of 2D computer superimposition methods (Wittwer-Backofen, 2004; 

Wittwer-Backofen et al., 2007).  

 

 A 2D facial reconstruction consists of hand-drawn facial images. The drawings are 

based on ante-mortem  photographs  of  the  skull  and  any  other  detail  available  of  the  

unknown individual. During the 1980ôs, Karen T. Taylor created a method of 2D facial 

reconstruction commonly used today (Taylor, 2000). Taylor's  method  involves  applying  

tissue  depth  markers  on an unidentified  skull  at  various  anthropological  landmarks. The 

skull is then photographed from a frontal and lateral view (Taylor, 2000). Facial drawings are 

made on tracing paper which are overlaid onto the frontal  and  lateral  photographic  prints. A 

second method for 2D facial reconstruction is the 2D computer superimposition method, 

described by Wittwer-Backofen (Wittwer-Backofen , 2004; Wittwer-Backofen et al., 2007). 

Virtual 2D faces are produced by using different facial contours and features selected from a 

photographic database of existing people, and following the skeletal structure  of the target 

skull. 
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 The traditional manual method of 3D-CFR is defined as the simulation of soft-tissue 

onto a 3D skull replica using clay or plasticine (Snow et al., 1970; Gerasimov, 1971; 

Lebedinskaya et al., 1993; Prag & R. Neave, 1997; Wilkinson, 2004; Wilkinson, 2010), or 3D 

modelling software (Wilkinson, 2003; Lee et al., 2012). In the literature, these traditional 

reconstructions have been commonly classified as ñRussianò, ñAmericanò or ñCombinationò 

methods (Stephan, 2006). The Russian anthropologist Gerasimov (1971) was one of the first to 

use a manual reconstruction method where he modelled the complete facial anatomy of muscles 

and soft tissues covered by a thin layer, mimicking skin, onto the skull. This anatomical or 

óRussianô technique, also referred to as the morphoscopic technique (Snow et al., 1970), was 

further refined by Lebedinskaya and collaborators (1993). During the same period, an 

alternative technique was developed in the USA, called the morphometric, or American method 

(Snow et al., 1970). This technique consists of building the soft-tissue layer in bulk, without 

much regard to the detail of the underlying anatomy, approximating tabulated average tissue 

depths at a sparse set of landmarks on the skull and interpolating clay in between the landmarks 

at previously described depths. In the late 20th century, Richard Neave used both the Russian 

and American methods in his facial reconstructions, which laid the foundation for the combined 

technique, or combination method (Prag & Neave, 1997). The advocates of the combined 

method claim that as the face is reconstructed according to anatomical principles, artistic 

subjectivity in areas between tissue-depth landmarks is greatly reduced (Wilkinson, 2010). 

Generally, the soft tissue is estimated using average thickness values, taking into account age, 

sex and ancestry. Currently, all 3D CFR methods are widely applied in forensics and for 

museum presentations - permanently refined, as seen in the Hominin reconstructions done by 

the paleoartist Elisabeth Daynès, such as the reconstruction of the Australopithecus afarensis 

ñLucyò or ñthe little lady of floresò (Jungers et al., 2009).  

 

 Recently, Wilkinson (Wilkinson, 2003; Lee et al., 2012) developed a virtual sculptural 

CFR method which utilises a 3D modelling system (Freeform Modelling PlusTM; Sensable 

Technologies Wilmington, MA) with haptic feedback (Phantom DesktoTM Haptic Device; 

Sensable Technologies). This method has been applied to forensic case work (Wilkinson, 2003; 

Wilkinson, 2010; Lee et al., 2012). The method mimics the 3D manual CRF methods, described 

above, and enables practitioner-led facial reconstruction. An image of the target skull 

(unidentified skull) is imported into FreeForm Plus as a stereolithography (STL) file, converted 

originally from Digital Imaging and Communication in Medicine (DICOM) data, or an object 

file translated from laser scan data (e.g. Metrascan). Then, soft-tissue thicknesses are manually 
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applied at specific craniometric points and modelled using a 3D stylus. Facial features are 

adjusted, using the same process, on the skull according to available databases of soft tissue 

thicknesses for that population. After the final touches by the forensic artists, the 3D facial 

reconstruction is printed and presented to the family for possible recognition. 

 

2.1.2.1. Traditional manual 2D/3D CFR of nasal reconstruction 

  

 Following the literature, facial features have been determined to be important for 

perceiving and remembering faces (Shepherd et al., 1981; Bruce 1988; Zhao et al., 2003). 

Several studies using frontal images have shown that the nose plays an insignificant role in face 

recognition in frontal view (Haig, 1986, 2013; Zhao et al., 2003; Fraser & Parker, 1986). 

However, in face recognition using profiles and three-quarter views, a distinctive nose shape 

could be more important than the eyes or mouth (Bruce, 1988). Moreover, it has also been found 

that the upper part of the face (eyes and nose) is more useful for face recognition than the lower 

part (mouth) in frontal view(Shepherd et al., 1981).  

 

 In order to estimate the location of a specific landmark such as the nose, on the face, the 

position of well-defined capulometric landmarks (pronasale, subnasale, and alare), are 

predicted from analysing metric values taken from a dry skull. As most reconstruction 

practitioners highly value the pronasale landmark for estimating the nasal profile, methods of 

prediction of the pronasale from the underlying bone structure has been highly prioritised in 

current nose approximation research.  Gerasimov (1955) was the first researcher to estimate 

nasal landmarks with the use of  metric measures of the underlying bone tissue, known as the 

ñtwo-tangentò method (Figure 2.1.a).  In this method, a line is projected anteriorly following 

the direction of the nasal spine. A second line, which is a tangent to the most distal portion of 

the nasal bones, is projected inferiorly. The intersection between the two lines forms the tip of 

the nose (pronasale). In later years, this method was reported to be highly unreliable and often 

resulted in an overestimation of nose projection (Stephan et al., 2003). In addition, the technique 

has been demonstrated to be very subjective and imprecise, because it relies on the ñgeneral 

directionsò of two bones, and is therefore not useable in facial  reconstruction of the soft-tissue 

of the nose (Stephan et al., 2003). Following on the method established by Gerasimov (1955), 

a variety of approaches dealing with angles and relations between metric measurements have 

been proposed (Krogman, 1962; Krogman & Iscan, 1986; Macho, 1986; George, 1987; 

Prokopec & Ubelaker, 2002; Stephan et al., 2003). The traditional 2D/3D CFR methods for 
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nasal reconstruction are illustrated in Figure 2.1. Evaluation concerning the accuracy of these 

different methods can be found in articles by Rynn & Wilkinson (2009) and Stephan et al., 

(2003).  

 

 In 1962, Krogman developed a method for pronasale prediction (Figure 2.1.b), which 

consists of projecting a line, that follows the direction of the nasal spine (Krogman & Iscan, 

1986). The length of the nasal spine, from the junction with the vomer to the tip, is tripled and 

added to the transferred depth, which is the average soft-tissue depth at midphiltrum on the lip 

(Krogman & Iscan,1986). However, Stephan et al., (2003) found the method to perform with 

low accuracy in predicting nasal shape.  These authors (Stephan et al., 2003) demonstrate three 

important limitations of the Krogman method: 1) the Krogman method (Krogman & Iscan, 

1986) involves the multiplying of the nasal spine length by 3, which increases any error by 3; 

2) the utilisation of the midphiltrum soft-tissue depth seems illogical, because it is not directly 

related to the nose; and 3) the midphiltrum depth so that it follows the general direction of the 

nasal spine, seems problematic, since the soft-tissue midphiltrum is actually located inferior to 

the hard-tissue midphiltrum (George, 1993). For all these reasons, this method should not be 

used in future facial approximations (Stephan et al., 2003).  

 

 An alternative method to predict nasal position and dimensions was suggested by Macho 

(1986) (Figure 2.1.c). Measurements were taken of the external nose and bony nasal aperture 

in the nasion-sella plane2 (NSP). Seven craniometric measurements of the nasal aperture in 

profile view, were compared to external measurements of height (from soft nasion to soft 

subnasale), length (from soft nasion to pronasale), and depth (pronasale to soft subnasale), 

which forms a triangle describing the external nose. Soft-tissue depths from hard to soft nasion, 

and from hard to soft subnasale, were taken as an aid to placement of the triangle of the external 

nose. The two sets of measurements were then used to generate regression equations for 

calculation of the shape of the nose. This method has proven impractical for facial 

                                                           
2 Two tracings recorded the soft profile and bony profile together, including the porion (superior 

border of the external auditory meatus), to obtain the Frankfurt horizontal plane (FHP) between 

the porion and the lower border of the eye socket, and the sella turcica, to obtain the nasion-

sella plane (NSP). 
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reconstruction, as the soft-tissue measurements are measured from the bony landmark to the 

soft-tissue landmark, rather than perpendicular to the bone surface (Rynn & Wilkinson, 2009). 

 George (1987) described a óóbalancedôô nasal projection method (Figure 2.1.d) which 

was based on the óóaestheticôô methods of facial surgery according to Goode (Powell & 

Humphreys, 1984). The method uses the measurement of the distance from the nasion (Pt).A 

to point of maximum flexion on maxilla in profile. A percentage of this distance from (Pt.)X to 

(Pt.)A (60.5% for males and 56% for females) marks the point of intersection (Pt. AA) of a line 

drawn parallel to the Frankfurt horizontal plane3 (FHP) (line F) (George, 1987; Stephan et al., 

2003). (Pt.) AA also indicates the midpoint of the inferior slope of the anterior nasal spine. A 

line perpendicular to the Frankfurt horizontal is placed at the level of predicted nose projection. 

This method was found to be more accurate than the methods of Gerasimov (1955), Krogman 

(1962) and Macho (1986) (Stephan et al., 2013). 

 

 Prokopec and Ubelaker (2002) (Figure 2.1.e) suggested another method to predict the 

shape of the nasal profile. The technique is as follows: on an image of the profile view of the 

nasal aperture, a line is drawn to indicate the nasion-prosthion plane (line A) and then parallel 

to line A, a tangent at the rhinion, line B is indicated. Horizontal lines, perpendicular to lines A 

and B are drawn, dividing the nasal aperture into seven equal segments. Each distance of the 

horizontal line from line B to the edge of aperture posteriorly,  is measured and mirrored 

anteriorly. Two millimeters are added to each of these measurements; midline average soft-

tissue depths at nasion, midnasal bone, rhinion and subnasale (Helmer, 1984) are added. The 

points are then joined, allowing the profile shape of nose, and hence its projection, to be 

estimated (Prokopec & Ubelaker, 2002). Stephan and colleagues (2003) found this method to 

be reliable  at predicting pronasale projection in the FHP as compared to the other techniques 

previously described, but suggested that this method should be used with much caution when 

employing  to predict profile nose shape. 

 

 Stephan and colleagues (2003) noted that the methods described by Prokopec and 

Ubelaker (2002), as well as George (2002), were more effective and reliable in predicting nasal 

profile shape than those of Gerasimov (1971) and Krogman (1962). Like their predecessor, 

Stephan and colleagues (Stephan et al., 2003) created a new technique (Figure 2.1.f) to estimate 

nasal profile which uses various soft- and hard- tissue measurements to generate regression 

equations to predict nasal shape for a particular population, as the shape is age, sex and 

population specific (Stephan et al., 2003). However, Stephan and colleagues (2003) emphasised 
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that the creation of regression equations for the approximation of the nose using dry skull 

databases has its limitations. Indeed, some measurements which are not easily taken from dry 

skulls directly, such as the nasal bone angle (which require planes to travel through the nasal 

bones), are excluded and this may affect the accuracy of the external nose prediction.  

Consequently, Stephan and colleagues (2003) conclude that the three-dimensional (3D) 

computer techniques for nose approximation will probably become the method of choice for 

many reasons: 1) by performing indirect measurements using 3D planes; 2) by considering 

many variables; 3) and by generating 3D nose approximations. Therefore, a need exists for 

facial approximation practitioners to move away from traditional three- and two-dimensional 

techniques and for 3D computer techniques to be further developed Stephan and colleagues 

(2003). 

 

 Recently, Lee and colleagues (2014) investigated the relationship between the hard- and 

soft- dimensions of the nose, as to predict the position of the nose in a Korean population. The 

authors used CBCT-scans obtained from 60 adult Korean. As CBCT scans are taken with the 

patient in an upright position, the authors eliminated errors involved with supination and post-

mortem artifacts. Three-dimensional placements of the nasal soft structures (pronasale, 

subnasale, alare) from the nasal hard structures (nasal bone, nasal cavity) were manually 

measured in order to compute the regression equations so as to find the most probable position 

of the pronasale, subnasale, and alare.  These results suggest that hard and soft tissue relation 

data from CBCT scans can be useful for predicting the position of the nose. 
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Figure 2. 1. Traditional 2D/3D CFR of nasal reconstruction (Rynn & Wilkinson, 2009; Stephan et al., 2003). 
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 The scientific community in the field of CFR recognised that manual reconstruction 

methods require a high degree of anatomical and sculptural expertise and remain difficult and 

subjective in practice (Tyrrell et al., 1997; Stephan, 2003; Verzé, 2009; Ullrich and Stephan, 

2011; Vandermeulen et al.,2012; Guyomarcôh  et al., 2014). The interpretations of two different 

forensic artists of the same skull can result in the creation of two substantially different faces 

(Tyrrell et al., 1997; Stephan, 2003; Verzé, 2009; Ullrich and Stephan, 2011; Vandermeulen et 

al.,2012; Guyomarcôh  et al., 2014). According to  Davy and collaborators (Davy et al., 2005), 

this point is further illustrated by Haglund and Reay (1991), who stated that multiple facial 

reconstructions of several victims of the Green River serial-killer were created. The results were 

highly variable between practitioners and little success was achieved when the reconstructions 

were shown to the public. Furthermore, manual reconstructions are time consuming and are 

therefore often limited to a single reconstruction. Traditional 2D or 3D manual techniques of 

CFR are now considered to be unsuitable for application to the judicial system, which requires 

precision, reliability and knowledge of possible quantisation errors (Vandermeulen et al., 

2012). 
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2.1.3. Computer-based CFR methods 

 

 Recent developments in computer science and the improvement of medical imaging 

technique such as surface scanning, MRI-scanning, CT- and CBCT-scanning have resulted in 

the collection of large databases of 3D representations of hard- and soft-tissues of living human 

heads. Researchers in the field of CFR utilise these technological advances to develop 

alternative computer-based CFR methods to improve objectivity of facial reconstructions 

during criminal investigations. 

 

 As compared to a human expert, a computer is consistent and objective. The computer 

integrates all the modelling assumptions and repeatedly generates the same output data. As 

compared to forensic artists, some procedures can be automated, such as the creation of multiple 

reconstructions from the same target skull using different modelling assumptions (ancestry, 

age, sex). An additional advantage of using computer-based CFR is the convenience of 

visualisation. Furthermore, the CFR process is more accessible to a wide range of forensic 

experts without the need for extensive expertise in computer science or computer-based CFR 

fields. In practice, the development of software for computerised facial reconstructions of an 

individual could benefit law enforcement agencies by allowing faster, easier and more efficient 

generation of multiple representations of an individual. 

 

 Compared to manual methods, automation of facial approximation of the nose using 

large 3D surface samples, offers increased objectivity and the possibility of standardisation. In 

general, all computer-based methods share the foundational premise that information about the 

complete skull versus information of the skin is used for mapping a template face onto a dry 

skull. More precisely, the prediction is performed by using a soft-tissue representation 

generated from the database by applying a deformation, based on the correlation between skin 

and skull-surfaces, incorporated in the database. A recent review of computerised CFR methods 

by Claes and colleagues (2010a) offers an interpretation and classification of previously 

published computer-based CFR methods in use, and in progress (Table 2.1). As compared to 

the manual approaches, the computer-based methods exclude forensic artistic interpretation, 

and instead, use information from a large database. Consequently, the accuracy of the 

methodology is dependent on the accuracy of the database, and of the underlying algorithms. 

Following the review of computerised CFR methods by Claes and colleagues (2010a), the 

computer-based methods can be compartmentalised into six components (aïf) (Figure 2.2).
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Table 2. 1. A list of 3D computerised CFR techniques over the past 30 years in a quasi-chronological order (Claes et al., 2010a; Tilotta et al., 2010; Guyomarc'h, 

2011; Guyomarc'h et al., 2013; Schlager, 2014). 
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Figure 2. 2. General workflow of computerised craniofacial reconstruction techniques (Claes et al., 2010a). 
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 The skull is the basic source of information for any craniofacial reconstruction because 

it has a morphometric individuality as distinctive as a fingerprint (Schimmler et al., 1993). 

Forensic anthropologists examine the target skull so as to estimate biological parameters such 

as age, sex, pathological influences, and ancestry (Wilkinson, 2004). Firstly, an anthropological 

examination is performed on the target skull (Figure 2.2.a).The anthropological examination 

results are taken into account when adjusting parameters of the reconstruction.  

A virtual copy of the target skull (Figure 2.2.b) is then obtained by digitisation. A computer-

readable format of the skull shape is obtained for further statistical processing, depiction and 

visualisation. The production of a 3D replica avoids destruction or mutilation of the original 

skull and, therefore, possible evidence. The digitisation of a target skull for computerised 3D 

craniofacial reconstruction purposes was first performed by Vanezis (1989) using a laser 

scanning system. More recently, computerised reconstruction techniques made use of a CT-or 

CBCT-scanner which became scientifically recognised as a practical and accurate alternative 

for acquiring a digital copy of the target skull (Claes et al., 2010a).   

 

 The accuracy of computer-based methods relies on the craniofacial model (CFM), while 

the accuracy of the CFM relies on the anthropological properties of the target skull (Figure 

2.2.d). Knowledge about human facial shapes and their relationship to the underlying skull, as 

acquired from a representative database of living subjects, provides the anthropological inputs 

needed for the CFM. A CFM contains three components: i) craniofacial template (CFT); ii ) 

craniofacial information (CFI); and iii ) craniofacial deformation (CFD). 

 

 A craniofacial template (CFT) is a computer representation of the shape of a human 

face. Single or multiple CFTôs can be used, and it can be represented as a holistic view or a 

collection of partial features separately (nose, mouth, eyes, ears) of the face. 

In the single template setup, the knowledge of only one reference face is used. The template 

can either be a generic/average, or a specific individual (similar to the target skull in terms of 

age, sex, ancestry) created from a database. In a multiple template setup, two approaches are 

observed. The first or óóspecificôô approach generates a reconstruction per specific reference 

head in a database, resulting in multiple reconstructions of the unknown skull. A final result is 

generated by combining all the reconstructions into a single reconstruction. The second or 

óógenericôô approach combines the knowledge of multiple reference heads beforehand and then 

makes a single reconstruction based on that combined knowledge. 
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 Craniofacial information (CFI) is defined as the explicit information contained in the 

CFM, relating faces to the underlying skull substrates. This knowledge can consist of facial 

surfaces, tissue thicknesses, skull surfaces and/or facial muscles. For example, in Claes and 

colleagues (2004a, 2004b, 2005a, 2005b, 2006a, 2006b, 2007, 2010b) combined the facial 

surface knowledge with soft-tissue thicknesses measured at 52 anatomical landmarks according 

to de Greef and colleagues (De Greef et al., 2005, 2006). The accuracy of CFI is dependent on 

the type of scanning equipment (CT or CBCT scan) used to scan subjects for creating the CFM.  

 

 The craniofacial deformation (CFD), used by all computer-based CFR methods, is 

defined as the manner by which the CFT is allowed to be deformed or transformed. Two 

different approaches, affine or rigid transformation, can be applied on templates in order to 

geometrically align them with the target skull into the same coordinate system. The affine 

transformation, is defined as the application of multiple modifications (rotation, translation, 

scale and the skew) to deform the facial template. The rigid transformation entails only the 

application of a translation and rotation to manipulate the CFT. The majority of recent 

computer-based methods use a generic non-rigid deformation (affine transformation), which 

are mathematically well defined and easy to use. 

 

 A reconstruction is obtained by finding the geometrical relationship between the CFM 

and the target skull, based on an appropriate choice of skull representation (Figure 2.2.c). The 

target skull representation (TSR) is strongly related to the choice of the craniofacial model. The 

skull representation can be parameterised in different ways depending on the type of CFI 

(relationship between soft and hard-tissues) incorporated in the CFM. 

 

 An important step in the computer-based CFR methods is the registration process, also 

called fitting or matching (Figure 2.2.e). The registration is defined as the process of finding 

and applying the geometrical relationship or transformation between the CFM and the target 

skull. This process allows for the measurement of a similarity, expressing the closeness-of-fit 

of the CFT to the skull.  During the registration process, the CFD model is combined with the 

similarity measure into an objective function by increasing the similarity measure within the 

range of possible transformations, as coded by the CFD.  

Finally, the CFT can be deformed/warped/morphed/adapted towards the target skull specimen 

to generate an estimate of the unknown facial geometry. Additionally, the reconstructed facial 
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shape can be textured (skin colour) and visually represented (Figure 2.2.f) in order to generate 

images for further distribution and recognition. 

 

 The computerised reconstruction technique must be validated for utilisation in real-

investigation situations. The performance of the methods and the success of the identification 

of the final reconstruction must be tested.  The performance of the computer-based CFR method 

can be assessed by estimating the mean squared error (MSE) using leave-one-out cross-

validation (LOOCV) testing. A recognition test can be performed by comparing the CFR result 

with a database of candidates, including the actual person. The goal is to retrieve the actual 

person from the database. 
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2.1.3.1.  Computer-based CFR methods of nasal reconstruction 

 

 Recently, Tilotta and colleagues (2010) and Schlager (2013) developed computer-

assisted methods for the prediction of the structure of the external surface of the nose, based on 

conventional computer tomography (CT) scans. Compared with manual methods, automation 

of facial approximation offers increased objectivity and the possibility of standardisation 

(Guyomarcôh et al., 2014). Computer-based CFR methods of nasal reconstruction are presented 

in Table 2.2.  
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Method Reference Sample Slice thicknessVoxel size Landmarking Region of interest (hard-tissue) Region of interest (soft-tissue)
Meaningful 

region of interest

Suppination 

effect

Tilotta Tilotta et al., (2008) CT-scan/European 0.7 mm - Manual External nose and nares Nasal superior and inferior (patches) X V

Schlager Schlager, (2013) CT-scan/European/Chinese0.7-1.5 mm - Manual External nose and nares Nasal superior and inferior V V

Guyomarc'hGuyomarc'h, (2014)CT-scan/European 0.7-1.5 mm - Manual Face/Facial features/External nose Facial skeleton V V

Table 2. 2. Computer-based CFR methods for nasal reconstruction. 
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 Tilotta (Tilotta, 2008; Tilotta et al., 2010) published a method for an automatic patch 

extraction and surface estimation using European CT-scans. The estimation is localised on 

hard- and soft-tissue patches delimited by surface geodesics between four anatomical 

landmarks on the skull (nasion, rhinion, anterior nasal spine, nasospinale) (see Table 2.3 for the 

definition and the reproducibility of the landmarks used). The technique relies on a continuous 

representation of the individual surfaces embedded in the vectorial space of extended normal 

vector fields, allowing to compute deformations and averages of surfaces. The method consists 

of estimating the soft-tissue surface over patches delimited by surface geodesics between 

anatomical points of the skull. In the Tilotta approach (Tilotta et al., 2010), the main bias is the 

utilisation of a non-biologically meaningful region as a region of interest. Indeed, in the Tilotta 

approach (Tilotta et al., 2010), the rectangular region is based on geometrical, rather than 

biological region and it does not account for structural or functional coherence.  

 

 Schlager (Schlager, 2013)  provides a new approach of predicting nasal soft tissue shape, 

based on the shape of the underlying bone by using a large database of European and Chinese 

CT-scans. This approach involves the definition of a biologically, hence anatomically, 

meaningful substructure by extracting shape information using landmarks and semi-landmarks. 

In Schlagerôs (Schlager, 2013) study, 14 craniometric landmarks (nasospinale, subspinale, 

nariale, nasomaxillofrontale, maxillofrontale, nasion, alare, nasomaxillare, rhinion) and 15 

capulometric landmarks (nasal-depth, sellion, pronasale, mid-nostril, alar-crest-sub, alar-crest-

lateral, alagenion, end-of-alar-crest) placed manually on the nasal complex (see Table 2.3 for 

the definition). The main directive is to find the statistical interrelationship between soft-tissue 

and hard-tissue implying a large database for building statistical models, estimating the most 

probable soft-tissue shape, based on the known hard-tissue information. This method takes into 

account the co-variation of soft and hard tissue and the effect of age, sex and ancestry on the 

morphology of the nose. Although Schlager provides a very promising approach for predicting 

nasal soft-tissue shape for the European and Chinese populations only, the use of conventional 

CT scans as initial references is influenced by supination effects on the face due to the horizontal 

position of the patient during scanning. In addition, the manual placements of landmarks on 

large 3D surface samples may induce important observer subjectivity and errors in placing the 

landmarks rendering the analysis less repeatable. In Schlager approach (Schlager, 2013), the 

subspinal (craniometric landmark) and the nasal depth (capulometric landmark) have shown 

important observer errors ( > 2 mm) with a manual placement.  The reproducibility of the 

landmarks used is detailed in Table 2.3. The manual placements of landmarks on large 3D 
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surface samples derived from CT scans affect the objectivity of the standardisation, and by 

extension, the accuracy of the nose approximation process. 

 

 More recently, Guyomarcôh (Guyomarcôh, 2011; Guyomarcôh et al., 2014) presented a 

new computerised method for estimating facial shape based on computed tomography (CT) 

scans of 500 French individuals referred to as the Anthropological Facial Approximation in 

Three Dimension (AFA3D). A holistic approach was followed, incorporating geometric 

morphometrics (GGM) and statistical models with FSTD and facial feature estimation to 

produce a cloud of 100 cutaneous landmarks that are transformed into facial shape through the 

warping of a single generic template. In this study, correlations between the external shape of 

the nose and the underlying bone structure were assessed using GMM.  A set of craniometric 

landmarks (nasion, mid-nasal, rhinion, nasomaxillofrontale, mid-nasomaxillare, nasomaxillare, 

apertion, piriform curvature, akanthion, nariale, nasospinale superior, subspinale) and 

capulometric landmarks (pronasale, inferonasale, midseption, subnasale, external alar 

curvature, superior alar curvature, alagenion, alare, alacrepidon, seption) were manually placed 

on the hard- and soft-tissue  nasal complex (see Table 2.3 for the definition the landmarks used). 

Although Guyomarcôh (Guyomarcôh, 2011; Guyomarcôh et al., 2014) provides a very 

promising approach for predicting nasal soft-tissue shape for the French individuals only, as for 

the Schlager approach, the manual placement of landmarks on large 3D surface samples derived 

from CT scans affects the objectivity of the standardisation, and by extension, the accuracy of 

the nose approximation process. Indeed, in the approach of Guyomarcôh (Guyomarcôh, 2011; 

Guyomarcôh et al., 2014) , some craniometric landmarks such as the subspinal and the apertion, 

as well as the following capulometric landmarks: the external alare curvature, the superior alar 

curvature and the alare, have shown important observer errors ( > 2 mm) with manual placement 

on CT scan surfaces.  The reproducibility of the landmarks used is detailed in Table 2.3. 
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Table 2. 3. Definition and reproducibility of landmarks (craniometric and capulometric) used by Tilotta and colleagues (2008); Schlager (2013) and Guyomarcôh and 

colleagues (2013) for creating computer-based CFR methods of nasal reconstruction. 

 

Tilotta Schlager Guyomarc'h

Craniometric nasion Intersection of Sutura internasalis and Sutura frontonasalis 
2
/ Midline point on the nasofrontal suture 

1, 3
V V V <1mm

rhinion Midline point at the inferior free end ot the internasal suture 
1, 2, 3

V V V <1mm

anterior nasal spine End of the anterior nasal spine 
1

V /

nasospinale Tip of spina nasale anterior 
2

V <1mm

nasospinale superior Midline point on the inferior border of the piriform aperture at the intermaxillary suture 
1, 3

V V 1-2mm

subspinale Transition of frontal downward edge of the Spina nasalis anterior into the processus alveolaris 
2
/ Inferior midline point at the maximum of curvature of the nasal spine 

3
V V 2-3mm

nariale Beginning of the transition of the lower border of the Apertura nasalisinto the structure of the Nasospinale 
2
/ Most inferior point of the piriform aperture 

3
V V 1-2mm

nasomaxillofrontale Intersection of Sutura frontonasalis and Sutura nasomaxillaris 
2
/ Point at the intersection of the frontal, maxillary, and nasal bones 

3
V V 1-2mm

maxillofrontale Intersection of Sutura frontomaxillaris and the Anterior lacrimal crest 
2
/  Point at the intersection of the fronto-maxillary suture and the anterior lacrimal crest 

3
V 1-2mm

alare Most lateral positions of theapertura nasalis 
2

V 1-2mm

nasomaxillare Distal end point of the sutura nasomaxillaris 
2
/ Most inferior point of the nasomaxillary suture on the nasal aperture 

3
V V 1-2mm

mid-nasal Midline point on the internasal suture midway between nasion and rhinion 
3

V <1mm

mid-nasomaxillaire Point of the nasomaxillary suture between the nasomaxillare and the nasomaxillofrontale 
3

V 1-2mm

apertion Most lateral point of the piriform aperture 
3

V 3-4mm

piriform curvature Most infero-lateral point of the piriform aperture 
3

V 1-2mm

akanthion Most anterior midline point of the nasal spine 
3

V <1mm

Capulometric nasal-depth Most medial point of the transition nose/eye 
2

V >2mm

sellion ñSoft-tissue Nasionò 
2

V <1mm

pronasale Most anterior point on the tip of the nose 
2 , 3

V V <1mm

Subnasale Point of maximum curvature at transition of philtrum and columella 
2
/ Most postero-superior midline point of the nasal septum (maximum of curvature) 

3
V V 1-2mm

mid-nostril Midpoint of maximal nostril width - projected on the transition nostril/philtrum 
2

V <1mm

alar-crest-sub Alar crestat the most downward point of the Alae 
2

V <1mm

alar-crest-lateral Alar crest at the most lateral downward point 
2

V <1mm

alagenion Most posterior point of the Alar crest 
2
/ Most posterior point of the nasal wing 

3
V V 1-2mm

end-of-alar-crest Upper anterior end point of the alar crest 
2

V <1mm

 inferonasale Most antero-inferior midline point of the nose 
3

V 1-2mm

midseption Midline point of the columella between the two nostrils 
3

V 1-2mm

external alare curvature Most anterior point of the nasal wing at the maximum of curvature 
3

V 2-3mm

superior alar curvature Most superior point of the nasal wing 
3

V 2-3mm

alare Most lateral point of the nasal wing 
3

V 2-3mm

alacrepidon Most inferior point of the nasal wing in anterior view 
3

V 1-2mm

seption Medial point of the nostril, at the smallest width of the nasal septum 
3

V 1-2mm

Method
Landmarks Definition Observer errors on CT-scans
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2.2. References used in craniofacial reconstruction methods 

 

2.2.1. Introduction 

 

 The reliability of the craniofacial reconstruction method depends greatly on the 

characteristics of the reference sample used. Traditionally, CFR methods used facial soft tissue 

thicknesses (FSTT) references, which are typically measured at sparsely located  craniofacial  

landmarks. FSTT provides  a  quantitative  description  of  the  envelope of soft tissue around  

the  skull  (Stephan et al., 2018), and this tissue depth thickness can be measured using a variety 

of techniques (Stephan & Preisler, 2018) including: 1) insertion of needles or blades into 

cadavers (Welcker et al., 1883; His, 1895; Kollmann et al., 1898; Suazo et al., 2008) ; 2) 

radiography/CT (Dumont , 1986; Bulut  et al., 2014; Garlie & Saunders, 1999; Hwang et al., 

2012) ; 3) magnetic resonance imaging (Sahni et al., 2002; Sahni et al., 2008; Sipahioglu et al., 

2012), and 4) ultrasound (Helmer, 1984; Baillie et al., 2016).  

 

 The use of cadavers for recording soft-tissue thicknesses has been extensively criticised 

in the recent craniofacial identification literature (Manhein et al., 2000; Wilkinson, 2002; 

Wilkinson,2004; De Greef et al., 2005; Vandermeulen et al., 2006; De Greef et al., 2009; Lee 

et al., 2011; Chen et al., 2011).  Poor relationships have been reported between cadaver-based 

and in vivo measurements. Tissue deformation due to post-mortem changes (Todd & Lindala, 

1928), namely dehydration and shrinkage, as well swelling with the onset of putrefaction, have 

been thought to be responsible for the discrepancy in these findings.   

 

 Recent developments in digital imaging techniques have resulted in the collection of 

large databases of 3D representations of hard- and soft-tissues of the face. The accuracy of the 

tissue depth data, as well as the development of research  on the statistical relationship between 

hard- and soft-tissue, was greatly improved with the arrival of in vivo, non-invasive databases 

(Vandermeulen et al., 2006) such as lateral cephalometric radiography, ultrasound (Helmer, 

1984; Baillie et al., 2016), magnetic resonance imaging (Sahni et al., 2002; Sahni et al., 2008; 

Sipahioglu et al., 2012), CT- and CBCT-scanning (Dumont, 1986; Garlie & Saunders, 1999; 

Tilotta et al., 2010; Hwang et al., 2012; Schlager, 2013; Gyomarcôh et al., 2014; Bulut et al., 

2014), providing very detailed information about the structures represented. Researchers in the 

field of 3D computer-assisted methods for CFR utilise these sources of information to improve 

objectivity in the reconstruction process by mainly  the creation of approaches using living 
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specimens (Vanezis et al., 1989; Vanezis and Vanezis, 2000; Evenhouse et al., 1991; Evison, 

1996, 2001; Michael and Chen, 1996; Shahrom et al., 1996; Archer, 1997; Quatrehomme et al., 

1997; Nelson et al., 1998; Forte, 1999; Bullock, 1999; Jones, 2001; Kähler et al., 2003; Claes 

et al., 2004a, 2004b, 2005a, 2005b, 2006a, 2006b, 2007, 2010b; Vandermeulen et al., 2005a, 

2005b; Andersson & M.Valfridsson, 2005; Berar et al., 2005, 2006a, 2006b; Davy et al., 2005; 

Muller et al., 2005; Mang et al., 2006; Subsol & Quatrehomme, 2005; Tu et al., 2005; Turner 

et al., 2005; Pei et al., 2008; Paysan et al., 2009; Tilotta et al., 2009; Schlager, 2013; 

Guyomarcôh et al., 2014; Lee et al., 2014; Ridel et al., 2018) .  

 

2.2.2. CT scans 

 

 Computer-based CFR methods for the prediction of the external nose are based on 

conventional computer tomography (CT) scans (Figure 2.3). Computed tomography, also 

originally called computed axial tomography, produces the complete image volume of an object 

from a large series of two-dimensional X-ray images taken around a single axis of rotation. In 

a conventional CT, there is an X-ray source, mounted on a rotatable ring, and a line of detectors 

on the opposite side of the ring. X-rays are emitted at the source, pass through the object, and 

are recorded by the array of detectors, while the ring rotates at the same time. The object itself 

is placed on a table that moves along the rotational axis (Figure 2.3.a). Information about the 

interior of the object comes from information on the attenuation of radiation resulting from 

absorption and scattering caused by the object (Figure 2.3.b,c). For a more technical 

descriptions of CT see Gonzales & Woods (2008); Brant & Helms (2012) and Oppelt (2011). 
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Figure 2. 3. Computed-tomography scan. a) CT-scanner; b) X-ray beam; c) Slice; d) 3D image. 

 

 The use of conventional CT scans as initial references for CFR methods is influenced 

by supination effects on the face due to the horizontal position of the patient during scanning 

(Iblher et al., 2013; Marin et al., 2015; Munn & Stephan, 2018). Patterns of nasal contour 

change with posture. This is important important for disciplines concerned with soft tissue 

morphology, such as facial approximation of the nose, because measurements in one position 

(e.g., supine) cannot serve as upright models in computerised face prediction programmes (Tu 

et al., 2003, 2005).  The disregard of the supination effect when developing approaches in 

computerised nose prediction programmes, may add errors to the methods. Munn & Stephan 

(2018) has recently shown important differences in the shape of the face between upright and 

supine postures (1-4.0 mm), using high-resolution non-contact 3D stereophotogrammetry 

(Dimensional Imaging DI3D, Glasgow, Scotland) to investigate facial surface changes in a set 

of young and old adults, both in frontal and profile views.  This outcome demonstrates that the 

actual standard collection of facial soft-tissue thicknesses in the supine position is less 

applicable when these measurements are intended for use in the subject-upright context (Munn 

& Stephan, 2018). This research emphasises the need to take postural effects into consideration 

in the reference used, when developing approaches in all methods for CFR. 
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2.2.3. CBCT scans 

 

 Cone Beam-CT is a more recent technology used for CFR (Figure. 2.4). In the literature, 

however, only one manual CFR method for the prediction of the nose is based on CBCT scans. 

Furthermore, no reports regarding a computer-based CFR method for the approximation of the 

nose, using CBCT-scans for the acquisition and extraction of the relevant anatomical structure, 

could be found. Cone Beam-CT imaging is accomplished by using a rotating gantry to which 

an X-ray source and detector are fixed. A divergent pyramidal- or cone-shaped source of 

ionising radiation is directed through the middle of the area of interest onto an area x-ray 

detector on the opposite side. The X-ray source and detector rotate around a rotation fulcrum 

fixed within the centre of the region of interest (Figure 2.4.a). During the rotation, multiple 

(from 150 to more than 600) sequential planar projection images of the field of view (FOV) are 

acquired in a complete, or sometimes partial, arc (Scarfe & Farman, 2008). 

 

 This procedure varies from a traditional medical CT for several reasons. Firstly, the 

traditional medical CT uses a fan-shaped X-ray beam in a helical progression to acquire 

individual image slices of the FOV and then stacks the slices (Figure 2.4.b) to obtain a 3D 

representation (Figure 2.4.c). Each slice requires a separate scan and separate 2D 

reconstruction, while CBCT exposure incorporates the entire FOV. Only one rotational 

sequence of the gantry is necessary to acquire enough data for image reconstruction. The patient 

is thus also exposed to a reduced dosage of radiation. A further advantage of CBCT, as 

compared to CT, includes higher spatial resolution (0.1 mm to 0.4 mm) and isotropic volumetric 

data for the accurate placement of 3D landmarks (Scarfe & Farman, 2008). Finally, during a 

CT-scan, the patient is in a supine position, while during a CBCT scan acquisition, the patient 

is in a upright position and the scanner rotates around the head, which minimises gravitational 

effects on soft-tissue deformations. Unfortunately, as for the previous studies on the 

approximation of the nose using CT-scan, the CBCT-scans analysed in this thesis do not contain 

any information whatsoever related to the body mass index (BMI) of the scanned individuals. 

However, recent publications by De Greef et al., (2006, 2009) imply that there is no evidence 

that the facial region is affected by the BMI, as soft-tissue thickness measurements regarding 

the nose are not dependent on BMI. 
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Figure 2. 4. Cone beam-computed tomography. a) CBCT-scanner; b) Cone beam; c) Slice; d) 3D image. 
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2.3. Anthropological examination 

 

2.3.1. Introduction 

 

 Ignorance of population specificities in current facial approximation techniques, used 

by the VIC (Victim Identification Centre) of the SAPS, limits the objectivity and accuracy of 

the reconstruction performed. Recent studies on the facial approximation of the nose among 

South African groups (Ridel et al., 2018) and on other European and Asian populations 

(Schlager, 2013), demonstrate the importance of considering factors such as sex, age and 

ancestry in the approximation of the nose. The failure of consideration of biological parameters 

when developing approximations, will  impact on the accuracy of the final facial reconstruction. 

 

2.3.2. Anatomical description of the region of interests 

  

 The skull is the most complex part of the skeleton and is of major importance in physical 

anthropology. The skull, houses and protects the brain and accomodates the senses of sight, 

smell, taste and hearing. The cranium can be divided into the neurocranium (the cranial vault), 

which encloses the brain and meninges and the viscerocranium (the facial skeleton), which 

contains the organs of the various senses. The osteology is usually described from five standard 

perspectives, namely the norma verticalis (vertical view), the norma lateralis (lateral view), the 

norma occipitalis (posterior view), the norma frontalis (anterior view) and the norma basilaris 

(inferior view). The morphological structure of the cranium is dependent on transformations 

related to both ontogeny and senescence. In this study, only the splanchnocranium (the facial 

skeleton) will be considered (Figure 2.5.a), comprising: the nasal bones; the anterior nasal 

aperture; the zygomatic bone; and the maxillae. (White et al., 2011). The convention used in 

orientating the skull is the Frankfurt Horizontal Plane (FHP) which is defined by three points: 

the right and left porion points (located at the summit of each external acoustic meatus) and the 

left orbitale (located at the bottom of the left orbit).  
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2.3.2.1. Facial skeleton anatomy.  

 

 The nasal bones (Figure 2.5. c) are located on either side of the midline below the 

glabellar region of the frontal bone, with their inferior ends forming the superior margin of the 

anterior nasal aperture (White et al., 2011). The nasal bones articulate superiorly with the 

frontal bones, with each other medially, with the frontal processes of the maxillae laterally and 

with the ethmoid bones posteriorly. The anterior nasal aperture (Figure 2.5.d) is piriform in 

shape, with the nasal bones delimiting its upper boundary, while the lower boundary is formed 

by the maxillae (Standring et al., 2009). The maxillae (Figure 2.5.e) form the dominant 

elements of the facial skeleton. Functionally, the maxillae accomodate the tooth roots and form 

most of the boundaries of the nasal aperture. They articulate with the zygomatic bones, and the 

nasal bones.  The zygomatic bones (Figure 2.5.b) form the prominent corners of the face and 

articulate with the frontal, sphenoidal, temporal and maxillary bones. 

 

 

Figure 2. 5. Anatomical description of the hard-tissue regions of interest. a) mid-facial skeleton; b) zygoma; c) 

nasal bones; d) anterior nasal aperture; e) maxilla. 
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2.3.2.2. External nose and nares 

 

 The external nose extends the nasal cavities onto the front of the face and positions the 

nares so that they point downward. The nose is pyramidal in shape, with its apex anteriorly. 

The upper angle of the nose, between the openings of the orbits, is continuous with the forehead. 

Like the posterior regions, the anterior parts of the nasal cavities found within the nose are held 

open by a skeletal framework composed partly of bone and partly of cartilage. The supporting 

bony parts are located where the nose is continuous with the skull and is composed of the nasal 

bones and parts of the maxillae and frontal bones.  Anteriorly, a single septal cartilage in the 

midline forms the anterior part of the nasal septum. On each side, support is provided by the 

lateral processes of the septal cartilage, the major alar and three or four minor alar cartilages. 

(Figure 2.6). The nares are oval apertures on the inferior aspect of the external nose and are the 

anterior openings of the nasal cavities. They are held open by the surrounding alar cartilages 

and septal cartilage, and by the inferior nasal spine and adjacent margins of the maxillae. 

Although the nares are continuously open, they can be widened further by the action of the 

related muscles of facial expression (nasalis, depressor septi nasi, and levator labii superioris 

alaeque nasi) (Standring et al., 2009; White et al., 2011). 

 

 

Figure 2. 6. Anatomical description of the soft-tissue region of interests. a) external nose; b) nares. 
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2.3.3. Previous studies on nasal shape variation  

 

 Nasal shape variation results from the divergent growth and development of the human 

craniofacial skeleton. Growth of the components of the craniofacial skeleton are interdependent 

and are influenced by multifactorial processes involving hormonal, genetic and epigenetic 

factors, as well as external stimuli (soft tissue growth, dental maturation and biomechanical 

factors) (Moss & Young, 1960; Atchey & Hall, 1991; Enlow & Hans, 1996; Moss, 1997a, 

1997b, 1997c, 1997d; Lieberman et al., 2002; Klingenberg et al., 2003; Tomoyasu et al., 2009; 

Lieberman, 2012; Groming et al., 2013). During craniofacial development, from birth to death, 

the morphology of the nose is influenced by the remodelling of the underlying skeletal structure 

(Albert et al., 2007), emphasising the fact that the components of the nose cannot be considered 

as independent elements of the craniofacial skeleton. According to the literature, differences in 

the rate of soft tissue facial aging exist that varies according to the decade of life, sex and 

ancestry (Taylor, 2000; Akgül et al., 2002).  These variations present a challenge for facial 

reconstruction. Effective techniques, taking into account the effects of ancestry, sexual 

dimorphism and aging on the morphology of the nose, need to be developed. 

2.3.3.1. Ancestry 

 

 The estimation of ancestry is based on the geographical origin of a personôs ancestors. 

A few hundred years of migration is not enough time to eliminate the geographic variation, 

particularly in societies with historically restricted interracial mating as in South Africa (Ousley 

et al., 2009). From 1913 to 1983, approximately 60 segregation acts were implemented to 

control and to segregate the populations of South Africa (Thompson, 2001; Lemon, 2002). 

These segregation acts concerning race, influenced employment, education, land tenure and 

geography, inter-racial marriage, political representation and state security. The geographical 

separation of socially defined groups inhibited gene flow, resulting in distinct morphological 

variation between ancestral groups, still existing among South African population groups. The 

three largest socially identified population groups are Black (80%), Coloured (9%), and White 

(8%) (Statistics South Africa, 2015). In this thesis, only two South African groups (black and 

white) were studied and the terms ñblackò and ñwhiteò South Africans are used as these social 

terms are required when reporting and describing a missing person (Sauer, 1992).  
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 While no discrete pattern of biological variation exists among humans, clinal 

morphological variation, which is often driven by social and cultural aptitudes, is observed in 

geographical distances (Hall et al., 1983; Dubow, 1995; Ousley et al., 2009; LôAbb® et al., 

2013). The influence of environmental factors on nasal shape has been demonstrated by many 

bioanthropological studies.  The general hypothesis is that the shape of the external nose and 

the nasal aperture plays an important role in climate adaptation by regulating air temperature in 

order to protect the lungs from extreme temperature and excessive dessication (Thomson & 

Buxton, 1923; Weiner, 1954; Franciscus & Long, 1991).  Ousley and collaborators (Ousley et 

al., 2009) demonstrated that the morphological variability among population groups is 

quantifiable and may be useful in order to provide a probable classification of an unknown 

person. In forensics, estimation of ancestry from unknown skeletal remains is important to the 

development of a biological profile (Hefner, 2009). Steyn and colleagues (Steyn et al., 2016) 

have demonstrated that the South African white population is osteologically distinct from their 

European counterparts. From the recent literature, distinct differences in mid-facial size and 

shape have already been observed among all South Africans groups (LôAbb® et al., 2011; 

McDowell et al., 2012; McDowell et al., 2015). Indeed, in several osteometric analyses, some 

discrete traits from the mid-face, such as nasal width, inter-orbital breadth, nasal bone structure 

and alveolar prognathism have been shown to have a significant relationship with ancestry for 

South African groups (LôAbb® et al., 2011; McDowell et al., 2012; McDowell et al., 2015).  

 

 Variation in nasal hard- and soft-tissue morphologies has been described in other 

populations as well (Schlager, 2013), for instance, a difference of hard- and soft-tissue nasal 

shapes between Chinese and Europeans populations. While the nasal complexes in Chinese are 

smoother and incorporated into the skull, the European nasal shapes are quite prominent 

(Schlager, 2013). In the craniofacial reconstruction literature, no research has focused on the 

development of methods for prediction of the nose, taking into account the ancestry-related 

shape changes. The failure of consideration of ancestral variation when developing 

approximation approaches, may impact on the accuracy of the final facial reconstruction.  
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2.3.3.2. Age 

 

 During human development, and in order to maintain the function and the proportionate 

growth, the skeletal components of the face involve changes in their shape and size, as well as 

their relative position within the craniofacial complex system (Oô Higgins et al., 1991; Enlow 

& Hans, 1996; Mc Collum, 2008; Lieberman, 2011).  During growth, the skull evolves through 

two simultaneous and interrelated processes: modelling and displacements of the skeletal 

components. In general, the adult face shows downward and forward growth directions (Bastir, 

2008) due to the bone growth dynamics of the facial skeleton, such as the resorption of the nasal 

area, the canine fossae and the inferior margin of the zygomatic region. During adulthood and 

with advancing age, the remodelling of the underlying skeletal structure (Albert et al., 2007) 

and changes in the facial musculature (e.g. gravity and hyperdynamic facial expressions effects) 

may influence the morphology of the nose (Albert et al., 2007).  

 

 In general, the studies on the change in morphology with age concentrate on the analysis 

of classical metric data (Zankl et al., 2002; Chen et al., 2011) and/or additional volume and 

area measurements (Sforza et al., 2011) of the soft-tissue of the nose. These studies report the 

prolongation and the widening of the nose (increase of nasal breadth and length) (Damon et al., 

1972; Sforza et al., 2011; Chen et al., 2011) and a change in angles (Sforza et al., 2011). Only 

two studies, one on a French sample (Guyomarcôh et al., 2014) and one on a Chinese and a 

European sample (Schlager, 2013), demonstrated the presence of age-related changes of the 

nasal soft-tissue dimensions in human adults using geometric morphometric analysis. The 

results are consistent with previous studies, using classic anthropometric methods. Schlager 

(Schlager, 2013) found differences in the ageing changes in the nasal features between 

populations (Chinese and European), which could be explained by general shape differences: 

as the tissue weakens with age, it follows gravity downwards. The effect of gravity with 

advancing age is present in all populations and has an effect on the general shape change, 

independent of population differences. 
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2.3.3.3. Sex 

 

 Accurate sex estimation is based on interpreting and quantifying the expression of 

sexual dimorphism in a population (Loth et al.,2000; Gapert et al., 2009). These questions are 

of basic anthropological interest, as they can provide information about human patterns of 

sexual selection. At birth, in general, a slight sexual dimorphism exists, but the major 

divergence does not occur until puberty.  As the adolescent growth spurt occurs approximately 

two years earlier in females than in males, creating a significant sexual dimorphism in many 

body measures. Therefore, variations in the dimensions of the nose are not unexpected 

(Chronicle et al., 1995; Enlow & Hans, 1996; Lieberman, 2011).  In recent literature on this 

topic, methods of standard morphometrics are used, based on distances and angles (see for 

example Troncoso Pazos et al., 2008; Rynn et al., 2009; Sforza et al., 2011) or soft-tissue 

thickness (Chen et al., 2011), that address a link between asymmetry and facial masculinity 

(Troncoso Pazos et al., 2008; Rynn et al., 2009; De Greef et al., 2009). In craniofacial 

reconstruction, dimensions of the nose are important in distinguishing male and female faces 

and are useful in establishing an accurate facial approximation of a missing person.  (Chronicle 

et al., 1995). In the literature, only one method, developed by Schlager (2013) on a Chinese and 

European sample, involves geometric morphometrics having been applied to these issues for 

nasal reconstruction purposes.  

 

 Schlager (Schlager, 2013) found that the expression of sexual dimorphism in the 

variation of the shape of the nose among Chinese and European groups seems to be influenced 

statistically by ancestry, but he emphasised that, from a biological point of view, this influence 

is small.  However, he demonstrated that the amount of asymmetry differs significantly in both 

groups between sexes, both in hard- and soft-tissue, supporting the hypothesis that asymmetry 

is linked to facial masculinity (Scheib et al., 1999; Gangestad & Thornhill, 2003). In the South 

African research context, distinct differences in facial skeletal morphology (size and shape) 

between the sexes have been demonstrated in many research studies (Guyomarcôh & Bruzek, 

2010; LôAbb® et al., 2011; Schlager, 2013; Lee et al., 2014; McDowell et al., 2015; Schlager 

& Rüdell, 2015), using standard morphometric methods. These studies demonstrate that sexual 

dimorphism may be less pronounced in the black South African population than in other groups 

(white and coloured) (LôAbb® et al., 2011; McDowell et al., 2012).  From the literature, no 

studies could be found concerning the analysis of sex-related shape changes of the nose by 

means of geometric morphometrics among South African populations. 
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2.4. Approach proposed in this thesis 

 

The main critiques of current facial approximation techniques, which are used in South Africa, 

are (1) the inherent subjectivity in manual methods, (2) the references used, (3) the lack of 

standardisation, (4) the non-consideration of population specificities, and (5) the poor 

correlations between facial bony structures and facial soft features. Theses factors limit the 

objectivity and the accuracy of the estimation.  

 

 Faced with the inherent subjectivity in the 2D/3D manual methods in CFR, an 

automated three-dimensional (3D) method, independent of any forensic artistic interpretations 

was developed. Moreover, in order to improve the reliability of the CFR method, great care was 

taken to select the reference sample used. In this study, in vivo cone beam CBCT-scans were 

used instead of using cadavers, ultrasound, MRI or CT-scan references for the acquisition and 

extraction of the relevant anatomical structures. During a CBCT acquisition, the patient is in an 

upright position and the machine rotates around the head, capturing images using a cone-shaped 

X-ray beam. The construction of a large and reliable database using in vivo CBCT scanning 

compared to other conventional reference bases (cadavers, ultrasound, MRI or CT-scans), 

allowed us to have access to accurate living data, excluding any possible gravitational effect on 

soft-tissue deformations. The CBCT-scans also provide higher spatial resolution (0.1 mm to 0.4 

mm) for the placement of 3D landmarks on 3D surfaces.  

 

 The main aim of this thesis, following the trends of the recent research to improve the 

standardisation in the facial features approximation process, is to propose an accurate automatic 

placement of landmarks on 3D surfaces. Contrary to the previous recent research on nasal shape 

approximation using a manual placement of landmarks, an automatic dense landmarking 

procedure, using a non-rigid registration process, was used.  

 

 In addition, unlike current facial approximation techniques used in South Africa, great 

care was taken in this research to consider population specificities and correlations between 

facial bony structures and facial soft features, by the quantification and visualisation of 

covariance between the nasal complex shape variations and factors such as age, size, sex and 

ancestry, using GMM.  
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 Statistical models are needed that allow for establishing the statistical relationship 

predictors (hard-tissue shape, age, sex and ancestry) and response variables (soft-tissue 

information). The evaluation and application of different statistical modelling procedures was 

performed, in order to obtain an optimally adjusted prediction algorithm. This included the 

finding of an optimal amount of variables and factors in order to achieve reliable prediction 

results for unknown cases. Finally, the methodology was applied by predicting an unknown 

hard-tissue, which is not from the initial database, but with known related soft-tissue surface. 

The main elements of the approach proposed in this thesis as compared to the actual computer-

based CFR methods of nasal reconstruction, are reported in Table 2.4.  
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Table 2. 4. The approach proposed in this thesis as compared to the existing computer-based CFR methods of nasal reconstructions. 

Method Reference Sample Slice thicknessVoxel size Landmarking Region of interest (hard-tissue) Region of interest (soft-tissue)
Meaningful 

region of interest

Suppination 

effect

Tilotta Tilotta et al., (2008) CT-scan/European 0.7 mm - Manual External nose and nares Nasal superior and inferior (patches) X V

Schlager Schlager, (2013) CT-scan/European/Chinese0.7-1.5 mm - Manual External nose and nares Nasal superior and inferior V V

Guyomarc'hGuyomarc'h, (2014)CT-scan/European 0.7-1.5 mm - Manual Face/Facial features/External nose Facial skeleton V V

Ridel Ridel, (2018) CBCT-scan/South African - 0.4 mm Automatic External nose and nares Mid-facial skeleton V X
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Chapter 3 

 

INTRODUCTORY  

MATERIAL S & METHODS  

 

 

3.1. Introduction  

 

 The main purpose of this thesis was to provide an accurate computer-assisted method 

for the prediction of the nasal soft-tissue shape, from the morphological features of the 

underlying skull substrate. The development of this method relied on the creation of sound 

statistical models, which estimate the most probable soft-tissue shape from the known hard-

tissue information. To this end, a large CBCT-scan database was established, comprising two 

hundred and sixty adult South Africans collected from different institutions located in Pretoria. 

The main methodology used to collect 3D hard- and soft-tissue shape data involved an 

automatic landmarking procedure. The validation of the automatic landmarking procedure is 

provided in Chapter 4 ñAutomatic landmarking as a convenient prerequisite for geometric 

morphometrics. Validation on cone beam computed tomography (CBCT)- based shape analysis 

of the nasal complex.ò, while the complete workflow is detailed in this chapter. The statistical 

approach in this chapter involves calculation of statistical models, based on the hard- and soft-

tissue shape information and the additional factors (age, size, sex and ancestry), using geometric 

morphometrics. Further statistical procedures applicable to the anthropological aspects, 

statistical modelling and cross-validation testing are described in this chapter. 

 

 A preliminary analysis described in Chapter 5 ñSkeletal dimensions as predictors for 

the shape of the nose in a South African sample: a cone-beam computed tomography (CBCT) 

study.ò was performed on a sub-sample of 120 South African individuals (18-30 years), 

extracted from this CBCT-scan database, which allows for characterising the morphological 
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differences among South African groups, using linear measurements. As one of our objectives 

was to find the statistical interrelationship between the hard- and soft-tissue of the nasal 

complex attributed ancestry, sex and age,  statistical models were needed to establish the 

statistical relationship predictors (hard-tissue shape, ancestry, sex, age and size (allometry)) and 

response variables (soft-tissue information). Therefore, an evaluation and a quantification of 

shape differences attributed to known factors (ancestry, sex, age and size (allometry) and 

covariates was performed on the complete CBCT sample, both on hard- and soft-tissue shape 

using GMM. The results of this analysis are discussed in Chapter 6 ñShape analysis of the nasal 

complex among South African groups from Cone-Beam Computed Tomography (CBCT) using 

geometric morphometrics.ò The validation of prediction models was performed using cross- 

validation testing with the calculation of the Mean Squared Error (MSE), using leave-one-out 

cross-validation (LOOCV). The results are described in Chapter 7 ñStatistical models for South 

African nose reconstruction ò. 

 

3.2. Materials  

 

 The materials used in this thesis consisted exclusively of CBCT-scans of adult South 

Africans. The data acquisition (collection and general proprieties) and the distribution of age, 

sex and ancestry (complete sample, black South African sample, white South African sample) 

are described in the following sections.  

 

3.2.1. Data acquisition  

 

 The data used in this thesis originated from CBCT-scans as retrospective records 

collected at two institutions: the Oral and Dental Hospital, University of Pretoria, South Africa 

and the Life Groenkloof Hospital, Pretoria, South Africa. The data were anonymised, and only 

age, sex and ancestry used in the further analysis. In order to standardise the acquisition, all 

subjects were scanned in a seated position with their eyes closed and with a relaxed facial 

expression.  Subjects were excluded if they presented with any condition that could affect the 

morphology of the face (e.g. orthodontic treatment, pathological conditions, facial asymmetry 

or any facial interventional reconstructive surgery). As the scope of this thesis was not 

concerned with the analysis of ontogenetic processes, only individuals between 18 and 80 years 
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of age were selected. This resulted in 200 usable datasets. All cone beam computer tomography 

scans used in this research were obtained using a CBCT-scanner (Planmeca ProMax ® 3D, 

Pretoria, South Africa) with the following properties: 90 kV, 11.2 mA, voxel size of 0.4 mm, 

and field of view of 230 x 260 mm. CBCT images in DICOM format were imported into 

MeVisLab © v. 2.7.1 software for segmentation and 3D surface mesh generation. 

 

3.2.2. Distribution of age, sex and ancestry 

 

 The average age of the complete sample was 40.51 years. The database contained 200 

individuals of which 100 were black South Africans (33 females, 67 males) and 100 were white 

South Africans (65 females, 35 males) (Figure 3.1). The average age of the black South African 

sample was 36.07 years, with females being slightly older (39.45 years) than males (34.40 

years) (Figure 3.1). Individuals in the white South African sub-sample were slightly older in 

average compared to the black South African sub-sample. The average of the white South 

African group was 45.01 years, with females being slightly older (45.78 years) than males 

(43.60 years) (Figure 3.1). 

 

 

                   Figure 3. 1. Age distribution of sample by ancestral group. 
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3.3. Methods 

 

 The automatic landmarking method proposed was from the procedure introduced by 

Claes and colleagues (2006a, 2006b; Claes, 2007). The basic concept involved using a reference 

template (floating surface) of the anatomical surface of interest, containing a dense set of (quasi-

) landmarks. These (quasi-) landmarks are a dense equivalent of the traditional anatomical 

landmarks which are sparse, discrete and well-defined. During the anatomical templating 

process, this reference template is warped non-rigidly to the anatomically corresponding 

surface (target surface) of each subject. The non-rigid (robust) surface registration software 

used for this warping was developed using the MeVisLab © v. 2.7.1 software (Snyders et al., 

2014). The warping is performed iteratively starting with a rigid alignment, followed by 

gradually more flexible registration steps. At the same time, non-matching parts, due to 

incomplete scanning, foreign objects or artefacts, are detected and left out of the warping 

process. At the end of this process every (quasi-) landmark of the template is projected onto the 

surface of every subject, thus establishing a dense point-based anatomical correspondence 

between all subjects. The complete workflow, including the data processing (segmentation and 

construction of surface meshes), the surface mesh initialisation, the non-rigid surface 

registration process and the template generation process, is detailed in the following section and 

illustrated in Figure 3.5. Landmarks (craniometric and capulometric) and the software programs 

(modules on MeVisLab © v. 2.7.1  and packages for R. studio software version 1.0.44-®2009-

2016 for Windows (R Core Team, 2012)) used, are described in this section.  

 

3.3.1. Data processing: segmentation and construction of surface meshes 

  

 CBCT images in DICOM format were imported into MeVisLab © v. 2.7.1 software for 

segmentation and 3D surface mesh generation. The grey values encode the density of the 

material observed - analogous to a common radiographic image: the lighter the grey value, the 

denser the intrinsic structure of the tissue. Based on an initially defined grey value threshold, 

and given all the different layers, MeVisLab © v. 2.7.1 software program estimated a three-

dimensional representation of the object in question. As one was dealing with distinct slices, 

the space between them had to be interpolated by the software. A process called threshold-

segmentation allows an observer to define grey value intervals, within which a given tissue (e.g. 

hard- and soft- tissue) is displayed. The segmentation of different elements (hard- and soft-
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tissue) were obtained by finding the threshold values between segmented components 

according to the ñHalf Maximum Heightò (HMH) quantitative iterative thresholding method 

(Spoor et al., 1993). For this thesis, threshold values for hard-tissue varied between 1200-1250 

and for the soft-tissue between 400-450. The segmentation process is illustrated in Figure 3.5. 

a. 

 

 After segmentation of hard- and soft-tissues, 3D-triangular surface meshes were 

constructed. Triangular meshes consist of a finite number of connected triangles, forming a 

three-dimensional hull representing a solid object (Schneider & Eberly, 2002). In this way, 400 

usable 3D surfaces (200 hard- tissue 3D surfaces and 200 soft-tissue 3D surfaces) were created 

for further analysis and manipulations.  

 

3.3.2. Surface mesh initiali sation 

 

 Surface mesh initialisation refers to the repositioning of all the surfaces into the same 

coordinate system (Figure 3.5.b). Prior to registration, the floating surface (Figure 3.2. a) is to 

be brought into the vicinity of the target surface (Figure 3.2.b) by repositioning the floating 

surface, using an affine transformation, into the coordinate system of the target surface (Figure 

3.2.c).  In this thesis, the initialisation was performed manually by indicating a set of landmarks 

on floating and target surfaces in order to interactively rotate and translate the surfaces to bring 

them into proximity of each other. The definitions, abbreviations, nature and type of landmarks 

used for the surface mesh initialisation are indicated in Table 3.1. 

For the initialisation, five landmarks (one bilateral: porion, and three median: rhinion, 

nasospinale, prosthion) were indicated on the hard-tissue floating and target surfaces, and seven 

landmarks (three bilateral: exocanthion, endocanthion, cheilion, and one median: pronasale) on 

the soft-tissue floating and target surface.  
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Table 3. 1. Definitions, abbreviations, nature and type of landmarks used for the surface meshes initialisation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Landmark Abbreviation Nature Definition

Craniometric Porion po Bilateral Most superior point on the upper margin of the external auditory meatus.

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

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

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

Capulometric Exocanthion ex' Bilateral Most lateral point of the palpebral fissure, at the outer commissure of the eye; best seen when subject is gazing upward.

Endocanthion en' Bilateral Most lateral point of the head, located in the parietal region.

Pronasale pr' Median The most anteriorly protruded point of the apex nasi. In the case of a bifid nose, the more protruding tip is chosen.

Cheilion ch' Bilateral Outer corners of the mouth where the outer edges of the upper and lower vermilions meet.
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 These transformations map the coordinates of each point of the floating surface into the 

coordinate space of the target surface. The non-rigid surface registration results are dependent 

on the quality of this initialisation procedure. 

 

 

Figure 3. 2. Surface mesh initialisation procedure. a) hard- and soft-tissue floating surfaces; b) hard- and soft-

tissue target surfaces; c) hard- and soft-tissue initialised surfaces. po: porion; rhi: rhinion; ns: nasospinale; pr: 

prosthion; exô: exocanthion; enô: endocanthion; prô: pronasale; chô: cheilion. 
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3.3.3. Non-rigid surface registration process 

 

 Surface registration refers to the establishment of the geometrical relationship between 

two or more surfaces (Claes, 2007) that aligns the surfaces as well as possible. All surfaces in 

the database have to be registered non-rigidly to perform a statistical analysis of 3D shape 

information. A surface is represented by a dense set of connected 3D points. Registered surfaces 

share the same number of 3D points with the same connectivity. For this, the 3D points with 

known connectivity of a carefully constructed generic reference surface (initial generic 

template) are mapped onto the surfaces in the database by finding dense point correspondences. 

The result is that every facial surface in the database is represented by the same number of 

points with the same connectivity, such, that for every point on one surface, the corresponding 

point on every other surface in the database is known. 

 

3.3.4. Template generation process 

 

 The reference templates are created in an iterative fashion, akin to the generation of the 

mean shape in a Generalized Procrustes Superimposition (GPS) procedure (Kendall, 1984; 

Slice, 2001), the main difference being the insertion of a point-correspondence establishment 

step determined by the non-rigid registration process. Starting from an initial generic template, 

this template is iteratively updated as the GPA-mean, till convergence, thus eliminating any 

possible bias in the selection of the initial generic surfaces. As a by-product of this template 

generation process (template), every individual surface has been ótemplatedô (warped surfaces): 

every point on these warped surfaces is associated with the anatomically corresponding point 

on the template. Alternatively, one can generate the templates independently from the 

population under study and apply the template warping in a subsequent step.  The template 

generation process is illustrated in Figure 3.5. c,d. 

 

3.3.5. Anatomical templating 

 

 As the main interest of this thesis is finding a quantitative approach to estimate soft-

tissue shape from information given by the underlying bone structure,  information encoded in 

3D-surface representations has to be extracted and made comparable. The approach taken is 

that of landmark-based geometric morphometrics, which exploit the entire geometric 
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information encoded within landmarks. Therefore, the landmark coordinates are recorded 

within a common coordinate system for further analysis. The anatomical templating is 

illustrated in Figure 3.5. e,f. 

 

 3.3.5.1 Landmarks 

 

 Following the facial approximation literature (Schlager, 2013; Guyomarchô et al., 

2014), and in order to conserve homology and comparability between studies, classic 

craniometric and capulometric landmarks (type I, II, and III (Buikstra & Ubelaker, 1994; 

Schlager, 2013; Guyomarchô et al., 2014; Caple & Stephan, 2016) were used.  

The landmarks selected were distributed on the facial skeleton and the external nose, creating 

a hard- and soft-tissue region of interest.  

 

3.3.5.1.1. Craniometric landmarks 

 

 The hard-tissue region of interest was delimited on the facial skeleton (Figure 3.3) 

comprising the nasal bones (Figure 3.3.b), the anterior nasal aperture (Figure 3.3.c), the 

zygomatic bones (Figure 3.3.d), and the maxillae (Figure 3.3.e). On the nasal bones, five 

craniometric landmarks (three median and two bilateral pairs), and on the anterior nasal 

aperture, eight craniometric landmarks (four median and four bilateral pairs) were recorded. On 

the zygomatic, nine craniometric landmarks (bilateral pairs) were recorded, while 10 

craniometric landmarks (two median and eight bilateral pairs) were recorded on the maxillary 

bone. A total of 41 craniometric landmarks consisting of 17 bilateral pairs and seven median 

landmarks were recorded on the hard-tissue surfaces (Table 3.2).
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Craniometric Landmarks Abbreviation Nature Definition

1 Nasion n Median Intersection of the nasofrontal sutures in the median plane.

2 Mid-nasal mn Median Midline point on the internasal suture midway between nasion and rhinion.

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

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

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

6 Akanthion ak Median Most anterior midline point of the nasal spine.

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

8/9 Zygotemporale superior zts Bilateral Most superior point of the zygomatico-temporal suture.

10/11Zygotemporale inferior zti Bilateral Most inferior point of the zygomatico-temporal suture.

12/13Jugale ju Bilateral Vertex of the posterior zygomatic angle, between the vertical edge and horizontal part of the zygomatic arch.

14/15Frontomalare temporale fmt Bilateral Most lateral part of the zygomaticofrontal suture.

16/17Frontomalare orbitale fmo Bilateral Point on the orbital rim marked by the zygomaticofrontal suture.

18/19Nasomaxillofrontale nmf Bilateral Point at the intersection of the frontal, maxillary, and nasal bones.

20/21Ectoconchion ec Bilateral Lateral point on the orbit at a line that bisects the orbit transversely.

22/23Orbitale or Bilateral Most inferior point on the inferior orbital rim. Usually falls along the lateral half of the orbital margin.

24/25Zygo-orbitale zo Bilateral Intersection of the orbital margin and the zygomaticomaxillary suture.

26/27Maxillofrontale mf Bilateral Intersection of the anterior lacrimal crest with the frontomaxillary suture.

28/29Nasomaxillare nm Bilateral Most inferior point of the nasomaxillary suture on the nasal aperture.

30/31Alare al Bilateral Instrumentally determined as the most lateral point on the nasal aperture in a transverse plan.

32/33Piriform curvature cp Bilateral Most infero-lateral point of the piriform aperture.

34/35Nariale na Bilateral Most inferior point of the piriform aperture.

36/37Zygomaxillare zm Bilateral Most inferior point onthe zygomaticomaxillary suture.

38/39Submaxillare curvature csm Bilateral Most supero-medial point on the maxillary inflexion between the zygomaxillare and the ectomolar.

40/41Supra-canine sc Bilateral Point on the superior alveolar ridge superior to the crown of the maxillary canine.

Table 3. 2. Craniometric landmarks used (Schlager, 2013; Guyomarchô et al., 2014; Buikstra & Ubelaker, 1994; Caple & Stephan, 2016). 
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Figure 3. 3. Landmarks placed on the hard- tissue region of interest. Landmarks placed on the hard- 

tissue region of interest.  

a) Frontal view of the mid-facial hard-tissue region of interest. b) nasal bones; c) anterior nasal 

aperture; d) zygomatic bones; e): maxillary bones. 
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3.3.5.1.2. Capulometric landmarks 

 

 The soft-tissue region of interest was delimited by the surface anatomy as related to the 

hard-tissue (Figure 2.4), including mainly the nares (Figure 2.4. b) and the external nose (Figure 

2.4 c, d). On the soft-tissue, 21 capulometric landmarks were recorded: eight bilateral pairs and 

five median landmarks (Table 3.3). 

  

 The procedure of automatic placement of discrete landmarks was executed as follows: 

the landmarks of interest were indicated once on the template, then projected onto every 

subjectôs surface using the warping procedure explained before. As a by-product of the template 

generation process, every individual surface was ótemplatedô: Every landmark placed on a 

template was associated with the anatomically corresponding point on the warped surface. The 

coordinates of the warped landmarks were then recorded and saved in an Excel file for further 

statistical analysis. 
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Capulometric Landmarks Abbreviation Nature Definition

1 Pronasale prn' Median The most anteriorly protruded point of the apex nasi. In the case of a bifid nose, the more protruding tip is chosen.

2 Nasale inferius ni' Median Most inferior point of the apex nasi. Not locatable on upturned noses.

3 Columella c' Median Midpoint of the nasal columella crest, intersecting a line between the two csǋ points.

4 Subnasale sn' Median Median point at the junction between the lower border of the nasal septum and the philtrum area.

5 Sellion se' Median Deepest midline point of the nasofronal angle; not a substitute for nǋ.

6/7 External alar curvature eac Bilateral Most anterior point of the nasal wing at the maximum of curvature.

8/9 Superior alar curvature sac Bilateral Most superior point of the nasal wing.

10/11Alagenion ag Bilateral Most posterior point of the nasal wing.

12/13Alare al' Bilateral The most lateral point on the nasal ala.

14/15Alar curvature point ac' Bilateral The most posterolateral point of the curvature of the base line of each nasal ala.

16/17Mid-nostril mn Bilateral Midpoint of maximal nostril width - projected on the transition nostril/philtrum.

18/19Mid-columella mc' Bilateral Midpoint of the nasal columella crest on either side, where the columella thickness is measured (equivalent to Subnasale).

20/21Nasal-depth nd Bilateral Most medial point of the transition nose/eye.

Table 3. 3. Capulometric landmarks used (Schlager, 2013; Guyomarchô et al., 2014; Buikstra & Ubelaker, 1994; Caple & Stephan, 2016). 
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Figure 3. 4. Soft-tisssue region of interest.  a) frontal view of the soft-tissue region of interest; b) inferior view of the nose; c) anterior view of the nose; d) lateral view 

of the nose. 
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     Figure 3. 5. Workflow of the automatic landmarking procedure. 
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3.4. Statistical analysis 

 

 All statistical analysis performed in this thesis (nasal complex shape variation, statistical 

modelling and cross-validation testing) are detailed in this section. 

 

3.4.1. Study on nasal complex shape variation  

 

 In order to build statistical models for estimating nasal shape, an evaluation and a 

quantification of shape differences attributed to known factors (ancestry, sex, size and age) and 

covariates was performed both on hard- and soft-tissue shapes using GMM.  In contrast to 

classical morphometric approaches based on linear distances and angles, geometric 

morphometric methods are based on the Cartesian coordinates of measurement points, the so-

called landmarks. Since the geometry of the measured landmark configuration is preserved by 

the set of landmark coordinates, geometric morphometrics allow for effective visual 

representations of statistical results as actual shapes/forms or shape/form deformations (e.g. 

Bookstein, 1991; 1996a, 1996b; Rohlf & Marcus 1993; Zollikofer & Ponce de Leon, 2002; 

Adams et al., 2004; Zelditch et al., 2004; Slice, 2007; Mitteroecker & Gunz, 2009). In 

geometric morphometrics, the shape and the size of a biological structure are distinguished. The 

shape of an object is determined by the geometric properties that are invariant to translation, 

rotation and scaling. More precisely, the shape of an object is unaffected by changes in the 

position, the orientation and size of the object. The most common measure of size used in 

geometric morphometrics is centroid size (CS): the square root of the summed squared distance 

between all landmarks and their centroid. The centroid of a landmark configuration is the 

average (arithmetic mean) of all landmarks. Centroid size is a composite size measure based on 

all landmarks and is proportional to the square root of the summed squared interlandmark 

distances. It has been shown to be uncorrelated with shape for small isotropic variation at each 

landmark (Bookstein, 1991; Dryden & Mardia, 2016). 
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3.4.1.1. Generalised  Procrustes Analysis  

 

 Preceding the statistical analysis, a Generalised Procrustes Analysis (GPA) (Goodall, 

1991; Dryden & Mardia, 2016) was performed on the hard- and soft-tissue raw coordinates to 

obtain pose-invariant shape coordinates (Kendall DG, 1984; Klingenberg & McIntyre, 1998; 

Slice DE, 2001; Klingenberg et al., 2002). The raw landmark coordinates do not only comprise 

information on size and shape of the landmark configurations, but also on their position and 

orientation.  The most common approach for separating shape from size and the ñnuisance 

parametersò position and orientation, is the Generalised Procrustes Analysis (Gower, 1975; 

Rohlf & Slice, 1990). This method comprises three steps: translating all landmark 

configurations to the same centroid, scaling all configurations to the same centroid size, and 

iteratively rotating all configurations until the summed squared distances between the 

landmarks and their corresponding sample average is a minimum. The coordinates of the 

resulting superimposed landmark configurations are called Procrustes shape coordinates as they 

only contain information about the shape of the configurations. 

 

3.4.1.2. Principal Component Analysis 

 

 In this thesis, data reduction is achieved by Principal Component Analysis (PCA) to 

reduce data dimensionality and to create independent principal component (PC) scores that 

quantify the different shapes studied.  Statistical testing was performed using the PC scores 

covering 95% of the sampleôs overall variance of the sample. The principal component analysis 

(PCA) involves the examination of axes that reflect maximum variation and covariation. PCA 

transforms the data to a new coordinate system, such, that the greatest variance of the data lies 

on the first transformed new variable (the first principal component) and the second greatest 

variance on the second transformed variable. The orthogonal axes of the PCA summarize 

variation decreasing in order. Individualôs observation are plotted along axes. The score of a 

given observation on a given axis corresponds to the projection of the data on that axis. 

Examining variation on the first axes provides a way to reduce the variable space to dimensions 

that express most variation. Each axis corresponds to a linear combination of original variables. 

The first corresponds to the main direction of the variance covariance structure of individual 

observations. 
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3.4.1.3. Multivariate normality 

  

 In this study, multivariate normality testing was performed on the hard- and soft-tissue 

principal component scores distribution by interpreting Q-Q-plots (Scrucca, 2000), which 

allowed us to presume that the variables are distributed according to the distribution tested. The 

graphical output shows the actual values of squared Mahalanobis-distances plotted, versus 

those of an ideal multivariate normal distribution. The closer the values are to the diagonal line, 

the more probable is a multivariate normal distribution. 

 

3.4.1.4 Analysis of covariation between nasal hard- and soft- tissue and its 

dependence on ancestry 

 

 The evaluation of covariation between the mid-facial hard-tissue elements (nasal bones 

and anterior nasal aperture; zygomatic (right and left); maxillary (right and left)) and the 

external soft-tissue of the nose was performed with Two Blocks Partial Least Squares (PLS) 

analyses. This function performs two-block partial least squares analysis to assess the degree 

of association between two blocks of Procrustes-aligned coordinates (or other variables) (Rohlf  

& Corti, 2000).  

 

3.4.1.5. Quantification and visualisation of covariance between nasal complex shape 

and the covariates: population differences, sexual dimorphism and age effects 

 

 The quantification and the visualisation of covariance between nasal complex shape and 

the covariates: population differences, sexual dimorphism and age effects were performed on 

the complete sample (Figure 3.6), as well as on each ancestral groups separately (Figure 3.7). 

In this study, standard MANOVA, 50-50 MANOVA, permutation testing and discriminant 

function analysis were applied. Significance of population differences, sexual dimorphism and 

age effects were assessed using standard MANOVA, 50-50 MANOVA and permutation testing 

(all permutation tests were run with 10,000 rounds). Standard discriminant function analysis 

(DFA) was also applied for classification purposes. The classification accuracy was estimated 

by conducting a leaving-one-out cross-validation. Multivariate analysis of variance 

(MANOVA)  is an extension of the univariate analysis of variance (ANOVA).  In an ANOVA, 

statistical differences on one continuous dependent variable by an independent grouping 

http://www.statisticssolutions.com/resources/directory-of-statistical-analyses/anova
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variable are examined.  The MANOVA extends this analysis by taking into account multiple 

continuous dependent variables and bundles them together into a weighted linear combination 

or composite variable.  The MANOVA will indicate whether or not the newly created 

combination differs between the different groups, or levels, of the independent variable.  In this 

way, the MANOVA essentially tests whether or not the independent grouping variable 

simultaneously explains a statistically significant amount of variance in the dependent variable. 

We applied MANOVA using the R-packages geomorph (Adams et al., 2018). The 50-50 

MANOVA ( Langsrud, 2002; Langsrud et al., 2007) is a modified version of a MANOVA, 

designed for many (potentially correlated) response variables. We applied 50-50 MANOVA 

using the R-packages ffmanova (Langsrud & Mevik, 2012).   

 

 Permutation tests are based on resampling. A given factor (e.g. ancestry) is calculated 

and compared to values gained from the same sample where group membership is randomly 

reassigned repeatedly. As a result, the number of resampled values exceeding the ñtrueò one is 

divided by the number of permutation rounds. If the value falls within the range of random 

grouping, the null hypothesis cannot be rejected because the measured value is not exceeding 

the one generated by chance (Schlager, 2013; Schlager, 2017). We applied permutation testing 

using the R-packages Morpho (Schlager, 2017). Discriminant function analysis finds linear 

combinations of variables that describe intergroup differences. These combinations define 

linear discriminant functions. The linear discriminant coefficients are defined from the non-null 

eigenvectors of the between group variance-covariance ñscaledò by the within-group variance-

covariance. Discriminant function analysis was performed using the R-packages Morpho 

(Schlager, 2017). 

 

3.4.1.6. Allometry 

 

 Allometry is defined as shape change that can be expressed as a function of size 

(Bookstein, 1991; Gonzales et al., 2011). In this study, allometric effects were considered when 

dealing with shape differences associated with sex, due to the effect of sexual dimorphism on 

size (Rosas & Bastir, 2002; Kimmerle & Ross, 2008; Schlager, 2013). For assessing the 

allometry involved, linear models (hard- and soft-tissue shape versus  the factors: sex and 

centroid size) were calculated using the PCs from the sexual dimorphism analysis. The 



 

65 

 

significance of each variable was tested using MANCOVA (using Pillai trace) and 50-50 

MANOVA.  
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Figure 3. 6. Shape variation analysis on the complete sample. 
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Figure 3. 7. Shape variation analysis on subsamples (ancestral groups separately).   
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3.4.2. Statistical modelling 

 

 In the previous section, the influence of known factors (ancestry, age, sex, allometry) 

on shape using geometric morphometric methods, were analysed. Two separate shape spaces, 

one for each type of tissue (hard- and soft-tissue) were used. In order to create a statistical model 

for predicting nasal soft-tissue shape from information obtained from the underlying hard-tissue 

configuration, both hard- and soft-tissues needed to be scaled, translated, rotated and predicted 

within the same space, using only the initial hard-tissue information. The adapted Generalised 

Procrustes Analysis used in this study was firstly introduced by Schlager in 2013 (Schlager, 

2013).   

 

 Firstly, a Procrustes fit for hard-tissue configurations was calculated and the complete 

(soft- and hard-tissue) landmark datasets were scaled, translated and rotated onto the hard-tissue 

configurations by using corresponding landmarks. In a last step, the data were split up into soft-

tissue and hard-tissue configuration again, allowing for a predictor hard-tissue shape and a 

predicted soft-tissue shape to be already aligned correctly, as they both are in the same 

coordinate system.  

 

 Projection onto Latent Structures Regressions (PLSR) was used in this study in order to 

extract information for the soft-tissue prediction and to select those linear combinations relevant 

for explaining the predictor variables maximising covariation between predictors (hard- tissue 

shape and additional factors) and response (soft-tissue shape) (Abdi, 2010, Martens & Naes, 

1992, Wold et al., 2001). PLSR is a method for relating two data matrices, X and Y, by a linear 

multivariate model. In addition, PLSR goes beyond traditional regression as it also models the 

structure of X and Y and analyse data with many, noisy, collinear, and even incomplete 

variables (Wold et al., 2001). Moreover, PLSR has the property of improving the precision of 

the model parameters improves with the increasing number of relevant variables and 

observations. 

 

 In order to extract information for the soft-tissue prediction, many types of regression 

algorithm exist such as Principal Component Regression and Projection onto Latent Structures 

Regressions (PLSR). Schlager (Schlager, 2013) demonstrated that these both types of 

regression algorithms yielded very similar results in terms of nose prediction accuracies. It has 
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been emphisised that, when applying PLSR, the number of latent variables must be carefully 

selected due to the greater risk of overfitting, especially when sample sizes are small. Given the 

data analysed in this thesis, the PLSR could be safely used. The prediction accuracy could be 

significantly improved by adding additional information such as ancestry, sex and age as 

predictors.  

 

3.4.3. Cross-validation testing  

 

 To determine the accuracy of the estimated soft-tissue nose, it has to be evaluated in 

terms of metric deviations. This is necessary to allow comparison with other research results. 

The validation of prediction models was performed using cross validation testing with the 

calculation of the Mean Squared Error (MSE) using leave-one-out cross-validation (LOOCV). 

The MSE is estimated from the training data and comparing it to the MSE of the predicted data 

(RMSE) (Mevik & Cederkvist (2004)). The impact of additional information such as ancestry, 

sex and age was evaluated by adding them to the models as predictors and comparing the 

resulting MSE/MSEP. The Mean Euclidean Distance (MED) per landmarks over all subjects 

and the MED over all landmarks and all subjects were also calculated.  In addition, in order to 

determine if the covariation is significantly population-dependent, the soft-tissue shape of all 

specimens from one ancestral group was estimated by applying a regression model fit to the 

data od the other ancestral group.  

The workflow of the statistical modelling procedure performed in this thesis is illustrated in 

Figure 3.8. 
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Figure 3. 8. Statiscal modelling and cross-validation testing analysis. 
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3.5. Software 

 

 The software programs used for the placement and processing of landmarks are 

MeVisLab 2.7.1 and R studio. MeVisLab 2.7.1 is an open source software including a modular 

framework for image processing research and development with a special focus on medical 

imaging. It allows fast integration and testing of new algorithms and the development of clinical 

application prototypes. MeVisLab includes advanced software modules for segmentation, 

registration, volumetric, as well as quantitative morphological and functional analysis.  

 

3.5.1. Data processing 

 

 The results of segmentation are called hard- and soft-tissue surfaces or hard- and -soft-

tissue Winged Edge Mesh (WEM). The segmentation of different elements (hard- and soft-

tissue WEM surfaces) were obtained using WEMIsoSurface module which generates an iso-

surface as a WEM in MeVisLab 2.7.1 (Figure 3.9). Some 3D elements such as the spine, 

artefacts or structure of the CBCT-scanner present on 3D WEM surfaces, were removed using 

the WEMInteract module which removes or selects parts of the WEM. 

 

 

Figure 3. 9. Example of hard-tissue data processing in MeVisLab 2.7.1. a) All modules used; b) Viewer 

SoExaminerViewer module for visualisation of the segmentation process; c) WEMIsoSurface module for the 

determination of threshold values between segmented components. 
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3.5.2. Initiali sation 

 

 The initialisation procedure was performed using the WEMMarkerInitialization module 

in MeVisLab 2.7.1 which rotates and translates the surfaces to bring them into the proximity of 

each other (Figure 3.10). 

 

 

Figure 3. 10. Example of hard-tissue initialization in MeVisLab 2.7.1. a) All modules used; b) Floating. c) Target;  

d) Initialisation. 
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3.5.3. Surface registration process 

 

 The non-rigid surface registration process was applied using a module in MeVisLab 

2.7.1 by Prof. Vandermeulen (Figure 3.11). 

 

 

Figure 3. 11. Example of the hard-tissue registration process. a) All modules used; b) Visualisation of the hard-

tissue registration. 
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3.5.4. Anatomical templating. 

 

 The anatomical templating was performed using a module developed in MeVisLab 2.7.1 

(Figure 3.12). 

3.5.5. Statistical analysis 

 

 All analyses were performed using R-studio software, version 1.0.44-®2009-2016 for 

windows (R Development Cone Team, 2015), specifically the R-package Morpho (Schlager, 

2013). 

 

 

 

 

 

 

 

 

 

Figure 3. 12. Example of hard-tissue anatomical templating. a) All modules used for the automatic projection; b) 

Automatic recording of the coordinates resulting of the automatic landmarking; c) Visualisation of the hard- 

tissue anatomical templating. 
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Chapter 4 

 

VALIDATION OF THE AUTOMATIC 

LANDMARKING   

 

 

4.1. Introduction 

 

 The purpose of this chapter is to demonstrate the validation of the automatic 

landmarking procedure by comparing the intra-observer errors (INTRA-OE) and inter-observer 

errors (INTER-OE) between automatic and manual landmarking. This research provides a 

validation of the precision of the automatic placement of landmarks and demonstrates its 

utilization as a convenient prerequisite for geometric morphometrics, based on shape analysis 

of the nasal complex. 

 

Automatic landmarking as a convenient prerequisite for geometric 

morphometrics. Validation on cone beam computed tomography (CBCT)- 

based shape analysis of the nasal complex.  

AF RIDEL, F DEMETER, M GALLAND, EN LôABB£, D VANDERMEULEN, AC 

OETTLÉ 

Manuscript submitted for publication to Forensic Science International.  
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Abstract  

 

 Manual landmarking is used in several manual and semi-automated prediction 

guidelines for approximation of the nose. The manual placement of landmarks may, however, 

render the analysis less repeatable due to observer subjectivity and, consequently, have an 

impact on the accuracy of the human facial approximation. In order to address this subjectivity 

and thereby improve facial approximations, we are developing an automated three-dimensional 

(3D) method based on an automatic dense landmarking procedure using non-rigid surface 

registration. The aim of this study was to validate the automatic landmarking method by 

comparing the intra-observer errors (INTRA-OE) and inter-observer errors (INTER-OE) 

between automatic and manual landmarking.  

 

 Ten cone beam computed tomography (CBCT) scans of adult South Africans were 

selected from the Oral and Dental Hospital, University of Pretoria, South Africa. INTRA-OE 

and INTER-OE were analyzed by registering 41 craniometric landmarks from 10 hard-tissue 

surfaces and 21 capulometric landmarks from 10 soft-tissue surfaces of the same individuals. 

Absolute precision of the landmark positioning (both on the samples as well as the template) 

was assessed by calculating the ME for each landmark over different observers. Systematic 

error (bias) and relative random error (precision) was further quantified through repeated 

measures ANOVA (ANOVA-RM).   

 

 The analysis showed that the random component of the measurement errors in landmark 

positioning between the automatic observations were on average on par with the manual 

observations, except for the soft-tissue landmarks where automatic landmarking showed lower 

measurement error (ME) compared to manual landmarking. No bias was observed within the 

craniometric landmarking methods, but some bias was observed for capulometric landmarking.  

 

 In conclusion, this research provides a first validation of the precision and accuracy of 

the automatic placement of landmarks on 3D hard- and soft-tissue surfaces and demonstrates 

its utilization as a convenient prerequisite for geometric morphometrics based shape analysis 

of the nasal complex. 

 

Keywords: Non-rigid surface registration; automatic craniometric landmarking; automatic 

capulometric landmarking; manual landmarking; intra- and inter- observer errors. 
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Introduction  

 

 Craniofacial reconstruction (CFR) is based on the assumed morphological relationship 

between the soft- tissue envelope and the underlying skull substrate. Traditional CFR methods 

are based on 2D or 3D manual reconstruction by physically modelling a face on a skull replica 

with clay or plasticine [1-6]. In the literature, these traditional reconstructions have been 

commonly classified as ñRussianò, ñAmericanò or ñCombinationò methods [7]. It was 

recognized by the scientific community in the field of CFR that manual reconstruction methods 

require a high degree of anatomical and sculptural expertise and, as a result, remain difficult 

and subjective [8-13]. The interpretations of two different artists can result in the creation of 

two substantially different faces from the same skull [12]. Therefore, traditional manual 

techniques are unsuitable for application to the judicial system, which requires precision, 

reliability and knowledge of possible quantization [12]. 

 

 Recent developments in digital imaging techniques have resulted in the collection of 

large databases of 3D representations of hard- and soft-tissues of the face. Researchers in the 

field of CFR utilize these sources of information to improve objectivity in the reconstruction 

process [14-57]. In CFR, all computer-assisted methods share the foundational premise that 

information about the complete skull versus information of the skin is used for mapping a 

template face onto a dry skull [14-59]. Recently, Tilotta and colleagues [54], Schlager [55] and 

Guyomarcôh, [13] developed computer-assisted methods for the prediction of the structure of 

the external surface of the nose based on conventional computer tomography (CT) scans. 

Compared with manual methods, automation of facial approximation offers increased 

objectivity and the possibility of standardization [13]. However, the use of conventional CT 

scans as initial references may be influenced by supination effects on the face due to the 

horizontal position of the patient during scanning [60, 61]. Moreover, the slice thickness, which 

generally ranges from 0.6 mm to 1.5 mm [13, 55], induces errors of at least the same order of 

magnitude in the manual landmark placement on the 3D hard- and soft-tissue surfaces.  

 

 Previously described methods for approximation of the nose involve manual placements 

of landmarks for the definition of the region of interest [13, 55]. Following the results of these 

methods, it seems that the nasal depth, the external and superior alar curvature, the alare [13, 

55] and the submaxillare curvature [13] landmark positions are prone to inter-and intra-observer 

errors. Manual placement of landmarks is extremely time consuming on large 3D surface 
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samples and may induce important observer subjectivity and errors. Errors in manual 

landmarking are determined by factors such as the inherent variability among individuals in the 

sample and the metric quality of the instruments used [62-65]. As a result, manual landmarking 

may render the analysis less repeatable and accurate for the facial approximation process. In 

the field of craniofacial reconstruction, the scientific literature concerning the utilization of 

automatic landmarking on 3D surfaces for the approximation of facial features (e.g. nose, eyes, 

mouth and ears), or the complete face, is limited. Limited research has been published regarding 

facial recognition implications for 2D [66-70] and 3D [71] capulometric landmarks, whereas 

no research has been done on the automatic landmarking of craniometric and capulometric 

landmarks on hard- and soft-tissue 3D surfaces. 

 

 The main critiques of current facial approximation techniques are the inherent 

subjectivity in manual methods, the references used and the lack of standardization, which limit 

the accuracy of the estimation [8-13]. In order to improve the accuracy of facial approximation, 

we are developing an automated three-dimensional (3D) method based on an automatic dense 

landmarking procedure. Moreover, instead of using conventional CT for the acquisition and 

extraction of the relevant anatomical structures, we used cone beam CT (CBCT).  During a 

CBCT scan, the patient is in a vertical position and the scanner rotates around the head, 

capturing images using a cone-shaped X-ray beam. The advantages of CBCT compared to CT 

include lower radiation dose, lower cost and higher spatial resolution (0.1 mm to 0.4 mm) for 

the placement of 3D landmarks [72]. Furthermore, the patientôs upright position during 

acquisition minimizes gravitational effects on soft-tissue deformations. The aim of this study 

was to evaluate the measurement error (ME) of the automatic versus the manual landmarking 

method, defined as the difference between repeated measurements of the same variable made 

by the same (i.e., INTRA-OE) or different observers (i.e., INTER-OE) [73]. A further aim of 

this study was to demonstrate the utilization of automatic landmarking as a convenient 

prerequisite for geometric morphometrics, based on shape analysis of the nasal complex. 
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Materials & Methods 

 

 Cone beam computer tomography scans of ten adult South Africans were selected from 

the Oral and Dental Hospital, University of Pretoria, South Africa. Cone beam computer 

tomography scans were obtained using a CBCT scanner (Planmeca ProMax ® 3D, Pretoria, 

South Africa) with the following properties: 90 kV, 11.2 mA, voxel size of 0.4 mm and field of 

view of 230 x 260 mm. In order to standardize the acquisition, the subjects were scanned in a 

seated position with their eyes closed and with a relaxed facial expression. Patients were 

excluded if they presented with any condition that could affect the morphology of the face (e.g. 

orthodontic treatment, pathological conditions, facial asymmetry, or any facial interventional 

reconstructive surgery). This research project was approved by the Main Research Ethics 

Committee of the Faculty of Health Sciences, University of Pretoria, South Africa (Ethics 

Reference No: 301/2016). 

 

 CBCT scans in DICOM format were imported into MeVisLab © v. 2.7.1 software to 

extract volume data and create 3D images. The segmentation of different elements (hard- and 

soft-tissue) were obtained by finding the threshold values between segmented components 

according to the ñHalf Maximum Heightò (HMH) quantitative iterative thresholding method 

[74]. Threshold values for hard-tissue varied between 1200-1250 and for the soft-tissue, 

between 400-450. In this study, the facial skeleton will be referred to as the hard-tissue, and the 

external structure of the nose as the soft-tissue. 

 

 Following facial approximation literature [13, 55], and in order to conserve homology 

and comparability between studies, classic craniometric and capulometric landmarks (type I, 

II, and III [13, 55, 75, 76] were used. INTRA-OE and INTER-OE were analyzed by registering 

craniometric landmarks from ten hard-tissue surfaces and capulometric landmarks from ten 

soft-tissue surfaces of the same individuals. A total of 62 landmarks, described in Table 1 and 

illustrated in Figure 1 were used.  
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  Table 1. Definition, abbreviation and nature of landmarks used. [15, 16, 25, 26]. 

Landmarks Abbreviation Nature Definition

Craniometric 1 Nasion n Median Intersection of the nasofrontal sutures in the median plane.

2 Mid-nasal mn Median Midline point on the internasal suture midway between nasion and rhinion.

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

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

5 Subspinale b ss Median The deepest point seen in the profile view below the anterior nasal spine (orthodontic point A).

6 Akanthion ak Median Most anterior midline point of the nasal spine.

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

8/9 Zygotemporale superiorzts Bilateral Most superior point of the zygomatico-temporal suture.

10/11Zygotemporale inferior zti Bilateral Most inferior point of the zygomatico-temporal suture.

12/13Jugale ju Bilateral Vertex of the posterior zygomatic angle, between the vertical edge and horizontal part of the zygomatic arch.

14/15Frontomalare temporalefmt Bilateral Most lateral part of the zygomaticofrontal suture.

16/17Frontomalare orbitale fmo Bilateral Point on the orbital rim marked by the zygomaticofrontal suture.

18/19Nasomaxillofrontale nmf Bilateral Point at the intersection of the frontal, maxillary, and nasal bones.

20/21Ectoconchion ec Bilateral Lateral point on the orbit at a line that bisects the orbit transversely.

22/23Orbitale or Bilateral Most inferior point on the inferior orbital rim. Usually falls along the lateral half of the orbital margin.

24/25Zygoorbitale zo Bilateral Intersection of the orbital margin and the zygomaticomaxillary suture.

26/27Maxillofrontale mf Bilateral Intersection of the anterior lacrimal crest with the frontomaxillary suture.

28/29Nasomaxillare nm Bilateral Most inferior point of the nasomaxillary suture on the nasal aperture.

30/31Alare al Bilateral Instrumentally determined as the most lateral point on the nasal aperture in a transverse plan.

32/33Piriform curvature cp Bilateral Most infero-lateral point of the piriform aperture.

34/35Nariale na Bilateral Most inferior point of the piriform aperture.

36/37Zygomaxillare zm Bilateral Most inferior point onthe zygomaticomaxillary suture.

38/39Submaxillare curvature csm Bilateral Most supero-medial point on the maxillary inflexion between the zygomaxillare and the ectomolar.

40/41Supra canine sc Bilateral Point on the superior alveolar ridge superior to the crown of the maxillary canine.

Capulometric

1 Pronasale prn' Median The most anteriorly protruded point of the apex nasi. In the case of a bifid nose, the more protruding tip is chosen.

2 Nasale inferius ni' Median Most inferior point of the apex nasi. Not locatable on upturned noses.

3 Columella c' Median Midpoint of the nasal columella crest, intersecting a line between the two csǋ points.

4 Subnasale sn' Median Median point at the junction between the lower border of the nasal septum and the philtrum area.

5/6 External alar curvature eac Bilateral Most anterior point of the nasal wing at the maximum of curvature.

7/8 Superior alar curvature sac Bilateral Most superior point of the nasal wing.

9/10 Alagenion ag Bilateral Most posterior point of the nasal wing.

11/12Alare al' Bilateral The most lateral point on the nasal ala.

13/14Alar curvature point ac' Bilateral The most posterolateral point of the curvature of the base line of each nasal ala.

15/16Mid-columella mc' Bilateral Midpoint of the nasal columella crest on either side, where the columella thickness is measured (equivalent to Subnasaleǋ).

17/18Nasal-depth nd Bilateral Most medial point of the transition nose/eye.

19 Sellion se' Median Deepest midline point of the nasofronal angle; not a substitute for nǋ.

20/21Mid-nostril mn Bilateral midpoint of maximal nostril width - projected on the transition nostril/philtrum.
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 Forty-one craniometric landmarks were recorded on the hard-tissue: 17 bilateral pairs 

and seven median landmarks. On the soft-tissue, 21 capulometric landmarks were recorded: 

eight bilateral pairs and five median landmarks. The landmarks selected were distributed on the 

facial skeleton and the external nose, creating a hard- and soft-tissue region of interest. The 

hard-tissue region of interest was delimited by the facial skeleton comprising the nasal bones 

(Figure 1.a), the nasal aperture (Figure 1.b), the maxillae (Figure 1.c) and the zygomatic bones 

(Fig 1.d). The soft-tissue region of interest was delimited by the surface anatomy as related to 

the hard-tissue, including mainly the external nose (Figure 1. e, g) and the nares (Figure 1. f, 

h).  
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 Figure 1. Landmarks placed on the hard- and soft-tissue region of interest.  

a: Frontal view of the hard-tissue region of interest; b: nasal superior and inferior; c: maxillary; d: zygomatic; e: frontal 

view of the soft-tissue region of interest; f: inferior view of the nose; g: anterior view of the nose; h: lateral view of the 

nose (cf. Table 1). 

 



 

83 

 

Manual landmarking 

 

 The manual placement of landmarks was performed by indicating the 41 craniometric 

landmarks on the ten hard-tissue surfaces and the 21 capulometric landmarks on the ten soft-

tissue surfaces. For the INTRA-OE, the manual placement of landmarks was performed twice 

by the same observer (noted AR1m and AR2m) on every subject, with an interval of two weeks. 

For the INTER-OE, the manual landmarking was performed twice by two different observers 

(noted AR1m and MGm).  The manual placement was performed using MeVisLab software 

and the 3D coordinates of landmark points were recorded and saved in an Excel file for further 

analysis.  

 

Automatic landmarking 

 

 The automatic landmarking method proposed here is adapted from the procedure 

introduced by Claes et al. [33-35]. The basic concept involves a reference template of the 

anatomical surface of interest, containing a dense set of landmarks. These landmarks are a dense 

equivalent of traditional sparse, discrete, well-defined, anatomical landmarks. Reference hard- 

and soft-tissue templates (Figure 2.d) are created using a non-rigid- surfaces registration process 

(Figure 2.c). Prior to registration, all the surfaces are repositioned into the same coordinate 

system using an initialisation mesh procedures (Figure 2.b). The initialization is performed 

manually with indicating a set of landmarks on floating and target surfaces in order to 

interactively rotate and translate the surfaces so as to bring them into each otherôs proximity. 

These transformations map the coordinates of each point of the floating surface into the 

coordinate space of the target surface. The non-rigid surface registration results are dependent 

on the quality of this initial initialization procedure. Surface registration refers to the 

establishment of the geometrical relationship between surfaces that aligns the surfaces between 

them as well as possible.  Then, every individual surface is ñtemplatedò (named the warped 

surfaces) such that every point on all 3D surfaces is associated with the anatomically 

corresponding point on the reference template. Therefore, information encoded in 3D-surface 

representations has to be extracted and made comparable. In a last step, landmarks are indicated 

once on the reference templates (Figure 2.e) . Every landmark placed on the template is 

associated with the anatomically corresponding point on the warped surfaces. 
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 During an anatomical templating process, the reference template is warped non-rigidly 

to every subjectôs anatomically corresponding surface (target surface). The non-rigid (robust) 

surface registration software used for this warping was developed using the MeVisLab © v. 

2.7.1 software [77]. The warping is performed iteratively starting with a rigid alignment, and 

gradually following with more flexible registration steps. At the end of this process every 

landmark of the template is projected onto every subjectôs surface, thus establishing a dense 

point-based anatomical correspondence among all subjects (Figure 2.f). Therefore, the 

coordinates of all subjects are recorded within a common coordinate system which may be used 

for statistical analysis. 

 

 In order to estimate the precision/measurement error of this procedure, the discrete 

landmarks were twice indicated on the hard- and soft-tissue templates. The warped landmarks 

on the studied subjects were recorded (noted AR1a, AR2a, MGa). Note that the warping 

transformation remains the same, independent of the re-indication of the discrete landmarks. 

For the INTRA-OE, the landmark indication on the templates was done by the same observer 

(noted AR1t, AR2t), with an interval of two weeks. For the INTER-OE, the landmark indication 

on the templates was done independently by two different observers (noted AR1t, MGt).  
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Figure 2. Workflow of the automatic landmarking procedure. a) segmentation process; b) initialisation process; 

c) non-rigid surface registration process; d) templates generation; e) definition of the region of interest on 

templates; f) automatic landmarking. 
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Statistical analysis 

 

 The raw coordinates resulting from the manual and automatic landmarking procedures 

were adjusted through a generalized Procrustes superimposition (GPS) to obtain pose-invariant 

shape coordinates [78, 79]. More precisely, GPS reduces the sum of the squared distances 

between corresponding anatomical points by aligning the configurations of landmarks and 

removing the differences due to translation and rotation (not size) among all individuals thus 

defining the remaining shape information as a set of Procrustes coordinates [80-82]. We adapted 

the procedure to keep the relative position (and thus measurement error) of the samples of the 

same individual unchanged, while their common (per subject) mean is GPA aligned with the 

grand mean.  

 

 We distinguish between two types of measurement errors on landmark localization: 

precision and accuracy. Precision refers to the random error, in measuring the degree to which 

repeated measurements give the same result under the same conditions. In contrast, accuracy 

refers to the systematic error (or bias) of the measurements compared to their true values. 

Random error interferes with the genuine variability by adding residual noise and increases any 

Type II error rate (reduction in statistical power). In our particular setting ME reflects two 

different components of error: reproducibility due to different methods (automatic versus 

manual), which induces both systematic and random errors and repeatability due to multiple 

observers, which induces random errors. Since we do not have a ground truth available, we 

limit the assessment of  the systematic error by evaluating the bias between the automatic and 

manual landmarking.  

 

 The precision of the (manual and automatic) landmark positioning was calculated using 

the dispersion ɝ for each landmark i and individual j. Dispersion is defined as the Mean 

Euclidean Distance (MED) of the sample landmark ▬  to the mean ▬ of the (x,y,z)-

coordinates of landmark i over all observations k  (INTER, INTRA, resp.) for subject j: 

ɝ ▬ ▬ ὑϳ ȟ ×ÉÔÈ ▬  ▬ ὑϳ  

 

Boxplots of MED values are generated for automatic and manual landmarking separately, 

showing the variation of dispersion over different subjects. Global precision is then reported as 
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the global (averaged over all landmarks) mean (‘) and median (ά ) of the per landmark mean 

(‘ ) and median (ά ) values (over all subjects) .  

 

 The precision of the manual landmarking was assessed by comparing the dispersion 

over the three observers (AR1m, AR2m, MGm) manually placing the landmarks on each 

subject. The precision of the automatic landmarking was calculated by indicating the 

craniometric and capulometric landmarks three times (AR1t, AR2t, MGt) on the templates and 

measuring the resulting dispersion on the automatically indicated landmarks (AR1a, AR2a, 

MGa) for each subject. In addition, the precision of the landmark positioning on the templates 

was similarly calculated using MED on the three measurements (AR1t, AR2t, MGt).  

 

 While these absolute (expressed in metric units (mm)) measures are valuable in 

comparing the precision of different methods and possibly selecting a subset of landmarks to 

retain for further morphometric analysis, they should be supplemented by relative measures, 

comparing the ME to the true shape variation in the specific data sets.    

 

 The bias between automatic and manual landmarking was assessed both visually and 

statistically. Plotting the Procrustes shape measures (principal components) in the PCA tangent 

space along the first two principal components can reveal any structural grouping due to the 

methods. Bias was first examined by examining differences in mean shape of the landmark 

configurations obtained by the two (automatic and manual) methods, considered as independent 

populations.  

 Finally, both systematic (bias) and relative random error were assessed through a three-

way repeated measures Procrustes ANOVA [83-85], with individual as a factor and with 

observer and  method as additional factors. This procedure partitions the overall variation of 

Procrustes aligned landmark coordinates into separate components, allowing to evaluate the 

impact of variation due to methods (automatic versus manual) and observers (intra and inter) 

relative to true morphological variation between individuals. Intra-class correlation (also 

termed repeatability) was obtained using a one-way ANOVA with individual as unique 

categorical predicting variable [86, 87]. 

All statistical analyses were performed using R studio software version 1.0.44-®2009-2016 for 

Windows [88]. 
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Results 

  

 The global mean and median dispersion results are presented in Table 2, together with 

the dispersion of the three observations (AR1t, AR2t, MGt) of landmark positioning on the 

hard- and soft-tissue templates. While both mean and median dispersion are on par for 

automatic and manual craniometric landmarking (mean(median) values of 1.64 (1.64) mm vs 

1.67 (1.63) mm), lower dispersion values were obtained for automatic compared to manual 

capulometric landmarking (1.31 (1.23) mm vs 1.66 (1.57) mm).  The boxplots of the dispersion 

for automatic and manual craniometric and capulometric landmarking are shown in Figs. 3 and 

4. These plots show that the variation in dispersion in automatic landmarking is much smaller 

than in manual landmarking. 

 

Table 2. Measurement errors (global mean and median dispersion in mm) for hard- and soft-tissue landmarks. 

Right column: mean dispersion for template landmarking.  

 

 

 

 

Template

Mean (mm) Median (mm) Mean (mm) Median (mm) Mean (mm)

Hard-tissue 1.64 1.64 1.67 1.63 1.63

Soft-tissue 1.31 1.23 1.66 1.57 1.26

Automatic Manual
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Figure 3. Boxplots of the dispersion for automatic and manual craniometric landmarking. Craniometric landmark definitions (1-41): cf Table 1.
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Figure 4. Boxplots of the dispersion of automatic and manual capulometric landmarking. Capulometric landmark definitions (1-41): cf Table 1.
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 We also plotted the median dispersion per landmark of the automatic landmarking as a 

function of the median dispersion per landmark due to the multi-observer landmarking on the 

templates for both the hard and the soft tissues Figure 5. We observe a strong linear correlation 

between both: automatic landmarking dispersion is almost exclusively determined by template 

landmarking dispersion, with little or no influence of inter-individual differences of the warping 

procedure. 

 

 

Figure 5. Correlation between the dispersion (per landmark) on the automatically indicated landmarks and the 

dispersion on the corresponding landmarks on the templates. The solid (dashed) horizontal and vertical lines 

represent the global median dispersion for hard(skull) ï and soft-(skin) landmarking (on target subjects and 

templates, respectively).   

 

 Figures 6 and 7 shows three different plots of the Procrustes aligned craniometric 

/capulometric coordinates projected onto the first two principal components in tangent space, 

grouped according to method and observer, method and individual. The graphs for the 

craniometric landmarking do not provide visual evidence of biases induced by observer and/or 

method. However, Figure 7 indicate bias induced by method on the one hand (middle plot),  

and also observer, although mainly for the manual procedure (left plot).  
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Figure 6. Scatterplots of Procrustes craniometric shape coordinates (PC) onto the first two principal components. Left: colored according to method and observer, middle: 

colored according to method, right: colored according to individual.  
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Figure 7. Scatterplots of Procrustes capulometric shape coordinates (PC) onto the first two principal components. Left: colored according to method and observer, middle: 

colored according to method, right: colored according to individual.
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 The unpaired test of equal mean shapes for the automatic and manual landmark 

configurations returned p-values (according to different tests) lower than 0.01, indicating no 

significant differences in mean shapes due to the choice of method. The results of the 3-way 

Procrustes ANOVA are tabulated in Table 3 and in Table 4. From these tables we read that both 

method and observer have a statistically non-negligible contribution to total variance. However, 

the observer component for craniometric landmarking is far larger than the method component. 

This supports the conclusion that the automatic method has little influence on the ME for 

craniometric landmarking in line with the findings of Table 2 and Figure 6. 

 

  

 For capulometric landmarking, however, the contribution of method attributed variance 

is larger, which corroborates the findings of Table 2, which indicates a lower dispersion for the 

automatic method and Figure 7 (middle) which indicates a bias between automatic and manual 

landmarking. The inter- and intra- observer ME for both types of landmarks, on the other hand, 

contribute to a larger extent to total ME.   

 

 

 

 

 

Df SS MS Rsq F Z Pr (>F)

Individual 9 22853 2539.2  0.56792 21.275 15.7904     0.001

Method 1 2259  2259.3  0.05614 18.929   7.4386    0.001

Observer 2 6587  3293.4  0.16369  27.593  11.0797 0.001

Method:Observer 2 3170 1585.1  0.07878  13.280  12.1300   0.001

Residuals 45 2112.6 46.95   0.18615

Total 59 40 240

Df SS MS Rsq F Z Pr (>F)

Individual 9 4550.9 505.65  0.40100  10.7709   11.5281     0.001 

Method 1 1566.2 1566.16   0.13800  33.3605   7.1559   0.001 

Observer 2 2248.9 1124.46 0.19816  23.9519    9.4629 0.001 

Method:Observer 2 870.2   435.12 0.07668  9.2684  10.6648   0.001 

Residuals 45 2112.6 46.95   0.18615

Total 59 11348.8

Table 3. Three-way Procrustes ANOVA for craniometric landmarks. 

Table 4. Three-way Procrustes ANOVA for capulometric landmarks. 
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Discussion 

 

 The results obtained in this study validated the accuracy (bias) and the precision of the 

automatic placement of landmarks, both on hard- and soft-tissue surfaces. The automatic 

landmarking method allows us to reduce inter- and intra-observer errors and it could be a 

convenient prerequisite for geometric morphometrics as an alternative to manual landmarking. 

More generally, automatic landmarking offers many applications in forensic and physical 

anthropology using 3D surfaces. 

 

 The automatic placement of landmarks, in addition to reducing measurement errors in 

landmark placements, allows us to achieve a better precision for facial approximation, enabling 

the possibility to include more samples and populations with ease. Especially in CFR, when 

large sample sizes are required, manual placement of landmarks could be extremely time 

consuming and may be biased with observer subjectivity, rendering the analysis less repeatable 

and impacting on the precision of the human facial approximation.  

 

 The results (both visually and statistically) show that the automatic procedure, as tested 

here, has similar, if not better, measurement error compared to the manual procedure. The 

resulting random component of ME is almost exclusively determined by the dispersion on the 

template landmarks.  Random measurement error, in general,  is known to be reduced by 

averaging the repeated measurements (ref Armqvist). Hence, in order to further reduce this ME 

for automatic landmarking, one should obtain an average template landmark configuration 

either by averaging multiple indications on the template or defining a consensus configuration.  

 

 Extensive work has been published on 2D landmarks [66-70], whereas less research has 

been done on the identification and location of landmarks on 3D surfaces [71]. Only some 

recent work on 3D face registration explored the use of curvature in order to find the tip of the 

nose [89-93] in combination with an iterative closest point (ICP) alignment algorithm. The ICP 

is one of most popular techniques for 3D face registration and it has been extensively used as 

the main procedure, or in combination with other methods [89, 90, 93]. Finally, we stress that 

this study is the first attempt at a computer-assisted facial approximation of the nose with an 

automatic landmarking approach for the South African population using CBCT scans. 
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 Compared with manual methods, automation of facial approximation is suitable for 

application to the judicial system, which requires precision, reliability and knowledge of 

possible quantization errors. In addition, the automatic placement of landmarks on large 3D 

surface samples, offers the possibility of standardization and increased accuracy in the analysis 

of the correlations between hard- and soft-tissue facial features. In this research, we specifically 

used CBCT scans from living patients, since we intended to remove the limits generated by the 

use of dry skulls, cadavers and CT datasets as initial references, such as desiccation and 

supination effects. A further advantage of CBCT compared to CT includes higher spatial 

resolution (0.1 mm to 0.4 mm) and isotropic volumetric data for the accurate placement of 3D 

landmarks [72].  

 

 Finally, this research demonstrates the utilization of the automatic landmarking as a 

convenient prerequisite for geometric morphometrics-based shape analysis of the nasal 

complex. The automatic landmarking needs to be applied on different 3D anatomical elements 

and on different populations before it can be considered robust. When planning future research, 

it would be interesting to test the precision of the automatic placement of landmarks on another 

facial skeleton element (for instance the mandible or forehead) and on external components of 

the face (for instance the mouth, eye, or ear), in order to finally apply the methodology on the 

complete skull/face. In general, when developing approaches using automatic landmarking, it 

may be useful to consider factors such as sex, age and inter-population morphological 

differences to possibly further enhance the accuracy of the methodology. 
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Conclusion 

 

 This research provides a validation of the precision of the automatic placement of 

landmarks and demonstrates its utilization as a convenient prerequisite for geometric 

morphometrics-based shape analysis of the nasal complex. The automatic landmarks 

positioning on hard- and soft-tissue 3D surfaces offers increased objectivity and the possibility 

of standardization. The automatic landmarking, in addition to reducing measurement errors, 

allows us to achieve a better precision for facial approximation, enabling the possibility to 

include more samples and populations with ease. Furthermore, the automatic placement of 

landmarks as an accurate alternative to manual landmarking, offers many applications in 

forensic and physical anthropology. 
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Chapter 5 

 

PRELIMINARY ANALYSIS  

 

 

5.1. Introduction 

 

 This preliminary analysis allows to characterise the morphology differences among 

South African groups in order to facilitate nasal soft-tissue reconstruction.  

To this end, a sub-sample of 120 South Africans, from the original sample, were selected for 

this preliminary analysis. In order to exclude the possible remodelling effect of the facial 

skeleton with the advancement of age, only young adults ageing between 18 to 30 years old 

were analysed. The main purpose of this analysis is to predict the displacements of three 

capulometric landmarks (pronasale, subnasale and alare) for the nose approximation using 

linear measurements. Correlation coefficients between hard- and soft-tissue measurements 

were determined, and regression equations computed to predict the most probable shape and 

size of the nose. 

 

Skeletal dimensions as predictors for the shape of the nose in a South 

African sample: a cone-beam computed tomography (CBCT) study.  
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