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ABSTRACT

The main theme of this thesis is how different scies of missing data estimation
influence the uncertainty of virtual reconstrucgollsing a combination of tools from Virtual
Anthropology and Geometrics Morphometrics, a vgrietf problems is approached
comprising major problems that arise during thet@néal reassembly of fragmented fossil
crania and the geometrical reconstruction of mgslata. The focus is on the quantitavive
description of accuracies and uncertainties in iffaggonstructions using landmarks and
semilandmarks from different reference samples.thieamore, new approaches for the
anatomical reconstruction of severly damaged crargantroduced.

When dealing with the reassembly of fragmentsvirtaal environment, every single step
can be saved in a detailed protocol and used asia Bbbr subsequent modifications. This
creates a large number of different reconstructia@mnsidering the uncertainty of the
reconstruction itself. Reconstructions of incomplédssil specimens are needed in varying
contexts from studies of ontogeny, phylogeny onfg@ohanics.

| exemplify these approaches by reconstructing reéwertually fragmented specimens
from extant and extinct species, and applying phthis information to thé\ustralopithecus
afarensisspecimens A.L. 444-2. Furthermore | investigataphological integration in the
hominoid craniofacial complex, showing patternscof/ariation that could be of potential
help estimating the uncertainty in the anatomieabnstruction of fragmented specimens.

Das Hauptaugenmerk dieser Arbeit liegt auf deeiten Rekonstruktion von Schadeln,
die sich durch das Fehlen eines grofR3en Teils dedds&tknochen auszeichnen. Mithilfe von
Methoden der virtuellen Anthropologie und Geometren Morphometrie kann dabei eine
Vielzahl von Problemen konfrontiert werden, die wagild der Rekonstruktion von
fragmentierten fossilen Schadeln entstehen kdonbenn jede Schadelrekonstruktion weisst
generell eine gewisse Ungenauigkeit auf. Diese waind verschiedenen Faktoren beeinflusst,
z.B. GroRe der fehlenden Schadelteile oder der Ratkationsmethode. Ein Schwerpunkt
dieser Arbeit liegt deshalb in der UntersuchungAleswirkungen verschiedener Faktoren auf
die Ungenauigkeit fossiler Rekonstruktionen mithilfon landmarksund semilandmarks
Daruiber hinaus werden neue Ansatze fur die anatbmmisRekonstruktion von stark
beschadigten Schadeln eingefihrt.

Bei der Rekonstruktion von fossilen Schéadelfragmenin einer virtuellen Umgebung
wird jeder einzelne Schritt in einem ausfihrlicHenotokoll gespeichert. Dies ermdéglicht die
Erstellung einer grof3en Anzahl von verschiedenekoR&ruktionen. Da eine Rekonstruktion
niemals perfekt sein wird, berlcksichtigt diesers@iz das mangelnde Wissen dariber, wie
das Original-Indiviuum wirklich aussah. Mit andereWorten zeichnet sich jede
Rekonstruktion durch einen gewissen Grad an Undgkeiti aus. Die Ermittlung dieser
Ungenauigkeit ist umso wichtiger, da heute hohe e an die Qualitdt von virtuellen
Modellen gestellt werden, die in unterschiedlict&mndien der Ontogenie, Phylogenie und
Biomechanik eingesetzt werden.

Ich veranschauliche diese Ansatze durch die Rekddgin mehrerer virtuell
fragmentierter Individuen und wende die gewonnelmarmationen unter anderem in der
Rekonstruktion dedAustralopithecus afarensitndividuums A.L. 444-2 an. Desweiteren
untersuche ich die morphologische Integration iamiafazialen Komplex von Individuen der
Uberfamilie Hominoidea um Kovariationsmuster aufzuzeigen, die wahrend Sthatzung
der Ungenauigkeit von anatomischen Rekonstruktismoenpotenzieller Hilfe sein konnten.
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1. FOREWORD

Most hominin cranial fossils are incomplete, whereaany conventional analyses of gross
morphology require that specimens be complete eBfit approaches for the imputation of
missing data emerged in the last decade that fapmdication in various fields such as
craniomaxillofacial surgery (Benazzi et al., 201Blenazzi and Senck, 2011), bioarchaeology
(Benazzi et al., 2009b), and anthropology (Ponce & and Zollikofer, 1999; Neubauer et
al., 2004; Grine et al., 2010; Watson et al., 20H¢constructions of incomplete fossil
specimens were incorporated in varying contextsifstudies of ontogeny (Gunz et al., 2010)
and phylogeny (Gunz et al., 2009a) to biomecha(fitgit et al., 2010). Especially recent
biomechanical analyses on primate skulls usingefimlement analysis (FEA) require a
complete geometry of the input models (Strait £t26109; O’Higgins et al., 2011). Regardless
of assumptions about functional constraints, irgggn, symmetry, species affinity, and
taphonomy on which any reconstruction is based ¢Gatral., 2009b; Weber and Bookstein,
2011), the completeness of the skull is a fundaatgme-requisite. In virtual reconstructions
that will be used as models for FEA, the geomefryhe reconstructed missing area will
substantially influence the transmission of for@esl consequently the outcome of the
analysis. In other words, the uncertainty of thapghof a reconstructed bone is influencing
the uncertainty of the biomechanics because gegrngetine of the central factors for these
computations. Therefore, information about the uasty is needed to evaluate
biomechanical analysis, i.e. one needs data on stiepe variation of the resulting

reconstructions prior to further analyses.

In my thesis | will address several issues thaseaduring the reconstruction of

fragmented specimens:

(1) Anatomical reconstruction of fragmented specisi@ new approach:

During the anatomical reconstruction of fossilglased fragments have to be placed and
oriented relative to each other. If there are nat@mical clues or constraints that guide the
reconstruction, e.g. broken edges that clearly eontwo parts, the result will show a degree
of matching uncertainty. A way to estimate the posal interdependencies in the
craniofacial complex is to apply morphological infation of reference samples and use this

information during the reconstruction process.
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(2) Consequences of reference sample choice dgeometric reconstruction:

Most hominin cranial fossils are incomplete, rempgrreconstruction prior to deployment in
subsequent analyses. However, complete refereragacfrom the same taxon are often
absent for fossils. One part of my thesis will dedh the investigation of the consequences
of intraspecies and interspecies reconstructionsstiynating missing data in several virtually
fragmented models of hominoid crania (extant arssifp Using a sample diomq Pan
Pongoand several fossils | will investigate the postedistribution and uncertainty of the

generated multiple intraspecies and interspecmsnstructions.

(3) Morphological integration and facial orientatio

During the anatomical reconstruction of fossilglased fragments have to be placed and
oriented relative to each other. If there are nat@mical clues or constraints that guide the
reconstruction, the result will show a degree ofamiag uncertainty. A way to estimate the
positional uncertainty of a structure in the créaotal complex, for example of the face
relative to the basicranium, is to investigate ihiegrational pattern of rigid relationships
between these cranial modules in extant specias.iffflormation will yield estimations of the
uncertainty of the modules” position and can beaitntial help during the reassembly of

cranial (fossil) fragments.

The outcome of any analysis strongly depends otetres of preservation of skeletal remains.
Fragments recovered from a fossil site, archaecdbgiield, or crime scene are often
incomplete, for example due to taphonomic procesdisas occur over time or because of
damage during recovery. Consequently, an estimatiomissing (craniofacial) bone is
required to obtain a basis for subsequent analygdsal reconstructions of fossil or historic
specimens are used in a wide range of applicaticarsging from biting simulations of
AustralopithecineqStrait et al., 2009; Strait et al., 2010) andt sisfsue reconstruction in
forensic cases (Claes et al., 2010). Regardlesssimptions about functional constraints,
integration, symmetry, species affinity, and taprag on which any reconstruction is based
(Gunz et al.,, 2009b; Weber and Bookstein, 2011¢ t¢bmpleteness of the skull is a
fundamental basic requirement.

Two basic methods for skull reconstruction candmognized. 1) A traditional approach,
that is time-consuming and prone to subjectivityerehmissing parts are manually moulded
via modelling clay or plaster (Tattersall and SamyE996; Wilkinson and Neave, 2001,

Kimbel et al., 2004a). 2) A computer-assisted appino which uses tools of Virtual
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Anthropology in order to increase the reprodudpibf the results using reference samples
and quantitative methods (Weber et al. 2003; GaoB5; Zollikofer and Ponce de Leon,
2005; Gunz et al.,, 2009b; Weber and Bookstein, P0The combination of virtual
reconstruction and GMM offers a number of advardgagmpared to traditional
reconstruction, amongst others expenditure of wme reproducibility. The first part of my
thesis will deal with the anatomical reconstructiordifferent scenarios of missing data by
employing standard procedures and introducing a c@wbination of methods of VA and
GMM.

Particularly for fragmented fossils where no refiee sample is available from the same
species due to the scarcity of specimens, a caasgdssment of the posterior distribution of
the reconstructions (based on different referenisegquired. Zollikofer and Ponce de Leon
(2005) have suggested that fossil reconstructitisild use reference samples drawn from
the same species as the specimen being reconstriaighermore, the reference sample
should represent the shared ancestral pattern rdtioa rather than patterns of variation
characteristic of the derived taxa. The reasow iavbid biasing the reconstructions towards
“preconceived morphologies”. But this approach isbpematic in view of the extremely
small samples of fossil material available for mafhyhe most interesting hominid species. In
most cases it is impossible to collect a referesammple from the population to which the
damaged fossil individual belonged. Guidelinesgasdicularly needed for fragmented fossils
for which no reference sample is available fromsame species, or for which allocation to a
species is disputed.

Gunz et al. (2009b) demonstrated reference sam@pendiency on reconstructed
shape features of the supraorbital region inHbeno erectus s.specimen KNM-WT 15000.
Nevertheless, the consequences of the choice ofefieeence on the outcome of the TPS
reconstruction have not yet been studied for aelasgmple consisting of several species. In
this thesis | will investigate this aspect of vatueconstruction. | will estimate missing data
for hominoid crania using a geometric reconstrurctising thin plate splines (TPS) in order to
examine the resulting error, i.e. the posterioriarare and posterior distribution of the
reconstructions with regard to the choice of thierence sample. Not only the specific
characteristics of the fossil, the reference sapgiid the reconstruction method, but also the
regions that are missing have an influence on #&selts. Since the combination of these
factors lead to different estimations, there exmgis“all-purpose” reconstruction. Different

assumptions and reference samples will potentialig to equally plausible reconstructions
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that differ in shape, but these different estimatéght still support a single conclusion (Gunz
et al., 2009b). The knock-out analysis simulatedhis part of the thesis is specifically
tailored for theAustralopithecus afarensispecimen A.L. 444-2 (Kimbel et al., 2004a),
characterized by two separate and large missirgsdrethe face and the neurocranium. To
explore the consequences of reference choice ionanoid wide sample, | will extend the
approach by estimating missing data for some othwortant fossils, i.e., Mladec 1,
Petralona, and Sts 5 that were virtually fragmeited/ay of experiment. Thereby, | will gain
data about the difference in accuracy and unceytéom fossil reconstructions in comparison

to the intraspecies and interspecies reconstruictbextant hominoids.

The orientation of the face relative to the basizra (facial orientation or facial kyphosis) is
highly variable in hominoids. This imposes a highgiee of uncertainty when trying to
reconstruct the maxillary position in fragmentece@mens. One part of my thesis will
therefore deal with the investigation of the coation pattern of the rigid relationships among
the maxillary bone and the cranial base in selebtedinoid speciesPongo pygmaeus$’an
troglodyte$. This will provide estimations of uncertainty fdossil reconstructions and
information about associations of facial orientatwith distinct features of the hominoid
craniofacial complex.

During the anatomical reconstruction of fossilglased fragments have to be placed
and oriented relative to each other, either applygrraditional approach in which fragments
are manually placed and connected (Tobias, 196mbKi et al., 1984; Kimbel and White,
1988; Kimbel et al.,, 2004; Caspari and Radovcid)&20Curnoe and Tobias, 2006) or a
computer-assisted approach which uses tools afalienthropology (Zollikofer et al., 1998a,;
Ponce de Leon, 2002; Gunz, 2005; Zollikofer anddeare Leon, 2005; Gunz et al., 2009b;
Benazzi et al. 2011). In three dimensions, any tjwmsng of two objects introduces six
degrees of freedom, three translational and thotsional, all of which are independent. As
the number of fragments in a reconstruction in@easo does the uncertainty of matching,
for example when fossil fragments are joined alerayled fracture lines. The principal source
of uncertainty arises from the uncertain positibrihese fragments relative to each other. If
there are no anatomical clues or constraints thategthe reconstruction, e.g. broken edges
that clearly connect two parts, matching unceryamty lead to error propagation over the
reconstructed morphology as a whole (Zollikofer &utce de Leon, 2005).

A way to estimate the positional uncertainty otracture in the craniofacial complex

is to investigate the integrational pattern of digelationships between cranial modules in
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extant species and apply this information during tbassembly of cranial fossil fragments.
The idea is that the pattern of morphological cateim observed in the comparative sample
helps to estimate the morphological covariatiothmfossil specimen. To investigate changes
in midfacial orientation and the shape of the @bbiase that occur together, | analyze the
patterns of their covariation using partial leagtiares (Rohlf and Corti, 2000). The partial
least squares (PLS) method explores the interoalstibetween two or more blocks of
observations. This provides estimations of uncetyaf the palate orientation, i.e. the degree
of freedom of its rigid motion that may, among atlieings, help reconstructing hominid

cranial fossils or forensic cases.
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1. Zusammenfassung

Die meisten fossilen Schadel von Vor- und Frihmieascsind unvollstandig, zerbrochen
oder deformiert. In vielen Fallen sind Schadelresteh von einer Kombination dieser
Faktoren betroffen. Viele géngige (statistische)akksen der Morphologie und Anatomie
setzen allerdings voraus, dass Individuen vollstiisthd. Um dieser Tatsache gerecht zu
werden, wurden unterschiedliche Ansatze fur dieutaon der fehlenden Daten, d.h. die
Vervollstandigung der Datenmatrix, in den letzteahrén entwickelt. Diese finden
Anwendung in verschiedenen Bereichen wie Mund-fdfieund Gesichtschirurgie (MKG,
auch Kranio-Maxillo-Faziale Chirurgie; Benazzi dt, 2011a; Benazzi und Senck, 2011),
Bioarchaologie (Benazzi et al.,, 2009b) und Anthfopgi® (Ponce de Ledn und Zollikofer,
1999; Neubauer et al., 2004; Grine et al., 2010f{sdfa et al., 2011). Der Grof3teil dieser
Ansatze verwendet einen computergestitzen Ansa&z, Werkzeuge der virtuellen
Anthropologie und Geometrischen Morphometrie (Geoicge Morphometrics) nutzt.
Dadurch werden die Reproduzierbarkeit, der Zeitanflv und der Schutz der
Originalfragmente erhoht (Gunz, 2005; ZollikoferduRonce de Leon, 2005; Gunz et al,
2009b; Weber und Bookstein, 2011). Im KlinischerreBd konnen operative Eingriffe
simuliert werden und eine optimale Behandlung, &atspiel durch am Computer geplante
und entworfene Prothesen, sichergestellt werdekdkwieller et al., 2008).

Fossilien konnen nach ihrer Rekonstruktion in wsdliedlichen Bereichen wie
Studien der Ontogenie (Gunz et al., 2010) und Rjeylee (Gunz et al., 2009a) oder der
Biomechanik (Strait et al., 2010) verwendet werd&peziell biomechanische Analysen von
Primatenschadeln mithilfe der Finite-Elemente-Meé#ho (FEM) stellen heute hohe
Anforderungen an die Qualitat von virtuellen Schéaelellen (Strait et al, 2009; O'Higgins
et al, 2011). Somit kann eine Rekonstruktion desifen Schadels zu einer obligatorischen
Bedingung werden (Benazzi et al.,, 2011a). Unablgangn Annahmen Uber funktionale
Einschrankungen, Integration, Symmetrie, Artzugek@it und Taphonomie, auf denen eine
Rekonstruktion basiert (Gunz et al.,, 2009b; Webed uBookstein, 2011), ist die
Vollstandigkeit des Schéadels eine grundlegende Wt&seizung. In virtuellen
Rekonstruktionen, die als Modelle in der FEM eimggeis werden, hat die Geometrie der
rekonstruierten Teile wesentlichen Einfluss auf digertragung von Kraften und beeinflusst
damit das Ergebnis der Analyse. Mit anderen Worthia, Unsicherheit der Form eines
rekonstruierten Knochens beeinflusst die Genauigkemechanischer Untersuchungen, weil

die Geometrie ein zentraler Faktor fur die Berectyan ist. Deshalb sind Informationen tber
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diese Unsicherheit, die wahrend der Rekonstrukéiofireten, erforderlich. Zum einen, um
die Verwendbarkeit solcher Rekonstruktionen flrnieéehanische Analysen zu bewerten -
zum anderen um generelle Aussagen Uber den Infamsgehalt und den
Informationsgewinn in  morphologischen Studien durctie Verwendung von

Rekonstruktionen zu untersuchen.

In meiner Dissertation werde ich auf einige Proldtsiiungen eingehen, die sich bei der

Rekonstruktion von fragmentierten Schadeln ergeben:

(1) Anatomische Rekonstruktion von unvollstandiggividuen - ein neuer Ansatz:

Wahrend der anatomischen Rekonstruktion von Fessitilissen isolierte Fragmente platziert
und zueinander ausgerichtet werden. Gibt es keinatomischen Hinweise oder
Einschrankungen, die ein zweifelsfreies Zusammarfligermoglichen, z. B. durch
Bruchkanten, die eindeutig eine Verbindung aus Zilen darstellen, wird das Ergebnis
einen gewissen Grad von Unsicherheit bzw. UngeRkattigufweisen. Eine Mdglichkeit, um
die Rekonstruktion in solchen Fallen zu erleichtéshdie Einbindung der Informationen von
Lagebeziehungen einzelner Module des kraniofazidtemplexes (zum Beispiel der
Schadelkalotte relativ. zum Gesichtsschadel) und derwendung von grundlegenden
Merkmalen des Saugerschadels (wie zum Beispiebiiteralen Kérpersymmetrie) anhand

von Referenz-Stichproberneference samplgs

(2) Konsequenzen der Wahl deterence samplas der geometrischen Rekonstruktion:

Der Grof3teil der homininen fossilen Schédel istalisténdig, was deren Rekonstruktion
erfordert, bevor sie in nachfolgenden Analysen esdet werden. Allerdings sind komplette
Referenz-Schéadel der gleichen Art in der Regel seften fur fossile Hominini. Ein Teil
dieser Arbeit wird sich deswegen mit der Untersuchder Folgen von Rekonstruktionen
widmen, die fehlende Daten in kunstlich fragmemgierSchéadel-Modellen (rezent und fossil)
schatzen. Besonderes Augenmerk wird dabei auf dies&quenz der Wahl desference
samplesgelegt, das heildt, es werden fur die verschied&ekonstruktion Individuen der

gleichen und anderer Arten verwendet.

(3) Morphologische Integration und Orientierung Qéserkiefers:
Wahrend der anatomischen Rekonstruktion von Fessitilissen isolierte Fragmente platziert

und relativ zueinander ausgerichtet werden. Wenrkese anatomischen Hinweise oder
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Einschrankungen gibt, die beim Zusammenfiigen dezefieile hilfreich sein kénnten, wird

das Ergebnis einen Grad an Ungenauigkeit zeigere Hidglichkeit, diese Unsicherheit der
relativen Lage einer Struktur zu einer anderen iamiofazialen Komplexes zu schatzen (zum
Beispiel Gesicht relativ zur Schadelbasis), bestekter Analyse der integrativen Muster der
Lagebeziehungen zwischen diesen Schadel-Moduleezenten Arten. Diese Informationen
kobnnen maoglicherweise wahrend der Rekonstruktiom ¥fssilen) Schadelfragmenten
verwendet werden, liefern aber in jedem Fall Angaliber die Variation der Deklination

beziehungsweise Elevation des harten Gaumens dgagretiér Schadelbasis.

Das Ergebnis einer Analyse der Schadelsmorphologiegt stark vom Erhaltungsgrad der
Knochenreste ab. Fragmente aus einer fossilen Eitglseinem archéologischen Feld oder
einem Tatort sind oft unvollstandig, zum Beispigilvgie durch taphonomische Prozesse oder
aufgrund von Schaden wahrend der Bergung beschéadigtien. Folglich kann eine
Rekonstruktion der fehlenden (kraniofazialen) Krexdeile erforderlich werden, um die
Grundlage fur spatere Analysen zu schaffen. In Heutigen Zeit werden virtuelle
Rekonstruktionen fossiler oder historische Fundaiind Individuen in einer breiten Palette
von Anwendungen eingesetzt, die von KausimulatioineAustralopithecinen (Strait et al.,
2009; Strait et al., 2010) bis zur Weichteilrekouktion in forensischen Féllen (Claes et al.,
2010) reichen.

Generell existieren zwei grundlegende Methoden ZRekonstruktion von
beschadigten und bruchstiickhaft erhaltenen Knoduear Schadeln: 1) Ein traditioneller
Ansatz, der zeitaufwandig und anfallig fir subje&tiEinflisse ist, und bei dem fehlende
Teile manuell mithilfe von Modelliermasse oder Ggesormt werden (Tattersall und Sawyer,
1996; Wilkinson und Neave, 2001; Kimbel et al., 20@®) einen computergestitzen Ansatz,
der Werkzeuge der virtuellen Anthropologie nutztm udie Genauigkeit und
Reproduzierbarkeit der Ergebnisse mithilfe voeference samplesund quantitativer
Methoden, zu erhéhen (Gunz, 2005; Zollikofer unddgode Leon, 2005; Gunz et al., 2009b;.
Weber und Bookstein, 2011). Die Kombination vontugtlen Rekonstruktionen und
Geometrics Morphometrics bietet dabei eine Reihen Worteilen im Vergleich zu
herkdbmmlichen Rekonstruktionen, unter anderem déeriNgerung des Zeitaufwands und
eine verbesserte Reproduzierbarkeit. Der erste meiher Dissertation wird sich mit der
anatomischen Rekonstruktion in verschiedenen Sieenarfehlender Schéadelteile
beschaftigen. Durch den Einsatz von mittlerweibndardisierten Rekonstruktionsmethoden

und der Einfihrung einer neuen Kombination von Md#n der Virtuellen Anthopologie und
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Geometrics Morphometrics werden verschiedene Fraljgsgen angegangen. Das Ziel ist
die Rekonstruktion von Schadeln, die einen grofReit dn fehlender Knochensubstanz
aufweisen oder deren einzelne Schéadelteile ohnehRamten voneinander getrennt sind.

Besonders fur fragmentierte Fossilien, bei denan keference sampléer gleichen
Spezies verfugbar ist, vor allem aufgrund der galtear Knappheit der kompletten fossilen
Schédel, ist eine sorgfaltige Bewertung der Vasiativerschiedener Rekonstruktionen
(basierend auf den verschiederreference sampleserforderlich. Zollikofer und Ponce de
Leon (2005) haben vorgeschlagen, dass fossile Rakdaionen einreference sampleer
gleichen Spezies verwenden sollten. Dariber hisalite dasreference sampleher den
letzten gemeinsamen Vorfahren repréasentieren, Isidittiduen, die charakteristisch fur die
Art sind. Dadurch soll vermieden werden, dass diekdRstruktion in eine bereits
,vorgefasste, Richtung verzerrt wird. Jedoch istsd#ir Ansatz in Anbetracht der knappen
Verfugbarkeit von komplettem fossilem Material fiiele der interessantesten Hominiden
problematisch. In den meisten Fallen ist es unmbgleinreference sampléer gleichen
Spezies, aus der das zu rekonstruierende Fossitrdfazu finden. Daher sind Leitlinien far
fragmentierte Fossilien, fur die keneference sampleler gleichen Spezies zur Verfigung
steht oder bei denen die Zuordnung zu einer Spemssritten ist, dringend notwendig.

Gunz et al. (2009b) zeigten eine Abhangigkeit ddonstruierten Merkmale in der
Supraorbitalgegend beirdomo erectus s.lindividuum KNM-WT 15000 vom gewahlten
reference sampleDennoch sind die Auswirkungen der Wahl deference sampleauf das
Ergebnis von Rekonstruktionen, die dlih-plate splinegTPS) basieren, noch nicht fur eine
groRere Stichprobe (bestehend aus mehreren Artgajsucht worden. In dem zweiten Teil
der Doktorarbeit werde ich daher diesen Aspektuituellen Rekonstruktion untersuchen.
Ich werde fehlende Daten in hominiden Schéadelnilfétder geometrischen Rekonstruktion
(mithilfe von TPS) schatzen, um die daraus reseltiden Fehler zu untersuchen, d.h. die
Verteilung der Rekonstruktionen im Hinblick auf dahl der Referenz. Nicht nur die
spezifischen Eigenschaften des Individuums, sondmroh dasreference sampledie
Rekonstruktionsmethode und die Form der fehlendegidRen haben einen Einfluss auf die
Ergebnisse. Da die Kombination dieser Faktoren raerachiedlichen Einschatzungen fihrt,
gibt es keine "Allzweck" - Rekonstruktion. Vielmekdnnen unterschiedliche Annahmen und
reference samplegotenziell zu gleichermal3en plausiblen Rekonstwokn fiihren, die sich
in ihrer Form unterscheiden. Dennoch kdnnen diggerschiedlichen Rekonstruktionen die

gleiche Schlussfolgerung unterstitzen (Gunz e2@09b).
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Die Knock-out-Analyse, die in diesem Teil der Atbgimuliert wird, ist speziell auf
dasAustralopithecus afarensimdividuum A.L. 444-2 (Kimbel et al., 2004) zugbsdten,
welches durch zwei groRe Lucken im Gesicht und &sh&harakterisiert wird. Diese
Untersuchung wird Daten Uber die (Un-)Genauigkessiler Rekonstruktionen in Bezug auf
die Wahl desreference samplediefern, und somit wertvolle Information fur die
Rekonstruktion von Hominiden darstellen.

Ein weiterer Umstand, der die Rekonstruktion vossiien Schadeln erschwert, ist die
morphologische Variation in der Auspragung von Nbegken im kraniofazialen Komplex von
Primaten. Ein Bespiel fur diese variable Auspragishglie Orientierung des Gesichtsschadel
relativ zur Schédelbasis (Deklination oder Elevatites Kieferschadels) in Hominiden. Dies
resultiert in einem hohen Mal3 an Unsicherheit leen &/ersuch, die Position des Oberkiefers
in fragmentierten Individuen zu rekonstruieren. Bl meiner Arbeit wird sich daher mit
der Untersuchung der Kovariation der Lagebeziehnizgeschen den Kieferknochen und der
Schadelbasis in ausgewahlten Artetylpbates muelleriPongo pygmaeus$an troglodytes
befassen. Dies ermdglicht Schéatzungen CUber die ringgkeit von fossilen
Rekonstruktionen und liefert Informationen Uber dievariation der Oberkiefer — und
Unterkieferorientierung mit unterschiedlichen Megden des kraniofazialen Komplexes in
Gibbons, Orangutans und Schimpasen.

Wahrend der anatomischen Rekonstruktion von Fessihtssen isolierte Fragmente
platziert und ausgerichtet, entweder durch die Ardueg eines traditionellen Ansatz, bei
dem Fragmente manuell platziert werden (Tobias,719%6mbel et al., 1984; Kimbel and
White, 1988; Kimbel et al., 2004; Caspari und Raminv2006; Curnoe und Tobias, 2006)
oder mithilfe eines computer-gestutzten Ansatzegr dVerkzeuge der Vvirtuellen
Anthropologie verwendet (Zollikofer et al.,, 1998priee de Leon, 2002; Gunz, 2005;
Zollikofer und Ponce de Leon, 2005; Gunz et al.Q@®f. In drei Dimensionen hat jede
Positionierung zweier Objekte sechs Freiheitsgrdds,translatorische und drei rotatorische,
die alle unabhangig voneinander sind. Steigt diezahh der Fragmente in einer
Rekonstruktion, steigt auch die Unsicherheit, niit Bragmente relativ zueinander platziert
werden, zum Beispiel wenn Bruchkanten von fossilagmenten erodiert sind. Die
Hauptquelle der Unsicherheit ergibt sich dabei des unsicheren Lage dieser Fragmente
zueinander. Gibt es keine anatomischen Hinweiser d&laschrankungen, die bei der
Rekonstruktion helfen kénnten, z. B. durch klarimiefte Bruchkanten, fihrt dies zu einer
ansteigenden Unsicherheit, die sich auf die kortl®&®ekonstruktion auswirken kann
(Zollikofer und Ponce de Leon, 2005).
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Eine Mdglichkeit die variablen Lagebeziehungen &tnukturen im kraniofazialen
Komplex zu schatzen, ist die Untersuchung integeatiMuster, zum Beispiel zwischen
Schadelbasis und Oberkiefer. Die Untersuchung dmphologischen Kovariation in einer
rezenten Spezies kann potentiell helfen, Anhaltsggufiir die morphologische Kovariation in
fossilen Spezies zu finden. Um den gegenseitigafiuss der Orientierung des Oberkiefers
und der Form der Schadelbasis zu untersuchen, sa@yich die Muster ihrer Kovariation
mithilfe von Partial Least Squares(PLS; Rohlf und Corti, 2000). Dies ermoglicht
Schatzungen der Variation der Oberkiefer-Orientigrud.h. der Freiheitsgrade seiner
.starren” Bewegung. Dies kann zum einen bei der dRektuktion von Fossilien oder
forensischen Fallen hilfreiche Informationen li@ferdartber hinaus aber auch neue
Einsichten Uber die Kovariation in der Orientierungs Gesichtsschadels relativ zur

Schadelbasis gewahren.
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CHAPTER 2: INTRODUCTION
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2. INTRODUCTION

2.1. Anatomical reconstructions of incomplete specimens

A crucial task for anthropologists and paleoantbtogists is the reconstruction of the
appearance, posture, and dietary behaviour of axtimminoids. In this context
reconstruction means the attempt to assemble fomsihins in an anatomically “correct”
manner, whereas restaurations are artistic intexgpgwsas how one individual of a species
might have appeared. Reconstructions are not ctstrito the reassembly of the physical
appearance but also concern various aspects gettiegical history, such as paleoclimate or
bioarcheology. But all of these efforts have on@lga common: reconstructing human
evolution by studying fossil remains, including @ik accessible information available from
its geological past.

If we seek a principled way to do such reconstangisome preconditions have to be
satisfied. First a profound and comprehensive enatiun of the disturbances than can occur
to biological forms has to be performed. Weber Bodkstein (2011) introduced four mjor
types of disturbances that can be found when dgalith the reconstruction of forms:

Type 1: The original form is no longer available bl the parts of the original are present.
The main task in this scenario is the reassembtii@tingle fragments, representing
a kind of 3d jigsaw puzzle.

Type 2: Parts of the form are missing and haveetediimated. This will introduce a certain
degree of uncertainty in the resulting reconstamgtidepending on the amount of
morphology missing.

Type 3: The original form is deformed. To corrdut eformation one needs to have some
knowledge of their quality. Since fossils often wha combination of the first three
types, deformation in complex structures like cacame very difficult to correct.

Type 4: Foreign material like deposits and accutiaraof sediments covered and/or

penetrated the form, making parts of it inaccessibl

Since many fossil specimens that are discoveredv shocombination of these
disturbances, there is no exact reconstructionusecavery step of restoring its original state
introduces some uncertainty. Hence, a reconstmctn never duplicate the original but only
represents an approximation (Weber and Bookstéihl R Nevertheless, we can make use of
several basic principles of the skulls bauplan wlemonstructing fossil crania, substantiating
a principled way of carrying out reconstructionsy Bsing information about bilateral
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symmetry and the smoothness of structures, e.peofieurocranium, we can exploit general
knowledge about factors constraining form. Furthemen knowledge about group specific
form factors can be used if the classification t@pecies is accurate. Then intraspecific
information of autapomorphies and patterns of vimaand covariation that characterize the
concerned species can be exploited during the streation process. Finally, individual form

factors can serve to identify and correct defororej e.g. if one side of the structure is
complete and unaffected by deformation, additignatlinimizing the uncertainties of a

reconstruction (Gunz et al., 2005b; Gunz et alQ9®) Weber and Bookstein, 2011). The
following section will give a more comprehensiveeoxiew of the possibilities and pitfalls

during the reconstruction process, and sectior2 3 2vill give a more theoretical summary of

methods of missing data estimation.

2.1.1.Traditional vs. virtual approaches

In this section | generally introduce reconstructioethods and compare traditional to virtual
approaches, discussing the advantages and handidepsnding on the field of application,
traditional approaches use gypsum, modelling obmyglental wax. In paleoanthropology, a
traditional way of reconstructing fossil speciménso assemble the fossil remains around a
solid core of plaster. The missing portions areerafards filled with modelling gypsum
(Figure 1). There are several main disadvantages that caribserved when employing this
approach:

a) The resulting model is subject to gravity duringidg, i.e. the position of the placed
fragments can change during the reconstructiongsscThis introduces an error that
is very difficult to correct after the model is cpletely hardened.

b) The process is very time consuming. Since therendsprefect solution for a
reconstruction, it is desirable to have many adBwe reconstructions to investigate
the uncertainty of the results. The expendituréiroé for the production of multiple
reconstructions is therefore tremendous usingttoamil methods.

c) Missing parts are manually moulded (via gypsum) #uedefore prone to subjectivity,

because the reconstructor incorporates his owropoeptions into the final model.

Despite these disadvantages, traditional recornginspersist until today (Tattersall and
Sawyer, 1996; Wilkinson and Neave, 2001; Kimbehlet 2004). An alternative approach,

circumventing most of these disadvantages is pteddyy virtual anthropology and discussed
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below. Dealing with fossil fragments in a compugavironment protects the original fossil
material and compensates for the influence of tyakiat is imposed on every reconstruction
in real life. Throughout the thesis tieistralopithecus afarensispecimens A.L. 444-2 will
be employed as an example for the use of reconistinumethods. Because it summarizes a
set of difficulties that arise during reconstruntiono matter manually or in a virtual
environment, it illustrates the limitations and goeceptions that are involved in every
reconstruction process. Details about Australopities and A.L. 444-2 are presented in
section 2.2.1.4 and 3.1.1.1.

Probably the most obvious disadvantage duringttoadil reconstructions is imposed by
gravity. If a bony structure, e.g. a skull or aviglis in a fragmentary state, the first step is
the establishment of the physical stability of Wieole structure. When assembling the single
fragments (either the originals or casts of theioals), each fragment has to be precisely
placed in order to glue the parts together, reptesge a major source of “gravitational”
influence. Since the used glue or plaster hasypdingle parts can move during the time of
drying, possibly introducing shifts and leadingato overall offset in the desired positions of
the singles pieces. To prevent these movementscaneapply devices to stabilize single
parts, e.g. wooden or plastic sticksgure larepresents a traditional reconstruction of A.L.
444-2 showing wooden sticks that are stabilizirgyleurocranium at the height of the porus
acusticus externus. It is obvious that the resgilteconstruction looks rather fragile, making
further investigations difficultFigure 1b represents a different reconstruction of A.L. £44-
in which the single fragments were assembled ar@uodre of plaster. This reduces the risk
that the fragments move and shift during drying,tlee other hand requiring many steps of
manually adjusting the inner core to accommodatesihgle fragments.

In contrast, working in a virtual environment, gigvdoes not influence the
reconstruction process. In addition, each fragnsantbe moved in three dimensions without
the risk of damage. Another advantage is that limatson parameters can be changed to
improve the look of the scene and fragments cacabered for the ease of identification.
Furthermore, helpful virtual tools like surface al@hation maps can be applied to assist
during the identification of cracks, sutures, amplography Figure 2). A disadvantage that is
shared with traditional methods that use castseddss of color information, i.e. texture. This
information could potentially help to check if bkéay edges were a consequence of
taphonomic processes or originated from post mordaimage during the recovery. Also
surface patches, characterized by colored sedimyedéposits can be of potential use during

the reassembly of fossil fragments.
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b)

Figure 1 A.L. 444-2. Reconstructions using traditional hoets. a) assembly of single fragments
using wooden sticks (connecting the posterior cavand the right parietal fragment) as supporting
structures (source: http://www.modernhumanorigieigait44-2.html; photograph by Donald
Johanson). b) reconstruction around a inner congisting of plaster (source: Johansson and Edgar,
From Lucy To Language, 2006; photograph by WillidnKimbel)

The second major advantage of virtual approachesingmizing the expenditure of
time. During traditional reconstructions, for evesipngle model that is created one needs to
produce the casts of all the fragments that ard.uBeen, every reconstruction has to begin
from the scratch, discarding the potential clueat tivere made during the former
reconstruction, for example from the continuity raftiscle attachments. Since there is no
perfect precision when working manually, it is inspible to produce the same configuration
twice, e.g. when one intends to leave one parhefreconstruction unchanged. This is of
interest when investigating the posterior distiidmutof multiple reconstructions (Gunz et al.,
2009b; Benazzi et al., 2011a). Most of the traddloapproaches did not explicitly assume
any uncertainty in the produced reconstruction,nhgabecause the expenditure of time to
produce several alternative models is tremendous.

When dealing with the reassembly of fragments wirtaial environment, every single
step can be saved and used as a basis for subseqaéifications. This creates a large
number of different reconstructions, considering timcertainty of the reconstruction itself.
Since no reconstruction will ever be perfect, dggproach takes our lack of knowledge into
account how exactly the individual to be recongtdaeally looked like. Yet, even though
the computer environment yields transformation masr of arbitrary precision, these
interactions are not objective (Gunz, 2005). One tmabe aware that any estimation of

missing parts, whether manually or in a comput@irenment is based on assumptions. Even
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though this affects both approaches, virtual retangons allow the production of multiple

models in a shorter time compared to traditionathmes. The different models that were
produced using specific protocols can then be dteals separate individuals in a principal
component analysis (Zollikofer et al., 2005; Guhale 2009b; Benazzi et al., 2011a). The
variation between the reconstructions that are wuelifferent assumptions can thus be

evaluated in the light of the scientifc questiou@, 2005).

Figure 2 A.L. 444-2 frontal bone. The color gradient cotles mean of the two principal curvatures

computed for each triangle. Areas with dark greaaarshow the least curvature, bright yellow indicat

pornounced curvature, blue represents curvature dtea out of the color gradient and represent
(breaking) edges.

A good example for the preconceptions that arerpa@ated in each reconstruction,
and that can be overwhelming depending on the degfemissing data, is the composite
reconstruction of Kimbel et al. (1984; 1988). Th@mposite skull consists of 12 specimens
and was created to overcome the lack of com@lesdralopithecus afarensspecimens until
the recovery of A.L. 444-2 and A.L. 822-1. Becaube sample consists of various
specimens, the authors not only had to deal witbsimg data but also with the variability
within this sample. Since neither sex nor age efftagments could be determined without
doubt, the composite reconstruction was highly mggious. Furthermore, there is an ongoing
discussion about the level of sexual dimorphism abdut patterns of allometry that
complicates the interpretation of the results (keegger and Shell, 1987; Henry M, 1991;
Richmond and Jungers, 1995; Lockwood et al., 18%ycan et al., 2005; Reno et al., 2005;
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S.-H, 2005; Seth D, 2005; Scott and Stroik, 20&&aluating their composite reconstruction
in the light of the A.L. 444-2 skull, Kimbel et §2004a) find several differences between the
two specimens that may be due to a priori precarmepthat were incorporated. They state
that the “very flat slope and low elevation of frental in the composite reconstruction have
been recognized as partly artificial [...], whichnisw confirmed by the new Hadar skull” (p.
112). Another source of uncertainty in the compos#construction was the placing of the
facial skeleton. By rotating the viscerocranium tvalty, they produced a “more klinorynch
hafting of the face on the brain case, as suggdasyed.L. 444-2, and, at the same time,
necessitate the steeper frontal squama” (p. 11®).variation in facial orientation leads to a
less apelike forward projection of the palate treéato sellion) in A.L. 444-2 than does the
composite reconstruction. Finally, Kimbel et al0Q2a) acknowledge the pitfalls during the
reconstruction process, especially in a compositenstruction:

“As a further illustration of the hazards involveadth joining skull components of different
individuals, we note that the maxillary dental aieaf A.L. 417-1d occludes nearly perfectly
with Lucy’s mandible, A.L. 288-1i; yet substantiaBhallower total facial height is achieved
with this artificial combination than when A.L. 41d is occluded with its own, much deeper,
mandible (417a)! (p. 113)".

Another field of research that is representing adgexample for the transition from
traditional, manual methods to modern, virtual $oslforensics, espeacially in the context of
soft tissue reconstruction. When human skeletabiesnare recovered in a forensic context,
physical anthropological procedures are used foneboeconstruction and individual
identification (Krogman andscan, 1986). Based on the analysis of bones, thedial
profile of the individual which consists in detemmg sex, age, ethnic group, pathologies, or
traumata is assessed (Krogman adgdan, 1986; Cattaneo, 2007). Mainly in forensic
anthropology but also in bioarchaology, if a geheescription of the individual does not
elicit a possible match from the missing persostsdr the historic figure under study, the next
step is an attempt to reconstruct the face fronskudl (Gerasimov, 1971). In such cases, the
craniofacial skeleton is used for facial approximabased on soft tissue thickness data taken
on specific facial areas (Gerasimov, 1971; Krogmaad iscan, 1986; Iscan and Helmer,
1993). The outcome of the analysis strongly depemdthe level of preservation of skeletal
remains. Skeletons recovered from a crime scem@ecbiaeological field are often incomplete
because of animal scavenging, perimortem injudesjage due to explosion or conflagration,

damage during recovery, or due to taphonomic pesse®ver time (Krogman aridcan,
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1986). Consequently, an estimation of missing ofacial bone is required to have the basis
for soft tissue reconstruction. The recovery of ¢heniofacial skeleton in a fragmentary state
significantly impedes any attempted facial recargton (both by manual techniques -
regularly described as “forensic art” (Prag and\Wed 997; Taylor, 2001; Wilkinson, 2004) -
and by computer-aided methods for facial reconsom¢Clement and Marks, 2005; Claes et
al., 2006; Vandermeulen et al., 2006; Claes et28110)) and skull-photo/painting (usually
portraits for historical figures) superimpositic@léister and Brash, 1937; Koelmeyer, 1982;
Brown, 1982 ; Ubelaker et al., 1992; Bajnéczky #nchlyfalvi, 1995; Yoshino et al., 1997;
Solla and Iscan, 2001; Iscan et al., 2005; Benatzal., 2009b; Benazzi et al., 2010)).
Regardless of the accuracy, limits, and meritsofdl reconstruction and skull-photo/painting
superimposition techniques, the completeness askbk is a fundamental pre-requisite. Two
basic methods for skull reconstruction can be reizagl. 1) A traditional approach, that is
time-consuming and prone to subjectivity where mggarts are manually moulded via
dental wax or hot paste employing organic and ianig component (Wilkinson and Neave,
2001; Wilkinson, 2006). 2) A computer-assisted apph which uses tools of Virtual
Anthropology in order to increase the reprodudipibf the results using metric techniques
(Zollikofer et al., 1995; Zollikofer et al., 1998heubauer et al., 2004; Gunz, 2005; Zollikofer
and Ponce de Leon, 2005; Zollikofer et al., 2005).

2.1.1.1.Virtual reconstructions of fossils: introducing thiandard approaches

Using the standard toolkit of VA and GMM includingpirror imaging, reflected
relabeling, and thin-plate splines | reconstructederal aspects of thaustralopithecus
afarensisspecimens A.L. 444-Zgure 3). The detailed reconstruction protocols are given
the results chapters.

a) Frontal bone: the left side of the frontoparietalgiment Figure 3a) is mostly intact
and minimally deformed. Plastic deformation haseetfd the right side of the
specimen through moderate superomedial rotationthef supraorbital region and
adjacent temporal surface. The ends of both zygomabcesses, the glabellar mass
and adjacent medial orbital walls, the inferiortpair the right temporal surface and
almost all of the floor of the anterior cranial $asare missing. This fragment is retro-
deformed by restoring bilateral symmetry using st midplane.

b) The posterior calvarium originally consists of #nraajor pieces: the occipital squama
with an attached fragment of the posterior rightigtal bone and parts of the two
temporal bones, including the petrous portioRgre 3b). The two halves of the
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occipital were originally compressed toward the Im& thus the parts were
overlapping in the nuchal plane along a sagittatlgnted break that approximates the
midline. Kimbel et al. (2004a) separated the twlvémand reattached them along the
break in their “proper” position (p.16), but stifle left and right halves of the nuchal
plane are offset vertically “by 2 to 3 mm”. To cext this offset and restoring bilateral
symmetry | used reflection relabelling, a methodadibed in section 3.2.3.2.2.

c) Mandible: The right side and anterior corpus of itiendible were recovered in three
pieces, not including teetkigure 3c¢). Since the corpus is broken along a line running
from the left 12/C interdental septum diagonallyth® base below the right canine,
several steps of manual alignment were carried out.

d) The maxilla was recovered in three primary pietles:entire right half, the left half
anterior to the M2 position, and the alveolar bamnel parts of the maxillary sinus
walls (Figure 3d). It is both plastically deformed and broken al@major crack that

runs anterior-posteriorly, thus several steps oholy mirror-imaging and TPS had to

be applied.

Figure 3 Major parts of the A.L. 444-2 cranium. a) fronbadne, b) posterior calvaria, ¢) mandible,
and d) maxilla. Straight red arrows inidicate majmacks, rolling arrows indicate areas of
morphological deformation due to taphonomic proesss
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Furthermore, | reconstructed the endocast of thecl@iina Upper Paleolithic
calvarium, one of the earliest reliably dated Eeap modern human fossils (Figure 4).
Endocasts both natural and virtual can provide eawié on size and shape characteristics,
blood supply trajectories and neurological featuriethe brain. This information could not be
assessed otherwise for fossil individuals, allowicgmparative analyses crucial to our
understanding of human brain evolution. For examiplessinger et al. (2003) applied filter
algorithms and image editing techniques to volusia @f the Homo heidelbergensis cranium
from Steinheim to electronically remove encrustagioln doing so, they were able to reveal
the directions of its deformations and showed tin@larities and differences between the
frontal and sphenoidal sinuses of the Steinheirtral@a, and Broken Hill (Kabwe) crania.
Cioclovina is one of the earliest reliably dateddaa human fossils found in Europe. This
example is illustrates one of the major advantagfe¥A: being able to visualize internal

structures of the cranium is in a non-invasive neann

a) b)

Figure 4 Cioclovina cranium from the a) right and b) Isitle. Using the volume texture display
mode it is possible to visualize differences ingigndistribution, showing major cracks charactieiiz
the specimens

2.1.2.Beyond mirror imaging: New approaches during anatahmeconstructions

Here, | provide a pilot study for the virtual restruction of specimens that are missing a
large portion of the cranium, including the mids&diplane. Thus the use of mirror imaging,

a standard procedure in the reconstruction prodsssipossible. In contrast to traditional

! This reconstruction has been published in: Kramibal. (2011). "Virtual Assessment of the Endoéak
Morphology of the Early Modern European Fossil @alw From Cioclovina, Romania." The Anatomical
Record: Advances in Integrative Anatomy and Evohairy Biology 294(7): 1083-1092.
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methods this virtual approach is not as time comsgrand exploits biological information
based on a reference sample and quantitative mgethod

The outcome of any analysis strongly depends orethed of preservation of skeletal
remains. Fragments recovered from a fossil sitehasological field, or crime scene are often
incomplete, for example due to taphonomic procesdisas occur over time or because of
damage during recovery. Consequently, an estimatiomissing (craniofacial) bone is
required to have the basis for subsequent analyatsal reconstructions of fossil or historic
specimens are used in a wide range of applicatiarsging from biting simulations of
AustralopithecineqStrait and Ross, 1999) and soft tissue recortstrugn forensic cases
(Claes et al.,, 2010). Regardless of assumptionsitafumctional constraints, integration,
symmetry, species affinity, and taphonomy on wianl reconstruction is based (Gunz et al.,
2009b; Weber and Bookstein, 2011), the completepésbe skull is a fundamental pre-
requisite.

Two basic methods for skull reconstruction candmognized: 1) a traditional approach,
and 2) a computer-assisted approach which uses adbdirtual Anthropology and Geometric
Morphometrics (GMM). The combination of virtual oetstruction and GMM offers a
number of advantages compared to traditional reéoaetgon, amongst others expenditure of
time and reproducibility. The present study reviews difficult cases that often appear in the
various fields mentioned above, but that exceedinfies of traditional approaches:

a) A large part of the cranium is missing but a smmdtaction of the mid-sagittal plane

is still preserved, and

b) A large part of the cranium is missing but theraasclue to the actual midsagittal

plane.

While in the first case mirror imaging can be usedestore the bilateral symmetry of the
specimen, the second case imposes a number ofuttifs when applying a traditional
approach. Since one cannot establish a midsagiiale that could be used to mirror the
existing part, restoring bilateral symmetry by slenmirror imaging is impossible.

To introduce the new approach, | virtually prodie damaged cases for a) and b)
and reconstruct the missing parts using tools ftbenVirtual Anthropology and geometric
morphometric methods (GMM) (Bookstein, 1991b; Genal., 2009b; Neeser et al., 2009).
In the first case, mirroring can be used along V@M because the midsagittal plane is
partially preserved. In the second case, the posdf the midsagittal plane is estimated based
on a sample of reference specimens before subsegoemstruction steps. Both procedures

involve bilateral symmetry as the main assumptamréconstruction, thus the resulting forms
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are symmetrized whereas the original crania wowdehshown directional or fluctuating
asymmetry to various extents (Mardia et al., 206@wever, the advantage of this method is
that it can be applied in cases where traditioppt@aches would fail due to the large amount
of missing data. Due to the time and effort neetbeduild this pilot study, the amount of
virtually damaged cases is limited, including iast@ very extreme case of bone loss in order
to demonstrate the applicability of the approacb. &stimate the accuracy of the two
knockout simulations, the residuals between (samdynarks of the original individual and
each reconstruction are computed. Furthermoregffeets of the choice of the reference form
- dolichocephaly versus brachycephaly, sexual dimism and asymmetry - on the accuracy

of the reconstructions are evaluated.

2.1.2.1. Applying the new approach on fossil data: maxiiid &.L. 444-2

Since half of the maxilla is severely deformegd Figure 3, missing portions have to be
estimated. But there is a major difficulty: in sucdéises simple mirror imaging or reflected
relabelling cannot be applied - there is just tacchmorphological information missing. The
approach introduced above could provide a tooleal avith these difficult scenarios. Using
the information of a more or less complétestralopithecus afarensimaxilla (A.L. 200-1), |
am trying to reconstruct these fragments. By udimg best-fit midsagittal plane of the
reference specimen | examplify the procedures testrabove for fossil cases. The results

are then compared to the original reconstructioKinybel at al. (2004a).

2.1.3.Comparing 3-dimensional virtual methods for recardton in craniomaxillofacial

surgery

Another field where tools of virtual anthropologydageometric morphometrics are applied is
surgery. The introduction of computer-assisted jpeeative planning (CAPP) and computer-
assisted surgery (CAS) has improved the outcome crainio-maxillofacial surgical
intervention in the last decade (Kokemueller et 2008). Advances in imaging techniques
and with the help of CAD/CAM software provide theirgeon an opportunity to
preoperatively perform virtual manipulations of thatients” CT data (Pham et al., 2007).

Doing so, the entire surgical procedure is simdlatethe computer, and a physical model of

2 This analysis is published in: Benazzi and Se@6i4.{) Comparing 3-Dimensional Virtual Methods for
Reconstruction in Craniomaxillofacial Surgery. Jairof Oral and Maxillofacial Surgery 69(4): 118494.
Both authors participated equally in the compositbthe publication.
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the planned outcome can be produced (Wong et @05;2Gateno et al., 2007; Xia et al.,
2007).

Preoperative planning is therefore crucial in tways! a) to investigate the problem
that has to be solved, and b) to find the besttisnlwsing less invasive procedures (Hassfeld
and Muhling, 2001). In the last years several peeafive planning procedures were
introduced and several applications were develdpetheir simplification. Several software
packages provide facilities to perform translatioh8D objects in a virtual space (see section
3.2.1.3), which is useful in the repositioning a$placed craniofacial elements. Pham et al.
(2007) developed a technique for back conversiorthef MIMICS software to DICOM
format. Surgeons were able to perform complex alrtteconstructions with MIMICS
software and then converted the data to DICOM f@ un any surgical navigation device.
Mischkowski et al. (2006) developed software foe tisual tracking of real anatomical
structures in superimposition with 3D rendered CT™M&I scans for navigated translocation
of bony segments. Furthermore, some surgeons pgeefémulate surgery on physical models
produced by rapid prototyping techniques (RPT),allgwstereolithography, onto which it is
possible to customize implants or to precontoumation plates. Starting from a three-
dimensional mesh a model is built slice by slicenfrbottom to top, in a basin of liquid
polymer that hardens when struck by a laser beaeb@NVand Bookstein, 2011).

This information can be directly transferred to gegient by point-to-point computer
assisted navigation, e.g. using the position oéwsrdefined a priori (Klug et al., 2006).
Nevertheless, other researchers emphasized somatiloms of this approach, e.g. a bias of
model reshaping due to the artistic aptitude oftéolnician and its reductive utility in certain
complex situations (Wong et al., 2005).

Independent of the approach, the aim of operatlanning in oral and maxillofacial
surgery is optimising the surgical outcome, thustaeng function, form and aesthetic
appearance (Hassfeld and Muhling, 2001; Schmelzet$eal., 2004; Kokemueller et al.,
2008; Voss et al., 2009). Aesthetic appearanceoieover connected with the correction of
facial asymmetry to a certain degree. In ordeestare facial symmetry, a standard procedure
for preoperative planning is performed using mimgrimaging if the defect is unilateral,
reconstructing the asymmetric portion with its nalnasounterpart working as a reference
(Schmelzeisen et al., 2004; Hohlweg-Majert et 2005; Wong et al., 2005; Gateno et al.,
2007; Kokemueller et al., 2008). Nevertheless, Metzet al. (2007), after comparing the
preoperative planning by mirroring of the unaffecséde to the affected side with the surgical

outcome, verified that the accuracy of this appinoaould be influenced by the natural
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asymmetry of the skulls. They demonstrated that rdposition of the zygomatic bone
remains a challenge despite CAS procedures. Evesome inaccuracy in surgical
reconstruction could be masked by natural asymnuétfsices, the authors suggested that for
large defects other planning tools, e.g. dynamiaai@rmation, should be used.

It is well recognized that asymmetry charactertzeésan paired and unpaired skeletal
segments (Auerbach and Ruff, 2006; Gawlikowskd.e2807; Auerbach and Raxter, 2008).
In regard to the skull, particularly for facial ®) the more asymmetric the shape, the less
reliable is the establishment of the midsagittahpl that is essential for mirroring procedures.
Accordingly, mirroring the unaffected side in maneless symmetric skulls/faces could be a
proper solution for bone reconstruction, while feorore asymmetric skulls/faces other
solutions are required.

Techniques for bone reconstruction based on ge@metorphometric methods
(GMM) that were developed in anthropology and paigbropology provide valuable
ressources for the restoration of form and functiothe surgical field. By means of virtual
reconstructions, the problems related to asymmetgformation (Ogihara et al., 2006) and
missing data can be approached (Gunz et al., 2604z et al., 2005b; Benazzi et al., 2009a;
Benazzi et al., 2009b), while at the same time mizing subjective choices of the operator
and raise the reliability and reproducibility ofetroutcome (Benazzi, 2009a; Weber and
Bookstein, 2011).

To show that virtual reconstructions are a valuabtd in preoperative planning, a
virtual osteotomy of the left zygomatic bone oftdén CT data-based human skulls was
performed. The outcomes of three virtual reconsivactechniques were compared to the
original removed bone: 1) the mirroring of the ueafed hemiface; 2) mirroring and
subsequent registration of the unaffected hemitaxte the affected side; 3) thin plate spline

(TPS) warping of the mirroring unaffected hemifacgo the affected side.

2.2.Virtual reconstruction of modern and fossil homaoharania: consequences of reference

sample choice

Most hominin cranial fossils are incomplete, whereaany conventional analyses of gross

morphology require that specimens be complete.eBifit approaches for the imputation of

® This topic has been presented at the AAPA 201dciSet al. (2011) Cross-species virtual reconsnabf
fossil and extant hominoid crania. AMERICAN JOURNAILF PHYSICAL ANTHROPOLOGY Volume: 144,
Supplement: 52, Pages: 269-270
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missing data emerged in the last decade that fapmdication in various fields such as
craniomaxillofacial surgery (Benazzi et al., 201Blenazzi and Senck, 2011), bioarchaeology
(Benazzi et al., 2009b), and anthropology (Poncd.&m and Zollikofer, 1999; Neubauer et
al., 2004; Grine et al., 2010; Watson et al., 20H¢constructions of incomplete fossil
specimens were incorporated in varying contextsifstudies of ontogeny (Gunz et al., 2010)
and phylogeny (Gunz et al., 2009a) to biomecha(Btsait et al., 2009; Strait et al., 2010).
Especially recent biomechanical analyses on prins&téls using finite element analysis
(FEA) set high standards on the quality of virtoeddels (Strait et al., 2009; O'Higgins et al.,
2011; Weber et al. 2011). Thus a reconstructiomanious aspects of the fossil skull can be
mandatory (Benazzi et al., 2011a). Regardless sdimptions about functional constraints,
integration, symmetry, species affinity, and tapdrag on which any reconstruction is based
(Gunz et al.,, 2009b; Weber and Bookstein, 2011¢ t¢bmpleteness of the skull is a
fundamental pre-requisite. In virtual reconstrustiadhat will be used as models for FEA, the
geometry of the reconstructed missing area willstautially influence the transmission of
forces and consequently the outcome of the analysisther words, the uncertainty of the
shape of a reconstructed bone is influencing theemtainty of the biomechanics because
geometry is one of the central factors for thesmmatations. Therefore, information about
the uncertainty is needed to evaluate biomechaarmalysis, i.e. one needs data on the shape
variation of the resulting reconstructions priofaaher biomechanic simulations. Particularly
for fragmented fossils where no reference sampbvalable from the same species due to
the scarcity of specimens, a careful assessmenthef posterior distribution of the
reconstructions (based on different referencesgsired.

Zollikofer and Ponce de Leon (2005) have suggetstatifossil reconstructions should
use reference samples drawn from the same spesi@iseaspecimen being reconstructed.
Furthermore, the reference sample should représerghared ancestral pattern of variation
rather than patterns of variation characteristidhef derived taxa. The reason is to avoid
biasing the reconstructions towards "preconceivemtphologies”. But this approach is
problematic in view of the extremely small sampdégossil material available for many of
the most interesting hominid species. In most caéses impossible to collect a reference
sample from the population to which the damagedifosdividual belonged. Beyond that, the
allocation to a particular taxon is often disputedong experts. Guidelines are particularly
needed for fragmented fossils for which no refeeesample is available from the same

species, or for which allocation to a species $spudied.
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One way to deal with the choice of reference isrloy a statistical reconstruction,
utilizing group form constraints (Weber and Bookst€011), e.g. by applying a multiple
multivariate regression. This approach exploits ti@phological information present in a
reference group or population (Gunz, 2005). Regredsased methods assume that there is a
strong statistical pattern describing the "inteigrat - the covariance - of the features that
make up the morphological pattern. The availablerptmalogical information from the
damaged specimen combined with pattern informafimm undamaged specimens to
estimate morphology in the missing regions.

Concerning the choice of the reference, Neesen.efNaeser et al., 2009) claimed that
"morphological similarity appears to be of less artpnce than large reference samples”
[p.16] which "is likely due to the shared, and piragbly evolutionarily conserved, pattern of
covariation seen across the primate order" [p.6$. their view that exploiting information
from integration patterns for the estimation of simg data can overcome the deficiency of a
small or missing reference sample. Neeser and agplkess simulated random knockout of
points using a dataset of 29 anatomical landmarid @ncluded that regression-based
methods outperform TPS-based estimation when usnogh a sparse anatomical
representation. But as Gunz et al. (2009b) pointddthe 29 landmarks used in Neeser et al.
(2009) do not capture the morphology of the refeeesnd target specimen in sufficient detail
to make any reliable prediction of missing coortitsa The data configuration they used did
not incorporate semilandmarks in large unattenaggons. | will show in this part of the
thesis that including semilandmarks in the proadsmiissing data estimation improves the
results considerably compared to Neeser et al 9200

Another disadvantage using multiple linear reg@sss that the linear relationship is
"overfitted" in the case when the completed foaresused in the statistical analyses. For this
reason Gunz et al. (Gunz et al., 2009b) recommeg@dethetric reconstruction rather than
regression-based methods. Geometric reconstruistioased on the smoothness properties of
the thin-plate spline and requires only a singferemce form (template), which might be the
Procrustes mean shape of a species. But the carsmpiof the choice of the reference on
the outcome of the TPS reconstruction have notbgsn studied for a larger sample
consisting of several species. For example, Gunal.e{(2009b) demonstrated reference
sample dependency on reconstructed shape feattithse supraorbital region in thdomo
erectuss.l. specimen KNM-WT 15000. The authors showedl ttie reconstructed outlines of
the orbits and the glabellar region are slightly bansistently different depending on the

group of the reference specimen. They showed that gosterior distribution of the
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reconstructions reflects the shape differences gmtbe reference crania that served as
references (the prior distribution) used to estemiéie missing data. Consequently, using a
modern human sample as reference, the reconstratadooks like a modern human while a
chimpanzee reference sample produces reconstradtia look like apes. By investigating
the consequences in an extended interspecies samplding many species and therefore a
wide range of hominoid craniofacial morphology, ooan investigate the uncertainty
produced during the reconstruction process.

In this study | aim to investigate this aspect atual reconstruction. | estimate
missing data for hominoid crania using TPS in ordeexamine the resulting error, i.e. the
posterior variance and posterior distribution (egged as the distance between the original
and the reconstruction) of the reconstructions webard to the choice of the reference
sample. Not only the specific characteristics of fossil, the reference sample, and the
reconstruction method, but also the regions thamnaissing have an influence on the results.
The task of reconstructing an incomplete specimkemro unknown taxon is therefore a
combination of three different sources of uncettaiil) selection of a reference taxon, 2)
sampling variation of specimens within that taxang 3) taphonomic variation of the fossil,
both the parts that are missing and the partsatteapresent but potentially deformed. The set-
up of this approach ignores the uncertainties phdaomy, and reconstruction bias and
reconstruction variance is combined in a singlenvsxpuare at each missing semilandmark.

Since the combination of these factors lead toetkfit estimations, there exists no
"all-purpose” reconstruction. Different assumpsicand reference samples will potentially
lead to equally plausible reconstructions thatedifih shape, but these different estimates
might still support a single conclusion (Gunz et aD09b). It is not feasible to simulate all
the possible sizes, shapes, and locations of aintial cranial defects. | therefore take a
particular scenario as an example, that represergalistic and at the same time very difficult
case. The knock-out analysis is specifically taitbrfor the Australopithecus afarensis
specimen A.L. 444-2 (Kimbel et al., 2004a), charazed by two separate and large missing
areas in the face and the neurocranitingyre 1). | declare the areas that correspond to the
absent ones in A.L. 444-2 (~ 50% of the face arfb 8 the neurocranium) to be missing in
every individual of the hominoid sample, and esterthe coordinates of the missing area via
TPS. On the one hand, this allows drawing conchssiabout the choice of the reference
during geometric reconstruction in estimating lardefects. On the other hand, | can
investigate the uncertainties that will arise igeometrical reconstruction of A.L. 444-2. |

expect that the closer the reference shape is dotdlget shape, the more accurate the
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reconstruction will be. To explore how this work&hwsignificantly different shapes from
other species than A.L. 444-2, | extend the apprdac estimating missing data for some
other important fossils, i.e., Mladec 1, Petralcganagd Sts 5 that were virtually fragmented by
way of experiment. Thereby, we gain data aboutdifference in accuracy and uncertainty
for fossil reconstructions in comparison to theaspecies and interspecies reconstructions of
extant hominoids. Finally, a quantitative guidehmw to choose the reference in interspecies
reconstructions for those species that were emgldgethe sample is introduced. This
guideline uses associations of the bending eneegyden the template and target that we

obtained during TPS-based reconstructions.

2.2.1.Cranial diversity in hominoids: the reference sampl

Here | describe the characteristics of cranial@mgtin hominoids geeFigure 5). Since the
outcome of intra- and interspecies reconstructioghlip depends on the shape of the
reference, a detailed knowledge about cranial naggly of every species involved is

mandatory for a thorough discussion of the results.

2.2.1.1 Anatomically modertHomo sapiens

Modern humans have an average brain size of al®&@ &cm Figure 5a). The forehead

rises sharply, eyebrow ridges are very small oremmually absent. Schwartz and Tattersall
(2002b) and Lieberman et al. (2002; 2004) havetpdito several features of the human skull
that do appear among hominoids to be autapomoifphielomo sapienslonger and more

flexed anterior cranial base; an overall diminutadrfacial size, and an increased globularity
of the neurocranium; extreme lateral placementhaf $tyloid process, the stylomastoid
foramen lying posteromedially at its base; the mayrhigh occipital plane of the occipital

bone; the retention into the adult of a discerndnleuate eminence; fully segmented cranial
sutures, with some segments deeply interdigitatesl;bipartite brow; symphyseal region of
the mandible as seen from below thicker than thqpara on either side; and the unique

inverted-T-shaped chin (Schwartz and Tattersall020
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Figure 5 Hominoid craniofacial variability. Overview of géhspecies included in the analysis. a)
Homo sapiensb) Homo heidelbergensis) Australopithecus africanysl) Australopithecus afarensis
e) Pan troglodytesf) Pongo pygmaeus
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2.2.1.2. Homoheidelbergensis

Specimens included in this species (e.g. Bodo, &rdapbwe, Steinheim) share general
features like a superior margin of the orbit tlemarked by a blunt edge, but also show a
considerable morphological variety (e.g. concerriirigendcranial volume: 1100-1400 ccm).
The sample includes one specimerHoimo heidelbergensisrom Petralona (Kokkoros and
Kanellis, 1960). It possess a quite massive andacbriower face lying below hugely
developed and very tall supraorbital margins tlegich their maximum thickness at about
mid-orbit. The superior margin of the orbit is medkby a blunt edge above that demarcates
the twisting front surface of the torus from a postl sulcus behind which is nonetheless
quite shallow. In comparison to Bodo, Petralona hager-placed nasal apertures with
shorter, significantly less protruding nasal boflewaer parts of the nasal bones are missing in
Petralona). At the same time, Petralona and Bodwoeshelatively large nasal aperture.
Petralona shows a remarkable degree of sinusilaltiori, for the frontal (sinuses penetrate
posteriorly far into the frontal) but also for thmige maxillary sinuses. In Petralona the
“occipital torus” runs transversely straight acréss occipital for almost the full width of the
braincase Kigure 5b). However, the superior nuchal line lies very lopelding an almost

horizontal nuchal plane (Schwartz and Tatters@2b).

2.2.1.3.Australopithcusafricanus

Australopithcus africanuspecimens have rather globular cranium and bam@yyectocranial
superstructures like sagittal or nuchal creBtgure 5¢). The endocranial capacity is between
400 - 550 ccm, somewhat larger than thosé\ oafarensis Concerning the neurocranium,
there is only a moderate separation of lambda @iod.i

The glabella is rather prominent and situated atléivel of the supraorbital margin.
The forehead rises slightly from the glabella tedma. Most specimens show a moderate
pneumatization of the mastoid region. They are adtarized by a moderate to marked
maxillary alveolar prognathism with a nasoalveathvus delineated from the floor of the
nasal cavity by a distinct ridge. The lateral masgof the pyriform aperture are variably
rounded by the presence of anterior pillars that sst anterior to the level of the anterior
surfaces of the zygomatics. The incisive canalsnap® the inclined surface of the nasal
floor as a capacious incisive fossa. The alveolargins of the maxillary canine and incisor

sockets are arranged in an anteriorly convex Rek( 1983).
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2.2.1.4 Australopithcusafarensis

Australopithecus afarensis a “fossil hominin species known from at leamirfEast African
Rift Valley sites ranging from northern Ethiopia the north to northern Tanzania in the
south” (Kimbel et a., 2004, p. 3) with an geologjiage between approximately 3.6 and 3.0
million years ago. The endocranial capacity is leetwv 400-500 ccmF{gure 5d). The
craniofacial complex is characterized by a strolwvgaar prognathism with convex a clivus.
The palate is shallow, especially anteriorly anel diental arcade is long, narrow, and straight
sided. The facial skeleton exhibits large, pili&kelcanine juga separated from the zygomatic
processes by deep hollows. The zygomatic procemsetarge, located above P4/M1, and
oriented at right angles to the tooth rows witremmdr margins that are flared anteriorly and
laterally. The occipital region is characterized dympound temporal and nuchal crests in
larger specimens, with a concave nuchal plane ithahortening anteroposteriorly- The
distance between lambda and inion is short. Thgelanasteoid processes are pneumatized
and flattened. The mandibular fossae are shallaw weak articular eminences placed only
partly under the braincase. The occipital condglesw a strong ventral angulation (Kimbel
and Delezene, 2009).

2.2.1.5.Pantroglodytes

Chimpanzees hava cranial capacity less than 500 cc. The frontal @ontis low and
retreating, the occipital more curved in comparigonorangutansP. troglodyteshas a
prominent supraorbital torus which is usually coatius across the glabellar region as well as
above each orbit, although in some individualsaih de divided by a shallow depression
(Figure 5€). A supratoral sulcus delimits the torus from ttental squama (Shea, 1988). The
parietal region is flat. The orbits are more oslesctangular and normally broader than high.
The interorbital breadth is greater than in thengudan, connected to a broader ethmoid
complex of African apes (Aiello and Dean, 2002)ifranzees show in contrastRongoan
extensive frontoethmoid sinus that originates fedihnrmoidal air-cells. Frontotemporal contact
predominates on the lateral cranial wall of thengtanzee and gorilla. Compared with the
orangutan, chimpanzees exhibit longer and narrawarocrania set at a lower level relative

to the facial skeleton (klinorhynchy) (Bilsboroughd Rae, 2007).
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2.2.1.6.Pongopygmaeus

Generally, orangutans havesiaanial capacity less than 500 éagure 5f). The most marked
contrast between the skulls Bn and Pongoinvolve an upward rotation of the palate, a
concavity of the midfacial region, and the relatlaek of a supraorbital torus in the orang-
utan (Shea, 1985). The zygomatics are flared,nt&al cavity is taller than broad, and the
maxillary sinuses invade the interorbital pillariidBorough and Rae, 2007). The orbits are
ellipsoid, showing “separate semicircular supraaitltostae rather than a continuous torus”
(p. 1040, Bilsborough and Rae, 2007). The intetatlgistance is small comparedRan and
Gorilla, therefore the ethmoid is set at a lower levehtimthe African apes and medio-
laterally narrow (Montagu, 1943). The nasal bonesrarrow in the lateral dimension, and
can continue beyond the frontomaxillary suture, ahdw an extreme variablity in terms of
shape (Selenka, 1898). Finally, in comparison te @Great Apes andPongo lacks a
frontoethmoid sinus (Winkler, 1991).

2.3.Facial orientation and integration in the hominaidnium

The cranium consists of two main parts: the faskdleton and the neurocranium. Cranial
shape can be determined by the proportions of tfie $keletal parts. The great ape profile is
distinct from that of hominids. This is primarilye to the combined effects of an absolutely
smaller brain and neurocranium and an absolutelyetafacial skeleton and masticatory
system in great apes. The facial skeleton is caagrof the supraorbital region, the orbital
cavities, the nose and nasal cavity and the jawsady speaking, this can be designated as
the upper, mid-facial and lower-facial regions. Wheach region has an independent
function, they all influence the morphology of tfazial skeleton and each region also has
some effect upon the way in which the facial skelas joined to the neurocranium. Perhaps
the most powerful influence on facial morphologyths masticatory system. This system in

particular dominates the morphology of the uppeddhe and lower face of hominoids.
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2.3.1.Facial orientation

The orientation of the face relative to the basizra is an important aspect of interspecific
variation and in models of hominoid evolution aydtematics (Hofer, 1952b; Biegert, 1957;
Hofer, 1960; Shea, 1985; Ross and Ravosa, 1993tirBatsal., 2007; Begun, 2007).
Orangutans are characterized by a structural dondinown as airorhynchy, an upwardly
deflected face relative to the basicranium. In @stf African apes exhibit an increased
ventral flexion of the face relative to the crarbalse (klinorhynchy; Hofer, 1952). However,
there is considerable overlap in facial orientatibath within and between species (Angst,
1967; Shea, 1988; Leslie, 2010).

2.3.2.Facial prognathism in hominoids

The facial skeleton is separated from the neuragnamby the bones of the cranial base so that
the ethmoid, sphenoid and temporal bones form adeny between the face and the brain.
The degree to which the face projects beyond theoceanium has been the subject of many
studies and usually it is the bones of the craogee that are used as reference points from
which to measure the degree of facial prognathi&iwo¢e and Lavelle, 1974). Huxley (1863)
defined the craniofacial angle as the angle betwleemost anterior point on the maxilla, the
most anterior point on the sphenoid bone and th& eraterior point of the foramen magnum.
Using this angle, Huxley (1863) was able to idgntiiajor differences in the degree of
prognathism within and among groups of animalsudicig modern humans.

Comparative studies of facial angles in primatesaity demonstrate that infant great
apes have flat or orthognathic faces like modemadms. However, the small facial angles of
juvenile apes become progressively large with ag¢ha degree of prognathism increases
until skeletal maturity (Krogman, 1931; Ashton, I95Some primates?apio, for example,
are extremely prognathic and a possible cause elaterto the need for a large nose. Other
primates (e. gTheropithecusare still prognathic but have much taller faceas{on to mid-
palatal line) that probably relate to an increalsifgard graminivorous diet. Clearly, complex
interactions in facial morphology are unlikely te imeasured using a single facial angle.

Early fossil hominids are an extremely variableugrand few generalizations can be
made about the cranial form in any one taxon. Aagdeal has been said about the general
proportions of the face in early hominids and, eneral, it is true that the hominid facial

skeleton is reduced in size and less prognathio th# in great apes. Within each early
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hominid taxon, however, there is great variatiope@mens ofAustralopithecusexist which
are very prognathic (Sts5) but others have muchemetruded facial skeletons (Sts 71, Sts
19). Primates not only show different degrees aigpathism, but also varying degrees of

facial rotation.

2.3.3.Klinorhynchy vs. airorhynchy

To characterize the positional relations betweenjalv skeleton and the cranial base, Hofer
(1952) introduced the terms klinorhynchy and aiyodhy. The term klinorhynchy refers to a
bending of the jaw skeleton in relation to the @hrbase towards the ventral side;
airorhynchy is a bending towards the dorsal sideliation to the cranial basEigure 6).
The upper jaw of humans and of most other primabtefuding the African apes, is

bent in the sense of a klinorhynchy (Biegert, 198dfer and Spatz, 1963; Starck, 1979).
Conversely, the position of the upper jaw to than@l base in the orangutan has been
described as showing airorhynchy by several autfBrsgert, 1957; Angst, 1967; Shea,
1985). Many potential consequences of this condiiton have been hypothesized, for
example Biegert (Biegert, 1957) assumed a reldbemmveen the size of the angle and the
reduction of the sphenoidal sinus in orangutans.

In 1952, Hofer proposed a classification of cratyples based on the angular relationship
between the splanchnocranium and neurocranialgpariof the skull. Within the primates, he

established four categories:

1. klinorhynchy: facial skeleton directed ventrally tivirespect to the cranial base
(Figure 6a)

2. orthocrany: the long axes of the facial and basiataskeletons in longitudinal
alignment

3. airorhynchy: facial skeleton directed dorsally wifspect to the cranial badeédure
6b)

4. Kklinocrany: cranial base and facial skeleton b&gked ventrally around their junction.

Hominoids in general exhibit a more dorsal flexoigthe face relative to the cranial
base (airorhynchy) than nerhominoids, showing orbital axes and palates thatshifted

dorsally relative to the cranial base (Ross andoRayv1993; Ross and Henneberg, 1995). The

functional basis for this is disputed and may wellye multiple causes (Ross and Ravosa,
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1993). ForPongq several authors hypothesized that many of thegutans™ cranial traits
could be related to its airorhynchy (Delattre areh&it, 1956; Biegert, 1957; Shea, 1985;
Brown and Ward, 1988; Shea, 1988a). Biegert (1968)ed that the laryngeal sacHongo

is is determining its skull form. Shea (1988) swgige¢hat laryngeal morphology is merely one
potential influence for the airorhynchous condititeing influnced by other factors such as

the lack of the frontal sinus and interorbital lntda

neugeb. O

a)

Figure 6 Sagittal profiles from aPan and b)Pongo Skulls are aligned according to the occipital
clivus plane. The left row represents infantilepft@nd juvenile (bottom) specimens, the right row
adults. The upper row represents male skulls,aived females (According to Biegert, 1957).

In constrast toPongq African apes exhibit longer, lower, narrower rwwania
connected at a lower level relative to the facen@khynchy; Shea, 1988). Much more of the
modern human face is rotated backwards and dowrswarderneath the brain case and more
of the modern human brain has overgrown the tapefacial skeleton. One result is that the
bones of the modern human cranial base, those vikitletween the face and the brain, show
a higher flexion compared to great apes (Lieberratml., 2000a). Traditional measures
guantified the degree of flexure using referencetgosuch as F. caecum, basion, and the
pituitary point (problematic point because it codes with the site of the bend in the cranial
base): the angle between these three points isrdr@al base angle. This angle serves to
emphasize how flat the great ape basioccipitaliils mespect to the anterior cranial fossa and

how flexed the human basioccipital is.
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2.3.4.Morphological integration in the hominid skull

At least three main units can be identified in tiraniofacial complex: the basicranium
(cranial base), the neurocranium (cranial vaultyd @ahe splanchnocranium (face). These
modules derive from embryologically distinct regscand serve different functional purposes.
Modules exist at many different levels of the bgéal hierarchy (from cells to organ
systems) and must therefore be defined with resjmeet specified level (from nucleotide
sequences to behavior), and to the processesdbat at that level (Moss and Young, 1960;
Cheverud, 1982; Enlow and Hans, 1990; Bolker, 208atlgrimsson et al., 2007). The
coordinated variation among different parts of agaaism is referred to as morphological
integration (Olson and Miller, 1958). Olson & Mill§1958) proposed that functionally and
developmentally associated characters will be igbkrelated and as a result have a higher
potential to co - evolve. In their model, morphotagd traits were treated as interelated
“numerical sets” and integration was defined andntified as covariation between traits.

The cranium is a complexly integrated structuremipnsing several different
semi- independent units characterized by differential letké growth patterns, muscle
activity and bony spaces in which brain and phargrow (Moss and Young, 1960). The
degree of relatedness between and within phenosjipioents varies with varying levels of
developmental and functional interactions, subsetiyegiving rise to semt distinct
components or modules. In the literature concernmagphological integration, modules are
frequently defined as units that are tightly inttgd internally but relatively independent
from other such modules. Anatomical modules aresicdemed integrated when there are
mechanisms (embryological, developmental, functiooa genetic) that connect them
morphologically or evolutionarily respects (Chewkri996; Rolian and Willmore, 2009).

There is some debate as to whether primates f@loammon pattern of integration in
the cranium. Some researchers have suggestedaimaidgous cranial regions, in particular
those outlined in the functional matrix hypothe@oss and Young, 1960; Moss, 1997b,
1997d, 1997a, 1997c) covary across the primateeclatticating a shared pattern of
integration among all hominoids (Cheverud, 19828891995; Ackermann and Cheverud,
2004) but not all studies support this assumptackérmann and Cheverud, 2000; Polanski
and Franciscus, 2006; Mitteroecker et al., 2008).

Bastir and Rosas (2005) and Bastir et al. (2008pired by Enlow’s counter-part
model (Enlow and Hans, 1996), examined the hiereatimature of integration between the

human face and basicranium. Their results impled the basicranium does not represent an
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integrated overall entity but stated that the kEtetements covary to a higher degree with the
mandible than with the midline of the cranial baBee key concept in the functional matrix
hypothesis by Moss (1997a, 1997b, 1997c, 1997tihgtthat soft tissues such as the brain,
muscles, and sinuses are suggested to be morptallggintegrated with adjoining bony
elements. Developmental variation in the ontogeng phylogeny of these soft tissues is
hypothesized to influnce the morphogenesis of s&kelenatomy (Moss, 1997b, 1997c).
According to Moss (1997b) the integration of diffiet functional cranial components can be
interpreted within the concept of Enlow’s countetalysis (Enlow et al., 1969; Bhat and
Enlow, 1985). Enlow et al. (1969) hypothesize thadwth counterparts of the craniofacial
system are dividing the facial skeleton into armamgement of morphogenetically interacting
modules. These components are categorized in tstmcli regions: the anterior and posterior
face, which are separated by the posterior mayifiéane (Enlow and Hans, 1996; McCarthy
and Lieberman, 2001; Bastir and Rosas, 2005). Mb@and Lieberman (2001) suggested
that the anterior face (hasomaxillary complex; Enknd Hans, 1996) including the orbits,
constitutes a morphologically integrated facialddl@Lieberman et al., 2000a). Furthermore,
different studies propose a relative independendhe positioning of the facial skeleton in
relation to the neurocranium possibly reflectinffesient modules in humans (Lieberman et
al., 2000b; Zollikofer and Ponce de Leo6n, 2002;tBast al., 2004), australopithecines
(McCollum, 1999), and chimpanzees (Bastir and Ro2864). Also Lieberman (2000a;
2000b) highlighted the role of the basicranium @mgrating overall integration in the primate

cranium, and suggested that the base and facesemrie independent from each other.

2.3.4.1.Facial orientation and morphological integrationhathe cranial bade

Facial variation may be a component of a suitetbélomorphological traits of the cranial

base, the braincase and the mandible that arey likerphologically integrated (Enlow and

Hans, 1996; Lieberman et al., 2000a). Shea (19§6pthesized that variation in facial

orientation is linked to modifications of the ethichand the cribriform plate, resulting in the

displacement of the ethmoid complex accompanieddpystments of the middle face. Some
authors suggest that the orientation of the amnteranial base affects the orientation of the
upper face directly and palate orientation indisethrough the integration of palate and
orbits (Ross and Ravosa, 1993).

* This topic has been presented at the ESHE 201ikS# al. (2011) Morphological integration betweeatatal
orientation, cranial base and orbitsHanandPonga
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All of these hypotheses assume a certain levahtefyration between the cranial base
and the face, but there is no unambiguous evidesgarding how the shape of the cranial
base covaries with facial orientation. For examal#hough results of Ross & Ravosa (1993)
do not support a structural link between midfaointation and the angulation of the cranial
base in strepsirhine primates, nevertheless inonaipes the cranial base angle is positively
correlated with angles of facial kyphosis and @ibdxis orientation. Ross & Henneberg
(1995) found a strong correlation between antdaoral kyphosis and anterior cranial base
angulation, though the high degree of basicrateaidn of the humans in their sample might
have been the reason for the larger correlatiorsergbd. On the other hand it has been
proposed that the size and shape of the face oeeilty influence basicranial morphology and
orientation as well (bidirectional hypothesis; B¥elg 1957, Bastir, 2004, Bastir and Rosas
2010).

Several concepts and hypotheses have been formhiigibeg to interpret associations
between shape changes of the basicranium and chamgeidfacial orientation but are not
confirmed (Enlow et al., 1969; Shea, 1986; Ravt88]1; Ravosa and Shea, 1994; Enlow and
Hans, 1996; McCarthy and Lieberman, 2001). On tie ttand, this might be due to the fact
that using qualitative descriptions or only simpé@rphometric approaches, it is generally
impossible to make causal statements. Only in #st tHecade has the cooperation of
developmental genetics on experimental animalsmaogpphometrics yielded deeper insights
into the mechanisms of structural interactionshim ¢raniofacial complex (Lépez et al., 2008;
Martinez-Abadias et al., 2011). On the other hahd, previous available morphometric
methods lacked any (statistical) approach to famigntation vis a vis basicranial and upper
facial shape, whether casual or not. The drawbatlearlier studies can be summarized as
three major issues: 1) the deployment of tradifionarphometric approaches that apply
different sets of reference planes for registratmextract angles, e.g., of the facial kyphosis
(Ross and Ravosa, 1993). Such quantification tenbet heterologous across species (see
Strait and Ross 1999 for discussion of the usdnefRrankfurt horizontal plane; see Leslie,
2010: posterior maxillary plane) and generally sdenbe too simplistic for studying the
complicated interactions within the craniofacialhmgex. 2) The employment of dissected
specimens which reduces the number of individuatieu study to a minimum (Hofer, 1954;
Biegert, 1957; Shea, 1986; Winkler, 1988). 3) dgpient of radiographs (Ross and Ravosa,
1993; Ross and Henneberg, 1995; Lieberman and My;ak999; Bastir and Rosas, 2004,
2006; Bastir et al., 2010; Leslie, 2010) which ordflow to capture morphological

information in the midline of the cranial base. Bvanalyses on the integration of the lateral
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basicranium and the face were based on such ragibbgrBastir and Rosas, 2004, 2006), but
it seems obvious that discussions of covariatiotiepas between the three dimensional
basicranial and facial complex and facial positeomd orientation are best done in three
dimensions.

Traditional studies of facial orientation utilizedifferent representations of the
midface (nasal cavity and roof of the oral cavitg) analyze topographic and structural
relationships between the neurocranium and spla@chnium [a) the nasal floor (Kummer,
1952 ; Starck, 1953; Ross and Ravosa, 1993); bhaneé palate excluding the nasoalveolar
clivus/premaxilla (Hofer, 1952; Biegert, 1957; Ang$967; Thenius, 1970); c) the alveolar
plane (Delattre and Fenart, 1956; Vogel, 1966; SA€85); d) the molar occlusal plane
(Delattre and Fenart, 1956; Vogel, 1966; Ravosa @hea, 1994)]. In this 3D analysis |
pursue another approach by investigating covangpiatterns of the craniofacial complex in
relation to rigid relationships between the middisee represented by the hard palate
(excluding the nasoalveolar clivus) and the craipéele.

To investigate changes in midfacial orientation #mel shape of the cranial base that
occur together, | analyze the patterns of theirace¥ion using partial least squares
(Bookstein, 1996b; Rohlf and Corti, 2000). The Pixtethod explores the interrelations
between two or more blocks of observations. Onewatdge of this approach is that it will be
possible to estimate the orientation of the upper in relation to the shape of the sphenoid
bone. This provides estimations of uncertainty g palate orientation, i.e. the degree of
freedom of its rigid motion that may, among othengs, help reconstructing hominid cranial
fossils or forensic cases.

Both genera,Pan and Pongo, are characterized by a huge variation in midfacial
orientation. Studying patterns of covariation betweand within the species can allow
conclusions about similarities and differencesha tovariation of the basicranium and the
orientation of the middle face among the two spedie@xtract the rigid motions of the palate
using a Procrustes based approach, and then stma@yiation patterns using PLS. This
overcomes most of the disadvantages of traditiaparoaches such as the employment of
reference planes for registration (e.g. Frankfumtizontal plane or the posterior maxillary
plane) that are known to be unstable within andsscepecies (Leslie, 2010), and also allows
us to visualize patterns of covariation in relationfacial orientation in three dimensions
using a reasonable sample size. | will investideder the shape of the middle and anterior

cranial fossa covaries with the orientation of fheate in 3D. This will address a long
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discussed issue about association between therdrasisim and the face in chimpanzees and
orangutans.

According to Enlow and Hans (1996), the craniakhiashe bridge between the neuro-
and facial cranium upon which the face is consedicand they suggested that variations in
the cranial base are associated with correspondingtions in the form and orientation of the

face, including the mandible.

2.3.4.2.Facial orientation and morphological integratiothathe mandibl®

The orientation of the face relative to the basiara (facial kyphosis) is an important factor
in interspecific variation and models of hominonbkition and systematics (Hofer, 1960;
Angst, 1967; Ross and Ravosa, 1993). Orangutansgéritbns are characterized by a
structural condition known as airorhynchy, an upsardeflected face relative to the
basicranium Figure 7). In contrast, African apes exhibit an increasedtral flexion of the
face relative to the cranial base (klinorhynchye&hl1985). However, a considerable overlap
in facial orientation, both within and between specis known (, 1957b; Angst, 1967; Shea,
1988). This kind of facial variation has been pregub to participate in a suite of other
morphological traits of the mandible, the cranialsé, and the braincase that are likely
morphologically integrated (Enlow, 1990; Liebermainal., 2000a; Lieberman, 2011). For
example, a change in the orientation of the mawitauld impact on the mandibular shape to
maintain functions such as mastication and mechapiotection of hyo-laryngeal structures.
The aim of this pilot-study is to investigate patte of covariation in the middle and lower
face that may represent spatial and structuratioekhips in relation to variation in facial
orientation.

The following section is an overview of the (mandd) morphology inHylobatesand
Ponga

® This topic has been presented at the AAPA 2010ciSet al. (2010) Covariation between facial and
mandibular shape iHylobatesandPongowith respect to facial orientation. AMERICAN JOURN OF
PHYSICAL ANTHROPOLOGY, Supplement: 50, Pages: 213
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2.3.4.2.1 Hylobates

Overall, the gibbon neurocranium is thin wallede thault low and ovoid in profile with a
capacity of about 80-125 ccririure 7a). The orbits are rectangular and relatively large,
with strongly developed lateral margins. The toitwugh not continous, develops laterally
above the orbits. The interorbital breadth is largigwing short and broad nasals that are
usually fused. Overall the face is short, broad] &airly projecting (from Bilsborough and
Rae, 2007).

The palate and mandible are long and both the eorpod symphysis are
comparatively lightly built. The hylobatid ramus generally short, wide, and upright,

showing slight expansion of the gonial region (frBitsborough and Rae, 2007).

Figure 7 a)Hylobates muellerand b)Pongo pygmaeusCranium (light grey) and mandible (dark
grey).

2.3.4.2.2Pongo

Charateristics of the orangutans” craniofacial rolpgy is given in section 2.2.1.6. The
orangutan mandible is massive, the symphysis ctearaed by a robust superior transverse
torus and a pronounced inferior transverse torosrymte back as far as P4 or M1 (Brown,
1997;Figure 7b). The corpus is deep and comparatively short letios to the corpus. The
platysma muscle is strongly developed and extemdsrdlly over much of the facial
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musculature (Bilsborough and Rae, 2007). Accordmm@rown and Ward (1988) the huge
platysma is associated with the extensive laryng&akac system ifPongao The authors
hypothesize that it regulates the air pressurevaame within the sac during vocalization
(see Bilsborough and Rae, 2007).

Morphological variation in the masticatory appasatis influenced by varying
functional demands during development. This vamatis represented by changes in
morphology and biomechanical efficiency which hdween correlated with dentitional,
dietary, and age-related allometric growth chan@®mkler, 1991). Hence the mandible is
tightly integrated with the face, variation in ciafiacial morphology include mandibular
characteristics such as symphyseal height, maratilamgulation, corpus morphology, ramus
breadth (Bjork, 1969; Enlow and McNamara, 1973;t&ral Enlow, 1985b; Enlow and Hans,
1996). In humans, dolicocephalic faces co-occun ait elongated and narrow braincase, less
flexed basicrania, an open-angled mandible, a redimaferior basal border of the mandibular
corpus than brachyfacial morphologies. This is amzlito be functionally correlated with
developmental adjustments to structural and funetioequirements (Enlow and Hans, 1996;
Bastir et al., 2004). Furthermore, studies of catEm between mandibular and facial traits
in adult humans (Zollikofer and Ponce de Ledn, 2(R@&sas and Bastir, 2004; Bastir and
Rosas, 2005) seem to reveal quantitatively sigaifigpatterns of morphological integration of
the face.

| conduct a partial least squares (PLS) analysibimvieach species to find correlated
pairs of linear combinations (singular vectors)wesn the mandible and face (Rohlf and
Corti, 2000). Singular vectors are representedcalsnk variables (one per block; Bookstein et
al., 2003) that explain the largest amount of ceawimn between the two original sets of
variables (Bookstein, 1991b; Rohlf and Corti, 20BOpkstein et al., 2003a). This is the first
analysis in three dimensions that tries to quaméiterns of covariation between the face and

mandible in gibbons and orangutans.

2.3.4.3.Morphological integration and virtual reconstruaiso

As | hypothesized in section 2.3.4.1, it is possiiol estimate the orientation of the upper jaw
in relation to the shape of the sphenoid bone ahisowith the introduced approach of rigid
motions. This provides estimations of uncertaintyh@ palate orientation, i.e. the degree of
freedom of its rigid motion that may theoreticallglp reconstructing hominid cranial fossils

or forensic cases. But can this really be of helthe reconstruction of hominoid fossils?
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When extant species are used as analogues for dogsi, an assumption is commonly
made that the fossil species and the living spe@eg in the same way (Ackermann, 2003).
There is some debate as to whether primates fal@@mmon pattern of integration in the
cranium. While some of these studies do not supguost assumption (Ackermann and
Cheverud, 2000; Marroig and Cheverud, 2001; Polaastt Franciscus, 2006), other studies
are indicating a shared pattern of integration agnaih hominoids (Cheverud, 1982, 1988,
1995; Ackermann and Cheverud, 2004). While suclurapions are the basis for many
analyses (Richmond and Jungers, 1995), therensvairgy disbelief in their accuracy. Several
studies investigated whether and how variation aodariation patterns differ among
populations in two living to evaluate the utility nsing surrogate models of variation and
covariation for evaluating fossil relationships k&ecmann and Cheverud, 2000; Ackermann,
2002; Ackermann and Cheverud, 2002; Ackermann, ROA8kermann (2003) states that
patterns of variation and covariation are not eguaven among closely related,
morphologically homogeneous primate species whist @ounts for the comparison between
African apes and humans. But the author also sthgswhile patterns of variation are not
equal among African apes and humans, they contlistelmare patterns of morphological
correlation and integration.

Therefore, even if we cannot directly apply theestssd patterns of covariation from
extant species, a firm understanding of how livimgrphologies vary is mandatory in order to
better comprehend the complex interactions of diffie components of the craniofacial

complex.
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CHAPTER 3: MATERIAL AND METHODS
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3. MATERIALS AND METHODS

Since each analysis comprises a different set e€ispens, | present the tables with the
included specimens in the Methods sections thdtwiéathe separate studies. The following

section is an overview of the specimens included.

3.1.MATERIALS

The following section is an overview of the spearwand samples included in the various

analyses that were carried out.

3.1.1.Fossil material

Several fossil specimens were included in the veisd aspects of my thesis. The following

section introduces the specimens that were included

3.1.1.1.A.L. 444-2

Throughout the dissertation A.L. 444-2 will be usedxemplify the methods that were used
and developed. The A.L. 444-2 skull was found ibrbary 1992 in sediments of the Kada
Hadar Member and consists of fragments represeatiogit 75%—-80% of a single hominin
skull, with a geological age of 3.0 +/- 0.02 Myrifkbel et al., 2004). This specimen was
recovered in approximately 50 fragments, not inicigdsolated teeth, tooth crown and root
fragments, and indeterminate bone scraps. Kimball §2004) joined these fragments to form

eight major parts:

(1) Frontal bone with attached anterosuperiorrfragt of right parietal

(2) Left parietal with adhering superior fragmehsquamous temporal

(3) Small posterior fragment of right parietalcdbed approximately midway
along bregma-lambda arc and in contact witheftephrietal along
the sagittal suture

(4) Posterior calvaria, composed of the occigitalama and both tempora
bones

(5) Right zygomatic bone
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(6) Maxilla, with RI1, RC, RP4-M3, LI1, LC, and BPM3

(7) Partial nasal bones

(8) Right mandible corpus and symphyseal regiath l&ft and right
incisors, partial RC, damaged RP4-M1.

Of those fragments, four were considered for artcemi@al reconstruction: the frontal
bone, the posterior calvaria, the maxillary bomed the mandible. A detailed reconstruction
protocol for each fragment is presented in the ltesthapter. Except for the nasal bones,
those parts were CT-scanned with a resolution 4frfim and a slice thickness of 1mm in

Vienna, Austria.
3.1.1.2.Cioclovina

The specimens was discovered in 1941, during pladsphining of the Reéera Cioclovina
cave, South Transylvania (Harvati et al., 2007) aodstitutes a well preserved calvarium
(Figure 4). The specimen is dated by recent difddS “C to an age of 29,000+-700 ka
(Olariu et al., 2005) and 28,510+170 (ultrafiltoati pretreatment; Soficaru et al., 2007) and
assigned to the Aurignacian. It preserves the alamiult and much of its cranial base, while
the face is almost entirely absent: only the frbaspect of the orbits and the upper part of the
nasal bones are preserved. The cranium is in goadition and appears to have suffered
minimal postmortem distortion.

This study was conducted on a computed tomogra@®) &can of the original
Cioclovina calvaria. Scanning was performed usingi@emens sensation 64 medical CT
scanner in the facilities of the Centrul De Samafto-Life SRL, Bucharest. The scanning
direction was coronal (transverse). Slice thickn&s8.625 mm, X-ray tube voltage 120 kV
and tube current 304 mA were used. All slices wermatted in the same size of 512x512

pixels. The reconstruction diameter and pixel nesoh were 223 mm and 0.44 mm.
3.1.1.3Sts 5
The Australopithecus africanuspecimen Sts 5 represents a well-preserved paraaium

missing the complete dentition with a geologicaé ag about 2.5 million years (Broom,

1947). Recent palaeomagnetic analyses of the Stedih palaeocave deposits including the
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deposition in which Sts5 was recovered, re-estirttegegeological age of Sts 5 at 2.16 — 2.05
Ma (Herries and Shaw, 2011).

It was recovered in two pieces because the expldsiat was intended to loosen the
rock of the Sterkfontein cave (near Johannesbwegamsited a part of the cranial vault from
the rest of the skull. It preserves most of the roewanium, showing a break that
approximately separates the cranial vault fromrdst of the skull. While the braincase is
almost entirely present, the face is lacking teetim the exception of some preserved root
sockets.

Sts 5 was scanned in 1997 in Johannesburg, SouttaAfvith a medical CT (Siemens
Somatom Plus 4, sequential, matrix x/y/z 512/51@Q/M®xelsize 0.39063/ 0.39063/1.0 mm,
140KV, 129mA).

3.1.1.4 Petralona

This adult specimen represents an externally almasiplete cranium, only lacking the right
zygomatic arch, the lower part of the nasal boaed,some details of the mastoid region. The
Petralona 1 skull was discovered in 1960 in a aaa@ Thessaloniki, northeastern Greece
(Kokkoros and Kanellis, 1960). A discussion conaggrthe age of this skull is persistent
since its discovery. In the beginning it was bedigvwo be contemporary with Neanderthals,
perhaps no older than 80,000 years. Later analysmsever, yielded strongly diverging
estimations between an age of 200,000 and 700,886 yHennig et al., 1981). More recent
analyses point to a geological age within the raafjg50,000 and 250,000 years (Grin,
1996).

The affinities of this specimen have almost begrantroversial as its dating. Early
studies described the Petralona cranium as a NeghatiéKanellis and Savva, 1964) while
more recent interpretations place it among the éfagbwe group (Hublin, 1984; Stringer,
1985), recognized as the spedi#sno heidelbergensis

Petralona 1 is housed at the Department of Gepldgyistotle University of
Thessaloniki in Greece. A CT-scan of the Petralskidl was performed with the use of a
commercial medical scanner (Siemens ART, Siemerian@gen, Germany), at Thessaloniki,
Greece. Serial images were obtained from the efftissil using clinical scan protocols:
conventional 2 mm slices, 1 mm tablefeed, 130 K30 hA with the following reconstruction

parameters: 512x512 matrix with a 12 bit grey sealé 1 mm slice reconstruction (Le Floch-
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Prigent N. and Moschidou-Polizois A., 1991). Sinte window during scanning was

improperly adjusted, the anterior aspect of theillzais omitted.

3.1.1.5.Mladec 1

This adult specimen was found in the Bocek’s Cavihé vicinity of the village Mladec in
Czech Republic by J. Szombathy in 1881 (Szombafl®)0, 1925). During several
excavations more than 100 specimens from the Istge@ Cave (e.g. Mladec 1 and 2) and
from the Quarry Cave (e.g. Mladec 5 and 6) werevered. Among these, Mladec 1, 2, and 8
are consistently dated to around 31,000 years (@tilal., 2005). Mladec 1 is a largely intact
cranium of an almost adult individual, charactetizs female (Wolpoff et al., 2006). It is
missing parts of the right frontal, parietal andaeosal and teeth except left and right M1-2.
The cranium is long and narrow, the orbits are kmwd rectangular, and the supraorbital
region is bipartite with supraorbital swellings thimse across glabella (Schwartz and
Tattersall, 2002b). Weber et al. (2006) morphoroally compared cranial shape between the
Mladec 1, 5, and 6 specimens, "anatomically modemmans” and Neanderthals, and
conclude that the Mladec fossil firmly groups witle modern sample. Mladec 1 was scanned
in Vienna, Austria, with a medical CT with a voxetsof 0.466798/ 0.466798/0.75 mm.

3.1.2.Modern sample

The sample consisted of computed tomography (Cadnsof modern humans, chimpanzees,
orangutans and gibbons (the depository for eactirmea is listed in the corresponding tables
that list the sample for each analysis). Sinceamm®unt and composition of the sample is
differing in the different analyses, | introduce texact number of specimens used within the

respective section.
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3.2.METHODS

This section introduces methods of data acquisa®well as data manipulation.

3.2.1.Reconstruction of CT-data

The half-maximum height protocol was used to rettacs each cranial surface from the CT
scans via the software package Amira 5.2 (Mercumynuter Systems, Chelmsford, MA).
The procedure uses the histogram of the CT grayegalo determine the appropriate border

between materials (here bone and air) based adatldéviaximum Height Value (Spoor et al.,

1993). This value is then used as threshold fogtreeration of surfaces from CT data. After
segmentation, the extraction of 3-D surfaces fratume data, surface models are created in

Amira using theSurfGenfunction, creating stl-filesFigure 8 shows an example of the

reconstruction of an orangutan cranium and endocast
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Figure 8 Reconstruction of a orang-utan skull and its eadb
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3.2.2.Geomtric Morphometrics

The comparison of anatomical features of organigmna central element of biology. The
taxonomic-morphological classification of organisarsd the understanding of the diversity
of biological life are historically based on thesdeption of biological forms (Adams et al.,
2004). In this context, morphometrics represent shedy of shape variation and its
covariation with other variables (Bookstein, 19Btyden and Mardi, 1998). In the middle of
the 20th century there was already a quantitatescption of morphological shape using
statistical analysis for the description of patteah shape within and between groups. In the
1980s finally, the focus was on coordinates of laarks and the preservation of geometric
information about their relative positions. An adiage of this appraoch is that the results of
multivariate analyses can be projected back inhy$ral space” instead of being restricted to
the mere visualization using scatter plots. Forctmprehension of the analytical methods of
this approach represented by Geometrics Morphoosetlefinitions of form, shape, and size

are neededHigure 9).

&
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Figure 9 Relationship of form, shape and size (after Rictgier et al., 2002)

Form is described as the combination of size and shbpéhis context the size
measure is any positive, real-valued measure dfbgect (Slice, 2005). The size has long
been considered an important component in the cosgpaof biological structures. It tends

to dominate the variability between the sexes, faimns, species and even individuals (e.g.
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by allometric effects). If the main interest isided on shape differences between groups, i.e.
size is regarded as a nuisance parameter, sizéecaisconnected from other factors (see
below).

Shapes defined as the geometric properties of an ¢lfet are invariant with respect
to location, scale and orientation. This definitibastrates the focus on geometric properties,
which do not change if the position or orientatafrthe sample varies. In addition, shape is
not influenced by an enlargement or reduction & tbject. A shape variable is any
geometric measure of an object, which is invariarterms of location, scale and orientation
of an object. Coordinates of points and precis@fngd groups of distances between these
points are correct shape variables, as far as pheserve the geometric information of the
structures they describe (Dryden & Mardia, 1998).

The toolkit of Geometric Morphometrics (GM) compss all methods of data
recording, processing and visualization for thedgtof form, which are characteristic for
modern morphometric methods (Rohlf and Marcus, 1993is expression represents
especially those methods which are related to toerrate collection and analysis of shape
information as defined above. This distinguishes @& morphometric methods described
as "traditional”. Those methods do not necessamigintain sufficient information to
reconstruct the spatial relationships among strastthat are defined by the measured values.
Since the entire geometric information is savedch@issM, the results of multidimensional
multivariate analyses can be projected back inisiohl space. This allows the visualization
of the results which would often be impossible gsaiternative methods (Slice and Ross,
2009).

Because of the limitations which are inherent ie thaditional methods, both for
outline - (see below) as well as landmark dat@riadttive methods for the quantification and
analysis of morphological shape were needed. DdEkI(1984) developed a strict statistical
theory of shape analysis, which offered the pokgibio combine multivariate statistical
methods with methods for the direct visualizatidtiological form. This was referred to as a
"morphometric synthesis" or even "revolution” (Rlodahd Marcus, 1993; Bookstein, 1996a).
Morphometric methods which are based on landmaegmam with the collection of two-or
three-dimensional coordinates of biologically detinlandmarks. But the direct analysis of
these coordinates as (shape) variables is notlppedsecause the position, orientation, and
scaling varies between the objects. Therefore,vr@tion that is not based on shape is

mathematically removed before such variables carardyzed. This is achieved using a
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Procrustes Superimpostion. Once the variation imimhted, the variables become shape

variables and can be used to statistically andahsesample (Zelditch et al., 2004).

3.2.2.1.Procrustes superimposition

Over the past 20 years, a standard set of procedorehe shape analysis of landmark data
has been established that is today applied in dledbsiorphometric investigations (Adams et
al., 2004). First, the centroid for each configimats determined (sdéigure 10). Then every
landmark configuration (representing single objeidsentered on their origin by subtracting
the coordinates of the centroids of the correspandioordinates from each landmark
configuration. Afterwards the centered landmarks sgaled so that they all have the same
Centroid Size (CS: the square root of the summedreg deviations of the coordinates from
their centroid; Dryden and Mardia, 1998). In thesaixre of allometry, CS does not correlate
with shape and is therefore the preferred size uneas GM. As a convention, CS is setto 1
for all landmark configurations. In the last stdyy, choosing a reference or consensus

configuration (mean shape of all landmark confijores), the rotation, i.e. the sum of
squared distances between the homologous landnsarkaimized.

al
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raw landmarks centered landmarks centered and scaled

centered, scaled,
landmarks

and rotated Ims

Figure 10 Procrustes superimposition: translation to threesaentroid, scaling to the same Centroid

Size, and rotation to minimize the summed squarsttes between the corresponding landmarks.
From Mitteroecker and Gunz (2009).

For more than two objects this process is calledneGdized Procrustes

superimpositionKigure 10). The space (shape space), in which the Procrdstesnces are

used, is due to David Kendall (see above) andeduhdamental structure, on which GM is

based Figure 11).
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A: Kendall's shape space for triangles B: Principal components analysis in the tangent plane

Tangent plane viewed from above
Mean=#, &= other points
Equilateral triangle &

Projected point &

Visualise

(3)

Flat triangles on equator

Isnsl triangl . G PA
v Reflected equilateral triangle (1 )

—\

Figure 11 A) Representation of Kendall's shape space fangdtes. (B) A schematic indicating the
projection of points representing triangles in Kallisl shape space into a space tangent to the mean
triangle (arrows) and the principal componentshafe variability (PC I, PC II) in this tangent spac

Since Kendall's Shape Space is a non-Euclideanespée use of common
multivariate methods are not permitted. To make fussible, the points are projected on an
Euclidean "Tangent Space". This resulting spaceughly the same as the original positions
of the non-Euclidean space. Since this space isidimensional for complex shapes, it is
only displayed for triangleg={gure 11). Each point in this shape space represents tygesh
of a configuration of points in Euclidean spaceayareless of size, location and orientation
(Dryden and Mardi, 1998). In shape space scattetgoorrespond to variations of complete
landmark configurations (and thus to individualagd anot just variations of each landmark
(Slice, 2001).

Figure 11 shows a schematic representation of this matheatgprocedure. The
Generalized Procrustes Analysis (GPA) is usedHerregistration of objects, which are then
represented by points in the shape space (1).i3hadlowed by the projection of points that
are represented by complete landmark configuratiotise Tangent Space and the extraction
of the main components of shape variation in thigce (2). Finally, the graphical
representation of shape variability, which is repréed by the principal components (PCA;
see below) (3). The R code for the GPA that is uisehlis thesis is listed iAppendix 1.
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3.2.2.2 Landmarks

Landmarks are often the same points that are waddionally to define distances or angles.

In contrast to traditional methods however a comtéi system has to be set up in which the
positions of the landmarks can be included befatbaying landmark data (Richtsmeier et al.,
2002). A number of selection criteria were introgdidy Zelditch et al. (2004) that should

always be valid for landmarks:

(1) Landmarks are homologous anatomical loci.
(2) Landmarks remain relatively constant in thpasition to other landmarks.
(3) Landmarks adequately capture the morphologh@bbject.

(4) Landmarks must ensure intersubjective repdayadnd reliability.

Landmark coordinates are differing in the qualifyiormation they encode. This has to
some extent defined by the classification of Boeks{1991) as landmarks of Type I, II, 111

1. Type | - landmarks are characterized with respediscrete anatomical juxtapositions of
tissues, e.g. by sutures.

2. Type Il - landmarks are arc or curvature maxithat are connected with local structures.
3. Type llI - landmarks are mathematically projeetiextreme points, such as the
endpoints of the greatest length, width, etc., &tk respect to a distant defined structure.

Of these, the two- or three-dimensional positiohtypes | and Il are most completely
defined in relation to local morphology and all @insions are more or less biologically
informative. Type Il - landmarks, however, are Satisfactory” because their meaningful
information is only in the context of remote defigistructure. Variation perpendicular to this
direction has a substantial arbitrary componento{@tein, 1991). A detailed description of
the definition of the anatomical landmarks usethia thesis is given iAppendix 2.

An issue that is accessible through an object ofdri@ark coordinates is the
dimensionality of shape variation, i.e. the numbiedimensions (degrees of freedom) which
are necessary to represent shape (Dryden and MESEB). The simple construction of
triangles is used as a common examplgyre 11, O'Higgins, 2000). Each triangle in a plane
requires only six numbers (the coordinates) foratenplete geometric description. One
degree of freedom is assigned to translation agawp axis, one for scaling and another one

for orientation. This results in 6 - 2 - 1 - 1 =d@grees of freedom for the variation of shape
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(Slice, 2005). It should be noted that because omty remaining dimensions remain to
encode shape, the possibility to investigate thecgire of this space graphically is offered.
This is one of the reasons why triangles have gortant role in the research of shape theory
(Zelditch et al., 2004; Slice, 2005). As the numlmdr nuisance parameters for plane
configurations is defined, the main formula for thmensionality of shape of p points in two
dimensionsis: 2p - 2 - 1 - 1 = 2p — 4. For thremethsional data, the formulais: 3p-3-3-1
= 3p — 7. In three dimensions are three dimendioaisneed to be translated, three angles of
rotation and an additional scaling parameter the¢ds to be calculated. The general
dimensionality of the shape variation for an adsigrnumber of points p in any number of
dimensions kis: pk -k -k (k-1)/2-1 (Sli&f05).

3.2.2.3.Semi-landmarks

As traditional anatomical landmarks only capture tinanial geometry quite incompletely, |
included curve and surface semilandmarks to thefsabatomical landmarks in order to add
morphological information. An example for a bonyusture that is underrepresented by
anatomical landmarks is the cranial vault. Much photogical information is omitted when
only using the few neurocranial landmarks, e.g.gbr@ and lambda. If one includes
semilandmarks or not is depending on the queshidrttze scope of the analysis. The analyses
in this thesis that are dealing with the virtuataestruction in various aspects (the first two
sections of this thesis) include semilandmarks orves and surfaces. Especially surface
semilandmarks add valuable information to thesdyaas, since we have to deal with large
missing portions of the neurocranium. The third ptha concerning facial orientation and
morphological integration does not include surfaeenilandmarks, because on the cranial
base and the face | could digitize fairly enoughtamical landmarks and curves.

The method of sliding semilandmarks was initiallgtroduced in Bookstein
(Bookstein, 1991) and explicitly discussed and useBookstein (1997; 1999). Gunz et al.
(2005b) extended this approach to three dimensaadsdelivered guidelines for the practical
application of these methods. As part of the digtiobn process, semilandmarks were allowed
to slide along curves and surfaces to minimizebireding energy (see 3.2.2.4.1) of the thin-
plate spline (Bookstein, 1991; see 3.2.2.4.2) cdstgplbetween each reference and target
specimen. This iterative procedure approximatevesurby sets of chords calculated as
vectors of two neighboring (semi)landmarks, andag@s by their triangulations. That means

that semilandmarks do not slide on the actual cuarel surfaces themselves but rather along
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tangent vectors to the curve or the tangent plemése surface. The sliding of semilandmarks
is an iterative process involving the following seqgtial steps (Gunz et al., 2005a;
Mitteroecker and Gunz, 2009):

1. Computation of the Procrustes mean shape of thplsaend tangent vectors for each
semilandmark for each specimen of the sample.

2. Sliding the semilandmarks along the tangents tamire the bending energy relative
to the Procrustes mean shape.

3. Projecting each slid semilandmark to the nearesttmm the curve or the surface,

because the position may not be on the actual arrsarface any more.

Relaxed semilandmarks can be considered as geoallgtinomologous points. A detailed
description of the algebra for sliding semilandnsaldy minimizing the bending energy is

given in theAppendix 3.

3.2.2.4.Bending energy

“Bending energy is a metaphor borrowed for use orpghometrics from the mechanics of
thin metal plates” (Slice et al., 2009b). Any tlpiate spline has a bending energy, the
(idealized) physical energy required to bend amitd, infinitely thin metal plate into the
specified form from an initially flat configuratiorBy extension, any deformation of a
landmark configuration modeled in this way has adieg energy, the sum of the energies of
its three “plates” (Bookstein and Green, 1993). M/lm physics bending energy is a real
measurement that is quantified in correspondingsutiiere is an alternative formula that is
still meaningful in morphometrics: bending energy groportional to the integral of the
summed squared second derivatives of the "vertdsilacement - the extent to which it
varies from a uniform tilt (Slice et al., 2009b).

3.2.2.5.Thin-plate splines
Bookstein (1989; 1991) developed the method of-phate splines (TPS) to compute

deformation grids, statistical analogues to thesahat were drawn by Thompson (1917). The
algorithm computes a mapping function between twmntp configurations that maps
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anatomical landmarks while the space between theskenarks is smoothly interpolated. The
grid is interpolated by minimizing the bending egeof the deformation.

In two dimensions, the TPS interpolation functiooni a reference to a target
configuration can be applied to vertices of a ragujrid in order to visualize shape
differences between two geometric objects, for gdantwo mean shape&igure 12). In
three dimensions deformation grids can be confusihgn visualizing shape differences in
more than one plane. For the visualization in tldiegensions the algorithm can be employed
to deform a surface moddFiure 12). Using the TPS interpolation function, shape ¢jesn
are visualized by means of surface warps. Theseperduced by taking the landmark
coordinates of the mean shape and adding the aicatitm of eigenvectors or singular
vectors of the shape coordinates that are obtalnadg principal component analysis (PCA;

see 3.4.2.3.3) or partial least squares analy&iS;(Bee 3.4.2.3.3).

Figure 12 Surface morphs and TPS deformation grid for tvemmshapes.

When visualizing form changes, the exponential fimmcof the corresponding loadings
for INCS has to be added. Eigenvectors are linearbinations of the original shape variables
and can be visualized as scores (i.e., projectbrise original variables onto the axes) or as
deformations (Gunz and Harvati, 2007). To thesesgetite triangulated surface of a single
specimen is deformed using TPS. Using the softwamgira 5.2, the landmarks and
semilandmarks of this specimen are used to warpstivéace points from the original
configuration in Procrustes space into the meapesicanfiguration with different multiples
of the eigenvectors added. Note that the surfaeasawhere there is no (semi)landmark
information are interpolated by the TPS (Gunz anarvélti, 2007). The standard TPS

formulas according to Bookstein (1997) are giveAppendix 3.
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3.2.2.6.Landmark and semilandmark data

Landmarks and semilandmarks were digitized usimgdpen-source software Edgewarp3D
(Bookstein and Green, 2002) and AMIRA 5.3 (Merc@gmputer Systems, Chelmsford,
MA). For the reconstruction sections in this thesisveral 3D-templates of anatomical
landmarks and semilandmarks were created to captergeometry of the cranial surface.
Each template is presented in the section thasde#h the actual analysis, since number and
spatial distribution of the landmarks and semilaades are varying from study to study. For
example, since the analysis of facial orientatieae(section 1.3) included morphological
information of the cranial base, endocranial landk®awere added to the template.
Anatomical landmarks that were not required wereattecth A detailed description of the
definition of each landmark is given in the Appea@hppendix 1).

As substantial surface information is omitted usiogly traditional anatomical
landmarks, | included curve and surface semilankisaks part of the digitization process,
semilandmarks are allowed to slide along curvessamtaces to minimize the bending energy
of the TPS computed between each specimen andatheles Procrustes average. Once
relaxed, semilandmarks can be considered as homaogoints (see 3.2.2.4). For each
analysis, the template was warped onto each coenpf@cimen cranium by iterative thin-
plate spline (TPS; Bookstein, 1991). This procedligns the template and target according

to homologous landmarks present in both models.

3.2.3.Methods of virtual reconstruction

Most hominin cranial fossils are incomplete, remgjrreconstruction prior to the analysis of
gross morphology. Missing data can be estimateddmmetric morphometrics using mirror
imaging and reflected relabelling or by using iml@tion from complete specimens, e.g. by
using TPS or multivariate multiple regression. Toleowing paragraphs describe the methods

used in the reconstruction chapters.

3.2.3.1.Manipulation of objects in a virtual environment

During the anatomical reconstruction of fossilglased fragments have to be placed and
oriented relative to each other, either applyingaditional approach in which fragments are
manually placed and connected (Tobias, 1967; Kirebel., 1984; Kimbel and White, 1988;
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Kimbel et al., 2004; Caspari and Radovcic, 2006;nGea and Tobias, 2006) or a computer-
assisted approach which uses tools of virtual apthlogy (Zollikofer et al., 1998; Ponce de
Leon, 2002; Gunz, 2005; Zollikofer et al., 2005;@wet al., 2009b; Weber & Bookstein
2011). In three dimensions, any positioning of mjects introduces six degrees of freedom,
three translational and three rotational, all oficihare independent. Once the object is
reconstructed from volume data and converted téases, virtual bones can be manually
manipulated on the computer, and parts can easiliydmnslated and rotated. In this thesis |
used the software AMIRA 5.2 (Mercury Computer Syste Chelmsford, MA) and
Rapidform XOR2 (INUS Technology, Inc.) for the mamiation of fragments in a virtual
environment. Examples are the anatomical recortgirucof the A.L. 444-2 mandible
(4.1.1.3) and maxilla (4.1.1.4).

3.2.3.2.Mirror Imaging

One way to deal with missing or deformed anatomstalictures is to restore bilateral
symmetry. Using surface models, it is possible foran image the better preserved side

entirely or just parts from one side to the otl@uriz et al., 2009b).

3.2.3.2.1 Mirroring across a best-fit midsagittal plane

Since midsagittal landmarks commonly deviate fropegect plane, the symmetry plane has
to be estimated, e.g. by a least-squares fit dhmepto the midsagittal landmarks. This can be
done automatically using Rapidform XOR2 (INUS Tealogy, Inc.). The software computes
the first three principal components of the midgagiandmarks, projecting all landmarks
onto the principal component axes (the eigenvegtardd flipping the sign of the scores on
the third PC. These flipped points are then muéglby the matrix transpose of the three

eigenvectors calculated previously (Gunz et al022).

3.2.3.2.2 Reflected relabelling

Reflected relabelling (RR) is not only the essénsitep in the Procrustes analysis of
asymmetry (see 3.2.3.5.3) but also a useful toahduhe reconstruction process. For the
specimen to be reconstructed, a reflected copyeforiginal configuration of landmarks is

produced. This is done by changing the signs ferafrthe coordinates of all landmarks. The
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paired landmarks are then relabelled by swappiegldbels between left and right paired
landmarks of the reflected copy. Finally, a GPAeupposes both the original configuration
of landmarks and the reflected and relabelled ¢®dardia et al., 2000).

3.2.3.2.3Beyond mirror imaging

In difficult scenarios that can appear in variouslds such as paleoanthropology and
forensics, simple mirror imaging cannot be appliEais is the case when a large part of the
cranium is missing and there is no clue to theaanidsagittal plane. Since it is not possible
to establish a midsagittal plane that could be umednirror the existing part, bilateral
symmetry cannot be restored by simple mirror imggiA solution to this problem is
introduced in this thesis by exploiting biologi@alormation based on a reference sample and
guantitative methods. | estimate the position @& thidsagittal plane based on a sample of
reference specimens using a partial GPA, and tkeanstruct the skull according to the
estimated midplane using mirror imaging (for detaie 3.2.2.5.5).

To show the applicability of the above describedrapch we use this technique for the
reconstruction of the A.L. 444-2 maxilla. Sinceistnecessary to apply the morphological
information of reference specimens, | surface-sedrmgh-resolution casts of A.L. 200-1 at
the Naturhistoisches Museum Wierrigure 13). Scanning was conducted using a

Breuckmann light stripe scanner.

Figure 13 Casts of A.L. 200-1
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3.2.3.3.Estimation of missing data

There are many types of studies in various scierfiglds for which missing values are an
issue, e.g. across the social sciences (Acock,)200&ny conventional statistical procedures
using standard software like SAS or SPSS excludeniplete cases that have any missing
variable values from the analysis. Consequentlgreths a loss of information in these
incomplete cases. Traditional approaches deal mising values in various ways, e.g. by
listwise deletion, pairwise deletion, and mean stuigon. Several classifications exist for
characterizing missing values defined by Rubin @)9%cluding (1) missing completely at
random and (2) missing at random. When values asimg completely at random they are
randomly distributed, e.g. in a matrix consistirigadarge data set. Data is missing at random
if the likelihood of missing data on the varialdeuinrelated to the value of the variable, after
controlling for other variables in the analysist®eay be missing in ways that are neither of
the above mentioned classifications, for exampléosgsil specimens. Taphonomic processes
may have had a larger influence on geologicallyeolsipecimens or specimens that were
transported during sedimentation. Therefore diffeteaphonomic scenarios have an influence
on the amount of missing (fossilized) bone. Sinaerphology in GM is represented by
landmarks, such regions are coded as missing: laridriocations unobservable in the
respective specimen. From a statistical point efwihese points can be regarded as missing
data. Furthermore semilandmarks that are missimgl t® cluster on forms thereby
introducing spatial correlation (Gunz, 2005).

In contrast to the imputation of missing data iresflonnaires in social science, we
can make use of several basic principles of thdlskauplan when reconstructing fossil
specimens. We can use information about bilatgnainsetry and utilize the smoothness of
many parts, for example the neurocranium. Furthegmseveral parts of the craniofacial
complex are tightly integrated with each other,u@dg the number of degrees of freedom
how different parts can be placed relative to eattier. Gunz (2005) tried to formalise this
biological knowledge to make it available to anyssmg data protocol by establishing a
principled way to do such reconstructions with lawadk coordinate data. A basic step in the
reconstruction process is completing a form by gmpirror imaging (see section 2.3.4.5.). A
second source of morphological information that lsarapplied is allometry by regressions of
Procrustes shape coordinates on Centroid Size.btogical integration can be used to asses

the uncertainty in the spatial relationship betwgamts in the craniofacial complex (see
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section 2.3.4.3.2). Finally, curvature smoothneas loe used in a geometric reconstruction

(see below).

3.2.3.3.1.Geometric reconstruction

In general, the geometric reconstruction is basedhe smoothness properties of the thin-
plate spline. The smoothness of a transformationbeaquantifed by the bending energy, the
scalar measure of deformation associated withtimeplate spline interpolation (Bookstein,
1989; Bookstein, 1991b). TPS requires only a singlerence form (template) which can be
represented by a Procrustes mean shape of a spedas uses each specimen in the sample
to create multiple reconstructions.

The first step during geometric reconstructionhis éstablishment of a template. This
template or reference consists of a set of landsnarki semilandmarks that is tailored to the
area that is missing in the specimens to be reaaret. If the missing area is in the
neurocranium, then the template has to be set @pviay that the surrounding area of the
defect is densely covered with landmarks and sewhitearks. This is because the thin-plate
spline is locally bent according to the existingrptmlogy. Hence the closer the landmarks
are to the defect, the better the result will bee Template is then warped onto each complete
specimen cranium by iterative TPS (Bookstein, 199This procedure aligns the template
and target according to homologous anatomical lamkisnpresent in both models. A TPS is
invariant to position, scale and rotation of thenie and therefore does not require a previous
Procrustes fitting step. When virtually damagedcspens are targets, landmarks and
semilandmarks of the template in the respectivesimgsarea of the target are declared as

missing so that their coordinates will be estimatedng warping.

3.2.3.3.1.1Example: Reconstructing the endocranial cavity ioc®vina

In order to obtain an approximation of the totatl@cranial volume, missing parts of the
cranial base were virtually reconstructed by usangiodern human cranium as reference. |
determined the reference by carrying out a Gerra@liProcrustes Analysis (GPA) and a
subsequent PCA in form space (Mitteroecker e2@D4) on 34 anatomical landmarks present
in 25 modern human crania and Cioclovina. | chdee dpecimen that was closest to the
Upper Paleolithic calvarium in terms of Procrustestance as reference (Bookstein, 1991b)

which can be regarded as a measure of geometlisaessKigure 14).
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The missing area incorporates the medial parhefléft cerebral fossa, the clivus,
the anterior and posterior clinoid processes, pafrtthhe dorsum sellae, the ala minor, the
lamina cribrosa, and the posterior part of the tatbbof formed by the frontal bone. Using
the open-source software Edgewarp3D (BooksteinGreen, 2002) and AMIRA 5.3, a 3D-
template of 508 anatomical landmarks (n=34) andilaenmarks (n=474) was created to
capture the geometry of the complete endocraniéhael of the reference. | estimate missing
data using thin plate splines (TPS; Bookstein, 1991 warping the complete reference
cranium onto the target, in this case the cramialains of Cioclovina. This procedure aligns

the reference and the target according to homomg@matomical landmarks present in both

models.
- '. . ;\\‘
‘t K y
| / I
B . a

- :
""'ﬂ 4’ ‘e

R

-, o,

a) b)

Figure 14 a) Cioclovina with anatomical landmarks (red) amugves (blue). Lateral view into the
endocranial cavity. b) Template with curve (blue)l @urface (ectocranial: yellow, endocranial: gray)
semilandmarks.

First, a TPS interpolation based on the anatontaceimarks was computed to warp
all semilandmarks from the reference to Cioclovimathis way, the reference and target are
aligned according to the anatomical landmarks dhdemilandmarks are roughly estimated
according to minimum bending energy of just thedlaarks. In a following step, each semi-
landmark is projected onto the preserved partshef respective endocranial surface of
Cioclovina and slid along tangents to the surfademndmarks on the reference that
correspond to the missing area in Cioclovina weamually declared as "fully relaxed”, i.e
missing, and are estimated according to the TP&itig. Finally, the estimated subcranial
parts that are corresponding to the missing are@iaclovina were fused with the original

virtual endocast using Rapidform.
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3.2.3.3.2 Statistical reconstruction

Another way to deal with missing data is to emastatistical reconstruction, utilizing group
form constraints (Weber and Bookstein, 2011), é&y.applying a multiple multivariate
regression. This approach exploits the morpholdgidarmation present in a reference group
or population (Gunz, 2005). Regression-based mstlzadume that there is an integration
pattern of how morphological features covary withes anatomical traits (Bolker, 2000;
Bookstein et al., 2003; Klingenberg, 2008; Mitterloer and Bookstein, 2008). Available
morphology on the damaged specimen is used to alotite estimation of the missing
regions, along with variation/covariation inforn@ati from undamaged specimens. A
disadvantage with multiple linear regression ig tha linear relationship is “overfitted” in

the case when the completed forms are used irntdlistieal analyses.

3.2.3.3.3Knockout simulations

3.2.3.3.3.1Beyond mirror imaging: New approaches during anaahneconstructions

The basic steps in the study are summarizédgare 15 and described in detail in the
following paragraphs.

damaged cranium

midsagittal plane available

mirror imaging using
midsagittal plane of

midsagittal plane unavailable

@riginal individuaD Geference specimen(sD

\ mirrored cranial remains /

@eometrical reconstruction (TPSD

Figure 15 Individual steps during the reconstruction of diféerent cases; TPS=thin plate spline

Surface data
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This study included computed tomography (CT) otigiéd skulls from adult modern humans
(13 females and 13 males) of mixed origin (Europkeica, Australia, Asia) ranging in age
from 18y to 59y (able 1). The CT scans were acquired at the Radiologiee2lidinische
Universitat Innsbruck, Austria, and at the RubeériclMadrid, Spain, via a Siemens Somatom
Plus 40 (Innsbruck) and a General Electric, modelLl@ht Speed 16 (Madrid). All CT scans
were recorded in DICOM file format at a reconstimctmatrix size of 512 by 512 pixels.
Pixel size ranged from 0.42 to 0.51mm and slicekiiness from 0.625 to 1 mm. The half-
maximum height protocol (Spoor et al., 1993) wasdui reconstruct each cranial surface
from the CT scans via the software package Amia BJdercury Computer Systems,
Chelmsford, MA). The procedure uses the histogramme CT grey values to determine the
appropriate border between materials (here bonea@hbtased on the Half Maximum Height

Value. This value is then used as threshold fogdreeration of surfaces from CT data.

Table 1 Specimens: beyond mirror imaging (see 2.1.2)

specimens label sex age  origin
Pell001 Ind1 male 18y Europe
VA001 Ind2 female 25y Europe
VA002 Ind3 male 45y Europe
VA003 Ind4 male 25y Europe
VA004 Ind5 female 30y Europe
VAO0O07 Ind6 male 20y Europe
VA013 Ind7 female 20y Australia
VAO014 Ind8 female 35y Africa
VAO017 Ind9 male 30y Australia
VA018 Ind10 male 25y Europe
VAO019 Ind11 female 20y Europe
VA020 Ind12 male 45y Australia
VA021 Ind13 male 45y Europe
VA022 Ind14 male 51y Europe
VAQ024 Ind15 female 20y Africa
VA025 Ind16 male 30y Africa
VA026 Ind17 male 35y Asia
VA027 Ind18 male 35y Asia
VAO030 Ind19 female 23y Europe
CSIC_OL794 Ind20 male a7y Europe
CSIC_0OL866 Ind21 female 59y Europe
CSIC_OL1112 Ind22 male 23y Europe
CSIC_OL1197 Ind23 female 30y Europe
CSIC_0L1899 Ind24 female 43y Europe
CSIC_0OL1912 Ind25 female 30y Europe
CSIC_0OL1927 Ind26 female 20y Europe
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Landmark and semilandmark data

Using the open-source software Edgewarp3D (Boaksted Green, 2002) and AMIRA 5.2
(Mercury Computer Systems, Chelmsford, MA), a 3Dydate of 646 anatomical landmarks
(n=79) and semilandmarks (n=567) was created ttumaghe geometry of the cranial surface
(Table 2, Figure 1§. The template was warped onto each complete m@eccranium by
iterative thin-plate spline (TPS; Bookstein, 199This procedure aligns the template and
target according to homologous landmarks presebbth models. When virtually damaged
specimens are the targets, the landmarks and selmbrks of the template in the respective

missing area of the target are declared as misorat their coordinates will be estimated

during warping.

Table 2 List of anatomical landmarks: beyond mirror inrag(see 2.1.2)

no. Pair landmarks no.
1  Frontotemporalé

3 Frontomalare-temporafe

4 Frontomalare-orbitalé 15
5 Torus inferior® 24
6 frontal - nasal - maxillary bong 25
8  Zygotemporale inferiof 26
9  Zygotemporale superidr 27
10 Jugalé 28
11  Zygomaxillare® 30
12 Foramen infraorbitalg 33
13  Zygoorbitale® 37
14  Sutura nasomaxillaris - Apertura pirifornfes 38
16 M-Mm22/° 45
17 M-m2 @b 46
18 M-pP*?/° 47
19 P-PP?°

20 P-c?/®

21 Canine bas8/"

22 C-P?P

23 112 RP

29 Foramen palatinum majis

31 Maxillary bone - Os palatinurh

32 Sutura sphenozygomatica - Fissura orbitalis
34 Stephanion

35 Linea temporalis posterior

36 Auriculare

39 Postglenoid

40 Foramen ovale

Unpair landmarks
Glabella®

Nasion®
Rhinion
Prosthiorf
Nasospinalé
Orale?®
Incisivion®
Sutura palatina mediana & transvetsa
Staphylion®
Bregma

Inion

Lambda
Sphenobasion
Basion
Opisthion
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41 Canalis caroticus

42  Sutura occipitomastoidea - Foramen jugulare
43 Condylus occipitalis anterior

44  Condylus occipitalis posterior

# Facial landmarks
® Digitized on the alveolar process between thénteet

As substantial surface information is omitted usiogly traditional anatomical
landmarks, we included curve and surface semilannas part of the digitization process,
semilandmarks were allowed to slide along curved surfaces to minimize the bending
energy of the TPS computed between each specintetharsample Procrustes average. This
iterative procedure approximates curves by setshamirds calculated as vectors of two
neighboring (semi)landmarks, and surfaces by thgingulation (Bookstein, 1997; Gunz et
al., 2005b). Once relaxed, semilandmarks can bsidered as homologous points.

Figure 16 a) Complete template with anatomical landmarkkacfh n = 79) and curve and surface
semilandmarks (grey; n = 567). b) Anatomical landee®f the template; labels are related to Table 2

Landmarks and semilandmarks were converted to shagmedinates by Generalized

Procrustes Analysis (GPA) (Rohlf and Slice, 1990)is involves translating, rescaling, and
rotating the configurations relative to each oth@ias to minimize the overall sum of squared
distances between corresponding (semi)landmarke fHscaling adjusts the landmark
coordinates so that each configuration has a ueittfGid Size (CS; square root of the
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summed squared Euclidean distances from all (samdgijpharks to their centroid) (Dryden and
Mardi, 1998).

Knockout individuals

For the two knockout regions to be tested, we ubkedsoftware Rapidform XOR2 (INUS
Technology, Inc.) to cut crania along a-priori defil arbitrary planes. For the first case (mid-
sagittal plane is still preserved) we took one\vidlial (Ind1;Table 1) and oriented it with
respect to the Frankfurt Horizontal plane (xy-plafe better visualization (frontal view).
Then, the midsagittal plane (defined as the bdspline of 12 anatomical landmarks:
prosthion, subspinale, rhinion, nasion, bregmabldam inion, opisthion, basion, staphylion,
incisivion, orale) was defined parallel to the ysaxThe cutting plane for the first simulation
was located by an anticlockwise rotation of -30th&f midsagittal plane using an axis parallel
to the y-axis at nasion. After the rotation, anitaaby translation of 3 mm along the x-axis
towards zygorbitale (landmark 13) was performed.aAsesult, most of the left side of the
cranium and significant parts of the right side evéeleted, but a small portion of the left side
remained which could later be used to establishrtiusagittal planeRigure 1738). This first

knockout individual (KI-1) still featured 36 anataral landmarks.

a)

Figure 17 Knockout individuals. a) First knockout individugl-1) with remaining 36 anatomical
landmarks. b) Second knockout individual (KI-2) lwitemaining 24 anatomical landmarks. c)
Mirroring KI-2 along a midsagittal plane and estimg the remaining missing area using TPS
(orange)

The cutting plane for the second case (no midsadahdmarks preserved) was defined by
taking the cutting plane of the first case and dlaing it further to the right side of the
cranium (again along the x-axis) for a distancd 2fmm, and rotate it for another -6°. This
second knockout individual (KI-2) completely lacksy landmarks from the midsagittal plane
and features only 24 landmarksdure 17b).
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Missing data estimation
Bilateral symmetry of KI-1 was restored by mirronaging the right side along a best fit
plane of the seven remaining midsagittal anatomlaadmarks (prosthion, subspinale,
opisthion, basion, staphylion, incisivion, oralé) the same step, each of the 36 real
landmarks, that are present in the virtually ca@inarm, was mirrored along the same plane,
leaving out unpaired landmarks. During this proceda mirror-imaged model is created.
Restoring bilateral symmetry in Kl-2 is a disprojpamately harder task. Since there
are no midsagittal landmarks that can be used tabksh a midsagittal plane, we use the
midsagittal plane of all the other individuals retsample to mirror image the remaining right
half of KI-2. To be able to implement this infornmat, the individuals in the sample were
superimposed via a GPA that only incorporated tharatomical landmarks remaining in Ki-
2 (partial GPA). The position of the rest of thedenarks is calculated using the respective
translation vector and rotation matrix of each wlial that was computed during the GPA.
The whole procedure could be referred to &foak GPA. This procedure was carried out via
the open-source software Morpheus et al. (Slice818y “demoting” each landmark in the
missing area of KI-2. As all the individuals areansuperimposed according to the remaining
24 landmarks of KI-2, it is possible to compute thest fit midsagittal plane of every
complete individual and mirror the surface of Kr&ative to these midsagittal planes using
Rapidform XOR2. The 24 anatomical landmarks thatmesent in KI-2 were included in the
mirroring process, unpaired landmarks were notearesAccordingly, during this procedure
we gain 28 different versions of the mirrored K{2Z5 using each reference individual, and
one in each case using the grand mean, the feneda and the male mean). Figure 3c shows
the result of mirroring Kl-2 according to the midgtal plane of the Procrustes mean shape.
It is worthwhile to note that GPA scales the landkeaonfigurations to unit CS, so any effect
of size was circumvented during the computatiorthef midsagittal planes. By multiplying
the landmark configuration and surface model ohesgaecimen by its respective CS obtained
during GPA, the superimposed landmark configuratiare brought back to the space of the
original specimens. This allows the usage of thegiral units (mm) to express the accuracy

of the reconstruction.

Geometric reconstruction
After mirror imaging the knockout individuals indar to get a bilateral fornF({gure 179,
we estimate the remaining missing data by TPSpotation (Bookstein, 1991; Gunz, 2005a).

The basic idea in the use of TPS algebra for ngssdi@ta estimation is the warping of a
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complete reference configuration (reference modelemplate) onto an incomplete target
(target model), minimizing the thin plane splinleénding energy between the reference and
the target (Bookstein, 1991; Gunz, 2005a).

In case of KI-1, the single surface model creatednd mirroring together with the
available anatomical landmarks, served as targeth Eomplete specimen served as reference
model and was warped onto the mirrored KI-1. Theosd knockout simulation created 25
individual models plus three models obtained bygigshe female, male, and grand mean as
references. In this case, corresponding mirroremnstructions and original individuals
represent the target and reference respectivelgt means that the complete surface model
of, for example, Ind2 Table 1) was used as reference and was warped onto thermir
reconstruction of KlI-2 according to the midsagifilne of Ind2.

Asymmetry

To quantify total asymmetry of a individual (objegsgmmetry), | applied the Procrustes
asymmetry assessment method from Mardia et al. 0)200he computation of total
asymmetry for each individual incorporated the daiing steps: 1) for each individual
landmark configuration of the facial bone (faciahdimarks), a mirrored and appropriately
relabeled form is produced; 2) each individual &sdmirror are projected into shape-space
using GPA; and 3) the total asymmetry is definedhas Procrustes distance between the
original landmark configuration and its relabeleflection. Since after GPA, each individual
is in shape space, the Procrustes distance beteasdn individual and its mirror is rather
small. This asymmetrical variation is not neces$gdiologically informative but provides
additional information that could help to interptie¢ outcome of the reconstruction.

3.2.3.1.1.1Comparing  3-dimensional virtual methods for recamgion in

craniomaxillofacial surgery

Fifteen skulls were selected for simulating théual osteotomy. The first one, a male of 31
years old, was collected at the Laboratory of Amplotogy, Department of Histories and
Method for the Conservation of Cultural Heritagenfiérsity of Bologna). The CT scan was
carried out at the Radiology Department of Raveraoapital by means of the Brilliance 64-
Slice CT scanner by Philips, with a slice thickne$0.9 mm, increment 0.45 mm. The

second oneRigure 18), belonging to a male of 18 years old, was CT sedrat the Pellegrin
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Hospital, Bordeaux, with Brilliance CT 40-Slice Byilips, with a slice thickness of 0.9 mm,

increment 0.45 mm.

Table 3 Specimens: comparing 3-dimensional virtual meshod
reconstruction in craniomaxillofacial surgery (2#.3)

specimens
VA001

VAQ003

VA006

VA013

VA020

VA024

VA026

VA027

VA030
CSIC_OL79%4
CSIC_OL1112
CSIC_OL1197
CSIC_0OL1899
Pell001

Pico

label

H1
H2
H3
H4
H5
H6
H7
H8
H9
H10
H11
H12
H13
H14
H15

sex
female
male
male
female
male
female
male
male
female
male
male
female

male
male

age

25y
25y
20y
20y
45y
20y
35y
35y
23y
47y
23y
30y

18y
3ly

origin
Europe
Europe
Europe
Australia
Australia
Afrika
Asia
Asia
Europe
Europe
Europe
Europe
Europe
Europe
Europe

In Rapidform XOR (INUS Technology, Inc.), left zymatic virtual osteotomy (including

segments of the maxillary bone, part of the orbitabr and the latero-orbital wall of the

zygomatic bone) was simulated in the mod€gligyre 18b). This was accomplished by three

virtual cutting planes passing approximately thiotize following sutures: zygomo-maxillary

suture, fronto-zygomatc suture and temporal-zygansatture on the zygomatic arc.

Figure 18 a) Three-dimension digital model of the craniuithwhe left zygomatic portion in dark
gray; b) virtual osteotomy of the left zygomatiaieo
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The midsagittal plane was defined as the bestlditgof 8 anatomical landmarks (prostion,
subspinale, nasion, bregma, lambda, inion, opisstaphylion). In order to test the deviation
of the reconstruction to the original specimensgehvirtual reconstruction techniques were

tested:

1) The right unaffected hemiface was mirrored dredléft missing part was directly restored
by the mirrored-copy without attempting any manorautomatic alignment of the reflected
part onto the left hemiface.

2) In Rapidform XOR, the right mirrored hemiface svaligned to the left osteomized

hemiface using the iterative closest point fundtioR) that minimizes the distance between
two point clouds applying the least squares metiAadordingly, the missing left part was

replaced by the bone segment of the aligned rightored hemiface.

3) The mirrored cranium was molded towards theimaigone applying thin plate spline

(TPS) warping.

Due to the restricted amount of anatomical landmarkthe maxillofacial region,
which could be further reduced after osteotomys itecessary to include semilandmarks. In
detail, a template including 16 anatomical landmakd 187 semilandmarks was defined on
the mirrored-copy of the fifteen skulls in Edgew&gband Amira 5.2. A curve was digitized
along the margin of each orbit and 36 semilandmanke evenly projected on each curve
(curve semilandmarks)F{gure 19a,b; Table 4. Additionally, 114 semilandmarks were

digitized on the surface of the template (surfareilndmarks).

Table 4 Landmarks and curves: comparing 3-dimension&laimethods for reconstruction
in craniomaxillofacial surgery (see 2.1.3)

no landmark curves Semi-Ims count*
1  Articular eminence (ar-em) left Alveolar right 9

2 Articular eminence (ar-em) right Alveolar left 9

3  Bregma (b) Lower zygomaticotemporal outline left 10

4  Ektomolare (ekm) left Upper zygomaticotemporalioa left 15

5  Ektomolare (ekm) right Temporal left 4

6  Frontotemporale (ft) left Orbital left 14
7  Frontotemporale (ft) right Orbital right 8

8  Frontomalare orbitale (fmo) left Temporal right 4

9  Frontomalare orbitale (fmo) right

10 Nasion (n) Total semilandmarks on curves 72
11 Orale (ol)

12 Prostion (pr)
13 Staphylion (sta)
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14  Stephanion (st) left
15 Stephanion (st) right
16 Subspinale (ss)

*semilandmarks identified on curves

Afterwards, a corresponding set of landmarks amdilaadmarks was created on the target
models (the original resected craniums). After nandigitization of the 16 anatomical

landmarks and the 8 curves, the 73 curve semilaridnvaere automatically projected onto
the respective curves digitized so far. Accordinglgy can be used as fixed landmarks
together with the anatomical landmarks to drive RSTwarping for constraining the 114
surface semilandmarks closer to their proper positiSince some of the surface
semilandmarks could not be directly placed on tiréase of the model, a further projection

step was required.

Figure 19 a) set of landmarks and semilandmarks definedhenreference model (template); b)
landmarks, curves and curves semilandmarks ofdhwlate; landmarks and curve’s names are in
Table 1.

The 203 landmarks and semilandmarks of the referand the target were imported
into Amira 5.2. Using the “LandmarkSurfaceWarp” mte] the surface of the reference was
then warped onto the specimen with the missing my@ccording to the landmarks and
semilandmarks of the template, using the Bookdtginsformation mode based on the TPS
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interpolation. This mode guarantees that all lan@shavill be transformed exactly to their
corresponding points, applying the nearest neighlr@erpolation for resampling the final
model.

The digital models obtained by TPS warping weredrtgd in Rapidform XOR and
the zygomatic segments were isolated using thengutianes previously created for virtual
zygomatic osteotomy.

In order to visualize and quantify the differendetween the reconstructed models
and the original osteotomized bone segments, denigurface analyses were carried out in
Rapidform XOV/Verifier (INUS Technology, Inc.). Thariginal models were considered as
the reference surface. Using the “Auto Color Bawhdtion, the mean and the standard
deviation (SD) were automatically computed anddbler scales ranging from the minimum
to the maximum were created automatically displgyihe color-coded onto the model’s
surface. In detail, negative and positive valueplemsized respectively the backward and
forward displacement of the reconstruction compavet the original left zygomatic bone.
For each reconstruction, the value that repredentrtterval between the mean +2SD (that
account for 95% of the surface deviation) was used-test (Shapiro-Wilk test underlined
that the variable are normally distributed) in artteverify if the reconstructions differ from
each other in a significant way. The statisticallgsis has been computed using the software
PAST v. 1.90 (PAlaeontological STatistics). Finallgs an example, a more detailed

description of the outcome obtained in two casadiidual H15 and H14) was provided.

3.2.3.3.3.2Virtual reconstruction of modern and fossil homuohorania: effects of the choice
of the reference form

The study included computed tomography (CT) scdr&talried skulls fromHomo sapiens
(n=25), Pan troglodytegn=19), andPongo pygmaeui=20). Sexes are eventiystributed
within each species sampl@aple 5. Three CT scans of fossils are included: Sts 5
(Australopithecus africangBroom, 1947), Petralondd¢mo heidelbergensikokkoros and
Kanellis, 1960), and Mladec 1 (modeHomo sapiensSzombathy, 1925). The reference
samples and fossils are chosen because they repraseery broad range of hominoid
morphology, each characterized by its own particodasaic of ancestral and derived features
(see section 2.2.1). All of the included fossilvdna good preservation status. Their small
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missing areas do not affect the process of reaaetgin when simulating the missing areas

that are analogous to A.L. 444-2.

Table £ Specimens: consequences of reference sampleedfseie 2.2)

collection sex
Homo sapiens
VA001 Vienna female
VA002 Vienna male
VA003 Vienna male
VA004 Vienna female
VAO07 Vienna male
VA013 Vienna female
VA014 Vienna female
VAO017 Vienna male
VA018 Vienna male
VAO019 Vienna female
VA020 Vienna male
VA021 Vienna male
VA022 Vienna male
VA024 Vienna female
VA025 Vienna male
VA026 Vienna male
VA027 Vienna male
VAO030 Vienna female
OL794 CsIC male
0OL866 CsiIC female
OL1112 CsIC male
OL1197 CsiIC female
OL1899 CsiIC unknown
OL1912 CsiIC unknown
OL1927 CsiIC unknown
Pan troglodytes
ch-25124-cr Vienna male Pan troglodytes sp
ch-793-cr Vienna female  Pan troglodytes sp
CAl4A York male Pan troglodytes sp
S143 Senckenberg female Pan troglodytes sp
ALMMRAC10447 Toulouse male Pan troglodytes schweinfurthi
A2MMRAC?286 Toulouse male Pan troglodytes schweinfurthi
A2MMRAC9576 Toulouse male Pan troglodytes schweinfurthi
A2MMRAC83006M13 Toulouse male Pan troglodytes schweinfurthi
A2MMRAC83006M17 Toulouse male Pan troglodytes schweinfurthi
S035 Senckenberg female Pan troglodytes sp
S088 Senckenberg male Pan troglodytes sp
S126 Senckenberg female Pan troglodytes sp
MRAC 83006M16 Toulouse male Pan troglodytes schweinfurthi
MRAC 9931 Toulouse female  Pan troglodytes schweinfurthi
A1FMRAC10448 Toulouse female  Pan troglodytes schweinfurthi
A2FMRAC8341 Toulouse female  Pan troglodytes schweinfurthi
A2FMRAC8369 Toulouse female  Pan troglodytes schweinfurthi
A2FMRAC9655 Toulouse female  Pan troglodytes schweinfurthi
A2IMRAC11987 Toulouse unknown Pan troglodytes schweinfurthi
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Pongo pygmaeus

ZSM-1981/25 ZSM male Pongo pygmaeus pygmaeus
ZSM-1981/33 ZSM female Pongo pygmaeus pygmaeus
ZSM-1981/82 ZSM female Pongo pygmaeus pygmaeus
ZSM-1981/90 ZSM female Pongo pygmaeus pygmaeus
ZSM-1981/123 ZSM female Pongo pygmaeus pygmaeus
ZSM-1981/135 ZSM female Pongo pygmaeus pygmaeus
ZSM-1981/139 ZSM female Pongo pygmaeus pygmaeus
ZSM-1981/141 ZSM male Pongo pygmaeus pygmaeus
ZSM-1981/143 ZSM male Pongo pygmaeus pygmaeus
ZSM-1981/145 ZSM male Pongo pygmaeus pygmaeus
ZSM-1981/146 ZSM male Pongo pygmaeus pygmaeus
ZSM-1981/151 ZSM male Pongo pygmaeus pygmaeus
ZSM-1981/152 ZSM male Pongo pygmaeus pygmaeus
ZSM-1981/165 ZSM female Pongo pygmaeus pygmaeus
ZSM-1981/174 ZSM female Pongo pygmaeus pygmaeus
ZSM-1981/176 ZSM male Pongo pygmaeus pygmaeus
ZSM-1981/178 ZSM male Pongo pygmaeus pygmaeus
ZSM-1981/183 ZSM female Pongo pygmaeus pygmaeus
ZSM-1981/190 ZSM male Pongo pygmaeus pygmaeus
ZSM-1981/208 ZSM female Pongo pygmaeus pygmaeus

Using the open-source software Edgewarp3D and AMBRZA a 3D-template of 77
anatomical landmarks and 681 semilandmarks wagdectda capture the geometry of the
complete ectocranial surfac@&able 6, Figure 209. The template was warped onto each
complete specimen (target) cranium by iterative .TH8s procedure aligns the template and
target according to homologous anatomical landmaresent in both models. A TPS is
invariant to position, scale and rotation of thenie and therefore does not require a previous
Procrustes fitting step. As traditional anatomiealdmarks only capture the cranial geometry
quite incompletely, we included curve and surfaemitandmarks that add morphological
information. As part of the digitization processpnslandmarks were allowed to slide along
curves and surfaces to minimize the bending enefgthe TPS computed between each
reference and target specimen. This iterative pha@eapproximates curves by sets of chords
calculated as vectors of two neighboring (semijaacks, and surfaces by their
triangulations. Once relaxed, semilandmarks caodosidered as geometrically homologous
points.

In each specimen, exactly the area that is missing.L. 444-2 was “knocked out”
(Figure 20b,q9. Missing regions in the neurocranium incorpottatge portions of the parietal
and sphenoid bone, and the superior part of thgpdesh squama. In the midsagittal plane,
approximately the middle third of the area betwdmrgma and lambda was missing.
Bilaterally, the missing area involved both pailiegminences and approached the coronal

suture up to krotaphion. The sphenoid bone was stlmompletely missing. Missing facial
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portions included parts of the upper (inferior sgbital margin) and mid-facial skeleton
(nasal bones and the maxillary bone excluding leotar ridge and upper dentition).

In total, 8 anatomical landmarks (2, 12, 13, 14d db; see Table 1) and 110
semilandmarks in the facial and 137 semilandmarkié neurocranial region were declared
as absent. Missing data was then estimated by W&9jng:

1) all three species’ consensus configurationgth éknockout” individual (n=201),
2) all the specimens in the sample
a) onto one chosen “knockout” individual from each the extant species that we
refer to as Homol, Panl, Pongol (n=189 because HoR@nl, and Pongol were
excluded from the reference sample), and
b) onto each of the fossils (n=192)

Warping was performed with the open-source softviedgewarp3D (Bookstein and
Green, 2002a). First, a TPS interpolation base@%(total number of anatomical landmarks
minus the missing eight anatomical facial landmpokg of the 77 anatomical landmarks was
computed to warp all semilandmarks and missing fearls from the reference to each

“knockout” individual.

Table € Anatomical landmarks: consequences of refereacgke choice (see 2.2)

no. Pair landmarks no Unpair landmarks

1 Frontotemporale */**/*** 2 Glabella */**/***

3 Frontomalare-temporale */*** 7 Nasion */**/***

4 Frontomalare-orbitale */*** 15 Rhinion */***

5 Torus inferior */**/*** 24 Prosthion */x*[***

6 Frontal - nasal - maxillary bone */**/*** 25 Naspinale */**[***

8 Zygotemporale inferior 26  Orale */***

9 Zygotemporale superior 27 Incisivion */xx[***
10 Jugale **/*** 28 Sutura palatina mediana & transversa */***
11  Zygomaxillare */**/*** 30 Staphylion **/***

12 Foramen infraorbitale */**/*** 33 Bregma */**/**

13  Zygoorbitale */*** 36 Lambda */**/***

14  Sutura nasomaxillaris - Apertura piriformes ¥#* 43  Sphenobasion */**/***
16 M2-M3 */*** (alv) 44 Basion */**[***

17 M1-M2 */*** (alv) 45  Opisthion */**/***

18  M1-P4 */*** (alv)

19  P4-P3*/*** (alv)

20 P3-C** (alv)

21 Canine base *** (alv)

22 C-12 **** (alv)

23 11-12 *** (alv)

29 Foramen palatinum majus **/***
31 Distal M3 **/x**
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32  Sutura sphenozygomatica - Fissura orbitalis/*/**
34  Stephanion **/***

35  Auriculare */**[x**

37 Postglenoid */**/***

38 Foramen ovale **

39 Canalis caroticus

40 Sutura occipitomastoidea - Foramen jugulare
41  Condylus occipitalis anterior */**/***

42  Condylus occipitalis posterior */**/***

*landmarks in Mladecl (n=61), ** landmarks in Pé&traa (n=68), landmarks in Sts5 (n=46)
(alv) digitized on the alveolar process betweentdieth

For the fossils the number of anatomical landmarkshis step was reducedee

Table 6) because some of them lacked landmarks even b#fer&nock out procedure. In
this way, the reference and target are alignedrdoup to the anatomical landmarks and all
semilandmarks are roughly estimated according toiftuim bending energy of just the
landmarks. In a following step, each semilandmarngrojected onto the preserved parts of the
ectocranial surface of the target and slid alongeats to its surface. Landmarks on the
reference that correspond to the missing areadrarget were manually declared as “fully
relaxed”, i.e. missing, and are estimated accordinghe TPS algorithm. The warping of
complete reference forms from the same or a closelgted species to an incomplete
specimen generates an amount of reconstructioreafdr case that corresponds to the amount

of references employed.

Figure 20 Template and missing areas. a) Complete templifteanatomical landmarks (black; n =
77) and curve and surface semilandmarks (dark demg, n = 225; light grey: neurocranium, n =
456). b) facial and c) neurocranial knockout regiam the style of A.L. 444-2. Subdivided regions
color coded (facial: yellow, neurocranial: green).

Results for each of the reconstruction series apgessed in the form of residuals
between the (semi)landmarks of the original comgjon and the estimated configurations.
A semilandmark carries only shape information pedoeular to the curvature; thus for the

missing semilandmarks only the residual normah ridge curve or surface was used. We
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define reconstruction accuracy as the square roitbteomean squared difference between the
original and the reconstruction (root mean squBMS), which has the same units as the data
(mm). The RMS was computed for each landmark andvamnage residual is calculated for
the landmark in each individual that shows the €g§fRMS in each reconstruction series in
each region, in the following referred to as therage of the maximum landmark RMS.
Minimum and maximum distances were computed forhelmdmark separately and
visualized in a color coded bar plot together with maximum landmark RM3-igures 50
and 51). Missing facial and neurocranial areas were sutedd to allow a more detailed
visualization of the differences between the oagiand the reconstruction. Note that all
missing data in the facial area (all its subaregether) and in the neurocranial area (all its
subareas together) were estimated separately.nHar@oved visualization of the results, the
neurocranial missing area was separated into gghanoid (n=26), (2) a parietal (n=108),
and (3) a midsagittal area (n=3). The facial knatkegion is subdivided into four areas: (1)
superior alveolar process (n=12), (2) anterior ey surface (n=54), (3) nasal and
interorbital area (n=14), and (4) the supraorbitaélgion (n=30). Landmarks and
semilandmarks were then converted to shape codediryy Generalized Procrustes Analysis
(GPA). This involves translating, rescaling, antating the configurations relative to each
other so as to minimize the overall sum of squadestances between corresponding
(semi)landmarks. The rescaling adjusts the landmadtdinates so that each configuration
has a unit Centroid Size (CS; square root of tlmensed squared Euclidean distances from all
(semi)landmarks to their centroid) (Rohlf and Sli@®90). Principal Component Analysis
(PCA) of the matrix of shape coordinates was cdrraut on the original sample.
Reconstructions of the virtually fragmented fossisre subsequently projected in the same
multivariate space (shape space) as the origimapkaso that we can evaluate the variability

of the reconstructions in relation to the speaiagability of the originals.

3.2.4.Statistical analyses

Several statistical procedures were carried ouhduhe different analyses which are

presented below.
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3.2.4.1 Principal component analysis

During factor analysis several variables are sunredrto some few factors. Factor analysis
is therefore assigned to data-reducing or hypahgsierating statistical methods (Backhaus
et al., 2006). The basic idea of factor analysignfermation compression. The goal is to
extract a few factors from many variables with thast loss of information. A statistical
analysis of the data has to highly preserve thevidgal variances but simultaneously
condense them, so that on the one hand further aiatigns remain manageable and on the
other hand a substantive interpretation of the tataeaningful. A particularity of the factors
is that the concentrated information must not berpreted in the same way as the raw data.
Factor analysis is therefore always hypothesisigeing. The extraction, here the method of
principal components analysis generates factorextsacting the variance included in the
variables. The factor summarizes the initially prds variables and is usually
multidimensional (Sachs, 2004). The correlatioraofariable with one factor is represented
by the factor loadings. The shorter the spatialadise between factor and variable in the
factor space is, the higher is the correlation.o5sifive or negative factor loading indicates
that the factor is positively or negatively corteth with the variables. With a factor loading
of 0 the factor and the variable are stochasticaliigpendent of each other. A factor loading
of 1 means that the factor perfectly correlatedwhie variable, hence both are identical. The
eigenvalue of a factor is the total variance of \aliables that explains this factor. The
eigenvalue results regardless of the extractionhotetand is always the sum of all
squared factor loadings of the factor (Backhauslgt2006). In this study, the extraction
method is represented by a principal componentlysiag PCA). The goal of this method is
to extract a few valid factors from variables wittany properties that are determining these
factors. Through the transformation of multi-dimensl features in a vector space with new
base, the correlation is minimized. The PrincipgisATransformation can be represented by a
matrix, consisting of the eigenvectors of the c@araze matrix. The data is then represented
as a point cloud in a n-dimensional Cartesian doatd system. Then a new coordinate
system is placed in the point cloud, and this coate system is rotated. The first axis is
defined by the point cloud, so that the variancéhefdata in this direction is maximized. The
second axis is orthogonally on the first axis.téndirection is the second largest variance and
so on. For n-dimensional data, there are n priacples that are perpendicular to each other
(Bortz, 1999).
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If Procrustes shape coordintes are analyzed usiBGA, shape variations are thus
represented by principal components (O Higgins Ran, 2004). With a principal component
analysis of Procrustes shape coordinates (i.e.mand coordinates after superimposition)
differences in the mean shapes in relation to geadé age can be tested. Studies in which
ontogenetic changes in size is the main sourcénapbes variation, is it very likely "that the
first principal components will adequately reprdsie relationship between size and shape
(allometry)" (O'Higgins & Pan, 2004, p. 30). PCA tfe matrix of shape coordinates
augmented by a column of the natural logarithm eft@id Size (INCS) is corresponding to a
PCA in form space (Mitteroecker et al., 2004).

To visualize the shape deformation along the pp@ccomponents, the eigenvectors
of the principal components need to be transformexicoordinates that will be added to the
mean configuration (mean shape). The shape chamesented by the eigenvectors of a
particular principal component — the correspondelgtive warp— can then be visualized as a
thin plate spline deformation from the mean shalps or minusthe eigenvectors. For the first
principal component, each resulting landmark camfgion then corresponds to the right
(plus) and left (minus) side of the PC respectivElyrm changes along a principal component
or a trajectory can visualized by means of surfmags analogues to the procedure in shape
space. They are produced by taking the landmarkdowates of the mean shape and adding
the eigenvectors, together with the exponentiattion of the corresponding loadings for
INCS (seéAppendix 4 for R code).

3.2.4.2 Partial least squares (PLS)

The PLS method explores the interrelations betwe®nor more blocks of observations and
is useful in examining morphological integrationoff® and Corti, 2000; Mitteroecker and
Bookstein, 2007). Singular warps are a special chgmartial least squares used to quantify
and visualize the covariation of anatomical regiavisen all variable blocks are shape
coordinates (Bookstein, 1996a; Gunz and Harva0,/20The blocks of variables are chosen a
priori to the analysis. An advantage of this teghei is that it can also be used to analyze the
relationship between shape and other variables ssclklimatic variables or behaviours
(Manfreda et al., 2006). In the approach introduoceaty thesis | will estimate the orientation
of the upper jaw in relation (non-shape block) e shape of the sphenoid bone (shape
block). Two-block partial least squares is basedaosingular value decomposition of the

between-block covariance matrix. It calculateslihear combinations of the original (shape)
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variables that provide the best mutual cross-ptiedicbetween the two blocks (Rohlf and
Corti, 2000; Gunz and Harvati, 2007).

3.2.4.2.1 Facial orientation and integration in the homincidnium

Partial least squares (PLS) is the main procedsed in these analyses. The following section
introduces the methodology, while the R code usednd the analysis is given in the
Appendix 5.

3.2.4.2.1.1Facial orientation and morphological integratiothathe cranial base

The data is from computed tomography (CT) scan8loflried skulls fronPan troglodytes
(n=40) and Pongo pygmaeys=41) (Table 7). Using the open-source software Edgewarp3D
along with AMIRA 5.2, a 3D-template of 47 anatonilzadmarks and 52 semilandmarks on
curves was created to capture the geometry ofrdmaat base (anterior cranial fossa, medial
portion of the middle cranial fossa, and clivus)l &ime face Table 8, Figure 2). The number
of landmarks in thé?an sample was reduced due to the poor preservatainssof many
specimens, leaving out the pre-sellar portion & ¢hanial base (basion) and some of the
landmarks on the anterior cranial base. This welpnt a discussion of the results concerning
the posterior cranial base Pan, e.g. in relation to post-sellar basicranial feaxi but is
unlikely to influence the outcomes concerning tksoaiation between the anterior cranial

base and the face.

Table 7 Specimens: facial orientation and morphologingdgration with the cranial base (see
2.3.4.1)

catalogue number collection sex subspecies

ch-793-cr Vienna female unknown

A2FMRAC8341 Tervuren female Pan troglodytes schweinfurthi
A2FMRAC8369 Tervuren female Pan troglodytes schweinfurthi
A2FMRAC9655 Tervuren female Pan troglodytes schweinfurthi
MRAC 9931 Tervuren female Pan troglodytes schweinfurthi
A1FMRAC10448 Tervuren female Pan troglodytes schweinfurthi
LA886 York female unknown

LA1086 York female unknown

S035 Senckenberg female Pan troglodytes verus

S087 Senckenberg female Pan troglodytes verus

S107 Senckenberg female Pan troglodytes verus

S109 Senckenberg female Pan troglodytes verus

S122 Senckenberg female Pan troglodytes verus

S126 Senckenberg female Pan troglodytes verus
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S130

S134

S135

S142

S143
A2MMRAC9576
ALMMRAC10447
ch-25124-cr

CA14A

LA686

LA786
A2MMRAC83006M13
A2MMRAC83006M16
A2MMRAC83006M17
S088

S095

S102

S108

S110

S117

S129

S132

S137

S141
A2IMRAC11987

1981/33
1981/60
1981/82
1981/84
1981/86
1981/90
1981/95
1981/101
1981/121
1981/123
1981/125
1981/135
1981/136
1981/139
1981/156
1981/165
1981/174
1981/176
1981/192
1981/208
1981/212
1981/25
1981/45
1981/47
1981/68
1981/69
1981/93
1981/99
1981/141

Senckenberg
Senckenberg
Senckenberg
Senckenberg
Senckenberg
Tervuren
Tervuren
Vienna

UCL Anatomy Collection

York

York
Tervuren
Tervuren
Tervuren
Senckenberg
Senckenberg
Senckenberg
Senckenberg
Senckenberg
Senckenberg
Senckenberg
Senckenberg
Senckenberg
Senckenberg
Tervuren

ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM
ZSM

female
female
female
female
female
male
male
male
male

male
male

male

male

male
male
male
male
male
male
male
male
male
male
male

Pan troglodytes verus
Pan troglodytes verus
Pan troglodytes verus
Pan troglodytes verus
Pan troglodytes verus
Pan troglodytes schweinfurthi
Pan troglodytes schweinfurthi
unknown
unknown
unknown
unknown
Pan troglodytes schweinfurthi
Pan troglodytes schweinfurthi
Pan troglodytes schweinfurthi
Pan troglodytes verus
Pan troglodytes verus
Pan troglodytes verus
Pan troglodytes verus
Pan troglodytes verus
Pan troglodytes verus
Pan troglodytes verus
Pan troglodytes verus
Pan troglodytes verus
Pan troglodytes verus

undeterminedPan troglodytes schweinfurthi

female
female
female
female
female
female
female
female
female
female
female
female
female
female
female
female
female
female
female
female
female
male

male

male

male

male

male

male

male

Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
Pongo pygmaeus pygmaeus
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1981/143 ZSM male Pongo pygmaeus pygmaeus

1981/145 ZSM male Pongo pygmaeus pygmaeus
1981/146 ZSM male Pongo pygmaeus pygmaeus
1981/149 ZSM male Pongo pygmaeus pygmaeus
1981/151 ZSM male Pongo pygmaeus pygmaeus
1981/152 ZSM male Pongo pygmaeus pygmaeus
1981/164 ZSM male Pongo pygmaeus pygmaeus
1981/178 ZSM male Pongo pygmaeus pygmaeus
1981/190 ZSM male Pongo pygmaeus pygmaeus
1981/202 ZSM male Pongo pygmaeus pygmaeus
1981/203 ZSM male Pongo pygmaeus pygmaeus
1981/234 ZSM male Pongo pygmaeus pygmaeus

The template was warped onto each specimen bgtiter TPS. Landmarks and
semilandmarks were converted to shape coordinagje&dmeralized Procrustes Analysis
(GPA).

In order to analyze the covariation between thé& rigotion of the palate and the
shape of the cranial base and upper face (repeskbgtthe orbits), the whole maxillary bone,
considered as a single module, is treated as @ Ioigily whose position is determined by the
position of its centroid and by its orientationrigid body is an idealization of a solid body of
finite size in which deformation is neglected antbanmon concept in physics (“Rigid body —
Wikipedia”. Retrieved from http://en.wikipedia.ovgki/Rigid _body). In rigid bodies the
distance between any two given set of points rernamstant, regardless of external forces
exerted on it. In this context, a rigid motion iSteansformation consisting of rotations and
translations which leaves a given arrangement unggd (Weisstein, 2012). In three
dimensions this totals six degrees of freedom gtlfioe translation and three for rotation. The
following paragraph describes how the informatidowt the degrees of freedom of the
palatal rigid motion is extracted. Each step igiedrout for a pooled sample (investigating

evolutionary integration) and for each species isply (investigating structural integration).

Figure 21 Template: Facial orientation and integration witd hominoid cranial base
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A Generalized Procrustes Analysis of the basictanadule was carried out (block GPA).
The coordinates of the maxillary block were thempated applying the rigid motions (i.e.
the translation vectors and rotation matrices) iabth during the Procrustes fit of the
basicranial module. In the next step, the obtaitiede-dimensional maxillary coordinates
were projected onto the midplane. Now the rigid iooof each palate can be described by
only 3 degrees of freedom - two for translatiox @ndAy) and one for rotatiorf - instead
of six degrees of freedom in three dimensions. &kmimes perfect bilateral symmetry of the
skull, which is only an idealization and simplifican. But since the main interest is in palatal
deflection, we ignore variation in the roatationthe anterior-posterior axis of the skull.
Hence, rigid motions of the maxilla during this stimposition are restricted to translations
iny - and z - direction and a rotation about theaxis. To determine the palatal rigid motion
of each specimen, | extracted the vectors thategmeesented by the palatal line segments for
each specimen. Each palatal vector is then prajemethe palatal mean vector of its species
and the signed angteis extractedAx andAy are obtained by computing the centroid of five
midsagittal maxillary landmarks (nasospinale, grmst, orale, incisivion, palatine suture) for
each specimen (R code is given Appendix 6). In general, the set-up of the analysis
resembles a 2D analysis of the ostracode Veenahioh the rigid motion of one segment is
extracted applying a baseline that is restricteth& other segment (Bookstein, 1991). The
"baseline” or "basis" is the basicranium and tlggdrmotion of the maxillary bone will be
estimated according to the cranial base.

In the third step of the analysis, the covariati@tween the shape of the first module
[@) cranial base b) cranial base and upper faceé]tla rigid motion of the second module
(hard palate) is analysed using a Partial Leasaf@guanalysis (PLS). The application of PLS
to Procrustes coordinates is often called singwknp analysis. In this analysis there is only
one set of landmarks, namely for the cranial bB&& describes the multivariate relationship
between palate rigid motiomX for anterior-posterior displacements; for inferior-superior
displacements, anifor rotation) and the shape of the cranial baseugper face in terms of
a pair of latent variables (one for shape and onérénslation/orientation) that together have
the highest possible covariance (predictive pow&here further exists a second pair of
variables that is (geometrically) orthogonal to fimst pair, such that the corresponding
scores, the second pair of singular warp scorelijbiéxthe highest covariance (which
covariance equals the second singular value). fing &nd last pair of variables is defined

analogously.
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Table & Landmarks: facial orientation and morphologicéégration with
the cranial base (see 2.3.4.1)

Basicranial block 18
Sphenozygomatic suture hits inferior orbital figs(r+ r)
Sphenobasion

Foramen ovale posterior (I +r)

Foramen ovale anterior (I + )

Basion *

Dorsum sellae midsagittal *

Jugum sphenoidale midsagittal

Posterior limit of the cribriform plate

Anterior limit of the cribriform plate

Most lateral point of ala minor (I +r) *

Sphenofrontal suture hits cribriform plate (I +r)
Processus clinoideus anterior (1 +r) *

Maxillary block 29
Nasomaxillary suture hits piriform aperture (I +r)
Infraorbital foramen (I + )

Nasospinale

Zygomaxillare (I +r)

M2-M3 ** (I + 1)

M1-M2 ** (1 +1)

M1-P4 ** (I +r)

P4-P3 ** (I + 1)

P3-C* (I +7r)

Canine base ** (1 +r)

C-12* (1 +7)

[2-12 % (I +7)

Prosthion

Orale

Incisivion

Maxillary bone - Os palatinum

Foramen palatinum majus (I+r)

Singular warps of the shape block are linear coatimns of the original shape

coordinates and can be visualized either as s¢oees projections of the original variables

onto these axes) or as deformations (Bookstein.e2@03). We use the thin-plate spline

algebra (Bookstein et al.,, 2003a) to deform a tjdated scanned surface of a single

specimen for each species (segure 12). The landmarks and semilandmarks of this

specimen are used to warp the surface points fl@motiginal configuration in Procrustes

space into the same configuration after differenttiples of the singular vectors are added

(see Gunz and Harvati, 2007). Visualization of $lhmgular warps was rendered in Amira 5.3

(Mercury Computer Systems S.A.).

In this way it is possible to predict the positiointhe palate in relation to the shape of

the cranial base complex and upper face. Each dimemf the PLS describes how the rigid

motion of the palate versus the normalized crab@te. This procedure estimates the
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uncertainty of the modules” position, namely thgrdes of freedom of the rigid motion that
are most associated with the shape of the cramisé lfseeAppendix 5). To assess the
predictability of the single parameters of rigidtoas vis a vis basicranial shape we use a net

partial prediction, a form of PLS regression.

3.2.4.2.1.2Facial orientation and morphological integratiothathe mandible

The sample consists of Flongo pygmaeus pygmaearsd 26Hylobates muellerspecimens,

each one consisting of a complete cranium with nid@dAll skulls belong to the Selenka
Collection at the Zoologische Staatssammlung Minch&ermany Table 9). For each

specimen, 3D coordinates of 49 anatomical and 49di-landmarks were recorded using
AMIRA (Mercury Computer Systems S.A.) and Edgewdpokstein & Green, 200Z;able
10, Figure 22).

Figure 22 Template: Facial orientation and mandibular shape

Each species landmark set was separately supemthgms generalized Procrustes
analysis. Procrustes shape coordinates were thed tes conduct principal component
analysis in Procrustes shape-space. Morphologntagiation of the maxilary bone and the
mandible within each species was studied usingusangwarps (SW), a special case of

symmetrical 2-block partial least squares.
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Table ¢ Specimens: facial orientation and morphologinggration with the mandible
(see 2.3.4.2)

catalogue number collection sex catalogue number  lleation sex
Pongo pygmaeus pygmaeus Hylobates muelleri

1981/25 ZSM male 1981/301 ZSM male
1981/33 ZSM female 1981/302 ZSM unknown
1981/45 ZSM male 1981/303 ZSM unknown
1981/47 ZSM male 1981/304 ZSM male
1981/60 ZSM female 1981/305 ZSM male
1981/68 ZSM male 1981/306 ZSM male
1981/69 ZSM male 1981/311 ZSM male
1981/86 ZSM female 1981/312 ZSM male
1981/90 ZSM female 1981/321 ZSM male
1981/95 ZSM female 1981/322 ZSM male
1981/99 ZSM male 1981/326 ZSM unknown
1981/121 ZSM female 1981/355 ZSM female
1981/135 ZSM female 1981/358 ZSM female
1981/136 ZSM female 1981/360 ZSM female
1981/139 ZSM female 1981/364 ZSM female
1981/141 ZSM male 1981/368 ZSM female
1981/143 ZSM male 1981/270 ZSM male
1981/145 ZSM male 1981/328 ZSM female
1981/146 ZSM male 1981/329 ZSM male
1981/149 ZSM male 1981/333 ZSM male
1981/151 ZSM male 1981/334 ZSM female
1981/152 ZSM male 1981/335 ZSM male
1981/156 ZSM male 1981/336 ZSM female
1981/164 ZSM male 1981/344 ZSM male
1981/165 ZSM female 1981/351 ZSM male
1981/183 ZSM male 1981/367 ZSM female
1981/190 ZSM male

1981/192 ZSM female

1981/202 ZSM male

1981/203 ZSM male

1981/234 ZSM male

We corrected for sex and size by substracting éixespecific mean from females and
males respectively. We used the thin-plate spligebaa to deform a triangulated scanned
surface of a typical specimen for each speciegderato visualize the shape changes using
the program AMIRA.

Table 1C Landmarks: facial orientation and morphologicaégration with the mandible
(see 2.3.4.2)

Mandibular block: Anatomical landmarks 8
Infradentale

Linguale

Mental foramen (I + )

Mandibular foramen (I +r)

101



Tip of the coronoid (I + 1)

Top of the right condyle (I +r)

Medial extremity of the right condyle (I + r)
Lateral extremity of the right condyle (I +r)

Mandibular block: Curve semilandmarks
Midsymphysis

Outer alveolar

Inner alveolar

Anterior ramus

Coronoid

Inferior border

Facial block

Frontotemporale (I + )
Glabella
Frontomalare-temporale (I +r)
Frontomalare-orbitale (I + r)
Torus inferior (1 +r)
Frontale/Nasale/Maxillare (I +r)
Nasale

Jugale (1 + 1)

Zygoorbitale (1 + )

S. nasomaxillaris/ Apertura piriformes (I +r)
Rhinion

Zygomaxillare (I +r)

Foramen infraorbitale (I +r)
Nasospinale

Kontakt M2-3 (I + 1)

Kontakt M1-2 (I +r)

Kontakt M1-P4 (I +r)

Kontakt P4-P3 (I + 1)

Kontakt P3-C (I +r)

Canine base (1 +r)

Kontakt C-12 (1 + )

11 12(+r)

Prosthion

41
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4. RESULTS

4.1.Virtual reconstructions of fossils: exemplifyingetBtandard approaches

This section gives the detailed reconstruction quols that were used during the
reconstruction of the A.L. 444-2 fragments and@heclovina endocast.

4.1.1.A.L. 444-2

The following sub-sections present the result ef tbconstruction of the major A.L. 444-2

fragments, as introdced in 2.1.1.1.

4.1.1.1.Mirror-imaging: the frontal bone

The left side of the frontoparietal fragment is thostact and minimally deformed. Plastic

deformation has affected the right side of the spen through moderate superomedial

rotation of the supraorbital region and adjacemiperal surfaceKigure 233).

a) b) c)

Figure 23 A.L. 444-2 frontal bone

In order to restore bilateral symmetry, the rigigkesof the frontal fragment is cut along an
empirical midsagittal plane~{gure 23b), represented by therista frontalis (seeFigure 2)

and bregma. The minimally deformed left side of frental bone is mirrored along this
midsagittal plane. The anterosuperior fragment ightr parietal that was attached to the

frontal bone is omitted. The result is a perfesgynmetry frontal bond<jgure 230.
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4.1.1.2 .Reflected relabelling: the posterior calvaria

The posterior calvaria originally consisted of #hraajor pieces: the occipital squama with an
attached fragment of the posterior right parietmidand the two temporal bones. The right
temporal was separated at the occipitomastoid eutdnereas the left temporal had broken
just medial to the suture; both temporals arti@ulaith the occipital. Because there is an
offset in the midsagittal plane in the reconstrdgbesterior calvaria by Kimbel et al. (2004)
one cannot simply estimate a best-fit plane foranirmaging. This plane would be distorted
in anterior-superior and transversal dimensions offset is visualized irfFigure 24, by
separating the both fragment, mirroring the lett had superimposing both fragments using
a GPA with the landmarks defined below.

The goal is to establish a midsagittal plane taonithe better preserved right occipital
half. Therefore, bilateral symmetry was re-estéaits by applying reflected relabelling. To
these ends, eight bilateral anatomical landmarkbebriginal occipital were digitized: tip of
masteoid process, auriculare, superior border @fptbrus acusticus internus, and the medial
border of Fossa mandibularis. These landmarksediected (this can be automatically done

in Rapidform XOR) and manually relabeled by swapgghme labels.

Fight oceipital fragraent

. Miroted left accipital fragment /

Figure 24 A.L. 444-2 original posterior calvaria and a sup@osition of the half with the mirror of
the left half.

In the next step a GPA on the original and mirrocedfiguration is carried out; the
resulting consensus and the Centroid Size (149.&fl tored. Using tHandmarks surface
warp (rigid) function in Amira 5.2, | aligned the suckaof the right occipital fragment (that is
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better preserved) with the mean shape. Like thiad able to use the best-fit midsagittal plane
of the perfectly symmetric mean shape to mirror tiglt occipital without the deviations
introduced by the original posterior calvaria. Fipnacomputed a PCA of the mean landmark
configuration and took the eigenvectors (n=3) teate a midsagittal plane in Rapidform
XOR. At last | applied this midsagittal plane foirmar imaging the original right occipital
that was earlier aligned to the consensus surfEoe.maximum bizygomatic breadth of the
symmetrized posterior calvaria (167.15mm) is mardess identical with the value that is
given by Kimbel et al. (2004; p.65) of their rectyastion (167.00mm).

igerry 3
m: 0.500

a) b)

Figure 25 A.L. 444-2 original posterior calvaria and a) thedplane obtained after reflected
relabelling. b) Symmetrized posterior calvaria yyrend original left fragment (orange).

4.1.1.3.0bject manipulation in three dimensions: the maledib

The right side and anterior corpus of the mandibbre recovered in three pieces, not
including teeth. Since the corpus is broken alotigearunning from the left 12/C interdental
septum diagonally to the base below the right cafftigure 26).

The outer ramal pari{gure 263 was rotated by the 8° clockwise around the y-axis

by center on the lower border of the fragment. Tihé&nrotated 1° anticlockwise around X,
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while centering it on most anterior point of thever border of the outer ramal part. To align
the M2 that is set too low in the mandible | crelzaeplane on M1 on the edge between root
and crown (cervical line). The same plane was ecefir M2 and M3. Now, the M3 plane is

aligned with M2 plane, in order to approximateligalthe M3 with the M2 in inferior-

superior direction.

Figure 26 A.L. 444-2 mandible a) lateral view, b) labia¢w, and c) occlusal view.

To estimate the general outline of the post-catoonéh row a reference is used. Since
it is known that the postcanine teethAnafarensisare aligned in a straight line (Kimbel and
Delezene, 2009) this information can be used asughr guidance. Therefore, | created an
outline A.L. 400-1 Figure 273, defined by the tooth edges in occlusal view. Aile 444-2
second and third molar are then placed within tiea aefined by the outline by moving the
M2 and M3 anteriorlygigure 27b).

a) b)

Figure 27 a) A.L. 400-1 and b) A.L. 444-2 mandible fragmanbcclusal view. The out line of A.L.
400-1 was applied as a reference to roughly guideotientation of the displaced A.L. 444-2 second
and third molar.
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The labial flake at M2Rigure 26, blue) is rotated 10° clockwise around the z-axid
moved 0.4mm anterior. The labial ramus part is do@&8mm anteriorly. The M3 together
with its socket is displaced anterior to closedhp with the labial flake and moved inferior in
order to get contact with labial ramus part. Aftards, it is moved laterally for aligning it

with the shared crack with labial ramus part. Doisg, the continuity of the linea

mylohyoidea is restored.

Figure 28 A.L. 444-2 mandible reconstruction

4.1.1.4 Beyond mirror imaging: the maxilla

The maxilla was recovered in three primary pietles:entire right half, the left half anterior
to the M2 position, and the alveolar bone and pairtthe maxillary sinus walls. It is both
plastically deformed and broken along a major crheit runs anterior-posteriorly. Although
the left maxilla is somewhat more complete, it essl well preserved than the right. The
palatal roof is characterized by a discrepancyhadlevation of the two sides of the palatal
roof along an artificial step in the midline, tredftlside being higher than the rigliigure
29).

The main goal of this reconstruction was to restoilateral symmetry and thus
produce a retro-deformed model of the maxilla. 8ithe right half is in better condition it is
considered as the preferred part for mirror imagifige disadvantage that comes with this
choice is that the front teeth and the bifid crese omitted, thus some additional
reconstruction steps are involved. Another problgnat is arising when using the right
maxillary part is that the position of the M3 isaéwmically wrong. Inspecting a high
resolution cast one can see interproximal weart$ame both the M2 and M3, which is giving
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a hint that both teeth were in contact in vivo. réstore the anatomically correct position of
the right M3 the left maxillary fragment is segmeht mirrored, and aligned with the right
half using the best-fit surface alignment in Rapidf XOR (global and fine). Then the
alveolar area of both parts is cut out to resthetfinal surface alignment to the area of M1,
M2, and M3.To obtain a reference position | cut et left mirrored M3, that is now on the
same occlusial plane like the rest of the molale @ervical plane of the left mirrored M3 is
then aligned with the cervical plane of the originght M3, that is now in a anatomically

correct position.

Figure 29 A.L. 444-2 makxilla, left (blue) and (red) haHferately segmented. a) fronto-dorsal view,
b) posterior view (showing the offset of the twdapal halves), and c) lateral view (M3 seperately
segmented, orange)

The next task is to restore bilateral symmetry.sTwill be done using the approach
introduced above using information of midsagittdangs from reference individuals.
Following landmarks are put on the reconstructeghtrihalf of A.L. 444-2 and several
reference individuals: nasospinale, prosthion, CHRRBM1, M1-M2, M2-M3 (on the alveolar
bone,Figure 308). Reference individuals are S14af troglodytes oneGorilla specimens
(Gorilla/CA9a, Vienna), Sts 51a Agstralopithecus africanys and A.L. 400-1
(Australopithecus afarengisA GPA is conducted on these individuals and A2D0-1 is

chosen as reference because it has the lowesuBresdistance to A.L. 444-Eigure 30b).
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To circumvent size effects that could influence tbgults, the original surfaces are transferred
to the Procrustes shape coordinates obtained dthrenGPA. Both surfaces are now already
aligned according to the landmarks present in bodxillae. In Rapidform XOR | compute
the best-fit midplane of A.L. 200-1 (analogueste procedures described for the occipital)
and mirror the aligned A.L. 444-2 right half togethwith its landmarks according to this
midplane. Afterwards the surfaces (original andramrand landmarks have to be scaled
according to the Centrod Size (63.31) obtainedndutihe GPA.

a) b)

Figure 30 a) Symmetrized A.L. 444-2 maxilla and b) A.L. 2D@emplate with semilandmarks.

Now the maxilla is symmetrized, but large portiarighe premaxilla and the palatal
roof are missing. To estimate the missing data @mgéric reconstruction using TPS is
applied. The goal is to reconstruct the missingipos in the symmetrized model using the
original A.L. 444-2 maxilla for the premaxilla anthe palatal roof using A.L. 200-1.
Therefore we have to build up a template that hetusemilandmarks, in order to reconstruct
parts that are not represented by anatomical laridnie the palatal roof. Since the original
A.L. 444-2 maxilla is deformed, we use the undefedA.L. 200-1 specimens to construct a
template Figure 30). This template includes 13 anatomical landmarks &@d surface
semilandmarks. Bilateral landmarks are 12-C, C-P3&;:M1, M1-M2, M2-M3, Foramen
palalatinum majus, M3 distal inner alveolar mardgi##, medial inner alveolar margin, M1
medial inner alveolar margin, M2 medial inner inadreolar margin. Midsagittal landmarks
that are missing in A.L. 444-2 are: nasospinal@simon, and Foramen incisivum. The
landmark configuration including the landmarks aedchilandmarks of the original A.L. 444-
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2 maxilla is warped on the symmetrized maxilla. Jei the resulting surface the landmark
configuration of the original maxilla from EWSH imported to Amira 5.2. With the help of
the landmark surface warp module a surface modéhefriginal maxilla that was warped
onto the symmetrized maxilla is obtained. This acef will be used to reconstruct the
premaxillary part in the symmetrized maxilla. To st the premaxillary part and the part of
nasospinale are cut out in Rapidform XOR. The ¢aigon of the premaxillary part is almost
perfect since the models are aligned in EWSH. | erttre premaxilla 1mm lateral for the best
junction between the two first incisors and mirtbe left premaxilla (this side is better
preserved) according to the midsagittal plane 0LLA200-1. The single parts are fused in
Rapidform XOR using the “fill holes” function. Taeorporate the bifid crest that was
omitted above | create a best fit midsagittal plahée bifid crest in Rapidform XOR. This
plane is aligned together with the midplane of AQZDthat is the global reference plane in
this configuration. The alignment of the two plametates it clockwise in front view. It is
manually moved inferior until the right lateral fage of the crest touches the surface of the
maxilla. The overlapping areas of the premaxilld arest are cut in Rapidform XOR.

Figure 31 Reconstruction of the A.L. 444-2 maxilla. a) frordorsal view, b) ventral view, c) lateral
view
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4.1.1.5.Geometric reconstruction: the endocranial cavitZmiclovina

| determined the reference by carrying out a Geéizeh Procrustes Analysis (GPA) and a

subsequent PCA in form space (Mitteroecker e2@D4) on 34 anatomical landmarks present
in 25 modern human crania and Cioclovina. | chdse dpecimen that was closest to the
Upper Paleolithic calvarium in terms of Procrusiestance (Bookstein, 1991) which can be
regarded as a measure of geometrical closenesspBoenen closest to Cioclovina was a 20
year old female of Southern African origin (VA24jtiwan endocranial volume of 1365.43cc

(Figure 32).
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Figure 32 Form space PCA. Human reference sample (bluegl@iina (orange) and the reference
specimen VA24 (red) that has the smallest Procudittance to Cioclovina

A cranial endocast is a three-dimensional replicda® endocranial cavity of the skull.
Cranial endocasts allow the observation of somehef external features of the brain.
Information on circulatory and nervous system @& émdocranium as well as general shapes
and volumes can be inferred from endocasts, and isdicrmation has been used to address

the paleoneurology of fossil hominins (Connolly5@9Holloway, 1974, 1983; Holloway and
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Kimbel, 1986; Bruner et al., 2003; Falk et al., 20Bolloway et al., 2005; Bruner and Manzi,
2008).

Among the most commonly described features of thenlhemispheres are the petalia
asymmetries (protrusions of the hemispheres praducnprints on the inner skull surface);
the Yakovlenian torque (a forward “torquing” of teeuctures surrounding the right Sylvian
fissure relative to their counterparts on the jedt)d the asymmetry on the occipital horns of
the lateral ventricles (a deeper projection onléfeoccipital bone is common) (Toga and
Thompson, 2003). The inferior aspect of the Cioclavendocast allows the observation of
such asymmetries. Cioclovina exhibits a protrussbrihe right occipital lobe over the left
which is mainly attributed to the right sinus cagpfiation creating the impression of a
occipital petalia (se€igure 33). When the sinus volume is accounted for, the dettipital
lobe exceeds the one in depth and volume, suggeséndedness. However, a small anterior
extension of the left frontal lobe over the rightds also observed.

The estimation of the total endocranial volumetfa Cioclovina endocast was based
on a virtual reconstruction using a modern humamiam as reference. The missing part of

the basicranium was reconstructed using TPS, abtpen total volume of the Cioclovina of

approximately 1498.53 cc.

a) b)

Figure 33 a) Original endocast with missing portions. b&estruction of the Cioclovina endocast
using a modern human reference cranium
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4.2.Beyond mirror imaging: New approaches during anatahmeconstructions

4.2.1.First and second knockout individual

Figure 34a shows a form-space PCA of the original sample @pderes), in which the
reconstructions of KI-1 (blue spheres) and Kl-2e@r spheres) are projectddgure 34b
displays a magnified view of the above form-spa€AHn the proximity of the original
individual (Ind1 = black sphere). Figure 4c showsnf differences in the modern human
sample for the first three eigenvectors facilitgtithe interpretation of the resulting
reconstructions in the light of human cranial viaoia The first three PCs explain ~ 64% of
total variation. PCl (40.16 %) represents dolicbedip (negative scores) versus
brachycephalic (positive scores) form differendadividuals on the left side (negative PC1
scores) of the PCA plot are characterized by aomaend high vaulted neurocranium with a
broader and higher face. In contrast, individualstlze right side of the PCA plot show a
broad and stout neurocranium and a narrower andestface Figure 35). From the lateral
view (not shown), negative PC1 scores are relaieal more protrusive maxillary bone, the
nasal clivus is less steep and the zygomas are proreinent. Negative PC2 (14.83 %)
scores generally correspond to narrow faces wilsger interorbital breadth and a narrow
nasal aperture. Nasal bones are projected anterdortl the maxilla is rotated ventrally.
Positive PC2 scores are related to a broader fatteanhigher interorbital breadth, a wide
nasal aperture, nasal bones that are posteriogjigued, with a maxillary bone that is more
dorsally rotated. Negative PC3 (8.77 %) scoresespond to a flat frontal shape, the
zygomatic bones are relatively superior and maxgnit, the orbital shape is more squared,
and the neurocranium is generally broader. Posi#@3 scores correspond to a rounded
frontal shape, the face is less broad and theabddiape is more rounded.

The highest variation for the produced reconstomdtiis along PC1, reflecting the
influence of the breadth of the cranium on the onte of the reconstruction, though the
degree of variation is much higher for KI-2 (grdee; Figure 34a,b). Mean reconstructions
for both cases (light blue and light green spheespectively; se€&igure 34b) plot close to
the original individual (Indl). Results of each siation are discussed in the following

sections.
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Figure 34 a) Form-space PCA of the first three eigenvecami 95% confidence intervals. Original
sample (red), reconstructions of KI-1 (blue), restaictions of KI-2 (green). The black sphere is the
original individual that was reconstructed durimg tsimulations. Quadratic regression lines for the
original sample (red), KI-1 (blue), and KI-2 (gr¢eb) Magnified view of the form-space PCA in the
proximity of the original Ind1 (black sphere), Mateean (MM), female mean (FM) and the grand
mean (GM).
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Figure 35 Form changes along the first three principal congmts.

4.2.2.First knockout individual (KI-1)

In the first knockout individual (KI-1) most of thHeft side of the cranium and significant
parts of the right side were deleted, but a smatlign of the left side remained which could
later be used to establish the midsagittal pl&ngufe 178).

4.2.2.1.Accuracy

Figure 36 shows form changes along the quadratic regresggienminimum to maximum,;
seeFigure 34afor quadratic regression line) for reconstructiofighe first case. Reference
crania that are characterized by a relatively highanial vault (left side of PC1; s&&gure

35) produce reconstructions with a high vaulted nexamoium Eigure 36). On the other
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hand, template craniums that are broader (righeg Bi@1) produce less vaulted neurocrania.
Facial differences are less influenced by the esfee crania because facial breadth of KI-1 is
determined during mirror imaging; the missing fh@eea is small compared to the missing
area of the cranial vault. Besides the height efrtaurocranium, form changes related to the

orbital shape and the height of the nasal apeaxaenost obvious.

Figure 36 Form changes in the space of the first three iRGBe first knockout simulation. From
negative to positive PC1 scores. Ranging from rsitoations with a higher vaulted (left) to a flatte
() neurocranium

While dolichocephalic individuals produce reconstions that are characterized by
superior-inferior elongated orbits and nasal apestunegative PC2 scoreBjgure 35),
brachycephalic templates produce orbits and ngsatwaes that are less high in the superior-
inferior dimension (positive PC2 scores). The mshapes (female, male, and grand mean)
produced reconstructions that (together with Ind2 #ndl14) are closest in form to the
original Ind1 in terms of accuracy as well as Pustgs distancel@ble 10. The male mean
did not produce a better outcome in relation taieacy or Procrustes distance than the female
or grand mean.

The accuracy from the original individual to ea@tanstruction after missing data
estimation ranges from 2.39mm to 2.81mm for thergnimg and 2.13mm to 9.75mm for
missing data estimated by TPBable 11). The variation in the values for MD-MIRROR is
due to the TPS procedure. Semilandmarks on MD-MIRR{Ide during the estimation of the
MD-TPS, so different templates produce slightlyfetiént landmark configurations on MD-
MIRROR as well. The RMS of landmarks in the MD-MIRR area vary between 0.05mm
for landmarks positioned on the nasal clivus td.ghéh for landmarks on the lateral alveolar
process. The RMS of landmarks in the MD-TPS areg batween 0.24mm for landmarks in
the supraorbital region just above the orbits t636m for rhinion. Using a color-coded
deviation mapKigure 37), we highlight the shape differences between tiggral individual
1 and the reconstruction (using the grand meanefesence specimen). In this case the
accuracy of MD-MIRROR was between 2.48mm and 2.65fomMD-TPS. The highest
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negative valuesi.e., when the reconstruction is smaller than the paljiwere found in the
infraorbital region, the orbital wall, and cranidult. Positive values were associated with

landmarks in the maxillozygomatic area, supraorbitargin, on the lower portion of the

parietal bone, and in the temporal region.
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Figure 37 KI-1 reconstructed grand mean shape. Surfacatienibetween Ind1 and the
reconstruction of the missing data in MD-MIRROR anD-TPS obtained using the grand
mean as reference specimen. Signed color-codedtagvimap ranging from -7mm to 7mm

Landmarks that are situated on the mirror imagesggly show a smaller RMS than
landmarks that were estimated using TPS. Nevesbelandmarks estimated by TPS which
are situated in the immediate vicinity of remainitbgne” have a small RMS comparable to
MD-MIRROR.

4.2.2.2.Sexual dimorphism
The mean male form tends to be rather dolichocépligigure 35, left side of the plot,
higher scores for CS) while the mean female iseralinachycephalicHigure 35, left side of

the plot, lower scores for CS). Males and femadesl to separate on PCL1, for which InCS has

the highest loading, illustrating sexual size dipasm.
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Table 11 KI-1: accuracy of the reconstruction (mm)

label MD- MD- label MD- MD- label MD- MD-
MIRROR TPS MIRROR TPS MIRROR TPS
ind2 2.49 2.13 ind12 2.52 5.48 ind22 25 3.72
ind3  2.57 6.65 ind13 2.49 4.62 ind23 241 2.72
indd  2.43 2.9 ind14 2.58 2.31 ind24 2.52 3.58
ind5 2.42 3.78 ind15 2.53 5.77 ind25 2.51 7.05
indé  2.44 6.21 ind16 2.59 4.2 ind26 2.39 9.75
ind7 2.51 5.01 ind17 2.59 7.26 grand mean 2.48 2.65
ind8 2.59 3.89 ind18 2.81 7.21 female  2.47 2.3
mean
ind9 2.64 7.23 ind19 2.53 2.76 male mean 2.49 3.07
ind10 2.56 2.56 ind20 2.45 2.94
ind11 2.49 5.39 ind21 2.53 5.65

While male and female mean shapes do not diffenfsigntly (p-value=0.82, number
of permutations = 10,000), their mean forms (fosrshapeand size) do differ significantly
(p-value < 0.001). That underscores a long knowt feamely that size is an important factor
for sexual dimorphism. Sexual size dimorphism wasficmed by a permutation test on male
and female CS (p-value < 0.001, number of permartate 10,000). Nevertheless, the results
suggest that sex of the reference cranium has mohnnfluence on the accuracy of the

reconstructionKigure 38).
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Figure 38 KI-1. a) Sex versus accuracy in the MD-TPS afled (missing landmarks). b) Procrustes
distance between the facial landmark configuratior385; see Statistical analyses) of each
reconstruction and the original Ind1. Male mean (MIMfemale mean (FM-1) and the grand mean
(GM-1)



In fact, the female mean provides a reconstructiat is even a bit closer to the
original knockout individual (a male) as the oneamstructed by the male mean, both in
terms of accuracy and Procrustes distan€gure 38 illustrates the distribution of
reconstructions obtained by templates of differst in terms of accuracy and Procrustes
distance. Permutation tests (number of permutaten$0,000) show that there is no
significant difference in the mean of the femald amale reconstructions in terms of accuracy
or Procrustes distance (p-value > 0.92). Furtheembee variance within the female and male

group is not significantly different (p-value > 8,6humber of permutations = 10,000).

4.2.2.3.Asymmetry

Table 12 contains the values of object asymmetry for eadividual in the sample. Smallest
values can be found for the Procrustes mean slgaged mean) and for the sex specific mean
shapes.

In KI-1, asymmetry did not influence the final oomse. There is no correlation
between the values of facial asymmetry of the ildial used as reference for the
reconstruction Table 12 and the accuracy or Procrustes distance from réspective
reconstruction to the original Ind1 (sEgure 39a,b r = -0.03, b) r = 0.06), all are highly
significant at @<0.01. This means that less asymmetric templatesal yield better results
than more asymmetric individuals and vice versagdneral, the symmetrized male, female,

and grand mean shape produce reconstructions lathighest accuracy.
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Figure 39 KI-1. a) Asymmetry versus accuracy in the MD-TR8aa b) Procrustes distance between
the complete landmark configuration of each reqootibn and the original Ind1. Male mean (MM-
1), female mean (FM-1) and the grand mean (GM-1)

Table 1z Total asymmetry for each individual in the sam§t¢0-3)

Ind1? 7.245 Ind1l 4,683 ind21 4,933

ind2 4,122 Ind12 6.063 ind22 6.464

ind3 7.539 Ind13 13.344 ind23 4.286

ind4 7.996 Ind14 16.313 ind24 477

ind5 6.404 Ind15 4,283 ind25 4,922

ind6 4,937 Indl6 6.515 ind26 5.742

ind7 5.432 Ind17 3.95 grand mean 1.502
ind8 9.806 Ind18 4.627 female mean 0.848
ind9 11.099 Ind19 5.101 male mean 1.095
Ind10 12.995 ind20 5.186

& Knockout individual

4.2.3.Second knockout individual (KI-2)

The second knockout individual (KI-2) completelgka any landmarks from the midsagittal
plane and features only 24 landmarkgy(re 17b).

4.2.3.1.Accuracy

In contrast to the first case, Kl-2 reconstructimasy in direction of the first three PCs,

reflecting that the variability in the second casehigher. Using the midsagittal plane of

different individuals during the first step of theconstruction (mirror imaging) produced 28

different models that vary in facial and neurocaamsize. The resulting variation in cranial

form exceeds the variation in the human referemeepte as some reconstructions are not
within the 95% confidence interval of the human gen{Figure 348). Figure 40 shows the

form changes along the static allometric trajecigngen) of the second knockout simulation
illustrated inFigure 34a

Figure 40 KI-2. Form changes associated with the first P@he second knockout simulation, from
negative to positive scores. Ranging from reconsbtns with a narrow (left) to a broad (right)
neurocranium
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Even though we used the shape space configuradidhg templates to circumvent problems
that would have been imposed by the templates; siz@ous differences in the breadth of the
resulting reconstructions can be observed. Tengplehiaracterized by a less broad cranium
(dolichocephalic) produce reconstructions that @as® narrow and have a more protrusive
maxilla (Figure 40). Individuals with a broader neurocranium (braapitalic) and a broader
face produce broader reconstructions.

Reconstruction accuracy of the missing facial dogaeach individual ranged from
2.28mm to 10.36 mm for MD-MIRROR and 2.65mm to 98 for MD-TPS. Variation of
the values for MD-MIRROR is much higher than in finst knockoutsimulation Table 13.

Table 12 KI-2: accuracy of the reconstruction (mm)

label MD- MD- label MD- MD- label MD- MD-
MIRROR TPS MIRROR TPS MIRROR TPS
ind2 2.64 2.65 ind12 6.57 6.3 ind22 2.47 3.25
ind3 3.29 6.14 ind13 7.33 6.05 ind23 9.63 6.36
indd  7.93 5.83 ind14 6.19 4.23 ind24 6.8 3.39
ind5 10.36 6.36 ind15 4.37 5.99 ind25 7.34 4.98
indé  8.67 7.25 ind16 5.15 5.27 ind26 9.35 9.48
ind7  5.15 5.04 ind17 4.27 5.34 grand mean 2.46 2.78
ind8  2.27 3.99 ind18 4.23 7.14 female 2.48 2.78
mean
ind9 2.28 6.99 ind19 2.55 3.16 male mean 2.8 3.52
indl0 5.14 4.6 ind20 4.37 4
ind11 5.17 4,98 ind21 6.35 5.03

The RMS of MD-MIRROR landmarks varies from 1.25mon landmarks positioned
on the zygomatic bone including the lateral orbriad to 11.3mm for landmarks on the
alveolar ridge. The RMS of MD-TPS landmarks vaffieen 0.62mm mm for landmarks in
the supraorbital region to 10.42mm for rhinion. Tdodor-coded deviation map Figure 41
illustrates the shape differences between the maigiknockout individual and the
reconstruction of KI-2 using the grand mean (GM)raeference. The accuracy for MD-
MIRROR was 2.46mm and 2.78mm for MD-TP3able 13. Therefore missing data
estimation using the grand mean as a template mpegf@omparably in both simulations.
Negative deviation values€., the reconstruction is smaller than the origima# found in the
infraorbital region, medial orbital wall, and crahivault, while positive deviation values

occur both in the mirrored side and in a portiohef left parietal bone.
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Figure 41 KI-2 reconstructed using the Procrustes meanesf@m). Surface deviation between Ind1
and the reconstruction using the grand mean aserefe specimen for MD-MIRROR and MD-TPS.
Signed color-coded deviation map ranging from -7tonYmm. Highest distances from the original
are in the superior cranial vault and the left alaeregion

4.2.3.2.Sexual dimorphism

The mean landmark configuration for reconstructiareated from female and male
references do not differ significantly in termsawfcuracy or Procrustes distance (number of
permutations = 10,000, p-value > 0.43). Likewisem#le and male variances are not
significantly different (number of permutations &,000, p-value > 0.21) in terms of accuracy
or Procrustes distance. The female mean reconstnuist as close to the original knockout
individual as the male mean reconstruction. In ganéhe grand mean performs better than
any single reference specimefgure 42).
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Figure 42 KI-2. a) sex versus accuracy in the MD-MIRRORaa(&13 landmarks) b) sex versus
accuracy in the MD-TPS (159 landmarks) c) Proceudistance between the complete facial landmark
configuration (n=385; see Statistical analysesjawth reconstruction and the original Ind1. Malemea
(MM-2), female mean (FM-2) and the grand mean (GM-2

4.2.3.3.Asymmetry

We found a low correlation between the amount ofalaasymmetry in the referenceigure

43) and resulting accuracy of the respective recanstn. Also the Procrustes distance of the
respective reconstruction to original Ind1 and ¢beresponding values for asymmetry show
only a low correlation (seEigure 43 a) r = 0.146, b) r = 0.203, c) r = 0.37), all &ighly
significant at aP<0.01. As for case 1, less asymmetric templatesndidnecessarily yield
better results than more asymmetric individuals and versa. In general, the male, female,

and grand mean shape produce reconstructions lathighest accuracy.
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Figure 43 KI-2. asymmetry versus accuracy. a) MD-MIRRORMID-TPS c) Procrustes distance
between the complete landmark configuration of @acbnstruction and the original Ind1. Male mean
(MM-2), female mean (FM-2) and the grand mean (GM-2
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4.3.Comparing 3-dimensional virtual methods for recargdton in craniomaxillofacial

surgery

The mean and standard deviation (SD) between #tenséructed surfaces and the original
surface of the 15 original resected zygomatic bamesshown inTable 14 Small mean
values and attendant reduced SD establish theriaritor the success of correct

reconstructions.

Table 14 Mean, standard deviation (SD) and absolute value
between the mean + 2SD (measurements in mm)

Mirror
Cases Mean SD Mean-2SD Mean+2SD
H1 -0.497 0.903 -2.304 1.310
H2 -0.557 1.411 -3.379 2.265
H3 0.317 1.105 -1.894 2.527
H4 -0.249 1.204 -2.656 2.159
H5 -0.847 1.282 -3.412 1.717
H6 -0.453 1.425 -3.303 2.397
H7 -0.033 0.815 -1.663 1.597
H8 0.078 1.125 -2.171 2.328
H9 0.352 1.551 -2.749 3.454
H10 1.308 0.478 0.352 2.264
H11 -0.861 0.918 -2.697 0.976
H12 1.602 0.669 0.263 2.940
H13 -0.772 0.718 -2.209 0.664
H14 -1.458 2.085 -5.628 2.711
H15 -0.352 0.843 -2.038 1.335

Mirror registered

Cases Mean SD Mean-2SD Mean+2SD
H1 -0.032 0.482 -0.996 0.933
H2 0.101 0.902 -1.702 1.905
H3 0.166 0.535 -0.904 1.235
H4 -0.047 0.502 -1.051 0.957
H5 -0.186 0.970 -2.127 1.754
H6 -0.467 1.254 -2.975 2.041
H7 0.142 0.767 -1.391 1.675
H8 0.605 0.836 -1.067 2.277
H9 0.071 0.628 -1.185 1.327
H10 0.179 0.465 -0.751 1.110
H11 -0.113 0.395 -0.904 0.678
H12 -0.268 0.633 -1.534 0.998
H13 -0.089 0.361 -0.811 0.633
H14 -0.715 0.993 -2.701 1.272
H15 -0.044 0.579 -1.203 1.115
TPS warping
Cases Mean SD Mean-2SD Mean+2SD
H1 -0.142 0.453 -1.048 0.763
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H2 -0.385 0.429 -1.244 0.474

H3 -0.679 0.514 -1.707 0.350
H4 0.387 0.402 -0.418 1.192
H5 0.342 0.766 -1.190 1.874
H6 -0.108 0.714 -1.535 1.319
H7 0.481 0.499 -0.518 1.480
H8 0.072 0.622 -1.173 1.317
H9 -0.254 0.781 -1.816 1.307
H10 -0.011 0.429 -0.870 0.847
H11 0.133 0.352 -0.571 0.837
H12 0.034 0.387 -0.739 0.807
H13 -0.041 0.307 -0.655 0.573
H14 -0.295 0.627 -1.549 0.960
H15 -0.280 0.746 -1.772 1.211

The mirror method shows the larger mean and SDegaluhen compared to the others
methods Table 14), even if the difference of the means betweenepaigroups is not
statistically significant (p>0.05). Neverthelesdhil method 1 provides large interval value
when mean£2SD is computed, these distances areagduith method 2 and further with
method 3. In fact, this interval is statisticallgrsficant when method 1 is compared either to
method 2 (p<0.002) or method 3 reconstruction retspy (p<0.001). When the comparison
involves methods 2 and methods 3, the results @& e the statistical significant level
(p=0.059), meaning that the reconstruction basedR®@ interpolation functions provides in

general more reliable results than the other meathod

4.3.1.First example: individual H15

By mirroring the unaffected side without attemptiaigy further correction of the mirrored
model position, deviation between the original #mel mirrored surface range between +1mm
and -1.5 mmTable 14 Figure 44a,b. In the frontal and temporal process of the zygtien
bone, the reconstructed model is slightly backwpogditioned compared to the original
(between -0.5/-1.0mm and -1.0/-1.5mm respectivebynilar results were obtained for the

anterior rim of the orbit (between -1.0/-1.5mm).
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Figure 44 Individual H15. The color map underlines the aliste between the reconstruction and the
original model; a, b) reconstruction based on methoc, d) reconstruction based on method 2; e, f)
reconstruction based on method 3. The color-bde $s&& millimeter.

The deviation measured in the maxillary region entthe lower aspect of the zygomatic bone
(between-0.5/+1mm) could be related to the somevanger size of the mirrored model in
those specific areas. This is supported by thdtesbtained from the second method, when
an alignment between the two hemifaces was perfbrivefore isolating the zygomatic
segment Kigure 44c,d. In fact, the maxillary and the lower zygomatiegion of the

reconstructed model are slightly larger than thegimal one.
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Notwithstanding, the result is improved since theamand the standard deviation are clearly
reduced Table 14). It is worthwhile to note the better positiontbé reconstructed bone with
regard to critical areas like the temporal procdste zygomatic bone, the lateral orbital wall
and the lower orbital rim when compared to the #rmeconstruction. The results did not
improve significantly when the reconstruction isrigal out by TPS interpolating functions
(Table 14 Figure 449. Nevertheless, it is worthwhile to note that doatinuity between the
reconstruction and the original bone near the tedesreas are correctly reproduced.

4.3.2.Second example

Unsatisfactory results were obtained with the mning tool for individual H14. This is
certainly due to the natural asymmetry of the aramiand the impossibility to define an
unambiguous midsagittal plane. Consequently, tbetdt process of the zygomatic segment
deviates more than 4mm backward from the origirade) while the latero-orbital floor is
more than 4mm upward. A backward position of thiuai reconstruction is also displayed in
the lower orbital rim as well as in the temporadgass. In the last case, the temporal process
is positioned so backward that the deviation comgbuty the software is related to the
posterior surface of the original temporal procdsst this reason it is colored in green
(Figure 45a,b.

The mean distances between the reconstructionhendriginal decrease when method 2 is
used Figure 45c¢,d. The surface deviation between the two comparedets is reduced both
in the lateral orbital wall (less than -2mm) andthe temporal process (about -1mm) of the
zygomatic bone. Similarly, the deviation is decesh@ the latero-orbital floor (less than
+2.5mm). Nevertheless, differences with the origbmane still persist, as for example in the
inferior margin of the zygomatid-{gure 45c,d.

The best outcome was clearly provided by meansethaod 3 Figure 45e,). The deviation is
generally reduced between -0.5/+0.5mm (about +1mmnhe latero-orbital floor) and a
smooth continuity was reached in the contact aedad®en the reconstruction and the original
cranium. The latter is one of the major contribnsioprovided by the TPS based
reconstruction: in fact, for all the 15 individugend hence not limited to individual H14 and
H15), the contact areas between the reconstrucigdh& original bone is always better than
those provided by the mirror or mirror-registeredit
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Figure 45 Individual H14. The color map underlines the aliste between the reconstruction and the
original model; a, b) reconstruction based on methoc, d) reconstruction based on method 2; e, f)
reconstruction based on method 3. The color-bde s€&n millimeter.



4.4 Virtual reconstruction of modern and fossil homaherania: effects of the choice of the

reference form

4.4.1.Reconstructions using the Procrustes mean shape

The results showed that for reconstructions wiipacies (e.gHlomomean shape fdiomo),
average RMS for individuals ranged between 1.118uih8) and 1.32mm (0.43) for the face.
On the smoothly curved braincaskgdomain of TPS) results were between 0.71mm (0.22)
and 1.17mm (0.39)rable 15.

Table 1£ Reconstruction of one individual by Procrusteamshapes: RMS for landmarks:
mean and SD (in mm)*

face
Homo (n=25) Pan (n=19) Pongo (n=20) Mladecl Petralona Sts5
reconstructed by

Homo(mean shape) 1.21 (0.28) 3.4 (0.75) 2.93(0.58) 1.82 2.33 2.89

Pan (mean shape) 3.54 (0.45) 1.32(0.43) 1.82(0.41) 3.76 4.23 1.47

Pongo(mean shape) 3.54 (0.50) 1.71(0.42) 1.11(0.18) 3.3 3.54 1.33
neurocranium

Homo(mean shape) 1.17 (0.39) 1.53(0.35) 2.14(0.32) 1.34 2.54 15

Pan (mean shape) 1.69 (0.43) 0.71(0.22) 1.18(0.20) 1.63 2.32 1.04

Pongo(mean shape) 1.87 (0.48) 1.29 (0.26) 0.79 (0.14) 1.59 2.12 0.97

*average of the RMS of individuals in the respeetknockout round

For facial reconstructions between species the doagerage RMS for individuals
was 1.71mm (0.42) when thean sample is reconstructed by the Procrustes megre sbia
Pongo.Not surprisingly, the highest average RMS of 3.54(Am5 forPan, 0.50 forPongQ
was obtained by estimating missing landmarks inHbmo sample with the Procrustes mean
shape ofPan andPongo(Table 15. Facial reconstructions of Mladecl and Petralsimaw
the lowest RMS when using the Procrustes mean stiademo (1.82mm and 2.33mm) as
reference. The lowest RMS in the facial reconstoncdf Sts 5 can be observed uskan or
Pongoas reference (1.47mm and 1.33mm).

In the neurocranium the lowest average RMS foniddials was 1.18mm (0.20) when
the Pongosample is reconstructed by the Procrustes megresif&an. The highest average
RMS for individuals of 2.14mm (0.32) was obtaingddstimating missing landmarks in the
Pongo sample with the Procrustes mean shapélaio (Table 15. In the estimation of

missing data in fossil specimens the lowest RMS lwarfound when using the Procrustes
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mean shape dflomo for the reconstruction of Mladec 1 and the Pramsisnean shape of
Pan or Pongofor the reconstruction of Sts 5. When reconstngctetralona, lowest values
can be found when taking the Procrustes mean sbip®ngo as reference, though the
differences in the accuracy between the three spedProcrustes mean shape is only

marginally.

4.4.2.Reconstructions using each specimen in the sample

In intrapecies reconstructions the average RMSirdividuals ranged between 1.52mm
(0.18) and 2.08mm (0.31; Mladec 1) in the face bhativeen 0.79mm (0.26) and 1.32mm

(0.19)for the braincaseTlf@able 16).

Table 1€ Reconstrcuction of one individual by complete pgmRMS for
landmarks: mean and SD (in mm)*

face
Homol Panl Pongol Mladecl Petralona  Sts5
reconstructed by

Homo(n=25) 1.86 452 3.33(0.5) 2.08 2.73 2.94
(0.40) (0.47) (0.31) (0.47) (0.52)
Pan(n=19)  2.85 1.75 2.05 3.71 4.36 1.65
(0.46) (0.35) (0.44) (0.38) (0.61) (0.33)
Pongo(n=20) 2.77 3.08 1.52 3.42 3.92 1.52

(0.33) (0.27) (0.23) (0.24) (0.49) (0.18)

neurocranium

Homo(n=25) 1.32 1.85 1.90 1.60 2.45 1.64
(0.19) (0.27) (0.45) (0.28) (0.42) (0.31)

Pan(n=19) 2.58 0.79 0.99 1.87 2.28 1.10
(0.31) (0.26) (0.23) (0.36) (0.44) (0.25)

Pongo(n=20) 2.55 0.83 0.93 1.83 2.15 1.05

(0.31) (0.22) (0.24) (0.32) (0.45) (0.22)

*average of the RMS of individuals within the resfive knockout round

For facial reconstructions between species the doaeerage RMS for individuals
was 1.52mm (0.18) when Sts 5 was reconstructedhélangosample, a value comparable
to the intraspecies reconstruction of Pongol (1r82¢0.23)) Reconstructing the missing
facial area in Sts 5 with the sample Rdin yields a similar average RMS (1.65mm (0.33),
while the employment of thdlomosample as reference shows an average RMS thatasta
twice as high (2.94 (0.52)).

As it is the case in the facial reconstruction gsihe Procrustes mean shape, the

highest average RMS was received when estimatisging landmarks in Panl and Pongol
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using theHomo sample (Panl: 4.52mm (0.47), Pongol: 3.33mm (D.&3}imating missing
facial landmarks in Petralona performs best whemngathe Homo sample as reference
(2.73mm (0.47)), but still showing a rather higheeage RMS that is comparable to the
reconstruction of Homol blan andPonga Reconstructing Petralona’s missing facial area
with the samples dPan and Pongorespectively, high average RMS are observed (4136m
(0.61) and 3.92mm (0.49)) that are approximatelizcéwas high as the average intraspecies
RMS. This also applies for Mladec 1 (using fhan sample as reference: 3.71mm (0.38);
using thePongosample as reference: 3.42mm (0.24)), illustrativeggeneral inability of the
PanandPongoreferences to estimate missing facial data irHibmogenus and vice versa.

In the neurocranium the lowest average RMS was irdadlawhen Panl was
reconstructed by the sampleRdngo(0.83mm (0.22)) and vice versa (0.99mm (0.23)).sEhe
values consequently lie in the lower range of spexies reconstructionsigma 1.32mm
(0.19),Pan 0.79 (0.26)Ponga 0.93 (0.24)) Compared to the intraspecies reconstructions of
Pan andPongothe average RMS fddomois rather high and reflects the high variabilify o
the human neurocranial form. Remarkable to notdaleeverage RMS in the reconstruction
of Sts 5 byPanandPongo(1.10mm (0.25) and 1.05mm (0.22) that lie wellhivitthe above
mentioned range of intraspecies reconstructidhe highest average RMS was received by
estimating missing landmarks in Homol with the sl@ngf Pan (of 2.58mm (0.31)) and
Pongoof (2.55mm (0.31)) and in the reconstruction dir&ena. Surprisingly, employing the
Pan and Pongo sample as reference in the estimation of missigracranial data in this
specimens slightly lower average RMBa(t 2.28mm (0.44)Ponga 2.15mm (0.45)) than
takingHomoas reference (2.45mm (0.42)) are obtained.

As expected, intraspecies reconstructions produoe Ibwest average RMS.
Nevertheless, interspecies reconstructions of Stsibg thePongo sample show average
RMS close to the ones obtained during intraspe@esnstructions for both regions and are
therefore considered as acceptable.

Moreover, average RMS for the neurocranium is lothan for the faceFigure 46
illustrates the accuracy in interspecies reconstms in terms of (average) RMS of
individuals between all possible combinations ie kmockout simulation (excluding Mladec

1 because it belongs to thlwmo sapiensample) according tbable 15
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4.4.3.An example of interspecies reconstruction in 2D

To illustrate the dependencies between resultimgpnstruction on the one hand and the
amount of missing data and choice of reference fomnthe other, | switch to a simple 2D
case and consider only landmarks in the midsagpttale (effects would be similar in 3D but
harder to visualize in printfigure 47 shows the estimation of missing data using TP $hier
knockout configuration in two dimensions using Bdgep2D (Bookstein and Green, 2002).
The orientation of each skull in the images is agditg to the Frankfurt plane. ligure 47a

andb, Pongol is reconstructed by Pan1.
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Figure 46 Accuracy in interspecies reconstructions in temwfis(average) RMS of individuals.
Thickness of arrows corresponds to reconstructioor.ea) Facial knockout region. b) Neurocranial
knockout region. Thickness of arrows correspondstoes in Table 2

In the first simulation, the estimated surface $amdmarks in the neurocranium
perfectly follow the bony surface of the originatividual. Estimated landmarks in the facial
region show a higher deviation from the originabt®that the reconstructed supraorbital area
in the reconstructed individual does not show aaunbital torus. In the second simulation
(Figure 47b), surface semilandmarks in the direct vicinitytoé area that was declared as
missing were deleted. Accordingly, the TPS intesipoh in this region is only guided by the
real landmarks closest to the missing area (bregnualambda), which results in a higher

deviation from the original (but still being closethe original bony surface).
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In Figure 47c andd, Pongol is reconstructed by Homol. Note that whaace
semilandmarks are present in the direct vicinitytre missing area, the estimated surface
semilandmarks also follow the original bony surfaoere or less perfectly. Estimated
landmarks in the facial region show a high deviatimm the original and illustrate that a
human shaped nasal region is introduced into tlensdruction of the orangutan. When
surface semilandmarks in the direct vicinity of thessing midsagittal portion are eliminated,
the accuracy decreases considerably. This is bet¢haspline in this region is bent according

to the original shape of the reference.

Figure 47 Estimating missing data in the midsagittal plaseording to the knockout region defined

above. Real landmarks are in red, surface semilaridmare white, estimated real landmarks are
orange, and estimated semilandmarks are yellonPa)l on Pongol, complete set of surface
semilandmarks, b) Panl on Pongol, surface semilakdmn the vicinity of the area declared as
missing, ¢) Homol on Pongol , complete set of sariemilandmarks, and d) Homol on Pongol,
surface semilandmarks in the vicinity of the arealared as missing
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Generally, a local spline between two anatomiaaditaarks will more or less maintain
the curvature from the reference, depending ordik&nce between the landmarks and the
form of the reference. The larger the distance betwthe two anchoring points, the more the

spline will trace the shape of the reference iis @viea. In addition, the more differing the

form of the reference to the target, the less ateuhe estimation of missing data will be.

Figure 48 Estimating missing data in the midsagittal plaseording to the knockout region defined
above. Prosthion erased to show if the missing lilaaxilandmark in Sts 5 affects the outcome of the
TPS missing data estimation. a) Pongol reconstiustd®anl, c) Sts 5 reconstructed by Panl

The estimated positions of the missing landmamkh a spline that is anchored by
the real landmarks of the target (in this case ee@nd lambda). Since the shape of the
human cranium is more globular than those of abesspline in this area is rather globular as
well and accordingly more curved than the surfatd”Pongol.Figure 48 illustrates the
consequences when an anatomical landmark that wash&twise guide the TPS is missing,
in this caserosthion a landmark placed between the first incisorshenalveolar bone. This

scenario is used to be sure that the missing larkdma Sts 5 do not affect the outcome of
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missing data estimation. As visulaziedFigure 48athe outcome is more or less identical to

the reconstruction ifigure 473 in which prothion is available.

4.4.4.Example of the "surface" of RMS reconstruction dead deviation

At first, | want to illustrate a pecularity of theeconstruction standard error to put its
interpretation in perspectiv&igure 49 is an exploratory visualization of the spatialtpat
generated by the reconstructions. The renderinghef surface was performed by a
combination of two tools in "R" (R Development Cdfeam), the "interp" command for
referring the normal SD at each semilandmark tegalar grid on the projection plane, and
the "contour" command to supply the isocontourd thake the resulting figure legible.
Rendered thus, the diagram shows a mathematicdht®ll as reconstructed inside an oval
boundary that is, in fact, the edge of the parietglon colored dark green kigure 20 - the

margin of the missing calvarial region. We are vigyit in a convenient "map projection” as

if from this side of this skull as oriented in aRkfurt plane.

25

20

Figure 49 Example of the "surface" of RMS reconstructicamsiard deviation: Sts 5 reconstructed by
Pongo. The underlying patch for this surface isddlgarial region coded in dark green color in Fegu
20 (see text)

What is represented is not the surface of thatnstcocted form but the derived
surface of reconstruction standard error, in thieation perpendicular to the derived surface

13¢



itself. This surface is, as it must be, fixed a thalue of zero (no uncertainty) all around its
boundary, where the reconstruction leaves all tiggnal data unchanged (black), and rises to
a single well-defined interior maximum (yellow) lgyadients that are very nearly linear in
every traversal inwards from the boundary. Note, that neighboring contours are nearly
parallel everywhere except upon that central dorhe.location of this maximum is eccentric
within the knockout region as a consequence ofdtge-scale structure of integration within
the reference sample. This figure justifies theiglen to restrict the numerical content of
comparative reports to the single value at the médkis surface; an average value would be

greatly biased by the zero deviations along thenbary.

4.4 5.Facial reconstructions

Figure 50 illustrates the minimum and maximum distances al &s the average landmark
RMS for each region in the facial knockout areaocading to Homol, Panl, Pongol,
Petralona, and Sts 5. The missing area in the \iaae subdivided into four regions for a
detailed visualization of the results, but missidgta in the face (as well as in the
neurocranium) was estimated for the whole missigion at once, not for each region
separately.

Maximum distances for interspecies reconstructioritne superior alveolar process
reached values up to 6.5mm when reconstructing Hdm&ongo(Figure 508). Interspecies
reconstruction performed best (in terms of maximdistances that are in the range of
intraspecies reconstructions) if the sampl®aifh was used to reconstruct the missing data in
Homol(maximum distance of 3.85mm) and Sts 5 (maximurtadce of 4.35mm).

In the anterior maxillary surface maximum distané@sinterspecies reconstruction
reached values up to 10.64mm when ustiogno as reference for the reconstruction of Panl
(Figure 50b). Except for Petralona, reconstructions involvilhgmoalways performed worse.
Using Pongoas reference for the reconstruction of Rah& maximum distance of 5.25mm
showed comparable values to the intraspecies rgactisn of Panl(maximum: 4.90mm).
The best results were achieved by takitan as reference for the reconstruction of Sts 5,
showing a maximum distance of 4.44mm, hence shoaingaximum distance that is lower
than in intraspecies reconstrcutions.

The average RMS and maximum distances for intrd-iaterspecies reconstructions
in the interorbital and nasal region were the hagl@bserved in the facial regiofigure

500. The lowest values were found for intraspeciesmstructions oPongowith an average
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RMS of less than 1.10mm and a maximum distance franoriginal to the reconstruction of
7.19mm. In contrast, the average RMS for the destdmetween the reconstruction and the
original in Homo was approximately two times higher, reaching maxmvalues of up to
13.05mm. Highest values were always found at rhinitnich situated in the middle of the
missing area and therefore showing the highestatieni Interspecies reconstructions using
the Pan sample to estimate missing data in Pongol\acel versashowed maximum values
of 11.62mm and 10.79mm respectively, thus exceegiagimum distances that were found
in intraspecies reconstruction®at 8.99mm, Pongo 7.19mm). Remarkably, the lowest
maximum distance was found when reconstructing5Ststh the Pongosample (6.22mm),
showing a lower value than found in intraspecie®meatructions. Like in anterior maxillary
surface interspecies reconstructions involvidigmo always performed worse, also in the
nasal area of Petralona (rhinion was not considerditis specimen). Maximum distances up
to 25.35mm were observed when reconstructing Paitti the Homo sample. The high
variability in human nasal morphology is also refégl by a maximum distance of 13.05mm
in intraspecies reconstructions. Note that the maxa distance when reconstructing Homol
with the Pongo sample is lower than the intraspecies reconstmctMaximum distances
when reconstructing Homol with tléomo sample can be due to a more inferior, superior,
anterior, and posterior position of the reconst&rdatasal region, hence the high variation and
maximum distance. In contrast, maximum distancesnaisingPongoas reference is always
due to a more inferior position of the reconstrdcégea around rhinion, with only slight
variation in antero-posterior position.

Average RMS for landmarks in the supraorbital ragsthows values similar to those
in the anterior maxillary surfac&igure 50d). The intraspecies reconstruction of Pahbws
the lowest maximum distances (3.69mm) and averdg8& Bf landmarks (0.70mm (0.21)),
Homol the highest (maximum distance: 5.53mm; aveRIgS: 0.80mm (0.34)). The highest
accuracy in interspecies reconstruction can bereedavhen reconstructing Pongol using the
Pansample as reference (maximum distance: 5.28mmageeRMS of 0.83mm). Maximum
distances that are in the range of values for m@species reconstruction of Homol were
found for Sts 5, either usinBongo (maximum distance: 5.50mm) and Homo (maximum
distance: 5.69mm). Reconstructing the prominentagrpital region of Petralona, thitomo
reference sample showed the lowest maximum distgn88mm). In contrast, reconstructing
the supraorbital region of Panl wiomq the highest maximum values and average RMS of

landmarks can be found (maximum distance: 11.32average RMS of 2.45mm).
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Figure 50 Minimum and maximum distances each region in theiaf knockout area. Average
maximum RMS (white vertical line within each baccarding to the reconstruction of Homo1l, Pan1,
Pongol, Petralona and Sts 5. a) superior alveotsneps, b) anterior maxillary surface, c) nasal and
interorbital area and d) supraorbital region

The average maximum RMS in the supraorbital regioows values similar to those
in the anterior maxillary surfaceFigure 50d). The highest accuracy in interspecies
reconstruction can be observed when reconstruddioggol using thePan sample as
reference (1.33mm). However, the highest averagaxdimum RMS was found when using
Pongoas reference for the reconstruction of Panl (6rA),nmdicating that a reference of

similar form does not always performs best.
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Considering the fossils, the reconstruction of S5ggerformed best when usifian or
Pongo as references, depending on the region to recmtstEstimating missing data in
Petralona always performed best when Hwmno sample was employed as reference. The

pattern observed in the reconstruction of Mladead wery similar to Homol.

4.4.6.Neurocranial reconstructions

Figure 51illustrates the minimum and maximum distances aretage RMS for each region

in the neurocranial knockout area according torédo®nstructions of Homol, Panl, Pongol,
Petralona, and Sts 5. Missing regions in the nearsem were subdivided into three regions
for better visualization of the results. For newamial reconstructions within species the
average RMS did not exceed 1.42mm (0.12) (estimatirssing data in the midsagittal area
of Homo1).

UsingPanor Pongoas reference in the reconstruction of Homol (maxrmaistances
of 2.73mm and 2.23) performed better than recoasirg Homol withthe Homosample,
reaching maximum values up to 4.21miAgUre 518). Although the midsagittal missing area
is rather small, the high variability in human naeranial form leads to bad results when
using Homo references of differing form. Lowest maximum dmtes were observed when
reconstructing Panl with theongo sample (maximum distance: 1.30mm), performing as
good as the intraspecies reconstruction of Pardlf ifsnaximum distance: 1.38mm). In
contrast to Homo1l, estimating missing data in Rateausing the Homo reference sample
show the lowest maximum distance (2.08mm), wifkn and Pongo show much higher
values (3.82mm and 3.50). Reconstructing the mittabgrea in Sts 5 with the extant
reference species yields homogenous redatisgoshowing slightly better results in terms of
average RMS (0.26mm (0.07)) and maximum distane@m) tharHomoandPan

In the parietal, maximum distances for interspemeesnstruction reached values up to
12.94mm when usindg?an as reference for the reconstruction of Hom&lgyre 51b).
Highest values were typically found in the middfetlee missing area that is farthest away
from existing bone that could guide the TPS basednstructed. In general, reconstruction of
Homol always performed worse. The highest accureay achieved by usinBongo as
reference for the reconstruction of Panl (maximustadce: 3.37mm), showing a very
similar maximum distance compared to the reconstmucof Panl with thePan sample
(3.41mm). Estimating missing parietal data in Retra, no reference reached an accuracy

that is comparable to intraspecies reconstructibteximum distances ranged from 7.00mm
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(Homo as reference) to 8.10P¢ngo as reference). But, concerning the average HMNS
(2.05mm (0.62)) anéPongo(1.05mm (0.60)) performed slightly better thidomo (1.41mm
(0.52)). In contrast, the maximum distance whermmstructing Sts 5 with thBan sample

(4.54mm) is comparable to the values obtained Herihtraspecies reconstruction lddbmo

(4.43mm).

r Homo reconstructed by Pan rec. by
Homo Pan
n Pan l Pongo
Pongo Homo
h Pongo rec. by Sts 5 rec. by
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Figure 51 Minimum and maximum distances and average maxirRMms for each region in the
neurocranial knockout area. According to the retanton of Homol, Panl, and Pongol. a)
midsagittal area, b) parietal, and c) sphenoid

Lowest maximum distances in intraspecies reconsbng of the sphenoid area were

found in the reconstruction of Panl (maximum dis¢aB.38mm). Estimating missing data in
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the sphenoid of Panl, the lowest maximum valuesaaedage RMS of landmarks could be
found when using thBongosample as reference (maximum distance: 3.85mmagedkRMS

of 0.62mm). The maximum distance is hence lowen timaintraspecies reconstructions of
Homo (4.70mm) andPongo (4.44mm) respectively. In Petralona as well as Stsking

Pongoas reference yielded the best results, but maxiohistances in Petralona (7.29mm) are
much higher than in Sts 5 (4.83mm). Maximum disésnéor interspecies reconstruction
reached values up to 11.38mm when reconstructimgdlowith theHomo sample Figure

510. Since the sphenoid is characterized by a motessrhigh concavity which represents a
more complex topography to reconstruct, maximunadies in intra — and interspecies
reconstruction is comparable to the parietal as@n though the missing area is much

smaller.

4.4.7.Visualizing regional effects concerning the cha€¢he reference

Figure 52 shows the interspecies reconstructions of Sthé&wimg the reconstructions that
show the highest and lowest average maximum RMS &ach region respectively.
Consequences of the choice of the reference asedegious in the area of the superior
alveolar processHgure 523). In contrast, consequences of reference choice wolvious in
the area of the inferior sphenoid, where the viamaih the reconstructions éfomo(blue) is
much higher thafPongo (green). The same is true in the anterior maxilkurface, where
Homo shows maximum values up to twice those of Rla@ sample, which performs best in
this area Ifigure 52b). In the lower parietal and upper sphenoid areaPtbngo reference
sample performs best, estimating the neurocramialature of Sts 5 much better than the
Homo sample. First, the reconstructions ldbmo show a much higher variation in the
sphenoidal region; second the outline in the middlghe missing area is shifted medially in
the Homo reconstructions.Pongo also outperforms the other reference species in
reconstructing the interorbital area. Both intertalb breath and the posterior/anterior
dimension of the nasal region were reconstructadamably Figure 52¢. The difference in
the performance of different references is alsdais/in the parietal, especially in the center
of the missing area where the deviation from thegimal is highestFigure 52d).

The reconstructions dlomoresemble the human neurocranial shape charaaidrize
a straighter and flatter lateral neurocranial metlcompared to the great apes. In contrast,
reconstructions of th€®an sample follow the parietal curvature of Sts 5 mubeitter, even

though this region is characterized by a huge deflecking information of preserved
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proximate morphology that could guide the TPS durimissing data estimation.
Reconstructions in the glabellar area usipngo as reference also outperform
reconstructions bidomq though neither reference choice is able to recocisthe prominent

glabellar area in Sts 5 appropriately.

O b)
alveolar process lower
B Homo sample sphenoid
Homo: mean shape

. Pan sample

Pan: mean shape
I Pongo sample \N

ongo mean shape mamllary surface

middle parietal '

interorbital glabellar

~

c)

' lower parietal

upper
sphenoid

=

non-missing original
------ missing original

Figure 52 Sts 5 reconstructed by Homo (blue), Pan (redj,Rongo (green). Original outline (black;
missing area: dashed line) of Sts 5 and the estdrizdsed on TPS. Comparison of the reference with
the lowest (bottom or left) and highest (top orckwracy in terms of maximum distance from the
original (see Figure 50 and 51); a) reconstructidrthe superior alveolar process, b) the lower
sphenoid and anterior maxillary surface, c) infeparietal, superior sphenoid, and interorbitakare
and d) the superior parietal and glabellar area



4.4.8.Visualizing the variation of the reconstructions

In Figure 53 the fossil reconstructions of Mladec 1 (dark bjuegtralona (black), and Sts 5
(yellow) as well as the reconstruction of Homolu@marine blue), Panl (dark red), and
Pongol (dark green) are projected in the form sgpe@ned by the landmarks of the three
reference specieHpma blue, Pan red, Pongo green).The color of the 95% ellipsoid

corresponds to the species that was used duriegst&action.

PC2

Pongo sample

9 P Petralona Fongo?
Fan sampla
Homo sampla
Pan1
Mladec‘l\
e l_"“. A L3 .
Homo1 Ta ! =, -
L
5185
——— PC1

Figure 53 Form space PCA (PC1l: 77.2%, PC2: 13.10%, PC3% )38 Individual cases (small
colored spheres) and 95% confidence ellipsoids l@tge ones) for the Homo (blue), Pan (red), and
Pongo (green) sample used. Original Mladecl (dade)b Petralona (black), and Sts5 (yellow)
together with their reconstructions (blue: recangion by Homo, red: reconstruction by Pan; green:
reconstruction by Pongo). The small 95% confidegltipsoids correspond to the reconstruction of
each case (color according to intraspecies elliz3oi

Within this subspace of highest explained Proceusieape variance, the variation
within each group of alternate reconstructionsatber low compared to the variation within
species. The anatomical reconstruction of Rlaganthropus boisespecimens OH5 (Benazzi
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et al. 2011) in comparison, showed a much highemat@n compared to the TPS based
reconstructions ifrigure 53. If we merely use information from the PCA plotdiooose the
reference, e.g. to reconstruct Sts 5, the decisitirbe rather difficult to make at this largest
scale precisely because the reconstructions WamgandPongoare so widely overlapping.
As we showed in a detailed look at specific recatséd regions, a level of detail not
available from the preceding diagram, differenerefice samples perform better in different
regions. Since we are missing detailed informa#ibaut variation in fossil species, only this
small scale inspection of the consequences in agplyifferent references would permit a
conclusion as to whether any choice of referenogptais appropriate at all. Nevertheless,
some general guidelines can be drawn from theseriexents that might be helpful to decide
when one reference sample might be less inappteghan another.

4.4.9.Guiding the choice of the reference sample

We can consider the resulting bending energy ofl#8 as a criterion of performance in the
process of reconstructioRigure 54 shows a scatterplot of the bending energy valuassafy
the Procrustes distance from the original to theesponding reconstruction, in this example
for Panl. In this case, we find a correlation d40(Figure 54). Generally, the highest
correlations between each pair (reconstructionigiral) can be found within the extant
species (Pearson's product-moment correlatiQgno#=0.88, pan=0.94, Bongo£0.91). The
high concordances suggest that bending energyeasdi to estimate the performance of the
reconstruction and thus provides a guideline favosing an appropriate reference group.
Correlations for the fossil reconstructions aredo\fyiagec 70.71, Petraion£0.65, ks 5=0.75).

As shown inFigure 54, if we reconstruct Panl, some reconstructions doasePongo
specimens show a similar accuracy as those wsamgpecimens. The graph shows also that
the variability for the reconstructions usiigpngois smaller than for the reconstructions
using eitheiPanor Homa
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Figure 54 Correlation between bending energy and the Prtegudistance from Panl to each
corresponding reconstruction. Panl reconstructdeldoy(red), Homo (blue), and Pongo (green)

4.5. Facial orientation and integration in the homincidnium

Figure 55 represents the two different Procrustes superiitiposset-ups that were used
during the analyses. The first set-up only inclutdhesbasicranial landmarks in the Procrustes
fit (Figure 553). In the second set-up the orbits were includetthénsuperimposition and PLS
analysis Figure 55h). Note the difference in palate orientation be®an and Pongoin
Figure 55a while in the second set-up, the angle descritlegdifference in palatal angle is
smaller. Variation in the basicranial landmarkstive second set-up is higher after the
Procrustes superimposition. The overlap and vanath palate orientation between and

within the two species is obvious in both scenarios
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Figure 55 Pan and Pongo sample pooled. a) Procrustes sypmition on sphenoid landmarks only
b) Procrustes superimposition on landmarks of spideand orbits. Mean sphenoid and orbital
landmark configurations and variation around them#or the sphenoid (dark blue: Pan, light blue:
Pongo). Mean palatal (big spheres) and maxillangaarks (small spheres) configurations for Pan
(darkred) and Pongo (orange) as well as the vaniaif maxillary orientation in each species (Pan;
red, Pongo, yellow).

4.5.1.Pooled sample PLS

To assess the covariation of maxillary rigid mosioand basicranial/orbital shape, we
performed a PLS analysis of the Procrustes shapelioates against the three variables of
rigid motion Ax andAy, and6): a) only cranial base b) basicranial and orbbgatimarks.

The first singular warp (the first dimension of tR&S analysis) in both analyses
accounts for 54% of the total squared covariandevden the shape coordinates and the
variables of rigid motionKigure 56). In both cases the first two singular warps sabaut
89% of the total squared covariance pattern. Theslation between the first pair of PLS
scores (shape vs. rigid motion) is 0.39 (Procrutesranial base) and 0.49 (Procrustes fit:
cranial base and orbits); between the second p2frd@nd 0.49 respectively. In the first set-up
both species largely overlap but do not show timeestajectory for the first singular warp.
Including the orbits in the superimposition and PU® trajectories are parallel but shifted
along SR1. Loadings on the first and second simgudator for the rigid motion are reported
in Table 17.
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Figure 56 Pooled sample. Pan (black) and Pongo (orangeQu&ir warp 1 scores of the coordinate
block and orientation block plotted against eadienta) Procrustes fit on basicranial landmarks, b)
Procrustes fit on basicranial and orbital landmarks

The estimations of uncertainty in palate orientattan be expressed as palatal angles relative
to the mean palatal orientation of both species gbeves as basis, i.e. 0°. For the Procrustes
superimposition that only takes landmarks on theespid into account palatal angles Ran
range from -28.8° (negative sign corresponds torneavd rotation relative to mean of both
species) to 6.9° (positive sign corresponds to wgwatation relative to mean of both
species), with a species mean of -8.4°. Palatantation forPongoranges from -3.4° to
18.3°, with a species mean for the orangutan saroplg.1° (see alsdrigure 553).
Considering the Procrustes superimposition on smpbeh and orbital landmarks, palatal
angles folPanrange from -28.3° to 10.4°, with a species meaib@f° (i.e ventrally rotated).
Palatal orientation foPongoranges from -7.8° to 16.7°, with a species mead.df (i.e

dorsally rotated; see also Figure 55b).

Table 17 Loadings of the first two singular vectors for ttranslation/orientation
variables

cranial base cranial base & orbits
Variables pooled sample
Singular vector 1 Singular vector 2 Singular vedto Singular vector 2
0 -0.38 0.21 -0.45 0.21
AX 0.72 0.67 0.72 0.66
Ay -0.57 0.71 -0.52 0.75
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4.5.2.Within species PLS

Procrustes fit on basicranial landmarkseeFigure 55g. The first singular warp explains
52% Pan) and 55% Pongqg of the total squared covariance between bas@rahape palate
rigid motion. The first two singular warps span 81Pan and 89% Pongg of the total
squared covariance pattern. The correlation betweerfirst pair of PLS scores (shape vs.
rigid motion) is 0.58 RPan) and 0.6 PongQ; between the second pair 0.4%af) and 0.73
(Pongg. Loadings on the first and second singular veftaothe rigid motion are reported in
Table 18

Table 18 Loadings of the first two singular vectdos the
translation/orientation variables

Procrustes fit on basicranial Procrustes fit on basicranial&orbital
landmarks landmarks
Variables Singular vector 1 Singular vector Singular vector 1 Singular vector 2
2
Pan
0 -0.18 0.69 0.65 -0.01
AX 0.66 -0.44 -0.61 0.59
Ay 0.73 0.57 0.45 0.81
Pongo
0 0.53 0.22 0.6 -0.2
AX -0.62 0.76 -0.48 -0.87
Ay -0.58 -0.61 -0.64 0.45

Procrustes fit on basicranial and orbital landmartseeFigure 55b). The score-plots
show how well the position and orientation of tredape can be predicted by the shape and
spatial relationship of the basicranium and orfigure 57). The first singular warp explains
about 10% more of the total squared covariancedmtvbasicranial shape palate rigid motion
(Pan 68%, Ponga 66%) than in the former set-up. The first twogsitar warps span 89%
(Pan) and 91% Pongg of the total squared covariance pattern. Thewargvarp scores are
highly correlated (0.8 for botRan andPongQ; between the second pair 0.6¥a() and 0.7
(Pongqg, though forPan the correlation will not be considered becausthefoutlier Figure
57). Loadings on the first and second singular ve&borthe rigid motion are reported in
Table 18 In Pongq the direction of the singular vectors is the sdareboth set-ups. In the
Pan sample, SW1 has high loadings ar and Ay, the displacement of the centroid in
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maxillary rigid motion

maxillary rigid motion

anterior-posterior directior) loads high SW2. When including the orbits into Brecrustes
fit and PLS 0 (palate orientation) has the highest loading orlSW

Figure 58 and 59 visualize the corresponding shape differencesredigied by the
loadings of the first singular vector for the shajaeiables of the sphenoid and orbits and
orientation variables for the palate. In both spgcthe shape features that are associated with
high scores along the first singular warp, and thas correspond to a more dorsally deflected
palate, include an inferior-superior inflation dktsphenoid body at the height of the dorsum

sellae and a decrease of relative orbital height.
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Figure 57 Singular warp 1 () and 2 (left) scores of therdowate block and orientation block plotted
against each other. a) Pan sample,b) Pongo saRiligel. circles: males, open circles females
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Figure 58 Singular warp 1 for Pongo (a) and Pan (b). Minim(red landmarks) and maximum
(green landmarks) SW1 scores for each species.indidiection of the palate, lateral aspect of the
temporal surface of the greater wings of sphenoitebthe anterior and posterior end of the cribmifo
plate, and sphenion

440

Figure 59 Dorsal view: Singular warp 1 for Pongo (a) and Fag. Minimum SW1 (left), consensus
shape (middle) and maximum () SW1 scores for epehiss.
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For SW1 inPongq a ventrally rotated palate covaries with a shateplanum sphenoideum
associated with a steeper orientation of the dabrm plate and an anterior-posteriorly
elongated cranial base with longer medial middéial fossae. I?ana ventral deflection of
the palate does not covary with a shortened plaspimenoideum and but rather is associated
with a less steep orientation of the cribriformteléor SW1. Furthermore, a dorsal deflection
of the palate in chimpanzees involves an anticlas&wotation of the inferior border of the
sphenoid.

In the lateral aspect of the temporal surface efgteater wings of sphenoid bone and
the cribriform plate, one sees that there is atamlial difference in the shape changes that
accompany the reorientation of the palate betwean and Pongo In Pongq a dorsal
deflection of the palate is accompanied by an iofatisplacement of the anterior border of
the temporal surface of the greater wings of spitelbbone and a superior displacement of the
anterior border of the cribriform plate. In contrtaa more dorsally oriented palate in
chimpanzees covaries with a concerted anteriorlaiement of the anterior border of the
temporal surface of the greater wings of sphenoikeband anterior border of the cribriform
plate.

The second dimension loads highly on the antemstgyior positioning of the
maxilla, thus differentiating specimens that hameaateriorly-posteriorly longer cranial base
combined with a more anteriorly placed maxilla titae others. InPongqg an anteriorly
placed maxillary bone covaries with an anteriorbsferiorly elongated sphenoid, a clockwise
rotation of the inferior border of the sphenoid pahd a more superior-anteriorly placed
dorsum sellae. Additonally, an anteriorly placedxitte covaries with an increased breath at
the posterior border of the cribriform plate. Irdividuals that are characterized by a more
anteriorly placed maxilla, the middle cranial fossalongated accompanied by an anterior-
posteriorly elongation of the temporal surfaceha greater wings of sphenoid bone. SW2 of
Panare not described here since the pattern that eaedn irFigure 57 is mostly due to the
outlier showing the minimum SW2 score.

We use a net partial predictior in order to invgatie the covariation between the
single variables of palate positiolx{ anterior - posteriorAy: superior - inferior) and
orientation @), i.e. predictAx, Ay, and6 separately from basicranial and orbital shapsb(e
18).
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Table 19 correlation for predicting palatal positiofix; Ay) and orientationf() with
basicranial/orbital shape

Variables cranial base cranial base & orbits orbits
Pan
0 0.48 0.74 0.7
AX 0.45 0.75 0.7
Ay 0.53 0.67 0.59
Pongo
0 0.43 0.71 0.64
AX 0.58 0.77 0.68
Ay 0.58 0.72 0.56
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4.6. Facial orientation and mandibular shape: integnaticche hominoid cranium

Figure 60 and Figure 61 present the results of the PC analysis of theecedtProcrustes
shape coordinates (relative warps). In both spe@iker the maxillary PC1 or PC2 are
representing shape changes related to facial atienf though the variation is more
pronounced ifPonga Mandibular PC1 or PC2 are related to shape clsangie orientation

of the ramus and mandibular length.
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Figure 60 Shape space PCA. (A) Maxilla. (B) Mandible. Fezsalred), males (blue), and individuals
of unnown sex (green). Surface morphs along PCIP&#i
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Figure 61 Shape space PCA. (A) Maxilla. (B) Mandible. Fegsalred), males (blue), and individuals
of unnown sex (green). Surface morphs along PCIPP&#i

15¢



Concerning patterns of covariation, Hongo a downward deflection of the premaxilla is
correlated (r > 0.71) with an increase of the amgleveen mandibular corpus and ramus, and
a relatively higher symphysigigure 63). On the contrary, a dorsal flexion of the midface
covaries with a more vertical ramus orientation do@er symphysis. InHylobates a
downwardly deflected premaxilla also covaries watttbackwardly inclined ramus, a higher
symphysis, but also a rounded inferior border ef dnterior corpusHgure 62). Correcting

for sex and size, we find that SW1 and SW2 scooerdl correlate (r < 0.3) with Centroid

b b

Singular Warp 1

Singular Warp 2

Size in both species.

S5W1 scores: mandible

T L s
SW1 scares: maxilla

S5W1 scores: mandible

SW2 scares: makxilla

Figure 62 Hylobates. SW scores of the two coordinate blgaktted against each other (left). SW1
(top) and SW2 (bottom). Visualizing the shape disiemns associated with the plotted scores

The first singular warp (18.02%) contrasts a lesdined and a steeper inclined premaxilla
associated with a smaller and wider mandibular eanespectively. SW1 scores are highly
correlated (r = 0.79). The second singular warp1d%) contrasts a less deflected with a
steeper upwardly rotated premaxilla associated witbwer and a higher coronoid process

respectively. SW2 scores are highly correlated@r82).
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SW1 scores: mandible

004 002 o

SW1 scores: maxilla

SW2 scores: mandible

000 0 004

SW2 scores: maxilla

Singular Warp 2

Figure 63 Pongo. SW scores of the two coordinate blockitgd against each other (left). SW1 (top)
and SW2 (bottom). Visualizing the shape dimensassociated with the plotted scores ()

The first singular warp (21.30%) contrasts a ddysdeflected with a ventrally rotated
maxilla associated with an orthogonal and obtusealsangle respectively. Correlation of
SW1 scores r = 0.71. The second singular warp 924)3ontrasts an elongated maxilla with

a shorter middle face associated with a lower agden ramus respectively. SW2 scores are

highly correlated (r = 0.83).
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CHAPTER 5: DISCUSSION
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5. DISCUSSION

5.1.Virtual reconstructions

Some forms need to be reconstructed before anglyand visualizing the gross morphology.
Using a virtual approach instead of reconstructing real specimen has a number of
advantages, foremost the introduction of guidelihes make the reconstruction reproducible.
Any reconstruction can be regarded as solving giggw puzzle including a variety of

decisions, and thereby potentially introducing easi failures and subjective influences.
Every reconstruction will only be an approximatiohthe original state, showing a level of
uncertainty that is influenced by its preservatgiatus and the amount of missing data
(Weber and Bookstein, 2011). The following sectiam$ discuss the outcome of the various

reconstruction scenarios that were part of my ghesi

5.1.1.Reconstruction of fossils

Applying the toolkit of Virtual Anthropology and @eetric Morphometric several part of the
Australopithecus afarensispecimen A.L. 444-2 and the endocast of Cioclownere
reconstructed. The following sections use methbds are part of the standard procedure
during virtual reconstruction, others were devetbpe solve problems that come along with
large missing areas.

One important advantage in using virtual methadeeassemble fossil fragments and
estimate missing data is that the precious origepacimen is not jeopardized by physical
attempts to glue together parts or to substitutesimg parts with plaster (Weber and
Bookstein, 2011). If original fossil fragments aeeady glued together, as it is the case for
the A.L. 444-2 posterior calvaria, a virtual apprioallows the separation of the single parts
without harming the fossilized bone. Furthermorgtual representations of fossil remains
can be inspected by employing visualization toids €olor gradientsHigure 2). Such color-
coding can provide additional information aboutgeration and morphology by visually
identifying localized distortions, e.g., breaks ahehts (Gunz et al., 2009b). It also helps
during the identification of superficial anatomicgtfuctures like temporal lines, crests, or
sulci. Another visualization tool that is helpfulirthg the visualization of volume data is

volume texturing (sed-igure 4). While the visualization of surfaces can disguisernal



structures, using volume texturing it is possilolegveal differences in bone density which is

of help during the identification of cracks or sst

5.1.1.1.Mirror-imaging: the frontal bone of A.L. 444-2

In primates, the frontal bone consists of two patte squama frontalis, corresponding to the
region of the forehead, and an orbital portion,clihzontributes to the formation of the roofs
of the orbital and nasal cavities. The internaffaee of the squama frontalis of the frontal
bone is concave and shows a vertical groove, thi#talasulcus, in the midline. The edges
unite inferiorly and form a ridge, the frontal dre$he sagittal sulcus lodges the superior
sagittal sinus, while its margins and the cresvipi® attachments to the falx cerebri.

Morphological information represented by ttrista frontalisand bregma were used
to estimate a best-fit midline. Using this planee tetter preserved left frontal side was
mirrored in order to restore bilateral symmetry.igpso, the anterosuperior fragment of the
right parietal is omitted. Since this fragment Vilastened and plastically deformed and much
of its endocranial surface is destroyed, this igarded as acceptable and negligible for
potential subsequent steps. By restoring bilatssahmetry | corrected for the plastic
deformation that has affected the right side ofghecimen through superomedial rotation of
the supraorbital region and adjacent temporal sarfahe frontal squama that was elevated
on the right side is now in one plane with the rigbrtion of the frontal.

Though this rather straightforward reconstructien a good example for the
advantages of virtual reconstruction methods,sib @lemonstrates the limits that are given for
any reconstruction. Since the glabellar region igniBcantly damaged, morphological
information about the supraglabellar region in #p&cimen remains inaccesible. Moreover,
the cortical bone has been abraided from most esfaboth internally and externally,
reducing thickness by 0.5-1.0 mm (Kimbel et alQ4£0 Estimating bone thickness without a
precise knowledge of intraspecific variation withustralopithecus afarensieenders any

effort foredoomed.
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5.1.1.2 Reflected relabelling: the posterior calvarium ofAd444-2

The posterior calvarium in A.L. 444-2 comprises tezipital squama and both temporal
bones. Most of the squamous part and the right lpéesalis are preserved in the occipital
bone and a short segment of the foramen magnuminrjagy anterior to opisthion is present
bilaterally. While opisthion itself is missing, aldo6.0 mm on the left and 10.5 mm on the
right foramen magnum margin are present (Kimbelalet 2004). Both temporals were
originally glued to the occipital at the height thie occipitomastoid suture. According to
Kimbel et al. (2004) both temporals articulate witie occipital. Because a thorough
inspection of the volume data revealed no artiffiehaft in the areas where the fragments were
glued together no attempt was undertaken in thenstouction to separate the temporals from
the occipital. The two halves of the occipital argginally broken along a sagittally oriented
fault that approximates the midline. Both parts eveompressed toward the midline during
taphonomy, resulting in an overlapping of the nlighlane. Kimbel et al. (2004) separated
and reattached the occipital fragments along treslbin their “proper position”, which still
left a vertical offset of 2 to 3 mm in the nuchdhme in their reconstruction. When
superimposing the both halves by mirror imagingha left occipital fragment it becomes
obvious that the right occipital fragment is el@chtompared to its counterpart. Even if part
of this deviation is an artefact of the GPA (beeatlsre is no medial landmark that could
restrict the superimposition medially) one hasaketa pronounced deformation of the nuchal
plane into account.

To correct the vertical offset in the nuchal plabgateral symmetry was restored by
reflected relabelling. Several steps included thgitidation of landmarks, reflected
relabelling, computation of the best-fit midsag n@a and mirror imaging to produce a
symmetrized posterior calvaria. Comparing the maximbizygomatic breadth of the
symmetrized posterior calvaria (167.15mm) with ttadue that is given by Kimbel et al.
(2004; p.65) for their reconstruction (167.00mnb)isi remarkable that the values are very
similar. InFigure 25bthe symmetrized posterior calvaria and the recaostm from Kimbel
et al. (2004) are superimposed according to tha hglf. In the symmetrized reconstruction
the petrous portions of the temporal bone are miedgvally closer than in the original
reconstruction which would theoretically lead tdecreased maximum bizygomatic breadth.
There are several explanations for the more or igsstical values in the two different
reconstructions: (1) the deviation of the estimatedplane from a “perfect” midplane in the

virtual reconstruction is high, thus creating atifiarally narrow or broad (depending on the
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direction of the deviation) anterior aspect of posterior calvaria at the zygomatic root in the
temporal. (2) Both zygomatic processes are brokethar roots, and the left zygomatic
process is plastically deformed. If Kimbel at &00Q4) joined the left zygomatic process in a
way that the root is artificially placed mediallg, similar maximum bizygomatic breadth
compared to the symmetrized reconstruction cowddite

The main assumption of this procedure involvestdi&d symmetry, thus the resulting
form is symmetrized whereas the original craniumvghdirectional asymmetry in the nuchal
crest. Omitting this information could be a majooldem when investigating head posture
and locomotion, but would not affect an inspectaingross morphology when joining the
single fragments to an overall craniofacial recargtton. This example contrasts the dilemma
in virtual reconstruction — on the one hand incoaping as much information as possible
from the specimen to be reconstructed and on ther dtand restoring its morphology and
thereby potentially omitting important individuaharacteristics. However, the advantage of
this approach is that it can be applied in casesreviraditional approaches would fail due to
the complex reconstruction protocol. On the othandcheach of these steps involves an
uncertainty of estimation itself and the sum ofsthincertainty can lead to an error
propagation concerning the whole reconstructiorsofution to this approach is producing
several reconstructions, each one basing on diffexesumptions and approaches. While this
may be possible for some incomplete specimen, tbégepvation of other cases may prevent

the realization of this premise.

5.1.1.3.0bject manipulation in three dimensions: the maledib A.L. 444-2

Working in a virtual environment has more advansat@n just protecting the original fossil
remains. Using the traditional approach, the reitaoson is exposed to gravity. This affects
the process of reassembling the fragments butthésadrying in case clue or plaster is used.
Hence, the position of the placed fragments camgdaduring reconstruction. Another
disadvantage is that is more or less impossiblketep the minutes, including the precise
measure of object translation and rotation.

The mandibular corpus of A.L. 444-2 is broken glanline running from the left
second incisor/canine interdental septum diagortallthe base below the right canine. To
restore the fragments”™ integrity, several stepsnahual alignment were carried out. The
reconstruction protocol comprises the alignmerthefsecond and third molar, the rotation of

the outer ramal part, using a reference tooth rotiire using A.L. 400-1, manual alignment
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of the labial flake, and reestablishment of theticwity of the mylohyoid line. Even though
each step is based on certain assumptions (camtioiucurvature and muscle attachments or
occlusion), several uncertainties are introducdukréfore the reconstructed semi-mandible is
only one of several possible solutions. Howeveg,ghblished reconstruction protocol of this
specimen reads as follows: “The gap between theéepos two fragments of the right
mandible corpus was eliminated on a cast by datgcthe displaced posterior piece and
properly realigning it with the more anterior segralong the fracture line. This eliminated
the artificial gap between the M1 and M2 positiofisimbel et al., 2004; page 19). While the
virtual reconstruction introduced here is still faiom being perfect, it exceeds former
attempts in formalizing a reconstruction protodwttcan be verified or falsified by other
scientists. This is of major interest when the rnstauction is employed in subsequent

analysis, e.g. for the investigation of facial leigr prognathism.

5.1.1.4.Beyond mirror imaging: the maxilla of A.L. 444-2

The maxilla was recovered in three primary pietles:entire right half, the left half anterior
to the M2 position, and the alveolar bone and paftshe maxillary sinus walls. It is
characterized by plastic deformation and a majaclcrthat runs anterior-posteriorly.
Although the left portion is more complete, it &s$ well preserved than the right. The palatal
roof shows an elevation of the two sides of theagahlroof along an artificial step in the
midline. Section 4.1.1.4 provides the reconstructprotocol that included several steps
including mirror-imaging using the midplane of arqaete reference specimen (A.L. 200-1)
and geometric reconstruction. The reconstructiothis case required a combination of the
introduced methods: object manipulation (placenoérthe molar), anatomical reconstruction
using the midplane of a complete reference specimet geometric reconstruction for the
estimation of missing data. Because of the comiginatf these factors, the uncertainty in any
reconstruction will be high, even though only oeeanstruction is presented in this thesis.
This combination will lead to an error propagatiover the whole reconstruction, but the
effects of the propagation of uncertainty is haidlyestigated and a potential source of future

work.
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5.1.1.5.Geometric reconstruction: the endocranial cavitZimiclovina

Using tools of Virtual Anthropology, it is possillie access information that would otherwise
remain inaccessible without destroying the specenamer consideration. The visualization
of internal structures using volume data becamenocomuse in medical imaging and offers
an invaluable tool in the investigation of fosghrains. One example for the application of
modern visualization methods in anthroplogy is $skgmentation of virtual endocasts. They
can provide evidence on size and shape charaasyridilood supply trajectories and
neurological features of the brain, allowing congpi&e analyses crucial to our understanding
of human brain evolution. Neubauer et al. (200&pnstructed the endocranium of MLD
37/38, an incomplete but well-preservédistralopithecus africanugranium. Using the
segmentation methods and geometric reconstructienauthors were able to estimate the
total endocranial volume of this specimen and diesdrendocranial morphological details
that were physically inaccessible before.

Using a referenced based geometric reconstrudti@eonstructed the endocast of the
Cioclovina Upper Paleolithic calvarium, one of tharliest reliably dated European modern
human fossils. The missing area incorporates laayts of the cranial base, preventing a
reliable estimation of endocranial volume. Thereation of the total endocranial volume for
the Cioclovina endocast was based on a virtualngoaction using a modern human cranium
as reference, yielding a total volume of Cioclovaiaapproximately 1498.53 cc. This is only
one of several examples that illustrates the adggnof working with digital representations
in the form of volume data. Another example is ttodume rendering of the inner ear to
visualize, e.g. using high-resolution magnetic neswe data, clinically suspected inner ear

abnormalities in patients (Klingenbiel et al. 2002)

5.1.2.Beyond mirror imaging

During cranial reconstruction, mirror imaging expdanformation about bilateral symmetry
of the skull. In this study we compared cranialorestructions for cases in which the
midsagittal plane was partly preserved (thus mimgprcould be directly applied, Kl-1), to
cases where midsagittal planes were not availaimdehad to be estimated from a reference
sample (KI-2).

The second simulation showed a larger variabilignt the first one. However, it is
worth noting that the grand mean shape of the eater sample produces results that are very
similar to the original individual for both simuiahs, with an average error less than 3mm
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(Table 3, 5). Furthermore, we found no differenisesveen reconstructions using the male or
the female mean. Therefore, we conclude that thedymean can be regarded as a good
resource for reconstructions in cases where mimaging can not be applied immediately.

As in every reconstruction process, we have to @ctteat we can never achieve a
truly accurate craniofacial reconstruction. Anyaestruction is an approximation towards the
original because missing data has to be estimatieg) @assumptions and information derived
from other individuals or samples. One such assmph the process, symmetry, neglects
information about asymmetry in the individual. Qtlsenall-scale characteristics of the facial
skeleton, for example the form of the nasal botleat for example could influence the
biomechanics of the model or help in the identif@a of the remains of a victim, are omitted
as well. On the other hand, this approach provalesproducible method to reconstruct the
entire cranium when the midsagittal plane is mgsanmajor advantage that was not existing
using traditional manual approaches. As showrigures 37 and41, the overall deviation
from the original specimen to the reconstructed ionthe middle and upper face is rather
moderate. The highest deviation always appeardatieatapex of the cranium (thus in the
region farthest from the preserved parts in theegrents). In forensic cases this might be of
less importance (the individual hair style in aomstruction will mask this region in many
cases) but has to be considered in other applicatio

Human craniofacial shape ranges from dolicocep{lahg, narrow head form) with a
leptoprosopic (long, narrow, protrusive) face tadbrycephaly (wide, short globular head
forms) with a euryprosopic (broad, flat, less pusive facial form) face (Bastir and Rosas,
2005). The results confirm Enlow's (1990) hypotbetiat males tend to represent the
dolicocephalic head form, where females exhibit @embrachycephalic cranial form. We
investigated patterns of normal phenotypic varighih the sample in order to evaluate which
reference individuals produce reconstructions trat geometrically closest to the original
individual. Visualizing form changes within the gnal sample as well as in both
reconstruction samples, we can see that templdiehwesemble the knockout individual in
general viscerocranial form (either long and narmovioroad and flat) yield better results than
reference individuals that are of the opposite hfgach. But, since there is a continuous
phenotypic transition between the extremes, orggraeral conclusion can be drawn from the
results. Analyzing covariation patterns betweenroenanial and facial shape or between
single craniofacial characters could help to deteemwhich cranial features accompany
others (Bastir and Rosas, 2005; Mitteroecker anokBigin, 2008a).
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A shortcoming of this approach is that there isdedinitive a-priori choice of the
template to be used. Individuals that have the stviRrocrustes distance when comparing
only a small part of the face (the part that isspreed in the knock-out individual) are finally
not closest to the original individual after theaastruction.

| apply Procrustes mean shapes of females and hwaldbe one hand to take sexual
differences into account and on the other handrtmmvent population biases. Differences
between male and female skulls become discernibleulberty when male skulls develop
features that reflect sites of increased muscéehthent, whereas female skulls tend to retain
more gracile features, though inter-population eidhces make general descriptions
complicated (Acsadi and Nemeskeri, 1970; Ferenledchl., 1980; Buikstra and Ubelaker,
1994). Therefore, the outcome of every reconstacwill be influenced by the sex of the
chosen template. We showed that using a templatastof the same sex as the individual to
be reconstructed does not provide better resudis title grand mean shape in the sample. This
may be due to the fact that the sample comprisésgiduals of various origins. Since patterns
of sexual dimorphism vary between human populafiposling the specimens of the same
sex in the sample may have deleted populationiadfn During the reconstruction process it
is therefore preferable to employ a reference sampthe same origin and sex. Nevertheless,
in cases where the sex cannot be determined, amel gnean shape is a good starting point for
reconstruction. In general, the more informatioowtihe individual is available, the higher is
the probability for an accurate reconstruction, rewbough it will represent only an
approximation of the actual cranial anatomy. A getsia morphometric approach for the
classification of crania for forensic scientistghe program 3D — ID (Slice and Ross, 2009).
It aims to aid in the assessment of the sex arafioestral affiliation of unknown cranial
remains and could be a helpful first step in th@nstruction process, since it also accounts
for missing data.

| investigated facial asymmetry because it is Wwathwn that neither skulls nor faces
are perfectly symmetric (Klingenberg et al., 2002illmore et al., 2005; Schaefer et al.,
2006). However, we found no correlation betweenmasgtry and accuracy of the
reconstruction: asymmetric crania provide RMS aghhbr low as more symmetric
individuals. Nevertheless, some further considenati are required. First, no mirroring
approach can perfectly reconstruct the originahicra since asymmetry will be omitted.
Secondly, a technical problem arises using a mittahglane defined by a limited number of
midsagittal points. The resulting reconstructiorl e directly affected by the deviation of

this plane to a hypothetical perfect midsagittaingl. This will consequently produce an
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artificially narrow or broad face, depending on thmension of the deviation. The resulting
mirror image for KI-1 stresses this conclusion. fdirimaging the right side using the
midsagittal plane of only inferiorly situated landrks does not yield satisfactory results
(RMS of about 2.52mm for MD-MIRROR; Table 3). Evénmore superiorly situated
landmarks can be incorporated in the computationthef midsagittal plane, intrinsic
asymmetry cannot be overcome. The midsagittal painan asymmetric individual will
always be shifted around the x- and/or y-axis. Bhigrtcoming becomes even more obvious
for the second simulation. The error of mirrorisgnagnified by superimposing individuals
only according to the anatomical landmarks thataaaglable in KI-2. The asymmetry of the
reference individual is added to the asymmetry bPKwhich can result in reconstructions
that are artificially narrow or broad. In spite all these limitations, some combinations
yielded results that are comparable to the outcooieained using the individuals’ own
mirroring plane. But since asymmetry is not theydialctor influencing the outcome of the
reconstruction since also the form of the refergolegs an important role, individuals that
show a comparable low level of asymmetry than ttaen@d) mean do not necessarily produce
reconstructions of high accuracy. Generally, thecRistes mean shape is less asymmetric
than any individual in the sample and thereforaramgtry as a source of error is reduced,
allowing for similar results in both simulations.

Uncertainties in the reconstruction due to the resfees” asymmetry could be
decreased by including an existing mandible in® riconstruction process. The bicondylar
breadth of the jaw could be employed as a guid® &®w far apart the temporomandibular
joints should be positioned relative to each otAdéso the orientation of the mirrored model
could be verified in this way, overcoming even pheblems that are imposed by a midsagittal
mirror plane that is affected by asymmetry. Funtih@re, even the midsagittal plane of the
mandible itself could be used to correct for dewiz of the cranial midsagittal plane, as far
as it is possible to align the mandible with thantal remainsi.e. by centric occlusion of the
upper and lower dentition. The interactions betwagymmetry of the reference used during
the reconstruction and the resulting asymmetryjhefreconstruction needs to be approached
in future studies.

Most hominin cranial fossils are incomplete, wheregny conventional analyses of
gross morphology require that specimens be complgee introduce a new combination of
tools from Virtual Anthropology and geometric mogphetric methods (GMM) for the
reconstruction of severely damaged crania in whieh midsagittal cranial plane was no

longer available. In such cases, a three-dimenkim@nstruction applying a traditional
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manual approach would be almost impossible to applen if the variability of these
reconstructions is larger compared with those abthiusing the original midsagittal plane,
we have shown that the Procrustes mean shape lofsboulations provide similar results in
terms of accuracy. Using the Procrustes mean sbapee reference sample is therefore a
good resource for the entire reconstruction of ¢henium, circumventing negative effects
introduced by the asymmetry of a single referempeeisnen. Finally, we emphasize that the
methods introduced here for cranial reconstructtonld find potential applications the

reconstruction of any bilateral

5.1.3.Virtual reconstruction in surgery

Function and aesthetic restoration are the basisgaf cranio-maxillofacial reconstruction
(Schmelzeisen et al., 2004; Kokemueller et al.,8208s mentioned by some researches that
deal with attractiveness (Komori et al., 2009b, 280and in regard to the general idea
followed by the surgeons, the restoration of a swytnim shape could improve the outward
appearance and hence provide a remarkable comnbtd the quality of life. It is also
obvious that functional restoration does not depamdhis assumption, because it is possible
to restore functionality without following strictysimetric intentions. Aesthetic, to the
contrary, is to some point associated to symmdtrgm aware that human craniofacial
anatomy is characterized by a certain degree ahamtry (both skeletal and soft tissue).
More precisely, there is a high degree of intemvmial variation. This concept is
fundamental for reconstruction purposes.

In general, | have verified that the mirroring ta®inot always the correct solution for
zygomatic bone reconstruction, and more preciseoouts are provided either by a
registration of the mirrored unaffected hemifacetlom affected hemiface or by TPS warping
of the mirrored cranium on the original one. Thigraot one solution for bone reconstruction,
so that the more reliable outcome depends on theifgpcase under study. In fact, as shown
above, individual H15Kigure 44) is a typical example in which the midsagittalr@acan be
fairly well determined and the unaffected hemifaoeld be directly used as a reference for
replacing the defect of the affected side. Howesasrshown irFigure 45c,d a preliminary
alignment between the two models is suggested desotating the replacement segment in
order to deal with potential errors produced dummgoring the model due to the imperfect
position of the midsagittal plane.

In the second example (individual H14), the degoéeasymmetry was larger, and the
mirroring tool failed to provide a reliable solutidor reconstruction. This was evident during
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the definition of the midsagittal plane due to tteviation of the 8 anatomical “midsagittal”
landmarks from the best fitting plane, and was icordd in the surface deviation analysis.
Even if the effects of an incorrect mirroring prdaee could be reduced by carrying out an
alignment between the two models, the result it wtisatisfactory. Accordingly, restoring
symmetry is not a suitable solution because noy ohé virtual osteotomized part was
asymmetric, but also the surrounding regions dyggaa fair amount of asymmetry.
Restoring, or better, creating symmetry would regpiia more virtual invasive surgery that
must also remove these surrounding regions.

In order to restore function and deal with aesthappearance on the one hand, but
also limiting the surgery to the defected areasheut involving the unaffected bones, a
reliable alternative could be the thin plate sp(ihBS) warping. In all the virtual simulations,
the models reconstructed by TPS functions displayedll mean deviation and reduced SD
with respect to the original osteotomized model ancadequate continuity with the original
surrounding boneF{gure 45e,).

The approach based on TPS interpolation functiors ior example used in
paleoanthropology for fossil reconstruction (Guhale 2005b), in forensic anthropology for
the reconstruction of a fragmented skull (Benatzil.g 2009b) and was recently employed in
physical anthropology for the virtual reconstruntiof missing condyles (Benazzi et al.,
2009a). Unlike the mirroring procedure, TPS intémpion functions warp the reference shape
to the target shape based on a set of correspondimgmarks/semilandmarks. Since
symmetry between the two hemifaces is not relevim, reconstructed model will be
somewhat asymmetric compared to the referenceaffaeint of asymmetry depends both on
morphometric features of the target shape, andhensize of the area that has to be
reconstructed. Whereas the former is obvious (tbeemasymmetric is the target shape, the
more asymmetric the reconstruction will be), theelapoint requires a further explanation. As
mentioned above, TPS interpolation function wasduse establish geometric homology
between two sets of semilandmarks (reference agdt)an order to estimate the position of
the missing landmarks. The TPS functions bendspiiee near existing landmarks, and the
estimation of the missing data is best in the prayi of the preserved part, in which
landmarks are supposed to be placed. Consequerttgasing the size of the osteotomy will
reduce the probability to find anatomical landmaukeful to bend the spline in the vicinity of
the missing data, then the TPS grid is almost &q(@unz et al., 2005b). In other words, the
further the location of the estimated landmarksnfrthe preserved surface, the closer they

resemble the reference shape.



In the virtual reconstruction of the zygomatic segwm) the area surrounding the
osteotomy was marked by several landmarks ontohwtie TPS function bend the spline,
allowing a fair prediction of the missing data. Aotdingly, regarding the amount of surface
deviation between the reconstruction and the aasigiygomatic boneTable 13, by TPS
interpolation functions the continuity between mestouction and original bone near the
resected area is correctly restored. Based onrtfuamation, if the osteotomy had involved
wider portion of one hemiface so that less landmavkre preserved, the reconstruction using
TPS function would have resembled the referencpesh@bviously, the approach based on
TPS warping is more time consuming compared to rthigor-registered one, and the
usefulness of the method requires a careful evaluaf the specific problem.

Finally, it is also worthwhile to emphasize tha¢ tmethod could be also useful if the
defect is not limited to one hemiface, but involve®mre or less extensively both the
hemifaces. As shown in Benazzi et al. (2009), aereal reference shape, morphometrically
similar to the face that has to be reconstructad,lie warped to the target shape. In order to
deal with this scenario, a “virtual skull databag®”selecting the best reference shape should
be available. It is evident that the same limitasianentioned above still persist: the fewer
landmarks are used to bend the spline near thengidata, the more the reconstruction will
be similar to the reference shape.

By means of CAPP for surgical simulation, surgetiase the possibility to test
different reconstruction approaches in a 3D virgpdce that allows a precise visualization of
the simulated outcome. The mirroring procedurenie of the possible alternatives useful in
reconstruction, may not always be the optimum swhiti.e. when the hemifaces are
considerably asymmetric. In this pilot study, eittiee mirror-registered approach or the thin
plate spline (TPS) technique achieved better r@soliercoming the primary limits of the
mirroring approach.

Up to now the TPS technique was used for reconstruan anthropology and
paleoanthropology, where the limits of the mirrgrimpproach are well known. Therefore, it
is important to emphasize that TPS has the potetatibecome a valuable tool in cranio-

maxillofacial surgery, providing improvement in thecuracy of bone reconstruction.

5.1.4.The choice of the reference

In this study | investigated in detail how the awobf the reference sample in thinplate spline

based reconstructions influences the uncertaintyteinrms of reconstruction accuracy.
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Although previous work has touched this topic (Genzal., 2009b; Neeser et al., 2009), a
comprehensive description of effects resulting friiva choice of reference, particularly if
drawn from different species, was not yet availaBldditionally, | introduced a potential way
to guide the choice of the reference sample irrspecies reconstructions in terms of bending
energy.

In contrast to Gunz et al. (2009), | focused on TRASed reconstructions that involve
large cranial areas (~50% of the face and 30% ef nburocranium) instead of rather
restricted anatomical regions such as the glabetkza. | described the resulting deviations in
intraspecies (forHomo sapiensPan troglodytesPongo pygmaedsand interspecies (foH.
sapiens H. heidelbergensjsP. troglodytes P. pygmaeusandA. africanu$ reconstructions
from each one specimen of five different speci¢lerathan focusing on a single specimen.
This allowed the assessment of the arising unceytavhen employing the same species
during reconstruction for the extant species, all agthe consequences of the choice of
reference during interspecies reconstructions lf@pecies. Compared to Neeser et al. (2009)
missing data in the knock-out regions was represebly numerous landmarks and semi-
landmarks rather than a single landmark. The immtusf semilandmarks allowed the
consideration of whole surface patches that wothéraise have remained unattended. | also
avoided an arbitrary definition of missing areasdwydomly knocking out landmarks because
data in case of fragmented fossils might not besimgsat random. For instance, delicate and
thinner bones break more easily. From the pletlobraotential cases where specific cranial
areas are missing, | have chosen one concrete iirmditireal scenario that includes both
facial and neurocranial parts, i.e. the knockoehscio analogous to A.L. 444-2.

Not unexpectedly, using reference specimens oflainshape produced the highest
accuracy, both for facial and neurocranial recartsiions. Surprisingly though, we observed
that a reference sample of similar form does noessarily yield the highest accuracy, e.g.
reconstructing the alveolar processRiingo usingHomo as reference sample yields better
results than employing?an However, missing data estimation in certain regidhat
represent derived characters of the species cdrentgconstructed reliably, e.g. the glabellar
region in Petralona and Sts5. In contrast to Neesed. (2009) we found that TPS based
reconstructions are quite well-suited to estimatssing data in large defects, both within
species (e.gPongqg and between specieBgn andPongq, for example in the parietal area
where a maximum average RMS of less than 2mm cadurr

In the knockout configuration applied here, theul#sg posterior variance in

neurocranial reconstructions is lower than in theef The better performance in neurocranial
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(interspecies) reconstruction is due to the faeit titne thin-plate spline is based on the
smoothness properties of the area surroundingetiienr to reconstruct (cf. Gunz et al. 2009).
The thin-plate spline is usually explained as adsthing” or "interpolation” function. Indeed
it minimizes overall bending of the map in the slag all maps consistent with the given
landmarks (Bookstein, 1991b). But variation in tektive position of any two closely spaced
landmarks leads to large variations in the posstioh estimated semilandmarks (Bookstein
and Green, 1993). The effect can even be more di@rhge spline is used to predict areas
lying outside the convex hull of those landmarksdufor the interpolation, or to put it to the
extreme, if one tries to estimate landmarks onntl&illa when only occipital landmarks are
present. However one may find the case that evesidé" a system of the knockout area, the
spline will distort the estimated area (Bookstdifi91b; Bookstein and Green, 1993). In the
context of reconstruction, this effect will be praswhenever there is considerable variation
of curvature right at the edge of the simulatedotiout region”. This effect was most
obvious in the sphenoidal area owing to differeegrées of postorbital constriction among
species. The degree of constriction is comparabtevdenPan Pongq and perhaps also
Australopithecus africanysbut it is significantly reduced itHomo which leads to an
increased uncertainty of reconstruction in thisare

Reconstructing specimens of similar neurocraniapshe.g. betwedPan andPongq
showed the lowest uncertainties. Reconstructingispns of differing shape, e.g. the great
apes (oval) and humans (globular), the lowest were observed. Furthermore, the
homologous neurocranial area missingdmmohas a much larger area tharPian or Pongq
an obvious effect of the size increase and glosaton of the human cranium. Therefore
highest maximum average RMS could be found wHemo was reconstructed byan or
Pongao Because the endocranial capacity and neurocrsimégde of the great apes is similar to
Australopithecines, they are generally more queifas a reference for a target of similar
cranial shape such as StsPengoandPanare defined by cranial capacities less than 500 cc
Australopithecines have a capacity between 4285&0dcc, whileH. sapiends defined by a
capacity larger than 1100 cc (Strait et al., 199€|lo and Dean, 2002).

Splines in a missing region are bent accordindhéodriginal shape of the reference,
and according to the preserved morphology of tleeispen under reconstruction (see e.g., the
sphenoidal area). For example, the sagittal prail®etralona is not much different in size
but is quite differently shaped comparedHomo - it is much less globular, and thus the
reconstruction is worse usitfpmotemplates thafan or Ponga In the lateral missing area,

however, the accuracy takipmoas reference is higher, those fr@an andPongoworse.
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Another factor that is influencing neurocranialaestructions is degree of postorbital
constriction, which is influenced by the positidrtioe orbits relative to the neurocranium, the
expansion of the brain and the temporalis musdie.degree of postorbital constriction of the
cranium, defined by an index of minimum frontal dufeh (posterior to the supraorbital torus)
divided by maximum upper facial breadth (bi-frontdare temporal), is comparable between
Pan (0.70), Pongo (0.66) andAustralopithecus(0.66). However, inHomo an absolutely
reduced postorbital constriction with an index &is observed, due primarily to expansion
of the brain (see Cameron and Groves, 2004 for saany)ymThe degree of postorbital
constriction is correlated with the shape of theatgr wings of the sphenoid, being more
concave in species with a lower index. Since theatgr wings of sphenoid are completely
missing in this simulation, the estimated missirgadin this region will to a certain point
reflect the morphology of the reference. Reconsimgcthe great apes withlomqg a less
concave temporal surface will be implemented in rd@nstruction, together with a lesser
degree of postorbital constriction. Reconstructih@gmo with Pan or Pongq the degree of
postorbital constriction will be higher in the prmeéd reconstruction. Generally, estimating
missing data in the area of the alae majores pedgdretter when reconstructihfpmo with
the great apes than vice versa. Since semilandmarkse temporal face of the zygomatic are
acting as an anterior anchorage, the TPS is guidgt lateral dimension.

One cannot expect any reference specimen from entakon to deliver good results
in all regions. Interspecies reconstructions areoenpromise in response to a lack of
alternatives. As mentioned, reconstructions inala@gions generally perform worse than in
neurocranial regions. The facial topography withldcally dramatically changing curvature
(e.g. in the nasal region) is much more comple)S TiPthe face implements the morphology
of the missing area from the reference sample th® target. If the specimen to be
reconstructed and the reference specimens areasimilgross morphology with regard to
facial shape (i.e. prognathic vs. orthognathicg #verage maximum RMS for interspecies
reconstructions are similar to reconstructions withe species, as shown ®anandPonga
Why, then, does reconstruction of great apes samestiperform comparably well when
taking Homo as a reference, e.g., in the superior alveolar armtaorbital area? In these
experiments this is because both regions lie irdirext vicinity of preserved morphology. As
introduced inFigure 49, the estimation of missing data naturally perfotmeier at the edges
than towards the center of the missing area. Tfiecteof large reconstruction errors is
obvious in the interorbital and nasal knockout oegi which were characterized by a

complete lack of bone in their neighborhood. Thetidct features of the human nasal
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morphology add to the higher uncertainty, leadmgnaximum average RMS up to 8.20mm
(Homol reconstructed byan and 7.60mm (Homol reconstructed Bpngg. When
reconstructing the great apes with themo sample, maximum average RMS was twice as
high (19.98mm). In those cases a human-shaped mas#&l was introduced to the
reconstructions, which renders missing data esiman this region pointless. Furthermore,
the interorbital breadth, defined by an index oflamterorbital breadth divided by orbital
height, of the reference is implemented in the spews to reconstruct. The orbital cavities of
the chimpanzee are more widely separated by theodth bone than are those of the
orangutan (Aiello and Dean, 2002). A narrow intbi@l is observed ifPongowith a mean
index of 0.32,Pan exhibits an intermediate condition with a meanemaf 0.46, while
Australopithecus has a mean of 0.63 (Cameron amdeSy 2004)H. sapienshas a mean
index of 0.65, while Petralona has an extremehatroterorbital. Since this part of the facial
skeleton is completely missing in this scenarie, ittterorbital breadth of the reconstruction is
predetermined by the reference, introducing a mainterorbital breadth when takiriRpngo

as reference and more widely separated orbitatieawhenPan or Homois the reference.
Additionally, medial orbital shape will be deterrath by the reference. Orbital shape is
affected by numerous processes, including craraé tangulation (Shea, 1985, 1988), facial
height and breadth considerations (Rak, 1983),capdular requirements (Enlow and Hans,
1996). This feature is thus rather complex and idened to be of developmental, functional,
and phylogenetic interest (Cameron and Groves, 209&ongoorbits are higher than broad,
while circular-rhomboid shaped orbits are obsemveBan and all hominins preserving this
feature (see Tobias, 1991; Wood, 1991; M.G. Leadtewl., 2001). Since in the knockout
configuration the lateral orbital margin is avallgba guide for the TPS is provided. The
shape of the medial orbital margin, as well as imerorbital breadth is accordingly
determined by the configuration of the referenceleged. Finally the shape of the pyrifom
aperture between the three species is differentléNfongois characterized by an ovoid
outline, the piriform aperture irPan is rather rounded (Vogel, 1966). Consequently,
estimating the shape of the nasal aperturdangowith the sample oPan will introduce a
rounded aperture in the reconstruction.

This confirms results by Gunz et al. (2009) whitdted that “the posterior distribution
of the reconstructions reflects the shape diffeesraamong the reference crania that served as
the prior distribution used to impute the missiagad [p.56]. TPS reconstructions cannot be a
perfect solution, but for scientific problems ae thery largest spatial scales, their accuracy

might be sufficient, for instance, when reconsedcspecimens are incorporated in further
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ontogenetic or phylogenetic studies (Gunz et 8092; Gunz et al., 2009b; Gunz et al., 2010)
or for visualization purposes (Kranioti et al., 201As Figure 53 showed, the variation in
reconstructions might prove smaller than any hypithintraspecies variation of the fossil
specimens (if one assumes a similar range of vamia@s seen in the extant species). In the
morphometric subspace of the first three PCs, thesenstructions have only a small
posterior variance, i.e. the distribution of theamstructions is smaller than intraspecies
variation. But since this is the variance of theorgstruction for only a single specimen, one
would have to add an additional matrix that is gaitbit larger, the matrix corresponding to
(estimated) intraspecific covariance (as showfkigure 53 for Homg Pan andPongg. In
Figure 53 the variance due to choice of the reference spmtws is very small because the
distance function here, Procrustes distance, is@asitive to restricted local changes like the
introduction of a humanoid nasal roof in the re¢auddion of the great apes. But other kinds
of computation are based on other distance fungtihich could be distorted in reference to
the Procrustes distance. If those reconstructionsldvbe used further, for instance in
biomechanical analyses, it is possible that distitms of strain energy in the middle face
would differ, in spite of being limited to only anall neighborhood in shape space. This is the
main reason why the full posterior variance of thosconstructions has to accompany the
image of those reconstructions, e.g. when exporfied any further biomechanical
computations like finite element analyses. | alsggua that any use of a reconstruction later in
the data flow of any scientific project needs toalseompanied by the maximum of the RMS
differences, and also its geometrical represemtdas a vector perpendicular to the surface),
in order to convey the actual uncertainty of thedtietical form claimed to have been
reconstructed. Further analyses, e.g., modelingeraxgnts are needed to obtain deeper
insights about the effects of minor and major motpgical changes in skull shape on the
distribution of stress and strain (Weber et al1190

Another interesting case with regard to the conseges of the reference choice is the
reconstruction of the supraorbital regioRan troglodytesexhibits a strong, barlike
supraorbital torus separated from the frontal squaga transverse depression identified as
the sulcus supratoralis (Shea, 1988). Since thesetlgtal torus is very weakly developed in
orangutans, one would assume that a more or les®ynced torus is introduced when using
a chimpanzee as reference. However, the non-missenglandmarks that were situated
anteriormost in Panl are projected on the suprabmrlge of PongolHigure 47). Therefore
the spline in this area is locally bent downwardd ahe estimated missing landmark

configuration in the supraorbital region does rtmbdvg any sign of a sulcus supratoralis. In
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contrast, when usindg?ongo as reference for the reconstruction of Panl, #multing
reconstructions are missing a supraorbital torus afrontal squama, thus showing a much
higher deviation from the original specimens. Thesing landmarks in the interorbital area
maintain the same configuration as in the referete¢h concerning the shape and the
interlandmark distances. If also the superior partof the supraorbital region would be
missing, thus lacking a surface in the target tal@uhe TPS, a torus in the missing area
would be introduced as well, since the local landntanfiguration of the reference would be
maintained. Since Sts 5 is characterized by theraigsof this sulcus intervening between the
frontal squama and the forward-jutting supraorteiament (Schwartz and Tattersall, 2002a),
the highest accuracy is achieve in facial recootttn usingPongoas it lacks a supraorbital
torus as well. However, none of the references atds to reconstruct the bulging glabellar
area of Sts 5 accurately, since none of the refeiehas this trait. This also applies to the
thick supraorbital tori in Petralona; all the refiece species failed to reconstruct the
morphology adequately, theomo sample came closest. Another disadvantage, likewis
inherent to every reconstruction process, is thability to reconstruct individual
characteristics and (syn)apomorphies of the craniaf skeleton of the respective fossil in
interspecies reconstructions. In this example fohe of the nasal bones or the thickness of
the supraorbital tori, that characterizes the imllial specimens are omitted. Nevertheless, |
argue that the accuracy and precision of this amtraeproduces the gross morphology
adequately enough to include the reconstructedmgpes in analyses of onto- and phylogeny.
These findings confirm prior considerations thatrpmological characteristics of the
reference specimen(s) will be introduced into theonstructions (Zollikofer and Ponce de
Leon, 2005; Gunz et al., 2009b). But in which wayduld exemplify the degree to which
anatomical characteristics of the reference ar@rpurated into the reconstruction (see
Figure 52). Besides illustrating these relationships in argitative way, | could also show
that a higher reconstruction accuracy (in termPraicrustes distance from the original to the
reconstruction) is associated with smaller bendingrgy values. This leads to an approach
for choosing appropriate reference specimens fer gbecies used in the sample. In the
experiment described above, the bending energyPaadrustes distance show the highest
correlations within the extant species (r > 0.&)rrelations for the fossil reconstructions are
lower (r between 0.65 - 0.75). These results shioat for the reconstruction of a fossil
specimen it would of course be best to select spats from the same species. As this is not
possible in many cases due to the scarcity of nagtépropose, at least for the fossil species

that we incorporated in the sampkuégtralopithecus africanydHomo heidelbergensisto
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choose from another species that shows the lowesage bending energy vis-a-vis the target
(P. troglodytesas reference forA. africanus, H. sapiendor H. heidelbergens)s By
estimating missing data in fossil specimens thaehzeen virtually “damaged”, we showed
that the uncertainty of fossil reconstructions t@nms of the reconstruction accuracy) is in
certain regions comparable to intraspecies reaactgtn of extant specimens. This
information and the high correlation between retmiesion accuracy and bending energy
leads us to the recommendation to usePan sample for the reconstruction of
Australopithecines, except for the glabellar arglaold not be considered for interspecies
reconstruction). Continuative studies are neededxjaore if these recommendations also
hold for other species. The goal is to establidistaof potential references for interspecies
reconstruction. However, the disadvantage of theshod is that it can only be verified if
(almost) complete fossil specimens are availabésides selecting the reference cautiously it
is also important to incorporate as much morphafalgnformation from the specimen to be
reconstructed as possible (individual form constsaisee Weber and Bookstein, 2011). The
accuracy of estimation, especially when employingfarence sample from different species,
depends on the number of missing coordinates, #mmgtry of the missing part, its
variability in the reference population, and last bot least the point spacing and distribution
of the coordinates on the non-missing parts. Is tontext the crucial resource is the presence
of semilandmarks that cover the still existing ntmiogy appropriately. | argue, in
contradiction to Neeser et al. (2009) who stated tmorphological similarity appears to be
of less importance than large reference-samplesl . that morphological similarity in
terms of geometrical closeness is crucial for theiee of the reference sample, especially
when using TPS as a reconstruction method. Comsgléhe discussed constraints and
guidelines, interspecies reconstruction is ablestmnstruct the missing areas in some cases

with only a small error, as shown for Sts 5.

5.2.Facial orientation and integration in the hominaidnium

The following sections discuss the results obtaifnedh the analyses concerning patterns of

integration in the hominoid cranium and their paigdrelevance for virtual reconstructions.
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5.2.1.Facial orientation and basicranial shape: an agpreg rigid motions

The orientation of the facial skeleton, also ddmtias facial kyphosis, has been investigated
in a number of studies, starting with analyses wfsatted primate crania by German
anatomists (Hofer, 1952b; Kummer, 1952; Biegerg§7t9/ogel, 1966; Angst, 1967; Thenius,
1970). The aim of this study was to investigatep@ifierns of covariation between basicranial
and orbital shape and midfacial position and oagon. The findings confirm observations of
earlier authors that described the variation anerlap in midfacial orientation both within
PanandPongo(Angst, 1967; Leslie, 2010). Considering the Pretas fit on the basicranial
landmarks only Figure 55a), it is obvious that the orientation of the splamacranium
relative to the neurocranium is different betw&am (klinorhynch) andPongo (airorhynch).
This confirms oberservation from Shea (1985) wh@dtlyesized that the orangutan face
primarily differs from Pan in its position relative to the braincase. In cast to earlier
studies, this is the first to statistically quayptpgatterns of morphological association. This
new approach introduced here predicts the posémhorientation of the midface according
to the shape of the cranial base and upper faos, floviding essential information for the
interpretation of hypotheses concerning facial magon and integration. Finally, these
findings may also be of use in reconstructionsrafinented specimens. Because the results
provide estimations of uncertainty of palate orioh, i.e. the degree of freedom of its rigid
motion, they deliver valuable information in theseahese models are used in continuative
studies, e.g. in biomechanics.

| showed that in contrast ®an, variation in midfacial orientation iRongomay not
strictly follow the predictions proposed by theci@ block” (see below). This questions the
hypothesis that anthropoids are characterized tygsint angular invariance between the
back of the face and the top of the face, whichiss the bottom of the anterior cranial base.
In the last decade the cooperation of developmegeaktics on experimental animals and
morphometrics yielded deeper insights in the meshas of structural interactions in the
craniofacial complex (Lépez et al.,, 2008; Martimdzadias et al., 2011). The method
introduced in this chapter may be of help in thymtkesis by delivering a quantitative
approach to analyze covariation patterns in the faa cranial base.

Studies of midfacial orientation usually focus @pdgraphic relationships between
the splanchnocranium and neurocranium. Traditiom&thods for the anaylsis of the

orientation of the midface require the use of mfee planes for registration. A variety of

17¢



reference planes have been used to assess seli@nships among different components of
the skull. Most studies on the external cranium leyga the nasion-basion plane (e.g.,
Schultz, 1950, 1955; Vogel, 1966, 1968) while rgdaphic studies used the anterior cranial
base/planum sphenoideum (e.g. Biegert, 1957; Arig¥/), the cerebral surface of the
posterior cranial base/basioccipital clivus (eBiegert, 1957; Angst, 1967; Ross and Ravosa,
1993), the pharyngeal surface of the basioccigéal., Hofer, 1952; Biegert, 1957; Angst,
1967), the Frankfurt horizontal (e.g., Ashton, 19Biegert, 1957; Suwa, 1981), or the
vestibular horizontal (Delattre and Fenart, 19%@klie (2011) used multiple reference planes
to potentially strengthen the assessment of famiahntation by providing multiple lines of
support. But the use of multiple reference plangtemtially obscures signals when there is
variation in the orientation of the reference pkmelative to each other, e.g. between the
clivus and anterior cranial base.

Investigating 3D patterns of covariation betweesitranial and orbital shape and
midfacial position and orientation on the otherdhavercomes most of the above mentioned
problems in the study of integration pattern in tdraniofacial complex. Morphological
integration in a general sense refers to the cdimmscor relationships among morphological
elements. While functional integration describdsrnactions among components that affect an
organism’s performance, developmental integratmmth( genetic and epigenetic) describes
interactions of compartments during growth and tgaent. The combination of genetic
and epigenetic integration permits modules to fid avork together during ontogeny
(Lieberman, 2011). Since genes vary in populatigesgtic integration leads to evolutionary
integration, the coordinated evolution of morphatag traits (Cheverud, 1996). In analyses
pooling all the adult specimens of the two speacisst of the variation and covariation is due
to the mean species differences. Accordingly, thet fdimensions of PLS describes
evolutionary integration - how the face and then@kbase covary across the species means
(Mitteroecker and Bookstein, 2008a). Differencesnmégration amondPan and Pongocan
be identified in plots of the SW scores for midéd@rientation against those for the cranial
base (and orbits).Figure 56 shows these plots for the two different Procrustes
superimposition set-ups that were used. If devetopal and evolutionary integration were
identical, all specimens would lie close to a ginailine in the plots. According tBigure
56a basicranial shape versus midfacial orientati®an and Pongodo not share a common
pattern of integration. Moreover, the degree oégnation inPongois much lower compared
to Pan Including the orbits in the Procrustes fit, thatprn of integration is similar between

the species, the trajectories are parallel. In Isp#ties, individuals with an upwardly rotated
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palate show a decrease in relative orbit heightcdntrast, individuals with a downwardly
rotated palate have a relative orbit height thainigeased. However the results from the
pooled PLS have to be treated with caution. Siheesupraorbital morphology between the
two species is differing, the superimposition imtthg the orbits “rotates” the chimpanzee
maxillae dorsally since the supraorbital torusPisn projects anteriorly compared Rongo
(seeFigure 55g. This increases the variation in the superimpdsasicranial landmarks,
influencing the outcome of the analysis in the pdolsample. The difference in the
superimposition manifests itself in the palatal laagthat express the orientation of each
specimens’ palate in relation to the mean palaigleaof both species. Variation in the first
superimposition set-up (only basicranial landmaaies superimposed) is much higher than in
the superimposition that includes the cranial lzaskthe orbits.

Integration in the skull is manifested both depetentally and functionally. At a
simple, structural level, integration is eviderdnfr shared walls and spaces. Changes to the
form or function of any component of the skull walffect the form and function of others
(Lieberman, 2011). We investigate patterns of fimmat integration separately within each
species, because in the pooled sample intraspédifiezences may be blurred. However, one
has to be careful when interpreting differencesnitegration patterns between based on
separate PLS analyses. The results indicate a mtedertegration among the shape of the
cranial base and the relative position of the nadfiice inPan and Ponga But when
including the orbits, we found a tight morphologicdegration between basicranium, upper
face, and facial orientation that is evident in kingh correlations (0.8) between the singular
warp scores. A significant correlation of palatel ambit orientation across all primates was
already reported by Ravosa (1991): “... as the amespect of the palate becomes more
dorsally rotated relative to the cranial base (ayochy), there is a corresponding dorsal
rotation of the orbital aperture and axis”. We fdutmat both orbit orientatioand shape
covary with midfacial orientatiorfzigure 58 shows for both species that individuals with an
upward rotated palate show a decreased relativié loelght (round orbital aperture) and a
clockwise rotated superior orbital aperture. Intcast, klinorhynch individuals have a relative
orbit height that is increased (elliptical orbittlape) and an anticlockwise rotation of the
superior orbital aperture. This integrational paitteras not only found to be tight, but was
also shared between chimpanzees and orangutaskd@as in the pooled PLS). Differences
in orbit orientation were also observed for SWZ2wongq individuals with a more anteriorly
placed maxilla showing inclined orbits. SW2 represeallometric changes associated with

basicranial length and the anterior-posterior pasitof the midface inPonga Smaller
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individuals show an anteriorly-posteriorly shorténeranial base that is covarying with a
posterior translation of the midface. Males tenctlisster on the positive scale of singular
warp 2, showing a longer cranial base and a mayxikntroid that is anteriorly placed.
Lieberman (2008) already showed that relativelygdarfaces are associated with more
extended cranial bases. But concerning midfaciantation, we only found a moderate
correlation between palate orientation and faciehttid Size (p<0.5) in both species
(allometric model; Ravosa, 1991).

This analysis investigates spatial and structusdhtionships between orbit and
midfacial orientation and is thus able to yieldoimhation concerning hypotheses about a
(indirect) influence on palate orientation throubk integration of palate and orbits (Ravosa,
1988; Ravosa & Shea, 1994). But | did not investighe integration of the palate within the
maxilla which, as hypothesized by several authoegart of an integrated unit denoted as the
“facial block” (Weidenreich, 1941; Delattre and ke 1956; Moss and Young, 1960;
Biegert, 1963; McCarthy and Lieberman, 2001). Lils®nt is unknown and untested whether
many of the craniofacial differences between theicAh and Asian great apes, including
torus morphology, frontal sinus development andahdl®or topography are structurally
correlated with variation in facial orientation ass the taxa as many authors claimed (Shea,
1985; Brown and Ward, 1988; Shea, 1988). Furthesmdiegert (1957) suggested a number
of functional correlates of facial orientation (j.edietary specializations and enlarged
laryngeal sacs). For orangutans Biegert (1963) chdtee extreme development of the
laryngeal sacs and hypothesized that this divergjant topography oPongq compared with
Pan andGorilla, is determined almost completely by this evolutignspecialization of the
laryngeal sacs.

Variation in primate facial orientation also hasiheroposed to be correlated with
variation in the angulation of the cranial baseefrt, 1963; Enlow and Azuma, 1975;
Sirianni and Swindler, 1979; Enlow, 1990; Ross &aVosa, 1993). Singular warps 1 for
Pongodo not show any basicranial shape change that dmilattributed to a change in the
relative orientation of the pre- and post-sellagnsents relative to one another. Interestingly
however, the inflation of the sphenoid body coutdeptially fake a correlation between the
angular relationship of the clivus and the planyshenoideum and midfacial orientation
when applying traditional morphometric methods gangles (Ross and Ravosa, 1993).

Several comparative investigations were testingg@agons among various factors
including relative brain size, cranial base flexignpraorbital structures, orbital orientation,

and midfacial orientation among primates (Ross Ragtosa, 1993; Ross and Henneberg,
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1995; Lieberman et al., 2000a). Ross and Ravosf3jlfeported a significant positive
correlation between increasing ventral deflectidnthee palate and increasing brain size
relative to basicranial length across primates antbss the haplorhines. However, no
correlation between these variables was found withie non-human hominoids, within
modern and archaic humans, or within the catarshifiRoss and Ravosa, 1993; Ross and
Henneberg, 1995). Ross and Ravosa (1993) furtherrsaggested that the significant
correlations observed in their bivariate comparssbetween palate orientation and cranial
base angulation are merely due to palate oriemtatacking orbital axis orientation. We did
not quantify orbital axis orientation but found tthle prediction of midfacial orientation is
high using orbit shape exclusively (0.7 f&an 0.64 for Pongg Table 18. Adding
information of the cranial base improves the prialiconly slightly (0.75 foPan 0.71 for
Pongq. This is an argument for the hypothesis that eudfl shape is only indirectly, or
secondarily, affected by the shape of the antemianial base and that palate and orbits are
tightly integrated.

Even though we found a shared pattern in both epecia dorsally deflected palate
covaries with an inflation of the posterior sphehbiody and a decrease in relative orbit
height - several differences in covariation patteamong the species were observed. In
Pongq a dorsal deflection of the palate covaries withnderior displacement of the anterior
border of the temporal surface of the greater wiafjshe sphenoid bone andsaperior
displacement of the anterior border of the cribrifoplate. In contrast, a more dorsally
oriented palate in chimpanzees covaries with aeramtdisplacement of both the anterior
border of the temporal surface of the greater wimigsphenoid bone and anterior border of
the cribriform plate Kigure 58). These findings do not support results from Mc¢@aand
Lieberman (2001) who hypothesized that the top laack of the face appear to form an
integrated unit (“facial block”) in anthropoids éskieberman et al. 2000 for summary). The
notion of the “facial block” predicts that as thetexior cranial base flexes relative to the
posterior cranial base, the posterior maxillarynpl@M plane; describes the back of the face)
flexes accordingly, rotating the posterior and uppertions of the face underneath the
anterior cranial fossa (klinorhynchy). In contrasttension of the anterior cranial base will
rotate the posterior and upper portions of the timrsally (airorhynchy). IiPongowe found
that a ventrally rotated (more flexed relativelie posterior cranial base) anterior cranial base
covaries with airorhynchy (and a ventrally rotatedit). According to the prediction of the

“facial block” hypothesis a more flexed anterioramial base should covary with
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klinorhynchy. Though this is true fdtan, the results show that fétongothe hypothesis of
the “facial block” does not hold.

Montagu (1943) described orangutans as having quety shortened ethmoid and
cribriform plate compared to the other apes andthgsized that the observed fronto-nasal-
ethmoidal stenosis iRongoresulted in the ethmoid complex being pushed doavdss and
backwards. Based on Montagu’s (1943) observat®inea (1985) stated that the orientation
of the cribriform plate irPanis steeper than iRongq and hypothesized that this structural
difference may account for the airorhynchy of onatags. The results show that cribriform
plate and midfacial orientation are covarying, tilouhe pattern of integration is different
betweenPan and Pongo (Figure 58). A more dorsal orientation of the palate Pongo
covaries with aninferior position of the anterior edge of the cribriformatgl. InPan a
dorsally deflected palate covaries with a metgerior position of the anterior cribriform
plate.

The tight morphological integration between basi@aband orbit shape and midfacial
orientation is evident in the correlations (0.8)tvwmen the singular warp scores. These
correlations can either be caused by direct ind&idinteractions of the bones via
synchondrosal and sutural growth (Ma and Lozand¥96; Cendekiawan et al., 2010;
Jimenez et al., 2012) or are spurious correlatimetause all bones are directly or indirectly
affected by numerous factors like brain size arapsh(Jeffery, 2003; Lépez et al., 2008), and
masticatory forces dependent on food propertieh(H®83; Tang and Mao, 2006; Menegaz
et al., 2010).

Synchondroses act as growth centers and are thsites in the cranium to terminate
growth. A premature or delayed ossification of s$gachondroses can result in a shortening or
lengthening of the base of the skull and thus tdewmevelopment of the middle face or
acromegaly respectively (Schumacher, 1997). The wdl the cranial base in midfacial
development has further been demonstrated in arexgarimentation studies that indicate
that normal development of the cranial base is ssang for establishing the position of the
midface (Hoyte, 1991) and for normal palatal clesgtong et al., 1973; Brinkley and
Vickerman, 1978; Kjaer, 1992). But facial orientatis a complex feature and is not likely to
have a single input influencing its variation witrand between species. One potential factor
accounting for variation in midfacial orientatioh @ evolutionary scale may be based on
length variations in tandemly repeated sequencasatie hypothesized to be a major source
of morphological variation (Fondon and Garner, 2004 a comparative genomic study of

repetitive elements in developmental genes of @ds of dogs Fondon and Garner (2004)
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found a moderate correlation between the degregmlate dorsiflexion and total allele length
of Runx-2 which is involved in the differentiatiaf osteoblasts and influences craniofacial
development. A similar mechanism could be respdadir the morphological change that
was observed in a sample of St. Bernard dogs, yaumgeds showing a tilting of the palate
and upper jaw (Drake and Klingenberg, 2008). Gdlyer@terations in genetically controlled
developmental processes play a major role in cfaci@ development and in generating
morphological variation. Martinez-Abadias et al.01R) showed that mutations in the
fibroblast growth factor receptor 2 (FGFR2) inflaemot only the coronal suture, which was
already well-known for the Apert syndrome, but dscial sutures and bones of the face, e.g.
the palate. Because of the difficulties that andeen quantifying the variation in midfacial
orientation using traditional morphometrics, thessults have to be treated with cautiousness.
Nevertheless, they have the potential to offer imesights about the multifactorial inputs in
facial shape variation.

Examining the findings in the light of the abovesddbed genetical inputs on
craniofacial development complicates the discussioout modularity, a concept which has
been used to address some of the most fundamentdl irsteresting questions in
morphological evolution, including evolvability armbnstraints on morphological variation,
and the production of morphological diversity (Gasw, 2006; Goswami and Polly, 2010).
Polanski and Franciscus (2006) hypothesized thanamularization or developmental
“uncoupling” between the face and neurocraniunmedtetically could have permitted
different extrinsic selective pressures (e.g. egickl variation, group composition, and
subsistence energetics and behavior) to operatepeamilently on both the face and the
neurocranium in hominoids. Alternatively, naturalestion may have operated primarily on
only one of the modules, with the other respondiagsively as part of a coevolved set of
ontogenetically and evolutionary interdependent imtegrated structures (Polanski and
Franciscus, 2006). The data does support neithdreske hypotheses, because we did find a
weak to moderate degree of integration betweerctzasal shape and midfacial orientation in
Pan andPonga Consequently, the cranial base has some influengealatal orientation but
is not the dominating factor accounting for the eskied variation within each species.
According to Raff (1996), modularization is based morphological dissociation, where
individual traits or functional units acquire a deg of genetic and developmental
independence such that traits in different modeMslve independently, while traits in the
same module change in a concerted manner (Win2®1; Schlosser, 2002). Contrary to

this exclusive definition of modularity, in beingatially and developmentally connected to
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the anterior cranial base and thus influenced by gnowth at the spheno-ethmoidal
synchondrosis (Cendekiawan et al.,, 2010) or frahtoeidal suture (Rice, 2008), facial
orientation may still be influenced by other fastsuch as mastication (Menegaz et al., 2010)
or respiratory behaviors (Shapiro, 1988) contribgitito the variation in the midfacial
orientation.

Stuctural integration in the skull is obvious sirtbe palate is also the floor of the
nasal cavity and hence the growth of the upperig@stimulated to a large extent by the
growth of the nasal cavity (Lieberman, 2011). Thsal cavity in turn shares bony walls with
the orbits, which are affected by the growth andettpment of the eyes and the brain
(mediated by the anterior cranial fossa). By slianlls of bone, growth in one region can
accommodate growth in a neighboring region and versa and many interactions are both
direct and indirect (Lieberman, 2011). Variationghese interactions are a potential source of
the huge variation of midfacial orientation we atveel inPanandPonga And slight changes
in the patterns of integration may be responsilole the differences concerning anterior
cranial fossa orientation and midfacial orientatie& observed between the two species. But
the organization of the head and the ways in whiaddules interact also impose many
constraints (Lieberman 2011). Ross and Henneb&®@5]1for example suggested that there
must be functional constraints on how far back hlaed palate can be positioned without
occluding the airways.

Besides Biegert (1957), another German anatomisgsiA(1967) stated th&orilla
andPongodemonstrate sexual dimorphism in the expressianidfacial orientation - larger
bodied males showing more dorsally oriented upp&rsjthan their female counterparts
(Biegert, 1957; Angst, 1967). Furthermore, She&86)l%ypothesized that orangutan males
are more airorhynchous than females, providing epacthe large throat sacs mature males
develop. Winkler et al. (1988) investigated sexdiatorphism in exocranial and endocranial
dimensions irPonga The authors radiographed each one male and feoredgutan, and one
male gorilla and measured the “expression of aymchy” as the “endocranial base-hard
palate angle” for these specimens. WitRimngothey found the female orangutan had a more
dorsally rotated palate than the male gorilla. Biigly does not find a sexual dimorphism in
midfacial orientation inPan or Pongq thus the explanation that throat sac developrigent
responsible for airorhynchy iRongoseems disproved.

Finally the findings may be of use in reconstrutsi@f fragmented specimens because
with this method we are able to predict midfaciasifion with basicranial and orbital shape.

This provides estimations of uncertainty of palaientation, i.e. the degree of freedom of its
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rigid motion that may among other things help retarctions of hominid cranial fossils.
Determining the uncertainty of the position of argal structure, i.e. the degrees of freedom
of a rigid motion, is especially of interest in fmechanical studies, where virtual
reconstructions of fossil hominids are serving aglefs (Laitman, 2005). One application for
interpreting morphology in fossils is finite elememalysis (FEA), for example in biting
simulations in which the response of cranial strreg to an applied load is investigated (Ross
et al., 2002; Strait et al., 2002; Preuschoft arntz®l 2004; Witzel et al., 2004; Marinescu et
al., 2005; Richmond et al., 2005; Ross, 2005; Sataal., 2008). In FEA, it is necessary to
define the attachment locations of the masticatonscles and the temporal ligament in
accordance with the anatomical data that is repteddy the FE - model of the reconstructed
fossil. The geometry of the model influences theneged muscle length, which directly
influences the muscle force through the force -gtlerrelationship, affecting the computed
internal forces and deformations. In addition, ighgly more anteriorly placed maxilla will
react differently to a specific loading regime thtae same maxilla placed more posteriorly.
In general, the geometry and position of the jamd e mandibular fossa will influence the
applied bite force and thereby the outcome of thayais. That is why the uncertainty of the
estimated position of a bone will strongly influenihe uncertainty of the biomechanics: the
equations that are applied incorporate the geonoétilye object directly. If one considers the
large variability of palatal orientation into acecwu(see Figure 55a,b, one has to be
extremely careful to use virtual reconstructions nebdels, whose upper jaw lacked a
connection to the rest of the skull and whose ntexilposition and orientation was therefore
estimated. Even though the observed intraspeciatioa observed in this study depends on
the superimposition, both species show a rangealaitad orientation from the mean around
15°. Surely every biomechanical study will suffeorh such an amount of uncertainty, but
also the quality of ontogenetic and phylogenetialyses will surely decrease and become a
point of contact for criticism.

Even though we have to be extremely careful wheacty apply these observed
extant patterns of covariation in the reconstructbfossil hominid species, we obtain futher
information of how living morphologies vary. By It comprehending the complex
interactions of different components of the craadidl complex, we are given a potential tool
that is useful to estimate the position of a bond the uncertainty of its rigid motion —
delivering valuable information during the recoostion process and for continuative

research using these models.
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5.2.2.Patterns of covariation between facial and manditsthape

Earlier studies suggest that the orientation ofatierior cranial base affects the orientation of
the upper face directly, and that it indirectly liginces palate orientation through the
integration of palate and orbits (Ravosa, 1988;d3av& Shea, 1994). In addition, any
positional modification of the nasomaxillary comples connected to developmental
adjustments of the mandibular components (Enlowaas] 1996)Pongois characterized by

a high degree of intraspecific variation in fa@alentation. In this pilot study | found that in
orangutans, and to a lesser degredyiobates a downward deflection of the (pre)maxilla is
highly correlated with an increase of the angleMeen mandibular corpus and ramus, and a
relatively higher symphysis. This indicates that #tructural accommodation of keeping the
upper and lower dentition in occlusion is acconi by altering the ramal and symphyseal
orientation in relation to the deflection of therdhgalate. InHylobates the (pre)maxillary
orientation seems to be connected with the curgattithe inferior border of the mandibular
corpus posterior to the canine area. These findangsn line with previous studies that show
patterns of jaw integration in humans and chimpeagszéat interpreted their finding in the
light of the counterpart analysis principle (BasfirRosas, 2004). One key idea of the
counterpart concept is that the main structural fumttional purpose of the ramus is to
provide occlusion while bridging the pharyngealcgéEnlow et al., 1982; Bhat and Enlow,
1985; Enlow and Hans, 1996). The assumption wa®lgorated by Smith and Josell (1984),
and the covariation patterns and the moderate latime (r ~ 0.7) found in this study between
the midface and mandible is likely may be a furtimelication of this structural function of
the ramus.

These findings are of potential use in the recotibn of fragmented specimens by
delivering information about how two distinct chetexistics, facial orientation and
mandibular shape, vary together. Imagining a hygtathl case in which a skull is found
whose upper jaw is separated from the rest of Kudl and whose manibular fossae are
deteriorated. In this case an alignement of theillaaaxccording to the articulating mandible
and cranial base is prevented. But combing the etescribed information about the
covariation of sphenoid shape (section 5.2.1.) arahdibular shape (5.2.2.) with facial
orientation will potentially increase the possilyilio estimate the orientation of the maxilla
with less uncertainty. Either way, by underlying tthecision of where to place a fragmented
bone on quatitative basis makes the process regitidiand accessible for discussion why

one reassembled the fragments in a particular waye-premise of virtual anthropology. In
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contrast, using traditional methods there is moreless no alternative then to place a
fragement that is missing any connection to theosunding bone arbitrarily to some extent.
Both introduced approaches (5.2.1. and 5.2.2.)rtbespatterns of how cranial modules vary
together, and are therefore a helpful source ofrimétion during the reconstruction of

incomplete specimens.
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6. CONCLUSIONS

The completeness of a skull is a fundamental requent for many types of analyses.
Different approaches for the estimation of misgiaga emerged in the last decade and found
applications in various fields such as anthropojognaniomaxillofacial surgery, forensics,
bioarchaeology, and paleontology. Any reconstructiequires assumptions that derive, for
instance, from functional constraints, integratisgmnmetry, species affinity or taphonomy
(Gunz et al., 2009b; Weber and Bookstein, 2011)GAsz et al. (2009b) stated, "different
assumptions and algorithms lead to different egtoma” and this is why "there exists no “all-
purpose” reconstruction” (p. 61). One part of thisis is therefore dedicated to the question
how different reference based approaches will erfee the outcome of reconstructions. Since
the uncertainty of the shape of a reconstructede bisninfluencing the uncertainty of
continuative applications, my findings representvauable source of information for
scientists working with (virtual) reconstructiofairthermore, | introduce new approaches for
the reconstruction of incomplete specimens thathaeacterized by large portions of missing
bone or the complete separation of cranial fragm#rdat show no broken edges that connect
those parts.

Reconstructions can never provide a perfect swiutbut for scientific problems at
larger spatial scales (e.g., gross morphology ekul), their accuracy might be sufficient.
The reconstruction process in this context canelganded as a heuristic approach (Weber &
Bookstein 2011), characterized by combining varigdsand GMM methods and evaluating
the results in the light of earlier reconstructio@sne example for the advantages of a virtual
approach is the reconstruction of OH 5 (Benazalgt2011), the holotype of Paranthropus
boisei. The original reconstruction using tradiatbmethods from Tobias (1967) showed a
skewed position of the upper calvariofacial fraginand an uncertainty in the relative
position of the neurocranium to the face. Usingeé¢hdimensional digital data, Geometric
Morphometric methods and computer-aided design (C#&Dbhniques, Benazzi et al. (2011)
were able to produce a symmetrical craniofacial omstruction while taking the
reconstructions” uncertainty into account by pradgi@ series of alternative models.

| introduced a new combination of tools from VatuAnthropology and geometric
morphometric methods (GMM) that contributes totnakit of procedures for the anatomical
reconstruction. It aims at the reconstruction ofesely damaged crania in which the
midsagittal cranial plane was no longer available.such cases, a three-dimensional

reconstruction applying a traditional manual apphoould be almost impossible to apply.
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Even if the variability of the reconstructions &der compared with those obtained using the
original midsagittal plane, | have shown that thedrustes mean shape of both simulations
provide similar results in terms of accuracy. Uding Procrustes mean shape of the reference
sample is therefore a good resource for the ent@eonstruction of the cranium,
circumventing negative effects introduced by asymnynef a single reference specimen. The
introduced method could find potential applicatiansthe reconstruction of any bilateral
symmetric bone, e.g. the pelvis, and can be apphedarious fields such as forensics,
(paleo)anthropology, and paleontology.

A scientifical field in which virtual reconstruotis are recently incorporated is pre-
operative planing in surgery. By means of CAPP (goter-assisted preoperative planning)
for surgical simulation, surgeons have the posgibito test different reconstruction
approaches in a three-dimensional virtual space dhaws a precise visualization of the
simulated outcome. In the study presented in thésis, virtual reconstructions of digital
osteomized zygomatic bones were simulated by mefdsferent reconstruction techniques.
Mirror imaging is one possible alternative widelsed in reconstruction, but may not always
be the optimal solution, i.e. when the hemifaces @nsiderably asymmetric. In this pilot
study | showed that a best fit registration of mhierored unaffected hemiface combined with
TPS warping achieved better results, overcomingethaent limits of the mirroring approach.
Up to now the TPS technique was used for recortgrucin anthropology and
paleoanthropology, where the limits of the mirrgripproach are well known. Therefore, it
is important to emphasize that the TPS techniqsetina potential to become a valuable tool
in cranio-maxillofacial surgery, providing improvemt in the accuracy of bone
reconstruction.

Another new approach that may be of potential msehe reassembly of bony
fragments is represented by the investigation gfdrirelationships in the craniofacial
complex. If there are no anatomical clues or camsts that guide the re-assembly of isolated
fragments, e.g. broken edges that would clearlymeontwo parts, the result will show a high
degree of matching uncertainty. A way to estiméis positional uncertainty of anatomical
structures or modules, for example facial partatne to the basicranium, is to investigate the
integrational pattern of rigid relationships betwekese cranial modules in extant species and
apply this information during the reassembly oihcahfossil fragments. Beside estimations of
uncertainty concerning the orientation of cranialdules relative to each other, this approach
reveals patterns of covariation between midfacidmation and basicranial shape. This

approach overcomes most of the disadvantages ditibr@al approaches such as the
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employment of reference planes for registration alhalws the visualization of covariation
patterns in relation to facial orientation in thiienensions. The position and orientation of
the midface is predicted according to the shapthefcranial base, thus providing essential
information for the interpretation of hypothesesn@erning facial orientation and for
reconstruction of fragmentary specimens. The olesepattern of morphologic covariation in
this comparative sampl®&nandPongg may theoretically help to estimate the morphatogi
covariation in fossil specimens. However, this mdyovalid under the assumption that the
morphological integration in extinct hominoid speis equal to the one observed in extant
hominoids, which is most often an inadequate géimateon (Ackermann, 2002; Ackermann,
2003). Nevertheless we can assume that basic mati@fr craniofacial integration are
conserved during hominoid evolution and that patt@f variation and covariation are similar
among related primate populations, as it is the éasAfrican apes and humans (Ackermann
and Krovitz, 2002, Mitteroecker and Bookstein, 2008pplying information about the
morphologic covariation in closely related spec&s,to speak as surrogate models, for the
anatomical reconstruction of fossil specimens cahlelrefore be potentially of immense
value. Since the applicability of this approachdisputed, the main goal in this thesis is
merely the determination of the degrees of freedbra rigid motion of a cranial structure.
Evaluating the range of variation in facial oridita yields a meaure of uncertainty that is of
interest for reconstructions used in biomechansgtadies, where the uncertainty of the
position of a bone will strongly influence the urtaeity of the biomechanics.

The second major issue that is discussed inhkig is the geometrical reconstruction
of severly damaged crania. Most hominin cranial siles are incomplete, requiring
reconstruction prior to deployment in subsequerdlyses. However, complete reference
crania from the same taxon are often absent fosilfosl studied the consequences of
intraspecies and interspecies reconstructions tmatsng missing data in several virtually
fragmented models of hominoid crania (extant asdifh Using a reference sampleHdma
Pan, Pongoand several fossils, | investigated the posteatistribution and uncertainty of the
generated multiple intraspecies and interspeciesnstructions. Although previous work has
touched this topic (e.g., Gunz et al. 2009, Neesat. 2009), a comprehensive description of
effects resulting from the choice of referencetipalarly if drawn from other species, was
not yet available. Defining the accuracy of a restarction as the maximum RMS error
normal to the true surface, and relying throughont data resources comprising many
hundreds of landmarks and semilandmarks, | havevistibat TPS based reconstructions in

many cases lead to reasonable results for largaatrdefects in both the face and the

192



neurocranium. | showed that the accuracy in ineags reconstruction often show very
similar errors - even outperforming intraspeciesonstructions in some cases, e.g., among
Pan andPongoandPanPongoand Sts 5. Finally, | introduced a potential glircefor the
decision which reference sample should be chosenti&rspecies reconstructions.

In summary, this thesis contributes to the thdkib@f virtual anthropology and
geometrics morphomtrics by introducing new appreacénd findings that are useful for the

virtual reconstruction of fragmented specimens.
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7.OUTLOOK

The main goal for future work will be the estabiisdnt of a semi-automatic reference-based
toolkit of procedures for the anatomical recongtaurcof fragmented specimens, using tools
from Virtual Anthropology and geometric morphomesti However, before the methods

introduced above (together with some other appremth be developed) can be fused into a
standardized set of procedures (for example irfidime of a software package), a detailed and
extended investigation of the reconstruction meshattoduced has to be carried out.

In the section "Beyond mirror imaging: New apptoag during anatomical
reconstructions”, the sample size has to be inetkas order to account for the large
craniofacial variability in humans. Furthermoree thpproach has to be broadened, i.e. each
hominoid species has to be included to circumvessible pitfalls and false conclusions that
are always an issue when dealing with small sasips. The method can be extended to the
anatomical reconstruction of the cranial base, aniat module that is characterized by
bilateral symmetry and crucial for the estimatioh coanial volume. Finally, a detailed
investigation of the influence of asymmetry on teeonstruction uncertainty is needed, since
this approach is using bilateral symmetry as thenmaasumption during the reconstruction
process. In general, the latter two points alsden&br the comparison of "three-dimensional
virtual methods for reconstruction in craniomaXaicial surgery”. Establishing a large data
base that includes various reconstruction scenawitisprovide a useful tool for many
potential application areas and, for instance, mizé¢ the time of pre-operative planning in
cases where time expenditure is crucial.

This thesis contributes to virtual reconstructibyp delivering a quantitative and
reproducible way of positioning maxillary fragmeiatsd a measure for the uncertainty when
reassembling these fragments during the anatomécainstruction. One potential field of
application for this approach is the reassemblycrahial fossil fragments. Exploiting the
information about the covariation between craniahds in a reference sample allows the
placement of cranial fragments in a reproduciblgvimthis case the maxilla that completely
lacks connections to any other bone. Since theeplaat is based on the covariation pattern
observed in a reference sample, it will not be #matomical knowledge of a physical
anthropologist that guides the anatomical reconstm, but the morphological information
inherent in the particular reference sample. Togrethith the standard error of the position of
the respective fragment, this study delivers a tiadive measure that describes the
uncertainty of positioning and reassembling crafoakil fragments. In this thesis I laid the
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foundations for this approach by advancing the esttbpf cranial integration and facial
orientation from a different angle, providing fugthinsight in the spatial relationships of the
hominoid cranium. In order to substantiate the Itesand identify the observed patterns of
covariation (relative orbit height and palatal atagion) as a general hominoid characteristic,
the sample size as well as the number of inclugesgtiess has to be increased. Then, the
justification of the potential use of this methad the reconstruction of fossil hominoids
would be strengthened. Further information abouwtniofacial patterns of covariation is
needed particularly between a) maxillary shape paldtal orientation, and b) maxillary
orientation and palatal orientation. If there iBgdt integration between maxillary shape and
palatal orientation, i.e. if one can estimate nugfhorientation from maxillary shape, an
additional source of information would be availaldecreasing the degrees of freedom of the
positioning of the face relatice to the orbits amdnial base. Investigating the pattern of
integration between maxillary orientation and palladrientation would help to test the
hypothesis concerning the "facial block" by analizthe relationship between the posterior
maxillary plane, the orbits, and the anterior caahfossa. This approach could also be helpful
to evaluate the dimension of error propagationhm teassembly of cranial fragments. One
could use the position of the cranial base andhallestimated positions of the maxilla after
the partial GPA as continuative "bases" for thenestion, e.g., of the position of the frontal
bone. By doing so, the positioning of the frontahb will depend on the uncertainty of the
maxillary position, which increases the uncertaiotyositions the frontal could occupy in a
reconstruction. The discrepancy from the actuaitiposof the frontal then yields the standard
error.

Crucial future work that lacked attention so farncerns the "consequences of
reference sample choice" of internal cranial stmet. To my knowledge there is no
investigation concerning the uncertainties that aresing when reconstructing virtual
endocasts, cranial fossae or sinuses. As | haversho "Reconstructing the endocranial
cavity of Cioclovina", reconstructions can be caliéor the estimation of endocranial volume,
together with the visualization of internal struetst Furthermore, for biomechanical studies it
can be mandatory to include cranial sinuses imtbdel. This is a difficult task both in terms
of choosing the approapriate reference and supesmg this reference according to internal
reference points. This finally leads to the thr@eehsionl geometric analysis of sinus
variability itself, an undertaking that is extremdlifficult to achieve because of the lack of

anatomical landmarks.
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9. APPENDICES

Appendix 1 R-script: Generalized Procrustes Analysis (GPA; fhgackage “shapes” is
mandatory; adapted from Dr. S. Katina)

Library(shapes)

"GPAcorrected" <- function(ARRAY) {
k <- dim(ARRAY)[1]

d <- dim(ARRAY)|[2]

n <- dim(ARRAY)[3]

data.gpa <- procGPA(ARRAYj
data.psc <- data.gpa$rotated

data.CS <- data.gpa$size

data.psccorl <- array(0,c(k,d,n))

CS <-rep(0,nj

for (i in 1:n){

CSJi] <- sqrt(sum((data.psc[,,i] - rep(1,k)%*%t(dpfata.pscy,,i],2,mean)))*2))
data.psccorl]|,,i] <- data.psc[,,il/CSJi]

}

data.gpa.cor <- procGPA(data.psccorl)
data.psccor2 <- data.gpa.cor$rotated
data.mean <- data.gpa.cor$mshape
data.CScor2 <- data.gpa.cor$size
results <- list(ProcrustesShapeCoordinates = dategp2, CScor = data.CScor2, CS = data.CS,
ProcrustesMeanShape = data.mean)
return(results)

}

Appendix 2 Anatomical landmarks and definitions (Martin andl&a 1957; White and
Folkens, 1991)

Cranial landmarks Definitions

Midline

Inion Point at which the superior nuchal lines mergé t
midline. Located below the external occipital ptmtance

Lambda The apex of the occipital bone at its junction vifia

parietals, in the midline — where the lambdoidal aagittal
sutures meet

Opisthion Midline point at the posterior margintbé foramen
magnum — taken on rim of the foramen or the lovagreeof
the margin of the foramen

Basion On the anterior border of the foramen magnum (oippos
opisthion), in the midline

Sphenobasion Median sagittal point taken on basispehno
synchorodrosis

Staphylion Point on the interpalatal suture wheliaeabetween the
deepest parts of the notches at the rear of ttaegpatosses
the midline

Sutura palatina mediana & transversa Anterior rmogit on the midline of transverse palatine
bone

Bregma Posterior border of the frontal bone in the mediikame

Glabella Point on median sagittal plane, betweerstipercillary

arches. It serves as most protruding forward patitihe head
in ear- eye level. Most anterior midline point on the fraint
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Nasion
Rhinion
Nasiospinale

Prosthion

Alveolare

Incision

Incisivion

Orale

Dorsum sellae midsagittal
Jugum sphenoidale midsagittal

Posterior limit of the cribriform plate

Anterior limit of the cribriform plate

Bilateral
Condylus occipitalis posterior

Condylus occipitalis anterior
Jugular foramen Ant
Postglenoid

Foramen ovale
Auriculare

Zygotemporale inferior

Zygotemporale superior
Frontomalare temporale

I1 - 12 inter - alveolar septum
I2 - canine contact

Canine- P3 septum
P3- P4 septum
P4- M1 septum
M2 - M3 septum
M1 - M2 septum
Distal M3

Zygomaxillare
Foramen infraorbitale
Jugale

Stephanion

bone

Intersection of the fronte nasal suture and the median plane

Midline point at the inferior free end of the imesal suture
Thin projection of bone on the midknéehe inferior margin
of the nasal aperture
Median sagittal (anteroinferior) most forward projecting
portion of premaxilla
midline point at the inferior tip of th®ny septum between
the upper central incisors — below prosthion
Point on the occlusal surface between the cemtciars
Midpoint on posterior end of foramen
The point at the anterior edge of the hard patatated on
the posterior edge of the alveoli of the two upgentral
incisors, connecting line intersects the midsalgitta
Midsagittal point on tleesum sellae between posterior
clinoid processes
Most posterior miitsdgpoint on the jugum sphenoidale
between anterior clinoid processes
Posteriamit of the cribriform plate at the intersectiontiwi
the planum sphenoidale
Anterior limit of the cribriform plate

Posterior apex (oitit) on occipital condyle — taken on the

condyle

Anterior apex (midmp on occipital condyle — taken on the
condyle

Taken on the anterior mosttpafithe foramen, on the
occipital bone.

Most inferior point on the postglenpidcess — could be
below mid- point in mandibular fossa
Lateral point on the foramen

Point vertically above the center of theernal auditory
porus at the root of the zygomatic process, a félinmeters
above porion

Anteroinferior point of zygaticomaxillary suture, in
antero- lateral view
Anterosuperior point of zygomaticomaxillary suture

The most lateral point efftbntozygomatic suture. The

point is located where the lateral surface of ygomatic
process of frontal bone is descending into thetédgorocess
of the zygomatic bone
Point of contact — on the alveolar bone — between t
incisors
Point of contact between 2nd incisor and canirekeri on
the alveolar bone

Point of contact between Canif®8 — on alveolar bone

Point of contact between-H34 — on alveolar bone

Point of contact between PKI1 — on the alveolar bone

Point of contact between M213 — on the alveolar bone

Point of contact between MM2 — on the alveolar bone
Midpoint on distal margin of M3 — poirgken on alveolar
bone
Most inferior point on the zygomaticomaxillary stéu
Midpoint on superior edge of foramen
The point in the depth of the notch between theptaad and
frontal processes of the zygomatic
Point where the coronal suture crosses the temfioeal
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Frontotemporale
Frontomalare-orbitale

Torus inferior

Frontal - nasal - maxillary bone

Zygoorbitale

Sutura nasomaxillaris - Apertura piriformes

Foramen palatinum majus

The point where the temporal lesches its most
anteromedial position on the frontal bone
The one point on the laterhital rim at the juxtaposition
with the suture frontozygomatic.
Point on inferior margin of supraitdl torus roughly at the
middle of the orbit
Point where tlemfonasal crosses the frontomaxillary
suture
Zygomaticomaxillary suture impinges the orbital rim
Nasomaxillary suture impinges piriform aperture
The point on the postedge of the greater palatine
foramen

Sutura sphenozygomatica - Fissura orbitalis Sphenozygomatic suture hits the inferior orbitssdire

Canalis caroticus

Posterolateral point on carotid canal

Sutura occipitomastoidea - Foramen jugulareMost poterio- lateral point on the foramen, taken on the

Most lateral point of ala minor

Sphenofrontal suture hits cribriform plate

Processus clinoideus anterior

Mandibular
Infradentale

Linguale
Mental foramen

Mandibular foramen

Tip of the coronoid
Top of the condyle

Medial extremity of the condyle

Lateral extremity of the condyle

Midsymphysis

Right outer alveolar

Right inner alveolar

Right anterior ramus
Right coronoid

Right inferior border

occipital end of the suture

Most lateral point of ala minor
Sphenofrontal suture hits cribriform plate
Tip of the anterior clinoid processus

The apex of the septum between thalibalar central
incisors
intersection between the curves Sy and IA
intersection of a centerline (thedte of the canal) with the
conceptual extension of the surface
point on the mandibular foramimader the lingula
mandibulee.
extreme of the curves AR and Co merged together
point where the surface nornfishe condyle is
perpendicular to a best fit plane formed by theofithe
coronoid, medial extremity of the condyle and later
extremity of the condyle
point where thefaae normal of the condyle is
perpendicular to the symmetry plane
point where theface normal of the condyle is
perpendicular to the symmetry plane

points on the plane curve cut by the midsaggit@hel(Sy)
points along the outer alveolar ridge (OA)
points along the inner alveolar ridge (I1A)
points along the anterior ramus ridge (AR)
points along the coronoid ridge (Co)
points along the inferior goaisterior borders of the ramus

(1B)

Appendix 3 Thin plate splines and sliding semilandmarks
Below are the standard TPS formulas according tkBin (1997). In three dimensions, let

U be the functiord(~r) =|r|, and choose a reference shape with a set of langRark(x;, ¥,
z), i=1,..., k For three dimensional data, létbe U; = U(P; — P;), and arrange the matrices
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U O - U 1 X z K
K=|"2 ° 7 Talg=|T e Y2 2| o t Q) in whichO is a 44 matrix
: : R I : : Q O
Ukl Uk2 0 1 X Yo 4
of zeros. The thin-plate spliri@) with values (heightd); at pointsP; = (x;, Vi, Z), i=1,..., Kk
Kk
is the function f (P) :ZvviU(P— P)+a, +ax+ay+az where w={i,...,W, ao, a, &,

i=1
a)'=Lh with h=(y,...,h,0,0,0,0). Then f(P)=hfollows for all i f interpolates the
heightsh; at the landmark®;. Futhermore, the functiori has the minimum bending energy

2
m Z of all functions that interpolate heights. This integral is
R® = T3 6x ax

proportional to -W'h=-h/L;'h,, in which L;" (bending energy matrix) is th&xk
submatrix ofL™*. h, is the corresponding k-vector of the correspondieights fiz,hy,...,h).

This procedure is applied to each Cartesian coatdin of the target
following: (h = (x;,..., X, ,0000), h=(y;,.... ¥, ,0000), andh=(z,...,z, ,0000)).

For the estimation sliding semilandmarks on a tahgéane for every specimen with
landmarks in three dimensions, coordinates of amiat and semilandmarks are order

coordinatewise as the vector  Y° = (Y. Y Yy oo Yy iz - Vi) o where
Yo =Y HTExV AT xw =Y ATV V) + TR (W, Wy,

w;,) . The resulting matrix of
dlrectlonal constraints for the surface can be esged as:

Uij,j = Vi
ki) i = Vi
Uaeii =V L .
U Bk x2m): u , in- which j=1,...,k, while all other elements are zero. The
=W
ij, j+m x
Uk+ij,j+m =Wy
U2k+ij,j+m =W,
L' 0 O
minimization of the two equations is-Y'|0 L' 0 [Y=-Y'LY, and
0o o0 L

T=-U'LU)'U'LY® is solved byU @kx2m ) analogues toU @kxm )for curve

semilandmarks.

Appendix 4 R-script: Principal component analysis and visaion of the shape
deformation in the direction of the first principgmponent (PC1).

data.GPAt <- GPAcorrected(data.array],,])
LnCS<-log(data. GPAt$CS)



PSC.array <- data.GPAt$ProcrustesShapeCoordiniates
PSCmean <- data.GPAt$ProcrustesMeanShape

k<-600
d<-3
n<-25

PSC.matrix <- matrix (0,n,k*d)

for (i in 1:n){

PSC.matrix [i,] <- c(PSC.array [,,i])
}

PSC.matrix.centered <- matrix (0,n,k*d)

for(i in 1:(k*d)){

PSC.matrix.centered [,i] <-scale(PSC.matrix [,ihyesg = T, scale = F)
}

S.estimate<-var(PSC.matrix.centered)
Eigen.Estimate<-eigen(S.Estimate)
PCscores <- PSC.matrix.centered %*%Eigen.Estimatpus #Computation of the PC scores

Eigenl<-cbind(Eigen.Estimate$vectors[1:k,1], Eigstimate$vectors[(k+1):2*k,1],
Eigen.Estimate$vectors[((2*k)+1):d*k,1])
PC1.plus<- PSCmean + a*Eigenl

PC1.minus<- PSCmean - a* Eigenl

Appendix 5 R-script:PLS function, visualization of shape changes albtwedirst singular
warp (SW1), and extraction of rigid motions

pls.centered <- function(M1, M2){

M1 <- scale(M1,scale = FALSE}

M2 <- scale(M2,scale = TRUE)

pl<-dim(M1)[2]; p2<-dim(M2)[2]; n<-dim(M1)[1]
sM12<-svd(var(cbind(M1,M2))[1:p1, (p1+1):(p1+pR)}
vM12<-var(cbind(M1,M2))[1:p1, (p1+1):(pl+p2)]
vM21<-var(cbind(M1,M2))[(p1+1):(pl+p2), 1:pl]
vll<-var(M1)

v22<-var(M2)

D<-sM12%d; F1<-sM12%u; F2<-sM12%v
Rv<-sum(diag(vM12%*%vM21))/sqrt(sum(diag(v11%*¥d)}*sum(diag(v22%*%v22)))
list(Rv=Rv, F1=F1, F2=F2, D=D, M1.center=M1, M2nter=M2)}

pan.sphe_max.PLS <- pls.centered(pan.sphenoidhalate)

pan.sphe_palate.SVperc <- round(pan.sphe_max.PIsuijpan.sphe_max.PLS $D),4)*100

panSW1.left <- t(pan.sphe_palate.PLS$F1)f1)]
panSW1.right <- t(pan.sphe_palate.PLS$F2){1]]
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panSW2.left <- t(pan.sphe_palate.PLS$F1)[2)]
panSW2.right <- t(pan.sphe_palate.PLS$F2){2]]

panLVx1 <- pan.sphe_palate.PLS$M1.center %*% pangivl
panLVyl <- pan.sphe_palate.PLS$M2.center %*% pandght
panLVx2 <- pan.sphe_palate.PLS$M1.center %*% panii2
panLVy2 <- pan.sphe_palate.PLS$M2.center %*% pandgf2

pan.40Iind_coefl<-cor.test(panLVx1.40Ind ,panLVy1nd0 method="pearson"}

par(mfrow=c(1,2))

SWiliscores <- chind(panLVx1 [,1],panLVyl [,1])
plot(SW1scores,type="n",xlab="sphenoid shape, r61'Q ylab="palate rigid motion")
points(SW1scores[(males),1],SW1scores[(males)@i=f9, cex=1.5)
points(SW1lscores[(females),1],SW1scores[(femalpgch=1, cex=1.5)

SW2scores <- chind(panLVx2 [,1],panLVy2 [,1])
plot(SW2scores,type="n",xlab="sphenoid shape, 16¥'0 ylab=" palate rigid motion")
points(SW2scores[(males),1],SW2scores[(males)2i=f9, cex=1.5)
points(SW2scores[(females),1],SW2scores|[(femalpgch=1, cex=1.5)

pan_sample_mean_sphenoid <- pan_meanshape[sphe.Ims,
pan_sample_mean_maxilla <- pan_meanshape[max.Ims:]

SW1.target.left.min <- consensus + min(SW1scorB3frtatrix(panSW1.left,12,3,byrow=F)
SW1.target.left. max <- consensus + max(SW1scofgspatrix(panSW1.left,12,3,byrow=F)

pan.max_angles.centered <- matrix(0,n,1)

for (iin 1:n) {

pan.max_angles.centered [i,]<- pan.max_angles[g@afgan.max_angles)
}

regr.theta.SW1sphe<-Im(pan.max_angles.centeredxpdnL
summary(regr.theta. SW1sphe)

min.SW1_sphe.score<-min(panLVx1)

theta.at.min.SW1_sphe.score<
regr.theta. SW1sphe$coefficients[[1]]+regr.theta. SpfkeScoefficients[[2]]*min.SW1_sphe.score
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max.SW1_sphe.score<-max(panLVx1)
theta.at.max.SW1_sphe.score<-
regr.theta. SW1sphe$coefficients[[1]]+regr.theta. Sl $coefficients[[2]]*max.SW1_sphe.score

pan_.max_centx.centered <- matrix(0,40,1)

for (iin 1:n) {

pan_.max_centx.centered [i,]<- pan_s.max_centrgldshean(pan_s.max_centroids[,1])
}

regr.x.SW1sphe<-Im(pan.max_centx.centered~panLVx1)
summary(regr.x.SW1sphe)

min.SW1_sphe.score<-min(panLVx1)
x.at.min.SW1_sphe.score<-
regr.x.SW1sphe$coefficients[[1]]+regr.x.SW1sphe$cents[[2]]*min.SW1_sphe.score

max.SW1_sphe.score<-max(panLVx1)
x.at.max.SW1_sphe.score<-
regr.x.SW1sphe$coefficients[[1]]+regr.x.SW1sphe$iiaents[[2]]*max.SW1_sphe.score

pan_.max_centy.centered <- matrix(0,40,1)

for (iin 1:n) {

pan_.max_centy.centered [i,]<- pan_s.max_centrgijshean(pan_s.max_centroids[,2])
}

regr.y.SW1sphe<-Im(pan.max_centy.centered~panLVx1)
summary(regr.y.SW1sphe)

min.SW1_sphe.score<-min(panLVx1)
y.at.min.SW1_sphe.score<-
regr.y.SW1sphe$coefficients[[1]]+regr.y.SWi1sphe$cents[[2]]*min.SW1_sphe.score

max.SW1_sphe.score<-max(panLVx1)
y.at.max.SW1_sphe.score<-
regr.y.SW1sphe$coefficients[[1]]+regr.y.SW1sphe$iicents[[2]]*max.SW1_sphe.score

## get 3d coordinates for SW1: palate rigid motion

meanshape.palate <- Pan_meanshape[palate.mid.Ims,]

rot.mat.3d.min.Ay <- rbind(c(cos(rad.theta.min gif(rad.theta.min )),c(0,1,0),c(-sin(rad.theta.min
),0,cos(rad.theta.min )))

rot.mat.3d.max.Ay <- rbind(c(cos(rad.theta.maxsjrffrad.theta.max )),c(0,1,0),c(-sin(rad.theta.max
),0,cos(rad.theta.max )))

[c(1,3)])
meanshape3d.trans.min <- (cbind((meanshape.palategntx.min),meanshape.palate
[,2],(meanshape.palate [,3]+centy.min)))
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meanshape3d.trans.max <- (chind((meanshape.pa]atntx.max),meanshape.palate
[,2],(meanshape.palate [,3]+centy.max)))

palate_pos.SW1.min <- meanshape3d.trans.min%*%abBoeh min.Ay
palate_pos.SW1.max <- meanshape3d.trans.max%*%atBdimax.Ay

Appendix 6 R-script:Generalized Procrustes Analysis, obtaining thd fiotation matrix of
each specimen (programmed together with Michaeu€ralle;adapted from ,Morphometrics
With R“ By J. Claud}

fPsup<-function(M1, M2)
{k<-ncol(M1)
Zl1<-trans1(centsiz(M1)[[2]])
Z2<-trans1(centsiz(M2)[[2]])
sv<-svd(t(Z22)%*%Z1)
V<-sv$v; U<-sv$u; Delt<-sv$d
sig<-sign(det(t(Z2)%*%Z1))
Delt[k]<-sig*abs(Delt[K]) ; V[,k]<-sig * V[,K]
Gam<-V%*%t(U)
betaO<-sum(Delt)
list(Mpl=beta0*Z1%*%Gam,Mp2=22, rotation=Gam,scdleta0,DF=sqrt(1-beta0"2))}

p<-dim(A)[1]; k<-dim(A)[2]; n<-dim(A)[3]
fgpa2<-function(A)
{p<-dim(A)[1]; k<-dim(A)[2]; n<-dim(A)[3]
temp2<-templ<-array(NA, dim=c(p,k,n))
Siz<-numeric(n)
for (iin 1:n)
{Acs<-centsiz(A[,,i])
Siz[i]l<-Acs[[1]]
templ[,,i]<-trans1(Acs[[2]])}
iter<-0; sf<-NA
M<-templ[,,1]
for (iin 1:n)
{temp1l],,i]<-fPsup(templ[,,il, M)[[1]]}
M<-mshape(templ)
Qml<-dist(t(matrix(templ,k*p,n)))

Q<-sum(Qm1l); iter<-0
sc<-rep(1,n)
Z1.new<-array(0,c(p,k,n))
V<-array(0,c(k,k,n))
U<-array(0,c(k,k,n))
DIAG<-matrix(0,n,k)
phi.new<-array(0,c(k,k,n))
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beda<-rep(0,n)
cum.rot.mat<-array((diag(x = 1, k, k)),c(k,k,n))

while (abs(Q)>0.00001){
for (iin 1:n){
Z1.newl[,,iJ<-templ[,,i]
VI, i]<-svd(t(M)%*%Z1.new[,,i])$v

U[,.i]<-svd(t(M)%*%Z1.new][,,i])$u
DIAG]i,]<-svd(t(M)%*%Z1.new[,,i])$d
sig<-sign(det(t(Z1.new[,,i])%*%M))
DIAG]i,k]<-sig*abs(DIAGIi,k])

V[, Kk,i]<-sig*V[,k,i]
phi.new[,,i]<-V[,,i]%*%t(U[,,i])

bedali]<-sum(DIAG]i,])
templ[,,i]<-X<-sc[i]*Z1.newl[,,i]%*%phi.nepy,i]}
M<-mshape(templ)
for (iin 1:n)
{sfli]<-sqrt(sum(diag(temp1l],,i]%*%t(M)))
/(sum(diag(M%*%t(M)))*sum(diag(temp1],,i
%*%t(templl[,.i])))))
temp2[,,i]<-sf[i]*templ[,,i]}
M<-mshape(temp2)

sc<-sf*sc
Qm2<-dist(t(matrix(temp2,k*p,n)))
Q<-sum(Qm1)-sum(Qm2)

Qmi1<-Qm2

iter=iter+1

templ<-temp2

for (iin 1:n) {
cum.rot.mat[,,i]<-(cum.rot.mat[,,i])%*%(phew[,,i])}}

list(rotated=temp2,iterationnumber=iter,Q=Q,ietalidean.dist=Qm2,

mshape=centsiz(mshape(temp2))[[2]],
cent.size=Siz,rotation.mat=cum.rot.mat,translatet-temp1)}

rot.mat<-fgpa2(data)$rotation.mat

radiants.matrix<-matrix(0,(n+1),1)
for (iin 1:(n+1)) {
radiants.matrix[i,]<-acos(rot.mat[1,1,i])

}

angles.matrix<-matrix(0,(n+1),1)
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for (iin 1:(n+1)) {
angles.matrix[i,]<-(180/pi)*radiants.matrix]i,]

}

German summary p. 18 ff
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