
Journal of Human Evolution 189 (2024) 103512

Available online 10 March 2024
0047-2484/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Finite element analysis of Neanderthal and early Homo sapiens maxillary 
central incisor 

Ali Najafzadeh a,b,1, María Hernaiz-García a,1, Stefano Benazzi c, Bernard Chen d, 
Jean-Jacques Hublin e,f, Ottmar Kullmer g,h, Ariel Pokhojaev i, Rachel Sarig i, j, 
Rita Sorrentino c,k, Antonino Vazzana c, Luca Fiorenza a,* 

a Monash Biomedicine Discovery Institute, Department of Anatomy and Developmental Biology, Monash University, Melbourne, VIC, 3800, Australia 
b Department of Mechanical and Aerospace Engineering, Monash University, Melbourne, VIC, 3800, Australia 
c Department of Cultural Heritage, University of Bologna, Ravenna, 48121, Italy 
d Department of Surgery, The University of Melbourne, Melbourne, VIC, 3010, Australia 
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A B S T R A C T   

Neanderthal anterior teeth are very large and have a distinctive morphology characterized by robust ‘shovel- 
shaped’ crowns. These features are frequently seen as adaptive responses in dissipating heavy mechanical loads 
resulting from masticatory and non-masticatory activities. Although the long-standing debate surrounding this 
hypothesis has played a central role in paleoanthropology, is still unclear if Neanderthal anterior teeth can resist 
high mechanical loads or not. A novel way to answer this question is to use a multidisciplinary approach that 
considers together tooth architecture, dental wear and jaw movements. The aim of this study is to functionally 
reposition the teeth of Le Moustier 1 (a Neanderthal adolescent) and Qafzeh 9 (an early Homo sapiens adolescent) 
derived from wear facet mapping, occlusal fingerprint analysis and physical dental restoration methods. The 
restored dental arches are then used to perform finite element analysis on the left central maxillary incisor during 
edge-to-edge occlusion. The results show stress distribution differences between Le Moustier 1 and Qafzeh 9, 
with the former displaying higher tensile stress in enamel around the lingual fossa but lower concentration of 
stress in the lingual aspect of the root surface. These results seem to suggest that the presence of labial convexity, 
lingual tubercle and of a large root surface in Le Moustier 1 incisor helps in dissipating mechanical stress. The 
absence of these dental features in Qafzeh 9 is compensated by the presence of a thicker enamel, which helps in 
reducing the stress in the tooth crown.   

1. Introduction 

One of the most distinct features of Neanderthal’s dentition is 
certainly the presence of proportionally large anterior teeth compared to 
the molar crowns, usually not observed in other human groups (Molnar, 
1972; Trinkaus, 1992). More specifically, the incisors display a 
morphology marked by a high degree of labial convexity, and by the 

presence of lingual marginal ridges (or shoveling) and well-developed 
lingual tubercles (Fig. 1; Bailey, 2006). It is however still not clear if 
the occurrence of these features is associated to adaptations related to 
feeding behavior (Wallace, 1975; Puech, 1981), genetic drift (Kimura 
et al., 2009; Hlusko et al., 2018), or to non-masticatory adaptations 
(Brace, 1964 Trinkaus, 1983; Le Cabec et al., 2013). In particular, 
several studies have argued that the high frequency and great expression 
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of these dental traits in Neanderthals may represent an adaptive 
response for dissipating heavy mechanical loads resulting from masti
catory and non-masticatory activities (Rak, 1986; Demes, 1987; Trin
kaus, 1987; Smith and Paquette, 1989; Spencer and Demes, 1993). 

This assumption—known as the anterior dental loading hypothesis 
(ADLH)—is based on the heavily worn front teeth found in most adult 
Neanderthal individuals (Brace, 1967; Wallace, 1975; Trinkaus, 1983; 
Rak, 1986). Neanderthal incisors and canines exhibit heavier wear than 
their molars, which are, in contrast, relatively unworn (Molnar, 1972; 
Trinkaus, 1992; Ungar et al., 1997; Clement et al., 2012; Krueger and 
Ungar, 2012; Krueger et al., 2017; Fiorenza et al., 2019, 2020). The high 
frequency of enamel chipping, antemortem tooth loss and micro
fractures of the anterior teeth, have been considered as signals of 
extensive use of teeth as a third hand, in tearing, holding and shaping a 
variety of objects (Weaver, 2009; Fiorenza and Kullmer, 2013, 2015). 
According to the ADLH, Neanderthal cranio-dental morphology adapted 
to sustain high-magnitude loads caused by masticatory and 
para-masticatory activities (Rak, 1986; Demes, 1987; Trinkaus, 1987; 
Smith and Paquette, 1989; Spencer and Demes, 1993). However, some 
studies have shown that Neanderthals were actually not capable to 
produce greater bite forces compared to modern humans (Anton, 1994; 
O’Connor et al., 2005; Wroe et al., 2018). 

The central arguments revolving around the ADLH focus on the 
unique and bulging tooth morphology of Neanderthals incisors and ca
nines, and on the heavy wear of their anterior teeth. Specifically, it has 
been hypothesized that incisor shoveling, together with prominent 
lingual tubercles and large anterior roots, represent adaptations to 
decrease the amount of stress generated from heavy or frequent loads 
(Trinkaus, 1986; Le Cabec et al., 2013). The presence of significant 
larger roots and greater root surface areas than in modern human 
anterior teeth probably would have helped Neanderthals to better resist 
higher or repetitive mechanical loads on the anterior dentition (Le Cabec 
et al., 2013). 

However, all studies that biomechanically evaluated whether 
Neanderthal morphology met the adaptive needs to better sustain high- 
magnitude forces resulting from both masticatory and para-masticatory 
activities, only focused on the analysis of the face and did not include the 
dentition. To date, there are no biomechanical studies that analyzed 
Neanderthal anterior teeth. 

The major objective of our study is to investigate how mechanical 
stress is distributed in the maxillary central incisors by analyzing and 

comparing the dentition of the Neanderthal specimen of Le Moustier 1 
with the early Homo sapiens specimen of Qafzeh 9. Le Moustier 1 was an 
adolescent male individual dated between 46 and 42 ka (Valladas et al., 
1986; Mellars and Grün, 1991; Maureille and Turq, 2005), and charac
terized by a complete and well-preserved dentition (with the exception 
of the right maxillary central incisor, which is missing postmortem, 
while the third molars are tilted and erupting; Daumas et al., 2021). Le 
Moustier 1 cranium has been reconstructed several times since its dis
covery in 1908 (Hoffmann, 1997). Unfortunately, the repeated assem
bling and disassembling of the various skeletal fragments caused 
physical damages and loss of some of the original osseous material 
(Thompson and Illerhaus, 1998; Ponce de León and Zollikofer, 1999; 
Ponce de León, 2002). Ponce de León and Zollikofer (1999) and 
Thompson and Illerhaus (1998) carried out two independent virtual 
reconstructions of Le Moustier 1 skull, that differ in a number of 
important details showing that subjectivity can lead to different results 
when dealing with computer-assisted methods (Bailey, 2007). 

The Qafzeh sample consists of several specimens, recovered in a cave 
on the Mount of Precipitation located near Nazareth in the Lower Gal
lilee, which were dated to ca. 115–94 ka (Schwarcz et al., 1988; Valladas 
et al., 1988). Qafzeh 9 is one of the most well preserved specimens with a 
complete dentition, probably belonging to a late adolescent/young adult 
female (Bruzek and Vandermeersch, 1997; Coqueugniot et al., 2000; 
Sarig et al., 2013a). However, the mandible and cranium of Qafzeh 9 are 
distorted, possibly due to taphonomic processes (Vandermeersch, 1981; 
Sarig et al., 2013a; Nogueira et al., 2019). 

Consequently, the first aim of our study is to virtually restore the 
dental arches of Le Moustier 1 and Qafzeh 9 following a well-established 
method called occlusal fingerprint analysis (OFA; Kullmer et al., 2009), 
which is derived from wear facet mapping, and dental technical ap
proaches for a reconstruction of the occlusal contacts of complementary 
wear facet pairs. The advantage of this method compared to previous 
approaches is that it relies on a reconstruction of occlusal movements 
with the repositioning of the physical models of the antagonistic crown 
pairs through a dental articulator. Subsequently the occlusal kinematics 
is validated through a virtual simulation using digital models of the 
reconstructed dental arches (Kullmer et al., 2013). This approach has 
been already successfully employed to reconstruct fragmented and 
deformed fossil remains such as the dental arches of Rudapithecus hun
garicus, an extinct great ape from Late Miocene (Kullmer et al., 2013), 
and the Australopithecus africanus specimen Sts 52 (Benazzi et al., 

Fig. 1. Three-dimensional digital models of Le Moustier 1 maxillary left I1 in lingual, distal, labial and occlusal views showing a moderate ‘shovel-shaped’ 
morphology with a well-developed lingual tubercle and a strong labial convexity. 
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2013a). 
A correct alignment of the tooth crowns of Le Moustier 1 and Qafzeh 

9 is essential for the examination of the mechanical behavior of incisor 
accessory dental traits by using an approach based on the kinematic 
study of the power stroke of the masticatory cycle and on finite element 
analysis (Benazzi et al., 2011a, 2015, 2016; Fiorenza et al., 2015). Finite 
element analysis is an engineering technique used to simulate stress, 
strain, and deformations in structures characterized by complicated 
geometries (Rayfield, 2007). The geometry of these structures is 
simplified by using a finite number of many smaller and simpler 
sub-regions, called elements, which are interconnected at nodal points, 
or nodes (Rayfield, 2007). For each element we assign structural and 
material properties which will define the way the finite element model 
will deform under specific applied loads and constraints (Pan
agiotopoulou, 2009). 

In this study we will test if the presence of a strong lingual tubercle, 
well-developed labial curvature and large anterior root in Le Moustier 1 
maxillary central incisors helps in dissipating the mechanical loads 
during edge-to-edge occlusion (where maxillary and mandibular ante
rior teeth meet along their incisal edges). This type of occlusion, which is 
the byproduct of heavy occlusal wear on the anterior teeth and lingual 
tipping of the incisors (Kaifu et al., 2003), was probably used for 
para-masticatory activities for cutting, holding and shaping a variety of 
objects (Brace, 1967; Molnar, 1972; Trinkaus, 1992; Fiorenza et al., 
2019). We will compare Le Moustier 1 finite element results with those 
of Qafzeh 9, where these dental features are weakly expressed or absent. 
Moreover, because Neanderthal teeth are characterized by a relatively 
thinner enamel than in modern humans (Olejniczak et al., 2008; Smith 
et al., 2012), we will also evaluate how the mechanical stress is 
distributed in Le Moustier 1 and Qafzeh 9 maxillary incisor in relation to 
their enamel thickness. 

2. Materials and methods 

2.1. Materials 

Le Moustier 1 represents the most completely preserved adolescent 
Neanderthal skeleton recovered to date. This fossil had a turbulent 
history: discovered in 1908 in France, it was later sold to the Museum für 
Völkerkunde in Berlin in 1910, where it was on display until 1945. At 
the end of World War II, the museum was destroyed by a bombing 
attack, and many of its remains lost forever (Hoffmann, 1997). Only 
years after, fragmented postcranial remains were recovered from the 
ruins of the museum. The cranial remains disappeared in the former 
Soviet Union but were later returned (1965) to the Museum für Vor-und 
Frühgeschichte in Berlin (Ponce de León and Zollikofer, 1999), where 
they are still stored to this date. The cranial remains consist of nine 
separated pieces, while the mandible is composed of two parts (Sup
plementary Online Material [SOM] Fig. S1; Thompson and Illerhaus, 
1998; Ponce de León and Zollikofer, 1999). Some of the original mate
rial have been partially lost and damaged by repeated assembling and 
reassembling of the cranial remains through five reconstructions that 
mostly occurred at the beginning of the twentieth century (Klaatsch and 
Hauser, 1908; Klaatsch, 1909; Schuchardt, 1912; Dieck, 1923; Weinert, 
1925). The dentition is fully preserved, with the exception of the right 
central maxillary incisor, which is missing. The second permanent mo
lars are fully erupted and in occlusion, while the third molars are located 
apical the alveolar plane and do not show any sign of wear (Ponce de 
León and Zollikofer, 1999). Interestingly, the permanent left mandibular 
canine is impacted by the presence of the deciduous canine which is still 
in functional position (Thompson and Illerhaus, 1998; Ponce de León 
and Zollikofer, 1999). 

Qafzeh 9 is the most complete specimen recovered from the Qafzeh 
site, which consists of 27 individuals dated to ca. 115–94 ka (Schwarcz 
et al., 1998; Valladas et al., 1988; Vandermeersch and Bar-Yosef, 2019). 
The remains of Qafzeh 9 are housed at the Dan David Center for Human 

Evolution (Faculty of Medicine, Tel Aviv University) and they probably 
belong to a female individual with an age estimated to be between 16 
and 21 years (Bruzek and Vandermeersch, 1997; Coqueugniot et al., 
2000; Sarig et al., 2013a; Nogueira et al., 2019). This specimen is 
characterized by a full and particularly well-preserved dentition. How
ever, the mandible and the cranium are partially fragmented and show a 
certain degree of distortion, most likely associated to post-mortem 
taphonomic factors and to inadequate reconstruction (Vandermeersch, 
1981; Tillier et al., 2004; Nicholson and Harvati, 2006; Sarig et al., 
2013a; Nogueira et al., 2019). As a result of this deformation, mandible 
and maxilla of Qafzeh 9 do not articulate well (Sarig et al., 2013a). Sarig 
et al. (2013a) restored the occlusion of Qafzeh 9 to its original shape 
using a cast setup to correct the areas that were erroneously recon
structed. Their restoration showed that Qafzeh 9 was affected by ante
rior cross-bite, caused by the malposition of the left maxillary lateral 
incisor (Sarig et al., 2013a), and that may have locked the mandible in a 
position that deviates from centric occlusion. Moreover, the apex of the 
root is broken and incomplete. 

In this study we focused on the biomechanical analysis of the left 
central maxillary incisor, which occludes with the antagonist lower 
central and lateral left incisors. We employed the Arizona State Uni
versity Dental Anthropology System (ASUDAS), a standardized system 
consisting of a series of rank-scale plaques used to assess dental 
morphological (or nonmetric) variation (Turner et al., 1991; Scott and 
Turner, 1997). Because the ASUDAS system was developed to assess 
dental variability in modern human populations, we also included 
modifications developed for scoring dental traits in fossil hominin spe
cies (Martinón-Torres et al., 2007, 2012). 

Le Moustier left I1 is characterized by a moderate shoveling (score 1), 
a marked lingual tubercle (score 3) and by a well-developed labial 
curvature (score 2; SOM Table S1). In Qafzeh 9 central maxillary incisor 
the labial curvature and shoveling are not expressed (score 0), while 
double shoveling and lingual tuberculum are weakly developed (score 
1). Moreover, while Le Moustier 1 left I1 is characterized by a large and 
relatively short anterior root, Qafzeh 9 left I1 displays a smaller but 
longer anterior root. Both incisors are characterized by a moderate de
gree of wear with dentine lines of distinct thickness (wear stage 3; Smith, 
1984). Because the post-canine teeth of Qafzeh 9 and Le Moustier 1 are 
characterized by a lower degree of wear compared to the anterior 
dentition (relative to the first molar), and because permanent maxillary 
central incisors erupt at an older age than first permanent molars 
(Hillson, 2003), we can assume that these two individuals were already 
performing para-masticatory activities with their incisors (Clement 
et al., 2012). 

Microtomographic scanning of Le Moustier 1 was carried out with a 
BIR ACTIS high-resolution CT scanner at the Department of Human 
Evolution of the Max Planck Institute for Evolutionary Anthropology, 
using the following scan parameters: 130 kV, 100 μA, 0.25 mm brass, 
and 5000 views per rotation (Benazzi et al., 2015, Fig. 1). Volume data 
were reconstructed using isometric voxels of 30.6 μm for the maxilla. 
Microtomographic scans of Qafzeh 9 were obtained at the Core Facility 
for micro-computed tomography at University of Vienna with a custom 
built VISCOM X8060 (Germany) μCT scanner using the following 
scanner parameters: 40–160 kV, 300–400 μA, 1400–2000msec, dia
mond high performance transmission target, 0.75 mm copper filter, 
isometric voxel sizes between 9 and 44 μm (SOM Fig. S2). 

The μCT image data were semiautomatically segmented using Avizo 
v. 9.2 software (Thermo Fisher Scientific, Waltham), and the 3D models 
of the dental tissues (i.e., enamel and dentine) were refined in Geomagic 
Design v. X (3D Systems Software, Rock Hill) to optimize the triangles 
and create fully closed surfaces (Lugli et al., 2022). 

We also calculated the bidimensional average enamel thickness (2D 
AET) and relative enamel thickness (2D RET; Kono, 2000) of Le Moustier 
1 and Qafzeh 9 left I1 after estimating the missing part of the cusp 
following the method published by O’Hara and Guatelli-Steinberg 
(2022) and compared these values with those of other Neanderthals, 
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fossil Homo sapiens and recent Homo sapiens obtained from literature 
(Smith et al., 2012). 

The 2D AET index is the enamel surface divided by the length of the 
enamel-dentine junction (EDJ) surface, while 2D RET is obtained 
dividing 2D AET by the square root of coronal dentine (including the 
coronal pulp) area (Martin, 1985; Benazzi et al., 2014a). Moreover, 
because enamel thickness in 2D does not accurately capture the full 
distribution of enamel of the tooth crown (Olejniczak et al., 2008; Buti 
et al., 2017), we also calculated the 3D average and relative enamel 
thickness indices (3D AET and 3D RET) following general indications 
provided by Olejniczak et al. (2008) for molars, and subsequent guide
lines outlined by Benazzi et al. (2014a) for the anterior dentition. 

2.2. Occlusal restoration 

Ponce de León and Zollikofer (1999) virtually reconstructed the 
cranio-dental remains of Le Moustier 1 taking into account occlusal wear 
for precise dental arch restoration. These authors classified occlusal 
wear into three major categories (general wear of occlusal surfaces, 
faceted wear of dental cusps, and interstitial attrition) through a ste
reomicroscope, and used this information to establish original areas of 
contact between adjacent teeth, and for matching the wear patterns 
between antagonist teeth (Ponce de León and Zollikofer, 1999). Sarig 

et al. (2013a) evaluated the occlusion of Qafzeh 9 by using a setup made 
of casts, focusing on those areas of mandibular teeth that did not align 
well with the maxillary dentition due to previous reconstructions. The 
casts were separated along the contact points and re-aligned to achieve 
maximum intercuspation. 

Although the computer-assisted reconstruction of Le Moustier 1 and 
the cast setup of Qafzeh 9 probably represent good approximations of 
the original occlusal relationships of these fossil specimens, they were 
never validated. It therefore remains unclear if these oral restorations 
reflect the original physiological occlusion of these specimens (Benazzi 
et al., 2013b; Kullmer et al., 2013). 

Methods derived from detailed wear facet mapping and dental- 
manual restorations have been recently employed for reconstructing 
the dental arches of important hominoid fossil specimens (Benazzi et al., 
2013b; Kullmer et al., 2013). Previous reconstructions of hominin fossil 
specimens have been mainly based on qualitative observations and 
static occlusal positions. This, however, is not sufficient for a reliable 
functional dental arch restoration, since in a dynamic occlusal situation 
wear facets of the antagonist teeth move into contact sequentially 
depending on the trajectories of phase I and phase II occlusal power 
stroke motions (Kullmer et al., 2009, 2012). The advantage of the OFA 
approach is that a repositioning of each tooth crown (based on indi
vidual macrowear facet patterns) can be validated by applying 

Fig. 2. Dental casts of Le Moustier 1 mounted in a dental articulator (PROTAR, KaVo; a). Lateral view of the right tooth row with repositioned crowns in maximum 
intercuspation (b). Frontal view of dental arch reconstruction in maximum intercuspation, showing an impacted lower canine and a replaced right I1 (copied and 
mirrored left first I1) in dental enamel color (c). Color-coded wear facet maps of the reconstructed dental arches following the concept of the occlusal fingerprint 
analysis (Kullmer et al., 2009; d and e). Color maps showing the deviation in maximum intercuspation occlusion (f and g). Purple and blue colors reflect full occlusal 
contacts at the locations wear facets. Occlusal contact maps obtained through the occlusal fingerprint analyzer software collision detection matching with the static 
occlusion of the physical reconstruction (h and i). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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kinematic simulations; initially using a dental articulator with physical 
dental models, and then with digital models in the occlusal fingerprint 
analyzer v. 5.12.3 (Benazzi et al., 2011a) software, which allows the 
quantification of antagonistic sequential occlusal collisions between the 
3D models (Kullmer et al., 2012, 2020). Thus, a tooth that is slightly 
deviating from its original position will produce occlusal interferences 
during the simulation, and it can be immediately identified as being 
incorrectly positioned. 

We used high-resolution dental stone casts for each Le Moustier 1 
and Qafzeh 9 tooth crown, and manually placed the dentition in a dental 
articulator (PROTAR, KaVo; Fig. 2a–c), which is designed to reproduce 
occlusion motions (Kullmer et al., 2012). The functional positions of the 
tooth crowns were realigned using the dental occlusal compass by 
attributing each antagonistic wear facet pair to its direction of move
ment (Kullmer et al., 2009). The restored dental arches were then sur
face scanned (smartSCAN 3D, Breuckmann GmbH; ca. 55 μm in average) 
and all wear facets were mapped manually on the virtual models (Fig. 2d 
and e; SOM Figs. S3a and d). The distance between the occlusal surfaces 
of antagonist teeth in maximum intercuspation was measured using a 
surface deviation analysis (Kullmer et al., 2013, Fig. 2f and g; SOM Figs. 
S3b and e). Finally, for the final test of a functional occlusion, the 3D 
models were loaded in the OFA software for the kinematic simulation of 
the occlusal contacts (Benazzi et al., 2013a; Kullmer et al., 2013, Fig. 2h 
and i; SOM Figs. S3c and f). 

2.3. Kinematic simulation through the occlusal fingerprint analyzer 
software 

The chewing cycle is a rhythmic process consisting of three phases 
that involves both opening and closing movements of the mandible (Kay 
and Hiiemae, 1974). The power stroke is particularly important because 
it is where the occlusal surfaces of the lower teeth shear over those of 
their maxillary counterparts, and where the effects of mastication in 
reducing the food bolus size in smaller pieces mostly occur (Kullmer 
et al., 2009). The OFA software is a virtual tool that can be used to test 
and analyze dental occlusal contacts during the power stroke move
ments of digital dental models, derived from collision detection algo
rithms (Kullmer et al., 2020). In an attempt to simulate an occlusal 
situation as realistic as possible we created digital split models with 
single crown models for the upper and lower dental rows. This allowed 
us to load the isolated crown models of the upper and lower dentition 
separately into two trajectory groups for the contact analyses. With such 
advanced trajectory groups, it is possible within the OFA software to 
simulate the periodontal shock absorption during antagonistic contacts, 
while it allows a slight and temporary displacement of maximum 50 μm 

of each crown during a contact situation. 
By setting up a general pathway of motion for the lower dental arch 

crown models and a user-defined collision distance, we could simulate 
an incisor edge-to-edge bite of the repositioned dental arches of Le 
Moustier 1 and Qafzeh 9 (Fig. 3). We intended to simulate a retrusive 
movement of the lower jaw with a guidance of the crown relief along the 
incisor wear facets. Therefore, we started with a vice-versa movement of 
a protrusion of the lower jaw from the point of maximum intercuspation 
in order to use a defined contact situation as a start point. Subsequently 
we turned the motion of the pathway around, creating a trajectory 
developed through relief guidance of the incisors simulating an edge-to- 
edge bite situation. This is also called edge-to-edge protrusion (Carta
gena et al., 1996). The mandible moves upward and retrusive along the 
surfaces of the incisors until the postcanine dentition takes over the 
guidance towards ending in maximum intercuspation. Finally, we used 
the detected contact areas of a sequential timestep of clear edge-to-edge 
contacts and calculated the resultant vector from the vertical and ret
rusive movements for the loading scenario in following finite element 
analyses (FEA). 

2.4. Finite element analysis 

Finite element analysis is a numerical technique that divides a 
structure into a finite number of discrete elements connected by points, 
or ‘nodes’. This interconnected network of elements and nodes consti
tutes the finite element volume mesh. We can then assign material 
properties that influence how the structure will react to predetermined 
loading conditions (Rayfield, 2007). With advances in computer soft
ware and imaging technology, FEA has reached a level of sophistication 
and accessibility that makes it a powerful tool in the testing of biome
chanical hypotheses in studies of vertebrate form and function (Wroe 
et al., 2010). Increasingly, it has been applied to the study of feeding 
mechanics and dietary adaptations in humans and their relatives (Wroe 
et al., 2010, 2018; Strait et al., 2013; Ledogar et al., 2016). 

The dental tissues (enamel, dentine and pulp) of the left central 
maxillary incisor were segmented in Avizo v. 9.2 and volumetric model 
of the specimen was reconstructed using isometric voxels of 30.6 μm for 
the maxilla following established protocols (Benazzi et al., 2014b). The 
periodontal ligament (PDL) was virtually created by offsetting the space 
around the root surface of 0.2 mm, which is an average value of those 
found in the literature (Hohmann et al., 2011; Xia et al., 2013; Benazzi 
et al., 2015). Finally, because recent studies have shown that the EDJ 
playing an important role in absorbing mechanical stress (Zaytsev and 
Panfilov, 2014), we modelled the EDJ as a layer of 0.1 mm between the 
enamel and dentine (Marshall et al., 2001). 

Fig. 3. Three-dimensional digital models of Le Moustier 1 and Qafzeh 9 upper and lower dental arches during edge-to-edge occlusion. In red color the occlusal 
contact areas between upper and lower teeth. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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Smoothing and flattening were carried out in Geomagic Wrap v. 
2021 (3D Systems, Rock Hill) as part of the FEA model preparation 
process as the analytical software is not able to cope with rough digital 
surfaces. As the supporting osseous tissues were not well-preserved in 
the original specimens (Ponce de León and Zollikofer, 1999; Thompson 
and Illerhaus, 2005; Sarig et al., 2013a), and because previous works on 
dental biomechanics showed that the dental supporting tissues (cortical 
and trabecular bone) do not interfere with the distribution of 
compressive and tensile stresses in the tooth (e.g., Benazzi et al., 2011a, 
2013a, 2013c, 2014b, 2015, 2016), cortical and trabecular bone of Le 
Moustier 1 and Qafzeh 9 were virtually modelled in Geomagic Wrap v. 
2021 (3D Systems, Rock Hill) using a cylindrical shape. 

Thus, the whole reconstructed model consists of enamel, EDJ, 
dentine, pulp chamber, PDL, cortical and trabecular bone (Fig. 4). 
Assignment of material properties of tooth and bone tissues followed 
previously published protocols (SOM Table S2), and they were consid
ered homogeneous, linearly elastic and isotropic, assumptions that are 
regularly applied with simpler continuum mechanics models (Fu et al., 
2010). The tetrahedral meshes were created and optimized in Hyper
works v. 2019 (Altair Engineering Inc., Troy). The mesh was applied to 
the models with second order 10-noded elements (C3D10) to improve 
the precision of the stress calculation. Hence, the FEA mesh of Le 
Moustier 1 left I1 consisted of 980,649 elements and 1,487,566 nodes, 
while the finite element mesh of Qafzeh 9 left I1 contained 1,052,192 
elements and 1,571,902 nodes. 

The OFA software was used to virtually simulate the kinematics of Le 
Moustier 1 and Qafzeh 9 dentition and to obtain the trajectory of the 
upper incisor during an edge-to-edge bite (Fig. 5). 

We selected the initial contact areas of the trajectory path since 
multiple sequential occlusal contacts are observable during the first bite 
and chewing motion. The OFA software was used to detect the loading 
areas for each of these two scenarios. The bite force of the Neanderthal 
molar (738.52 N) was used as the reference loading value, which was 
estimated based on skeletal data and jaw muscle architecture (Eng et al., 
2013). For modern human anterior dentition, this force has been esti
mated to be 40% of that in the molar region (Bakke, 2006). As a result, a 

normal loading of 294.4 N was considered for the Le Moustier 1 
edge-to-edge occlusion. Due to the different size of the incisors consid
ered in this study, the load was scaled according to their occlusal sur
face. Mechanical stress (σ) is the measure of an external force acting over 
the cross-sectional area of an object (σ = force/area), and consequently 
an object with a larger area will be characterized by a lower stress if 
compared to a smaller object. To overcome this limitation, we applied 
the largest force in Le Moustier 1 (characterized by the largest incisor) 
and scaled down the force in Qafzeh 9 according to its smaller occlusal 
surface. In detail, because the occlusal surface of the Le Moustier 1 I1 is 
the largest (13.41 mm2), the load for Qafzeh 9 (occlusal surface = 8.60 
mm2) was scaled according to the ratio between its surface and Le 
Moustier 1’s one, that is 188 N (scale factor = 0.64). 

The models and the loading areas were exported to Abaqus v. 2022 
(Simulia, Vélizy-Villacoublay) for the FEA. The interfaces of the model 
were tied up to each other to ensure the proper conveyance of the stress 
values. The normal loads were applied perpendicularly to the surface 
elements of the loading areas. We virtually reconstructed the dental 
supporting tissues (cortical and trabecular bone) to create boundary 
conditions not directly fixed to the root. 

For the FEA results we use color maps, which display areas of 
compressive and tensile stress of the 3D digital models. Traditionally, 
the color scheme used for FEA results of paleontological and biological 
specimens has been the classic ‘rainbow’ color map showing lower 
values in blue, higher values in red, and middle values in green and 
yellow (Wroe et al., 2010, 2018; Ledogar et al., 2016). However, despite 
their ubiquitous use, numerous studies have shown that ‘rainbow’ color 
maps can be problematic due to uneven color representation and its 

Fig. 4. Finite element mesh of Le Moustier 1 left central maxillary incisor 
showing the dental tissues and supporting structures: enamel, dentine, pulp 
chamber (not visible), periodontal ligament (PDL), cortical and trabecular 
bone. Abbreviations: L = lingual; D = distal. 

Fig. 5. Loading areas and directions during edge-to-edge bite in Le Moustier 1 
(applied force = 294.4 N) and Qafzeh 9 (applied force = 188 N) left first 
maxillary incisors. The loading area (highlighted in red) was distributed pro
portionally according to the occlusal contact areas detected by the OFA soft
ware. The direction of the force (red arrows) was considered normal to the 
contact area. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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inaccessibility for those with color vision deficiencies (Crameri et al., 
2020; Lautenschlager, 2021). New tools are now available to create 
scientifically derived color maps to prevent data distortion and visual 
error (Harrower and Brewer, 2003; Van der Walt and Smith, 2015; 
Crameri, 2020). Here we used both ‘rainbow’ and ‘inferno’ color maps 
(Crameri, 2020), so that we can more accurately represent values of FEA 
models by showing higher discriminative power (Lautenschlager, 2021). 
The color map ‘inferno’ was imported in Abaqus v. 2022 (Simulia, 
Vélizy-Villacoublay) using a command-line script available in Lau
tenschlager (2021: Supplementary Material, Abaqus colors map). 

3. Results 

3.1. Enamel thickness 

The 2D AET of Le Moustier 1 left I1 is 0.65 mm, which is rather 
similar of 2D AET average values obtained from other Neanderthal 
central maxillary incisors (2D AET = 0.63) and recent Homo sapiens (2D 
AET = 0.62), but lower than those of fossil Homo sapiens (2D AET = 0.71; 
SOM Table S3). On the contrary, 2D AET of Qafzeh 9 left I1 is 0.76, 
higher than average values for recent and fossil Homo sapiens. However, 
the 2D RET of Le Moustier 1 left I1 is 7,29, significantly lower than 

Fig. 6. Maximum principal stress distribution (MPa) of Le Moustier 1 left I1 in lingual, labial, mesial and distal view during edge-to-edge occlusion (applied force =
294.4 N). Enamel (a), enamel-dentine junction (b) and dentine (c). 
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average values of other Neanderthals (2D RET = 9.19) and of those of 
fossil (2D RET = 10.57) and recent Homo sapiens (2D RET = 10.91; SOM 
Table S3). Qafzeh 9 left I1 2D RET is 10.67, which is slightly lower than 
average values of fossil and recent Homo sapiens. Similar results are also 
found when we examine the 3D enamel thickness, with Le Moustier 1 
left I1 characterized by low 3D AET (0.65) and 3D RET (10.09) values, 
while Qafzeh 9 left I1 displays significantly higher 3D AET (0.83) and 3D 
RET (12.37) values (SOM Table S3). 

3.2. Finite element analysis results during edge-to-edge occlusion 

During edge-to-edge occlusion the largest tensile stress in Le 
Moustier 1 left I1 is located around the lingual fossa, and more specif
ically along the grooves lining the mesial marginal ridge, and towards 
the cervix (Fig. 6a, 7a and 8a; SOM Figs. S4a, S5g and S6a). Labially, we 
identify a few areas of moderate tensile stress; one near the labio-incisal 
edge, one in its central part, and one around the cervical line. Most of the 
tensile stress is absorbed at the EDJ level, especially around the cervix 
and along the incisal edge (Fig. 6b, 7b and 8a; SOM Figs. S4b, S5h and 
S6a), while the dentine of the crown shows no sign of tensile stress 
(Fig. 6c, 7c and 8a; SOM Figs. S4c, S5i and S6a). Interestingly, we found 
areas of moderate tensile stress around the mesial and distal aspects of 
the enamel tissue, just above the cervical line (Fig. 6a; SOM Fig. S4a). 
These areas of tensile stress tend to disappear at the EDJ. 

In enamel, the compressive stress of Le Moustier 1 is mostly 
concentrated on the incisal edge, in correspondence of the occlusal 
contact with the opposite lower permanent incisor, and along the labial 
surface (SOM Figs. S5a, S5d, S7a, S8a, S9a and S10a). In particular, in 
the labial aspect of the crown we observe two areas with high 
compressive stress values, a larger one located just apical to the loaded 
region, and another smaller one which develops toward the cervix and it 
extends more distally. The EDJ absorbs most of the compressive stress, 
which is still visible along the incisal edge, both lingually and labially, 
and along the cervical line on the disto-labial aspect (SOM Figs. S5b, 
S5e, S7b, S8b, S9a and S10a). Smaller areas of compressive stress can 
also be observed in the crown dentine along the incisal contact with the 
lower incisor, and along the cervix in its labial and distal aspects (SOM 
Figs. S5c, S5f, S7c, S8c, S9a and S10a). 

The tensile stress of Qafzeh 9 left I1 is primarily distributed along the 
lingual cingulum and on its mesial and distal aspects (Figs. 7d, 8a and 

Fig. 7. Maximum principal stress distribution (MPa) of Le Moustier 1 (a, b, and c) and Qafzeh 9 (d, e, and f) left I1 in occlusal view during edge-to-edge occlusion 
(applied force = 294.4 N). Enamel (a and d), enamel-dentine junction (b and e) and dentine (c and f). 

Fig. 8. Maximum principal stress distribution (MPa) of Le Moustier 1 (applied 
force = 294.4 N) and Qafzeh 9 (applied force = 188 N) left I1 in midsagittal 
view during edge-to-edge occlusion. 
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9a; SOM Figs. S6b, S11a and S14g). We also observe moderate dotted 
areas of tensile stress along the labial surface, apical to the incisal load, 
in the middle and around the cervix. The EDJ shows only a few areas of 
tensile stress around the lingual aspect, especially along the cervical line 
(Figs. 7e and 9b; SOM Figs. S11a and S14h). In the crown, dentine does 
not show any tensile stress with the exception of a small area localized in 
correspondence of the incisal edge (Figs. 7e and 9b; SOM Figs. S11a and 
S14h). 

Compressive stress in Qafzeh 9 left I1 is mostly localized around the 
occlusal contact on the lingual aspect of the incisal edge and, to a lesser 

degree, on the labial surface (SOM Figs. S9b, S10b, S12a, S13a, S14a and 
S14d). Small areas of compressive stress can also be observed along the 
cervix, especially in its lingual and mesial aspect. Compressive stress is 
lower at EDJ level, with few areas of higher values located on the incisal 
edge (and on its labial and lingual aspect) and along the cervical line 
(SOM Figs. S9b, S10b, S12b, S13b, S14b and S14e). Finally, compressive 
stress of crown dentine is small and localized along the incisal edge 
(SOM Figs. S9b, S10b, S12c, S13c, S14c and S14f). 

The root of Le Moustier 1 left I1 shows high levels of tensile stress 
around the cervical and middle thirds (Figs. 6c and 8a; SOM Figs. S4c 

Fig. 9. Maximum principal stress distribution (MPa) of Qafzeh 9 1 left I1 in lingual, labial, mesial and distal view during edge-to-edge occlusion (applied force = 188 
N). Enamel (a), enamel dentine junction (b) and dentine (c). 
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and S6a), while compressive stress is mostly found on the labial aspect 
around the middle third, and below the cervical line, especially on its 
labial and distal aspects (SOM Figs. S7c, S8c, S9a and S10a). A similar 
tensile stress distribution is observed in the root of Qafzeh 9 I1, with 
higher values located lingually around the cervical and middle thirds 
(Figs. 8b and 9c; SOM Figs. S6b and S11), while compressive stress is 
mostly found on the labial aspect around the middle thirds, and below 
the cervix (SOM Figs. S9b, S10b, S12c and S13c). A small area of 
moderate compressive stress is also found on the labial aspect of the 
apical region. 

Finally, we also examined the orientation of maximum and minimum 
principal stress using vector plots. In Le Moustier 1 high maximum 
principal stress in enamel, EDJ and root dentine is mostly directed along 
the long axis of the tooth (SOM Figs. S15a–c). However, the tensile stress 
localized around the lingual grooves tends to be more oblique, and this is 
more evident at the EDJ level. Interestingly, the few dotted areas of 
moderate tensile stress in labial and in distal view run perpendicular to 
those observed in lingual and mesial view. The opposite situation is 
found with the orientation of minimum principal stress, where the 
tensile stress runs parallel to the long axis in labial and in distal view, 
while the same stress runs horizontally in lingual and mesial view (SOM 
Figs. S16a–c). In Qafzeh 9 left I1 the orientation of tensile stress at the 
enamel and EDJ levels (in lingual and mesial view) is more oblique, but 
it becomes straighter and more parallel to the long axis of the tooth in 
the root region (SOM Figs. S17a–c). As observed in Le Moustier 1, tensile 
stress in labial and mesial view runs more horizontally. Minimum 
principal stress in Qafzeh 9 runs orthogonal to maximum principal stress 
(SOM Figs. S18a–c). The major difference between these two specimens 
is that the orientation of compressive stress in Qafzeh 9 is more local
ized. Furthermore, we observe a labial deformation along the incisal 
edge of the crowns of Le Moustier 1 and Qafzeh 9 (SOM Fig. 16a and 
18a). 

4. Discussion 

The repositioning of Le Moustier 1 and Qafzeh 9 crowns allowed us 
to perform the kinematic occlusal simulation as realistic as possible, 
which was used to evaluate the mechanical behavior of discrete dental 
traits of maxillary incisors. In particular, in Le Moustier 1 we found that 
the lingual surface of the central maxillary incisor displays higher level 
of tensile stress under edge-to-edge loading conditions, while compres
sive stress is mostly localized on the labial side. Tensile stress is 
concentrated around the lingual fossa and in the cervical third, while 
compressive stress mostly develops around the occlusal contact areas 
and on the labial surface. On the contrary, Qafzeh 9 maxillary central 
incisor is characterized by a more homogenous and reduced distribution 
of tensile stress in the crown, especially in the enamel. However, the 
mesio-lingual aspects of its root display a more pronounced level of 
tensile stress around the cervical and middle thirds. Compressive stress 
in Qafzeh 9 left I1 crown is reduced if compared to those observed in Le 
Moustier 1, especially on its labial surface. Moreover, we only found 
areas of compressive stress along its incisal edge at the enamel and the 
EDJ levels but not in dentine. 

These initial results seem to indicate that the presence of well- 
developed labial convexity, strong lingual tubercle and moderate 
shoveling in Le Moustier maxillary incisor play an important role in 
dissipating mechanical loads during biting. It has been suggested that 
shoveled incisors in Inuit and in other human populations are of great 
importance for dissipating vertical occlusal forces, and they are 
considered to be part of the facial architecture associated with powerful 
biting forces (Hylander, 1977; Mizoguchi, 1985; Kanazawa et al., 2001; 
Pilbrow, 2006). These traits are also seen as byproducts of selection for 
other non-dental adaptations (Hlusko et al., 2018). Magne et al. (1999) 
found similar biomechanical results using recent modern human 
maxillary incisors when loaded on the incisal edge, showing that tensile 
stress develops along the palatal half of the tooth, while compressive 

stress is found in the facial half. These authors suggested that the pres
ence of marginal ridges and cingulum contribute to decrease the level of 
stress on the lingual aspect of the crown. The results of our study 
quantitatively support Le Cabec et al. (2013) hypothesis which suggests 
that the presence of a pronounced lingual tubercle in Neanderthal in
cisors may represent a better adaptation to decrease the amount of stress 
generated from heavy or frequent loads on the labial portion of the 
anterior teeth. 

If we have a closer look at the stress distribution of Le Moustier 1 
central maxillary incisor under edge-to-edge occlusion we can notice 
that tensile stress is mostly concentrated along the grooves and fissures 
of the lingual fossa, and it concentrates near the cervix. Similar stress 
distribution results have been found in molars and premolars of modern 
humans, Neanderthals and great apes (Benazzi et al., 2011a, 2013a, 
2013c, 2014b, 2015; Fiorenza et al., 2015). Probably high levels of 
tensile stresses along fissures and grooves of the tooth crowns help in 
reducing the general stress in the tooth elsewhere (Benazzi et al., 
2011a). This is particularly evident in the sharp cusped molars of go
rillas (Benazzi et al., 2013c) and in the crenulated surfaces of orangutan 
posterior teeth, which represent an adaptation to a diet of relative high 
hardness (Fiorenza et al., 2015). It is therefore possible to assume that 
the presence of grooves and fissures in the lingual fossa of maxillary 
incisors can help in better distributing the tensile stress to prevent tooth 
fracture, especially in unworn and slightly worn teeth (Benazzi et al., 
2013a). 

High tensile stresses around the cervical margins could be due to the 
weaker bond between enamel and dentine at the cervix and also because 
this area is characterized by thinner enamel (Goel et al., 1991; Benazzi 
et al., 2011a). Similar results have been found in premolars and molars 
of modern humans during maximum intercuspation loadings (Palamara 
et al., 2000; Chowdhary et al., 2008; Benazzi et al., 2011a). Interest
ingly, we found concentrated areas of tensile stress just above the cer
vical line in the mesial and distal aspect of the crown. This could be 
related to the lateral component of the bite force, which is one of the 
main forces responsible for the formation of interproximal wear 
(Wolpoff, 1971; Kaidonis et al., 1992; Benazzi et al., 2011a; Fiorenza 
et al., 2023). It has been suggested that differences in interproximal 
wear in human populations depend on diet and on food preparation 
methods (Hinton, 1982; Corruccini, 1990; Benazzi et al., 2011b). It is 
therefore possible that heavy occlusal loadings related to teeth-as-tool 
uses for daily-task activities could promote the formation of interprox
imal wear facets in the anterior dentition of Le Moustier 1. Benazzi et al. 
(2011a) showed that changes in forces distribution during occlusion in 
lower molars might explain the creation of interproximal wear facets. 
However, our simulation does not include the pressure from adjacent 
teeth. In fact, the second main component that promotes the formation 
of interproximal wear is the action of the mesial drift that causes the 
migration of teeth by bone remodeling and dental resorption (Moss and 
Picton, 1970; Sarig et al., 2016; Pokhojaev et al., 2018). Consequently, 
for a better understanding of this complex mechanism it will be neces
sary to carry out kinematic simulations that consider also the neigh
boring teeth (Benazzi et al., 2011a). 

Qafzeh 9 left I1 displays a more homogenous stress distribution, that 
in enamel is mostly found on the lingual aspect of the crown, without 
reaching high level of tensile stress that has been observed in Le 
Moustier 1. 

It is possible that the reduction of tensile stress found in Qafzeh 9 is 
caused by its thicker enamel. In fact, Neanderthal teeth are character
ized by a relatively thinner enamel than in modern humans (Olejniczak 
et al., 2008; Smith et al., 2012). The dental size reduction occurred in 
H. sapiens has caused a marked decrease of coronal dentine leading to 
relatively thicker enameled teeth in recent modern humans (Olejniczak 
et al., 2008; Smith et al., 2012). It is therefore possible that the presence 
of bulging incisors with relatively thinner enamel coupled with larger 
volume of coronal dentine in Neanderthals, may have increased tensile 
stresses in the enamel, ultimately requiring the development of some 
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compensatory features such as lingual tubercles and marginal ridges. 
Le Moustier 1 left I1 shows a 2D RET value which is significantly 

smaller compared to the average 2D values observed in other Nean
derthals and in fossil and recent Homo sapiens. This could explain the 
absence of a strong shoveling, a feature typically observed in Neander
thal anterior teeth (Bailey, 2006, 2007). Qafzeh 9 left I1 display also a 
significantly larger 2D and 3D RET values than those of Le Moustier 1, 
further confirming that the presence of thicker enamel helps to reduce 
the tensile stress in the crown. However, our study was limited to only 
two specimens. Consequently, to test this hypothesis we will need a 
larger sample size, including Neanderthal and modern humans charac
terized by accessory dental traits with variable degree of expression. 

The underlying dentine of Le Moustier 1 and Qafzeh 9 maxillary 
incisor crowns do not show any sign of tensile stress labially and 
lingually. It seems that the EDJ absorbs most of the stress, confirming the 
results of previous studies that suggest that this intermediate tissue plays 
an important role to decrease tensile stress in the crown (Zaslansky et al., 
2006; Shimizu and Macho, 2007; Zaytsev and Panfilov, 2014; Benazzi 
et al., 2015; Fiorenza et al., 2015). In fact, the presence of several layers 
having different properties can improve the resilience of interfaces 
(Suresh, 2001). That said, the microanatomy of EDJ is still poorly un
derstood, and future investigations are needed to properly understand 
the mechanical behavior of this dental tissue. The only exception is the 
penetration of compressive stress in correspondence of the contact area 
with the lower teeth, especially in Le Moustier 1. It therefore appears 
that EDJ is not equally capable in reducing compressive stress in the 
underlying dentine, at least in Le Moustier 1. However, further studies 
are needed to investigate this mechanical behavior. 

Neanderthals anterior roots are larger, longer and characterized by a 
different shape compared to those of modern humans (Le Cabec et al., 
2012, 2013). Because teeth with greater root length or larger surface 
area resist better to high magnitude forces than teeth with short roots 
and with a small surface area (Schatz et al., 2011), Le Cabec et al. (2013) 
suggested that Neanderthal anterior root morphology could be an 
adaptation to better sustain high or frequent loads on the front teeth. 
Our initial results confirm this hypothesis. In fact, we found that the 
larger root surface of Le Moustier 1 left I1 better resists to the applied 
force during edge-to-edge occlusion if compared to Qafzeh 9 maxillary 
central incisor, which is characterized by a smaller tooth surface and by 
a slender root shape. 

Previous studies found greater root surface area on the labial side of 
the Neanderthal maxillary and mandibular incisors, suggesting that this 
is the side of the root where most tension occurs (Kloehn, 1938; Le Cabec 
et al., 2013). However, our FEA results show that in both Le Moustier 1 
and Qafzeh 9 specimens the tensile stress is mostly distributed on the 
lingual aspect of the root and not on the labial side. This has been also 
observed in previous biomechanical studies showing that higher tensile 
stress can be found on the lingual aspect of the dental root (Magne et al., 
1999; Benazzi et al., 2011a, 2014b). Massé et al. (2023) further sug
gested that greater cementum at the root apex is found in the lingual 
area. Therefore, it is possible that the greater labial convexity combined 
with marked angle between the crown and the root of Neanderthal in
cisors change the pattern of distribution of stress (Harris et al., 1993; Le 
Cabec et al., 2013). Hylander (1977) proposed that greater root surface 
area should be found in zone under high compressive force as a result of 
larger amount of periodontal fibers. Thus, the greater root surface area 
found labially could be an adaptive response to compressive rather than 
tensile stress, as seen in Le Moustier 1. However, it is important to note 
that stress distribution may differ in other biting scenarios. Dynamic 
FEA simulations (Benazzi et al., 2016) have shown that differences in 
loading directions affect the stress distribution in the tooth crowns. 
Consequently, while we did not observe high tensile stress on the labial 
aspect of the root during edge-to-edge occlusion, this may be not the 
case under different loading regimes. Future studies may address this 
question. 

Interestingly, Le Cabec et al. (2013) have also observed a high degree 

of hypercementosis around the apical third of the Neanderthal incisor 
roots, which could represent another possible adaptation to sustain high 
or frequent occlusal loads on the anterior teeth. Some researchers have 
suggested that hypercementosis could influence the stress distribution 
since it alters the natural shape of the root (Le Cabec et al., 2013; Gar
cía-González et al., 2019; Massé et al., 2023). The FEA results of Le 
Moustier 1 and Qafzeh 9 show higher compressive stress on the lingual 
surface of the root’s apex, which agrees with Le Cabec et al. (2013) 
hypothesis that the excessive secretion cementum around the apical root 
third could represent a mechanical adaptation to resist repeated and 
frequent compression. 

Although the main goal of our study was to test the functional 
adaptive hypothesis, other scholars have suggested that dental traits 
such as shoveling, lingual tuberculum or labial convexity are not 
adaptive but the by-product of neutral evolution (Kimura et al., 2009; 
Hlusko et al., 2018). Although the testing of these alternative hypotheses 
goes beyond the goal of this study, our preliminary results suggest that 
the presence/absence of these traits in maxillary central incisors lead to 
different mechanical stress distributions. 

Finally, it is important to highlight some limitations of our FEA. First, 
although the detailed functional repositioning of Le Moustier 1 and 
Qafzeh 9 teeth and sophisticated digital approach consented us to 
investigate the mechanical behavior of incisor accessory traits in these 
two individuals, a larger sample size is needed to test if the morphology 
of Neanderthal anterior teeth represents an adaptation to sustain high 
mechanical load as suggested by the ADLH. Furthermore, incisor 
morphology in Neanderthals and in Homo sapiens is extremely variable 
(Le Cabec et al., 2013). In this context, our analysis should be considered 
only as preliminary. Future studies should include also modern human 
samples with known diets and known cultural habits to compare and 
evaluate the functional and mechanical behavior of accessory dental 
traits. 

It is also important to note that Le Moustier 1 is adolescent individual 
whose dentition shows a normal bite position (Ponce de León and Zol
likofer, 1999), and not the typical edge-to-edge occlusion which is ex
pected to occur in an advanced adult ontogenetic stage, ubiquitous 
among the dentition of Neanderthals and other prehistoric humans 
(Kaifu et al., 2003). Moreover, Qafzeh 9 is characterized by an 
anterior-cross bite caused by a malposition of the left lateral incisor, 
which would have led to a posterior cross-bite during edge-to-edge oc
clusion (Sarig et al., 2013a). Although the anterior-cross bite in Qafzeh 9 
does not affect the occlusal contact of the maxillary central incisor 
during edge-to-edge occlusion, it creates a locking mechanism during 
maximum intercuspation, preventing this tooth to occlude with its 
antagonist lower teeth (Sarig et al., 2013a). It is also possible that this 
type of malocclusion observed in Qafzeh 9 may have reduced the 
masticatory forces along the dental arch (Sarig et al., 2013b). However, 
this latter aspect needs further investigations. Furthermore, Qafzeh 9 
root’s apex was partially broken, and our virtual reconstruction may 
have not accurately captured its shape, which now looks like a pipette. 
Previous FE studies have shown that in teeth with a bent or 
pipette-shaped root significant tensile stress was concentrated at the 
root apex (Oyama et al., 2007). However, Qafzeh 9’s root is not affected 
by tensile stress at the apex. Moreover, the compressive stress distri
bution at the root’s apex it is very similar to those observed in Le 
Moustier 1. However, in the future we should test if using different 
virtual reconstruction of Qafzeh 9 root can lead to different FE results. 

It should be also considered that due to the impacted lower canine 
and the presence of the deciduous canine in the arch in Le Moustier 1, 
the smaller mesio-distal dimension of the canine results in a shorter arch 
length that might also be the cause the lack of a natural edge-to edge 
occlusion. Edge-to-edge occlusion in the adults is the byproduct of 
extensive tooth wear accompanied by lingual tipping of the anterior 
teeth (Kaifu et al., 2003). Thus, Le Moustier 1 shows an intermediate 
condition that would eventually have led to a natural edge-to-edge oc
clusion (Ponce de León and Zollikofer, 1999). Consequently, Le Moustier 
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1 may not represent the best Neanderthal individual to test the ADLH. 
However, Le Moustier 1 is characterized by moderately worn anterior 
teeth, relative to the post-canine dentition, thus suggesting that this 
individual was already using incisors and canines as tools. The finite 
element comparison of the Le Moustier 1 teeth with those of adult Ne
anderthals can provide important insights on how mechanical stress 
changes during the ontogenetic transition from a normal to an 
edge-to-edge occlusion. 

Second, we simplified our finite element models of Le Moustier 1 and 
Qafzeh 9 central maxillary incisors by attributing isotropic property to 
the enamel and dentine. However, enamel and dentine should be 
considered anisotropic because physical properties vary depending on 
the directions and regions of the tooth crown (Spencer and Demes, 1993; 
Lertchirakarn et al., 2001). Third, our simulations were based on static 
occlusion, and therefore they may not accurately reflect the functional 
responses of hard and soft tissues of a tooth. A recent study has shown 
that non-linear dynamic finite element crash colliding test represent 
more realistic simulation of the relationship between chewing behavior, 
tooth wear and occlusal loadings (Benazzi et al., 2016). Solving equa
tions of non-linear finite element problems requires long processing time 
and very powerful computer. It would be however interesting to analyze 
how mechanical stress changes depending on the occlusal position, and 
when the anterior dentition is under maximum stress. Finally, our 
simulation only includes the interaction between upper and lower teeth. 
However, for a more accurate analysis of the ADLH, these simulations 
should also include various external objects (and with different material 
properties) embedded between the anterior teeth to examine the effect 
on the stress distribution over the teeth (Benazzi et al., 2015). The ob
jects in between the teeth could be pulled in different directions to 
explore how stress is distributed during para-masticatory activities 
(Benazzi et al., 2015). However, the interactions between three objects 
in FEA is extremely complicated, and, at the moment, we are still not 
able to run these types of simulations. 

5. Conclusions 

In this study we provided a very detailed functional dental restora
tion of Le Moustier 1 and Qafzeh 9 human fossil specimens using a 
dental articulator and occlusal fingerprint analysis. We verified the 
occlusal positioning of the reconstructed dental arches carrying out a 
kinematic simulation via the OFA software (Kullmer et al., 2013). This 
has allowed us to identify the occlusal contact areas in Le Moustier 1 and 
Qafzeh 9 anterior teeth, which we used to load the maxillary central 
incisors for the finite element analysis. We found that the stress distri
bution in the enamel and in the root of Le Moustier 1 and Qafzeh 9 
maxillary central incisors differs, probably in response to dental and root 
morphological differences and to enamel thickness variation. The results 
of our biomechanical test also suggest that during occlusion the tensile 
stress in enamel is distributed lingually, while compressive stress 
develop labially. Our results also confirm that EDJ represents an 
important intermediate tissue that helps in absorbing tensile stress. Most 
of the tensile stress in the root is found labially in correspondence of the 
cervical and middle third, while compressive stress develops labially and 
around the root’s apex. Consequently, it seems that the combination of 
the lingual tubercle, labial convexity, moderate shoveling and large root 
surface in Le Moustier 1 contributed to dissipating compressive and 
tensile stresses. However, future studies are needed to test if these traits 
represent a biomechanical adaptation to sustain high or frequent 
occlusal load as suggested by the ADLH. 
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