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SUMMARY

Each year in the Gauteng province of South Africa, approximately 1300 bodies are
incinerated without a known identitya|( ; ). Because of various
sociaeconomic reasonsjentification is not always possible with conventional methods such
as DNA comparisons and fingerprints. Therefore, more creative methods, including facial
reconstructionhavebeen implemented to assistthe identification of unknown persons from

their skeletal remains in South Africa.

The aim of this thesiswas to provide an automated comptdssistedmethod,
independent of any forensic artistic interpretatjdoscreateaccuratestatistical models for
predicting nasal sofissue shape from information about the underlying skuktsatb. The
acquisition and extraction of the relevant anatomical structures- (haddsofttissue) vere
performed using an automatic dense landnmagrigprocedureand analysed by geometric

morphometris.

In this research, @alidation of the precision of the automatic placement of landmarks
demonstrated its utilisation as a convenient prerequisite for geometric morphometric based
shape analysis dhe nasal complex. The automatic landmark positioning on laad soft
tissue 3D surfacesffered increased objectivity and the possibility of standardisation.
addition to reducing measurement errors in landmark placeneuttsmatic landmarking,
achieved a better precision for facial approximatienabling the possibility to include more

samples and populations with ease.

A detailedstudyof the influence of factorsaficestrysex, ageing and allometry) on the
variability of the midfacial skeleton among two South Africaancestralgroups were
performed revedling their statistically significant influences a@he overall shape variation of
the noseAncestry was found to bevary important factor in shape variation within the sample
emphasising@ncestrakpecific differencesln addition, the expression of sexual dimorphism
and effect of aging appeared to be different on distinct elements of the shape of-theiahid
region. From the findings, the two South African grodpffered significantly regarding hard
and softtissuenasal complex morphology and their correlations, emphasising the importance



of considering ancestry, sex and age as factors in the process of approximating the nose and
highlightingthe need for population specificcurate and reliable 3D statistical eapsediction
methods.

This studyprovidedaccurate statistical modelsingPartial Least Squared Regression
(PLSR) algorithms which wem@ptimised by including additional information such as ancestry,
sex and ageAge and sex appeared to be importautdrs to be considered as additional
information in order to improve the quality of the predictidhe predictions were based on a
sample of 200 specimens resulting in an error when using the lantiaridmark distances
on nontrained dataranging 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 atcemputerassisted 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 Compoteography scans.

Key words: Statistical modelling; Nn-rigid surface registration; Automatic landmarking;
Shape variation; Geometric morphomegrieartial Least Squared Regressilaentification of

unknown individuals; Templates; Craniometric landmarks; Capulometric landmarks.



A ma petite Maman, Francoise Ridel (5 Juillet 1985A00t 2014),
«Rechaoisis, en son nom, ta vie,
et tu honoreras sa mort.»
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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 identityBloom, 201% Kruger et al., 20189. With unknown
persons, identification is not always possible with conventional methods such as DNA
comparisons and fingerprintsAdditionally, many poor South Africans do not have
dental/hospital records or identification documehtgthercompoundinghese circumstances
is ahigh incidence of migrant laboum South Africawhich is associated witthe county 6 s
sociapolitical and mining historyl(Abbe 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 Reseah 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
devdopment 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 useth cranbfacial reconstruction and skulito-photo
superimpositiorfStepharet al.,2008 Stephan2014 Steynet al.,2016 Stephan, 201 Krtger
et al.,2018.



Craniofacial reconstruction (CFRjnethods are employed to estimate the-ambetem
appearance of an individual from their skeletal remains, provigifgmation about an
individual which can be conveyed the public. Caniofacial reconstruction is a useful tool in
the identification of a corpse that is unrecognisable due $taits of decomposition, sdfssue
mutilation or incineration, andvith no available evidence for positive identification
( ). Yet, prior to reconstructing a face from the cranial substrate, the
practitioner needs information as tohe i ndi vi dual 6s bi ol ogi cal
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 angeBtsm unknown remains is an

important component of the biological profitkie to the socigultural identity background of

the country § ). Indeed, in South Africa, the soetoltural identity is based
on the strict social categories assigned to people duringpwtheide r a , namel y A W
ABl ack, 06 ACol our ed, oOesedifiecent Categoriesvara ariginally fomp | e i

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

di stinct traits. AWhiteo individuals were mo
the Netherlands, France, Germany and Britaim ( ) . ABl acko indivi
the descendantef Nguni, Sotho, Venda and Shangd@songa migrants who arrived in
southern Africa due to the migration of Bantu spegkroupsfrom western and central Africa

( ; ). Although racial classification is no longer

legally imposed in South Africa, modern South Africans continue to sociallydesifify as

one of the previously prescribed groupsneed to seHdentify is pervasive in all aspects of

|l ife and is an i mportant mpamttrogfésa cpdrigem&di
the majority of the population in South Africa selassifies today as black (80.5%), coloured

(8.8%), white (8.3%), and Indian/Asian (2.5%) South Africewis.i ).

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

between the softissue envelope and the underlying skull substraie | )



The presumptivedentification of an unknown individual is based on the presence of
biological features (human variationf) the skeleton and the relationship of these features to
the i n di v isociweultudalsidentiy. Asortative mating withinSouth African groups
strengthened thealready notable biological variation between groapsl engendezd the
perpetuation of skeletal variatiowithin the population sughihat forensic anthropologists are
ableto classify an unknowmdividual into three main socially identifiedroups a black, a
coloured, or a white South AfricafSutherland, 2016

The current situation of unidentified personsSouth Africawill 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 Gteynet al., 2016. The histoy and development of am@ofacial 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 speci€ standards.

Currently, the craniofacial reconstruction division of the SAPS uses facial sculpting
with modelling software t@onstructthreedimensional (3D) manual approximation of faces
following the estimation of the biological profile (sex, age amcestry) by anthropologists at
the FARC, University of Pretoria. The facial reconstruction process invo®ssarface scan
of the target skull (unidentified skull) with a Metrascan.Zlie3D surface of the target skull
is thentransposed onto Fremim modelling software and sefssue thicknesses are manually
applied at specific craniometric points using a 3D styaial featuresre adjustedn the
skull, using the same process, according to North American databasestists@fthicknesses
derived from cadaver studieafter the final touches by the forensic artists, the final 3D facial
reconstruction is printed amdesented to the family for possible recognitibine main critiques
of thiscurrent facial approximation techniquase thenherent subjectivity in manual methods,
the references used, the noaonsideration of population specificities, the lack of
standardisatioand the poor correlations between facial bony structures and facial soft features,

which limit the objectivity andhe accuracy of the estimation.

The scientific community in the field of CFR recognised timainual reconstruction
methods require a high degree of anatomical and sculptural expertise and remain difficult and

subjective in practiceThe manual 3D CFR teaique used by the VIC in South Africa relies

3



on the expertise of a forensic artists to manipulate a 3D stylus. Thetbfoneterpretations of

two different forensic artists from the same skull can result in the creation of two substantially
different faces Tyrrell et al., 1997 Stephan, 20Q3Verzé, 2009 Ullrich & Stephan 201%
Vandermeuleret al., 2012 Gu y o meet at.,@0d14). According toDavy and collaborators
(2009, this point is further illustrated byaglund& Reay(1991), who repoted thatultiple

facial reconstructions of several victimisthe 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. rtRermore, manual reconstructions are time
consuming, and are therefore often limited to a single reconstrugtiaditional 2D or 3D
manual techniques of CFR atleus now considered to be unsuitable for application to the
judicial system, which requirgzrecision, reliability and knowledge of possible quantisation

errors Yandermeuleret 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 cadavesubjected to desiccation or swelling agrvity limits,
greatlyaffectthe accuracy of the reconstructidrhe use of cadavers for recording sissue
thicknesses has been extensively criticised in recent craniofacial identification litefPature
relationshipswere reported between cadavieased and in vivo measuremendige totissue
deformation from posmortem changeqTodd & Lindala, 1928 namely dehydration and
shrinkageas well as swelling with the onset of putrefactipranheinet al.,200G Wilkinson,

2002 Chenet al., 2011 Wilkinson, 2004 De Greefet al., 2006, 2009; Lee et al., 2011;
Vandermeuleret al.,2006. In addition, the utilisation of guidelisalerived frompopulations

other than South Africands also problematic. The naronsideration 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 othe reconstruction, and by extensitite 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 unkmimwividuals.The rose is
an important feature® accurately predict in facial recognitia@specially in in profile view and
in threequarter view(Bruce, 198). However, reconstruction ohé nog poses specific
challengs, because of itkess clear relationship with thenderlying skeletal features. The

morphology of the nose is often manually reconstructed from the shape and size of the nasal

4



aperture, represented by the position of the pronasale, subnasale, and alare landmarks
( ; ; ; ; ;

: ). These nasal profile prediction methods are
time consumingoften limited to a single reconstructi@and has beerdemonstrated to be

highly variedandsubjective rendering their applications netiitableto the judicial system

( ).

In order to assess with accuracy, the structural and functional coherence of correlations
between facial bony structures and facial-tiskue a defintion of a biologically meaningful
region of interest, not limited to the nasal aperture and the nasal bones, for the approximation
of the nosgis proposed in this thesis. During craniofacial development, from birth to death, the
morphology of the nose iafluenced by the remodelling of the underlying skeletal structure
( ) emphasing the fact that the components of the nose cannot be considered
as independent elemsndf 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 morpholg@nd 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 interdependences different components,
which are influenced by multifactorial processes involving hormonal, genetic and epigenetic
factors such as age, sex, ancestry and external stinusis( ;

; ] ; ).

According to the literature, differences in the rate of-8Bs$ue facial aging exists, and varies

according to thelecade of life, sex and ancestriay ; ). Recent
studies on the facial approximation of the nose among South African groups )
and on other European and Asian populaticiis | ); demonstrate the imp@ance of

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

Nasal shape variations present a challenge for facial reconstriittextive techniques
taking into account the effects of population, sexual dimorphism and af agi the
morphology of the nose, need to be develop@dure to account for this suite of variation

impactson the accuracy of the final facial reconstruction.



To further improve the accuracy of facial approximation of the nase Bouth African
population this thesisproposes the development of a compii@sed method using large
databases of 3D representations of haral softtissues of the face. In general, all computer
based methods share the foundational premise that information abootrpiete skull versus
information of the skin is used for mapping a template face onto a dry Skt ).

The prediction is performed by using a siidsue representation generated from the database
by applying a deformation, based on therrelation between skin and skslirfaces

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 gendratsame output data. As
compared to forensic artists, some procedures can be automated, such as the creation of multiple
reconstructions from the same target skudiing different modelling assumptions (ancestry,
age, sex). An additional advantage of using comghased CFR is theonvenience 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 cobgasterCFR
fields. In practice, the development of software for cormpsgd facial reconstructions of an
individual could benefit law enforcement agencies by allowing faster, easier and more efficient

generation of multiple representations of an individual.

( Yan d ( Jd&3e vel op e dascsonsptuetde rmet hods
prediction of the structuybased drmecenxvtenmtniadn
t omogr ap hy Cqm@ared to mmanaahnsethods, automation of facial approximation of

the noseusing large 3D wface samples, offered increased obijectivity and the possibility of

standardisationHo we v e r the use of conventional CT
met hods is influenced bhguesupontheohoefftent al
pati ent dulblhenegal g0d@ahenniemng20(5 N

( Jjbavecently shown i mportant differenc

upright paodt s-4 P8 niih) v eisrod ulhii @m  Di mensi onal

st eplewmt ogr aphs. T/hrin& St ep e ahd esntoindst r(@t es t hat
standard col |l eactsisaure afhifckmieaslsesofitn t he supir
measurements are intended forMum&e&tephthe €ont
Postur al effects need to be taken into cons|
met hlomsadidh e i ©Ini, coef tchoincvkemetsisonal CT scans, wh



0.6 mm toi 1obtSum |7 : hmay i nduce er |
i n the manual | andmar k- aplda-tseogistn € Adthought ehaeee s3 D
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 standardisatinodeed, these methods for apgroation of the
nose involve manual placements of landmarks for the definition of the region of interest (

( E Manuabplacement of landmarks is extremely time consuming on large
3D surface samples and may induce important obisenlgectivity 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 remainsourths
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 Southajfhiave 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 ttee 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-tlmeensional (3D) method based on an
automatic denseahdmarking procedurénstead of using conventional CT for the acquisition
and extraction of the relevant anatomical structures, we used cone beam CT (BB@iEans
of the semiautomatic computeaissisted technique proposed in this studyrghenstruction of
a complex featuresuch as the nosmay beactualisedIn this way, the potential of this novel
automatic computelpased method may be demonstrated. The research question therefore is:
will such an automatic computbased method renderasal shape approximations more
reliable in practice?



1.2. Scope othe thesis

Thethesisaims toprovide an accurate compuassisted method for the prediction of
the nasal softissue shape, based on the shape of the underlying skull substrate. The first
objective is to improve the standardisation, accuracy and objectivity in the methods afthe fac
approximation of the nose by developing an accurate automatic landmarking prpuasthge
CBCT-scans. The second objective is to find the statistical interrelationship between the hard
and softtissue of the nasal compleattributed 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 probabléisstte shape, based on the known

had-tissue information.

The specific objectives of this reseam@rethe following:

1. Creation of a large CBCBcan databaseéCone beam computed tomogragoans
of South African individualsvere collected from the Oral and Dental Hospital,
University of Petoria, South Africaandthe Life Groenkloof Hospital, Pretoria,
South Africa.

2. Extraction of 3D softand hardtissue surfaces from CB&EtansThe segmentation
of 3D hardtissue and softissue surface meshes on the same individuals was
performed.

3. Creation of hard and softtissue templates using a ragid surface registration
processReference hardand softtissue templates were created from hardl soft
tissue 3D surface meshes using a-rigid surface registration process.

4. Definition of hard and softtissue regions of interest (mfdcial skeleton and
external nose)Craniometric and capulometric landma(ks )
were selected and distributed on the facial skeleton and the external nose, creating
a hard and softtissue region of intereshe hardtissue region of interest was
demarcatethy the facial skeleton comprising the nasal bones, the nasal aperture, the
maxillae and the zygomatic bones. The d&fsue region of interest wdemarcated
by the surface anatomy as related to the-tiastie, including mainly the external
nose and the nares.

5. Hard-and softtissue anatomical templating (automatic landmarking @ctpn

onto every subject 6s s urThearefegence eiptages a wa
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were created in an iterative fashion, akin to the generation of the mean shape in a
generalized procrustes superimposition (GPS) procedsr@ byproduct of this
temd ate generation process, every indivi
on these surfaces is associated with the anatomically corresponding point on the
template. Alternatively, the templates can be independently generated from the
population undestudy and the template warping applied in a subsequentlstisp.
proceduravas appliedo the automatic placement of discrete landmarks as follows:
The landmarks of interest were indicated once on the template, which were then
projected onto every subj ecThéordinatesf ac e
of the warped landmarks were then recorded saved in an Excel fifer further
statistical analysis.
. Preliminary analysis: characterisation of the nasal complex morplyolmgong
120 South African individuals (180 years).
In order to facilitate nasal sefiissue reconstruction and to characterise the
morphological differences among South African grouglacgk and white South
Africans), the prediction of thdisplacements of capulometric landmarksisub
sampleusing linear measurementgas performed.
. Validation of the automatic landmarkinghe aim of this analysis was to validate
the automatic landmarking method by comparing the-mibiserver errors (IINRA-
OE) and intewobserver errors (INTERE) between automatic and manual
landmarking.
. Anthropological study on nasal shape variatidhe determination of the influence
of factors such as age, size, sex and ancestry on nasal complexasfetm was
assessed. The approach taken in this study was to calculate regression models, based
on the hard and softtissue shape information stored in the databasd on
additional factorsgncestry, sexageandsize) using geometric morphometric.

a. Analysis of covariation between nasal hamhd soft tissue and its

dependence oancestry
b. Quantification of covariance between nasal complex shape and the
covariatesancestry and seas well asage and size

. Creation of statistical models based a@lationships between hardnd softtissue
and additional factors/covariatesStatistical modelswere calculated using a

Projection onto Latent Structures Regression (PLSR) algarithat allow for



establishing the statistical relationship predictorsdhi@sue shape, age, sex and
ancestry and response variables (sbfisue information).

10. Validation procedure to test the accuracy of prediction modéis. validation of
prediction models was performed using cross validation testing with the calculation

of the Mean Squared Error (MSE) using le@reeout crossvalidation (LOOCV).
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Chapter 2

LITERATURE REVIEW

2.1. Methods of craniofacial reconstruction (CFR)

2.1.1.Introduction

In forensicinvestigations the identification of an unknown person is obtained by
variousidentification techniquesvhich are predominantly based on comparisons of amig
postmortem data such as medical files, dental recaa$ipgraphs fingerprintsor DNA.
However,the identification of an unknow personis not always possibleith conventional
methodsIn the South African contexXpr instancereliable antanortem data are often missing
because of the poor soeswonomic status of many victim3herefore, othemmethods,
including facial reconstruction, have been implemented to assist in the identification of
unknown persons from their skeletal remakalowing the recommendations of the Scientific
Working Group for Forensic Anthropology (SWGANTH), facial redomgtion methods are
employed to estimate the anteortem 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 softissue and the underlyingone Three categories of facial reconstruction
techniques exist and include: 2D facial reconstru¢8@&nmanual facial reconstruch, and 3D
computerbased facial reconstruction. Twdimensionalfacial reconstructioninvolves the
creation of &D image, either by drawin@ aylor, 2000, or application of computeassisted
methods(\Wittwer-Backofen, 2004 Wittwer-Backofenet al., 2007, 3D manual methods
definedas the simulation of seftssue ont@ 3D skull replica ussclay or plasticineg$nowet
al., 197Q Gerasimov, 1971l ebedinskayeet al., 1993 Prag& R. Neave, 1997Wilkinson,
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! ), or 3D modelling softwae ( ; ). As both
the traditional manual 2D and 3D facial reconstruction techniques are dependent on the unique
knowledge and skills of the forensic artist, tlaeg often subsumedto the broader category

of traditional manual methods.

Thefinal categoryandthe main purposef this thesisconstituteghe computerbased
3D reconstructios) defined as (sembautomated procedwséor estimating thesurface of the
face and for whicha large and reliable 3D hardnd softtissue surface database used
Computeesed CFR appperamac hpeoss sedleudsubfecensgitcy
artcset er p.Tletolowingadesgibesin detail the CFR metbds 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 2ZBD-CFR

A 2D reconstruction is defineasthecreationof a 2Dimage, either by drawing ¢

) or application of2D computer superimposition methois Z

).

A 2D facial reconstructionconsiss of handdrawn facial images. The drawings are
based on antmortem photographs of the skull and any other detail availablthe
unknown individual.Dur i ng t IKaren I.9T&yobiceated a method of 2D facial
recorstruction commonly usetbday ( ). Taylor's method involves applying
tissue depth markers on an unidentified skull at various anthropological landierks
skull is then photographed from a frontal and lateral \(iew, ). Facial drawings are
made on tracing paperhich areoverldad ontothefrontal and lateral photographic primds
second method for 2D facial reconstruction is the 2D computer superimposition method,
described by WittweBackofen { ; ).

Virtual 2D faces are produced by using different facial contours and features selected from a
photographic database of exgt people, and following the skeletal structure of the target

skull.
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The taditional manual method of 3DFR is defined as the simulation of sdf$sue
onto a 3D skull replica using clay or plasticinen(w et al., 197G Gerasimov, 1971
Lebedinskayat al.,1993 Prag& R. Neave, 199Wilkinson, 2004 Wilkinson, 2010, or 3D
modelling software(\Wilkinson, 2003 Lee et al., 2012. In the literature, these traditional
reconstructions have beenidommmowrclay ocloas giiCfoimd
methods $iephan, 2006 The Russian anthropologistrasimoy1977) was one of the first to
usea manual reconstructionethodwhere hanodelledthe completéacialanatomy of muscles
and soft tissues covered by a thin layemmioking skin, onto the skull. This anatomical or
ORussiand technique, also refbeowaaddo/f)wasas t he
further refined bylebedinskayaand collaborator1993. During the same period, an
alternativetechnique was developed in the USA, called the morphometrimericarmethod
(Snowet al., 1970. This technique consists of building the sidsue layer in bulk, without
much regard to the detail of the underlying anatomy, approximating tabulated@vissue
depths at a sparse set of landmarks on the skull and interpalatynig betweerthe landmarks
at previously described depthi the lae 20" century Richard Neaveised botrithe Russian
and American methods his facial reconstructionwhichlaid the foundation for the combined
technique or combination metho@~rag & Neave, 199). The advocates of the combined
methodclaim thatas the face is reconstructed according to anatomical principles, artistic
subgctivity in areas between tissdepth landmarks igreatly reduced \(Vilkinson, 2010).
Generally, the soft tissue is estimated using average thickness values, taking into account age,
sex and ancestry Currently,all 3D CFR methods are widelapplied in forensics and for
museum presentationgpermanently refinedas seen in thelominin reconstructions done by
the paleoartisElisabeth Dayng such as the reconstruction of the Australopithecus afarensis

ALucyo or nAthe Jdngasetble200ady of fl oreso (

Recently,Wilkinson (Wilkinson, 2003 Leeet al.,2012) developed a virtual sculptural

CFR method whichutilises a 3D modelling system (Freeform Modelling Plis Sensable
Technologies Wilmington, MA) witthaptic feedback (Phantom DesRfoHaptic Device;
Sensable Technologiegjhis method has been applied to forensic case Woikinson, 2003
Wilkinson, 2010 Leeet al.,2012. Themethod mimisthe3D manualCRFmethodsdescribed
above, andenabeés practitionerled facial reconstructionAn image of thetarget 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. Metrasddm®n, sofitissue thicknesses areanually
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applied at specific craniometrioints and modelledusing a 3D stylusFacial featuresre
adjusted, using the same process, on the skull accaaliagailabledatabases of soft tissue
thicknessedor that populationAfter the final touches byhe forensic artists, the 3D facial

reconstruction is printed amesented to the family for possible recognition.

2.1.21. Traditional manual2D/3D CFR of nasal reconstruction

Following the literature, facial features have been determined tonpertant for
perceiving and remembering facesh¢ ; ¢ ).
Several studiessing frontal imageBave shown that the nose plays an insignificantinoiace
recognitionin frontal view ( 1 1 %
However, in face recognition using profiles and thyearter views, a distinctive nose shape
could be more important than the eyes or méiith ). Moreover, t has also been found
that the upper part ofi¢ face (eyes and nose) is more useful for face recognition than the lower

part (mouth)n frontal view( ).

In order to estimate tHecationof a specific landmarkuch as the nosen the facgthe
position of well-defined capulometric landmarks (pronasale, subnasale, and alare), are
predicted from analysing metric values taken froendry skull. As most reconstruction
practitioners highly value the pronasale landmark for estimating s#& peofile methods of
prediction of the pronasale from the underlying bone structure hashigén prioritisedin
currentnose approximationesearch ( ) wasthe firstresearcheto estimaé
nasallandmarkswith the use ofmetric measures of thenderlying bone tissyé&nown as the
it vao ge nt O (Fyerd2h.g).dIin this method, dine is projectedanteriorlyfollowing
the direction of the nasal spine. A second line, which is a tangent to the most distal portion of
the nasal bones, ojectednferiorly. Theintersection between the two linEgmsthe tip of
the nose (pronasaldh late years, his methodvasreported tde highly unreliable and often
resulted in an overestimation of nose projectiom ). In addiion, the technique
has been demonstrated to\®y subjective and imprecise, because itsadien t he fMfnAgene
directi onso theraforemot bseableis facied@omdruction of theoft-tissue
of thenose ¢ ). Following on he method established ki ( ),

a variety of approaches dealing with angles and relations between metric measuhenents
been proposed y ( ¢ X
; ). The traditional 2D/3D CFRmethods for
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nasal reconstruction are illustratedrimure 2.1. Evaluation concerning the accuracy of these
different methods can be found amticles by ( ) and

(2009.

In 1962,Krogman developed a method for pronasale predigicnure 2.1.b), which

consists bprojectng a line,thatfollows the direction of the nasal spiife

). 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 averagéissie depth at midphiltrumn the lip
( % However, ( ) foundthe method to perform with
low accuracy in predicting nasal shaféese authorg ) demonstrate three
important limitations of the Krogman method: 1) the Krogman mef{hod

) involves themultiplying of the nasabpine length by 3, which increasany error by 3;
2) the utilisation of the midphiltrum sefiissue depth seems illogichlecause it is not directly
related to the nose; and 3) the midphiltrum depth so that it follows the general direction of the
nasal pine, seems problematic, since the-$isue midphiltrum is actually located inferior
the hardtissue midphiltrum %2 For all these reasons, this method should not be

used in future facial approximatiorst¢ ).

An alternative method to predicasal position andimensions was suggested!by
( ) (Figure 2.1.c). Measurements were taken of the external nose and bony nasal aperture
in the nasiorsellaplang (NSP) Seven craniometric measurements of tasal 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),
whichformsa triangle describing the external nose t&issue depths from hard to soft nasion,
and from hard to soft subnasale, were taken as an plad®ment othetriangle of theexternal
nose. The two sets of measurements vikes used to generate regression equatifors
calculation of the shape of the naseélhis methodhas provenimpractical 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 tlzetgsdica, to obtain the nasion

sella plane (NSP).
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reconstructionasthe softtissue measurements are measured from the bony landmark to the
softtissue landmark, rather than perpendicular to the bone s\fface & Wilkinson, 2009.

George (1987) describedéad b al anc e d 6 6 maethadraglre 2.t avliice c t i o n
was based on the O00aestheticdd meRohedds of
Humphreys, 1984 The methodusesthe measumentof the distance fronthe nasion(Pt).A
to point ofmaximumflexion on maxilla in profile. A percentage of this distafroen (Pt.)X to
(Pt.)A (60.5% for males and 56% for femalesarks the point of intersectioRt, AA) of a line
drawn parallel to th&rankfurt horizontal plarfdFHP) (line F) (George 1987 Stepharet al.,

2003. (Pt.) AA also indicates the midpoint of the inferior slope ofahterior nasal spine. A
line perpendicular to the Frankfurt horizontal is placettatevel of predicted nose projection.
This method was found to be more accurate than the methadsratimoy(1955, Krogman
(1962 andMacho (1986 (Stepharet al.,2013.

ProkopecandUbelaker(2002) (Figure 2.1.€) suggeste@nother method to preditiie
shape of the nasal profil&€he technique is as followsn an image of the profile view of the
nasal apertute line is drawn to indicate the nasiprosthion plane (line A) and then parallel
to line A, a tangent at the rhinion, line B is indicated. Horizontal lines, perpendiculargé line
and B are drawn, dividing the nasal aperture into seven equal segmentsisiautedf the
horizontal linefrom line B tothe edge of apertur@osteriorly, is measured and mirrored
anteriorly. Two millimeters are added to each of these meamunts midline average soft
tissue depths at nasion, midnasal bone, rhinion and subnaséaie=(, 198) are addedThe
points arethen joined, allowingthe profile shape of nose, and hence its projection, to be
estimated {rokopect Ubelaker, 200 Stepharandcolleagueq2003 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 profileaose shape.

Stephan and colleagu€2003 noted that the methods described fhykopecand
Ubelaken(2002), as well asseorgg(2002), were more effectivand reliable in predicting nasal
profile shapethan those ofserasimov(1971) and Krogman(1962). Like their predecessor,
Stephan and colleagustepharet al.,2003 created a newechniqugFigure2.1.f) to estimate
nasal profile whichusesvarious soft and hard tissue measurements to generate regression
equations to predict nasal shape fopaticular population, as the shape is age, sex and

population specifi¢Stepharet al.,2003. However,Stepharandcolleague€2003 emphasised
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that the creation of regression equations for the approximation of the nose using dry skull
databasehas 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 nosetipredi
Consequently,Stephanand colleagueq2003 conclude that the thre#imensional (3D)
computer techniques for nose approximation will probably become the method of choice for
many reasons: 1) by performing indirect measurements using 3D plangsc@hdidering

many variables; 3) and by generating 3D nose approximations. Therefore, exisgstbr

facial approximation practitioners to move away from traditional treaed twedimensional
techniques and for 3D computer techniques to be further develtipetianand colleagues
(2003.

Recently, eeand colleague2014) investigated theelationship between the ha@hd
soft- dimensions of the nosas to predict the position of the nasex Korean population. The
authors use@€BCT-scans obtained from 60 ad#lorean As CBCTscans are taken with the
patient in an upright position, tleithors eliminated errors involved with supination and-post
mortem artifacts Threedimensional placements of the nasal soft structures (pronasale,
subnasale, ate) from the nasal hard structures (nasal bone, nasal cavity) waneally
measured in order to compute the regression equainago find the most probable position
of the pronasale, subnasale, andealarhese results suggest that hard and soft tissue relation

data from CBCTscanscan be useful for predicting the positiohthe nose.
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a Gerasimov, 1955 b Krogman and Iscan (1986)

c Macho (1986) d George (1987)

e Prokopec and Ubelaker (2002) f Stephan et al. (2003)

Figure 2. 1. Traditional 2D/3D CFR of nasal reconstructiéty(in & Wilkinson, 2009 Stepharet al.,2003).
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The scientific community in the field of CFRcognsed that manual reconstruction
method require a high degree of anatomical and sculptural expertise and remain difficult and
subjectivein practice(Tyrrell et al.,1997% Stephan, 2003verzé, 2009 Ullrich and Stephan,

2017 Vandermeulert al.2012 G u y o maet at,20h4). Theinterpretations of two different
forensic artistof the same skull can result in the creation of substantially different faces
(Tyrrell et al.,1997% Stephan, 20Q3/erzé, 2009UlIrich andStephan, 201, lVandermeuleret

al., 2012 Gu y o maet at.,2014). Accordingto Davy and collaborators)@vy et al, 2009,

this point is further illustratetdy Haglundand Reay(1997), who stated thamultiple facial
reconstructions of several victimbthe Green River seriddiller were created. The results were
highly variable between practitioners and little success was achieved when the reconstructions
were shown to the publié&urthermore, manuakconstructions are time consuming and are
therefore often limited to a single reconstructi®raditional 2D or 3D manual techniques of
CFR arenow consideredo beunsuitable for application to the judicial system, which requires
precision, reliability and knowledge of possible quasation errors \(andermeuleret al.,
2012.
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2.13. Computerbased CFR methods

Recent developments in computer science and the improvement of medical imaging
techniquesuch as surfacgcanning, MR-scanning, CTand CBCTFscanning have resulted in
the collection of large databases of 3D representations cfdraldofitissues of living human
heads.Researchers in the field of CFR i thesetechnological advancet® develop
alternaive computetbased CFR methods to improve objectivily facial reconstructios

during crimnal investigations.

As compared to a human expert, a computer is consistent and objective. The computer
integratesall the modelling assumptions anepeatedlygenerats the same output data. As
compared to forensic artists, some procedures can be autpsuateds the craan of multiple
reconstructioa from the same target skull using different modelling assumpamncestry,
age, sex). An additional advantage of using comghdsed CFR is the convenience of
visualisation. Furthermore, the CFR process is more accessiblevide range of forensic
expers without the need for extensive expertise in computer science or cornastn CFR
fields. In practice, the development of software for compsgédrfacial reconstructions of an
individual couldbenefit law enforcemengancies by allowing faster, easier and more efficient

generation of multiple representations of an individual.

Comparedo manual methods, automation of facial approximation of the nose using
large 3D surface samplesffers increased objectivity and the possibility of standatidin.In
general, all computdvased methods share the foundational premise that informationtabou
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-t&stie representation
generated from the databdseapplying a deformatigrbased orthe correlationbetween skin
and skulisurfacesincorporated in the database. A recent review of comgateGFR methods
by ( ) offers an interpretation and classification pfeviously

publishedcomputerbased CFR methods use and inprogresqTable21).,As compar ed

t he manual appr ebaacsheeds ,mett hheo dcso nepxuctleurde f or ens
and i,usteeaidnf ormati on from a | arge database
met hodol ogy i s dependent on the accuracy of
Foll owing the review of Compat eon (St Tdhie me

compbteed met hods can be compaift)memzZad i sed i
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Table 2.1. A list of 3D computerised CFR techniques over the past 30 yeaguasachronological order(laeset al.,20104 Tilotta et al.,201G Guyomarc'h,

2011 Guyomarc'het al.,2013 Schlager, 201%

Craniofacial model (CFM)

Method Reference Craniofacial template (CFT) Craniofacial Information (CFI) Craniofacial Deformation (CFD) Target skull representation
Vanezis Vanezis (1989) Single/specific Face Generic/non uniform scaling Sparse/tissue dowels+growth
Vanezis et al., (2000) Single/specific Face Generic/- Sparse/tissue dowels
Evenhouse Evenhouse ef al., (2000) Single/- Face Generic/polygon based deformations Sparse/tissue dowels
Evison Evison (1996); Evison (2000) Single/specific Face Generic/-
Michael Michael and Chen (1996) Single/specific Face Generic/volume distorsion functions
Shahrom Shahrom et al., (1996) Single/generic Face Generic/- Sparse/tissue dowels
Archer Archer (1997); Archer et al., (1998) Single/generic Face Genric/radial basis functions Sparse/tissue dowels
Quatrehomme Quatrehomme (1997) Single/generic Face/skull Genric/radial basis functions Dense/crest-lines
Seibert Seibert, (1997) Single/generic Face/skull Genric/radial basis functions Dense/feature points
Nelson Nelson and Michael (1998) Single/generic Face Generic/local cylindrical coordinate Dense/feature points
Attardi Attardi et al., (1999) Single/generic Face/skull Generic/diffused scattered motion fields Sparse/tissue dowels+extra
Bullock Bullock (1999) Single/generic Face Genric/radial basis function Sparse/tissue dowels+growth
Plasencia Plasencia, (1999) Single/- Face Generic/polygon based deformations Sparse/tissue dowels+growth
Jones Jones (2001) Single/specific Face/skull Generic/- Dense/feature points
Kihler Kilher et al., (2003) Single/generic Face/muscles Generic/- Sparse/tissue dowels
Claes Claes et al., (2004a:2004b);(2005a; 2005b);(2006a;2006 Multiple/generic Face/tissue thicknesses Face-specific/PCA Sparse
Claes (2007):Claes et al., (2010a) Multiple/generic Face/tissue thicknesses Face-specific/PCA Implicit/signed distance transform
Vandermeulen Vandermeulen ef al., (2005a. 2005b) Multiple/specific Face/skull Generic/digital cosine transformations Implicit/signed distance transform
Vandermeulen ef al., (2006) Multiple/specific Face/skull Generic/ radial basis functions Implicit/signed distance transform
Pei Pei ef al., 2004 Single/generic Face/skull Generic/ radial basis functions
Pei ef al., 2008 Single/specific Face Generic/- Dense/ range image
Andersson Andersson and Valfridsson (2005) Single/generic Face Generic/- Sparse/tissue dowels + growth
Berar Berar ef al., (2005a, 2005b, 2006a) Multiple/generic Face/skull Face-specific/PCA Dense/feature points
Davy Davy et al., (2005) Single/generic Face Generic/radial basis functions Sparse/tissue dowelst+extra
Muller Muller et al., (2005); Mang et al., (2006) Single/specific Face/skull Generic/radial basis functions Sparse/tissue dowels
Subsol Subsol and Quatrehomme (2005) Single/specific Face/skull Generic/radial basis functions Dense/crest-lines
Tu Tuef al., (2005):Tu et al., (2007) Multiple/specific Face/skull Generic/radial basis functions Dense/ range image
Turner Turner ef al., (2005) Multiple/specific Face Generic/radial basis functions Dense/crest-lines
Paysan Paysan ef al., (2009) Multiple/generic Face/skull Face-specific/PCA Dense/feature points
Tilotta Tilotta et al., (2010) Multiple/specific Face/skull Generic/ Local semi-rigid Implicit/Extended Normal Vector Fiel
Guyomarc’h  Guyomarc'h,( 2011); Guyomarc'h ef al., (2013) Multiple/generic Face/tissue thicknesses Face-specific/PCA Dense/feature points
Schlager Schlager, (2014) Multiple/specific Face/Skull Generic/ radial basis functions Implicit/signed distance transform
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Figure 2. 2. General workflow of computerised craniofacial reconstruction technidgiless et al., 2010)a
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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 fingergfiat ).
Forensic anthropologists examirettargeskull so as to estimate biological parameters such
asage, sex, pathological influencesd ancestrg. ). Firstly, an anthropological
examination is performed on the target skélg(re 2.2.9.The anthropological examination
resultsaretaken into account when adjusting parameters of the reconstruction.

A virtual copy of the target sku{Figure 2.2.b) is thenobtained by digisation. Acomputer
readable formaodf the skull shape is obtaindadr further statistical processing, depiction and
visualisation. The production of a 3D replica avemkstruction or mutilation of the original
skull and, therefore, possible evidence. The dafibn of a target skull focomputersed 3D
craniofacial reconstruction purposes was fpstformedby ( ) using a laser
scanning systenMore recentlycomputersed reconstruction techniquesade useof a CT-or
CBCT-scanner with became scientifically recogs@id as a practical and accurate alternative
for acquiring a digital copy of the target sk{ili ).

The accuracy of computéased methodlies onthecraniofacial mode{(CFM), while
the accuracy of the CFM relies the anthropological propertied the target skul(Figure
2.2.d). Knowledge about human facial shapes and their relationship to the underlyingskull
acquired froma representative database of living subjgmtsvides the anthropological inputs
needed for the CFMA CFM contains three componeni$:craniofacial template (CFT)i)
craniofacial information@Fl); andiii) craniofacialdeformation (CFD).

A craniofacial template (CFTis a computer representation of the shape of a human
face.Si ngl e or mul t i paneitc@-bE éepresenedeabdlisticviavsoe a
collection of partial features separately (nose, moayhs earg of theface.
In the single template setup, the knowledge of only one reference face is used. The template
can either be a generic/averagea specific individual (similar to the target skull in terms of
age, sex, ancestry) credtieom a database. In a multiplemplate setup, two approaches are
observed. The first or O66specificb6b6b approac!t
head in a database, resulting in multiple reconstructions of the unknown skull. A final result is
generated by combining alhe reconstructions into a single reconstruction. The second or
66genericd6d approach combines the knowl edge

makes a single reconstruction based on that combined knowledge.
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Craniofacial information (CFl) is efined as the explicit information contained in the
CFM, relating faces to the underlying skull subsssa This knowledge can consist of facial
surfaces, tissue thickness skull surfaces and/or facial muscles. For examplé; i
( ) combinedthe facial
surface knowledge with sefiissue thickneesmeasured at 52 anatomical landmarks according
to de Greefand colleagueg ). The accuracy of CFl 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 compbesed CFR methods, is
defined as thamanner by which th€FT is allowed to be deformed or transform&ao
different approacheaffine or rigid transformationcan be applied on templates in order to
geometrically align them with the target skull into the same coordinate systenaffine
transformationis defined as the application of multiple modifications (rotation, translation,
scale and thekew) todeform the facial templat&herigid transformationentailsonly the
application of a translation and rotation to manipuldte CFT.The majority ofrecent
computerbasedmethodsusea generic noiigid deformation(affine transformatioyy which

are mathematically well defined and easy to use.

A reconstruction is obtained by finding the geometrical relationship between the CFM
and the target skylbased on an appropriate choice of skull represent&tionr¢ 2.2.c). The
target skull representation (TSR) is strongly related to the choice of the craniofacialThedel.
skull representation can be parameterised in different ways depending on the §pe

(relationship between soft and hdissues) incorporated in the CFM.

An important step in the computbased CFR methods is the registration process, also
called fitting or matchindFigure 2.2.€). 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 allow®r the measurment ofa similarity, expressing the closenesffit
of the CFT tathe 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 transformatigas coded by the CFD.

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

to generate an estimate of the unknown facial geom&dtigitionally, the reconstructed facial
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shape can be textured (skin colour) and viguapresented~igure 2.2 f) in order togenerate

images for further distribution and recognition

The computesed reconstruction techniqgue must be validated forsatitn 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 corbpaest CFR method
can be assessed by estimating thean squarederror (MSE) using leav®neout cross
validation (LOOCYV) testing. A recognition test can be performed by comparing the CFR result
with a database of candidat@scluding the actual person. The goal is to retrieve the actual

person from the database.
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2.13.1. Computerbased CFR methods of nasal reconstruction

Recent ll mintda c o [(20)aagnudecsh | €D tevel oped complt
assisted methods for the predicti ojfbacsfedt hoen s
conventional c o mp ut eCGomparedmatlgmaaual mgthodsCalitpmason a n' s .
of facial approximation offers increased objectivity and the possibility of stasdtodi
(Gu y o matralk, ZD1Y). Computerbased CFR methods of nasal reconstructiopeasented
in Table2.2.
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Table 2.2. Computetbased CFR methods for nasal reconstruction.

. . . . . . . . . . Meaningful ~ Suppination
Method Reference Sample Slice thicknessVoxel size Landmarking Region of interest (hard-tissue) Region of interest (soft-tissue) . .g PP
region of interes  effect
Tilotta Tilotta et al., (2008) CT-scan/European 0.7 mm - Manual External nose and nares  Nasal superior and inferior (patches) X \%
Schlager  Schlager, (2013) CT-scan/European/Chinese0.7-1.5 mm - Manual External nose and nares Nasal superior and inferior Vv Y
Guyomarc'hGuyomarc'h, (2014)CT-scan/European 0.7-1.5 mm - Manual Face/Facial features/External nose Facial skeleton \% \%
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Tilotta (Tilotta, 200§ Tilotta et al., 2010 published a method for an automatic patch
extraction and surface estimatiosing EuropeanCT-scans The estimation is locaed on
hard and softtissue patches delimited bgurface geodesics between four anatomical
landmarks on the skulhasion, rhinion, anterior nasal spine, nasospirfat® able2.3 for the
definition and the reproducibility of the landmarks usétie technique relies on a continuous
representation ohe individual surfaces embedded in the vectorial space of extended normal
vector fieldsallowing to compute deformations and averages of surfabesmethod consists
of estimating the softissue surface over patches delimited by surface geodesics between
anatomical poirgof the skull.In the Tilotta approachlilotta et al.,2010), the main bias is the
utilisation of a norbiologically meaningful region as a regionioferest. Indeedn the Tilotta
approach(Tilotta et al., 2010, the rectangular region is based on geometriaher than

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

Schlage(Schlager, 201)3provides a new approach of predicting nasal soft tissue shape,
based on the shape of the underlying boyasing a large database of European and Chinese
CT-scans. This approach involves the definition of a biologically, hence anatomically,
meaningful sbstructure by extracting shape information usarmgimarks and ser@ndmarks.

In Schlaged §Schlager, 2013 study, 14 craniometric landmarks (nasospinale, subspinale,
nariale, nasomaxillofrontale, maxillofrontale, nasion, alare, nasomaxillare, rhimon}l%
capulometric landmarks (nasad¢pth, sellion, pronasale, mibstril, alarcrestsub, alaicrest

lateral, alagenion, erdf-alarcrest) placed manually on the nasal comgeeTable2.3 for

the definitior). The main directive is to find the statistical interrelationship betweeissiie

and haretissue implying a large database for building statistical models, estimating the most
probable softissue shape, based on the known Himslie informationThis method takes into

account the cwariation of soft and hard tissue and the effect of age, sex and ancestry on the
morphology of the nosélthough Schlager provides a very promising approach for predicting

nasal softissue shape for the European and €bapopulationsnly,t he use of conv
CT scans as initial references is influenced
position of the pati enht mahualpiacegents of tandmarks gn I n
large 3D surface samplesay induce important observer subjectivity and errors in placing the
landmarks rendering the analysis less repeatabl8chlager approactchlager, 201)3 the

subspinal (craniometric landnkdrand the nasal depth (capulometric landmark) have shown
important observer errors ( > 2 mwjth a manual placementThe reproducibility of the

landmarks used idetailed inTable 2.3.The manual placements of landmarks on large 3D
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surface samples dead from CT scans affect the objectivity of the standardisation, and by
extensionthe accuracy of the nose approximation process.

More recentlyGu v o mgG wcyodma r c;&Glo y o leetiak, 20h4) presereda
new computeged method for estimatinfacial shapeébased on computed tomography (CT)
scans of 500 French individualsferred to as the Anthropological Facial Approximation in
Three Dimension (AFA3D)A holistic approachwas followed, incorporating geometric
morphometrics (GGM) and statistical modelgh FSTD and facialfeature estimation to
produce a cloud of 100 cutaneous landmarks that are transforméaciatshapehrough the
warping of a single generic template. In this stuayrelations between the external shape of
the nose and the underlying bone structueeaassessed using GMNMA setof craniometric
landmarkgnasion, midnasalrhinion, nasomaxillofrontale, midasomaxillare, nasomaxillare,
apertion, piriform curvat@, akanthion, nariale, nasospinale superior, subspireaiel)
capulometric landmarkgpronasale, inferonasale, midseption, subnasale, external alar
curvature, superior alar curvature, alagenion, alare, alacrepidon, seption) were manually placed
on the hardand softtissuenasal complexseel able2.3 for the definitionthe landmarks used)
Al t hough Gy g manc 0h@U(y oZnlabtlald 2014 provides a very
promising approach for predicting nasal sefsue shape for the Frenicldividuals only, as for
the Schlager approach, the manual placement of landmarks on large 3D surface samples derived
from CT scans affesthe objectivity of the standardisation, and by extendiwms accuracy of
the nose approximation process. Indeedhemapproach obu y o ma@ wcydochmer c¢;0 h 20
Gu y o meatralk, 2D 1Y) , 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 thalare, have shown important observer errors ( > 2 mm) with manual placement

on CT scan surfaceS he reproducibility of the landmarks used is detaileddhle 2.3
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Table 2.3. Definition and reproducibility of landmarks (craniometric and capulometric) uséddiya and colleague008; Schlagei(2013 a n d

Guyomar c(

Landmarks Definition . Method - Observer errors on CT-scans
Tilotta Schlager Guyomarc'h

Craniometric  nasion Intersection of Sutura internasalis and Sutura frontonasMisliine point on the nasofrontal suturé \ \Y \% <lmm
rhinion Midline point at the inferior free end ot the internasal sultré \% \Y v <lmm
anterior nasal spine End of the anterior nasal spiﬁe \2 /
nasospinale Tip of spina nasale anteridr \Y <lmm
nasospinale superior  Midiine point on the inferior border of the piriform aperture at the intermaxillary shitre \% \Y 1-2mm
subspinale Transition of frontal downward edge of the Spina nasalis anterior into the processus afVeofarier midiine point at the maximum of curvature of the nasal spine \Y \Y 2-3mm
nariale Beginning of the transition of the lower border of the Apertura nasalisinto the structure of the Nastsyirstiénferior point of the piriform apertufe \Y \Y 1-2mm
nasomaxilofrontale Intersection of Sutura frontonasalis and Sutura nasomaxil&isint at the intersection of the frontal, maxillary, and nasal bbnes \ \ 1-2mm
maxilofrontale Intersection of Sutura frontomaxillaris and the Anterior lacrimal éteBbint at the intersection of the fronto-maxilary suture and the anterior lacrimal crest \Y 1-2mm
alare Most lateral positions of theapertura nasalis \% 1-2mm
nasomaxillare Distal end point of the sutura nasomaxildfislost inferior point of the nasomaxillary suture on the nasal apénure \% \% 1-2mm
mid-nasal Midline point on the internasal suture midway between nasion and rhinion \% <lmm
mid-nasomaxillaire Point of the nasomaxillary suture between the nasomaxillare and the nasomaxilofrontale \Y 1-2mm
apertion Most lateral point of the piriform apertute \Y 3-4mm
piriform curvature Most infero-lateral point of the piriform aperture \Y 1-2mm
akanthion Most anterior midiine point of the nasal spihe \Y <lmm

Capulometric nasal-depth Most medial point of the transition nose/éye \Y >2mm
sellion isSoft-tissue Nasiono \% <1lmm
pronasale Most anterior point on the tip of the nosé Y Vv <lmm
Subnasale Point of maximum curvature at transition of phittrum and colurfielost postero-superior midline point of the nasal septum (maximum of cunfé\ture) \% \% 1-2mm
mid-nostril Midpoint of maximal nostril width - projected on the transition nostriphittfum \Y <lmm
alar-crest-sub Alar crestat the most downward point of the Alae \Y <imm
alar-crest-lateral Alar crest at the most lateral downward pgint \Y <imm
alagenion Most posterior point of the Alar cre§tMost posterior point of the nasal wifig v v 1-2mm
end-of-alar-crest Upper anterior end point of the alar crést \% <1lmm
inferonasale Most antero-inferior midline point of the nose \Y 1-2mm
midseption Midline point of the columella between the two nosttils \% 1-2mm
external alare curvature Most anterior point of the nasal wing at the maximum of curvature \Y 2-3mm
superior alar curvature Most superior point of the nasal wifg \Y 2-3mm
alare Most lateral point of the nasal wirlg \Y 2-3mm
alacrepidon Most inferior point of the nasal wing in anterior viéw \Y 1-2mm
seption Medial point of the nostril, at the smallest width of the nasal sei)tum \ 1-2mm
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2.2.References used in craniofacial reconstructiomethods

2.2.1.Introduction

The reliability of the craniofacial reconstruction method depegsatly on the
characteristics of the reference sample useatlitionally, CFR methods useddcial soft tissue
thicknesses (FSTTreferenceswhich aretypically measured at sparsely located craniofacial
landmarls. FSTTprovides a quantitative description of thenvelope ofoft tissue around
the skull Gtepharet al, 2018, andthis tissue depth thicknesan be measured using a variety
of techniques $iephan& Preisler, 201pincluding 1) insertion of needles or bladestan
cadavers \(Velcker et al., 1883 His, 1895 Kollmann et al., 1898 Suazoet al., 2008 ; 2)
radiography/CT Dumont , 198pBulut et al., 2014 Garlie & Saunders, 199Hwanget al.,
2012 ; 3) magnetic resonance imagirtge(niet al., 2002 Sahniet al.,2008 Sipahiogluet al.,
2012), and4) ultrasound lfielmer, 1984 Baillie et al.,2016).

Theuse of cadavers foecordingsofttissue thicknessdss been extensively criticised
in the recent craniofacial identification literaturglgnheinet al., 200G Wilkinson, 2002
Wilkinson,2004 De Greefet al.,2005 Vandermeuleret al.,2006 De Greefet al.,2009 Lee
et al., 2011, Chenet al.,2011). Poor relationships habeen reported between cadabesed
and in vivo measurementsissue deformatiodue topostmortem changesl¢dd & Lindala,
1929, namelydehydration and shrinkagas wellswelling with the onset of putrefactigmave
been thought to be responsible for the discrepanthesefindings

Recent developments in digital imaging techniques have resulted in the collection of
large databases of 3D representations of-rerdsoft-tissues of the fac&he accuracy of the
tissue depth datas well as the development of researchtherstatistical relationship between
hard and softtissue, was greatiynprovedwith the arrival of in vivo, nofinvasive databases
(Vandermeuleret al., 2006 such as lateral cephalometric radiography, ultrasotisd(er,

1984 Balllie et al.,2016), magnetic resonance imagirige(1niet al., 2002 Sahniet al.,200§
Sipahiogluet al.,; 2012, CT- and CBCTFscanning l[Dumont, 1986 Garlie & Saunders, 1999
Tilotta et al., 201pHwanget al.,2012 Schlager, 201,3Gy o0 ma et al.p2814 Bulut et al.,
2014, providing very detailed information about the structures represdrésearchers in the
field of 3D computeiassisted methods for CFR utilise these sources of information to improve

objectivity in the reconstructioprocess by mainly the creation of apgches using living
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specimengVaneziset al.,1989 Vanezis and Vanezis, 200Bvenhouseet al.,1991; Evison,
1996, 20Q; Michael and Chen, 1996&hahronet al.,1996 Archer, 1997 Quatrehommet al.,
1997 Nelsonet al.,1998 Forte, 1999Bullock, 1999 Jones, 2001Kahleret al.,2003 Claes

et al.,2004a, 2004b, 2005a, 2005b, 2008@06b, 2007, 201Qh/andermeuleret al., 2005,

200%; Anderssor& M.Valfridsson, 2005Beraret al.,2005 20063, 2006k Davy et al.,2005

Muller etal., 2005 Manget al.,2006 Subsol& Quatrehomme, 200Tu et al.,2005 Turner
et al., 2005 Pei et al.,, 2008 Paysanet al., 2009 Tilotta et al., 2009 Schlager, 2013
Guy o metak,Z0h4 Leeet al.,2014 Ridelet al.,201§ .

2.2.2.CTscans

Compute-based CFR methodsor t he prediction of the e
conventional comput e (Figuwee B.oGpmputedhtymodraBhla)Jso s c an s
originally called computed axial tomograplpyoduces the complete image volume of an object
from a large series of twdimensional Xray images taken around a single axis of rotation. In
a conventional CT, there is anrgy source, mounted on a rahle ring, and a line of detectors
on the opposite side of the ring-rays are emitted at the source, pass through the object, and
are recorded by the array of detectors, while the ring rotates at theiseem€&€he object itself
is placed on a table thenoves along the rotatiahaxis (Figure2.3.8). Information about the
interior of the object comes from information on the attenuation of radiation resulting from
absorption and scattering caused by the ob{eciure 2.3.b,0). For a more technical
descriptios of CT seeGonzalest. Woods(2009; Brant& Helms(2012) andOppelt(2011).
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Figure 2. 3. Computedtomography scan. a) G3canner; b) Xay beam; c) Slice; d) 3D image.
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2.2.3.CBCT scans

Cone BeanCT isamorerecent technologysed for CFRFigure 2.4). In the literaturg
howeveronly one manual CFR method for the prediction of the sisased on CBCT scans.
Furthermore, noeports regarding eomputerbased CFR method for the approximation of the
nose using CBCTFscans for the acquisition and extraction of the relevant anatiostrigeture
could be foud. Cone BeanrCT imaging is accomplished by using a rotating gantry to which
an X-ray source and detector are fixed. A divergent pyramioiaiconeshaped source of
ionising radiation is directed through the middle of the areant#rest onto an arearay
detector on the opposite side. TXeay source and detector rotate around a rotation fulcrum
fixed within the cent of the region of interegt-igure 2.4.4). During the rotation, multiple
(from 150 to more than 600) sequenfiknar projection images of the field of view (FOV) are

acquired in a complete, or sometimes partial(are )

This procedure varies from a traditional medical CT deveralreasons. Firstly, the
traditional medical CT uses a fahapedX-ray beam in a helical progression to acquire
individual image slices of the FOV and then stacks the sficesire 2.4.b) to obtain a 3D
representation(Figure 24.0). Each slicerequires a separate scan and separate 2D
reconstruction, while CBCT exposure incorporates the entire.FQWy one rotational
sequence of the gantry is necessary to acquire enough data for image reconsthepatient
is thus also exposed to a reduatmbage of radiationA further advantage of CBCTas
compared to Cllincludes higher spatial resolution (0.1 mm to 0.4 mm) and isotropic volumetric
data for the accurate placement of 3D landm&érks ¥ Finally, during a
CT-scan, the p&nt is ina supine position, while during a CBCT scan acquisition, the patient
IS inaupright position and the scanner rotates around the tdsch minimises gravitational
effects on softissue deformationsUnfortunately, asfor the previous studies on the
approximation of the nose using &¢an, the CBCBcans analysed in thisesisdo not contain
any information whatsoever related to thedy mass indexBMl) of the scanned individuals.
However, ecent publications by ( Y imply that there is no evidence
that tre facial region is affected by the BMassoft-tissue thickness measurements regarding

the nose are not dependent on BMI.

34



Figure 2. 4. Conebeamcomputed tomography. a) CB&Eanner; b) Cone beam; c) Slice; d) 3D image.
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2.3. Anthropological examination

2.3.1.Introduction

Ignoranceof population specificities in current facial approximation techniques, used
by theVIC (Victim Identification Centrgof the SAPS|imits the objectivity and accuracy of
the reconstructioperformed Recent studies on the facial approximation of the nose among
South African groupsHidel et al., 201§ and on other European and Asian populetio
(Schlager, 201); demonstrate the importance of considering factors such as sex, age and
ancestry in the approximation of the nose. The failure of consideratimolofical parameters

when developing approximatisrwill impactonthe accuracy of thignal 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 importapicgsical
anthropology The skul] houses and protects the brain and accomodagesenses of sight,
smell, taste and hearinghe cranium can be divided into the neurocranium (the cranial yault)
which encloses the brain and meningesl the viscerocranium (the facial skeletomhich
contains the organs tife variousense. The osteology is usually described from five standard
perspectives, namely the normexticalis (vertical view), the normiateralis (lateral view), the
normaocciptalis (posterior view), the nornfaontalis (anterior view) and the norrbasilaris
(inferior view). The morphologicadtructure of the cranium is dependent on transformations
related toboth ontogeny andgenescencen this study, only the splanchnocram (the facial
skeleton) will be considere@-igure 2.5.2), comprising:the nasal bones; thenteriornasal
aperture; the zygomatic bone; and the mail(\White et al., 2011). The convention used in
orientating the skull is the FrankfustorizontalPlane (FHP) which is defined by three points:
the right and left porion points (located at sfuenmitof each external acoustic meatus) and the
left orbitale (located at the bottoof the left orbit).
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2.3.2.1 Facial skeletoranatomy.

The nasal bone§-igure 2.5. ¢ arelocatedon either side of the midline below the
glabellar region of the frontal boneith their inferior ends forming theuperiommargin of the
anteriornasal apertureV(hite et al., 2011). The nasabonesarticulate superiorly with the
frontalboneswith each other medially, with the frontal processes of the maxillae latarally
with the ethmoidbonesposteriorly. The anterior nasal apertu¢eigure 2.5.d) is piriform in
shapewith the nasal bones delimmg its upperoundarywhile the lowerboundaryis formed
by the maxillae (Standringet al., 2000). The maxillae (Figure 2.5.9 form the dominant
elements of the facial skeletdfunctionally the maxill& accomodatéhe tooth roots and form
most of theboundaries of thaasal aperture. Therticulatewith the zygomaticbonesandthe
nasalbones The zygomatic bonegrigure2.5.b) form the prominent corners of the face and

articulate with the frontal, sphenoidal, temporal and maxillary bones

Zygoma

Maxilla

Nasal bones Anterior nasal aperture

Figure 2. 5. Anatomical description of the hatbsue regions ohterest. a) midacial skeleton; b) zygoma; c)

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

The external nose extends the nasal cavities onto the front of the face and positions the
nares so that they point downwaifithe nosds pyramidal in shapewith its apex anteridy.
The upper angle of the ng&®tween the openings of the orbisscontnhuous 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 bongarttly of cartilage. The supporting
bony parts arocatedwhere the nosis continuous with the skull and is composed of the nasal
bones and parts of the maxillae and frontal bones. Anterisingle septal cartilage in the
midline forms the anterior part of the nasal septume@ch side, support is provided the
lateralprocesses of the septal cartilatiee major alar and three or four minor alar cartilages
(Figure 2.9. 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 opémebsurrounding 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 @l&s depressor septi nasi, and levator labii superioris
alaeque nasiStandringet al.,2009; White et al.,2011).

Lateral process of septal cartilage

Superior margin of septal cartilage

External nose

Figure 2. 6. Anatomical description of the selfissue region of interests. a) external nosetangs.
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2.3.3.Previous stugkson rasal shape variation

Nasal shape variation results from the divergeoiwth and development of the human
craniofacial skeletarGrowth of the components of the craniofacial skeleton are interdependent
and areinfluenced by multifactorial processes involving hormonal, genetic and epigenetic
factors as well asxternal stimuli (soft tissue growth, dental maturation liethechanical
factors) ( ( X ( ;

; ). Duringcraniofacial development, from birth to death,
the morphology of the nose is influenced by the remodelling of the underlying skeletal structure
( ), emphasiingthe fact that the components of the nose cannot be considered
asindependenelemens 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 { ; ). These variations present a ¢bage for facial
reconstructia. Hfective techniquestaking into account the effects @ncestry sexual

dimorphism andging on the morphology of the ngseed to be developed.

2.3.3.1. Ancestry

The estimation of ancestry is based onghe o gr ap hi c al origi.n of

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 Africal€

). From 1913 to 1983, approximately 60 segregation acts were implemented to
control and to segregate the populations of South Africeni ; ).
These segregation acts concerning radtuenced employment, education, land tenure and
geographyinterracial marriage, political representation and state security. The geographical
separation of socially defined groups inhibited gene fl@sulting indistinct morphological
variation betweemncestragroups still existingamong South African papationgroups The
three largest socially identified population groups are Black (80%) uéamq9%), and White
(8%) (: )5In thisthesis only two South African groups (black and
white) werestudied and the terniblacko andfwhited SouthAfricansareused as these social

terms are required wheaporting and describing missing perso(t )%
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While no discrete pattern of biological variation exists among humans, clinal
morphologi@l variation which is often driven by social and cultural aptitudegbserved in
geographical distances!{ 1 ; )

). The influence of environmental factors on nasal shape hagleesinstrated 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 ati@pby reguléing air temperature in
order to protect the lungs froextremetemperature and excessidessication

; ; ). (

) demonstrated that the morphological variability among population groups is
quantifiable and may baseful in order to provide a probable classification of an unknown
person. In forensg estimation ofincestryirom unknown skeletal remains is important to the
development of a biological profiléi¢ ). ( )
have demonstrated that the South Afriednte populatioris osteologically distinct from their
European counterpartrom the recent literatureljstinct differences in midacial size and
shape have already been observed among all South Africans dqroaps ;

4 ). Indeed, in several osteometric analyses, some
discrete traits from the mithce, such as nasal width, intabital breadth, nasal bone structure
and alveolar prognathism have betown to have a significant relationship with ancestry for

South African group$ ; : )-

Variation in nasal hardand softtissue morphologies has been described in other
populations asvell ( ); for instance, a difference of harand softtissue nasal
shapes between Chinese and Europpapslations While the nasal complexes in Chinese are
smoother and incorporated into the skull, the European nasal shapes are quit@rgromin
( )3 In the craniofacial reconstruction literature, no reseaahfocused othe
development of methodsr predictionof the nosetakinginto account the ancestrglated
shape changesThe failure of consideration of ancestral vadati when developing

approximation approachgsay impacbonthe 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 faee involve changes in their shape and,szevell as
their relative position within the craniofacial complex systémK ;
f ; JL During growth, the skull evolves through
two simultaneus and interrelated processes: modelling and displacements of the skeletal
components. In general, the adult face shows downward and forward growth diréttians (
) due to the bone growth dynamics of the facial ske|stach as the resorption of the nasal
area, the canine fossae and the inferior margin of the zygoregion.During adulthoodand
with advancing agehe remodelling of the underlying skeletal structukén¢ )
and changes in the facial musature (e.g. gravity and hyperdynamic facial expressions effects)

may influence the morphology of the ndg¢ ).

In general, the studiemthe change in morphology with agencentrate on the analysis
of classical metric data’{ ' ) and/or additional volume and
area measurementsf( ) of the softtissueof thenose. These studies report the
prolongation andhewidening of thenose (increase of nasal breadth and lengih

‘I
\

)

; ) and a change in anglesf( ). Only
two studies, one on a French sampie( ) and one on a Chinese and a
European samples( ), demonstrated the presence of -agiated changes of the

nasal softissue dimensions in human adults usggpmetric morphometric analysi$he
results are consistent with previous studiesng classic anthropometric methods. Schlager
( Bfound differencesin the ageingchanges in the nasal featurbstween
populations (Chinese and Europeamhich could be explained by general shape differences:
as the tissue weakens with agefollows gravity downwardsThe effect ofgravity with
advancing agés presentin all populationsand has areffect on thegeneral shape change,

independent of population differences.
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2.3.3.3.5ex

Accurate sex estimation is based iaterpreting and quantifying the expression of
sexual dimorphism in a populatiohd( ) ). These questions are
of basic anthropological interesis they can provide information about human patterns of
sexual selectionAt 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 earliein females than in malgesreating a significant sexual dimorphism in many
body measuresTherefore variations in the dimensions of the nose are not unexpected
( i f JL In recent literature on this

topic, methods of standard morphometrics are used, based on distances and angles (see for

example ] ) ) or softtissue
thickness ( ), that address a link between asymmetry and facial masculinity
( 1 : ). 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 gérsam

). In the literature, only one metti, developed by ( ) on a Chinese and
European samplenvolves geometricmorphometrics hang been applied to these issues for

nasalreconstruction purposes.

Schlager( Bfound that the expression skexual dimorphism inthe
variation of the shape of the nose among Chinese and European groups seems to be influenced
statistically byancestry but he emphasiseéhbat, from a biological point of viewthis influence
is small. However, he demonstrated that the amount of asymdifédrg significantlyin both
groupsbetween sexes, both in haahd softtissue supporting the hypothesis that asymmetry
is linked to faciaimasculinity ¢ ) ). In the South
African research context, distinct differences in facial skélebrphology (size and shape)
between the sexdwmve been demonstrateadmany research studi€¢s

), using standard morphometric methodse3dstudesdemonstrate that sexual
dimorphism may be less pronounced in the black South African population than in other groups
(white and colouredj ; ). Fromthe literatureno
studies could be found concernitige analysis of sexelated shape changes of the nose by

means ofjeometricmorphometrics among South African populations.
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2.4. Approach proposed in thisthesis

The main critiques of current facial approximation techniques, which are used in South Africa,
are (1) the inherent subjectivity in manual metho(@s) the references use(3) the lack of
standardiation, (4) the nonconsideration of population specifieis, and(5) the poor
correlations between facial bony structures and facial soft feaflineses factorBmit the

objectivity and the accuracy of the estimation.

Facedwith the inherent subjectivity in the 2D/3D manual methods in CFR, an
automated thredimensional (3D) methgdndepewnlent ofany forensic artigt interpretations
was developedvioreover, in order to improve theliability of the CFR method, great care was
taken to select the reference sample ubethis study, in vivo one beam CBCEcans were
used nstead of using cadavers, ultrasound, MRI orS€an references for the acquisition and
extraction of the relevant anatomistlucturesDu r i ng aaquisitBrC Tt he pati ent
upright positiora n d t hnee nraocthait ehse aadr,o ucnadp ttuhrei n gs h amaegeke s
X-r ay [bleeaconstruction of a large and reliable database using in vivo GB&ining
compared to other conventional referef@ses(cadavers, ultrasound, MRI or €&Eans)
allowedus to have access to accurate living daxtaluding anypossible gravitational effect on
soft-tissue deformationg he CBCTFscans also providagher spatial resolution (0.1 mmto 0.4

mm) for the placement of 3D landmarks on 3D surfaces.

The mainaim of this thesisfollowing the tends of the recent research to improve the
standardiation in the facial features approximation procest propos@n accurate automatic
placement of landmarks on 3D surfad@sntray to the previous recentsearch on nasal shape
approximation usg a manual placement of landmarks, an automatic dense landmarking

procedureusing a norrigid registration processvas used

In addition,unlike current facial approximation techniques used in South Africat grea
care was taken in this research to consider population specificities and correlations between
facial bony structures and facial soft featurbg the quantification and visualisation of
covariance between the nasal complex shape variations and factorsssage, size, sex and

ancestryusing GMM
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Statistical modelsare neededhat allow for establishing the statistical relationship
predictors (hardissue shape, age, sex aadcestry and response variables (sbfisue
information). The evaluationmna application of different statistical modelling procedwes
performed,in order to obtain an optimally adjusted prediction algorithm. This indidie
finding of an optimal amount of variables and factors in order to achieve reliable prediction
resuts for unknown cases. Finally, the methodolaggs applied bypredicing an unknowm
hardtissue which is not from the initial databadeut with known relatedsoft-tissue surface.

The main elements of the approach proposed irtibEisas compared to the actual computer

based CFR methods of nasal reconstrucaos reported ifable2 4.
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Table 2.4. The approach proposed in this thesis as compared to the existing cobga#drCFR methods of nasal reconstructions.

Method Reference Sample Slice thicknessvoxel size Landmarking Region of interest (hard-tissue) Region of interest (soft-tissue) Meamqgful Suppination
region of interes  effect

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

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

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

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 dhis thesiswasto provide an accurate computssisted method
for the prediction of the nasal sdissue shapefrom the morphological featuresf the
underlying skull substratahe development of this method relied the creation of sound
statistical modelswhich estimae the mostprobable softissue shap&om the known hard
tissue informationTo this enda large CBC¥scan database was establisieammprisingtwo
hundredandsixty adult South Africansollected from different institutions located in Pretoria.
The main methodology used to collect 3D haathd sofitissue shape data involvean
automatic landmarking procedure. The validation of the automatic landmarking procedure is
providedin Chapter4 fAutomatic landmarking as a convenient prerequisite for geometric
morphometrics. Validation on cone beam computed tomography (EB&Ed shape analysis
of the nasal compleX while the complete workflow is detailed in thikapter. he statistical
approacthin this chapterinvolvescalculaton of statistical models, based on the hadd soft
tissue shape information and the additional factors (age, size, sex and ancgstrgeometric
morphometris. Further statistical procedurespplicable to theanthropologicalaspects

statistical modelling and crosslidation testing are described in thigpter.

A preliminary analysis described in ChapgefSkeletal dimensions as predictors for
the shape of the nose in a South Africamgiz: a conédbeam computed tomography (CBCT)
studyo was per f orampld of 420 Sauth Aftcan individuals (B8 years),
extracted from this CBG&can databasevhich allowsfor characterigg the morphologal
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differences among Soukfrican groupsusing linear measurementss one of our objective

was to find the statistical interrelationship between the-hand sofitissue of the nasal
complex attributed ancestrgex andage, statistical modelsvere needed to establish the
statstical relationship predictors (hatdsue shape, ancestry, sex, age and size (allometry)) and
response variables (sdfssue information). Therefore, an evaluation and a quantification of
shape differences attributed to known factors (ancestry, sexarat size (allometryand
covariatesvasperformed on the complete CBCT sample, both on-rend softtissue shape

using GMM. The results of this analysis arecdssed n  C h aShdpe analy8is dfithe nasal
complex among South African groups from €Beam Computed Tomography (CBCT) using
geometric morphometdic 0 The validation of pusindcrass i on
validation testing with the calculation of the Mean Squared Error (M&#f)g leaveoneout
crossvalidation (LOOCV) Theresu t s ar e d e s c rStatistea madels focPoatip t e r

African nose reconstruction .

3.2. Materials

The materiad used in thighesisconsistedexclusivelyof CBCT-scans of adult South
Africans. The data acquisition (collem and general proprieties) and the distribution of age,
sex andancestry(complete samplehlack South Africarsamplewhite South Africarsample)

are described in the following sections.

3.2.1.Data acquisition

The data used in thithesisoriginatel from CBCT-scansas retrospective records
collectedattwo institutionstheOral and Dental Hospital, University of Pretoria, South Africa
andtheLife Groenkloof Hospital, Pretoria, South AfricBhe datavereanonymisedandonly
age, sex andncestryused in the further analysig order to standarse the acquisition, all
subjectswere 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 conditiond,dagrametry
or any facial interventional reconstructive surgerd® the scope of thighesiswas not

concerred withthe analysis of ontogenetic processesy individuals between 18 and 80 years
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of agewereselectedThis resulted in 200 usable dataséils.cone beam computer tomography
scans used in this research were obtained using a GB&iner (Planmeca ProM&x 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 mnCBCT images in DICOM format were imported into
MeVisLab®© v. 2.7.1software for segmentatiaand 3D surface mesh generation.

3.22. Distribution of age, sex arahcestry

The average age of the complete sarm@s40.51 years. The database corgdiR00
individuals of which 10@vereblack South African§33females, 6 ales) and 10&erewhite
South Africang65females, 3Bnales) Figure3.1). The averagageof theblack South African
samplewas 36.07 years, with females being slightly older (39.45 years) than males (34.40
years) Cigure 3.1). Individuals in thewhite South Africarsulbsamplewereslightly older in
average compared to thdack South Africansubsample. The average of théhite Suth
African groupwas 45.01 years, with females being slightly older (45.78 years) than males
(43.60 years)Higure3.1).
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Figure 3. 1. Age distribution of sample bgncestragroup
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3.3. Methods

The automatic landmarkingnethodproposedwas from the proceduréntroducedby
( ) ; ). The basic conceptvolved usinga reference
templatgfloating surfacedf the anatomical surface of interest, containing a dense set of(quasi
) landmarks. These (quasiandmarks are a dense equivalenthad traditional anatomical
landmarkswhich are sparse, discrete and wddfined During the anatomical templating
process, this reference template is warped-ngdly to the anatomically corresponding
surface(target surfacedf each subjectThe nonrigid (robust) surface registration feware
used for this warping was developesing the MeVisLab © v. 2.7.1 softwaf®
). The warping is performed iteratively starting with a rigid alignment, followed by
gradually more flexible registration steps. At the same time;nmaohing 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 (guisidmark of the template is projected otite
surface ofevery subject, thus establishingdanse poinrbased anatomical correspondence
between all subject¥he complete workflowincludingthe data processing (segmentation and
construction of surface meshes), tearface mesh initiadation, the nosfrigid surface
registration process aride template generation process, is detailed in the following secitbn
illustrated in~igure3.5. Landmarkgcraniometric and capulometriahdthesoftwareprograms
(modules on MeVisLal® v. 2.7.1 and packages fdR. studiosoftware version 1.0.4@2009
2016 for Windows R Core Team, 2012used 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 observedanalogouso a commomadiographidmage: the lighter the grey valubge
denser the intrinsic structuaé the tissueBased on an initially definegrey value threshold
and given all the different layers, MeVisLab © v. 2.7.1 software program estimdteee
dimensional representation of the object in question. Asn@sslealing with distinct slices,
the space between themdh® be interpolated by the software. A pess 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- (Aaddsoft
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tissue) were obtained by finding the thrdsheoalues between segmented components
according to the AHalf Maxi mum Heighto (HMH)
( ). For thisthesis threshold values for hattissue varied between 120250

and for the softissue betweed00-450. The segmentation process is illustrateéimure 3.5.

a.

After segmentation of hardand softtissues, 3BEtriangular surface meshes were
constructedTriangular meshes consist of a finite humber of connected triangles, forming a
threedimensional hull representing a solid objetl{ ). In this way,400
usable 3D surfaces (200 hatigsue 3D surfaces and 200 sidsue 3D surfaces)ere created

for further analysis and manipulations.

3.32. Surface meshnitiali sation

Surface mesh initialisatiorefersto the repositioningof all the surfaces intthe same
coordinate syster(-igure 3.5.0). Prior to registration, the floating surfa@egure 3.2. &) is to
be brought into the vicinity of the target surfg€egure 3.2.b) by repositioning the floating
surface, using an affine transformation, into the coordinate system of the target Gtdiace
3.2.0). Inthisthesis the initialsationwasperformedmanually by indicahg a set of landmarks
on floating and target surfacesorder to interactively rotate and translate the surfaces to bring
them intoproximity of each otherThe definitiors, abbreviatios, nature and type of landmarks
used fo the surface mesh initialisation are indicateddrnle3. 1
For the initialisation,five landmarks ¢ne bilateral:porion, and three medianrhinion,
nasospinale prosthior) wereindicated on the hartissue floating and target surfacasdseven
landmarksthree bilateralexocanthionendocanthioncheilion and one mediamronasal¢on

the softtissue 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
Rhinion rhi

Nasospinale ns

Prosthion pr

Capulometric Exocanthion ex'
Endocanthion en'

Pronasale pr'

Cheilion ch'

Bilateral Most superior point on the upper margin of the external auditory meatus.

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

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

Bilateral Most lateral point of the palpebral fissure, at the outer commissure of the eye; best seen when subject is gazing upward.
Bilateral Most lateral point of the head, located in the parietal region.

Median The most anteriorly protruded point of the apex nasi. In the case of a bifid nose, the more protruding tip is chosen.
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 pdime fibatingsurfaceinto the
coordinate space of the target surfaldee nonrigid surface registratioresults are dependent

on the quality of this initialisation procedure.

Floating Target Initialisation

Figure 3. 2. Surface mesimnitialisation procedure. a) harénd softtissue floating surfaces; b) harand soft
tissue target surfaces; c) haahd softtissue initialised surfaces. po: porion; rhi: rhinion; ns: nasospinale; pr:

prosthion; exd: exocdnt promasah@&; emdocamehiloon. pr
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3.33. Nontrigid surface registration process

Surface registration refers to the establishment of the geometrical relationship between
two or more surfaces( ) that aligns the surfaces a®ll as possible. All surfaces in
the database have to be registered-mgidly 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 samaumberof 3D points with the same connectivity. For this, the 3D points with
known connectivity of a carefully constructed generic referesundace (initial generic
template)are mapped onto tiseirfacesn the database by finding dense point correspondences.
The result is that every facial surface in the database is represented by thausdreeof
points with the same connectivity, sytiat for every point on one surfadke corresponding

point on every other surface in the database is known.

3.34. Temphte generation process

The reference templatese created in an iterative fashion, akin to the generation of the

mean shape in a Generalized Procrustes Superimposition (GPS) prag¢éedure .
), the main difference being the insertion of a pomtrespondence establishment

stepdeterminedy the norrigid registration process. Starting from an initial generic template,
this template is iteratively updated as the GRéan, till convergence, thidiminatingany
possible bias in the selection of the initial generic surfaces. Aspadalyct of this template
generation procegtemplate) every individual (@uarpedsuraees)has b«
every point on thesearpedsurfaceds asso@ated 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 subsequenfTsepemplate

generation process is illustrated-igure3.5. ¢,d

3.35. Anatomical templating

As themain interest of thishesisis finding a quantitative approach to estimate-soft
tissue shape from information given by the underlying bone strudanfeemation encoded in
3D-surface representations has to be extracted and made comparable. The approach taken is

that of landmaribased geometric morphometrics, which exploit thentire geometric
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information encoded within landmarks. Therefore, edmark coordinates are recorded
within a common coordinate systefar further analysis.The anatomicaltemplating is

illustrated inFigure 3.5. e f.

3.35.1 Landmarks

Following the facial approximation literaturé&dhlager, 201,3G u y o maet al.h 0
2014, and in order to conserve homology and comparability between studies, classic
craniometric and capulometric landmarks (type I, Il, and Blli{stra & Ubelaker, 1994
Schlager, 201,3G u y 0 meatrak,2084; Caple& Stephan, 200)Bwrere used.

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

a hard and softtissue region of interest.

3.35.1.1. Craniometric landmarks

The hardtissue region of interest was delimited the facial skeletorfFigure 3.3)
comprising the nasal bone§idure 3.3b), the anterior nasal aperturé¢Figure 3.3.c), the
zygomatic bonesHgure 3.3.d), and the maxillae figure 3.3€). On the nasabones five
craniometric landmarksti{ree median andtwo bilateral pairs), and on thanterior nasal
apertureeightcraniometric landmarkd$dur median andour bilateral pairs) were recorded. On
the zygomatic,nine craniometric landmarks (bilateral pairsyere recorded, whilelO
craniometric landmarkgwo median ancaightbilateral pairs)vere recordedn the maxillary
bone A total of41 craniometric landmarksonsisting ofl7 bilateral pairs and seven median

landmarls were recordedn the haretissue surface§l able3.2).
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Table 3.2. Craniometric landmarks usegdhlager, 201,35 u y o meetrakt, 2004 Buikstra & Ubelaker, 1994Caple & Stephan, 20)6

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 profie view below the anterior nasal spine (orthodontic point A).
6 Akanthion ak Median Most anterior midiine point of the nasal spine.
7 Prosthion pr Median Median point between the central incisors on the anterior most margin of the maxilary alveolar rim.
8/9 Zygotemporale superior zts Biateral 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.
14/15 Frontomalare temporale fmt Biateral Most lateral part of the zygomaticofrontal suture.
16/17 Frontomalare orbitale ~ fmo Biateral Point on the orbital rim marked by the zygomaticofrontal suture.
18/19 Nasomaxilofrontale nmf Biateral Point at the intersection of the frontal, maxilary, and nasal bones.
20/21 Ectoconchion ec Biateral 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 70 Bilateral Intersection of the orbital margin and the zygomaticomaxilary suture.
26/27 Maxilofrontale mf Biateral Intersection of the anterior lacrimal crest with the frontomaxillary suture.
28/29 Nasomaxilare nm Biateral Most inferior point of the nasomaxillary suture on the nasal aperture.
30/31Alare al Biateral Instrumentally determined as the most lateral point on the nasal aperture in a transverse plan.
32/33 Piriform curvature cp Biateral Most infero-lateral point of the piriform aperture.
34/35Nariale na Bilateral Most inferior point of the piriform aperture.
36/37 Zygomaxilare zm Bilateral Most inferior point onthe zygomaticomaxilary suture.
38/39 Submaxillare curvature  csm Bilateral Most supero-medial point on the maxillary inflexion between the zygomaxilare and the ectomolar.
40/41 Supra-canine sc Bilateral Point on the superior alveolar ridge superior to the crown of the maxilary canine.
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Nasal bones Anterior nasal aperture

Figure 3. 3. Landmarks placed on the hatisue region of interest. Landmarks placed on the-h
tissue region of interest.
a) Frontal view of the midacial hardtissue region of interest. b) nasal bones; c) anterior nasal

aperture; d) zygomatic boneg; eaxillary bones.
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3.35.1.2. Capulometric landmarks

The softtissue region of interest was delimited by shieface anatomy as related to the
hardtissug(Figure2.4), including mainlythe naresKigure2.4. b) andthe external nosé-(gure
2.4c, d. On the softissue, 21 capulometric landmarks were recardeght bilateral pairs and

five median landmarkélable3.3).

The procedure of automatic placement of discrete landmaakexecutedas follows:
the landmarks of interest were indicated once on the template, then projected onto every
subjectds surface usi ng t hAsabyprodpctohtlge templabec e d u r
generation process, e v er yl 0Bvemydandmarddl placéd oss ur f a c
templatewasassociated with the anatomically corresponding poirtherwarped surface. The
coordinates of the warped landmarks were then recadédaved in an Excel fifer further

statistical analysis.
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Table 3.3. Capulometric landmarks usef

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 choser
2 Nasale inferius ni' Median Most inferior point of the apex nasi. Not locatable on upturned noses.
3 Columelia c' Median Mi dpoint of the nasal columella crest, intersecti
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; nc
6/7 External alar curvature eac Bilateral Most anterior point of the nasal wing at the maximum of curvature.
8/9 Superior alar curvaturesac Bilateral Most superior point of the nasal wing.
10/11 Alagenion 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.
16/17 Mid-nostril mn Bilateral Midpoint of maximal nostril width - projected on the transition nostril/phittrum.
18/19 Mid-columella mc' Bilateral Midpoint of the nasal columella crest on either side, where the columella thickness is measured (equivalent to Suk
20/21Nasal-depth nd Bilateral Most medial point of the transition nose/eye.
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Figure 3. 4. Softtisssue region of interest. a) frontal view of the-¢iskue region ointerest; b) inferior view of the nose; c) anterior view of the nose; d) lateral

of the nose
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DATABASE

a  Segmentation and construction of surface Initialization of surface meshes.

meshes. _ @ e

Hard- and soft- tissue surface meshes. All surfaces are aligned on the same coordinates system.

TEMPLATE GENERATION

Templates

Geometrical relationship between surfaces. All surfaces are templated (named warped surfaces).

ANATOMICAL TEMPLATING

Landmark
placements
on templates.

Automatic
landmarking

Landmarks placed on templates are associated with the corresponding points on the warped surfaces.

Figure 3.5. Workflow of the automatic landmarking procedure.
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3.4. Statistical analysis

All statisticalanalysis performed in thieesig(nasalcomplexshape variatiorstatistical

modelling and crossalidation testing) are detailed in this section.

3.4.1.Study on nasatomplexshape variation

In order to build statistical models fostamating nasal shapen evaluation anca
quantification of shape differences attributed to knéactors(ancestry, sex, size and agagd
covariateswas performed bothon hard and sofitissue shapeusing GMM In contrast to
classical morphometric approaches based on linear distances and angles, geometric
morphometric methods are based on the Cartesian coordinates of measpmentghe so-
calledlandmarks. Since the geometry of the measured landmark catfayuis presemd by
the set of landmark coordinates, geometmorphometrics allow for effective visual
representations of statistical results as actual shapes/forms or shape/form deformations (e.g.
Bookstein 1991 199G, 1996b Rohlf & Marcus 1993 Zollikofer & Ponce de Lewn, 2002
Adams et al, 2004 Zelditch et al, 2004 Slice, 2007 Mitteroecker& Gunz 2009. In
geometric morphometrics, tebapeand thesizeof a biological structuraredistinguishedThe
shape of an objeds determined byhe geometric properties that are invariant to translation,
rotation and scalingMore precisely, the shape of an object is unaffected by changes in the
position, the orientation and size of the obj@tie most common measure of size used in
geometric morphometrics is centroid s{@s): 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 landmaiRsntroid 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 Booksten, 1991 Dryden& Mardia,2016.
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3.4.1.1.Generaised Procrustes Analysis

Preceding the statistical analysis, a GemsdlProcrustes Analysis (GPAJ5(
; ) was performed on the harand softtissue raw coordinatde
obtain poseanvariant shape coordinatesd z ;

; ). 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
parameter so pos,|idthe®Generaseddrocoustes dmatysastoive nl97;

). 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 untilhe 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¢hshape ofhe configurations.

3.4.1.2 Principal Component Analysis

In this thesis data reduction is achieved by Principal Component Analya3A) to
reduce data dimensionality and dceate independent principal component (PC) scores that
quantify the different shapes studie8tatistical testing was performed using the PC scores
covering 95% of t h eoftheasampleTdepsincipalcempanknt analyais i a n c
(PCA) involves he examiration ofaxes that reflect maximum variati@nd covariationPCA
transforms the data to a new coordinate sysseith that the greatest variance of the data lies
on the first transformed new variable (the first principal comporedthe second greatest
variance on the second transformed vdeiabhe orthogonal axes of the PCA summarize
variation decreasinginorddn di vi dual 6 s plotiedalngaaes. The scoraaf &
given observation on a given axis corresponds to the projection of the data on that axis.
Examining variation on thirst axes provides a way to reduce the variable space to dimensions
that express most variatidBach axis corresponds to a linear combination of original variables.
The first corresponds to the main direction of the variance covariance structurevfuadi

observations
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3.4.1.3 Multivariate normality

In this study, multivariate normality testing was performed on the- laaudl softtissue
principal component scores distribution by interpreting)-Qlots ( ), which
allowedus to presumthatthe variables are distributed according to the distribution teBhed.
graphical output shows the actual values of squared Mahaladistasces plottedversus
those of an ideal multivariate normal distribution. The closer the values are to the diagonal line,

the more probable is a multivariate normal distribution.

3.4.1.4Analysis of covariation between nasal haathd soft tissue and its

dependence ocancesty

The evaluation of covariation between the {fadial hardtissue elements (nhadabnes
and anterior nasal apertuyrgygomatic (right and left); maxillary (right and left)) and the
external softissue of the nose was performed with Two Blocks Pdrgalt Squares (PLS)
analysesThis function performs twdblock partial least squares analysis to assess the degree
of association betweewo blocks of Procrustesligned coordinates (or other variablesh(

).

3.4.1.5.Quantification and visualisation of covariance between nasal complex shape

and the covariategopulation differencessexual dimorphism and age effects

Thequantification and the visualisation of covariance between nasal complex shape and
the covariates: population differences, sexual dimorphism and age effects were performed on
the complete samplg-igure 3.9, as well aon eachancestragroups separatelf-igure 3.7.

In this study standad MANOVA, 50-50 MANOVA, permutation testing and discriminant
function analysis wreapplied.Significanceof population differencesexual dimorphismand
age effectsvereassessed using standard MANONS®-50 MANOVA and permutation testing
(all permutation tests were run with 10,000 roun@sandard discriminant function analysis
(DFA) was also applied for classification purpasBse classification accurasyasestimated
by conducting a leavinrgneout crossvalidation. Multivariate analysis of variance
(MANOVA) is an extension of the univariaaealysisof variancelANOVA). In an ANOVA,

statistical differences on one continuous dependent variable by an independent grouping
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variableare examined The MANOVA extends this analysis by taking into account multiple
continuous dependewuariables andundles them together into a weighted linear combination
or composite variable. The MANOVA will indicate whether or not the newly created
combination differbetweerthe different groups, or levels, of the independent varidbléhis

way, the MANOVA easentially tests whether or not the independent grouping variable
simultaneously explains a statistically significant amount of variance oretbendent variable.

We applied MANOVA using the fpackages geomorphi( ). The 50-50
MANOVA ( ; ) is a modified version of a MANOVA,
designed for many (potentially correlated) response variables. We appl@ MANOVA
using the Rpackages ffmanova.§ ).

Permutation tests are based on mgséng. A given factor (e.g. ancestry) is calculated
and compared to values gained from the same sample where group membership is randomly
reassignedepeatedly As a result, the number of ig esamp
divided by the numbeof permutation rounddf 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 char{ce ; )/ We applied permutation testing
using the Rpackages MorphoS( )¢ Discriminantfunction analysis finds linear
combinations of variables that describe intergrdlifferences. These combinations define
linear discriminant functions. The lineasdriminant coefficients are defined from the +rauil
eigenvectors of the betwegmoup varianc& ov ar i ance 0 s c-grdugvadriancky t he
covariance.Discriminant function analysisvas performedusing the Rpackages Morpho

( ).

3.4.1.6 Allometry

Allometry is defined as shape change that can be expressed as a function of size
( ; ). In this study, allometric effects were considered when
dealing with shape differences associated with de& to the effect of sexual dimorphism on
size ( . { ). For assessing the
allometry involved,linear models (hardand softtissue shape&ersus the factos: sex and

centroid size) were calculated using the PCs from the sexual dimorphism analysis. The
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significance of each variablas tested using MANCOVA (using Pillai trace) and-50
MANOVA.
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Figure 3. 6. Shapevariation 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 sectionthe influence of known factors (ancestry, age, sex, allometry)
on shape using geometric morphometric methagseanalysedTwo separate shape spaces,
one for each type of tissue (hashdsoft-tissue)were usedin order to create a statistical model
for predicting nasal sotissue shape from informatiabtained fronthe underlying hardissue
configuration, both hardand softtissues neeedto be scaled, translated, rotated and predicte
within the same spagcasing only the initial hardissue information. Tladapted Generiakd

Procrustes Analysis used in this study was firstly introducegdiyagernin 2013 ( )

).

Firstly, a Procrustes fit for hattissue configurations was calculated and the complete
(soft- and haretissue) landmark datasets were scaled, translated and rotated onto-tisshard
configurations by using corresponding landmarks. In a last stegathevere split up into seft
tissue and hartissue configuration again, allowirfgr a predictor hardissue shape and a
predicted softissue shapdo be already aligned correctlyas they both are in the same

coordinate system.

Projection onto LaterStructures Regressions (PLSR) was used in this study in order to
extract information for the seftssue prediction and to select those linear combinations relevant
for explaining the predictor variables maximising covariation between predictors {jsate
shape and additional factors) and response-{issfie shape)(

). PLSR is a method for relating two data matrices, X and Y, by a linear
multivariate model. In addition, PLSR goes beydtnadiitional regression as it also models the
structure of X and Y and analyse data with many, noisy, collinear, and even incomplete
variables ( ). Moreover, PLSR has the property of improving the precision of
the model parameters improvedtiwthe increasing number of relevant variables and

observations.

In order to extract information for the sdfésue prediction, many typef regression
algorithm exist such as Principal Component Regression and Projection onto Latent Structures
Regresions (PLSR). Schlagef )3 demonstrated thathese both types of

regression algorithmyieldedvery similar results in terms of nose prediction accuracies. It has
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been emplused that, when applying PLSR, the number of latent variables mustréielly
selected due to the greater risk of overfitting, especially when sample sizes are small. Given the
data analysed in thikesis the PLSR could be safely usddhe prediction accuracy could be
significantly improved by addingdditional information such as ancestry, sex and age as

predictors.

3.4.3.Crossvalidation testing

To determine the accuracy of the estimated-sedtie nose, it has to be evaluated in
terms of metric deviationg his is necessary to allow comparswith other research results
The validation of prediction models was performed using cross validation testing with the
calculation of the MeaBquared Error (MSE) using leaeaeout crossvalidation (LOOCV).
The MSE is estimated from the training datd aomparing it to the MSE of the predicted data
(RMSE) ( )) The impact of additional information suabancestry,
sex and agevas 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
determineif the covariation is significantly populatiestependent, the sefissue shape of all
specimes from oneancestral grougvas estimated by applying a regression modetdithe

data od the otheancestral group

The workflow of the statistical naelling procedure performed in thisesisis illustrated in
Figure 3.8
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Statistical modelling

‘ Hard-tissue landmarks

| #

Soft-tissue landmarks

coordinate system

Generalised Procrustes Analysis
C Scaled, translated, rotated within the same space using only the initial hard-tissue information.
C Same coordinate system
‘ Hard-tissue landmarks data Soft-tissue landmarks data

Regression model

Projection onto Latent Structures Regressions (PLSR)
Covariation between predictors (hard- tissue shape and additional
factors (ancestry, sex, age) and response (soft-tissue shape).
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Mean Squared Error (MSE)

) (

» Leave-onc-out cross-validation (LOOCV)

Mean Euclidean Distance (MED)

Per landmark over all subjects.

* Over all landmarks and all subjects.

Figure 3. 8. Statiscal modelling and crosslidation 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 inciudidular
framework for image processing research and development with a specsaldn 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 motpbical and functional analysis.
3.5.1.Data processing

The results of segmentation are called hardl sofitissue surfaces or hardnd-soft
tissue Winged Edge Mesh (WEMJhe segmentation of different elements (hadd soft
tissueWEM surfaces)vere obtained using WEMIsoSurface module which geneeatese
surface as a WEM in MeVisLab 2.7.Eidure 3.9). Some 3D elements such as the spine,
artefacts or structure of the CB&tanner present on 3D WEM surfaogere removed using
the WEMInteract module ch remove or selecs parts of the WEM.

File Edit Modules Applications Extras Scripting View Networks Panels Help

D E>xd D~ |0 xa a7 =l

& Panel WEMisoSurtace
Main | Advanced |
™ Use image min. value Iso Min. Value: -500 %
W Use image max. value  Iso Max. Value: | 2000 =]

k $00$9 -

|
|

¥ Use voxel sampling

Voxel Sampling: R

Cell Bxt.: kK 3 3z 3
Time Point Index (-1=all): [ 0%]

¥ World coordinates ¥ Interpolate

1 o
¥ Autoupdate ¥ Auto apply Apply
Generate In Background

| i |

d |

o (=
Figure 3. 9. Example of hardissue data processing in MeVisLab 2.7.1. a) All modules used; b) Viewer
SoExaminerViewer module forisualisation of the segmentation process; ¢) WEMIsoSurface module for the

determination of threshold values between segmented components.
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3.5.2.Initiali sation

The initialisation proceduravasperformed using the WEMMarkerlnitialization module
in MeVisLab 2.7.1 which rotaseand translatethe surfaces to bring them inttee proximity of
each othe(Figure3.10).

file Edit Modules tions _Etras Seripting View Networks Penels Help

IDealxab|~ ~[0xa &&=

Figure 3.10. Example of hardissueinitialization 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 nonrigid surface registration procesgs applied using a module in MeVisLab
2.7.1 by ProfVandermeulenKigure3.11).

File Edit Modules icatic Extras  Scripting  View Networks Panels Help

D E]xbd DB ~]|0Xa a7 =

VSHOPP P -

071542144 KB |

Figure 3. 11. Example of the hartissue registration process. a) All modules used; b) Visualisation of the hard
tissue registration
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3.5.4.Anatomical templating.

The anatomical templatingasperformed using a module developed in MeVisLab 2.7.1
(Figure3.12).
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(185.137 64.5782 128.03) #15
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(139.76 41.3875 122.285) #18
(129.282 41.3178 122.1) 719
(86.9124 60.247 108.71) #20
(181.661 64.3121 110.814) #21
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(124.643 43.8274 87.1172) #30
(146.568 45.2157 87.487) #31
(125.221 46.4221 80.3468) #32
(146.338 47,5025 81.1984) #33
(129.952 46.1366 75.6752) #34
(143.228 47,1256 76.0648) #35
(85.2119 72.3754 80.3672) #36
(183.708 74.7381 84.2505) #37
(104.277 74.1955 71.1451) #38
(165.13 73.6167 71.7857) #39
(118.537 48.1065 57.4014) #40
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Dollyf

orisaz1K6 @ B0

Figure 3.12 Example of hardissue anatomical templating. &) modules used for the automatic projection
Automatic recording of the coordinates resulting of the automatic landmarkiigsuglisation of the hard

tissue anatomical templating.

3.5.5.Statistical analysis

All analyses were performed usifgstudio software, version 1.0.4220092016 for
windows (R Development Cone Team, 2(),.8pecifically theR-package MorphoSchlager,
2013).
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Chapter 4

VALIDATION OF THE AUTOMATIC
LANDMARKING

4.1. Introduction

The purposeof this chapter is to demonstrate the validation of the automatic
landmarking procedure by comparing thiga-observer errors (INTRAE) and intetobserver
errors (INTEROE) 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 grequisite 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 (CBCTF)
based shape analysis of the nasal oplex.

AF RIDEL, F DEMETER, M GALLAND, EN LOABBE,
OETTLE

Manuscript submitted for publication to Forensic Science Internadio
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Abstract

Manual landmarking is used irseveral manual and sewiutomated prediction
guidelines for approximation of the noSene 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 tesadthis subjectivity
and thereby improve facial approximations, we are developing an automateditheesional
(3D) method based on an automatic dense landmarking procedure usingich@urface
registration. The aim of this study was to validate slaeomatic landmarking method by
comparing the intr@bserver errors (INTRAE) and inteobserver errors (INTERE)

between automatic and manual landmarking.

Ten cone beam computed tomography (CBG&tans of adult South Africans were
selected fronthe Oral and Dental Hospital, University of Pretoria, South AfilNdRA-OE
and INTEROE were analyzed by registering 41 craniometric landmarks from 1&ibswe
surfaces and 21 capulometric landmarks from 10t®#tie surfaces of the same individuals
Absoluteprecision of the landmark positionirflgoth on the samples as well as the template)
was assessed by calculating the FE each landmarlover different observer$Systematic
error (bias) and relative random error (precision) was further quadtifirough repeated
measures ANOVA (ANOVARM).

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
observationsexcept for the sofissue landmarks where automatic landmarking showed lower
measurement error (MEpmpared to manual landmarkingo bias was observed within the

craniometric landmarking methods, but some bias was observed for capulometric landmarking

In conclusion, this research providefrat validation of the precisioand accuracyf
the automatic placement of landmarks 3D hard and softtissue surfaceand demonstrates
its utilization as a convenient prerequisite for geometracphometrics based shape analysis

of the nasal complex

Keywords: Nonrigid surface registration; automatic craniometric landmarking; automatic

capulometric landmarking; manual landmarking; ingnad inter observer errors
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Introduction

Craniofacial econstruction (CFR) is based on the assumed morphological relationship
between the softissue envelope and the underlying skull substifaeditional CFR methods
are based on 2D or 3D manual reconstruction by physically modelling a face on a slaall repli
with clay or plasticine 1-6]. In the literature, these traditional reconstructions have been
commonly <c¢classified as ARussiano,’]. Iivvaner i car
recognized by the scientific community in the field of CFR thatual reconstruction methods
require a high degree of anatomical and sculptural expertiseasradresultremain difficult
and subjectived-13]. The interpretations of two diffent artists can result in the creation of
two substantially different faces from the same skiil].[ Therefore, traditional manual
techniques are unsuitable for application to the judicial system, which requires precision,

reliability and knowledge of psthle quantization1[Z].

Recent developments in digital imaging techniques have resulted in the collection of
large databases of 3D representations of-hend softtissues of the face. Researchers in the
field of CFR utilize these sources of information to improve objectivithéreconstruction
process [4-57]. In CFR, all computeassisted 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 skliil4-59.Recent i & [51'F fEdeand

21 P devel opeadscempdt emet hods for the pre

the external surface of the nose based on
Compared with manual methods, automation of facial approximation offers increased
objectivity and the possibility of standardization. Ho we v e r the use of ¢
scans as 1initial references may be influenc
horizontal ©position 6G6lt.h eMpradsalveeute ¢ lhwiltikqlescs
generally ranges flgoln O0i r6d wore ¢ oe rlr. dbr smno f[ a't

magni tude in the manual |[|-amndnrtsioskstypd aswernfeand e so

Previously described methods &pproximation of the nose involve manual placements
of landmarks for the definition of the region of interesi, [55]. Following the results of these
methods, it seems that the nasal depth, the external and superior alar curvature, the alare [

] andthe submaxillare curvaturé] landmark positions are prone to irerd intraobserver

errors. Manual placement of landmarks is extremely time consuming on large 3D surface

77



samplesand may induce important observer subjectivity and errors. Erromhanual
landmarking are determined by factors such as the inherent variability among individuals in the
sample and the metric quality of the instruments used§]. As a result, manual landmarking

may render the analysis less repeatable and accurateeféadial 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 earsdr the canplete faceis limited. Limited research has been published regarding
facial recognition implications for 2055-70] and 3D [/1] capulometric landmarks, whereas

no research has been done on the automatic landmarking of craniometric and capulometric

landmaks on hard and softtissue 3D surfaces.

The main critiques of current facial approximation techniques are the inherent
subjectivity in manual methods, the references used and the lack of standardidatbimit
the accuracy of the estimatic®]3]. In order to improve the accuracy of facial approximation,
we are developing an automated thdgmensional (3D) method based on an automatic dense
landmarking procedure. Moreover, instead of using conventional CT for the acquisition and
extraction of tle relevant anatomical structures, wedusene beam CT (CBCT)Dur i ng a
CBCT scan, the patient i's imotaatwesr tarcoau n dp ot
capturi ng i masgheasp-eudsy Xnjee axduactagesef 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? . Further mor e, the patientd
acquisition minimizes gravitational effects on sidsue deformations. Ehaim 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., INTRAE) or different observers (i,dNTER-OE) [73]. A further aim of
this study was to demonstrate the utilization of automatic landmarking as a convenient

prerequisite for geometric morphometribased on shape analysis of the nasal complex.
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Materials & Methods

Cone beam computer tomograpgoans of ten adult South Africans were selected from
the Oral and Dental Hospital, University of Pretoria, South Africane beam computer
tomographyscans were obtained using a CBCT scanner (Planmeca P®N3&x 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 mmin order to standardize the acquisition, the subjects were scanned in a
seated position with their eyes closed and with a relaxed faciaéssipn.Patients were
excluded if they presented with any condition that could affect the morphology of the face (e.qg.
orthodontic treatment, pathological conditions, facial asymmetrgny 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 DICOMdrmat were imported into MeVisLab © v. 2.7.1 software to
extract volume data and create 3D images. The segmentation of different elemen@nghard
softtissue) were obtained by finding the threshold values between segmented components
accordinglfoMakemam Heighto (HMH) quantitatdi
[74]. Threshold values for hatissue varied between 120@50 and for the sofissue
between 402150.In this study, the facial skeleton will be referred to as the-tissde, and
external structure of the nose as the-tsfiue.

Following facial approximation literatufé.3, 55], and in order to conserve homology
and comparability between studies, classic craniometric and capulometric landmarks (type I,
II, and NI [13, 55, 75, 76] were usedINTRA-OE and INTEROE were analyzed by registering
craniometric landmarks from ten hatidsue surfaces and capulometric landmarks from ten
softtissue surfaces of the same individuals. A total of 62 landmaeksribed infable land

illustrated inFigure 1 were used.
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Table 1. Definition, abbreviation and nature of landmarks us@d, 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 nasa
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.

Capulometric

8/9 Zygotemporale superiorzts
10/11 Zygotemporale inferior zti
12/13Jugale ju
14/15 Frontomalare temporalefmt
16/17 Frontomalare orbitale  fmo
18/19 Nasomaxillofrontale nmf

20/21 Ectoconchion ec
22/23 Orbitale or
24/25Zygoorbitale z0
26/27 Maxillofrontale mf
28/29 Nasomaxillare nm
30/31 Alare al
32/33 Piriform curvature cp
34/35 Nariale na
36/37 Zygomaxillare zm
38/39 Submaxillare curvature csm
40/41 Supra canine sc
1 Pronasale prn'
2 Nasale inferius ni'
3 Columella c'
4 Subnasale sn'

5/6 External alar curvature eac
7/8 Superior alar curvature sac

9/10 Alagenion ag
11/12 Alare al
13/14 Alar curvature point ac'
15/16 Mid-columella mc'
17/18 Nasal-depth nd

19 Sellion se'
20/21 Mid-nostril mn

Bilateral
Bilateral
Bilateral
Bilateral
Bilateral
Bilateral
Bilateral
Bilateral
Bilateral
Bilateral
Bilateral
Bilateral
Bilateral
Bilateral
Bilateral
Bilateral
Bilateral

Median
Median
Median
Median
Bilateral
Bilateral
Bilateral
Bilateral
Bilateral
Bilateral
Bilateral
Median
Bilateral

Most superior point of the zygomatico-temporal suture.

Most inferior point of the zygomatico-temporal suture.

Vertex of the posterior zygomatic angle, between the vertical edge and horizontal part of the zygomatic arch.
Most lateral part of the zygomaticofrontal suture.

Point on the orbital rim marked by the zygomaticofrontal suture.

Point at the intersection of the frontal, maxillary, and nasal bones.

Lateral point on the orbit at a line that bisects the orbit transversely.

Most inferior point on the inferior orbital rim. Usually falls along the lateral half of the orbital margin.
Intersection of the orbital margin and the zygomaticomaxillary suture.

Intersection of the anterior lacrimal crest with the frontomaxillary suture.

Most inferior point of the nasomaxillary suture on the nasal aperture.

Instrumentally determined as the most lateral point on the nasal aperture in a transverse plan.
Most infero-lateral point of the piriform aperture.

Most inferior point of the piriform aperture.

Most inferior point onthe zygomaticomaxillary suture.

Most supero-medial point on the maxillary inflexion between the zygomaxillare and the ectomolar.
Point on the superior alveolar ridge superior to the crown of the maxillary canine.

The most anteriorly protruded point of the apex nasi. In the case of a bifid nose, the more protruding tip is chosen.
Most inferior point of the apex nasi. Not locatable on upturned noses.

Midpoint of the nasal columella crest, intersecting
Median point at the junction between the lower border of the nasal septum and the phitrum area.

Most anterior point of the nasal wing at the maximum of curvature.

Most superior point of the nasal wing.

Most posterior point of the nasal wing.

The most lateral point on the nasal ala.

The most posterolateral point of the curvature of the base line of each nasal ala.

a

Midpoint of the nasal columella crest on either side,

Most medial point of the transition nose/eye.
Deepest midline point of the nasofronal angle; not
midpoint of maximal nostril width - projected on the transition nostril/phittrum.

l'ine

wher e

substitute

bet ween

t

he

t

wWo

the columell a

for

n Nj.
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Forty-one craniometric landmarks were recorded onhtdrettissue 17 bilateral pairs
and seven median landmarks. On the-sis$ue, 21 capulometric landmarks were recarded
eight bilateral pairs and five median landmarks. The landmarks selected were distributed on the
facial skeleton and the external nose, creatingra land softtissue region of interest.he
hardtissue region of interest was delimited by the facial skeleton comprising the nasal bones
(Figure 1.9), the nasal apertur&igure 1.0), the maxillae ffigure 1.¢) and the zygomatic bones
(Fig 1.9. Thesoft-tissue region of interest was delimited by the surface anatomy as related to
the haretissue, including mainly the external noseg(ire 1. e, g and the nares-(gure 1. f,
h).
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Figure 1. Landmarks placed on theard and softtissue region of interest.

a: Frontal view of thérardtissueregion of interest; b: nasal superior and inferior; c: maxillary; d: zygomatic; e: frc
view of the softtissue region of interest; iaferior view of the nose; ganteriorview of the nose; h: lateral view of the

nose (cf.Table ).
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Manual landmarking

The manual placement of landmarks was performed by indicating the 41 craniometric
landmarks on the ten hatdsue surfaces and the 21 capulometric landmarks on the ten soft
tissue surfaces:or the INTRAOE, the manual placement of landmavkas performedwice
by the same observer (noted AR1m and AR2m) on every spbjtan interval of two weeks.

For the INTEROE, the manual landmarking was performed twice by two different observers
(noted AR1m and MGm).The manual placement was performed using Mesissoftware
andthe 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 byClaes et al. §3-35]. 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, vagfined, anatomicdandmarksReference hard
and softtissue templates-(gure2.d) are created using a noigid- surfaces registration process
(Figure 2.c). Prior to registration, all the surfaces are repositioned into the same coordinate
system using an initialisation e procedures{gure 2.b). The initialzation is performed
manually with indicating a set of landmarks on floating and target surfaces in order to
i nteractively rotate and transl ate the surfa
These trarf®ermations map the coordinates of each point of the floating surface into the
coordinate space of the target surface. Therigid surface registration results are dependent
on the quality of this initial initiaiation procedureSurface registration refs to the
establishment of the geometrical relationship between surfaces that aligns the surfaces between
them as well as possible. Then, every individual surfadeemplated (hamed the warped
surfaces) such that every point on all 3D surfaces isceded with the anatomically
corresponding point on the reference template. Therefore, information encodedumf@t
representations has to be extracted and made comparable. In a last step, landmarks are indicated
once on the reference templatésg(ire 2.€) . 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 warpediaign
to every subj e cesponslingasurface (ianget suafdce).yT heagiar (robust)
surface registration software used for this warping was developed using the MeVisLab © v.
2.7.1 softward 77]. The warping is performed iteratively starting with a rigid alignment, and
gradually fdlowing with more flexible registration steps. At the end of this process every
|l andmark of the template Is projected onto
pointbased anatomical correspondence among all subjécisir¢ 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 hadd softtissue templates. The warped landmarks
on the studied subjects were recorqadted AR1la, AR2a, MGa Note that the warping
transformation remains the same, independent of tivedieation of the discite landmarks.
For the INTRAOE, the landmark indication on the templates was done by the same observer
(noted AR1t, AR2t), with an interval of two weeks. For the INTER, the landmark indication
on the templates was done independently by two differertrodrs (noted AR1t, MGt)
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DATABASE

a  Segmentation and construction of surface b  Initialization of surface meshes.
- meshes.

Hard- and soft- tissue surface meshes. All surfaces are aligned on the same coordinates system.

TEMPLATE GENERATION

Templates
Geometrical relationship between surfaces. All surfaces are templated (named warped surfaces).
ANATOMICAL TEMPLATING
Ll:'c'd::::tl; Automatic
place landmarking

on templates.

Landmarks placed on templates are associated with the corresponding points on the warped surfaces.

Figure 2. Workflow of the automatic landmarking procedure. a) segmentation process; b) initialisation p
) nonrigid surface registration process; d) templateseration; e) definition of the region of interest on

templates; f) automatic landmarking.

85



Statistical analysis

The raw coordinates resulting from the manual and automatic landmarking procedures
were adjusted through a generaliBrdcrustes superimposition (GPS) to obtain posgariant
shape coordinates’§, 79. More precisely, GPS reduces the sum of the squared distances
between corresponding anatomical points by aligning the configurations of landmarks and
removing thedifferences due to translati@ndrotation (not size among all individuals thus
defining the remaininghapenformationasa set oProcrustesoordinates§0-82]. We adapted
the procedure to keep thelative positionand thus measurement errof)the samples of the
same individual unchanged, while their comngpar subjectinean is GPA aligned with the

grand mean.

We distinguish between two types wleasuremenerrorson landmark localizatian
precision and accuracy. Precisi@fers to the random erran measuring the degree to which
repeated measurements give the same result under the same conditions. In contrast, accuracy
refers to thesystematic error (or biag)f the measurementomparedto their true values.
Random errpinterferes with the genuine variability by adding residual noise and increases any
Type Il error rate (reduction in statistical power). In our particular setting ME reflects two
different components of error: reproducibility due to different methodrfaatic 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 evaludtegiais between the automatic and

manual landmarking.

The precision of thémanual and automatigndmark positioning wasalculated using

the dispersiona for each landmark and individualj. Dispersion is defined as the Mean
Euclidean Distance (MED) of the sample landmask to the means= of the (x,y,z)

coordinates of landmaikover all observationks (INTER, INTRA, resp.) for subjegt

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) meéan &énd mediand ) of the per landmark mean

(‘ ) and mediand ) values(over all subjects)

The precisionof the manual landmarkingas assessed by comparing thgpersion
over the three observe(&R1m, 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 ti(Ag&lt, AR2t, MGt) on the templates and
measuring the resulting dispersion on theomatically indicated landmarkéR1a AR2a,
MGa) for each subjecin addition,the precision of the landmark positioning the templates
wassimilarly calculated usinlED onthethree measuremesifAR1t, 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 relatisares

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 thedDA ta
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) methodsdeced as independent

populations.

Finally, both systematic (bias) and relative random error were assessed through a three
way repeated measur&socrustes AOVA [83-85], with individual as a factor and with
observer and method as additional factdigs 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 morpological variation between individualéntra-class correlation (also
termed repeatability) was obtained using a-aag ANOVA with individual as unique

categorical predicting variabl&6, 87].

All statistical analyses were performed using R stgditware version 1.0.4920092016 for
Windows Bg].
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Results

Theglobalmeanand median dispersiaesultsarepresented imable 2, togetherwith
the dispersion of the three observatigAR1t, AR2t, MGt) of landmark positioning otthe
hard and softtissue templatesWhile both meanand median dispersion are on par for
automatic and manuataniometriclandmarking (mean(median) values of 1(&@464) mm vs
1.67 (1.63) mm), lower dispersion values were oftai for automatic compared to manual
capulometric landmarking (1.31.23)mmvs 1.66(1.57)mm). Theboxplots of thelispersion
for automatic and manuataniometric and capulometric landmiaidkareshown inFigs. 3and
4. Theseplots showthat thevariation in dispersioim automatidandmarkng is muchsmaller

thanin manuallandmarking

Table 2. Measurement errors (global mean and median dispersion in mm) feranardofttissue landmarks

Right column: mean dispersion for template landmarking.

Automatic Manual 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

88



535 o EdAuo
2] o
5 3.0 [ -Manu
8‘ 2.5- o ‘ *
Q20- ° - o lle s UH 5
g &
15- L -
1.0- .‘ Uk § ! *‘ ol & g (s
1 l J * (o] L] 0 1
0.5- ! s %=
s ) - 1 L]
0.0- &
LI B B B | LI B B B | LI B B B | LI R B B B | LI B B B | LI R B B B | LI B B B | LI B B |
damsworoo 3T I00ESIRINAIREREABISNIBIEIRIE
Craniometric Landmark

Figure 3. Boxplots of the dispersion for automatic and manual craniomatrémarking Craniometric landmark definitions41): cfTablel.

89



6.0-
55-
5.0-
45~
€
€ 4.0-

~

“1 . ] =

1
O 4N m < b o~ o o o o
N M T ;B O~ 00 g 9 d A o A9 d d 3 A N N

Capulometric Landmark

15-

L0- ! l

0.5-
0.0-

Figure 4. Boxplots of the dispersion of automatic and manual capulometric landma@dpglometric landmark definitions-@1): cfTable 1

90



We also plotted the median dispersion per landmark of the automatic landmarking as a
function of the median dispersion per landmark due to the ‘olsrver landmarking on the
templates for both the hard and the soft tissugse 5 We observe a strormear correlation
between both: automatic landmarking dispersion is almost exclusively determined by template
landmarking dispersion, with little or no influence of irtedividual differences of the warping

procedure.
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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 globahedian dispersion for hard(skull) and soft(skin) landmarking (on target subjects and

templates, respectively).

Figures 6 and 7 showsthree different plots of th@rocrustesaligned craniometric
/capulometriccoordinategrojected onto thafirst two principal components in tangent space,
grouped according to methoahd observer,method and individual. The graphs for the
craniometridandmarking do not provide visual evidence of biases induced by observer and/or
method. Howeverl-igure 7 indicatebias induced by method on the one hand (middle plot),

and also observer, although mainly for the manual procedure (left plot).
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The unpaired test of equal mean shapes for the automatic and manual landmark
configurations returned-palues (according to different tests) lower than 0.01, indicating no
significant differences in mean shapes due to the choice of method. The resudt3ofaly
Procrustes ANOVA arabulated infable3 and inTable 4 From these tables we read that both
method and observer have a statistically-negligible contribution to total variance. However,
the observer component for craniometric landmarkingrigafger than the method component.
This supports the conclusion that the automatic metlasdlittle influence on the ME for

craniometric landmarking in line with the findingsTaible 2andFigure6.

Table 3. Threeway Procrustes ANOVA for craniometric landmarks.

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

Table 4. Threeway Procrustes ANOVA focapulometric landmarks.

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

For capulometric landmarking, however, the contribution of method attributed variance
is larger, which corroborates the findingsietole2, which indicates a lower dispersion for the
automatic methodndFigure 7 (middle) which indicates a bias betweert@uatic and manual
landmarking. The inteand intra observer ME for both types of landmarks, on the other hand,

contribute to a larger extent to total ME.
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Discussion

The results obtained in this study validated the accul@iag)and the precision of the
automatic placement of landmarks, both on hamdd softtissue surfacesThe automatic
landmarking method allows us to reduce int@nd intraobserver errors and it could be a
convenient prerequisite for geometric morphometigan 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 reduniegsuremengrrors in
landmarkplacements, 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 beeslgxtiem
consuming and may be biased with observer subjectivity, rendering the analysis less repeatable

and impactingonthe 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 bygperdion 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 averagelaémlfandmark configuration

either by averaging multiple indications on the template or defining a consensus configuration.

Extensive work has been published on 2D landmfariks (], whereas less research has
been done on the identification and locatafnlandmarks on 3D surfaces]]. Only some
recent work on 3D face registration explored the use of curvature in order to find the tip of the
nose %93 in combination with an iterative closest point (ICP) alignment algorithm. The ICP
is one of mospopular techniques for 3D face registration and it has been extensively used as
the main procedurer in combination with other methodsd, 90, 93]. Finally, we stress that
this study is the first attempt at a comptdssisted facial approximation ofetmose with an

automatic landmarking approach for the South African population using CBCT scans.
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Compared with manual methodsjtomation of facial approximation is suitable for
application to thgudicial system, which requires precision, reliabilitydaknowledge 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 haahd softtissue &cial featuredn this research, wegpecifically
used CBCT scans from living patiepggnce 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 t6.4 mm) and isotropic volumetric data for the accurate placement of 3D
landmarks T7].

Finally, this research demonstrates the utilization of the automatic landmarking as a
convenient prerequisite for geometric morphometpased shape analysis of timasal
complex. The automatic landmarking nstmlbe 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 autonpéimement 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,a@ardrder to finally apply the methodology on the
complete skull/face. In gendravhen developing approaches using automatic landmarking, it
may be useful to consider factors such as sex, age andpamelation 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
morphometricsdbased shape analysis of the nasal complex. The automatic landmarks
positioningon hard and softtissue 3D surfacesffers increased objectivity and the possibility
of standardization. The automatic landmarkimgaddition to reducingneasurement errqrs
allows us to achieve a better precision for facial approximation, enablingo#sgility 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 $isue reconstruction.
To this end, a subample of 12®outh Africars, from the original sample, were selected for
this preliminary analysis. In order to excluttee 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 dmsplaseof three
capulometric landmarks (pronasale, subnasale and alare) for the nose approximation using
linear measurements. Correlation coefficients between- fzard softtissue measurements
were determined, and regression equations computed to preglictast probable shape and

size of the nose.

Skeletal dimensions as predictors for the shape of the nose in a South
African sample: a conebeam computed tomography (CBCT) study.
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1. Introduction a complex component, with the underlying bone being only a
minor substructure of the mid-facial cranium, the region needs to
be analysed separately from the rest of the mid-face so as to assess

the correlation between the skeletal substructures of the nose and

Facial features, especially the profile of the nose, are important
in facial recognition and are of paramount consideration in forensic

facial approximations [1-3]. Dimensions of the nose might be
important in distinguishing male and female faces and are useful in
establishing an accurate facial approximation of a missing person
through craniofacial reconstruction [4]. Craniofacial reconstruc-
tion (CFR) focuses on the relationship between the external
envelope of tissue and the internal skeletal substrate. As the nose is
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its external surface morphology.

The morphology of the nose is often manually reconstructed
from the shape and size of the nasal aperture, represented by the
position of the pronasale, subnasale, and alare landmarks [5-9].
However, the reliability of this method depends on the character-
istics of the sample population [9,10]. For example, the utilization
of cadaver samples may be responsible for distortion of the soft-
tissue data as desiccation appears within a few hours after death
[11]. To overcome the limitations of tissue desiccation in cadavers,
a variety of nose approximation methods in living populations
have been developed based on the recent development in digital
imaging techniques such as cephalograms [9,12] and computer
tomography (CT) scans [13-15]. However, the utilization of CT
scans as initial references may involve a supination effect on the
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face due to the horizontal position of the patient during scanning
[16,17]. Moreover, the slice thickness, which generally ranges from
0.6mm to 1.5mm [13-15], may induce errors in the manual
landmark placement on 3D surfaces.

More recently, cone-beam computed tomography (CBCT)
scanning from living patients has been used. During a CBCT scan,
the patient is seated in a vertical position while the X-ray source
and detector rotate 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-0.4 mm) for the placement of 3D landmarks
[18]. Using in vivo CBCT scanning does not only eliminate the effect
of desiccation, but also possible supination effects.

Recently, Lee et al. [19] used CBCT scans to investigate the
relationship between the external- and skeletal-dimensions of
the nose so as to predict the nasal morphology of a Korean
population. Measurements were obtained as point-to-plane
distances or plane-to-plane distances by using well defined
landmarks on the nasal skeleton and the external surface of the
nose. This method estimates the coordinates of capulometric
landmarks from the hard-tissue by predicting the distances of the
capulometric landmarks from planes defined through cranio-
metric landmarks. For example, the 3D position of the alare can be
reconstructed from its distances from three mutually orthogonal
planes (e.g. sagittal, coronal and transverse planes through the
hard tissue nasion landmark). However, the reproducibility of the
method described by Lee et al. [19] is unknown and has not yet
been tested.

The aim of our study was to predict the relative positions of
capulometric landmarks from hard-tissue planes to facilitate nasal
soft-tissue reconstruction in a South African sample. Distances
between landmarks (craniometric and capulometric) and planes
were assessed. We examined the correlations among these
measurements and established regression equations. We also
assessed the reproducibility of all measures, which was not done
by Lee et al. [19].

2. Materials & methods

Cone beam computer tomography (CBCT) scans of 120 adult
South Africans were selected from the Oral and Dental Hospital,
University of Pretoria, South Africa. CBCT scans were obtained
using a CBCT scanner (Planmeca ProMax" 3D) with the following
properties: 90kV, 11.2 mA, voxel size of 0.4 mm, and field of view of
230 x 260 mm. A total of 60 black (37 males and 23 females) and 60
white (32 males and 28 females) South Africans were selected
(Table 1). In this study, the terms black and white South Africans
were used as these social terms are required when describing a
missing person. We selected young adults between 18 to 30 years
old in order to exclude possible remodelling effect of the facial
skeleton with the advancement of age. In order to obtain a
standardized volume data set, the subjects were scanned in the
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

Table 1
South African sample used.

the Faculty of Health Sciences, University of Pretoria, South Africa
(Ethics Reference No: 301/2016).

In order to obtain a standardized orientation of the planes,
special care was taken in orienting all scans in the Frankfurt
horizontal (FH) plane using Fiji software [20]. The FH plane is
defined by the right and left porion points (located at the top of
each external acoustic meatus) and the left orbital (located at the
bottom of the left orbit). Then, a reslicing process was performed
on all DICOM images orienting all 3D head images in the same
position. These resliced CBCT scans were imported into 3D Slicer
software [21], version 4.8 for Windows for all measurements.
Hard- and soft-tissue surface meshes were generated by finding
the threshold values between segmented components according to
the “Half Maximum Height” (HMH) quantitative iterative thresh-
olding method [22]. Threshold values for hard-tissue varied
between 1200-1250, and for the soft-tissue between 400-450.
Sagittal, coronal and transverse planes corresponding to the
resliced images were visualized and used as an instrument of
measurement. 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 the literature regarding facial approximation of the
nose using CBCT scans [ 19] and in order to conserve homology and
comparability between studies, craniometric and capulometric
landmarks (types I-III [23,24]) selected in the study by Lee et al.
[19] were used. Four craniometric landmarks (nasion (n), rhinion
(rhi), nasospinale (ns) and alare (al)) were identified on the nasal
bone and periphery of the nasal aperture, while three capulometric
landmarks (pronasale (pn’), subnasale (sn’) and alare (al’)) were
considered to represent the external structure of the nose. A total
of seven landmarks described in Table 2 and illustrated in Fig. 1
were used.

In order to assess the 3D external structure of the nose and
related skeletal-tissue structures, a set of coronal, sagittal and
transverse planes were defined through the identified landmarks.
The planes on the hard-tissue included the nasion transverse
plane (nTr), rhinion transverse plane (rhiTr), nasospinale trans-
verse plane (nsTr), left alare sagittal plane (alLSa), right alare
sagittal plane (alRSa), nasion coronal plane (nCor), rhinion
coronal plane (rhiCor). A total of seven hard-tissue planes,
described in Table 1 in supplementary material and illustrated in
Fig. 2, were used. The planes on the soft-tissue included the
pronasale transverse plane (pn'Tr), left alare transverse plane
(al'LTr), subnasale transverse plane (sn'Tr), subnasale coronal
plane (sn’Cor), pronasale coronal plane (pn’Cor), left alare sagittal
plane (al'LSa), right alare sagittal plane (al'RSa), left alare coronal
plane (al'LCor). A total of eight soft-tissue planes, described in
Table 1 in Supplementary material and illustrated in Fig. 3, were
used. All measurements (M) were calculated as distances (in mm)
between parallel planes. Thanks to the reslicing this reduces to
taking absolute differences between the x, y or z coordinate value
defining the plane.

The hard-tissue measurements included the nasal dimensions:
nasal width, nasal height, nasal bone length, nasal bone projection
and nasal bone angle. Only the nasal bone angle measurement was
calculated using 3D hand tools. In order to represent the soft-tissue,
measurements between the pn’ and sn’ planes (pn'Tr, pn’Cor, sn'Tr,
sn’Cor) and each hard-tissue plane (nTr and nCor) were determined

Complete sample Black South Africans

White South Africans

N Age Male

Female Age

Male Female Mean age

120 Mean: 27.15 (SD: 8.12) 37 23

Mean: 27.70 (SD: 7.18) 32 28

Mean: 26.25 (SD:9.1)
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Table 2
Definition and abbreviation of craniometric and capulometric landmarks used [23,24].

Landmarks ~ Abbreviation Definition

Craniometric Nasion n Intersection of the nasofrontal sutures in the median plane.
Rhinion rhi Most rostral (end) point on the internasal suture. Cannot be determined accurately if nasal bones are broken distally.
Nasospinale ns The point where a line drawn between the inferior most points of the nasal aperture crosses the median plane. Note that this

point is not necessarily at the tip of the nasal spine.

Alare al Instrumentally determined as the most lateral point on the nasal aperture in a transverse plane.

Capulometric Pronasale P’ The most anteriorly protruded point of the apex nasi. In the case of a bifid nose, the more protruding tip is chosen.
Subnasale  Sn’ Median point at the junction between the lower border of the nasal septum and the philtrum area.
Alare Al The most lateral point on the nasal ala.

Fig. 1. Landmarks placed on the hard- and soft-tissue.
n, nasion; rhi, rhinion; ns, nasospinale; al, alare; pn’, pronasale; sn’, subnasale; al', alare (cf. Table 2).

nCor  rhiCor

Fig. 2. Hard-tissue transverse, sagittal and coronal planes and measurements.

(a) Frontal view of the hard-tissue planes and measurements: nTr, nasion transverse plane; rhiTr, rhinion transverse plane; nsTr, nasospinale transverse plane; alSa, alare
sagittal plane (left and right); 1, nasal width; 2, nasal height; 3, nasal bone length.

(b) Lateral view of the hard-tissue planes and measurements: nCor, nasion coronal plane; rhiCor, rhinion coronal plane; 4, nasal bone projection; 5, nasal bone angle (cf.
Table 1 in Supplementary material).











































































































































































































































































































































































































































































