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ABSTRACT 

Preservation is a major obstacle in paleoanthropological studies. Since 1990s virtual 

methods have become an important part of anthropological research helping to overcome 

preservation problems in two principle ways: they improve extraction of information from 

a fragmentary material, and they permit a more objective reconstruction of fragmentary 

and incomplete remains. This thesis has focused on the virtual reconstruction of two fossil 

specimens: the modern human cranium from the Upper Paleolithic site of Zlatý kůň (ZK; 

Czech Republic) and the Neandertal Regourdou 1 (R1) pelvis (France). The reconstruction 

of the ZK cranium allowed us to revise sex attribution and analyze morphological affinity. 

Based on the secondary sex diagnosis, the ZK individual was most probably a female and 

exhibits a great affinity to Early Upper Paleolithic population. The R1 pelvis shows 

considerable asymmetry that was first analyzed on the sacrum in comparison with healthy 

modern humans and Neandertals. The asymmetry exceeds normal variation observed in the 

extant population and could have related to asymmetrical load dissipation. Therefore, the 

asymmetry was considered in the subsequent preliminary pelvic reconstruction which 

allowed us to assess sex of the individual and to analyze transverse dimensions of the 

pelvic canal and orientation of the sacrum in the pelvis. Based on the newly available 

sexually dimorphic traits, the R1 individual was probably a male. Transverse canal 

diameters indicate slightly wider outlet than in modern males, but they show similar 

relationship as in other archaic humans. Regarding the high degree of correlation between 

sacral orientation and lumbar lordosis, R1 had slightly higher lumbar lordosis angle (close 

to modern mean) than has been proposed for most of other Neandertals. This slightly 

extends the previously suggested Neandertal range of variation, which, however, still 

remains in the lower portion of modern human variation. In other presented studies, we 

focused on sex estimation from fragmentary remains and compatibility of 3D data 

digitization techniques. Specifically, we proposed a method for sex estimation from the 

posterior ilium and adjusted the visual method of Brůžek (2002) to the use on fragmentary 

material. Finally, we compared two different 3D scanners and their outcomes. They did not 

significantly differ with regard to subsequent anthropological analyses (sex and age 

estimation), but they may provide differential results in highly structured areas. 

Keywords: virtual reconstruction, geometric morphometrics, sexual dimorphism, skull, 

pelvis, Neandertals 
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ABSTRAKT 

Zachovalost kosterního materiálu je hlavní překážkou paleoantropologických studií. 

Virtuální metody se od 90. let 20. století staly důležitou součástí antropologického 

výzkumu, přičemž značně pomáhají překonat problémy zachovalosti, a to dvěma hlavními 

způsoby: zlepšují extrakci informací z fragmentárního materiálu a umožňují objektivnější 

rekonstrukci fragmentárních a nekompletních nálezů. Tato práce se zaměřila na virtuální 

rekonstrukci dvou fosilních nálezů: lebky moderního člověka Zlatý kůň (ZK; Česká 

republika) ze svrchního paleolitu a neandertálské pánve Regourdou 1 (R1) z Francie. 

Rekonstrukce lebky ZK nám umožnila revidovat pohlavní diagnózu a analyzovat její 

morfologickou afinitu. Na základě sekundární pohlavní diagnózy byl jedinec ZK s vysokou 

pravděpodobností žena a lebka vykazuje afinitu k rané svrchně paleolitické populaci. 

Pánev R1 vykazuje značnou asymetrii, která byla nejprve analyzována na křížové kosti v 

porovnání se zdravými moderními lidmi a neandertálci. Asymetrie výrazně překračuje 

variabilitu pozorovanou v současné populaci a mohla souviset s asymetrickým přenosem 

zátěže. Výrazná asymetrie byla proto zohledněna při následné rekonstrukci pánve, která 

nám umožnila posoudit pohlaví jedince a analyzovat transverzální rozměry pánevního 

kanálu a orientaci křížové kosti. Na základě nově dostupných pohlavně dimorfních znaků 

byl jedinec R1 pravděpodobně muž. Rozměry kanálu naznačují mírně širší východ než u 

moderních mužů, ale vykazují podobný vztah jako u dalších archaických nálezů. 

Vzhledem k vysoké korelaci mezi orientací křížové kosti a bederní lordózou měl R1 mírně 

vyšší úhel bederní lordózy (blízký modernímu průměru), než bylo navrženo pro většinu 

ostatních neandertálců. To rozšiřuje dříve navržený interval hodnot u neandertálců, který 

však stále zůstává v dolní části variability moderního člověka. V dalších prezentovaných 

studiích jsme se zaměřili na odhad pohlaví z fragmentárních nálezů a testování 

kompatibility různých technik digitalizace 3D dat. Konkrétně jsme navrhli metodu pro 

odhad pohlaví z posteriorní části ilia a upravili vizuální metodu Brůžka (2002) k použití na 

fragmentární materiál. Nakonec jsme porovnali dva různé 3D skenery a jejich výstupy. S 

ohledem na následné antropologické analýzy (odhad pohlaví a věku) se výstupy obou 

skenerů významně nelišily, ale skenery mohou poskytnout rozdílné výsledky ve více 

strukturovaných oblastech. 

Klíčová slova: virtuální rekonstrukce, geometrická morfometrie, pohlavní dimorfismus, 

lebka, pánev, neandertálci  
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RÉSUMÉ 

La préservation est un obstacle majeur dans les études paléoanthropologiques. Depuis 

les années 1990, les méthodes virtuelles sont devenues un élément important de la 

recherche anthropologique aidant à surmonter les problèmes de préservation de deux 

manières principales : elles améliorent l'extraction d'informations à partir de matériel 

fragmentaire et elles permettent une reconstruction plus objective des fossiles 

fragmentaires et incomplets. Cette thèse s'est concentrée sur la reconstruction virtuelle de 

deux spécimens fossiles: le crâne humain moderne du site du Paléolithique supérieur de 

Zlatý kůň (ZK ; République tchèque) et le bassin néandertalien de Regourdou 1 (R1 ; 

(France). La reconstruction du crâne de ZK nous a permis de réviser la diagnose sexuelle et 

d'analyser son affinité morphologique. Selon la diagnose sexuelle secondaire, l'individu de 

ZK était très probablement une femme et le crâne présente une grande affinité avec la 

population de la période ancienne du Paléolithique supérieur. Le bassin de R1 montre une 

asymétrie considérable qui a été analysée sur le sacrum en comparaison avec un 

échantillon moderne d’individus sains et un échantillon néandertalien. L'asymétrie dépasse 

considérablement la variation dans la population récente et elle aurait pu être liée à une 

transmission déséquilibrée du poids. Par conséquent, l'asymétrie a été prise en compte dans 

la reconstruction pelvienne qui a permis d'évaluer le sexe de l'individu et d'analyser les 

dimensions transversales du canal pelvien et l'orientation du sacrum. Sur la base des 

caractères sexuels disponibles, l'individu de R1 était probablement un homme. Les 

dimensions du canal pelvien indiquent une sortie légèrement plus large que chez les 

hommes modernes, mais ils montrent une relation similaire à celle d'autres spécimens 

archaïques. En considérant la corrélation forte entre l'orientation de sacrum et la lordose 

lombaire, R1 avait l’angle de lordose lombaire légèrement plus élevé (proche de la 

moyenne moderne) que celui proposé pour la plupart des autres Néandertaliens. Cela étend 

légèrement l’interval de variation néandertalienne précédemment suggérée, qui reste 

cependant dans la partie inférieure de la variation moderne. Dans d'autres études 

présentées, nous nous sommes concentrés sur l'estimation du sexe à partir de restes 

fragmentaires et l’analyse de compatibilité des techniques de numérisation des données 

3D. Plus précisément, nous avons proposé une méthode d'estimation du sexe à partir de 

l'ilium postérieur et nous avons ajusté la méthode visuelle de Brůžek (2002) à l'utilisation 

sur un matériel fragmentaire. Enfin, nous avons comparé deux scanners 3D et leurs 



viii 

 

résultats. Ils ne diffèrent pas de manière significative en ce qui concerne les analyses 

anthropologiques (estimation du sexe et de l'âge), mais ils peuvent fournir des résultats 

différentiels par rapport au détail dans des parties plus structurées. 

Mots clés : reconstruction virtuelle, morphométrie géométrique, dimorphisme sexuel, 

crâne, bassin, Néandertaliens  
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1 Introduction 

Preservation is a major obstacle in paleoanthropological studies limiting inclusion of 

fragmentary and incomplete fossil specimens to a wider range of analyses. Recently, 

emphasis has been put on the reconstruction of fossils in order to increase reliability and 

objectivity of the reconstruction process and subsequent scientific interpretations (Gunz et 

al., 2009). Traditionally, reconstruction was performed by an experienced researcher often 

using original fossil remains (White and Folkens, 2005). Not only that the fossil remains 

were in many cases further damaged by this procedure (Thompson and Illerhaus, 1998; 

Ponce de León and Zollikofer, 1999), but physical reconstruction is inherently based on 

personal impressions and experience leading to hardly reproducible outcomes. 

In 1990s, a new approach called virtual reconstruction was introduced in response to 

this problem (Kalvin et al., 1992, 1995; Zollikofer et al., 1995). Development of new tools 

in anthropology followed increased availability of medical imaging methods, such as 

computed tomography (CT), that produce digitized copies of physical objects (Spoor et al., 

2000a). Therefore, a methodological framework combining digitized 3D data and 

computer tools was developed to address reconstruction of taphonomically damaged 

specimens in a more concise and reproducible way (Zollikofer and Ponce de León, 2005). 

In contrast to physical reconstruction, virtual approach is based not only on anatomy but 

also on mathematical and geometrical principles providing an exact protocol that can be 

repeated by an independent researcher. Although subjectivity cannot be completely 

eliminated during the reconstruction process, the new approach minimizes its effect and 

allows examination of multiple possible forms (Weber and Bookstein, 2011). Finally, the 

reconstructed specimen can be transferred back to the real world and it can serve for 

educational or exhibition purposes (Garas et al., 2018; Bastir et al., 2019) as a means of 

mediating scientific research to the public (Rahman et al., 2012; Schlager and Wittwer-

Backofen, 2015; Profico et al., 2019a). 

Nonetheless, the reconstruction of missing parts has natural limitations, and thus it is 

necessary to maximize information that is possible to extract from fragmentary or few 

fossil remains (Zollikofer et al., 1998; Bräuer et al., 2004). To give an example, this trend 

is evident in sex estimation methods. As sex is an important parameter associated with 

physical and behavioral differences, many studies are interested in morphological 

variability and behavioral patterns related to sex in past populations (Frayer, 1980; Kuhn 

and Stiner, 2006; Villotte et al., 2010; Hora and Sladek, 2014; Estalrrich and Rosas, 2015; 
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Sládek et al., 2016; Sparacello et al., 2017). Although there is a general agreement that sex 

diagnosis is most reliable from the pelvis due to different selection pressures in males and 

females (Stewart, 1984; Rosenberg and Trevathan, 2002; Brůžek and Murail, 2006; Fischer 

and Mitteroecker, 2017), pelvic remains are not always sufficiently preserved. Therefore, 

methods of sex estimation need to be adjusted to differential states of preservation of 

pelvic remains and new methods need to be created and tested on other skeletal regions 

(Brůžek et al., 1996; Brůžek, 2002; Murail et al., 2005). 

Imaging techniques and geometric morphometrics (GM) methods greatly help in respect 

of studying fragmentary remains. GM is a set of tools that permits statistical analyses of 

form and shape (Bookstein, 1991). It is based on configurations of landmarks that conserve 

geometrical relationships of studied objects and permit comprehensible visualization of 

shape changes. In addition, 3D imaging techniques used in medical diagnostics penetrate 

the object and they allow studying hidden or inaccessible structures (Weber et al., 2001; 

Braga et al., 2019). Combined with GM methods, this set of tools improves information 

extraction from structures that could not be adequately analyzed with methods of 

traditional morphometrics (Zollikofer et al., 1998; Bräuer et al., 2004). 

In summary, virtual methods help to overcome the problem of preservation in two main 

ways: first, imaging techniques and new morphometric methods extract more information 

from partial bone fragments (Zollikofer et al., 1998; Bräuer et al., 2004); second, virtual 

methods of reconstruction enable a more reproducible way of reconstructing incomplete 

specimens in order to include them in a wider range of analyses (Zollikofer, 2002; Gunz et 

al., 2009). However, new methods and techniques go hand in hand with new problems and 

questions that must be addressed in order to keep results reproducible (Slizewski et al., 

2010; Mestekova et al., 2015; Mullins and Albanese, 2018). 
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1.1 Objectives 

The main focus of this dissertation is on the virtual reconstruction of two fossil 

specimens: the Upper Paleolithic cranium Zlatý kůň (ZK) from the Czech Republic (Vlček, 

1956; Svoboda et al., 2002) and the Neandertal pelvis Regourdou 1 (R1) from France 

(Piveteau, 1959; Meyer et al., 2011; Maureille et al., 2015a). Despite completely different 

chronological and taxonomical attributions, both specimens are fragmentary and 

incomplete and need to be reconstructed before addressing specific questions that relate to 

research history of these specimens or their broader evolutionary context. 

We enter the issue of virtual reconstruction with the Zlatý kůň cranium which is 

advantageous, as the virtual methodological framework has originally been established on 

skulls in particular. Zlatý kůň, unlike majority of its contemporary specimens, was 

discovered in the Bohemian part of the Czech Republic. With regard to the history of this 

specimen, we aim to perform the reconstruction with two particular objectives: revise its 

sex diagnosis and analyze its morphological affinity in comparison with Upper Paleolithic 

human populations. 

Regourdou 1 has one of the most complete pelves from European Neandertals. 

However, the pelvis shows a considerable asymmetry most noticeable in the sacrum. To 

better understand this asymmetry, the sacral morphology is quantitatively analyzed prior to 

the pelvic reconstruction. Subsequent preliminary pelvic reconstruction is aimed at 

revising sex diagnosis of this specimen and at exploring newly available pelvic canal 

dimensions and relative orientation of the sacrum within the pelvis. 

Our secondary aims relate to the use of 3D imaging and GM methods in addressing 

questions of sex diagnosis from fragmentary material and reliability of different digitizing 

methods. Focusing on the former aim, we analyze accuracy of sex estimation from the 

posterior ilium, which is usually better preserved in archeological record than the ischio-

pubic region. For this purpose, we also revise previously suggested sexual dimorphism in 

shape of the iliac auricular surface, and we compare traditional and geometric 

morphometric approaches in the estimation of sex. In addition, we perform a revision of 

the visual method introduced by Brůžek (2002) that takes into account differential 

preservation of skeletal remains. Simultaneously, we test visual assessment of sexually 

dimorphic traits on digitized skeletal material. Finally, as the virtual approach largely 

depends on 3D data that can be acquired by various techniques, we compare two surface 

scanners and examine their impact on anthropological analyses of sex and age. 
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1.2 Dissertation structure 

The dissertation is compiled from five published articles and is supplemented by an 

unpublished section on the preliminary reconstruction of the Regourdou 1 pelvis. The next 

chapters address major contributions of virtual methods following the two principal paths 

introduced above so that the reader is acquainted with the current methodological 

framework that is particularly important for virtual reconstruction of fossils. We start by 

explaining origin of various taphonomical disturbances, and we continue with the use of 

geometric morphometrics methods for information extraction from fragmentary remains. 

Special focus is given to the explanation of methods of virtual reconstruction and their 

reliability. Finally, we address questions regarding the compatibility of different 3D 

digitization techniques. After the theoretical background, in chapter 6 we summarize 

contributions of the articles that are attached to the thesis (Appendix A and C). The 

following chapter presents the unpublished reconstruction of the R1 pelvis that is 

accompanied with sufficient theoretical context and methodological background. Final 

chapters summarize main contributions of the thesis and explain future perspectives. 
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2 Taphonomy 

The preservation of fossil remains can be influenced by various processes before and 

especially after death of an organism. For fossil specimens, diagenetic changes occurring 

after deposition of the dead body into the lithosphere are of special importance (Lyman, 

1994). As a whole, the diagenetic process depends on many factors such as bone material, 

climate, depositional mode, sediment character and time span (Lyman, 1994); all of them 

contribute to the alteration of the bone content: organic matter is gradually removed and 

mineral content can be dissolved, replaced or enriched depending on specific chemical 

elements (Henderson et al., 1983). These structural alterations change physical properties 

of the bone that can even result in a change of its form (Fernandez-Jalvo and Andrews, 

2016). 

Generally, post-depositional processes can lead to four principal disturbances that have 

a direct impact on the specimen’s representation and the choice of a reconstruction 

technique (Weber and Bookstein, 2011): 

type 1 = fragmentation, 

type 2 = incompleteness, 

type 3 = plastic deformation, 

type 4 = extrinsic material. 

Fragmentation and incompleteness are very common in paleoanthropological and 

archeological material. While the bone loses both its organic and mineral content, it 

becomes less resistant to external forces. Furthermore, the overlying sediments become 

more compact with increasing time and press the bone with a greater weight (Lyman, 

1994). This can have two consequences depending on the bone’s mechanical properties: 

fracture or deformation (Zollikofer and Ponce de León, 2005). After fracturing, fragments 

are dislocated, but they do not show apparent deformation. 

Plastic deformation results from the de- and re-mineralization processes during 

fossilization which in long-term action may considerably change bone geometry while the 

integrity remains intact (Figure 1). As such, deformation is rather associated with fossilized 

material covered with thicker layer of sediments that exerts greater pressure (Zollikofer 

and Ponce de León, 2005). Potential relationship between in situ positioning and plastic 

deformation was also studied in archeological skulls from recent historical periods. 

However, the established relationship between the skull shape and the in situ position was 

more probably interpreted as though the position was a consequence of the original skull 
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shape (Jurda et al., 2015). As plastic deformation does not involve breakage, it must be 

distinguished from physiological or pathological condition (Fernandez-Jalvo and Andrews, 

2016). 

 

 

Figure 1. Effect of position in situ (A, B) and movements of stratigraphic layers 

(compression and displacement) on shape of the fossil. Compression in B and 

displacement in A result in a uniform shear that is possible to correct with symmetrization 

(adapted from Ponce De León and Zollikofer, 1999). 

 

Special type of deformation is a so-called expanding matrix distortion or a brittle 

deformation; bone is fragmented into very tiny pieces whose integrity is maintained by 

matrix filling that expands in a nonlinear way (White, 2003; Arbour and Currie, 2012). In 

fact, it is a combination of type 1 and 4 defects. 

The fourth type of disturbance is when an object or its parts are not accessible because 

they are covered by or embedded in a foreign material (Weber and Bookstein, 2011). This 

may happen during the time the fossil lies in sediments in the form of encrustation or 

cavity fillings (Lyman, 1994). However, it may also concern intentionally added material, 

such as plaster or clay, from previous physical reconstructions that often used coloring to 

match the color of the fossilized bone. Therefore, the added material cannot be reliably 

distinguished by naked eye (Thompson and Illerhaus, 1998; Nerudová et al., 2019). To 

disengage the studied object, foreign material can be removed virtually using a CT scan; 

the unwanted material can be recognized based on different density or homogeneity of the 

inner structure (Bräuer et al., 2004). 
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3 Geometric morphometrics and information extraction 

Geometric morphometrics can be used to analyze differences in shape which result from 

various biological processes (Bookstein, 1991; Zelditch et al., 2004). In contrast to 

traditional morphometrics, GM depends on Cartesian coordinates of landmarks. Unlike 

linear measurements, coordinates provide spatial relationships within the configuration, 

and thus they preserve information on structure’s shape allowing comprehensible 

visualization of results. Landmarks are points that are located at homologous positions 

across specimens, and they can be divided into several types based on their homology 

(Table 1). During a standard GM analysis, configurations of landmarks are superimposed 

using Generalized Procrustes Analysis (GPA) that separates shape and size components. 

GPA is an iterative process consisting of three steps (Figure 2): translation of objects so 

that the centroids are superimposed; scaling onto the unit size represented by centroid size 

of each object; rotation of objects while minimizing sum of squared distances between 

homologous landmarks (Zelditch et al., 2004). Finally, all specimens are superimposed and 

effects of differences in position, size and orientation are filtered out 

 

Table 1. Different types of landmarks used in geometric morphometrics (following 

Bookstein, 1991; Gunz and Mitteroecker, 2013). 

Landmark type Group of 

landmarks 

Homology Definition 

Type 1 Fixed Anatomical Juxtaposition of tissue types (0 degrees of 

freedom) 

Type 2 Fixed Geometrical Extreme curvature (0 degrees of freedom) 

Type 3 Fixed Geometrical Extreme distance (0 degrees of freedom) 

Curve 

semilandmarks 

Sliding Geometrical Landmark sliding along a curve (1 degree of 

freedom) 

Surface 

semilandmarks 

Sliding Geometrical Landmark sliding on a surface (2 degrees of 

freedom) 
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Figure 2. Steps of Generalized Procrustes Analysis illustrated on three cranial landmarks 

(from Baab et al., 2012). 

 

Despite many advantages of analyzing landmark configurations, commonly used 

landmarks (types 1 to 3) are usually not evenly distributed over biological specimens 

(Zollikofer et al., 1998). This is an important shortcoming, as there are often large areas 

without any fixed landmarks, and thus common GM methods cannot convey any 

information from such regions. Therefore, several methods have appeared that can be used 

for structures lacking a great number of classical landmarks. They are so-called homology-

free non-landmark methods that use registration of wholes meshes (Dupej et al., 2014; 

Durrleman et al., 2014). These methods provide a general analysis of global geometry 

(Bruner, 2019) in a fairly short amount of time (Gunz and Mitteroecker, 2013). However, 

point homology across specimens is not always guaranteed as in landmark analyses, and 

for now, they are not adapted to fragmentary remains (Gunz and Mitteroecker, 2013; 

Bruner, 2019). Therefore, special landmarks called sliding semilandmarks were introduced 

that are more in control of the researcher. Using semilandmarks, one can exploit 

information from structures that were previously neglected due to the lack of consistent 

traditional examination or lack of classical landmarks (González et al., 2007; Anastasiou 

and Chamberlain, 2013; Velemínská et al., 2013; Braga et al., 2019). Moreover, they also 

serve for the purpose of virtual reconstruction of missing parts (Bookstein, 1997; Gunz et 

al., 2005; Gunz and Mitteroecker, 2013). 
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Sliding semilandmarks are points that are not biologically but geometrically 

homologous. Their position on the object is determined by a homologous curve or surface 

on which semilandmarks are located through a process called sliding after which they can 

be treated the same way as classical landmarks (Gunz and Mitteroecker, 2013). During 

sliding, semilandmarks change their positions according to minimization of differences 

between the current configuration and the reference configuration (a template or a sample 

mean). The difference between both configurations can be computed by two algorithms 

(Perez et al., 2006): Thin-Plate Spline (TPS) bending energy or GPA Procrustes distance. 

The TPS algorithm is a function defined for warping one object onto another while the 

measure of deformation expressed as bending energy is minimized (Bookstein, 1989). 

Procrustes distance is a square root of the sum of squared distances between corresponding 

landmarks of two superimposed configurations. Both criteria have different assumptions 

about the involved process and the differences are graphically represented in Figure 3. To 

calculate bending energy, a whole set of landmarks and semilandmarks is taken into 

account, and sliding of each semilandmark is influenced by sliding of the adjacent ones. 

On the other side, in Procrustes distance minimization, each semilandmark slides 

separately without any influence of adjacent semilandmarks. Thus, the former approach 

considers interlandmark relationships while the latter approach does not which can result in 

a malposition during sliding process (Bastir et al., 2019). It was empirically demonstrated 

that results from both sliding procedures slightly vary (Perez et al., 2006). Regarding the 

previously mentioned differences and consequences, the approach minimizing bending 

energy is generally more recommended in the context of biological studies as this approach 

leads to more smoothly interpolated geometry (Gunz et al., 2005; Gunz and Mitteroecker, 

2013; Bastir et al., 2019). 

Based on the TPS sliding, the procedure consists of two steps: sliding and projection. 

First, semilandmarks are relaxed and they are allowed to slide along the tangent or the 

tangent plane for curves or surfaces, respectively. By this process, they may lose their 

contact with the 3D surface, so they are projected back onto the curve or the surface (Gunz 

et al., 2005). By iterative manner, all points finally get to geometrically homologous 

positions. 

In addition to the described use in shape analysis, the above mentioned algorithm of 

sliding that localizes semilandmarks onto their homologous positions is in its nature a 

missing data algorithm; curve semilandmarks are determined by a curve, but their position 
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on the curve is missing (1 degree of freedom); likewise, surface semilandmarks are 

determined by a surface, but they can move along the tangent plane (2 degrees of 

freedom). Missing landmarks have missing all three coordinates (3 degrees of freedom), 

and therefore they can be interpolated based on the available landmarks and 

semilandmarks using a complete reference specimen (Gunz et al., 2009; Gunz and 

Mitteroecker, 2013). This leads us to the topic of virtual reconstruction which will be 

described in the next section. 

 

 

Figure 3. Criteria for semilandmark sliding: a) minimum bending energy, b) minimum 

Procrustes distance. Part 1 = semilandmark sliding relative to the template (dashed line), 

part 2 = final state (from Perez et al., 2006). 

 

4 Virtual reconstruction 

Virtual reconstruction  is an approach combining digitized 3D data and computer tools 

to reconstruct fragmentary or incomplete specimens (Zollikofer and Ponce de León, 2005). 

In contrast to physical reconstruction, virtual approach is apart from anatomical rules also 

based on mathematical and geometrical principles. This ensures that the exact protocol can 

be recorded and reproduced and that results from differently designed protocols can be 

compared. Historically, the virtual approach is linked to the development of CT scanning. 

First virtual reconstructions of paleoanthropological specimens were performed in 1990s 

(Kalvin et al., 1992, 1995; Zollikofer et al., 1995) while they employed computer tools on 

CT scanned fossils and consisted mainly of anatomy-driven steps such as reassembly of 
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fragments, mirror-imaging and scaling of fragments from different individuals (Weber and 

Bookstein, 2011). Subsequently, mathematical and geometrical principles were 

implemented into the reconstruction of missing parts and correction of plastic deformation; 

these operations were mainly linked to the development of geometric morphometrics 

(Weber and Bookstein, 2011). 

Techniques of virtual reconstruction are also employed in other domains than 

paleoanthropology. In forensic anthropology and paleopathology, they can clarify the 

origin of an injury, its cause, weapon identification, or injury treatment (Woźniak et al., 

2012; Coutinho Nogueira et al., 2019; Nerudová et al., 2019). Virtual skeletal 

reconstructions are an initial stage for soft tissue reconstructions; e.g., facial reconstruction 

helps in forensic identification and it is also used to present historical and other interesting 

persons (Benazzi et al., 2009b; a; Nerudová et al., 2019). Lastly, virtual reconstruction is 

important for planning surgery procedures such as transplantations or bone replacement 

(Benazzi and Senck, 2011; Benazzi et al., 2011b). 

With regard to their wide application, virtual methods are currently an extensively 

discussed topic in scientific publications. Solely to virtual reconstruction and virtual 

methods in anthropology, two monographies have already been fully devoted (Zollikofer 

and Ponce de León, 2005; Weber and Bookstein, 2011). They summarize the whole 

process from digitization to reconstruction and morphometric analysis. Therefore, in the 

following sections, we will briefly go through the main points that everybody should be 

appraised of, and we will focus on the research that have followed since those 

monographies came out. 

  

4.1 Fragment reassembly 

Different types of disturbances described in chapter 2 can be corrected by different 

approaches that are described in the following sections. When type 1 disturbance is 

present, it is usually advisable to start with its correction. We cannot use tactile senses in 

virtual environment. Therefore, it is sometimes more reliable to glue physical fragments 

together provided that their surface edges are sufficiently large. If this condition is not 

fulfilled or glued unit would be too fragile, virtual tools are an appropriate option. 

Virtual reassembly can be performed manually, semi-manually or fully automatically. 

Manual reassembly follows anatomical constraints such as fracture lines or articulations 
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and dental occlusion (Benazzi et al., 2014; Amano et al., 2015). Using a complete 

reference as a placeholder, fragments may be aligned using an Iterative closest point (ICP) 

algorithm that overlaps the fragment with the reference (Li et al., 2011; Yin et al., 2011). 

The ICP algorithm translates and rotates a point cloud while minimizing the distance to the 

target point cloud by the least squares method (Besl and McKay, 1992; Zhang, 1994; 

Lynch, 2018). When the reconstructed object is very fragmentary, manual reassembly 

could cause large error, so special algorithms may be used that align fragments based on 

the correspondence of their fracture surfaces (Papaioannou et al., 2002). However, this 

approach is better applicable on fragmentary archeological artefacts from stone or ceramic 

rather than on fragmentary fossil remains that have often very thin fracture edges or the 

latter are abraded or eroded (Ogihara et al., 2015). Another algorithm may be more useful 

in osteological specimens; this method extrapolates the shape of neighboring fragments 

and aligns them based on the smoothness of the junction between them (Kikuchi and 

Ogihara, 2013; Amano et al., 2015). 

Automatic reassembly has still many drawbacks related to low efficiency of registration 

of fragmentary elements to a single specimen (Lynch, 2018), and it is restricted to rather 

trivial cases (Jurda et al., 2019). Therefore, manual techniques are still commonly applied 

even in virtual environment, and special devices are sometimes used to imitate the 

dimensional reality that is lost on the desktop (Jurda et al., 2019). 

Fragmentation is often coupled with missing regions, and therefore fragments may lack 

direct contact between themselves. To solve this problem, it is again possible to use a 

complete reference placeholder and reassemble fragments manually or using ICP algorithm 

(Li et al., 2011; Milella et al., 2015). Or, it is possible to digitally align fragments using 

landmarks which are placed on both fragments independently and one of the fragments is 

subsequently aligned based on a complete reference (Profico et al., 2019b). Whatever the 

method of alignment is, a reference used for the reassembly should be phylogenetically 

close, but sex and allometric effects may also be important (Profico et al., 2019b). 

 

4.2 Estimation of missing parts 

Missing parts are a common problem in paleoanthropological analyses, which is often 

solved by discarding specimens whose information is incomplete or by mean substitution. 

Analyzing metric dimensions is feasible with partial subsets of preserved specimens, but 
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other analyses such as GM require all specimens to have the same number of landmarks 

(Mitteroecker and Gunz, 2009). Moreover, biological specimens are physical objects 

whose morphology also needs visual inspection, and thus reconstruction of missing parts 

may provide us not only estimates of missing variables but also visual representations of 

studied specimens. 

As majority of vertebrates are bilaterally symmetrical, missing regions can be either 

unilateral or bilateral. Unilaterally missing structures are most reliably reconstructed based 

on the other preserved side while a complete reference individual must be used for 

bilaterally missing regions. 

Exploiting bilateral symmetry can be performed in several different ways using virtual 

tools (Gunz et al., 2009). A fragment can be reflected and moved to its appropriate 

position, or an object can be mirrored across an empirical midplane estimated from 

midsagittal landmarks. These operations create an exact mirrored copy of the original 

object and they only differ in the final position of the mirrored fragment on the incomplete 

side. However, simple reflection might not be an optimal solution when a specimen is 

characterized by a higher degree of physiological (not post-mortem) asymmetry (Benazzi 

and Senck, 2011). Third option can be applied when the incomplete side still contains a 

considerable preserved portion; the mirrored complete side is used as a template to be 

warped onto landmarks on the preserved portion. This results in a slightly different 

outcome that better fits the preserved morphology (Benazzi et al., 2009a; Gunz et al., 2009; 

Haile-Selassie et al., 2019) providing a higher accuracy than a simple reflection in 

specimens with a marked bilateral asymmetry (Benazzi and Senck, 2011). 

When missing regions occur on both sides, complete reference specimens must be used 

to estimate such areas. Generally, there are two different methods to predict missing 

morphology: statistical and geometrical (Gunz et al., 2004). The statistical reconstruction 

works on the principle of interlandmark correlations which are involved in the multiple 

multivariate regressions model. Therefore, this method takes into account population 

variance and covariance, such as allometry and morphological integration, but it also 

requires a large sample of reference individuals, as every landmark coordinate is predicted 

separately (Gunz et al., 2004, 2009). On the other hand, the geometrical reconstruction is 

based on geometrical continuity and curvature smoothness with a reference specimen to be 

warped onto the incomplete while keeping minimum deformation in the TPS algorithm 

(Gunz et al., 2004). During this process, areas between preserved landmarks are 
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interpolated meaning that estimation of missing regions works best when the missing area 

is surrounded by preserved landmarks. For this method, only one reference specimen can 

be used which is advantageous for paleoanthropological reconstructions as fossil species 

are not usually represented by a large number of complete specimens. Prediction using 

TPS is always based on one specimen; this can be an average of multiple specimens or 

each specimen from a sample leading to multiple reconstructions. 

To exploit maximum information, the preserved morphology must be sufficiently 

covered by landmarks. This is an important condition for both statistical and geometrical 

reconstructions, as close landmarks have higher covariance affecting the statistical 

reconstruction, and the TPS reliably predicts missing data close to the preserved 

morphology (Gunz et al., 2009). Therefore, sliding semilandmarks, described in chapter 3, 

are necessary for both methods as they allow one to capture morphology that does not 

possess any anatomical landmarks. 

The estimation process concerns landmark coordinates or other variables, e.g., 

interlandmark distances (Neeser et al., 2009). To produce a visual reconstruction, another 

step is necessary via surface warping of a complete reference specimen onto the 

reconstructed configuration of landmarks. Reconstructed missing parts can be subsequently 

cut from the reference model and merged with the incomplete specimen. Perfect fit 

between the original and the new surface is important especially for subsequent 3D 

printing or in correcting skeletal defects in plastic surgery (Benazzi et al., 2011b). 

However, the new surface does not often perfectly match the original morphology, which 

pays for simple mirror-imaging as well as for TPS warping, and for this reason it is 

advisable to use computer-aided design techniques. These techniques improve continuity 

of the combined meshes and their effect on surface geometry is minimal (Benazzi et al., 

2011b). 

Apart from predicting positions of landmarks, there have been attempts to directly use 

whole point clouds which create surface meshes, and even whole volumes (Zheng and 

Lösch, 2013; Mahfouz et al., 2017). Between-mesh correspondence in the whole-mesh 

approach is solved by certain homologous surface features, such as bone tuberosities, that 

are automatically found and used to superimpose a fragment with a template (Mahfouz et 

al., 2017). However for now, this approach has been developed only on some bones 

without possibility of using own reference material which is limiting for 

paleoanthropological studies. The volumetric method should take into account not only 
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surface data but also data from each voxel, but this method has not yet been further 

developed (Zheng and Lösch, 2013). 

 

4.3 Retrodeformation 

Plastic or brittle deformations are more commonly corrected in paleontology 

(Angielczyk and Sheets, 2007; Boyd and Motani, 2008; Arbour and Currie, 2012; Hedrick 

and Dodson, 2013; Cuff and Rayfield, 2015), but they are also found in 

paleoanthropological specimens. Despite preserved object integrity, these deformations 

may have a significant effect on shape variability of fossil specimens (White, 2003; 

Angielczyk and Sheets, 2007; Hedrick and Dodson, 2013). Plastic deformation is a kind of 

defect that is not possible to correct physically and virtual methods are thus of great 

importance in solving this issue. Earlier, plastic deformations were corrected only in very 

flat 2D specimens, but retrodeformation methods started to be applied to 3D specimens too 

(Lautenschlager, 2016). 

For correcting plastic deformation, chronological sequence of diagenetic changes 

leading to all observed defects has to be examined together with a documentation of the in 

situ position. This helps to identify place and time when the pressure of the overlaying 

sediments affected the fossil (Zollikofer, 2002). The outcome of deformation depends on 

the orientation of the fossil relative to the direction of compression (Figure 1) (Ponce de 

León and Zollikofer, 1999). This provides information whether the whole object is affected 

by deformation, or only its part, and an inverse transformation can subsequently be applied 

to retrodeform the specimen. 

The easiest way of retrodeformation is by exploiting bilateral symmetry. This 

information can only be used in specific cases where only one side is distorted or when the 

whole form is distorted by a uniform shear (Gunz et al., 2009). While compression parallel 

or orthogonal to the midsagittal plane does not affect its overall symmetry, any other 

deformation results in shearing of the fossil (Ponce de León and Zollikofer, 1999). When 

the uniform shear is present, symmetry can be restored based on the principle of 

midsagittal landmarks being located in a single plane: distances from the plane to the 

bilateral landmarks should be symmetrical and connecting lines perpendicular to the 

midplane (Ogihara et al., 2006; Gunz et al., 2009; Tallman et al., 2014). This technique is 

based on the TPS deformation of the original landmark configuration onto the symmetrized 
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configuration. Until now, this technique has only been used with anatomical landmarks. 

However, the distribution and amount of landmarks affects the result of surface 

retrodeformation, so the techniques has recently been extended by symmetrical 

semilandmarks that are homogeneously distributed along curves and surfaces reaching 

better results in retrodeformation (Schlager et al., 2018). 

Symmetrical distortion such as compression or stretching parallel or perpendicular to 

the midsagittal plane cannot be corrected based on this principle, since bilateral landmarks 

are equally far from the midplane and remain in 90° angle from the midplane (Ogihara et 

al., 2015). In some cases, it is possible to separate individual parts, reassemble them, and 

apply a retrodeformation function based on the original and newly positioned landmarks 

preserving continuity of the bone surface (Zollikofer, 2002; Benazzi et al., 2014). Another 

solution for such deformations is the use of a reference template onto which the deformed 

specimen or its part is warped (Ogihara et al., 2015). Comparing a deformed specimen to 

an undistorted one of the same species may help to assess direction of pressure in an 

attempt to simulate backward transformation. This operation does not necessarily lead to 

the true fossil shape, but it can help us to understand which parts were most affected by 

deformation (Arbour and Currie, 2012). 

 

4.4 Evaluation of reconstruction reliability 

Reconstruction of skeletal tissue is a process which attempts to bring a fossil variously 

affected by taphonomic conditions to the state ante-mortem. Although preservation state 

can be very variable, and therefore no single reconstruction protocol exists for every case, 

it is still possible to state main principles that should be maintained. First, every 

reconstruction should start with recovering the intrinsic information preserved in the fossil 

and use as much of this information as possible. Second, extrinsic information should be 

used to interpolate or extrapolate lost information that cannot be recovered from the 

preserved remains themselves (Zollikofer and Ponce de León, 2005). 

Reconstruction accuracy is affected by many factors such as a type of the defect, its size 

and location, used methods, and a reference sample (Senck et al., 2013). Types 1 and 4 

defects should ideally have a single solution if the object is complete but only fragmented 

or embedded in matrix. In types 2 and 3, reconstruction accuracy greatly depends on other 
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mentioned factors, and the result is always only an approximation (Weber and Bookstein, 

2011). 

Differential advantages and disadvantages specific for methods of missing parts 

reconstruction result in a predominant use of the TPS algorithm based on landmarks in the 

paleoanthropological context, since a large sample of reference specimens is not necessary 

(Grine et al., 2010; Benazzi et al., 2011a, 2014; Kranioti et al., 2011; Amano et al., 2015; 

Haile-Selassie et al., 2019). However, several works have demonstrated that the TPS 

function does not provide accurate estimates for missing data and that it sometimes works 

even worse than mean substitution (Neeser et al., 2009; Arbour and Brown, 2014). These 

studies used only very sparsely spaced anatomical landmarks and, as pointed out by Gunz 

et al. (2009), dense cover by sliding semilandmarks is crucial for TPS algorithm, as the 

least TPS bending causes convergence to the template form leading to striking resemblance 

with the template when the geometry is not sufficiently defined by landmarks (Figure 4). 

Other comparisons of TPS and regression methods showed decreasing accuracy with 

increasing distance from the preserved morphology in both methods. However, regression 

is able to reliably estimate large unilaterally missing regions, as it has access to the 

information about symmetry in contrast to TPS which provides biased estimation of 

unilateral defects influenced by a reference specimen (Gunz et al., 2004). Therefore, the 

use of TPS estimation in paleoanthropological studies is supported not only by the absence 

of need of large reference samples, but also by accurate results comparable to the statistical 

method, when applied appropriately. Ideally, TPS should be used for interpolation of 

smooth bilaterally missing regions in the vicinity of the preserved morphology (Gunz et 

al., 2009), and one should be cautious about extrapolation of projecting and more distant 

parts as the estimation tends to approach the reference specimen (Zollikofer and Ponce de 

León, 2005). 

If the estimation of large missing defects is inevitable, two solutions are available: 

simulation or multiple estimations. Using simulation, we can quantify accuracy and 

reliability of missing region estimation on a complete specimen, while multiple estimations 

produce a range of possible forms based on the reference sample. However, the problem of 

a low number of reference specimens in paleoanthropology is re-encountered. The 

reference specimen should be from the same or morphologically close species (Senck et 

al., 2013; Teshima et al., 2015). It has been shown that sex or population origin has low 

effect on the reconstruction outcome in extant modern humans (Senck et al., 2013), but it 



18 

 

obviously depends on the location and size of the defect (Arbour and Brown, 2014), as 

skeletal structures are differentially integrated (Klingenberg, 2014), and thus preserved 

regions have limited capability of prediction. A degree of variation of multiple estimates 

indicates reconstruction reliability of a given structure, and, depending on the degree of 

structural integration and defect size, multiple estimates can still lead to a single conclusion 

(Gunz et al., 2009). 

 

 

Figure 4. The effect of landmark number on the warping of the reference specimen (B, C) 

to the target (A). A high number of landmarks (B) results in a better fit (D) in contrast to a 

low number of landmarks (C, E) (adapted from Gunz et al., 2009). 

 

Since complete fossil specimens are not abundant, it has been shown that interspecies 

reconstructions based on morphologically close contemporary species can be performed 

with sufficient reliability (Senck et al., 2015). However, if a fossil species shows a 

different pattern of integration, different extant taxa can be variously suitable for 

reconstructing different anatomical regions (Senck et al., 2015). 

Every reconstruction involves assumptions that determine the reconstruction process 

and selection of suitable methods. Such assumptions follow taphonomical examination, 
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structural integration, symmetry, taxonomic attribution, sex or age, and they have to be 

considered in subsequent analyses (Gunz et al., 2009). Reconstruction should always 

exploit maximum from the preserved morphology and minimize reference-based 

reconstruction. However, when reconstructing an incomplete specimen, assumptions 

should not coincide with research hypotheses; otherwise, conclusions supporting our 

hypotheses would be weakened (Weber and Bookstein, 2011). 

 

5 Comparability of digitization techniques 

Data acquisition is usually an initial stage of morphological research and can be 

accomplished in different ways according to subsequent study aims. The existence of 

different techniques and devices causes differences between final outcomes that are further 

analyzed. Furthermore, despite the use of new analytical methods such as GM, traditional 

methods are still being used, but measurements of linear dimensions were defined on dry 

bones. To ensure research reproducibility, it is therefore important to examine these 

aspects and their potential effects. A specimen under study can be converted into the 

computer environment so that a virtual copy is created, or landmark coordinates can be 

simply acquired by means of a landmark digitizer (Weber et al., 2001). In this chapter, we 

will focus on the former means of digitization as it can substitute the original specimen in 

many aspects. 

3D models can be acquired by different means as volumetric or surface data. The 

former approach relates to the development of conventional radiography in the medical 

research at the end of the 19
th

 century. This method was very quickly adopted in the 

paleoanthropological research as an analytical tool for exploring inner structures (Spoor et 

al., 2000a). By extension into the third dimension within the computer environment, 

computed tomography was developed in the 1970s. This latter approach solves the spatial 

overlap and permits to observe individual structures in a complex 3D object (Weber and 

Bookstein, 2011). CT scanning is now an integral part of the paleoanthropological and 

paleontological research, as it avoids manipulation with the original object and potential 

damage (Zollikofer et al., 1998; Recheis et al., 1999; Sutton et al., 2016; Uldin, 2017). 

CT imaging works on the basis of x-rays with electrons being emitted from a source and 

passed through the object. The object absorbs electrons based on its material density, and 

the attenuated signal of radiation is detected (Weber et al., 2001). Final CT scan consists of 
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a stack of 2D slices of certain thickness. Therefore, each pixel of the slice represents, in 

fact, a volume element called voxel that has a single value based on the attenuation 

coefficient displayed as a shade of grey (Spoor et al., 2000b). High density materials 

absorb larger portions of the x-ray resulting in high attenuation coefficients displayed by 

lighter shades of grey or white color. Resolution of the CT scan depends on several factors: 

radiation dose, size of the field of view and number of slices. Generally, medical CT scans 

reach lower resolution (the best around 0.4 mm), while industrial micro-CT scanners can 

achieve resolution between 1–200 µm providing insight into the bone microstructure, and 

thus they are often used in fossil specimens (Spoor et al., 2000b). Synchrotron facility can 

even reach <1 µm resolution (Boyde, 2009). Radiation damage from CT scanning can be 

disregarded in fossil specimens except for synchrotron which can degrade ancient DNA 

impairing subsequent genetic studies (Immel et al., 2016) and potentially leading to 

choices in priorities regarding the analyses of fossil material (Hublin, 2015). 

Magnetic resonance imaging (MRI) is another method used for medical diagnostics. 

This technique is based on the absorption and emission of high frequency radio waves by 

hydrogen nuclei when the atoms are subjected to a strong magnetic field. In common with 

CT, MRI generates volume of slices with various shades of grey, but in contrast to CT, 

MRI does not produce ionizing radiation and it is more suitable for imaging soft tissue 

which contains high proportion of water (Weber and Bookstein, 2011). The resolution of 

MRI is generally lower than that from CT, so it does not permit examination of smaller 

structural details. In conjunction with experimental studies, it provides valuable knowledge 

on biomechanical aspects in human evolution (Warrener et al., 2015). 

Another means of creating 3D models is scanning the object’s external morphology. 

This can be accomplished by photogrammetry or various 3D scanners. Photogrammetry is 

based on the alignment of a large number of photographs and calculation of their spatial 

positions. Collection of photographs is fast and does not need special equipment. In 

contrast, the computation phase is a very lengthy process which requires special software 

and high computer performance (Falkingham, 2012; Katz and Friess, 2014). 

Use of scanners is based on the non-ionizing visible light that does not penetrate the 

object, thus restricting the outcome to the outer surface of the object (Friess, 2012). 

Surface scanners suitable for scanning small to medium sized objects (sufficient for most 

anthropological studies) work on a triangulation principle of detecting reflected visible 

light that is being projected onto the scanned object, thus resulting in a virtual point cloud 
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representing the original object (Tocheri, 2009; Friess, 2012). Two technologies are 

implemented in different scanner devices: laser and structured light. The latter is 

completely non-ionizing while the former can have ionizing effects based on the part of the 

light spectrum the laser is derived from (Friess, 2012). 

 

5.1 Comparative studies 

A digitized model is not an exact replica of the original model. The accuracy of the 

virtual copy in representing the original specimen is dependent on a variety of factors 

derived from the equipment, but also from the software and algorithms used for mesh 

alignment and processing (Tocheri, 2009). CT scanners are very costly and therefore they 

are not a standard equipment of every laboratory (Sutton et al., 2016). In fact, there are a 

few facilities per country that provide CT or micro-CT scanning for research purposes. 

Therefore, CT scanners are more standardized throughout studies compared to 3D surface 

scanners which are affordable by greater number of institutions, and thus there is greater 

variability among the devices. 

Even though each scanner has its own resolution, this is hardly ever reached by surface 

scanners (Guidi et al., 2007), as the performance is influenced by environmental 

conditions, especially by other light sources, and color properties of the scanned object. 

Laser scanners are less affected by other light sources, since they are set to only acquire 

light of certain wavelength (Friess, 2012). In contrast, micro-CT is independent of these 

factors, and with its high resolution, it is often considered “gold standard” in comparative 

analyses (Slizewski et al., 2010; Marcy et al., 2018). 

Scanner performance is usually evaluated on a uniform manufactured object without 

texture which is not totally indicative of suitability for osteological material (Friess, 2012). 

Furthermore, morphological assessment may also depend on the interaction between the 

somatosensory system and a physical or virtual object. For these reasons, many 

anthropological studies test the accuracy and precision of different 3D data acquisition 

techniques (Guidi et al., 2007; Fourie et al., 2011; Villa et al., 2015b; Algee-Hewitt and 

Wheat, 2016; Colman et al., 2019). These studies differ in material and means of 

performance evaluation. There are two general types of studies. The first group tests the 

accuracy of 3D data acquisition relative to a reference that is either more precise or 

considered a standard means of data acquisition (Slizewski et al., 2010; Fourie et al., 2011; 
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Algee-Hewitt and Wheat, 2016; Marcy et al., 2018; Mullins and Albanese, 2018; Perrone 

and Williams, 2019). The second group tests accuracy of scanners which are assumed to 

produce similar results based on technical parameters (Eder et al., 2013; Villa et al., 

2015b). The effect of scanning is also usually evaluated with regard to specific methods of 

analysis or study aims (Marcy et al., 2018; Mullins and Albanese, 2018). 

A large number of studies evaluate the effect of scanning using coordinates of 

landmarks or linear measurements which are commonly analyzed in morphological 

studies, and therefore the impact on such analyses needs to be quantified. The reference is 

usually a manual acquisition of measurements or landmarks using a caliper or a landmark 

digitizer directly on the bone; another option is micro-CT that is considered more precise 

(Slizewski et al., 2010; Marcy et al., 2018). Generally, landmarks and measurements show 

good reproducibility among different means of acquisition (manual, landmark digitizer, 

surface scanner, CT) (Fourie et al., 2011) except for highly complex anatomical structures 

where different scanners are more prone to inconsistent results (Eder et al., 2013). It was 

also suggested that different types of landmarks used in geometric morphometrics are 

variously reproducible across different sources of data, but studies do not show consistency 

in this aspect (Sholts et al., 2011; Algee-Hewitt and Wheat, 2016). This leads to an 

important fact that landmark digitization or measuring distances of a virtual object is 

undoubtedly different from that of a real object. In virtual environment, landmarks cannot 

be placed using tactile means but have to be located solely on a visual basis (Sholts et al., 

2011). Moreover, standard osteological measurements were defined with regard to 

traditional measuring instruments (Martin, 1928; Bräuer, 1988) whose functions are 

sometimes difficult to reproduce in virtual environment. On the other hand, tools of 

computer-aided design software can serve to make landmarks and measurements more 

reproducible and comparable to standard definitions while substantially reducing observer 

error (Guyomarc’h et al., 2014; Reynolds et al., 2017). 

Digitized surface models also provide more accurate estimates of certain geometrical 

properties such as surface area or volume (Tocheri, 2009), and they permit complex 

quantitative analyses of surface topography (Biwasaka et al., 2013; Villa et al., 2015b; 

Pampush et al., 2016; Winchester, 2016). These characteristics (especially the last-named) 

largely depend on the level of detail which can be very variable despite the fact that 

different scanners reach similar resolution (Guidi et al., 2007; Slizewski et al., 2010; 

Mathys et al., 2013). This discrepancy can be produced by different scanning protocols 
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(Sholts et al., 2010) or algorithms used for mesh generation (Klaas et al., 2011) and post-

processing (Veneziano et al., 2018). As every scanner is typically sold with accompanying 

software performing the alignment of partial meshes, merging and basic mesh processing 

(Tocheri, 2009), these procedures may also influence detailed topography of the final 

model (Guidi et al., 2007). In consequence, scanners add a random noise to the mesh 

affecting its geometrical properties and topography. It has been suggested that smoothing 

filters can separate real anatomy from the error of each scanning instrument (Villa et al., 

2015b; Veneziano et al., 2018). Decimation and smoothing tools are common post-

processing operations (Friess, 2012; Bastir et al., 2019) employed in order to speed up 

manipulation or reduce artifacts and noise, but both tools can also cause a great 

information loss (Veneziano et al., 2018). 

Regarding susceptibility of further analyses to differently acquired data, there is usually 

little or no effect on methods depending on measurements, landmarks, or surface 

topography (Mullins and Albanese, 2018; Perrone and Williams, 2019). However, lower 

resolution techniques may produce less reproducible results that should be taken into 

account especially in studies expecting little biological variation such as in the analysis of 

asymmetry (Marcy et al., 2018). Suitability of digitized models for analyses depending on 

morphological assessment has not yet been extensively studied. Naturally, delicate traits 

cannot be reliably observed on material with poor resolution (Colman et al., 2019), but in 

general, assessment of virtual material can give comparable results to those obtained from 

dry bones (Colman et al., 2019). 

To sum up, digitizing error can come from various sources. Scanners operate on a 

different basis, they are associated with different software and algorithms, and final scans 

can be variously processed by researchers. All these factors cause smaller to greater 

differences and change mesh quality and topography. For macroscopic studies using scans 

acquired by different means seems acceptable if all the devices provide sufficient 

resolution for the smallest desired features (Weber, 2015). However, one should be 

cautious about combining different sources of scans in studies expecting little biological 

variation (Marcy et al., 2018) as scanners differ in the level of detail they are capable to 

capture (Guidi et al., 2007; Eder et al., 2013). 
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6 Summary of presented articles 

First main focus of the thesis was on the virtual reconstruction of the Zlatý kůň cranium 

and subsequent morphometric analysis (Rmoutilová et al., 2018). The Upper Paleolithic 

specimen was discovered in 1950s, approximately 30 km southwest from Prague (Vlček, 

1956). Skeletal remains only consist of the fragmentary skull and several fragments of ribs 

and vertebrae. Therefore, mainly cranial and mandibular remains had been analyzed and 

used in several comparative studies (Smith and Ranyard, 1980; Sládek et al., 2002; Lestrel 

et al., 2013). The specimen was identified as an adult female (Vlček, 1991; Wolpoff et al., 

2006) despite previously described male features on the frontal bone (Vlček, 1956) when 

ZK had been considered to represent two individuals due to color differences of the 

fragments (Smith et al., 1982). In 2002, direct radiocarbon dating revealed an age of ~15.4 

ky cal BP (Svoboda et al., 2002) moving the specimen from previously assumed Early 

Upper Paleolithic age to the Late Glacial period. Human skeletal remains are scarce in 

Central Europe from this period (Figure 5); a great portion of them are very fragmentary 

restricting morphological analyses, but at least ancient DNA sampling was possible in 

several cases (Posth et al., 2016). 

In our study we reconstructed the ZK cranium using virtual methods in order to revise 

specimen’s sex attribution and morphological affinity with regard to European Upper 

Paleolithic populations. The reconstruction protocol was designed in order to employ 

maximum of the preserved morphology. Overall, the process consisted of operations 

belonging to two groups: preserved morphology-based and reference-based reconstruction. 

The preserved morphology-based operations were fragment reassembly, TPS warping 

based on a mirrored template and simple mirroring; complete reference information was 

used in the estimation of a non-adjacent fragment position and in estimation of bilaterally 

missing regions. 

As was discussed above, bilateral symmetry can be used in different ways in virtual 

reconstruction (Gunz et al., 2009). To reconstruct the left anterior portion of the calvarium, 

reflection with TPS was used, as there was a slight asymmetry in the specimen. Using 

landmarks and semilandmarks this approach exploited the preserved morphology on the 

left side which was supplemented by the aligned mandible. The mandible was aligned 

based on estimated cranial and mandibular midplanes and the right temporomandibular 

articulation. These criteria could not eliminate one degree of freedom, i.e., rotation along 

the transversal axis of the joints. However, this degree of freedom does not affect positions 
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of medial and lateral landmarks on the coronoid process used for TPS warping of the 

calvarium. This information ensured a congruity in the left temporomandibular articulation 

that is particularly important when transferring virtual objects into the real world via 3D 

printing. 

 

 

Figure 5. Central European sites with most important human skeletal remains from the 

Magdalenian or Final Paleolithic period projected on the map of Magdalenian assembleges 

(adapted from Maier, 2015; data from: Street et al., 2006; Irish et al., 2008; Šefčáková et 

al., 2011; Kozłowski et al., 2012; Maier, 2015). 

 

Reflection using TPS was also employed in the reconstruction of the right zygomatic 

bone. Both zygomatic bones were aligned based on fracture lines and the continuity of the 

orbital margin. This increased information available for estimating position of the right 

maxilla that does not possess a direct connection with the rest of the cranium. For this step 

complete reference specimens were necessary. To assess reliability of the reconstruction, a 

set of multiple reconstructions was produced based on different subsets of reference 

specimens according to factors such as sex, chronology and morphological similarity. In all 

seven copies of the cranium, the right maxilla was mirrored across the estimated cranial 

midplane. Finally, the same reference subsets were used to estimate missing portions in the 

facial, temporal and basicranial regions completing all seven reconstruction versions. 
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Variation of the final reconstructions caused by different reference specimens was 

relatively small which allowed us to take average linear dimensions for subsequent 

analyses. 

Using main cranial dimensions we addressed two questions of the ZK cranial 

morphology: sex attribution and morphological affinity. As has been shown, cranial shape 

is very population-specific (Musilová et al., 2019) and craniofacial sexual dimorphism 

changed over time (Frayer, 1980; Cieri et al., 2014). To sex the ZK specimen, we collected 

data on Upper Paleolithic specimens that were sexed by reliable techniques based on the 

pelvis, DNA, or secondary sex diagnosis (Murail et al., 1999). Using variables that best 

separated males and females, a linear discriminant model was created that successfully 

determined sex in 94% of the cross-validated reference sample (n=32). Moreover, with a 

posterior probability threshold of 0.95, sex was determined in 53% of the sample with no 

misclassification. By this tool, ZK was diagnosed as a female with a 0.98 posterior 

probability which can be considered very reliable. 

Morphological affinity of the ZK cranium was examined using standardized log-shape 

variables filtering out differences due to size (Mosimann, 1970). In contrast to the 

radiocarbon dating (Svoboda et al., 2002), ZK showed great morphological affinity with a 

population that lived in Europe before the Last Glacial Maximum (LGM) that occurred 23 

to 19 ky cal BP (Clark et al., 2009). The LGM was a dramatic climatic change that forced 

northern populations to southern refuge resulting in the abandonment of northern territories 

and subsequent re-settlement (Housley et al., 1997; Verpoorte, 2004). This had an impact 

on European populations changing their body constitution with regard to the climate 

(Straus, 1995; Churchill et al., 1999; Holt and Formicola, 2008), but populations also 

changed simply by genetic drift considering population bottleneck and the subsequent 

founder effect. Population turnover has been detected genetically (Pala et al., 2012; Fu et 

al., 2016; Posth et al., 2016) and also on craniometric variability of pre-LGM and post-

LGM populations (Brewster et al., 2014). Given that the radiocarbon dating of ZK does not 

fulfill all suggested criteria for reliability (Housley et al., 1997) and given the lack of 

diagnostic artifacts, this result can be interpreted in many ways and real biological 

closeness to the pre-LGM population cannot be ruled out at this moment. 

Thanks to the virtual reconstruction, we were able to extract new data and analyze 

general morphology of a fragmentary fossil specimen. We were able to address issues that 

have been discussed since the discovery of the specimen, but due to the preservation state 
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they could not have been analyzed in a complex way. For future studies involving this 

specimen, it is indispensable to revise its chronological dating. Depending on the results, 

this specimen can be very informative about population processes that occurred in Central 

Europe during the Upper Paleolithic. 

This study can also be useful with regard to sexing Upper Paleolithic specimens. There 

were only two misclassified individuals in the cross-validated model with a threshold 0.5; 

one of them was a male individual Arene Candide (AC) 2. A posteriori we found that he 

had probably suffered from a hereditary form of rickets (Formicola, 1995; Sparacello et al., 

2018). Unlike another individual in our sample affected by the same disease (AC3), 

pathological changes were also detected in the cranial shape of AC2 probably causing 

unsuccessful sex classification by our model. Using only non-pathological specimens, this 

model could be promising for sexing Upper Paleolithic specimens whose pelvic remains 

are not available. 

Second main focus of this thesis related to the Regourdou 1 pelvis. Regourdou 1 is one 

of the most complete European Neandertal skeletons that was found in 1957 near the 

village Montignac-sur-Vézère in Dordogne (France) (Piveteau, 1959; Bonifay et al., 2007). 

Since 2008, new pelvic remains have been discovered during a revision of museum 

collections (Madelaine et al., 2008; Maureille et al., 2015a) making the R1 pelvis one of 

the best preserved pelves of European Neandertals. However, based on the preliminary 

examination (Meyer et al., 2011), the sacrum shows considerable asymmetry. Therefore, 

we decided to first analyze a degree of the asymmetry in order to evaluate its importance 

for the reconstruction and possible impact on the individual (Rmoutilová et al., in press). 

The R1 sacrum was compared to modern healthy individuals (n=41) and other Neandertal 

sacra whose 3D models or literature data were available (n=6). Based on linear dimensions 

and landmarks, the asymmetry in length of sacral alae and orientation of sacral articular 

facets is substantial in R1 compared to both modern and Neandertal samples. In addition, 

we have provided a first quantitative analysis of the Neandertal sacra confirming previous 

descriptions that Neandertals had a relatively wide first sacral vertebra and a voluminous 

sacral canal opening. 

With regard to the published literature (Scheuer and Black, 2000; Pitre and Lovell, 

2010; Pfeiffer, 2011), the asymmetry in the sacral alae could have originated as a 

developmental abnormality during the intrauterine or postnatal period up to early 

childhood. As the sacrum plays a key role in weight transmission and posture (Pal, 1989), 
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there can be important implications related to load dissipation of the upper body onto the 

lower limbs. In addition, facet joint orientation is critical in maintaining stability of the 

spine with respect to shear forces (Noren et al., 1991) and asymmetrical orientation (facet 

tropism) is associated with degenerative vertebral diseases (Dai, 2001; Kim et al., 2013; 

Schleich et al., 2016; Lai et al., 2019). Signs of asymmetrical load transmission are 

apparent in the R1 trabecular structure and could be related to other skeletal abnormalities 

found in this specimen such as scoliotic signs in the sternum and presacral vertebrae 

(Gómez-Olivencia et al., 2012, 2013) and asymmetrical femoral shafts (Maureille et al., 

2015a). 

The pattern of morphological abnormalities in the R1 skeleton should be further 

examined. For our next purposes, we have shown that the asymmetry is substantially 

greater than that commonly observed in the modern population. This fact is important for 

the pelvic reconstruction, as the conformation of the sacrum affects articulation in the 

sacroiliac joints (SIJs). Since mirror-imaging techniques are often used in fossil 

reconstruction, we need to take this high degree of asymmetry into consideration. Virtual 

reconstruction of the R1 pelvis is described in detail in chapter 7. 

Our secondary aims related to the adjustment of sex diagnosis methods on fragmentary 

material and to the comparability of 3D digitization protocols. In the study of Rmoutilová 

et al. (2017), we focused on the analysis of sexual dimorphism in the iliac auricular surface 

and comparison of traditional and geometric morphometric techniques in sex estimation 

based on a partially preserved posterior ilium, as the sacroiliac region is generally better 

preserved than the ischio-pubic region in the archeological record (Waldron, 1987; 

Stojanowski et al., 2002). Sexual dimorphism of various traits has been suggested in the 

auricular region (Novotný, 1981; Valojerdy and Hogg, 1989; Ali and MacLaughlin, 1991; 

Brůžek et al., 1996; Novak et al., 2012; Anastasiou and Chamberlain, 2013; Wescott, 

2015) that could be explained by differences in body size (Novotný, 1981; Ali and 

MacLaughlin, 1991), birth adaptations (Wescott, 2015), or weight transmission related to 

different positions in the center of gravity between males and females (Bellamy et al., 

1983). However, shape dimorphism of the auricular outline could not be reliably assessed 

by traditional methods (Ali and MacLaughlin, 1991; Brůžek et al., 1996). Therefore, we 

used curve semilandmarks to analyze sexual differences in shape of the auricular surface 

on a sample of 121 photographed bones of individuals from three European populations. 

GM analysis identified subtle shape differences between males and females that are related 
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mainly to the width in the area of the auricular apex that is in agreement with previous 

studies (Anastasiou and Chamberlain, 2013). However, sex prediction using Support 

Vector Machine (SVM) algorithm based on shape was not successful; based on form we 

achieved accuracy of 81% with cross-validations. On the contrary, using visually evaluated 

traits (auricular surface elevation and postauricular sulcus) in combination with simple 

linear measurements suggested by Novak et al. (2012) and Wescott (2015), we achieved 

accuracy superior to 90% using SVM and linear discriminant analysis. We have provided a 

formula for the last method. 

In this case, GM approach allowed us to objectively assess the degree of sexual 

dimorphism in the shape of the auricular surface. Based on our sample, there are very little 

differences between male and female auricular shapes that cannot be reliably assessed 

visually. However, the posterior ilium provides morphological traits that can be used for 

sex diagnosis. 

In the publication of Santos et al. (2019), we revised the visual sex estimation method 

originally proposed by Brůžek (2002). The original method evaluates five characters from 

the whole coxal bone and the final sex estimate is obtained on the basis of a majority rule. 

The method was tested on a larger sample by us and the result can now be evaluated with 

logistic regression slightly increasing the accuracy of the method. Furthermore, the method 

is fully adjusted to fragmentary remains via an online application that enables one to assess 

accuracy achieved only on a partial set of preserved characters. 

In addition, we tested applicability of visual assessment on a sample of CT scanned 

material and we obtained comparable accuracy to that obtained on a sample of dry bones. 

These results are encouraging for future studies that use data from virtual material obtained 

from contemporary populations. However, subsequently published study of Colman et al. 

(2019) showed lower agreement in assessment of traits in the preauricular region of dry 

and scanned coxal bones. They did not compare differences in final sex estimates which 

could have been less marked, but their results may still indicate that the assessment of 

smaller morphological traits from the digitized material may be less reliable. 

In the last publication of Kotěrová et al. (2019), we analyzed differences between two 

widely used surface scanners (HP 3D SLS PRO 2 and NextEngine) and their potential 

impact on selected anthropological analyses. A sample of 29 coxal bones from the 

excavated Early Medieval site of Mikulčice was scanned by both scanners to evaluate their 

impact on sex estimation analysis based on linear coxal measurements (Murail et al., 2005; 
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Brůžek et al., 2017) and age-at-death estimation based on quantitative analysis of pubic 

surface topography (Stoyanova et al., 2015). A subsample of five pubic symphyses was 

also scanned by a high-precision industrial optical surface scanning device (Redlux 

profiler) that was taken as a reference in order to analyze scanners’ outcomes of a highly 

structured surface of the pubic symphysis. While there were significant differences in some 

linear measurements between both scanners and also with regard to manual measurements 

of dry bones, there was no important effect on outcomes of the sex estimation method. It is 

difficult to assign this effect to differences in scanners’ outcomes as the acquisition of 

linear measurements in virtual environment has not yet been standardized for the coxal 

bone; in fact, standardized measurement protocols have only been suggested for the 

cranium and some long bones (Guyomarc’h et al., 2014; Reynolds et al., 2017). Although 

the final sex estimate was not largely affected, one should be careful when combining 

virtual measurements with those on dry bones especially in univariate analyses. 

While there are obvious differences between the devices in the capacity of capturing 

detail (especially on more rugose and irregular surfaces), different outcomes had negligible 

effects on the age-at-death estimates. However, more marked differences in surface 

deviation were detected in specific individuals with a higher degree of surface curvature, a 

pattern present in younger adults (Lovejoy et al., 1985; Villa et al., 2015a). We were able 

to assess this possible trend only visually as we did not know the exact age of the 

individuals. However, given that younger individuals are characterized by more billowed 

auricular and symphyseal surfaces (Lovejoy et al., 1985; Villa et al., 2015a), scanning 

devices unable to sufficiently capture detail could cause a directional bias in aging 

individuals by such quantitative methods of surface topography. 
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7 Preliminary reconstruction of the Regourdou 1 pelvis 

Morphology of the human pelvis may be described in terms of three main factors: 

locomotion and posture, birth mechanism and thermoregulation (Gruss and Schmitt, 2015). 

Regarding the human pelvis, most obvious adaptations to bipedalism and upright posture 

can be found in the upper half of the pelvis (Lovejoy et al., 2009), but the lower half is also 

affected by the attachment of dorsal hip muscles. The upper part of the pelvis determines 

trunk width and is strongly related to climate (Ruff, 1991, 1993, 1994), but 

thermoregulatory demands are also reflected in transverse diameters of the true pelvis 

(Nuger, 2008; Betti, 2017), while the true pelvis mainly relates to the birth process (Ruff, 

1995; Rosenberg and Trevathan, 2002). 

Until the late 1980s, Neandertal pelvic remains were scarce and no complete pelvis was 

known (see Table 2 for a summary of Neandertal pelvic remains). Fragmentary remains 

allowed researchers to characterize Neandertal features (Gorjanović-Kramberger, 1906; 

Boule, 1911; McCown and Keith, 1939; Endo and Kimura, 1970; Heim, 1982; Trinkaus, 

1983, 1996; Rak and Arensburg, 1987; Marchal, 1997). A large number of the features 

(e.g., well-developed and anteriorly positioned iliac pillar, supra-acetabular sulcus and 

fossa, robust anterior inferior iliac spine, insertions of hamstring muscles, intern obturator 

sulcus) were put in relation to Neandertal overall body robusticity and muscle insertions 

(Day, 1971; Frayer, 1987; Aiello and Dean, 1990; Trinkaus, 1996), and some of them were 

also shared with Middle Pleistocene specimens (Day, 1971; Stringer, 1986; Bonmatí and 

Arsuaga, 2007; Bonmatí et al., 2010). 

Compared to modern humans, Neandertals had unusually long and slender superior 

pubic rami (Stewart, 1960; Trinkaus, 1976) which gave origin to several obstetrics-related 

hypotheses (Wolpoff, 1980; Trinkaus, 1984; Rosenberg, 1988; Friedlander and Jordan, 

1994). However, discovery of the almost complete Kebara 2 pelvis in Israel showed that 

the long pubis does not substantially contribute to large pelvic inlet dimensions relative to 

body size because the sacrum is placed more anteriorly in relation to the dorsal end of the 

pelvis between the coxal bones that are everted laterally (Rak and Arensburg, 1987; Rak, 

1991). Moreover, the outlet was even relatively more confined (Tague, 1992). Therefore, it 

was suggested that the long pubis rather relates to differences in locomotion and posture 

(Rak and Arensburg, 1987) which could be related to a relatively low lumbar lordosis (LL) 

implying postural differences (Been et al., 2014, 2017; but see Haeusler et al., 2019). The 

birth mechanism in Neandertals was further analyzed in two reconstructions of the Tabun 
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C1 female pelvis (Ponce De León et al., 2008; Weaver and Hublin, 2009). However, they 

provided two very different outcomes; both concur in platypelloid shape of the inlet, but 

they strongly disagree on the shape of the outlet resulting in contrasting opinions on the 

presence of rotational birth. Part of this disagreement is related to the fact that the Tabun 

C1 specimen lacks a sacrum and due to the taphonomic distortion present in this specimen. 

Recent revisions of the faunal remains from the Regourdou site have allowed to identify 

new human remains belonging to the Regourdou 1 Neandertal skeleton (Madelaine et al., 

2008; Gómez-Olivencia et al., 2013, 2019; Maureille et al., 2015a; Pablos et al., 2019). 

Among the new fossils, relatively complete portions of both coxal bones were found that 

allowed a first attempt of reconstruction of the R1 pelvis (Meyer et al., 2011). Since that 

study, additional fragments have further completed this pelvis. In this work we describe a 

preliminary reconstruction of the R1 pelvis using virtual reconstruction methods. Based on 

the reconstruction, we provide sex assessment of this individual and a morphometric 

analysis of newly available pelvic dimensions. Additionally, we compare our results to 

previous trials of reconstruction of the pelvis (Meyer, 2013; Plavcan et al., 2014). 

 

7.1 Material 

The site of Regourdou is located in Dordogne, southwest France. Two different 

Neandertal individuals are represented: the Regourdou 1 skeleton and a calcaneus of 

another individual Regourdou 2 (Vandermeersch and Trinkaus, 1995; Maureille et al., 

2015a; Coutinho Nogueira et al., 2017). The Regourdou 1 skeleton was discovered in 1957 

and systematic excavations followed during 1961–64 (Bonifay et al., 2007). The skeletal 

representation individual has substantially improved after a revision of collections since 

2008 (Madelaine et al., 2008; Maureille et al., 2015a). 

The individual has been determined as a young adult based on mandibular tooth wear 

and the closed medial clavicular epiphysis (Vandermeersch and Trinkaus, 1995; Volpato et 

al., 2012) who may not have exceeded 30 years (Volpato et al., 2012). The sex was rather 

considered indeterminate based on various metrics from postcranial bones (Vandermeersch 

and Trinkaus, 1995; Plavcan et al., 2014) although some scholars have proposed male sex 

(Vallois, 1965; Carretero, 1994; Gómez-Olivencia et al., 2007) and the preservation of the 

pelvic remains has not permitted sex diagnosis until now (Meyer et al., 2011). 



 

 

 

Table 2. List of adult pelvic remains from the Neandertal lineage. 

Specimen Date 

(ky) 

Location Sex Preservation Ref. Use in this 

study 

Altamura 150 Europe M Right coxae, the rest is hidden by sediments 1 N 

Amud 1 60 Near 

East 

M Left ilium, iliac crest and sup. pubic ramus, right iliac and ischial fragments 2 Y (obs.) 

Arago 44 MP Europe F Left coxae without pubis 3 N 

Arago 121 MP Europe F Left iliac ala 3 N 

Arago sacrum MP Europe - Unknown 3 N 

Feldhofer 1 40 Europe M Left coxae without pubis and majority of iliac crest 4, 5 Y (3D) 

Feldhofer 

fragments 

40 Europe - Ischial fragments and small sacral fragment (probably from Feldhofer 1) 5 N 

Ferrassie 1 45 Europe M Left coxae without superior iliac ala, right ischium and pubis, sacral fragments, 

reconstructed in plaster 

6 Y (3D) 

Ferrassie 2 45 Europe F Fragments of both ilia 6 N 

Grotte du Prince MP Europe F Fragment of right lower ilium 7 Y (lit.) 

Chapelle-aux-

Saints 1 

50 Europe M Right coxae without iliac crest and pubis (lost, only cast), left coxae less preserved, 

right half of the sacrum 

8 Y (3D) 

Kebara 2 60 Near 

East 

M Right coxae complete, left coxae distorted, sacrum complete and slightly distorted 9 Y (3D) 

Krapina 207 130 Europe M Right ilium with anterior portion of iliac crest and ischium 10 Y (3D) 

Krapina 208 130 Europe M Right ischium, complete acetabulum, sup. pubic ramus 10 Y (3D) 
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Specimen Date 

(ky) 

Location Sex Preservation Ref. Use in this 

study 

Krapina 209 130 Europe F Right lower ilium, complete acetabulum and sup. pubic ramus (together with 

fragment 212) 

10 Y (3D) 

Krapina 

fragments 

130 Europe - Various smaller fragments 10 N 

Palomas 92 55 Europe F? Crushed piece of ilium and sacrum in matrix 11 N 

Palomas 96 55 Europe F Complete pelvis (not yet published) 11 N 

Regourdou 1 MIS 5 Europe ? Both ilia with posterior portion of the left iliac crest, right ischium and sup. pubic 

ramus, upper portion of the sacrum 

12 Y (3D) 

SH Pelvis 1 430 Europe M Complete pelvis 13 Y (lit.) 

SH Pelvis 2 430 Europe M Right coxae and first sacral vertebra 13 Y (lit.) 

SH Coxal 1, 3, 5 430 Europe M Well preserved coxae 13 N 

SH fragments 430 Europe F Various fragments 13 N 

Shanidar 1 50 Near 

East 

M Both pubic bones, right and left iliac and ischial fragments, sacrum largely 

complete but distorted 

14 N 

Shanidar 3 50 Near 

East 

M Right sup. pubic ramus and incomplete iliac ala, left fragments, sacrum largely 

complete (reconstructed with plaster) 

14 Y (lit.) 

Shanidar 4 70 Near 

East 

M Left iliac crest and sup. pubic ramus, right fragments, lower portion of sacrum 14, 

15 

N 

Shanidar 5 50 Near 

East 

M Left sup. pubic ramus and symphysis, iliac fragments 14, 

16 

N 
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Specimen Date 

(ky) 

Location Sex Preservation Ref. Use in this 

study 

Shanidar 6 70 Near 

East 

F Indeterminate fragments 14 N 

Spy 2 35 Europe M Incomplete first sacral vertebra 17 N 

Subalyuk 1 MIS 5 Europe F? Upper portion of sacrum 18 N 

Tabun C1 130 Near 

East 

F Left iliac fragments, acetabulum and pubis, right pubic fragments, ischium, 

acetabulum and iliac body, taphonomical distortion 

19 Y (3D) 

Zafarraya 35 Europe M? Pubic fragment 20 N 

MP = Middle Pleistocene, MIS = Marine Isotope Stage, F = female, M = male, ? = not reliable, 3D = digitized model available for this study, 

lit. = data from the literature, obs. = personal observation of the original, SH = Sima de los Huesos. 

1 = Pesce Delfino and Vacca, 1994; Lari et al., 2015, 2 = Endo and Kimura, 1970; Valladas et al., 1999, 3 = de Lumley, 2015, 4 = 

Schaaffhausen, 1888; Skoglund et al., 2013, 5 = Schmitz et al., 2002, 6 = Heim, 1982; Guérin et al., 2015, 7 = de Lumley-Woodyear, 1973, 8 

= Boule, 1911; Stringer and Grün, 1991; Trinkaus, 2011, 9 = Rak and Arensburg, 1987; Bar-Yosef and Vandermeersch, 1991; Tague, 1992, 

10 = Gorjanović-Kramberger, 1906; Rink et al., 1995; Bonmatí and Arsuaga, 2007; Trinkaus, 2016, 11 = Walker et al., 2011; Trinkaus and 

Walker, 2017, 12 = Bonifay, 1964b; Meyer et al., 2011; Maureille et al., 2015b, 13 = Arsuaga et al., 1999, 2014; Bonmatí et al., 2010, 14 = 

Solecki, 1971; Trinkaus, 1983, 15 = Pomeroy et al., in press, 16 = Pomeroy et al., 2017, 17 = Fraipont, 1927; Genovés, 1954; Semal et al., 

2009, 18 = Bartucz and Szabó, 1940; Pap et al., 1996, 19 = McCown and Keith, 1939; Grün and Stringer, 2000, 20 = Hublin et al., 1995.
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Stratigraphic position of the skeleton allowed relative dating. Layers 8 to 3 defined by 

Bonifay are characterized by temperate fauna and the following layer 2 has a cold 

character which suggests that the stratigraphy of the Regourdou site covers periods of the 

warmer interglacial Marine isotope stage (MIS) 5 and glacial MIS 4. Regarding that the 

skeleton was found in layer 4, it probably comes from the end of MIS 5 (Bonifay, 1964b; 

Bonifay et al., 2007; Pelletier et al., 2017). 

Human remains from the Regourdou site were variously relocated among institutions 

and researchers, but they were finally deposited in the Musée d’Art et d’Archéologie in 

Périgueux, while faunal remains were sent to the Musée national de la Préhistoire in Les 

Eyzies-de-Tayac (Bonifay et al., 2007; Madelaine et al., 2008). Until 2008, only the 

sacrum, the right ischium and the right superior pubic ramus had been known from the R1 

pelvis (Figure 6; Piveteau, 1959). However, during revisions of faunal collections in the 

Musée national de la Préhistoire, new pelvic fragments were identified showing signs of 

fresh fractures indicating potential presence of other fragments (Madelaine et al., 2008; 

Maureille et al., 2015a). Among those fragments, there were six fragments of the right 

coxal bone that were glued together forming a large portion of the ilium, and a left iliac 

wing composed from two fragments, and separate fragments of the acetabulum and the 

ischial tuberosity from the left side (Madelaine et al., 2008; Meyer et al., 2011). Attribution 

of the new remains to the R1 individual was based on a good fit of both ilia to the sacrum 

in the sacroiliac articulation and similarity of the left ischial tuberosity to its right 

counterpart (Madelaine et al., 2008). The labels written on the bones indicated that the 

pelvic remains were uncovered during the salvage operation in 1957, and thus they were 

not integrated into the coordinate system used in the systematic excavations from 1961 

(Maureille et al., 2015b). However, using unpublished drawings and field notes from 1957 

a spatial distribution of these objects was reconstructed, with the pelvic remains probably 

on the border between squares G2 and G3, where most of the skeletal remains were 

concentrated (Maureille et al., 2015b). 

The R1 pelvis is fragmentary (Figure 6). The right coxal bone preserves partial ilium, 

most of the ischium and a portion of the superior pubic ramus. The left coxal bone consists 

of the iliac ala with preserved posterior part of the iliac crest and two fragments of the 

ischium. The sacrum preserves the first sacral vertebra and a portion of the second and 

third vertebrae. The right auricular surface is complete, but the lower portion of the inferior 

arm is missing on the left side. 
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Micro-CT scans of R1 pelvic remains were acquired at platform AST-RX of the Musée 

de l’Homme in Paris and at the PLACAMAT department of the University of Bordeaux 

(microCT scanners V|tome|x L 240 and V|tome|x S, GE Sensing & Inspection 

Technologies Phoenix X|ray). Voxel size varied between 0.065 and 0.096 mm. To 

facilitate the manipulation, microCT scans were reduced before the segmentation in 

ImageJ (Rueden et al., 2017) using a macro created by Renaud Lebrun 

(www.morphomuseum.com) to a resolution still sufficient for macroscopic analyses. 

Surface models were semi-automatically segmented in Avizo 9.1 Lite (Visualization 

Sciences Group, SAS); inner trabecular bone must have been removed during 

segmentation in order not to have large surface files, but exposed trabecular bone was kept 

in the resulting models since it can provide important information in virtual reconstruction, 

especially during the reassembly of fragments. 

3D models of pelvic remains of seven Neandertal specimens were used as a reference or 

for comparative purposes. The models are from CT or micro-CT scans that were either 

segmented by us or already segmented by the providing institution. Data on other 

Neandertal specimens were searched in the literature. Details on the Neandertal sample are 

in Table 2. Digitized models of several Upper Paleolithic (including one Mesolithic) 

specimens from Italy kindly provided by Vitale Sparacello were also used for comparative 

purposes (Sparacello et al., 2018). Coxal bones of these specimens and of La Chapelle 1 

were reassembled with the sacra in order to measure comparative data. The virtual 

assembly was in all cases guided by well-preserved sacroiliac joints or pubic regions 

leading to a reliable reconstruction. Although the pubis was reconstructed by Boule (1911) 

in La Chapelle 1, it can be used to indicate a proper inclination of the coxal bone 

(Trinkaus, 2011). Other comparative data were searched in the literature and appropriate 

references are in Table 3. 

 Pelvic data for modern humans from identified collections from Coimbra (Rocha, 

1995) and Spitalfields (Molleson and Cox, 1993) were kindly provided by the supervisor 

Jaroslav Brůžek. There were 36 males and 42 females from the Coimbra collection and 25 

males and 27 females from the Spitalfields collection. Complete summary of comparative 

metrical data is in Table 3. 

http://www.morphomuseum.com/


 

 

 

 

Figure 6. Regourdou 1 pelvic remains. Fragments in rectangles have been discovered since 2008; the others were identified during the field 

operation (Photo B. Maureille). 
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Table 3. Comparative specimens. 

Group Specimens Data references 

Recent modern 

humans 

Males 

36 from Coimbra 

25 from Spitalfields 

Females 

42 from Coimbra 

27 from Spitalfields 

(Molleson and Cox, 1993; Rocha, 

1995) 

Mesolithic and 

Upper Paleolithic 

modern humans 

Males 

Arene Candide (AC) 2, 3 

Dolní Věstonice (DV) 13, 14, 15 

Mondeval (M) 

Předmostí (P) 3, 4, 14 

Tagliente 2 (T2) 

Females 

Oberkassel 2 (O2) 

San Teodoro 1 (ST1) 

(Bonnet, 1919; Matiegka, 1938; 

Sládek et al., 2000; Alciati et al., 

2005; Tarsi et al., 2006; Trinkaus and 

Svoboda, 2006; Velemínská and 

Brůžek, 2008; Villotte, 2009; 

Sparacello et al., 2018) 

Neandertals Males 

Chapelle-aux-Saints 1 (CAS1) 

Kebara 2 (K2) 

Regourdou 1 (R1) 

Females 

Tabun C1 (TC1) 

(Boule, 1911; McCown and Keith, 

1939; Rak, 1991; Ponce De León et 

al., 2008; Weaver and Hublin, 2009; 

Trinkaus, 2011) 

Middle Pleistocene 

males 

SH Pelvis 1 (SH1) (Bonmatí et al., 2010) 

Early Pleistocene 

females 

BSN49 (Simpson et al., 2008) 

AC2, AC3, M, ST1, T2 and CAS1 were measured on digitized 3D models. Other data for 

Upper Paleolithic specimens are from the literature. 
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7.2 Methods 

7.2.1 Reconstruction 

Regourdou 1 has almost intact, undistorted sacroiliac joints, and so both ilia can be 

aligned to the sacrum. However, the reassembly is not as straightforward in virtual 

environment as using physical objects, so we tried several ways of alignment: 1) 

Landmarks were identified on corresponding structures of the complementary auricular 

surfaces and the coxal bones were aligned to the sacrum and manually shifted to prevent 

the overlap (based on Berge and Goularas, 2010; Claxton et al., 2016). 2) Auricular 

surfaces were cut and the ICP algorithm (Besl and McKay, 1992) was used to obtain a 

perfect fit between them. 3) The digitized coxal bones were aligned manually based on the 

articular topography and continuity of the linea terminalis. 4) The alignment was 

performed with printed 3D models using a box of rice and adhesive bands without 

correcting for articular cartilage. The printing was performed using plaster powder with 

ProJet x60 at the Department of Teaching and Didactics of Chemistry (Faculty of Science, 

Charles University). The assembled bones were scanned with a 3D scanner HP 3D SLS 

PRO 2. The outcomes of different types of alignment were evaluated using intermesh 

distances between the sacral auricular surfaces and the matching aligned ilia. 

A compensation for sacroiliac joint thickness is often disregarded in other fossil pelves 

reconstructions (Berge and Goularas, 2010; Milella et al., 2015; Claxton et al., 2016). With 

regard to the small deviation between fresh and reassembled pelves (Bonneau et al., 2012), 

both ilia of R1 were positioned at the least distance from the sacrum and no correction of 

linear dimensions was used as it could introduce an unexpected error. 

The right coxal bone was first reassembled from preserved fragments and then 

completed using the left counterpart. Direct connection was found between the ilium and 

the ischium so the ischium was manually aligned to the iliac fragment. The alignment was 

guided by a small area of direct connection in the region of the anterior arm of the greater 

sciatic notch and by the continuity of the lunate surface (Figure 7). In the second step, 

mirror imaging was used to add missing parts on the right iliac ala (postauricular area and 

inner and outer walls of the superior iliac ala). The right and the mirrored left ilium were 

superimposed using ICP algorithm in Meshlab software (www.meshlab.net). However, 

neither ilium is an exact reflected copy of its counterpart, due to the presence of some 

asymmetries in these bones. This incongruence is caused especially by different bone 

http://www.meshlab.net/


 

41 

 

thickness in the auricular area (Figure 8). To ensure a better fit between the meshes, areas 

of the mirrored left ilium missing on the right side were cut with sufficient areas of overlap 

with the preserved right ilium. These pieces were again superimposed onto the right ilium 

and merged with Geomagic Studio. 

 

 

Figure 7. Alignment of the R1 right ischial fragment to the ilium. Red and black arrows 

indicate complementary pits and tubercles. 



 

 

 

 

Figure 8. Colormap of distances between preserved complementary parts of the superimposed ilia of R1 (projected on the left coxae). The 

distance was computed from the left to the mirrored right coxae. Negative (blue) distance means that the left coxal bone is larger (or thicker).

 

4
2
 



 

43 

 

After the alignment of the preserved fragments having direct connection, and mirror-

image-based reconstruction, the right coxal bone consists of almost complete ilium and 

ischium with missing iliac crest and incomplete acetabulum. The acetabular cavity lacks 

the superior horn of the lunate surface. To complete the acetabulum, reference-based 

reconstruction was performed. A sample of three Neandertal coxal bones with complete 

acetabula (Kebara 2, Krapina 208 and 209) was used as a reference. The estimation 

procedure was as follows: 

1. A template (Kebara 2) covering the missing acetabular area in R1 (Figure 9) was 

created from 12 anatomical landmarks and 154 semilandmarks in Viewbox 4 

(www.dhal.com). From the total number of semilandmarks, 46 were localized on 

three curves (the arcuate line, the external and internal borders of lunate surface) and 

108 were surface semilandmarks (localized on the lunate surface, acetabular notch, 

superior acetabular roof and the medial surface caudal to the arcuate line). 

 

 

Figure 9. Estimation of the incomplete right acetabulum of R1. A) Kebara 2 as a template. 

B) Regourdou 1 with estimated missing landmarks. Blue = anatomical landmarks, red = 

curve semilandmarks, green = surface semilandmarks (pictures are tentatively in the same 

scale). 

 

2. The template was applied to other reference specimens with semilandmarks sliding 

in order to locate these points in geometrically homologous positions with regard to 

the template. 

3. The template was applied to the incomplete R1 right coxal bone. Preserved 

landmarks were located on the surface while missing landmarks were estimated 

using reference sample average (the estimations did not markedly differ based on 

http://www.dhal.com/
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individual reference specimens). The TPS-based approach was used for the 

estimation using R package geomorph (Adams and Otárola-Castillo, 2013). 

4. Kebara 2 surface mesh was first warped onto the average reference sample 

configuration and then onto the estimated configuration of R1. Warping was 

performed in R package Morpho (Schlager, 2016). The region of the superior 

acetabulum was cut and merged with the right coxal bone using Geomagic. 

 

Fractures between physically glued or virtually aligned fragments were continuously 

being removed during the reconstruction process. For this purpose, surface inside the 

fractures was removed and gaps were filled with regard to the surrounding surface in 

Geomagic. An illustration of fracture removal is in Figure 10. 

 

 

Figure 10. Removal of fractures and gaps in the right (up) and left (down) ilia. Left: 

original bone; middle: fractures removed; right: gaps filled (pictures are in the same scale). 

 

Despite the asymmetry observed in the ilia, left ischial fragments closely match 

homologous regions of the mirrored right ischium (Figure 11). Therefore, the mirrored 

right ischium was aligned with the left ilium based on small overlapping regions in the 

lunate surface and the anterior arm of the greater sciatic notch. Anterior portion of the 

ilium as well as the acetabulum were reconstructed on the basis of the right counterpart. 

Reconstruction summary for the coxal bones is in Figure 11. 



 

 

 

 

Figure 11. Summary of the reconstruction of both coxal bones of R1. Gray = original surface with filled fractures and gaps, pink = mirror-image-

based warping, brown = reference-based reconstruction, transparent = mirrored right ischium. Mesh distance between both ischia is projected on 

the left ischial fragments.
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7.2.2 Analysis 

The new reconstruction of the R1 right coxal bone allowed us to try sex assessment of 

this individual, as the sexual traits and dimensions, previously unavailable, were 

completed. With regard to the preservation of pelvic remains, two methods were chosen 

for sex assessment: visual method proposed by Brůžek (2002) and morphometric method 

DSP (Diagnose sexuelle probabiliste) by Murail et al. (2005). Both are standard methods 

used in forensic, bioarcheological, and paleoanthropological context (Henry-Gambier et 

al., 2002; Gambier et al., 2006; Chapman et al., 2014; Mestekova et al., 2015; 

Quatrehomme et al., 2017) and both were recently revised and validated (Brůžek et al., 

2017; Santos et al., 2019). Especially the visual method was further developed by adding 

statistical processing of data based on logistic regression. Therefore, both employed 

methods provide posterior probability of estimate. 

As no standard method has ever been used to sex Neandertal pelvic remains, the 

methods were cross-validated on other Neandertal specimens, and results were compared 

to the most frequently assigned sex to these individuals in the literature. Only traits that do 

not show particularly different morphology in Neandertals compared to modern humans 

were selected, i.e. pubic region was completely excluded from the analysis, as it would 

bias the results towards the female sex due to long pubic rami in Neandertals. In the visual 

method (Brůžek, 2002), three morphological traits from the sacroiliac region were used 

(Figure 12): greater sciatic notch (GrSN), composed arc (CArc) and preauricular sulcus 

(PrSu). GrSN and PrSu are further divided into three sub-traits (GrSN 1–3 and PrSu 1–3). 

Following Figure 12, GrSN is evaluated with regard to the asymmetry in length of the 

notch arms AC to CB (GrSN1), the asymmetry in the overall notch shape (GrSN2), and 

intersection of a parallel line to CD passing through A with the notch outline 

(GrSN3;Figure 12a). CArc is evaluated as one continuous arc or a double arc (Figure 12b). 

PrSu is evaluated with regard to the presence of a negative relief (PrSu1), character of the 

relief (PrSu2), and the presence of a positive relief (PrSu3; Figure 12c). To assess the 

traits, one can choose from three categories: male, female or indeterminate. For detailed 

definitions please see Brůžek (2002) or Santos et al. (2019). In DSP, pubic length was 

excluded even if preserved in a specimen due to specific Neandertal morphology. All other 

dimensions could be measured and were included in the analysis (Figure 13). For detailed 

definitions please see Brůžek et al. (2017). 
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Figure 12. Male (M) and female (F) forms of visual traits from the method of Brůžek 

(2002) preserved in Neandertal specimens. A) Greater sciatic notch (GrSN), B) composed 

arc (CArc), C) preauricular sulcus (PrSu). Based on Santos et al. (2019). 

 

Figure 13. Linear dimensions from DSP (Brůžek et al., 2017). The pubic length (in red) 

was not included due to specific morphology of the Neandertal pubic region. 
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Several pelvic measurements were acquired on the reconstructed R1 pelvis and some 

other virtually reassembled pelves (Italian Upper Paleolithic specimens and La 

Chapelle 1). Pelvic measurements followed definitions of Martin (1928) and are indicated 

by “M” and an appropriate number. Pelvic incidence (PI) was also measured which is the 

orientation of the sacral superior surface in relation to the hip joint, and it is defined as the 

angle between a line perpendicular to the superior surface of the first sacral vertebra at its 

midpoint and the line connecting this point to an axis that connects the center of the 

acetabula (Figure 14; Peleg et al., 2007). This angle was originally measured on x-ray 

images; measuring this angle followed an adjustment to digitized 3D pelves using 

landmark coordinates (Bonmatí et al., 2010; Been et al., 2019). This angle was used in 

order to compute lumbar lordosis (LL) angle that is illustrated in Figure 14. Landmark 

coordinates were acquired and derived pelvic dimensions were computed in Viewbox 4. 

 

 

Figure 14. Definition of pelvic incidence angle (PI) in A) and lumbar lordosis angle in B). 

PS indicates presacral vertebrae (from Been et al., 2012 and 2014). 
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7.3 Results 

7.3.1 Sacroiliac joint assembly 

Although both sacroiliac joints are quite well preserved, the surfaces are slightly eroded 

so the margins are not well recognizable. Furthermore, missing pubic region makes the 

alignment more difficult because in a completely preserved coxal bone, it indicates the 

midsagittal plane and helps in finding appropriate orientation relative to the sacrum. For 

this reason, we tried several procedures; three of them used digitized models and the last 

one used 3D printed models. All the procedures were based on different criteria and led to 

different results which were evaluated using intermesh distances between the sacral 

auricular surfaces and the matching aligned ilia. The outcomes are summarized in Table 4 

and illustrated in Figure 15 where the intermesh distances are projected on the sacral 

surfaces. 

At first, we tried two automatic alignments. However in virtual environment, the models 

may overlap, so some manual refinement was always necessary. First, we examined 

articular pairs and identified complementary areas (such as matching depressions and 

tubercles) where landmarks were placed. The ilia were aligned based on landmark 

configurations and the positions were manually refined to prevent overlap of models. The 

ilia were also slightly translated along the sagittal plane, but the inclination in the sagittal 

plane was not much modified. This procedure resulted in a very asymmetrical alignment, 

but quite low and consistent distances between articular surfaces (Figure 15). 

The second alignment was also more automatic and used the ICP algorithm. The 

auricular surfaces were cut from the wholes meshes, manually superimposed and their 

normals were oriented to the same side. The algorithm iteratively computed transformation 

to align the iliac surface to the sacral surface while minimizing distances between their 

vertices. This transformation was subsequently applied to the whole ilia. This procedure 

provided very variable outcomes when repeating the process pointing to the fact that the 

surfaces are not exact negatives. Therefore, we discarded this procedure. 

The third option was a manual alignment of ilia guided by three anatomical criteria: 

articular congruence, continuity of the linea terminalis and bilateral symmetry. This 

obviously resulted in a more symmetrical pelvis than by the first procedure; both arcuate 

buttresses are at the same level with the right coxal bone inclined more caudally while the 

left one inclined more cranially compared to the first result (Figure 15). However, this 
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assembly produced relatively high intermesh distance with irregular distribution which 

means that the ilia were aligned less well with regard to the articular congruency. 

 

Table 4. Summary of different assemblies of sacroiliac joint. 

Method Criterion Result Intermesh distance 

Landmark-based 

alignment with manual 

refinement 

Landmarks 

No overlap 

Very asymmetrical 

inclination of both 

coxae in the sagittal 

plane 

Rather low and 

consistent distances 

with high values in 

areas of depressions 

on the sacral surface. 

ICP algorithm No overlap Very variable results - 

Manual alignment of 

digitized models 

Articular congruence 

Continuity of the linea 

terminalis 

Symmetry 

No overlap 

Rather symmetrical 

pelvis 

Rather high and 

inconsistent distances 

with very high values 

in some areas. 

Manual alignment of 

printed 3D models 

Articular congruence 

Slight overlap allowed 

Slightly asymmetrical Very low and 

consistent distances 

with only slightly 

higher values in areas 

of sacral depressions. 

ICP = Iterative Closest Point algorithm. 



 

 

 

 

Figure 15. Comparison of outcomes of different SIJ assemblies in R1 (left, middle, right). Upper row: the assembled pelves with the thicker line 

passing through the sacral base. The thinner line is parallel and shows differences in relative acetabular heights of both coxal bones (in the 

middle assembly it roughly connects complementary areas of the lunate surfaces). Lower row: intermesh distance between the right and left 

sacral auricular surfaces and matching aligned coxal bones. The last assembly shows the most consistent intermesh distance over the surface 

(white spots in this alignment are areas of negative distance where the ilia slightly overlapped with the sacrum). The scales are 1 cm.
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With respect to the high degree of asymmetry in the R1 sacrum, the asymmetrical ilia, 

the fact that the sacroiliac surfaces do not possess marked complementary structures, and 

that the virtual alignment allows the models to overlap, it was not possible to determine 

which assembly more corresponds to the real state in vivo and we decided to print the 

digitized models and assemble them manually. We did not perform it on the original bones 

in order to prevent their damage and also because of their availability (deposition in two 

different institutions as explained in the Material section). Having the physical replicas, we 

were able to find optimal positions based on the articular congruency which restricted 

possible movements. The ilia were fixed and the assembled pelvis was scanned (Figure 16) 

providing a rough digitized model. The scan further served for the ICP alignment of the 

more detailed models segmented from micro-CT scans leading to the virtual replica of the 

manually assembled printed models. This process of physical assembly and scanning was 

repeated three times for each ilium. For the right ilium, the outcomes differed in the 

rotation along the vertical axis passing through the SIJ, but two results were almost 

identical, so one of them was selected. For the left ilium, the outcomes differed only very 

slightly in the sagittal orientation, and the one leading to a lower degree of asymmetry in 

the sagittal inclination of the coxal bones was selected for further analysis. This procedure 

resulted in a more cranially oriented right ilium (as in the landmark-based alignment) and 

an intermediate position of the left ilium with regard to the two previous reassembly 

methods leading to an intermediate degree of asymmetry. The intermesh distance was the 

lowest from all trials and was very consistently distributed over the articular surfaces. 

Therefore, we decided to take this assembly as the one that is the closest to the in vivo state 

and we work with it further. 

After having selected the appropriate SI assembly, we followed the reconstruction 

process described in the Methods section and obtained the reconstructed pelvis lacking the 

anterior region (the pubic fragment does not have a direct connection), superior iliac alae 

and the lower sacrum. Final state of the reconstruction is in Figure 17. 
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Figure 16. 3D printed models of the R1 sacrum and right coxal bone assembled together. 

 

 

Figure 17. Final state of the R1 pelvic reconstruction (trabecular bone removed). 
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7.3.2 Validation of the reconstruction 

Several measurements of the current reconstruction were compared to the previous 

reconstructions of the pelvis (Meyer, 2013) and of the right acetabulum (Plavcan et al., 

2014). In the paper by Plavcan et al. (2014), the femoral head diameter was estimated from 

the acetabular lunate portion of the right ischium in order to estimate R1’s body size. The 

most probable interval of the femoral head diameter ranged from 43.5 to 48.5 mm. Using 

the reconstructed R1 right coxae, we were able to directly measure the acetabular diameter 

(M22 = 55.6 mm) which tightly correlates with the femoral head diameter. Based on the 

equation published by Ruff (2010): 

𝐹𝐻𝐷 = 0.945 ×M22 − 6.1 (r = 0.97) 

we obtained a value of 46.4 mm for femoral head diameter which is slightly higher than 

the mean estimate (45.9 mm) given by Plavcan et al., but well inside their range. This 

partly validates the reconstruction of the right coxae. 

Previously, a virtual reconstruction of the R1 pelvis had already been made by Meyer 

(2013) using a different protocol. Therefore, we can compare these reconstructions and 

their protocols in order to provide recommendations for pelvic reconstructions in general. 

As the previous work was focused on obstetrics, we were able to compare four diameters 

of the pelvic canal (Table 5). There are marked differences between the two 

reconstructions; in general, the new reconstruction is considerably wider in the inlet and 

outlet, approaching the mean values of a comparative modern sample used by Meyer 

(2013) (Table 5). The transverse diameters of the previous reconstruction of R1 were very 

small, at the lower end of the modern variation. There is one exception: the left diagonal 

inlet diameter is shorter in our reconstruction and values from both sides are more 

asymmetrical. With regard to the reconstruction protocols discussed later in section 7.4.1, 

we have further analyzed only the new reconstruction. 
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Table 5. Linear dimensions (in mm) of the reconstructed Regourdou 1 pelvis in 

comparison with the previous reconstruction (Meyer, 2013). 

Var. Definition R1 

(our) 

R1 

(2013) 

Males
c
 Females

c
 

M24 Inlet transverse diameter (Martin, 1928) 126.0 108.1 124.1±8.0 131.9±6.7 

M25 Inlet diagonal diameter (Martin, 1928) 118.8/

127.1
a
 

127.4/ 

123.5
a
 

137.8±6.7 140.6±5.9 

BIP Bi-ischiatic diameter posterior between 

the most posterior points on the ischial 

tuberosities (Meyer, 2013) 

135.8 98.6 127.7±10.1 142.6±9.2 

BIA Bi-ischiatic diameter anterior between the 

most anterior points on the ischial 

tuberosities (Meyer, 2013) 

~100
b
 66.9 74.4±9.3 94.4±9.9 

a
 left/right 

b
 The anterior tip of the ischial tuberosity is not preserved. This is an estimate. 

c
 For comparison data on a modern French population (73 males, 78 females) from Meyer 

(2013). 

 

7.3.3 Sex diagnosis 

The reconstruction of the right coxal bone completed the greater sciatic notch and 

allowed us to assess new features for sexual diagnosis that are not well preserved on the 

left side. For this purpose, we used sex estimation methods that provide posterior 

probability of the estimate (Brůžek et al., 2017; Santos et al., 2019), but they are based on 

modern human population samples. In order to examine performance of these methods in 

Neandertals, we first applied those methods on the available Neandertal coxae (n=12) and 

compared results with the sex assigned to them in the published literature. Visual scoring 

of Neandertal specimens is in Table 6, raw linear measurements are in Table 7, and results 

of both methods are summarized in Table 8. 

All specimens for whom the visual method provided sex estimate (posterior probability 

>0.95) were sexed congruently to the literature data. There were four specimens that were 

indeterminate; three of them had posterior probability >0.90 and the more probable sex 

was congruent with the literature. However, for Amud 1 the probability was 0.88 for 

female sex which does not correspond to the most frequent sex in the literature. 
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Table 6. Scoring of Neandertal sexual traits based on the method of Brůžek (2002) and 

Santos et al. (2019). 

Specimen GrSN1 GrSN2 GrSN3 GrSN CArc PrSu1 PrSu2 PrSu3 PrSu 

R1 (right coxae) m m f M M m m i M 

R1 (left coxae) - m - I F m m - I 

Amud 1
a
 - i - I F - - - - 

Feldhofer 1 m m m M M m i m M 

Ferrassie 1 m m m M M m m m M 

Grotte du Prince f f f F F - - - - 

Kebara 2 m m m M M m m m M 

Krap. 207 m m m M F m m i M 

Krap. 209 f f f F F m m i M 

Chapelle 1 m m f M M m m f M 

Palomas 96 f f f F F - - - - 

Tabun C1 f f f F F - - - - 

Sub-traits are classified with lower-case letters while main traits are classified with capital 

letter. The hyphen is used when a trait is not preserved or available (e.g., the case of 

Palomas 96). 
a
 The greater sciatic notch in Amud 1 has preserved the anterior arm and a cranial half of 

the posterior arm. Despite previous statements about the asymmetrical greater sciatic notch 

(Endo and Kimura, 1970; Trinkaus, 2016), we did not come to the same conclusion based 

on our observation and we think that the posterior arm could even continue in a 

symmetrical way. 
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The metrical method provided sex estimate for 8 of 10 individuals. Two individuals 

were considered indeterminate, but the more probable sexes were similar to the visual 

method and corresponded to the literature. From those with assigned sex (probability 

>0.95), two were classified incongruently with the literature (Amud 1 and Grotte du 

Prince). 

 

Table 7. Linear dimensions (in mm) of the Neandertal specimens for sex diagnosis using 

the metrical (DSP) method (Murail et al., 2005; Brůžek et al., 2017). 

Specimen SPU DCOX IIMT ISMM SCOX SS SA SIS VEAC 

R1 (right coxae) - - 30.0–33.0
 a
 109.6

a
 - 67.4 77.1 34.3 55.6 

Amud 1 24 - - - - 74.2 90.6 38.7 57.1 

Feldhofer 1 - 228 34.4 123 160 68.9 83.3 39.2 61.8 

Ferrassie 1 30.7 - 28.4 119 - - - 36.2 59.9 

Grotte du Prince 28 - 36 - - 68 79 26 59 

Kebara 2 31 227.5 31.8 111.9 157.9 63.9 76 31.9 58.9 

Krapina 207 - 205 32 - - 68 78 31.3 53.2 

Krapina 208 30.7 - - 120 - - - 36 56.1 

Krapina 209 25.3 - 36.3 - - 63.9 78.8 31 54.8 

Chapelle 1 - - 30.4 123 - 64 68.4 40 61 

Tabun C1 26 200 - 90.2 - 60.5 73.1 29.9 48
b
 

Measurement of linear dimensions is illustrated in Figure 13 and detailed definitions are in 

Brůžek et al. (2017). Values in italics must have been slightly estimated; usually the 

missing delimiting point was very close to the preserved morphology. 
a
 For the IIMT, the delimiting point close to the auricular surface was not clear in R1. 

Therefore, minimum and maximum values were used. For the ISMM, the anterior tip of 

the ischial tuberosity is not preserved but borders of the tuberosity converge and they 

would meet soon. Therefore, the ISMM was measured to the most anterior preserved point 

on the ischial tuberosity which does not much affect the final value. 
b
 This value was estimated by McCown and Keith (1939) as the acetabulum is crushed. 
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Table 8. Sex estimates of Neandertal specimens based on the visual and metrical methods 

with a summary of congruency with literature data. 

Specimen Visual method 

(Santos et al., 2019) 

Metrical method 

(Brůžek et al., 2017) 

Literature 

 P(M) Sex P(M) Sex Sex Ref. 

R1 (right) 0.992 M 0.955–0.98 M I section 7.1 

R1 (left) 0.846 I (M) - - I  

Amud 1 0.123 I (F) 0.017 F M 1, 2 

Feldhofer 1
a
 0.939 I (M) 1.0 M M 2, 3 

Ferrassie 1 0.995 M 1.0 M M 2, 4 

Grotte du Prince 0.014 F 0.969 M F 5 

Kebara 2 0.995 M 1.0 M M 6 

Krapina 207 0.909 I (M) 0.719 I (M) M 7, 8 

Krapina 208 - - 0.992 M M 7 

Krapina 209 0.063 I (F) 0.291 I (F) F 7, 8 

Chapelle 1 0.995 M 1.0 M M 2, 9 

Palomas 96 0.014 F - - F 10 

Tabun C1 0.014 F 0.002 F F 2, 11 

Congruent results
b
 6 (60%)  6 (60%)  

Incongruent results 0  2 (20%)  

Indeterminate results 4 (40%)  2 (20%)  

P(M) is a posterior probability of male sex. Posterior probability of female sex, P(F), can 

be computed as 100 – P(M). Values in bold reach the 0.95 probability threshold allowing a 

reliable sex diagnosis. Results not reaching this threshold should be considered 

indeterminate (I), but we also give the sex that is more probable in brackets. 

1 = Endo and Kimura (1970), 2 = Trinkaus (1980), 3 = Skoglund et al. (2013), 4 = Heim 

(1982), 5 = de Lumley-Woodyear (1973), 6 = Rak and Arensburg (1987), 7 = Bonmatí and 

Arsuaga (2007), 8 = Trinkaus (2016), 9 = Boule (1911), 10 = Walker et al. (2011), 11 = 

McCown and Keith (1939). 
a
 The only specimen that is sexed genetically (Skoglund et al., 2013). 

b
 Congruency with the literature data is computed from specimens that could be estimated 

by a given method and leaving out Regourdou 1, as its sex is considered indeterminate 

(n=10 for both methods). 

 

 

The reconstructed R1 right coxae enabled us to use both methods. Visual traits are 

illustrated in Figure 18 a scored in Table 6. The greater sciatic notch is asymmetrical 
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resulting in the overall masculine morphology. Preauricular area does not show signs of the 

preauricular sulcus, found more often in females. Lastly, the anterior arm makes a 

contiguous arc with the superior border of the auricular surface. This set of traits leads to 

male sex with a posterior probability of 0.99. 

For the DSP, six linear dimensions could be measured in R1. As the posterior inferior 

iliac spine is slightly eroded, IIMT (see Figure 13) was measured several times, minimum 

and maximum values were rounded to the respective lower or upper limits, and sex 

diagnosis was performed twice with these values. This method resulted in male sex 

estimation with posterior probability of 0.96–0.98. 

 

 

Figure 18. Visual sex traits in Regourdou 1 following Brůžek (2002). Left: scoring of the 

greater sciatic notch shape, right: composite arc. 

 

However, the left coxae shows slightly different traits, but it is necessary to mention 

that the sacroiliac area is not sufficiently preserved. As was already described by Meyer 

(2013), the left greater sciatic notch is rather asymmetrical, but there is the composite arc. 

The preauricular region shows mild shallow depression which has indistinct margins, so 

this corresponds to the male morphology. The visual method still leads to male sex based 

on this set of traits although the probability is lower (0.846). 
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In summary, our assessment of the sex of R1 suggests that this skeleton probably 

belonged to a male individual. 

 

7.3.4 Comparative analysis 

Current state of the reconstruction enabled us to reliably measure transverse dimensions 

of the R1’s pelvic inlet and outlet and pelvic incidence. To explore variation in our 

comparative samples, we have first analyzed shape in different pelvic planes. We have 

focused on the inlet and outlet as the midplane transverse diameter is not well preserved in 

the fossil record. Pelvic dimensions are summarized in Table 9. 

Figure 19 shows shape in the pelvic inlet and outlet. Values of the inlet index 

(sagittal/transverse dimensions) are lower than 1 indicating transversally oval inlet while 

values for the outlet are distributed around y = 1 or are slightly higher which indicates 

rather round or slightly sagittally oval outlet. The position of the modern samples relative 

to the line x = y indicates a difference between the inlet and outlet shapes. The inlet and 

outlet are shaped similarly in both modern males and females, but there is a slight 

difference in the variation of both modern samples with the Spitalfields collection limited 

to lower values of the inlet index suggesting a relatively more oval inlet. 

The Upper Paleolithic individuals are inside the modern human variation for pelvic inlet 

and outlet shapes. Additionally, there are multiple values for the most complete Neandertal 

male (Kebara 2) and female (Tabun C1) pelves: for Tabun C1 there are two different 

reconstructions varying mainly in the outlet shape (Ponce De León et al., 2008; Weaver 

and Hublin, 2009); for Kebara 2 there are two values measured by different researchers 

varying in the outlet transverse diameter (Rak, 1991; Tague, 1992). Both values for Kebara 

2 are at the edge of the modern variation having transversally oval both inlet and outlet. 

The reconstruction by Weaver and Hublin (2009) is close to Kebara 2, while the one by 

Ponce de Léon et al. (2008) is in the middle of the modern human variation having 

differently shaped inlet and outlet. The last fossil specimen, the Middle Pleistocene SH 

Pelvis 1, is also close to the modern variation having oval inlet and rather round outlet. 
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Table 9. Summary of pelvic linear dimensions (in mm). 

  M23 M24 M26 M27 M22 

Recent 

(Coimbra) 

Males 103.9±8.5 121.5±6.5 105.2±8.8 94.2±9.4 55.2±2.8 

 Females 109.7±9.6 130.7±9.0 113.1±8.6 107.9±11.9 50.1±2.7 

Recent 

(Spitalfields) 

Males 100.4±7.4 126.0±7.0 106.4±7.5 95.0±8.6 57.5±2.9 

 Females 105.9±10.1 135.3±7.6 117.7±9.9 112.7±13.3 50.8±2.7 

Upper 

Paleolithic 

Males 102.4±10.0 120.4 ±7.5 104.4 ±10.9 101.2 ±11.5 54.9±2.3 

 Females 130.5 136.7 141.0 129.6 53.0 

Neandertals K2 117 141 88 104–114
a
 58.9 

 CAS1 - 131 - 114.5 61.5 

 TC1
b
 104 131 93 132 48 

 TC1
c
 109–121 143–145 123–134 116–126 48 

 R1 - 126 - 120.7 55.6 

Middle 

Pleistocene 

SH1 108.3 139.3 127.5 133.6 58.8 

Early 

Pleistocene 

BSN49 98 124.5 - 133.3 41 

M23 = inlet sagittal diameter, M24 = inlet transverse diam., M26 = outlet sagittal diam., 

M27 = outlet transverse diam., M22 = acetabular diameter (definitions according to Martin 

(1928)). Individual acronyms are in Table 3. 
a
 The lower value is from Rak (1991), the upper value is from Tague (1992). 

b
 Weaver and Hublin (2009). 

c
 Ponce de Léon et al. (2008). 

 

Figure 20 shows analysis of inlet and outlet transverse diameters including the 

reconstructed R1. The transverse diameters are size-adjusted by the acetabular diameter. 

There are clear differences between modern male and female samples in the relative widths 

of the pelvic inlet and outlet. Upper Paleolithic humans fit well with these sex differences. 

For Neandertal males, the La Chapelle 1 individual tends to be closer to the modern male 

mean, while Kebara 2 and R1 are in the zone of overlap between males and females. R1 

has almost similar inlet and outlet widths in contrast to Kebara 2. Both reconstructions of 

Tabun C1 are at the extreme of the modern female variation. With regard to size, SH Pelvis 
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1 is close to R1 having slightly wider pelvic planes. Completely outside modern human 

variation in the direction of modern females, there is the female pelvis assigned to H. 

erectus (Simpson et al., 2008) from the late Early Pleistocene which has very wide both 

inlet and outlet probably representing the ancestral pelvic conformation. 

 

 

Figure 19. Analysis of shape in pelvic inlet and outlet. Inlet index (sagittal diam./transverse 

diam.) is on x-axis, outlet index is on y-axis. 95% confidence ellipses for males and 

females from modern collections. Individual points indicate fossil specimens (for their 

acronyms see Table 3). Black dashed lines indicate inlet and outlet shape (x = 1, y = 1) and 

relative differences between them (x = y). Two connected estimates for TC1 are from 

Ponce de Léon et al.’s (2008), the other is from Weaver and Hublin (2009). 
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Figure 20. Inlet (M24) and outlet (M27) transverse diameters scaled to acetabular diameter 

(M22). 95% confidence ellipses are for modern males and females. Individual points 

indicate fossil specimens (for their acronyms see Table 3). Dashed line (x = y) indicates 

isometric changes. Two connected estimates for TC1 are from Ponce de Léon et al.’s 

(2008), the other is from Weaver and Hublin (2009). 

 

Secondly, pelvic incidence was measured in the R1 reconstructed pelvis and compared 

to data from the literature (Table 10). Modern humans show a great variation of PI ranging 

from 20 to 90°. R1’s PI falls close to modern human mean. Furthermore, it is substantially 

higher than previously proposed angles for Kebara 2 and SH Pelvis 1 and 2 (Bonmatí et al., 

2010), but very close to the recently published value for La Chapelle 1 (Table 10). 

Using following equations based on primate groups means and human data (Been et al., 

2014), respectively, 

𝐿𝐿 = 0.999 × 𝑃𝐼 − 5.16 (r = 0.93), 

𝐿𝐿 = 0.718 × 𝑃𝐼 + 11.724 (r = 0.65) 

we have calculated lumbar lordosis angle from the PI of R1. These models provided mean 

values of 45.7° and 48.3° that are close to the modern human mean, but there are again 

apparent differences between other Neandertal specimens for whom the LL was estimated 

by different methods (Table 11). 
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Table 10. Variation of pelvic incidence angle (in °). 

Population or 

specimen 

PI 

(mean) 

Min Max Method of 

measurement 

Ref. 

Recent modern humans     

USA, Hamann-Todd 

collection (n=424) 

54.1±12.6 18 89 Landmarks (assembled 

dry bones) 

(Peleg et al., 2007) 

France (n=145) 50.2±10.6 - - X-ray (Legaye, 2007) 

France, Olivier 

collection (n=51) 

54.4±11.7 ~27 ~84 Landmarks (assembled 

dry bones) 

(Legaye et al., 2011) 

Israel (n=49) 54.9±10.0 39 84 X-ray (Been et al., 2014) 

Netherlands (n=310) 48.0±11.0 20 77 Landmarks (CT) (Schlösser et al., 

2014) 

Hamann-Todd 

Collection (n=880) 

46.0±11.0 ~19 ~81 Photographs (Weinberg et al., 

2016) 

Sweden, healthy 

sample (n=44) 

41.3±11.4 ~18 ~75 Landmarks (CT) (Brink et al., 2019) 

Sweden, scoliotic 

sample (n=37) 

46.8±12.4 ~28 ~78 Landmarks (CT) (Brink et al., 2019) 

Neandertal lineage     

CAS1 56   Landmarks (3D) (Haeusler et al., 

2019) 

K2 34   Landmarks (cast) (Been et al., 2013) 

R1 50.9   Landmarks (3D) This study 

SH1 27.6   Landmarks (3D) (Bonmatí et al., 

2010) 

SH2 32.9   Landmarks (3D) (Bonmatí et al., 

2010) 

Individual acronyms are in Table 3. 
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Table 11. Estimated lumbar lordosis angle (in °). 

Specimen LL
a
 Method Ref. 

Modern humans 

(n=106 and 131) 

51.2±11.1 (30–80)
b
 

55.6±11.2 (25–84)
b
 

X-ray 

X-ray 

(Been et al., 2012) 

(Tardieu et al., 2017) 

Neandertal lineage    

CAS1 33 

52 

IAP 

PI 

(Been et al., 2012) 

(Haeusler et al., 2019) 

K2 25.5 

29–36 

IAP 

PI 

(Been et al., 2012) 

(Been et al., 2014) 

R1 47 PI This study 

Shanidar 3 31–40 IAP (Been et al., 2012) 

SH1 23–32 PI (Been et al., 2014) 

SH2 28–35 PI (Been et al., 2014) 

Late Pleistocene modern 

humans 

   

Skhul IV 58 PI (Been et al., 2017) 

Upper Paleolithic    

Cro-Magnon 1 45 IAP (Been et al., 2012) 

Cro-Magnon 3 65.5 IAP (Been et al., 2012) 

Ohalo 2 48 PI (Been et al., 2014) 

Individual acronyms are in Table 3. 

IAP = method based on inferior articular processes orientation of lumbar vertebrae. Two 

major models were created based on different combinations of lumbar vertebrae using 

primate groups means (r > 0.95, error < 5°) and human data (r = 0.61–0.79, error < 9°) 

(Been et al., 2012). PI = method based on pelvic incidence using primate groups means (r 

= 0.93, error = 6.7°) and human data (r = 0.65, error = 8.5°) (Been et al., 2014). X-ray = 

method of direct angle measurement (Been et al., 2012). 
a
 If estimates based on different equations using the same method differs < 3°, a mean 

value is provided. 
b
 Range of minimum and maximum values in brackets. 
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7.4 Discussion and conclusions 

In this study, we present a new reconstruction of the Regourdou 1 pelvis based on the 

virtual reconstruction methodology, and we provide new sex diagnosis and a preliminary 

analysis of certain newly available pelvic measurements. As virtual reconstruction 

methodology was mainly developed based on skull reconstructions (Zollikofer and Ponce 

de León, 2005; Gunz et al., 2009) and, in most of cases, applied to the same anatomical 

region (e.g., Ponce De León and Zollikofer, 1999; Benazzi et al., 2011; Amano et al., 

2015; Haile-Selassie et al., 2019), we will first discuss unique issues in pelvic 

reconstructions. After that we provide some thoughts on the current research of the 

Neandertal pelvic morphology. 

 

7.4.1 Pelvic reconstruction 

Every reconstruction is nothing else than an approximation of the in vivo state. 

Although recent years provided more standardized procedures for fossil reconstruction 

than had been previously possible, virtual methods can still lead to variable outcomes 

depending on different variables such as the methodology employed, the completeness of 

the fossil to be reconstructed, the presence or lack of pathologies or asymmetries, as well 

as the degree, if any, of the taphonomic distortion. Some of these factors were apparent 

when our new reconstruction of the R1 pelvis was compared to the previous one (Meyer, 

2013). Here, we discuss differences between both reconstructions. 

In contrast to the state of preservation during the Meyer’s reconstruction, we worked 

with a more complete left ilium that has been supplemented with a fragment of the 

retroauricular surface glued to the rest of the ilium. This portion will have a considerable 

influence on the reconstruction of missing superior iliac alae, but did not substantially 

influence our preliminary reconstruction. More importantly, we profited from the rare 

occasion when all the R1 remains were together in Musée national de la Préhistoire in 

November 2016. This enabled us to realize that the right ilium has a direct connection with 

the right ischium, which is, however, too restricted for gluing fragments together. 

Therefore, most of the metrical differences between the reconstructions (Table 5) can be 

related to differences in reconstruction protocols. Primarily, the previous reconstruction 

(Meyer, 2013) did not use the right ischium, and the lower pelvis was estimated based on 

Kebara 2 using TPS function. The distant position of the estimated region implies 
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convergence towards reference morphology which is effectively apparent in this case as 

the original reconstruction of the Kebara 2 pelvis has a “funnel-shaped” pelvic canal with a 

very narrow outlet relative to the inlet (Rak and Arensburg, 1987; Tague, 1992). 

Differences in the inlet transverse diameter can only be associated to differences in the SIJ 

assembly. Meyer (2013) also described difficulties with a virtual assembly and finally 

decided for a manual assembly of original bones. However, she used adhesive matter 

between the ilia and the sacrum to compensate for SIJ cartilage, and the assembled pelvis 

was CT scanned using a medical scanner. We hypothesize that the different SIJ assembly 

could be a consequence of two potential problems: the adhesive matter between the bones 

prevented finding an optimum alignment of the ilia, and the attached bones could have 

moved before the scanning process. However, the latter issue would not probably cause a 

difference of such a magnitude without notice. 

Apart from the SIJ assembly methods, the difference in the diagonal diameters of the 

inlet can also relate to the method of missing parts estimation, as the anterior limits of the 

diameters are not preserved although they are very close to the preserved morphology. 

Unlike Meyer (2013) who used only relatively sparsely spaced anatomical landmarks, we 

also used semilandmarks for the estimation. Dense cover by semilandmarks is crucial for 

the TPS estimation (Gunz et al., 2009). Most importantly, the semilandmarks provided 

information on the arcuate line curvature which makes estimation of the missing part more 

reliable. However, the asymmetry of the diagonal diameters should be assessed with 

caution, as the posterior limits are determined by auricular surfaces which have slightly 

eroded margins, especially on the right side. 

Variation between different pelvic reconstructions is not uncommon. The female pelvis 

Tabun C1 was reconstructed independently by two teams (Ponce De León et al., 2008; 

Weaver and Hublin, 2009), which provided contrasting results regarding the inlet and 

outlet shapes and the inferred birth mechanism. The most problematic issue in this case 

was the estimation of the missing sacrum and a relative position of the reconstructed coxal 

that is, in addition, substantially distorted. 

However, even if the sacroiliac joint is preserved, the reconstruction can be problematic. 

When the pubic region is missing, there is less information on the orientation of the coxal 

bones relative to the pelvic midsagittal plane. This can lead to inaccurate alignments of 

digitized models. To overcome this problem, we have tried several approaches and 

compared colormaps of the sacroiliac intermesh distances which were used as a criterion 
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for assessing the optimal surface match. Based on our own experience, we recommend 

using physical models of bones especially for cases where no sharp complementary 

features are present and the pubic bones are missing. This option led to the most consistent 

distribution of distances between the aligned meshes. It is important not to use adhesive 

matter between the matching surfaces as it may hinder efforts from finding the optimum 

position. In addition, to allow for the SIJ thickness, it is possible to subsequently translate 

the ilia in lateral direction or use a correction of transversal pelvic dimensions (Bonneau et 

al., 2012), but the SIJ thickness is very variable (Walker, 1992) and for large-scale 

dimensions, such as bi-iliac breadth, it would only constitute a small percentage of the 

value, and thus this correction would be negligible. Therefore, SIJ thickness is usually 

neglected in fossil pelvis reconstructions (e.g., Rak, 1991; Claxton et al., 2016). 

 

7.4.2 Sex diagnosis in Neandertals 

Sex attribution of Neandertal individuals has relied on traditional morphometric 

assessments, and more recent cross-methodologies have never been applied. Sex has 

usually been assigned based on the pelvic sexual dimorphism, body size or overall 

robusticity (Trinkaus, 1980). With respect to better preservation and unusual Neandertal 

morphology in the pubic region, the greater sciatic notch has been used preferentially 

(Boule, 1911; McCown and Keith, 1939; Trinkaus, 1980; Heim, 1982; Walker et al., 

2011). However, visual assessment is subjective and may also depend on the angle of view 

(e.g., assessment of the composite arc; Brůžek, pers. comm.). Moreover, morphological 

traits can occur in a combination of male and female forms forcing one to decide which 

trait is more important; in a favorable situation the decision can be supported by body size 

inclined to one end of the Neandertal range of variation (Trinkaus, 2016). 

To sex Regourdou 1, we used two methods based on visual traits and linear dimensions 

of the coxal bone. The right coxal bone indicates male sex by both methods. The left 

counterpart has a more ambiguous combination of visual traits as the auricular surfaces are 

asymmetrically positioned relative to the greater sciatic notches. This could be related to 

the asymmetry in the sacrum (having abnormally short right lateral ala and orientated right 

articular facet) and which could have led to an uneven dissipation of load on the lower legs 

via sacroiliac joints (Rmoutilová et al., in press). In fact, the ilia have different thickness at 
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the auricular regions (Figure 8) and the whole pelvis also shows considerable asymmetry 

(Figure 17). 

Cross-validation of the employed methods on the sample of Neandertal coxal bones 

showed concordant results with the literature in most cases. This was expected for the 

visual method as the Neandertal coxae were previously sexed on the basis of description of 

morphological characters. Therefore, results of the metrical method are more relevant. 

Although there was a study comparing linear dimensions from the DSP of some 

Neandertal specimens to modern humans (Tillier et al., 2008), final sex diagnosis results 

were only considered for Kebara 2 (Chapman, 2017). 

Two specimens were incongruently classified with one or the other method. The 

individual from Grotte du Prince has not been thoroughly published yet and we could only 

use published measurements, photographs and morphological descriptions (de Lumley-

Woodyear, 1973). Therefore, these results should certainly be considered with caution. On 

the other hand, Amud 1 was classified as a female by both methods. The preservation 

allowed us to visually assess only two morphological traits which is insufficient and even 

more if the asymmetrical traits of R1 are taken into account. However, the metrical method 

also provided female sex. Obviously, there were fewer measurements than in other 

specimens and the unpreserved dimensions could greatly change the outcome, but 

regarding the fact that Amud 1 is considered very robust and having large body size and 

the highest stature of all Neandertals (Trinkaus, 1980; Carretero et al., 2012), this subset of 

pelvic measurements does not support this expectation. A complete review of the 

postcranial skeleton of this individual could help to clarify this issue. Furthermore, 

exceptional cases of probable robust females have been described in Middle and Late 

Pleistocene fossil record (Rosenberg et al., 2006; de Lumley, 2016). 

In general, sex estimation in extinct hominins is problematic as we assume sexing 

criteria derived from living populations. Such criteria when used for fossil specimens of 

anatomically modern humans can be considered reliable; and genetic studies can provide a 

cross-validation (Fu et al., 2016; Mittnik et al., 2016). However, sexing individuals of an 

extinct species must obligatorily rely on assumptions. Regarding Neandertals we assume 

shape sexual dimorphism in the pelvis based on their large cranial capacities (Stanyon et 

al., 1993; Rosenberg and Trevathan, 2002). However, some scholars have proposed that 

the birth mechanism was not probably the same (Franciscus, 2009; Weaver and Hublin, 

2009) and with regard to differences in their body shape (Holliday, 1997; Gómez-
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Olivencia et al., 2018), pelvic sexual dimorphism may have differed correspondingly. In 

fact, it was suggested that the pubic region did not follow the same pattern of sexual 

dimorphism in Neandertals (Rosenberg, 1988). For this reason, the sacroiliac area is 

preferred. However, despite the absence of obvious differences in this region, it is also 

unclear whether this area did not compensate somehow for the special morphology in the 

anterior pelvis (Brůžek and Tillier, 1996). Furthermore, it was suggested that sexual 

differences in pelvis could have been less pronounced between Neandertal males and 

females than in today humans (Bonmatí et al., 2010; VanSickle, 2014). 

 

7.4.3 Pelvic canal dimensions 

In comparison with modern humans and other fossil specimens, R1 has medium-sized 

transverse inlet and outlet diameters relative to size which are in the overlap between 

modern male and females. With regard to other Neandertal males (La Chapelle 1 and 

Kebara 2), the outlet is relatively wider, close to the conformation observed in SH Pelvis 1 

and Weaver and Hublin’s Tabun C1, although Tabun C1 has, obviously, much greater 

absolute values. 

Pelvic canal dimensions provide information on shape of the pelvic planes and thus on 

the mechanism of birth (Rosenberg and Trevathan, 2002). Differently shaped pelvic planes 

in modern humans are related to rotational movements of a voluminous newborn head 

during birth. First, the head enters the inlet mediolaterally and then it rotates to exit the 

pelvic outlet anteroposteriorly. Therefore, the inlet is transversally oval, while the 

midplane is sagitally oval, and the outlet is slightly rounder than the midplane (Bonmatí et 

al., 2010). The narrowest part is the midplane which is also the most sexually dimorphic in 

modern humans (Bonmatí et al., 2010). 

It has been suggested that the transverse pelvic dimensions were constrained by 

thermoregulatory and biomechanical demands and that the rotational birth has originated in 

the Middle Pleistocene with increased cranial capacity (Ruff, 1995). This has been 

tentatively supported by the SH Pelvis 1 which has sagitally oriented midplane (Arsuaga et 

al., 1999) indicating that the rotational birth may have evolved in the last common ancestor 

of Neandertals and modern humans. Despite having transversally oriented pelvic planes, 

the Kebara 2 pelvis was also interpreted in terms of a difficult birth due to its very confined 

outlet, even relative to modern males (Tague, 1992). Nevertheless, inference of birth 



 

71 

 

mechanism from male individuals is problematic (Weaver and Hublin, 2009). Even though 

modern males and females have similarly shaped pelvic canal planes and females have just 

more spacious birth canals, we cannot be sure whether extinct hominins had similar pattern 

of sexual dimorphism. In fact, it has been suggested that the pelvic sexual dimorphism may 

have differed from modern humans (Bonmatí et al., 2010; VanSickle, 2014), with the pubis 

differentially oriented in Neandertal males and females in contrast to the sexual 

dimorphism in pubic length in modern humans (Weaver and Hublin, 2009). Furthermore, 

the Kebara 2 pelvis has a distorted sacral auricular surface preventing unambiguous ilium 

alignment (Trinkaus, 2011), and thus a new reconstruction of this important specimen 

could modify current image of the Neandertal male pelvis (Adegboyega et al., 2018). 

The most complete Neandertal female pelvis provided contrasting outcomes from the 

two independent reconstructions (Ponce De León et al., 2008; Weaver and Hublin, 2009). 

However, the reconstruction by Ponce de Léon et al. (2008) is criticized as the authors 

assumed that a Neandertal newborn head moved through the pelvic canal in a modern way 

resulting in twisted shapes of the pelvic planes (Franciscus, 2009). Contrastingly, the 

reconstruction by Weaver and Hublin (2008), which is considered more reliable 

(Franciscus, 2009), obtained transversally oval both inlet and outlet, but they did not 

provide information on the midplane. However, the extremely platypelloid outlet indicates 

that Neandertals probably retained the primitive condition of a non-rotational birth. 

Nevertheless, this still should be taken with caution as Tabun C1 is very fragmentary and 

distorted, and the sacrum was completely estimated. Furthermore, a congruent result 

provided by extrapolation of the Kebara 2 pelvis (Weaver and Hublin, 2009) may also be 

misleading as the sacrum of Kebara 2 is taphonomically distorted and flattened (Bar-Yosef 

and Vandermeersch, 1991) having potential effects on the orientation of the coxal bones 

and outlet dimensions. 

Pelvic dimensions of R1 indicate a transversally wide pelvic canal, but to explore shape 

in its pelvic planes, it will be necessary to estimate missing anterior region of the pelvis 

and the lower sacrum. Despite the facts that R1 is most probably a male and that the 

extrapolation of birth mechanism is uncertain from male specimens, further analyses of R1 

can be focused on testing hypotheses that have been suggested with regard to sexual 

dimorphism in Neandertals. This may help in future attempts at interpreting male 

conformation relative to birth. 
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7.4.4 Spinopelvic alignment 

The pelvic incidence angle in the reconstructed R1 pelvis is close to the modern mean 

resulting in a slightly higher lumbar lordosis angle than in majority of Neandertal 

individuals (Been et al., 2017). Lower lumbar lordosis would have important consequences 

on Neandertal posture. However, a recent study of the La Chapelle 1 specimen has 

challenged this issue (Haeusler et al., 2019). 

Lumbar lordosis is an important adaptation that maintains the upright posture. During 

ontogeny, LL originates with the onset of upright posture (Scheuer and Black, 2000). In 

human evolution it evolved together with shortening the iliac alae (Lovejoy, 2005; Tardieu 

et al., 2013) and more acute ilio-ischial angle (Schlösser et al., 2014). These adaptations 

resulted in the center of gravity positioned directly above the hips (Tardieu et al., 2017). 

First evidence of higher levels of LL is seen in australopithecines and H. erectus (Tardieu 

et al., 2013; Been et al., 2017). 

As vertebral bodies contribute more to the total lumbar lordosis than intervertebral discs 

(Been et al., 2010b), several methods have been proposed to estimate LL from skeletal 

material based on: lumbar vertebrae wedging (Been et al., 2007), inferior articular process 

orientation (Been et al., 2010a), and pelvic incidence (Been et al., 2014). The last two 

methods provide more accurate results (Been et al., 2007, 2014), while the latter enables 

estimation of LL based on the pelvis. 

Pelvic incidence is a fixed anatomical angle that is not position- or posture-dependent 

and no sex-, age- or height-related changes were found in adult individuals (Weinberg et 

al., 2016; Tardieu et al., 2017). The angle increases with gait acquisition during growth and 

stabilizes around 10 years of age (Mangione et al., 1997; Tardieu et al., 2013) while the 

anterior iliac ala bends medially and the iliac pillar shifts more posteriorly (Tardieu et al., 

2013). 

However, measurement of this angle may be technique-dependent. Originally, the angle 

was defined on lateral radiographic images and studies measuring assembled dry pelves or 

CT scans of living patients showed consistently lower values (see Table 10 to compare 

different methods) (Schlösser et al., 2014; Weinberg et al., 2016). Using CT scans controls 

for rotation of a patient and image distortion that can occur in lateral radiographic images 

(Schlösser et al., 2014). However, if a distortion occurred, the bias would be bi-directional 

increasing the variation but not changing the mean value (Tardieu et al., 2017). Therefore, 

it seems that differences are not related to different techniques but may be caused by other 
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factors such as sample composition. In addition, it has been proposed that activity levels 

and different types of loading behavior could affect LL among present populations 

(Castillo and Lieberman, 2018) and that the PI angle could also be sample specific 

(Weinberg et al., 2016). 

The PI and LL angles were estimated to be low in Neandertals with different 

independent techniques (for summary see Table 11) (Been et al., 2017), and it has been 

suggested that this would be a derived feature in the genus Homo (Arsuaga et al., 2015; 

Gómez-Olivencia et al., 2017). However, La Chapelle 1 (Haeusler et al., 2019) and newly 

also R1 show higher values for these angles. The low LL in Kebara 2 and SH Pelvis 1 has 

been criticized, as both individuals show signs of either developmental or degenerative 

spinal pathologies and the Kebara 2 pelvis has additional taphonomical problems (Bar-

Yosef and Vandermeersch, 1991; Bonmatí et al., 2010; Haeusler et al., 2019). 

Nevertheless, La Chapelle 1 exhibits spinal pathology too (Trinkaus, 1985), the results for 

Kebara 2 were obtained by two independent methods, and there are still other individuals 

(Shanidar 3 and SH Pelvis 2) that exhibit similarly low LL without any marked sign of 

pathology (Trinkaus, 1982; Bonmatí et al., 2010). Although the La Chapelle 1 and R1 

pelves show highest values of PI and LL in the Neandertal sample, they are close to the 

mean of modern populations. Therefore, this does not rule out the possibility that, on 

average, Neandertals could have had lower PI and LL. 

Lumbar lordosis enables shock attenuation during running, but there is no greater 

association during walking (Castillo and Lieberman, 2018). Regarding the trade-off that 

curved LL allows for greater shock attenuation at a cost of increased risk of injury due to 

higher strain (Been et al., 2017; Castillo and Lieberman, 2018), the less curved lumbar 

spine of Neandertals could have been better adapted for stability at the expense of a 

reduced capacity for shock attenuation during dynamic activities (Castillo and Lieberman, 

2018). With regard to pelvic and trunk morphology (Rak and Arensburg, 1987; Gómez-

Olivencia et al., 2018), it has been suggested that Neandertals could have also had a more 

anterior center of gravity (Been et al., 2017). If this is true, it could have interesting 

implications for dealing with fetal load during pregnancy (Whitcome et al., 2007). 

Furthermore, several morphological traits in the Neandertal pelvis have been suggested 

to be posture-related: long pubis, more anterior position of the iliac pillar, and more 

anterior position of the sacrum (Rak and Arensburg, 1987). It has also been suggested that 

the PI and LL angles are negatively correlated with a horizontal distance between the 
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sacral plate and the acetabula (Legaye, 2011) and positively correlated with a direct 

distance between these structures (Tardieu et al., 2013). Moreover, there are certain indices 

that the above mentioned traits could be developmentally interconnected (Tardieu et al., 

2013) possibly reflecting changes in the center of gravity. Suggested relationships between 

those pelvic traits should certainly be more deeply examined in modern humans, in order 

to provide background for testing posture-related hypotheses in Neandertals. If these 

relationships exist and are significant, posture-related hypotheses could even be tested on 

fragmentary Neandertal pelvic remains which would substantially expand the number of 

tested specimens. 



 

75 

 

8 Conclusion 

In this work we used virtual methods to revise paleoanthropological specimens. After 

virtual reconstruction of the Zlatý kůň cranium, we addressed questions about its sex 

attribution and morphological affinity. Female sex of this individual was confirmed with 

high probability based on reliably sexed Upper Paleolithic specimens. ZK cranium exhibits 

strong affinity to the pre-LGM Upper Paleolithic population despite its radiocarbon dating. 

Prior to the reconstruction of Regourdou 1 pelvis, we analyzed the asymmetry of its 

sacrum in comparison with a healthy modern sample. The R1 sacrum shows considerable 

degree of asymmetry in sacral alae length and facets orientation. This pattern can have 

important implications for dissipation of load onto the lower legs and should be further 

analyzed together with other morphological abnormalities found in the skeleton. It must 

have also been considered in the subsequent pelvic reconstruction. The preliminary pelvic 

reconstruction provided new material for sex diagnosis, as well as transverse diameters of 

the pelvic canal and the pelvic incidence angle. Following modern criteria, the individual 

was probably a male. Transverse diameters of the inlet and outlet are slightly wider relative 

to modern males, but they do not provide sufficient information about shapes of these 

pelvic planes. Pelvic incidence angle allowed us to estimate lumbar lordosis angle which is 

close to the mean value for modern humans and slightly higher than in most of other 

Neandertals. This supports the idea that the lumbar lordosis interval was larger in 

Neandertals than previously thought, but it does not rule out that Neandertals had, on 

average, smaller lumbar lordosis than modern humans. 

Regarding other aims of the thesis, we provided methods that are adjusted to 

fragmentary preservation. First, the revision of sexual dimorphism in the auricular surface 

showed that there are not pronounced sex-related differences in shape, but other traits from 

the posterior ilium could be used for sexual diagnosis from fragmentary remains. Second, 

the original method of Brůžek (2002) was adjusted to incomplete preservation of pelvic 

remains by providing an application that gives estimation accuracy and posterior 

probability for each combination of preserved traits. Finally, we analyzed compatibility of 

differently acquired 3D data by comparing two widely used surface scanners. Different 

outcomes did not have significant effect on selected anthropological analyses using linear 

measurements and surface topography. However, the scanners apparently differed in their 
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capacity to capture detail which should be taken into account when combining 3D data 

from different sources. 

  

9 Perspectives 

This thesis tried to answer several questions, but much more have remained open. 

Concerning Neandertal pelves, there is still a little known about the peculiar morphology 

which can also be partly blurred by previous reconstructions (Kebara 2, La Chapelle 1, La 

Ferrassie 1) that did not consider taphonomic distortion and whose shortcomings have 

already been described elsewhere (e.g., Trinkaus, 2011). Therefore, future studies should 

focus on revision of those reconstructions using virtual methods to provide outcomes that 

do not overly rely on personal experience. 

Specifically for the Regourdou 1 pelvis, we plan to accomplish the reconstruction of 

missing parts using multiple estimations. This will allow us to address questions related to 

body form, posture, and pelvic sexual dimorphism. Relationship between the special pelvic 

morphology and posture in Neandertals has been suggested a long time ago (Rak and 

Arensburg, 1987) and since that time, not many studies got back to this question. 

Nevertheless, evidence for postural differences has been provided by thorough revisions of 

Neandertal vertebrae (Gómez-Olivencia, 2013a; b; Gómez-Olivencia et al., 2013, 2017) 

providing insight into the differences in spinopelvic alignment between Neandertals and 

modern humans (Been et al., 2017). To re-address the question of postural adaptations in 

the Neandertal pelvis, it is, first, necessary to study functional relationships in the human 

pelvis (e.g., Tardieu et al., 2013). Only after we understand how different morphological 

features are related in modern humans, we will have sufficient background for the 

interpretation of morphological features in the Neandertal pelvis. 
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SHRNUTÍ (Czech Summary) 

Zachovalost kosterního materiálu ovlivněná tafonomickými procesy je hlavní problém 

paleoantropologických studií. Fragmentární nebo nekompletní nálezy jsou často 

vynechávány z analýz, čímž se zmenšuje studovaný soubor a snižuje se jeho 

reprezentativnost. Rozvoj moderních zobrazovacích metod a geometrické morfometrie 

pomáhá překonávat tento problém (Bookstein, 1991; Recheis et al., 1999; Weber a 

Bookstein, 2011). Díky zobrazovacím metodám jako výpočetní tomografie je možné 

analyzovat dříve nedostupné struktury, zatímco geometrická morfometrie umožňuje 

analyzovat tvar a tvarové souvislosti analyzovaného objektu (Weber et al., 2001; Braga et 

al., 2019). 

Další možností, jak překonat překážku rozdílné zachovalosti, je rekonstrukce 

fragmentárních nálezů. Tradičně byla rekonstrukce fosilních nálezů prováděna zkušeným 

anatomem, a to často přímo na původním nálezu (White a Folkens, 2005). Tento přístup 

nejednou vedl k dalšímu poškození fosilie (Thompson a Illerhaus, 1998; Ponce de León a 

Zollikofer, 1999), ale především byl výsledek značně ovlivněn osobními zkušenostmi 

badatele, což vedlo k těžko zopakovatelným výstupům. V souvislosti s rozvojem 

virtuálních metod byl proto v poslední době kladen důraz i na zvýšení spolehlivosti 

rekonstrukce fosilního materiálu (Gunz et al., 2009). Výstupem je metodologický rámec 

kombinující digitalizovaná 3D data a počítačové metody, který umožňuje konzistentní 

přístup k otázce rekonstrukce (Zollikofer a Ponce de León, 2005). Virtuální rekonstrukce 

tak nezávisí pouze na anatomických pravidlech, ale i na matematických a geometrických 

principech, které umožňují lépe dokumentovat rekonstrukční protokol a reprodukovat 

výstupy nezávislými badateli (Weber, 2001). Virtuální metody tedy přispívají 

k paleoantropologickému výzkumu a pomáhají překonávat problém zachovalosti dvěma 

hlavními strategiemi: za prvé, umožňují extrahovat více informace z fragmentárního 

materiálu; za druhé, umožňují objektivnější rekonstrukci fragmentárních a nekompletních 

nálezů. 

Hlavním cílem této práce byla rekonstrukce dvou fosilních nálezů: svrchně paleolitické 

lebky ze Zlatého koně v Českém krasu, Česká republika (Vlček, 1956; Svoboda et al., 

2002), a neandertálské pánve Regourdou 1 z Francie (Piveteau, 1959; Meyer et al., 2011; 

Maureille et al., 2015a). Navzdory odlišné chronologii a taxonomické příslušnosti mají tyto 

dva nálezy společný stav zachovalosti. Vedlejší cíle souvisely s dalšími projekty dizertace, 
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které se týkaly pohlavní diagnózy z fragmentárního materiálu a analýzy kompatibility 3D 

dat pořízených různými způsoby. Tato dizertace je složena z pěti publikovaných článků, 

které jsou doplněny kapitolou o rekonstrukci pánve Regourdou 1. 

Problematiku virtuální rekonstrukce jsme započali rekonstrukcí lebky ze Zlatého koně 

(Rmoutilová et al., 2018), což bylo výhodné, protože metody virtuální rekonstrukce byly 

původně navrženy při aplikace na lebkách. Nález fosilní lebky Zlatý kůň byl objeven v 50. 

letech minulého století v Koněpruských jeskyních a oproti většině ostatních soudobých 

nálezů nepochází z Moravy ale z Čech. Přímé radiokarbonové datování (~15.4 ky cal BP; 

Svoboda et al., 2002) posunulo tuto fosilii z období raného svrchního paleolitu do období 

po posledním ledovcovém maximu (LGM z anglického Last Glacial Maximum), které 

trvalo před 23 až 19 tisíci lety (Clark et al., 2009). Ovšem datování Zlatého koně 

neodpovídalo všem kritériím spolehlivosti navrženým v publikaci Housley et al. (1997). 

Vzhledem k historii tohoto nálezu jsme vytvořili virtuální rekonstrukci této lebky se 

záměrem revidovat pohlavní diagnózu tohoto jedince a analyzovat morfologickou afinitu 

v porovnání se svrchně paleolitickými populacemi. 

Proces rekonstrukce sestával z kroků, které využívaly zachovalou morfologii (složení 

fragmentů, zrcadlení a tzv. warping zrcadlového templátu), a z rekonstrukce založené na 

kompletní referenci (odhad bilaterálně chybějících oblastí), přičemž jsme se snažili využít 

maximum informace ze zachovalých fragmentů. Na rekonstruované lebce byly změřeny 

hlavní kraniální rozměry, které byly následně použity pro řešení výše zmíněných otázek. 

Jelikož pohlavní dimorfismus na lebce je populačně specifický a měnil se v průběhu času 

(Frayer, 1980; Cieri et al., 2014; Musilová et al., 2019), vytvořili jsme speciální model 

založený na svrchně paleolitických jedincích se spolehlivou pohlavní diagnózou (n=32, 

pohlaví odhadnuto geneticky nebo podle pánve či sekundární pohlavní diagnózy), který 

úspěšně odhadl pohlaví s křížovou validací (cross-validation) u 94 % referenčního 

souboru. Podle tohoto modelu byl jedinec ze Zlatého koně žena s 98% pravděpodobností. 

Morfologická afinita lebky byla analyzována pomocí standardizovaných proměnných 

s odfiltrovanými velikostními rozdíly (Mosimann, 1970). V kontrastu s předchozím 

radiokarbonovým datováním (Svoboda et al., 2002) má lebka Zlatý kůň velkou 

morfologickou afinitu k populaci, která žila v Evropě před obdobím LGM. Poslední 

ledovcového maximum byla dramatická klimatická změna, která donutila populace ze 

severnějších oblastí k ústupu na jih a jejich následnému opětovnému rozšíření na sever 

(Housley et al., 1997; Verpoorte, 2004). Změny klimatu vedly ke mikroevolučním změnám 
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v tělesné morfologii (Straus, 1995; Churchill et al., 1999; Holt a Formicola, 2008). Avšak 

populační složení se změnilo i v souvislosti s genetickým driftem spolu s procesy tzv. 

zúžení hrdla láhve a efektem zakladatele. Změna v populačním složení byla detekována 

geneticky (Pala et al., 2012; Fu et al., 2016; Posth et al., 2016) ale také na kraniometrické 

variabilitě pre-LGM a post-LGM populací (Brewster et al., 2014). Vzhledem k tomu, že 

přímé datování Zlatého koně nesplňuje navržená kritéria spolehlivosti (Housley et al., 

1997) a nález neobsahuje zřetelné diagnostické kulturní artefakty, nemůžeme v současné 

době vyloučit, že morfologická afinita Zlatého koně může vyjadřovat skutečnou 

biologickou blízkost k pre-LGM populacím. Disproporce mezi přímým datováním a 

archaickou morfologií by vyžadovala datování opakovat. 

Regourdou 1 je jedním z nejlépe zachovalých koster evropských neandertálců.  Byla 

objevena v roce 1957 blízko vesnice Montignac-sur-Vézère v oblasti Dordogne ve Francii 

(Piveteau, 1959; Bonifay et al., 2007). Od roku 2008 byly během revize muzejních sbírek 

objeveny další kosterní pozůstatky (Madelaine et al., 2008; Maureille et al., 2015a), mezi 

kterými byly i fragmenty pánve. Na základě předběžného studia byla zmíněna značná 

asymetrie křížové kosti (Meyer et al., 2011). Proto jsme nejprve analyzovali míru této 

asymetrie ve srovnání s moderním souborem zdravých jedinců (n=41) a ostatními 

neandertálskými křížovými kostmi (n=6) (Rmoutilová et al., v tisku). Na základě 

landmarků a lineárních rozměrů jsme zjistili významnou asymetrii v délce křídel křížové 

kosti a v orientaci jejích artikulačních plošek. Dále jsme poskytli první kvantitativní 

analýzu neandertálských křížových kostí, která potvrdila některé dříve uvedené anatomické 

rozdíly jako relativně široký první křížový obratel a objemný vstup do křížového kanálu. 

Vzhledem k dostupné literatuře (Scheuer a Black, 2000; Pitre and Lovell, 2010; Pfeiffer, 

2011) mohla výrazná asymetrie křídel křížové kosti vzniknout jako vývojová odchylka 

během raného ontogenetického vývoje. Asymetrie křížové kosti by zároveň mohla souviset 

s asymetrií v přenosu tíže trupu na dolní končetiny. Orientace artikulačních ploch je navíc 

důležitá pro udržení stability páteře proti smykovým silám (Noren et al., 1991), a asymetrie 

těchto plošek je asociovaná s degenerativními změnami obratlů (Dai, 2001; Kim et al., 

2013; Schleich et al., 2016; Lai et al., 2019). Asymetrický přenos tíže by mohl souviset i 

s dalšími morfologickými abnormalitami na této kostře jako skoliotické známky na hrudní 

kosti a dalších obratlích (Gómez-Olivencia et al., 2012, 2013) a asymetrická těla 

stehenních kostí (Maureille et al., 2015a). 
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Posouzení míry asymetrie křížové kosti bylo důležité pro následnou rekonstrukci pánve 

Regourdou 1. Klíčovým krokem dosavadní rekonstrukce bylo připojení kyčelních kostí ke 

kosti křížové. K optimálnímu připojení jsme došli porovnáním několika přístupů. Jelikož 

virtuální připojení není spolehlivé při výskytu takto vysoké asymetrie, rozhodli jsme se 

pro připojení pomocí 3D výtisků kostí. Při další rekonstrukci jsme se omezili především 

na rekonstrukci na základě zachovalé morfologie. Nově dostupné morfologické znaky 

umožnily novou pohlavní diagnózu, která se přiklání k mužskému pohlaví pro tohoto 

jedince. Dosavadní stav rekonstrukce nám umožnil analyzovat transverzální rozměry 

pánevního vchodu a východu. Východ se zdá být mírně širší vzhledem ke vchodu než 

u moderních mužů, což je v souladu s jinými nálezy pozdějších zástupců rodu Homo 

(Bonmatí et al., 2010). Podle transverzálních rozměrů však nelze usuzovat na celkový tvar 

pánevních rovin. Analýza sklonu křížové kosti ukazuje na mírně větší lumbální lordózu, 

než bylo navrženo pro většinu neandertálských jedinců (Been et al., 2017; ale Haeusler et 

al., 2019). Hodnota se však pohybuje kolem průměru anatomicky moderních lidí, což stále 

nevyvrací možnost, že lumbální lordóza mohla být u neandertálců menší než u moderních 

lidí. 

Rovněž jsme se zabývali odhadem pohlaví z fragmentárního materiálu. K tomuto účelu 

jsme se zaměřili na sakro-iliakální modul pánevní kosti (Rmoutilová et al., 2017), který je 

většinou lépe zachován než kost stydká modulu ischio-pubického (Waldron, 1987; 

Stojanowski et al., 2002). Metodami geometrické morfometrie jsme analyzovali pohlavní 

dimorfismus ve tvaru aurikulární plochy křížokyčelního skloubení, který byl navržen 

v řadě studií (Novotný, 1981; Valojerdy a Hogg, 1989; Ali a MacLaughlin, 1991; Brůžek 

et al., 1996; Novak et al., 2012; Anastasiou a Chamberlain, 2013; Wescott, 2015). K tomu 

jsme použili křivkové semilandmarky, které detailně definovaly obvod plochy 

vyfotografovaných kostí (n=121). Predikce pohlaví podle této struktury dosáhla úspěšnosti 

81 %. Tradiční přístup kombinující vizuální hodnocení morfologických znaků a lineární 

rozměry z této anatomické oblasti byl úspěšnější a dosáhl úspěšnosti vyšší než 90 %. 

V souvislosti s odhadem pohlaví jsme adaptovali široce užívanou vizuální metodu 

Brůžka (2002) pro užití na fragmentární materiál (Santos et al., 2019). Původní metoda 

byla testována na novém souboru a byla doplněna o hodnocení pomocí logistické regrese, 

které umožňuje kvantifikovat posteriorní pravděpodobnost odhadu podle jakékoli 

kombinace zachovaných znaků. Navíc bylo hodnocení vizuálních znaků testováno na 
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digitalizovaných 3D modelech kostí, které dosáhlo obdobné velmi vysoké úspěšnosti jako 

na souboru suchých kostí. 

Poslední publikace se týkala srovnání výstupů dvou povrchových skenerů (HP 3D SLS 

PRO 2 and NextEngine) používaných pro digitalizaci kostí (Kotěrová et al., 2019). Možný 

vliv různých zařízení jsme analyzovali vzhledem k základním antropologickým analýzám 

odhadu pohlaví a věku. Výrazný vliv různých skenerů nebyl prokázán, ale zařízení se lišila 

ve schopnosti zachytit detail především ve více strukturovaných oblastech jako 

např. pubická symfýza. 

Vzhledem k cílům práce nám virtuální rekonstrukce umožnila analyzovat dva fosilní 

nálezy a diskutovat problémy týkající se fosilií samotných, ale i jejich širšího evolučního 

kontextu. Pro další studium plánujeme dokončit rekonstrukci celé pánve Regourdou 1, 

která by mohla umožnit testování hypotéz navržených pro vysvětlení morfologie 

neandertálské pánve. Dále jsme poskytli nové metody odhadu pohlaví, které jsou 

přizpůsobené pro aplikaci na fragmentární materiál, a otestovali jsme kompatibilitu dvou 

skenerů, které se používají k digitalizaci kosterního materiálu. 
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RÉSUMÉ (French Summary) 

La préservation taphonomique du matériel squelettique est un problème majeur dans les 

études paléoanthropologiques. Des fossiles fragmentaires ou incomplets sont souvent omis 

des analyses, réduisant ainsi l’échantillon étudié et sa représentativité. Le développement 

des méthodes d'imagerie et de morphométrie géométrique aident à surmonter ces 

difficultés (par exemple, Bookstein, 1991 ; Recheis et al., 1999 ; Weber et Bookstein, 

2011). Les méthodes d'imagerie telles que la tomodensitométrie permettent d'analyser des 

structures auparavant inaccessibles, tandis que la morphométrie géométrique permet 

d'analyser la forme de l'objet (par exemple, Weber et al., 2001 ; Braga et al., 2019). 

Une autre possibilité pour surmonter l’obstacle de la préservation différentielle était et 

est parfois toujours la reconstruction d’un fossile. Traditionnellement, elle était effectuée 

par un anatomiste expérimenté, souvent directement sur le spécimen original (par exemple 

White et Folkens, 2005). Cette stratégie a parfois conduit à des dommages supplémentaires 

sur le fossile original (par exemple voir les cas discutés dans Thompson et Illerhaus, 1998 ; 

Ponce de Leon et Zollikofer, 1999). Mais la reconstitution finale était surtout influencée 

par l'expérience personnelle du chercheur, conduisant à des résultats difficilement 

reproductibles. Dans le cadre du développement des méthodes virtuelles, l'accent a 

récemment été mis sur l'amélioration de la fiabilité de la reconstruction (Gunz et al., 2009). 

Un nouveau cadre méthodologique a donc été créé, combinant des données 3D numérisées 

et des méthodes informatiques. Il permet une approche « cohérente » de la reconstruction 

(par exemple Zollikofer et Ponce de León, 2005). Les reconstitutions  virtuelles dépendent 

donc non seulement de règles anatomiques, mais également de principes mathématiques et 

géométriques. Ils permettent théoriquement une meilleure documentation du protocole de 

reconstruction et  donc autorisent la potentielle reproduction des résultats par d’autres 

chercheurs (Weber, 2001). Ainsi, les méthodes virtuelles contribuent de façon très 

novatrice à la recherche paléoanthropologique et aident parfois à surmonter le problème de 

la préservation selon deux stratégies principales. Premièrement, extraire davantage 

d’informations à partir de matériel fragmentaire et deuxièmement, ils permettent une 

reconstruction réversible (donc potentiellement plus objective) de fossiles fragmentaires 

et/ou incomplets. 

L'objectif principal de ce travail était de reconstituer deux spécimens fossiles : le crâne 

du Paléolithique supérieur de Zlatý kůň (République tchèque ; Vlcek, 1956 ; Svoboda et 
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al., 2002) et le bassin néandertalien de Regourdou 1 (France ; Piveteau, 1959; Meyer et al., 

2011 ; Maureille et al., 2015). Malgré la chronologie et l'appartenance taxinomique 

différentes, ces deux spécimens partagent un état commun de préservation taphonomique. 

Les objectifs secondaires de notre travail concernaient le diagnostic sexuel à partir de 

matériel fragmentaire et l'analyse de la compatibilité des données 3D acquises de 

différentes manières. Cette thèse comprend cinq articles publiés, complétés par un chapitre 

sur la reconstruction du bassin de Regourdou 1. 

Nous sommes entrés dans la problèmatique de la reconstruction virtuelle avec la celle 

du crâne de Zlatý kůň (Rmoutilová et al., 2018). Cela a été plus aisé car les méthodes de 

reconstruction virtuelle ont été expérimentées à l'origine principalement sur des crânes. 

Zlatý kůň a été découvert dans les années 1950 et, contrairement à la plupart des mises au 

jour de fossiles contemporaines de la République Tchèque, il ne vient pas de Moravie mais 

de Bohême. La datation directe au radiocarbone (~ 15,4 kcal BP; Svoboda et al., 2002) a 

déplacé ce fossile du début à la fin de la période du Paléolithique supérieur, après le 

dernier maximum glaciaire (LGM ; en anglais Last Glacial Maximum) datant de 23 à 19 

000 ans (Clark et al., 2009), mais la datation de Zlatý kůň ne répondait pas à tous les 

critères de fiabilité proposés par Housley et al. (1997). Compte tenu de l'historique de cette 

découverte, nous avons réalisé une reconstruction virtuelle de ce crâne dans le but de tenter 

de réviser la diagnose sexuelle de l'individu et d'analyser son affinité morphologique 

relativement aux populations du Paléolithique supérieur. 

Le processus de reconstruction comprenait des étapes qui utilisaient une morphologie 

bien préservée (composition des fragments, symétrisation et déformation du gabarit miroir) 

et une reconstruction à partir d’une référence complète (estimation des zones manquantes 

bilatéralement) dans le but de tirer le meilleur parti des informations des fragments 

préservés. Les principales dimensions du crâne ont été mesurées sur le crâne reconstruit. 

Elles ont été utilisées pour discuter les questions rappelées ci-dessus. Le dimorphisme 

sexuel sur le crâne étant spécifique à la population et évoluant avec le temps (Frayer, 

1980 ; Cieri et al., 2014 ; Musil et al., 2019), nous avons créé un modèle spécial basé sur 

des individus paléolithiques ayant un diagnostic sexuel fiable (n=32, sexe estimé suite à un 

diagnostic sexuel génétique ou pelvien ou secondaire). Il a permis d'identifier le sexe chez 

94% du groupe de référence validé par croisement. Selon ce modèle, l'individu de Zlatý 

kůň était une femme avec une probabilité de 98%. 
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L'affinité morphologique du crâne a été analysée à l'aide des variables ajustées en 

fonction de la taille (Mosimann, 1970). Contrairement à la datation précédente au 

radiocarbone (Svoboda et al., 2002), Zlatý kůň présente une grande affinité morphologique 

avec la population européenne qui vivait avant la période du LGM. Ce LGM correspond a 

un changement climatique spectaculaire qui a forcé les populations des régions du nord à 

se retirer au sud, puis, après, à recoloniser le nord (Housley et al., 1997; Verpoorte, 2004). 

Ces contraintes environnementales ont probablement favorisé des phénomènes 

microévolutifs  (Straus, 1995 ; Churchill et al., 1999 ; Holt et Formicola, 2008). Ainsi, les 

populations ont changé en relation avec la dérive génétique (processus dits de «goulot 

d’étranglement» et d’«effet fondateur»). Un tel changement dans la composition de la 

population a été détecté génétiquement (Pala et al., 2012 ; Fu et al., 2016 ; Posth et al., 

2016) et sur la variabilité crânométrique des populations pré-LGM et post-LGM (Brewster 

et al., 2014). Étant donné que la datation directe de Zlatý kůň ne répond pas aux critères de 

fiabilité proposés (Housley et al., 1997) et que sa découverte ne s’accompagnait pas de 

celle d'artéfacts culturels diagnostics, nous ne pouvons pas exclure que l'affinité 

morphologique de Zlatý kůň reflète sa proximité biologique avec des populations 

antérieures au LGM. La disproportion entre la datation directe et la morphologie archaïque 

nécessiterait de répéter la datation. 

Regourdou 1 est l'un des squelettes néandertaliens les plus complets d'Europe. Il a été 

découvert en 1957 près du village de Montignac-sur-Vézère en Dordogne (Piveteau, 1959 ; 

Bonifay et al., 2007). Depuis 2008, d'autres ossements du squelette ont été découverts lors 

de la révision des collections du Musée national de la Préhistoire (Madelaine et al., 2008; 

Maureille et al., 2015), notamment des fragments de bassin. Or, une étude préliminaire 

avait mentioné une asymétrie considérable du sacrum (Meyer et al., 2011). Par conséquent, 

nous avons d’abord analysé le degré de cette asymétrie par rapport à un échantillon 

moderne d’individus sains (n=41) et à d’autres sacra néandertaliens (n=6) (Rmoutilová et 

al., sous presse). Sur la base des dimensions linéaires et des repères, nous avons constaté 

une asymétrie importante dans la longueur des ailes du sacrum et dans l’orientation des 

apophyses articulaires. De plus, nous avons fourni la première analyse quantitative des 

sacra néandertaliens, confirmant certaines différences anatomiques telles que la première 

vertèbre sacrée relativement large et l’entrée volumineuse dans le canal sacré. Compte tenu 

de la littérature disponible (Scheuer et Black, 2000 ; Pitre et Lovell, 2010 ; Pfeiffer, 2011), 

une asymétrie aussi importante des ailes du sacrum pourrait être la conséquence d’un 
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dérèglement développemental précoce. L'asymétrie du sacrum pourrait être liée à une 

transmission déséquilibrée du poids du tronc aux membres inférieurs. De plus, l'orientation 

des apophyses articulaires est importante pour maintenir la stabilité de la colonne 

vertébrale contre les forces de glissement (Noren et al., 1991) et l’asymétrie dans leur 

orientation a été associée à des modifications dégénératives des vertèbres (Dai, 2001 ; Kim 

et al., 2013 ; Schleich et al., 2016 ; Lai et al., 2016, 2019). Un transfert asymétrique du 

poids pourrait également être associé à d'autres anomalies morphologiques de Regourdou 1 

telles que des marques scoliotiques sur le sternum et les vertèbres (Gómez-Olivencia et al., 

2012, 2013) ou la dissymétrie de ses diaphyses fémorales(Maureille et al., 2015). 

L'évaluation du degré d'asymétrie du sacrum était importante pour la reconstruction 

ultérieure du bassin de Regourdou 1. Une étape clé consistait à articuler les os iliaques au 

sacrum. La connexion optimale a été obtenue en comparant plusieurs approches. La 

connexion virtuelle n'étant pas fiable en cas d'asymétrie aussi élevée, nous avons décidé de 

nous aider d'impressions 3D. Pour la reconstruction finale, nous nous sommes limité 

surtout à celle basée sur les pièces originales préservées. Les caractéristiques 

morphologiques nouvellement disponibles ont permis un nouveau diagnostic sexuel qui 

penche vers le sexe masculin de cet individu. L'état actuel de reconstruction nous a aussi 

permis d'analyser les dimensions transversales de l'entrée et de la sortie pelvienne. Cette 

dernière semble être légèrement plus large relativement à celle des hommes modernes. Ce 

résultat est conforme à ceux obtenus avec d’autres découvertes de bassins de fossiles 

archaïques (Bonmatí et al., 2010). Cependant, la forme globale des plans pelviens ne peut 

pas être déduite des dimensions transversales. L'analyse de l’orientation du sacrum de 

Regourdou 1 révèle une lordose lombaire légèrement supérieure à celle des Néandertaliens 

(Been et al., 2017; mais Haeusler et al., 2019). Cependant, la valeur de Regourdou 1 est 

proche de la valeur moyenne des hommes modernes. Même si cela favorise un interval 

plus large qu’auparavant chez les Néandertaliens, cela ne rejète pas la lordose lombaire 

plus basse chez les Néandertaliens en comparaison avec les hommes modernes. 

Nous avons également examiné l'estimation du sexe à partir de matériel fragmentaire. À 

cette fin, nous nous sommes concentrés sur la partie postérieure de l'os coxal (Rmoutilová 

et al., 2017), qui est généralement mieux préservée que l'os pubien (Waldron, 1987 ; 

Stojanowski et al., 2002). Nous avons analysé le dimorphisme sexuel de la surface 

auriculaire de l'articulation sacroiliaque tel que proposé dans plusieurs études (Novotný, 

1981; Valojerdy et Hogg, 1989 ; Ali et MacLaughlin, 1991 ; Brůžek et al., 1991 ; 



 

86 

 

Anastasio et Chamberlain, 2013 ; Wescott, 2015). Pour cela, nous avons utilisé des 

méthodes de morphométrie géométrique avec des semilandmarks, qui définissent en détail 

le périmètre de la surface auriculaire d’os photographiés (n=121). La prédiction du sexe  a 

atteint un taux de réussite de 81%. L'approche traditionnelle combinant une évaluation 

visuelle des caractéristiques morphologiques et des dimensions linéaires de cette zone 

anatomique a été plus efficace et a atteint un taux de réussite de plus de 90%. 

En relation avec l'estimation du sexe, nous avons adapté la méthode visuelle largement 

utilisée selon Brůžek (2002) pour l'utiliser sur un matériel fragmentaire (Santos et al., 

2019). La méthode originale a été testée sur un nouvel échantillon. En plus, nous avons 

fourni une régression logistique pour évaluer le sexe permettant de quantifier la probabilité 

postérieure en fonction de toute combinaison de caractères préservés. En outre, 

l’évaluation des caractères visuels a été testée sur des modèles osseux 3D numérisés qui 

ont permis d’obtenir un taux de succès similaire à celui obtenu sur un échantillon 

d’ossements secs. 

La dernière publication portait sur la comparaison des résultats de deux scanners 

surfaciques (HP 3D SLS PRO 2 et NextEngine) utilisés pour la numérisation d’ossements 

(Kotěrová et al., 2019). Nous avons analysé l'impact possible des différents scanners pour 

des analyses anthropologiques de base de l'estimation du sexe et de l'âge. Cet impact n’a 

pas été démontré. Mais la capacité à saisir les détails différait entre les appareils, en 

particulier dans des parties telles que la symphyse pubienne. 

Compte tenu des objectifs du travail, la reconstruction virtuelle nous a permis d'analyser 

deux fossiles et de discuter des questions relatives aux fossiles eux-mêmes et de les 

considérer dans un contexte évolutif plus large. Pour Regourdou 1, nous prévoyons 

d'achever la reconstruction de l'ensemble du bassin, ce qui nous permettra de tester les 

hypothèses proposées pour expliquer la morphologie du pelvis néandertalien. En outre, 

nous avons fourni de nouvelles méthodes d’estimation du sexe adaptées à l’application de 

matériel fragmentaire et testé la compatibilité de deux scanners utilisés pour numériser du 

matériel squelettique. 
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S1 File. Video illustration of the skull reconstruction. https://doi.org/10.1371/journal.pone.0201431.s005 

 

S2 File. Supplementary bibliography.  
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Supporting information (Appendix S1 to S3) to the paper Santos et al. (2019) concern 

the use of the R application and can be found online 

https://onlinelibrary.wiley.com/doi/full/10.1002/ajpa.23855. Likewise, the raw data are 

available here https://doi.org/10.5281/zenodo.2586897. 
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