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Abstract



Paranasal sinuses are highly variable among living and fossil hominins and their
function(s) are poorly understood. It has been argued they serve no particular function and
are biological ‘spandrels’ arising as a structural consequence of changes in associated bones
and/or soft tissue structures. In contrast, others have suggested that sinuses have one or more
functions, in olfaction, respiration, thermoregulation, nitric oxide production, voice
resonance, reduction of skull weight, and craniofacial biomechanics. Here we assess the
extent to which the very large frontal sinus of Kabwe 1 impacts on the mechanical
performance of the craniofacial skeleton during biting. It may be that the browridge is large
and the sinus has large trabecular struts traversing it to compensate for the effect of a large
sinus on the ability of the face to resist forces arising from biting. Alternatively, the large
sinus may have no impact and be sited where strains that arise from biting would be very low.
If the former is true, then infilling of the sinus would be expected to increase the ability of the
skeleton to resist biting loads while removing the struts might have the opposite effect. To
these ends, finite element models with hollowed and infilled variants of the original sinus
were created and loaded to simulate different bites. The deformations arising due to loading
were then compared among different models and bites by contrasting the strain vectors
arising during identical biting tasks. It was found that the frontal bone experiences very low
strains and that infilling or hollowing of the sinus has little effect on strains over the cranial
surface, with small effects over the frontal bone. The material used to infill the sinus
experienced very low strains. This is consistent with the idea that frontal sinus morphogenesis
is influenced by the strain field experienced by this region such that it comes to lie entirely
within a region of the cranium that would otherwise experience low strains. This has

implications for understanding why sinuses vary among hominin fossils.



Introduction

Paranasal sinuses are highly variable among living and fossil hominins and their
function(s) are poorly understood. Here we investigate the extent to which the possession of
large frontal sinuses impact on the ability of the cranium to resist forces generated by biting
in a representative of Homo heidelbergensis, the Kabwe cranium, in which the frontal sinus is
particularly large. This is of interest to students of human evolution not only with respect to
this specimen but also because frontal sinus size varies markedly among late Pleistocene and
Holocene hominins. Why this should be so and the consequences and causes of large versus
small sinuses have been a constant subject of debate (Coon, 1962; Tillier, 1977; Seidler et al.,

1997; Wolpoft, 1999, Rae and Koppe, 2004; O’Higgins et al, 2006; Laitman, 2008).

The human skull possesses maxillary, ethmoidal, sphenoidal, and frontal paranasal
sinuses, named according to the bones they pneumatize. These are also differentiated
according to the positions of their ostia in the nasal cavity (Rae and Koppe, 2004). Sinuses
are first formed at different times during development, each by a two stage process (Sperber,
2001; Rae and Koppe, 2004; Smith et al., 2005; Rossie, 2006). Primary pneumatization
occurs pre-natally and gives rise to nasal recesses that later develop into proper sinuses via
secondary pneumatization (Smith et al., 2005; Rossie, 2006). The former consists of
interstitial growth in the cartilaginous nasal capsule with no expansion to contiguous
structures. Secondary pneumatization occurs via invasion of adjoining bones by osteoclasts

and subsequent resorption (Smith et al., 2005; Rossie, 2006).

In modern humans, the frontal sinus begins primary pneumatization at 3—4 months
post-conception and secondary pneumatization occurs postnatally, at 6 months to 2 years
(Scheuer and Black, 2000; Sperber, 2001). Its subsequent growth results from resorption on

the inner, and deposition on the outer, surfaces of the frontal bone tables, resulting in cortical



drift (Duterloo and Enlow, 1970; Tillier, 1977). Growth and development of the inner table is
associated with changes in the growing brain (Moss and Young, 1960) and, as such, by about
six years of age the inner table of the frontal bone presents approximately 95% of its total
growth (Enlow and Hans, 1996; Lieberman, 2000). On the other hand, the external table, at
the level of the browridge and frontal sinus, presents a somatic growth pattern (Enlow and
Hans, 1996; Lieberman, 2000). Frontal sinus development is thought to occur secondarily to
drift of the external table of the frontal bone, as the browridge grows and develops along with
anterior growth of the face relative to the cranial vault (Enlow and Hans, 1996; Lieberman,
2000). The external table of the frontal achieves approximately 95% of its total growth by the
end of puberty, completing growth after this period (Tillier, 1977). Thus, frontal sinus growth
and development in modern humans is complete by approximately 18-20 years (Spaeth et al.,

1997; Fatu et al. 2006; Park et al., 2010).

Among catarrhines, the frontal sinus is only present in African hominoids (Cave and Haines,
1940) and it has therefore been interpreted as a synapomorphy of the group (Rae and Koppe,
2004). In humans, it presents significant intra and inter population form variation (Buckland-
Wright, 1970; Tillier, 1977) and may present high frequencies of absence in specific
populations (Koertvelyessy, 1972; Greene and Scott, 1973). Fossil hominins also present
significant form variation, with some individuals presenting very small frontal sinuses (e.g.,
Arago 21; Seidler et al., 1997), while others, such as Kabwe, Steinheim, and Petralona, show
extremely enlarged sinuses that extend laterally beyond the supraorbital arch and supero-
posteriorly invading the fontal squama (Seidler et al., 1997; Prossinger et al., 2003; Zollikofer
et al., 2008). Inter-specific variation in sinus form has been considered to be of taxonomic
relevance, and it has been proposed that generally large sinuses are one of the distinctive
cranial traits of H. heidelbergensis (Prossinger et al., 2003; Stringer, 2012a). In Neanderthals,

the presence of large sinuses has been related to particular anatomical features, such as the



lack of the canine fossa and the presence of large supraorbital tori (Coon, 1962; Wolpoff,
1999), but more recent research shows that Neanderthals do not have large sinuses relative to

modern humans when cranial size differences are taken into account (Rae et al., 2011).

Despite multiple studies, sinus function(s) are still poorly understood (Seidler et al.,
1997; Laitman, 2008; Marquez, 2008). Some researchers consider that they are biological
spandrels arising as a structural consequence of changes in other bones and/or structures,
rather than because of a specific mechanism acting to create them or to serve any particular
function (Enlow, 1968; O’Higgins et al, 2006; Zollikofer et al., 2008; Zollikofer and
Weissmann, 2008). Irrespective of how they formed, others have suggested that sinuses have
one or more putative functions, such as olfaction, respiration, thermoregulation, nitric oxide
production, voice resonance, reduction of skull weight, and craniofacial biomechanics
(Tillier, 1977; Blaney, 1990; Bookstein et al., 1999; Rae and Koppe, 2004; Laitman, 2008;
Lundberg, 2008; Marquez, 2008). These views are not necessarily opposed since a ‘spandrel’

might subsequently take on a function.

As with most biological structures (Lesne and Bourgine, 2011), the morphogenesis of
the frontal sinus is probably impacted by multiple factors. One such factor, which has been
suggested to determine the morphology of the upper face, and so the morphogenesis of the
browridge and frontal sinus, is the spatial relationship between the eyes and the brain (Moss
and Young, 1960). This spatial hypothesis predicts that if the eyes are positioned
substantially anteriorly relative to the brain, then big browridges develop to fill the ‘gap’
(Moss and Young, 1960) and frontal sinuses develop within them as a by-product of facial
projection (Lieberman, 2011). Even though the spatial relationship between the neurocranium
and the face, along with facial orientation, has been demonstrated to impact frontal sinus
form in hominoids (Zollikofer et al., 2008), other studies have examined the extent to which

paranasal sinus morphology is also impacted by environmental conditions and air
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conditioning by investigating possible associations in humans, other primates, and non-
primates between sinus size and environmental conditions. It was found that people from
latitudes with colder temperatures present smaller frontal (Koertvelyessy, 1972) and
maxillary sinuses (Shea, 1977). Conversely, other studies examining the interaction between
nasal cavity and maxillary sinus volume in modern humans found that populations from cold-
dry climates present larger sinuses, which are associated with narrower, taller, and longer
nasal cavities, relative to populations from hot-humid climates (Holton et al., 2013; Butaric,
2015; Butaric and Maddux, 2016). Thus, maxillary sinus size appears to vary secondarily to
nasal morphology as it accommodates morphological adaptation of the nose to the
environment, leading several researchers to conclude that sinuses are not directly involved in
air conditioning (Shea, 1977; Rae et al., 2003; O’Higgins et al., 2006; Rae et al., 2006;
Holton et al., 2013; Butaric, 2015; Butaric and Maddux, 2016). Consistent with this, other
species, such as macaques from cold climates (Rae et al., 2003; Ito et al., 2015) and cold
raised rats (Rae et al., 2006), also present smaller maxillary sinuses due to incresed nasal
cavity size.

In a recent study, Noback et al. (2016) assessed the association between maxillary and
frontal sinus volume among Nubians and Greenlanders, finding no association with
geographic origin (a proxy for climate) in the maxillary sinus but significantly smaller frontal
sinus volumes in Greenlanders, which they noted could be due to factors such as population
history rather than climate. They concluded “that using sinus volume to study climate
adaptation in either Homo sapiens or Homo neanderthalensis is problematic” and that this
remains the case “as long as the function and evolution of sinus volume and shape are not
well understood in our own species” (Noback et al., 2016: 179).

Several studies suggest that masticatory mechanics influence sinus morphogenesis via

bone mechanical adaptation to strains experienced during mechanical tasks. Strains can be



directly measured or predicted by Finite Element Analysis (FEA), a computational tool that
can be used to simulate complex loading scenarios and the resulting straining of skeletal
structures (Hutton, 2003). It has been used increasingly to investigate craniofacial
biomechanics in human evolution (Strait et al., 2007, 2009, 2010; Wroe et al., 2010; Witzel,
2011; Smith, 2015; Ledogar et al, 2016) and was employed by Witzel and Preuschoft (2002)
to investigate how masticatory system loading interacts with and influences skull
morphology. When modelling the cranium as a block material and simulating biting, they
found that the infilled regions where the sinuses are located experience low stresses and
strains when compared to other regions of the craniofacial complex. Because bone adapts to
the mechanical environment (Currey, 2006) these hollow spaces, arising in particular through
secondary pneumatization, might be the consequence of biomechanical bone adaption to
these low stresses, enabling the cranium to resist mechanical loading while minimizing bone
material (Witzel and Preuschoft, 2002; Witzel, 2011). The idea that sinuses occupy regions of
low stress and so have no specific mechanical role is supported by the work of Fitton et al.
(2015), who noted minimal effects on facial strains during FEA simulated biting in a
macaque when the maxillary sinus is infilled. Bookstein et al. (1999) and Prossinger et al.
(2000) note that Petralona has an extremely enlarged frontal sinus that is delimited by very
thin internal and external tables of the frontal bone. Within the sinus there is a lamellar
honeycomb-like structure that may be related to the resolution of masticatory loads,
reinforcing this region against deformations arising during biting, while allowing a decrease
in bone mass and subsequent thinning of the internal and external tables of the frontal bone.
Greene and Scott (1973) also suggest bone mechanical adaptation of the frontal bone
influences frontal sinus form in the Wadi Halfa Mesolithic population, proposing that the

95% frequency of frontal sinus absence is due to heavy masticatory loading.



In contrast, several researchers refute any association between sinus morphology and
biomechanical loading. One of the main arguments has been that circumorbital structures,
such as the browridge and frontal sinus, experience very low magnitude stresses and/or
strains during masticatory system loading, thus precluding mechanical bone adaptation to
masticatory loading (Picq and Hylander, 1989; Hylander et al., 1991; Ravosa et al., 2000;
Hylander and Johnson, 2002). Rae and Koppe (2008) demonstrated that maxillary sinus
volume is not significantly different between the frugivore Cebus albifrons and the hard
object feeder Cebus apella, which are closely phylogenetically related. Thus, sinus size

appears to be independent of different diets that lead to different masticatory system loads.

In hominins, sinus form variation has been considered to be related to air
conditioning, bone mechanical adaptation to masticatory and paramasticatory loading, and
spatial constraints between different anatomical components of the cranium. With respect to
the latter, Zollikofer et al. (2008) examine the relationship between sinus morphology and
cranial form using extant hominoids and mid-Pleistocene fossil hominins. They show that
frontal sinus form correlates with the spatial relationship between the face and the cranial
vault and the orientation of the face. While the results of Zollikofer et al. (2008) support the
notion that sinuses are biological spandrels, consistent with the spatial hypothesis (Moss and
Young, 1960), other studies examine the possible association between sinuses and climate.
Much of this research has focused on Neanderthals, which lived during glacial periods and
present postcranial characteristics consistent with cold adaptation (Holliday, 1997; Churchill,
1998; Steegman, et al., 2002). Thus several cranial features such as large nasal cavities and
sinuses (Laitman et al., 1996; Churchill, 1998; Tattersall and Schwartz, 2006) have been
hypothesized to be adaptations to conditioning of respired air. The notion of
hyperpneumatization of this species has been challenged (Zollikofer et al., 2008; Rae et al.,

2011). In fact, Rae et al. (2011) propose that Neanderthal crania are neither



hyperpneumatized nor cold adapted, suggesting that sinus form in H. neanderthalensis relates
to other factors, such as paramasticatory mechanics (but see the response by Holton et al.

[2011] to that study).

Although no studies have addressed the impact of paramasticatory behavior on sinus
form, masticatory mechanics has been related to sinus morphology and morphogenesis. As
mentioned above, the presence of bony struts inside the frontal sinus of the Petralona cranium
and the thickness of the internal and external tables of the frontal bone circumscribing the
sinus have been hypothesized to relate to biting mechanics (Bookstein et al., 1999; Prossinger
et al., 2000). In another study, in which Witzel (2011) used FEA and modelled the cranium as
a block with the brain, nasal, and orbital cavities, formation of sinuses was predicted in a
Neanderthal based on masticatory mechanics alone. Thus, while there is evidence that sinuses
in hominins are the result of the spatial relationship between different components of the
cranium (i.e., the brain and eyes in the case of the frontal sinus; Zollikofer et al., 2008), there
is also some evidence suggesting that masticatory mechanics impacts sinus morphogenesis
(Witzel, 2011). These two views are not necessarily opposed and may work in concert, as the
structural relationships among cranial components determine the space available for sinuses
and local strain fields. These in turn influence sinus morphogenesis, enabling maximization
of mechanical function while minimizing bone material (O'Higgins et al., 2006; Zollikofer et

al., 2008).

The present study readdresses the impact of biting mechanics on frontal sinus form by
assessing the biomechanical relevance of the frontal sinus in Kabwe 1, and if masticatory
system mechanical loading might impact on its morphogenesis based on the principle of bone
adaptation to loads. This middle Pleistocene (250—150 ka) male H. heidelbergensis cranium
was recovered from Zambia (Schwartz and Tattersall, 2003; Stringer, 2012a). Homo

heidelbergensis has been suggested to be hyperpneumatized (Seidler et al., 1997; Prossinger
9



et al., 2003; Zollikofer et al., 2008; Stringer, 2012a), presenting sinuses that are larger than
average in hominins even when size is accounted for, making this species a good choice for
the study of interactions between sinus form and masticatory system loading in human

evolution.

Kabwe 1 is an extremely very well preserved specimen that displays a very prominent
browridge (Fig. 1) containing a very well developed frontal sinus with a honeycomb-like
structure within it. This is similar to the Petralona skull in which the presence of
honeycombing is suggested to reflect loading history (Seidler et al., 1997; Bookstein et al.,
1999; Prossinger et al., 2000). As such, it is to be expected that removal of these struts will
lead to increased strains locally and plausibly more widely over the face and frontal. Beyond
this, the preceding review has highlighted prior work that suggests the sinus itself may exist
within a region of the facial skeleton that experiences very low strains, and these could in
turn impact sinus morphogenesis (Witzel, 2011). In consequence, infilling of the sinus should
have little or no impact on strains locally or more widely, and strains within the infilled sinus

are expected to be very low.

Inevitably, modifications of the frontal sinus by adding or removing material will
have a small effect at least locally on the ability to resist deformation when loaded. To assess
whether any such effect is large or small, we compare differences in strains, due to sinus
filling, to the peak strains achieved in each face during simulated biting and to the differences
in modes and magnitudes of strains and large scale deformations that occur between different
bite points. A small difference with respect to these would indicate that the frontal sinus is
constructed in such a way that craniofacial strains are largely unaffected by its presence,
while a large difference would indicate the opposite: that the frontal sinus comes at a ‘cost’ in

terms of performance when resisting biting.
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To investigate this, we assess the extent to which: (1) strain magnitudes and
directions experienced by the cranium during simulated biting are affected by removing the
honeycomb-like structure, and (2) strain magnitudes and directions experienced by the

cranium are affected by infilling the frontal sinus.

Materials and methods

The Kabwe 1 skull was virtually reconstructed (Fig. 1) based on a computed
tomography (CT) scan of the fossil that was provided by the Natural History Museum,
London (courtesy of Robert Kruszynski). After reconstruction, the anatomy of the frontal
sinus was modified. The unmodified and modified reconstructions were then directly
converted into voxel based finite element models. These were used to simulate three different
bites (left central incisor, left second premolar, left second molar) to assess the biomechanical

performance of the facial skeleton with and without an infilled frontal sinus during biting.

Skull reconstruction and model creation

The reconstruction of Kabwe 1 is thoroughly described by Godinho and O'Higgins
(2017) and briefly summarized here. A medical CT stack with originally anisometric voxel
size (0.4687501 x 0.4687501 x 1 mm) was resampled to produce isometric voxels (0.35 mm).
Automated, semi-automated, and manual segmentation of the cranium was then performed
using Avizo® (version 8.0). Manual segmentation was required to exclude from the model
sedimentary matrix present in the maxillary and sphenoidal sinuses. Despite outstanding
preservation, several anatomical regions of the cranium required reconstruction to repair

damage from taphonomic and pathological processes. These include the alveolar regions of
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the maxilla, the right and left temporal bones, the occipital, the right parietal, the sphenoid,
the orbital region of both maxillae, and several teeth. Where possible, reconstruction was
performed by mirroring preserved contralateral elements and warping them to existing
structures. When small gaps were present, Geomagic® (Studio 2013) was used to fill them
using the surface of the surrounding structures as the reference for interpolation. Portions of a
cadaveric H. sapiens skull were used to reconstruct part of the occipital and missing tooth
crowns where no antimeres were present (Fig. 1). Reconstruction of the regions affected by
pathological processes was minimal and localized, and so unlikely to have affected the results

of the FEA simulations of this study.

Three models were then created based on this reconstruction: Model 1 represents the
reconstruction with the honey-comb liked structure of the frontal sinus removed; Model 2
represents the original reconstruction, with no alteration of the sinus; and in Model 3, the
sinus was completely infilled (Fig. 2). Voxel based finite element models were then
generated by direct conversion using the bespoke vox2vec software tool and imported into

VoxFE (Fagan et al., 2007) to be loaded and constrained.

Constraints

Constraints are used to fix the cranium in space and to reflect the loading of the
temporomandibular joints and teeth during biting. Identical constraints were applied to all
models using the FEA software VoxFE (Fagan et al., 2007) at each temporomandibular joint
(24 nodes in the x, y and z axis), and a third constraint was applied successively at each of the
bite points (left central incisor, left second premolar, left second molar; 21 nodes in the z

axis).
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Material properties

Prior sensitivity studies on a cadaveric human head (Toro-Ibacache et al., 2016) and
in the cranium of Macaca fascicularis (Fitton et al., 2015) have shown only minor and
localized effects when the same material properties (of cortical bone) are equally applied to
cortical bone, trabecular bone, and teeth, rather than their own specific material properties.
These studies show that, with the exception of the alveolus near the biting point, model
simplification results in similar spatial distributions of regions experiencing high and low
strain magnitudes, but strain magnitudes are reduced on average. Thus, simplification results
in a ‘stiffer’ model that deforms less but in a similar way (mode of deformation) to a more
complex model that distinguishes the material properties of cortical bone, trabecular bone,
and teeth. This is relevant to the present study because trabecular bone is neither well
preserved nor imaged at sufficient resolution in the fossil to accurately distinguish it from
cortical bone in a finite element model. Thus, in the present study, teeth and trabecular bone
(and the material that infills the frontal sinus in our experimental manipulations) were
assigned the same material properties as cortical bone in all the models. All were allocated
isotropic properties, with a Young’s modulus of 17 GPa and a Poisson’s ration of 0.3. The
modulus of elasticity was derived from nano-indentation studies of cortical bone in a
cadaveric H. sapiens skull (Toro-Ibacache et al., 2016). The resulting value of 17 GPa is
within the range of values found in previous studies (Dechow et al., 1993; Schwartz-Dabney

and Dechow, 2003).

Muscle loads
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Loads were applied to simulate the actions of six muscles active during biting: right
and left temporalis, right and left masseters, right and left medial pterygoids. Lack of the
mandible precludes direct estimation of the direction of muscle force vectors and the use of
bony proxies to estimate anatomical cross sectional areas (and so maximum forces) of
muscles that attach to the mandible (masseter and medial pterygoid). However, since this
study is not concerned with magnitudes of bite forces nor with predicting real absolute
strains, it matters little what actual forces are applied as long as they are identical in each
model and approximate physiological vectors. As such, and because we did not have access
to the Mauer mandible (the holotype specimen of H. heidelbergensis), we applied muscle
forces to each model that were derived from a H. sapiens cadaveric head (Toro-Ibacache et
al., 2016; see Table 1) and directions of the muscle force vectors (Fig. 3) were estimated by
scaling a H. neanderthalensis mandible (Tabun 1 specimen) to the Kabwe 1 skull to provide

estimates of the locations of muscle attachments on the mandible.

Model solution and data analysis

The finite element models were solved using VoxFE. Analysis and comparison of the
results employed three different approaches. First, strains are used to describe local
deformation (at each node) qualitative assessment of: (1a) maximum (g1) and minimum (g3)
principal strain magnitudes over the cranial surface (on which these are the only two strains
with meaningful magnitude—surface is two-dimensional [2D]); (1b) maximum (g1), second
(€2), and minimum (€3) principal strain magnitudes through a mid-sagittal cross section
(where, being a three-dimensional [3D] volume, there are three); and (1¢) directions of €1 and
€3 principal strains over the external surface of the frontal squama (results not shown because

they differ little). Second, magnitudes are plotted of €1 and €3 at 42 points identically located
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in each model on the surface of the frontal bones and 30 on the surface of the facial skeleton
(Fig. 4). Third, a geometric morphometric (GM) analysis of global modes of deformation of

the cranium is carried out using 67 landmarks on the craniofacial skeleton (Table 2).

Method 1 relies on visual assessment of changes in the strain contour plots and of the
directions of the vectors. Method 2 visually compares strain magnitudes by plotting
magnitudes arising from each simulated bite. Method 3 employs GM to compare large scale
changes in size and shape between the unloaded and loaded models. This consists of an initial
generalized Procrustes analysis, followed by rescaling by centroid size and then a principal
components analysis (PCA) of the resulting size and shape coordinates (O'Higgins, 2000;
Zelditch et al., 2012). This analysis leads to a quantitative appraisal of differences in global
model deformations (here defined as changes in size and shape) in terms of vectors and

magnitudes of deformation arising from loading.

Results

The strain contour plots (Figs. 5-7), the strain vector directions (Fig. 7), and the strain
magnitudes extracted from the 42 points in the frontal bone and the 30 points in the face
(Figs. 4 and 8) consistently show that hollowing out or infilling the frontal sinus has little
effect. Thus, Figures 5, 6, and 8 show that, relative to the differences in strain magnitude
manifest among anatomical regions that have not been manipulated, the effects on strain
magnitudes are small over the frontal itself and extremely small or non-existent over much of
the cranium. Further, compared to the small differences in strain vector directions over the
frontal bone experienced by the unmodified cranium when simulating each of the three
different bites (center column of Fig.7), the differences in strain directions due to hollowing

out or infilling of the frontal sinus (left and right columns of Fig. 7) are, themselves, small.
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The strain contour plots are very similar for each of the bites, with no marked
differences, both in €1 and €3, between the models with a completely hollow frontal sinus
(model 1) and a frontal sinus with trabeculae forming a honeycomb-like structure (model 2).
Slight, localized decreases in strain magnitude are observed between the hollow and
honeycomb models and the infilled sinus model. This is apparent in the outer table of the
frontal bone towards the midline for €1 (Figs. 5 [see arrow] and 7). It should also be noted
that in the infilled sinus model strain magnitudes are consistently low within the material
infilling the sinus during all simulated bites (Fig. 6 [see arrow]). These results are consistent
with the plots of strain magnitudes extracted from the frontal bone (Fig. 8), where models 1
and 2 almost completely overlap both in €1 and €3. Again, as in the strain contour plots,
model 3 shows a decrease in the strain magnitudes experienced along, and close to, the
midline of the frontal bone (Figs. 5 and 7), but when considering the full range of strain
magnitudes experienced by the cranium, this decrease is proportionately very small. Changes
in the frontal sinus have even less, indeed almost no, impact on the strain magnitudes
extracted from the face (Fig. 8). It should be noted that the reaction force measured at each
bite point in each model did not vary between models, indicating that the small differences in
strains that we observe are not due to overall changes in cranial stiffness as a result of

experimental manipulations.

The results of the GM analysis of global modes and magnitudes of deformation are,
again, consistent with the pattern of differences in strain magnitudes predicted in the different
models during the three simulated bites. Figure 9, with models tightly clustering by bite point
rather than by type of sinus, shows that changes in bite point clearly impact much more on
mode of deformation than changes in the sinus. The model that invariably deforms less (is
closer to the unloaded model) in all bites is that with the infilled sinus, and the remaining two

are very close to each other (indeed the markers in the plot overlap). These findings reflect
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those from the analyses of strains in indicating only small and local effects of experimental

manipulation of sinus anatomy.

Discussion

The present study has assessed the mechanical consequences of modification of the
large frontal sinus of the Kabwe 1 fossil cranium. This is of interest because frontal sinus
volume varies considerably in recent human evolution and the causes and associations of this
variation have been debated extensively (see Introduction and below). One possibility,
investigated here, is that they simply exist in regions of the frontal bone that would otherwise
experience very low strains and simply reflect bony adaptation to low strains. The results
show that experimentally manipulating frontal sinus anatomy in the Kabwe 1 cranium, by
hollowing or infilling, has little to no impact on the strain magnitudes and directions and on
the modes of deformation of the cranium in general. The strain magnitudes experienced over
the frontal bone are consistently low compared to the peaks experienced elsewhere in the
face. This finding mirrors the findings of studies of other primates that found low strain
magnitudes in the frontal bone and/or circumorbital structures due to masticatory system
loading (Picq and Hylander, 1989; Hylander et al., 1991; Ravosa et al., 2000; Hylander and

Johnson, 2002; Kupczik et al., 2009).

Hollowing the frontal sinus results in only a small increase in strain magnitudes over
the external surface of the frontal bone directly overlying the sinus. Infilling of the frontal
sinus results in the opposite, a small decrease in strain magnitudes over the frontal. The
infilled region shows low strains compared with the rest of the loaded cranium. Similar
findings were made with respect to infilling of cancellous bone spaces and the maxillary

sinus in a study of macaques (Fitton et al., 2015) and infilling of cavities in a varanoid lizard
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mandible (Parr et al., 2012). These low strains within infilled spaces are consistent with the
studies of Preuschoft and Witzel (2002) and Witzel (2011), who modelled crania as block
materials with no hollow spaces, other than the brain cavity, nasal cavity, and orbits. They
found low strains in the regions where sinuses arise, which led them to suggest that these

hollow spaces might arise via bone adaptation to low strains via the mechanostat principle.

The mechanostat model (a refinement of ‘Wolff's law;’ reviewed in the context of
anthropology by Pearson and Lieberman [2004], and Ruff et al. [2006]) predicts that bone
remodels according to strain magnitudes experienced relative to specific thresholds. If bone
strains exceed a certain threshold bone deposition occurs, thus increasing bone mass. If bone
strains are below another threshold then bone resorption occurs, thus decreasing bone mass
(Frost, 1987, 1996, 2003; Turner, 1998). Even though it is not clear what that threshold is,
and if it is generalized or site specific (Hillam et al., 1995; Skerry, 2000; Currey, 2006), it has
been widely demonstrated that bone adapts to changes in mechanical loading via changes in
mass (Jones et al., 1977; Kannus et al., 1995; Nordstrom et al., 1996; Goodship et al., 1998)
and in mineral density (Kerr et al., 1996; Valdimarsson et al., 2005). As such, it is possible to
hypothesize that the low strains experienced by the bone within the developing browridges
influence the morphogenesis of the frontal sinus because low strains lead to osteoclastic

activity and subsequent bone resorption.

Such adaptation of bony anatomy in relation to the frontal sinus is, nonetheless,
compatible with the structural/spatial models that state that sinuses arise as a result of the
spatial relationships of different components of the hominin cranium (Enlow, 1968;
Zollikofer et al., 2008; Zollikofer and Weissmann, 2008; Smith et al., 2010; Smith et al.,
2011). The primacy of spatial relationships is crystalized in the functional matrix hypothesis,
which posits that the morphology of the upper face results from the spatial relationships

between the eyes and the brain (Moss and Young, 1960).
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While it is clear that spatial relationships between different cranial components
impact browridge formation, in the Kabwe cranium the browridges are massive, larger than
they need to be to simply accommodate the disjunction between the large face and frontal.
This may indicate that the massive browridge arose for reasons that are additional to spatial
relationships. It is, for instance, plausible that the browridge of Kabwe 1 might also be related
to factors such as display and social signalling (Stringer, 2012b), which are important in
primates and particularly so in humans (Ekman, 1979; Campbell et al 1999, Cieri et al.,

2014).

If the large frontal sinuses of Kabwe 1 and variations in sinus morphology among
hominins are explained by the mechanostat, the large frontal sinuses of H. heidelbergensis,
and variations among other fossil hominins, need not have been specifically the target of
selection, rather they may have arisen secondarily to changes in browridge and general
cranial morphology that arose through adaptation or neutral evolutionary processes. In this
scenario, sinus size is a secondary phenomenon, rather than an adaptive one. Whatever the
cause of large browridges, the low strain magnitudes subsequently experienced within the
browridge plausibly drove biomechanical bone adaptation via bone resorption, thereby
sculpting the frontal sinus, as suggested by previous studies (O'Higgins et al., 2006;
Zollikofer et al., 2008). This mechanism is also compatible with Witmer's (1997) hypothesis
that paranasal sinuses form via opportunistic expansion of the epithelium under a given
biomechanical regimen. If the frontal sinuses arise secondarily to browridge expansion,
explanations of variations of sinus size of necessity need to focus on the browridges that

house them.

As with the spatial hypothesis, biomechanical interpretations of frontal sinus
morphogenesis do not preclude but rather may work in concert with other mechanisms that

also underlie the initiation, presence, shape, and size of this structure, such as olfaction,
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respiration, thermoregulation, nitric oxide production, and role in facial ontogeny (Tillier,
1977; Blaney, 1990; Bookstein et al., 1999; Rae and Koppe, 2004; Laitman, 2008; Lundberg,
2008; Marquez, 2008; Zollikofer and Weissmann, 2008; Smith et al., 2010). Thus, our results
support Witmer’s (1997) hypothesis, in that frontal sinus form is plausibly related to the
interaction of loading history with the dynamics of the changing spatial arrangement of
cranial components during ontogeny. Specifically, our results in Kabwe 1 are comparable to
those of Witzel (2011) for Neanderthals. In that study, Witzel was able to predict sinus
formation using biting mechanics and using a block cranium in which the spatial arrangement
of the eyes, nasal cavity, dental arcade, and brain was specified. Thus, our results together
with those of Witzel (2011) suggest that frontal sinus form and morphogenesis in recent
hominins (i.e., H. heidelbergensis and Neanderthals) is probably explained by the shapes and
relative sizes of cranial components, the spatial relationships among them during post-natal

growth and development and the resulting biomechanical regimen arising during biting.

While this study has only used the Kabwe 1 cranium, it is likely that the form of
cranial sinuses in other hominins is also impacted by the interaction of changing spatial
arrangements, sizes, and shapes of cranial components (Zollikofer et al., 2008) with the strain
regimen experienced by the bones throughout ontogeny. Thus, as the form and spatial
relationships of different cranial components vary among different hominin species, so do the
resulting stresses and strains experienced in the developing and growing frontal bone, and
therefore brow and frontal sinus form change through alterations in mechanically regulated
remodelling activity. This suggestion is based not only in our results but also on previous
studies that have used comparable approaches and that have found low strains in the material

that infills sinuses (Preuschoft and Witzel, 2002; Witzel, 2011: Fitton et al., 2015).

Because our study and that of Witzel (2011) are based on a single cranium, it will be of

interest to further assess interactions between the form of the brow and frontal sinus and
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functional loading in other hominins. Given the substantial variation in hominin brow and
frontal sinus form, this is an important step to assess how changing browridge and frontal
sinus form in different hominins impacts the deformations experienced by this region during
biting similarly. As our ability to build accurate and reliable models improves, it will become
feasible to test specific hypotheses concerning loading regimens and sinus form and to assess
the extent to which loading and growth history can be retrodicted from such data. Thus, to
test underlying biomechanical hypotheses of morphogenesis, FEA based simulations of bone
adaptation to loads during growth (after the style of Witzel, 2011) could be used to ‘grow’
sinuses that can be compared with what is seen in life. The Neanderthals are an interesting
case in point because it is plausible that their facial form and sinus morphology are in part a
consequence of paramasticatory behavior (Rae et al., 2011). With improved methods,
modelling detail and accuracy, this might be assessed by comparing what is seen in
Neanderthals with the predictions of alternative loading scenarios, biting and chewing loads,

or these loads plus simulated paramasticatory loads.

It should be noted that because infilling of the sinus did not markedly affect the
strains experienced by nearby regions, and in the cranium as a whole, there are important
consequences in relation to FE model simplification, which is always necessary. Particular
issues arise with fossils, which are often imaged at resolutions that do not allow very detailed
modelling of their internal anatomy and may be invaded by mineralized sedimentary matrix
that is not distinguishable from bone in CTs. This study supports the application of
simplifications, in particular infilling to the region of the frontal sinus in such circumstances.
This study also supports the conclusions of a previous study in macaques, in which
simplifications of models by infilling hollow trabecular bone and sinus spaces (Fitton et al.,

2015) had little impact on mode, but greater impact on the magnitude of model deformation.
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These results are also important in relation to the validity of the strategy of warping a
base specimen to different target morphologies to speed up the model building process and to
simplify building models of fossil material where parts may be fragmentary or missing (Sigal
et al., 2008, 2010; Stayton, 2009; O’Higgins et al. 2011, 2012). Warping of cranial models
will inevitably result in warped spaces within the bone that are very unlikely to represent the
spaces that would arise as a result of mechanical adaptation. As such, models cannot be
assured of reliably predicting deformations when submitted to FEA. By infilling and then
warping, the issue might be circumvented, albeit predicted strain magnitudes will inevitably
be lower than they should be, but modes of deformation can be expected to be approximately
the same (Fitton et al, 2015). This potential strategy requires detailed sensitivity analyses
before it can be adopted, but the evidence of this and previous studies (Fitton et al., 2015)
leads us to be optimistic. Such studies, using warped solid models, would be explicit
investigations of how skeletal form alone (excluding all internal anatomy) relates to function,
rather than attempts to predict in vivo, physiological, strains. Such an approach is highly
relevant in studies of human evolution where questions often exist about the functional and
ecological implications of variations in craniofacial structures, such as facial pillars in
australopiths (Rak, 2014) and midfacial prognathism or brow ridges in archaic Homo

(Lieberman, 2011).

Conclusions

Hollowing or infilling the frontal sinus has little to no impact in strain vector
magnitudes and directions experienced throughout the cranium under simulated masticatory
loading. Moreover, low strains are experienced by circumorbital structures and, in particular,

material infilling the frontal sinus. This supports the notion that sinus morphology may arise
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at least in part by mechanical bone adaptation during growth, and that hominin frontal sinus
form changes as the relative sizes, the spatial arrangement of different cranial components,
and the subsequent biomechanical loading regimen changes. It would be of interest to test
this prediction by performing similar studies in other hominins with different cranial
morphologies or to use a single cranium in which midfacial projection is experimentally
manipulated. Our results do not exclude possible (secondary) functions that have been

suggested in the literature.

Acknowledgments

We thank Robert Kruszynski, Natural History Museum, London, UK, for access to
the CT scan of Kabwe I and to the original fossil. Laura C. Fitton, Hull York Medical School,
UK, for suggestions for the experiment and reconstruction. We are also grateful to Dr.
William Sellers, University of Manchester, UK, for providing us with access to software in
his laboratory to facilitate mesh reconstruction of fossils. We also thank the editors and

reviewers for useful comments and suggestions.

Funding

Ricardo Miguel Godinho is funded by the Portuguese Foundation for Science and

Technology (FCT; Ph.D. funding reference: SFRH/BD/76375/2011).

23



References

Blaney, S.P.A., 1990. Why paranasal sinuses? J. Laryngol. Otol. 104, 690—693.

Bookstein, F., Schafer, K., Prossinger, H., Seidler, H., Fieder, M., Stringer, C., Weber, G.W.,
Arsuaga, J.L., Slice, D.E., Rohlf, F.J., Recheis, W., Mariam, A.J., Marcus, L.F., 1999.
Comparing frontal cranial profiles in archaic and modern Homo by morphometric analysis.

Anat. Rec. 257, 217-224.

Buckland-Wright, J.C., 1970. A radiographic examination of frontal sinuses in early British

populations. Man 5, 512-517.

Butaric, L.N., 2015. Differential scaling patterns in maxillary sinus volume and nasal cavity

breadth among modern humans. Anat. Rec. 298, 1710-1721.

Butaric, L.N., Maddux, S.D., 2016. Morphological covariation between the maxillary sinus
and midfacial skeleton among sub-saharan and circumpolar modern humans. Am. J. Phy.

Anthropol. 160, 483—-497.

Campbell, R., Benson, P.J., Wallace, S.B., Doesbergh, S., Coleman, M., 1999. More about

brows: How poses that change brow position affect perceptions of gender. Perception 28,

489-504.

Cave, A., Haines, R., 1940. The paranasal sinuses of the anthropoid apes. J. Anat. 74, 493—

523.

24



Churchill, S.E., 1998. Cold adaptation, heterochrony, and neandertals. Evol. Anthropol. 7,

46-61.

Cieri, R.L., Churchill, S.E., Franciscus, R.G., Tan, J., Hare, B., 2014. Craniofacial

feminization, social tolerance, and the origins of behavioral modernity. Curr. Anthropol.

55(4), 419-443.

Coon, C.S., 1962. The Origin of Races. Knopf, New York.

Currey, J.D., 2006. Bones, Structure and Mechanics. Princeton University Press, New Jersey.

Dechow, P.C., Nail, G.A., Schwartz-Dabney, C.L., Ashman, R.B., 1993. Elastic properties of

human supraorbital and mandibular bone. Am. J. Phys. Anthropol. 90, 291-306.

Ekman, P., 1979. About brows: Emotional and conversational signals. In: von Cranach, M.,

Foppa, K., Lepenies, W., Ploog, D. (Eds.), Human ethology. Cambridge University Press,

Cambridge, pp. 169-249.

Enlow, D.H., 1968. The Human Face: An Account of the Postnatal Growth and Development

of the Craniofacial Skeleton. Hoeber Medical Division, Harper and Row.

Enlow, D.H., Hans, M.G., 1996. Essentials of Facial Growth. W.B. Saunders Company,

Philadelphia.

25



Fagan, M.J., Curtis, N., Dobson, C.A., Karunanayake, J.H., Kitpczik, K., Moazen, M., Page,
L., Phillips, R., O'Higgins, P., 2007. Voxel-based finite element analysis - working directly

with microCT scan data. J. Morphol. 268, 1071-1071.

Fatu, C., Puisoru, M., Rotaru, M., Truta, A.M., 2006. Morphometric evaluation of the frontal

sinus in relation to age. Anat. Anzeiger 188, 275-280.

Fitton, L.C., Préa, M., Rowland, C., Toro-Ibacache, V., O'Higgins, P., 2015. The impact of
simplifications on the performance of a Finite Element Model of a Macaca fascicularis

cranium. Anat. Rec. 298, 107-121.

Frost, H.M., 1987. Bone “mass” and the “mechanostat”: a proposal. Anat. Rec. 219, 1-9.

Frost, H.M., 1996. Perspectives: A proposed general model of the “mechanostat”

(suggestions from a new skeletal-biologic paradigm). Anat. Rec. 244, 139-147.

Frost, H.M., 2003. Bone's mechanostat: A 2003 update. Anat. Rec. 275A, 1081-1101.

Godinho, R.M., O'Higgins, P., 2017. Virtual reconstruction of cranial remains: The H.

heidelbergensis, Kabwe 1 fossil. In: Thompson, T., Errickson, D. (Eds.), Human remains—

another dimension: The application of 3d imaging in funerary context. Elsevier, London, pp.

135-147.

26



Goodship, A.E., Cunningham, J.L., Oganov, V., Darling, J., Miles, A.W., Owen, G.W., 1998.
Bone loss during long term space flight is prevented by the application of a short term

impulsive mechanical stimulus. Acta Astronaut. 43, 65-75.

Greene, D.L., Scott, L., 1973. Congenital frontal sinus absence in the Wadi Halfa Mesolithic

population. Man 8, 471-474.

Hillam, R.A., Jackson, M., Goodship, A.E., Skerry, T.M., 1995. Regional differences in

human bone strain in-vivo. J. Bone Miner. Res. 10, S443-S443.

Holliday, T.W., 1997. Postcranial evidence of cold adaptation in European Neandertals. Am.

J. Phys. Anthropol. 104, 245-258.

Holton, N., Yokley, T., Butaric, L., 2013. The morphological interaction between the nasal

cavity and maxillary sinuses in living humans. Anat. Rec. 296, 414-426.

Hutton, D., 2003. Fundamentals of Finite Element Analysis. McGraw-Hill, New York.

Hylander, W., 1977. The adaptive significance of the Eskimo craniofacial morphology. In:

Dahlberg, A.A., Graber, T.M. (Eds), Orofacial Growth and Development. The Hague:

Mounton Publishers, pp. 129—-169.

Hylander, W., Johnson, K.R., 2002. Functional morphology and in vivo bone strain patterrns

in the craniofacial region of primates: beware of biomechanical stories about fossils. In:

27



Plavcan, J.M., Kay, R.F., Jungers, W.L., Schaik, C.P. (Eds.), Reconstructing Behavior in the

Primate Fossil Record. Kluwer Academic/Plenum Publishers, New York, pp. 43-72.

Hylander, W.L., Picq, P.G., Johnson, K.R., 1991. Masticatory-stress hypotheses and the

supraorbital region of primates. Am. J. Phys. Anthropol. 86, 1-36.

Ito, T., Nishimura, T.D., Hamada, Y., Takai, M., 2015. Contribution of the maxillary sinus to

the modularity and variability of nasal cavity shape in Japanese macaques. Primates 56, 11—

19.

Jones, H.H., Priest, J.D., Hayes, W.C., Tichenor, C.C., Nagel, D.A., 1977. Humeral

hypertrophy in response to exercise. J. Bone Joint Surg. Am. 59, 204-208.

Kannus, P., Haapasalo, H., Sankelo, M., Sievanen, H., Pasanen, M, Heinonen, A, Oja, P,
Vuori, 1., 1995. Effect of starting age of physical-activity on bone mass in the dominant arm

of tennis and squash players. Ann. Intern. Med. 123, 27-31.

Kerr, D., Morton, A., Dick, 1., Prince, R., 1996. Exercise effects on bone mass in

postmenopausal women are site-specific and load-dependent. J. Bone Miner. Res. 11, 218—

225.

Koertvelyessy, T., 1972. Relationships between the frontal sinus and climatic conditions: A

skeletal approach to cold adaptation. Am. J. Phys. Anthropol. 37, 161-172.

28



Kupczik, K., Dobson, C.A., Fagan, M.J., Crompton, R.H., Oxnard, C.E., O'Higgins, P., 2007.
Assessing mechanical function of the zygomatic region in macaques: validation and

sensitivity testing of finite element models. J. Anat. 210, 41-53.

Kupczik, K., Dobson, C.A., Crompton, R.H., Phillips, R., Oxnard, C.E., Fagan, M.J.,
O'Higgins, P., 2009. Masticatory loading and bone adaptation in the supraorbital torus of

developing macaques. Am. J. Phys. Anthropol. 139, 193-203.

Laitman, J.T., 2008. Harnessing the hallowed hollows of the head: the mysterious world of

the paranasal sinuses. Anat. Rec. 291, 1346—-1349.

Laitman, J.T., Reidenberg, J.S., Marquez, S., Gannon, P.J., 1996. What the nose knows: new
understandings of Neanderthal upper respiratory tract specializations. Proc. Natl. Acad. Sci.

USA 93, 10543-10545.

Ledogar, J.A., Smith, A.L., Benazzi, S., Weber, G.W., Spencer, M.A., Carlson, K.B.,
McNulty, K.P., Dechow, P.C., Grosse, I.R., Ross, C.F., Richmond, B.G., Wright, B.W.,
Wang, Q., Byron, C., Carlson, K.J., de Ruiter, D.J., Berger, L.R., Tamvada, K., Pryor, L.C.,
Berthaume, M. A., Strait, D.S., 2016. Mechanical evidence that Australopithecus sediba was

limited in its ability to eat hard foods. Nat. Commun. 7, DOI: 10.1038/ncomms10596.

Lesne, A., Bourgine, P., 2011. Introduction. In: Bourgine, P., Lesne, A. (Eds.),

Morphogenesis—Origins of Patterns and Shapes. Springer-Verlag, Heidelberg, pp. 1-13.

29



Lieberman, D., 2011. The Evolution of the Human Head. Harvard University Press,

Cambridge.

Liu, J., Shi, J.F., Fitton, L.C., Phillips, R., O'Higgins, P., Fagan, M.J., 2012. The application
of muscle wrapping to voxel-based finite element models of skeletal structures. Biomech.

Model Mechan. 11, 35-47.

Lundberg, J.O., 2008. Nitric oxide and the paranasal sinuses. Anat. Rec. 291, 1479—-1484.

Marquez, S., 2008. The paranasal sinuses: the last frontier in craniofacial biology. Anat. Rec.

291, 1350-1361.

Moss, M.L., Young, R.W., 1960. Functional-approach to craniology. Am. J. Phys. Anthropol.

18, 281-292.

Noback, M.L., Samo, E., van Leeuwen, C.H., Lynnerup, N. and Harvati, K., 2016. Paranasal
sinuses: A problematic proxy for climate adaptation in Neanderthals. J. Hum. Evol. 97, 176—

179.

Nordstrom, P., Thorsen, K., Bergstrom, E., Lorentzon, R., 1996. High bone mass and altered
relationships between bone mass, muscle strength, and body constitution in adolescent boys

on a high level of physical activity. Bone 19, 189-195.

O'Higgins, P., 2000. The study of morphological variation in the hominid fossil record:

biology, landmarks and geometry. J. Anat. 197, 103—120.

30



O'Higgins, P., Bastir, M., Kupczik, K., 2006. Shaping the human face. Intl. Cong. Ser. 1296,

55-73.

O'Higgins, P., Cobb, S.N., Fitton, L.C., Groning, F., Phillips, R., Liu, J., Fagan, M.J., 2011.
Combining geometric morphometrics and functional simulation: an emerging toolkit for

virtual functional analyses. J. Anat. 218, 3—-15.

O'Higgins, P., Fitton, L.C., Phillips, R., Shi, J.F., Liu, J., Groning, F., Cobb, S.N., Fagan,
M.J., 2012. Virtual functional morphology: novel approaches to the study of craniofacial

form and function. Evol. Biol. 39, 521-535.

Park, I.-H., Song, J.S., Choi, H., Kim, T.H., Hoon, S., Lee, S.H., Lee, H.-M., 2010.
Volumetric study in the development of paranasal sinuses by CT imaging in Asian: a pilot

study. Intl. J. Pediat. Otorhi. 74, 1347—-1350.

Parr, W.C.H., Wroe, S., Chamoli, U., Richards, H.S., McCurry, M.R., Clausen, P.D.,
McHenry, C., 2012. Toward integration of geometric morphometrics and computational
biomechanics: new methods for 3D virtual reconstruction and quantitative analysis of Finite

Element Models. J. Theoret. Biol. 301, 1-14.

Pearson, O.M., Lieberman, D.E., 2004. The aging of wolff's “law”: ontogeny and responses

to mechanical loading in cortical bone. Am. J. Phys. Anthropol. 125, 63-99.

31



Picq, P.G., Hylander, W.L., 1989. Endo stress-analysis of the primate skull and the

functional-significance of the supraorbital region. Am. J. Phys. Anthropol. 79, 393-398.

Preuschoft, H., Witzel, U., 2002. Biomechanical investigations on the skulls of reptiles and

mammals. Senck. Lethaea 82, 207-222.

Prossinger, H., Bookstein, F., Schafer, K., Seidler, H., 2000. Reemerging stress: supraorbital

torus morphology in the mid-sagittal plane? Anat. Rec. 261, 170-172.

Prossinger, H., Seidler, H., Wicke, L., Weaver, D., Recheis, W., Stringer, C., Miiller, G.B.,
2003. Electronic removal of encrustations inside the Steinheim cranium reveals paranasal
sinus features and deformations, and provides a revised endocranial volume estimate. Anat.

Rec. 273B, 132-142.

Rae, T.C., Koppe, T., 2004. Holes in the head: evolutionary interpretations of the paranasal

sinuses in catarrhines. Evol. Anthropol. 13, 211-223.

Rae, T.C., Koppe, T., 2008. Independence of biomechanical forces and craniofacial

pneumatization in Cebus. Anat. Rec. 291, 1414-1419.

Rae, T.C., Hill, R.A., Hamada, Y., Koppe, T., 2003. Clinal variation of maxillary sinus

volume in Japanese macaques (Macaca fuscata). Am. J. Primatol. 59, 153—158.

32



Rae, T.C., Vioarsdottir, U.S., Jeffery, N., Steegmann, A.T., 2006. Developmental response to
cold stress in cranial morphology of Rattus: implications for the interpretation of climatic

adaptation in fossil hominins. P. R. Soc. B. 273, 2605-2610.

Rae, T.C., Koppe, T., Stringer, C.B., 2011. The Neanderthal face is not cold adapted. J. Hum.

Evol. 60, 234-239.

Rak, Y., 2014. The australopithecine face. Academic Press, New York.

Ravosa, M.J., Vinyard, C.J., Hylander, W.L., 2000. Stressed out: masticatory forces and

primate circumorbital form. Anat. Rec. 261, 173-175.

Rossie, J.B., 2006. Ontogeny and homology of the paranasal sinuses in Platyrrhini

(Mammalia: Primates). J. Morphol. 267, 1-40.

Ruff, C., Holt, B., Trinkaus, E., 2006. Who's afraid of the big bad wolff? "Wolff's law" and

bone functional adaption. Am. J. Phys. Anthropol. 129, 484-498.

Scheuer, L., Black, S., 2000. Developmental Junvenile Osteology. Elsevier Academic Press,

San Diego.

Schwartz-Dabney, C.L., Dechow, P.C., 2003. Variations in cortical material properties

throughout the human dentate mandible. Am. J. Phys. Anthropol. 120, 252-277.

33



Seidler, H., Falk, D., Stringer, C., Wilfing, H., Muller, G.B., zur Nedden, D., Weber, G.W.,
Reicheis, W., Arsuaga, J.L., 1997. A comparative study of stereolithographically modelled
skulls of Petralona and Broken Hill: implications for future studies of middle Pleistocene

hominid evolution. J. Hum. Evol. 33, 691-703.

Shea, B.T., 1977. Eskimo craniofacial morphology, cold stress and the maxillary sinus. Am.

J. Phys. Anthropol. 47, 289-300.

Sigal, I.A., Hardisty, M.R., Whyne, C.M., 2008. Mesh-morphing algorithms for specimen-

specific finite element modeling. J. Biomech. 41, 1381-1389.

Sigal, .A., Yang, H., Roberts, M.D., Downs, J.C., 2010. Morphing methods to parameterize

specimen-specific finite element model geometries. J. Biomech. 43, 254-262.

Skerry, T., 2000. Biomechanical influences on skeletal growth and development. In:
O'Higgins, P., Cohn, M.J. (Eds.), Development, Growth and Evolution. Implications for the

Study of the Hominid Skeleton. Academic Press, London, pp. 29-39.

Smith, T.D., Rossie, J.B., Cooper, G.M., Mooney, M.P., Siegel, M.1., 2005. Secondary
pneumatization of the maxillary sinus in callitrichid primates: insights from

immunohistochemistry and bone cell distribution. Anat. Rec. 285A, 677—689.

Smith, T.D., Rossie, J.B., Cooper, G.M., Carmody, K.A., Schmieg, R.M., Bonar, C.J.,
Mooney, M.P., Siegel, M.1., 2010. The maxillary sinus in three genera of new world

monkeys: factors that constrain secondary pneumatization. Anat. Rec. 293, 91-107.

34



Smith, T.D., Rossie, J.B., Cooper, G.M., Schmieg, R.M., Bonar, C.J., Mooney, M.P., Siegel,
M.I., 2011. Comparative microcomputed tomography and histological study of maxillary
pneumatization in four species of new world monkeys: The perinatal period. Am. J. Phys.

Anthropol. 144, 392-410.

Smith, A.L., Benazzi, S., Ledogar, J.A., Tamvada, K., Pryor Smith, L.C., Weber, G.W.,
Spencer, M.A., Lucas, P.W., Michael, S., Shekeban, A., Al-Fadhalah, K., Almusallam, A.S.,
Dechow, P.C., Grosse, I.LR., Ross, C.F., Madden, R.H., Richmond, B.G., Wright, B.W.,
Wang, Q., Byron, C., Slice, D.E., Wood, S., Dzialo, C., Berthaume, M.A., van Casteren, A.,
Strait, D.S., 2015. The feeding biomechanics and dietary ecology of Paranthropus boisei.

Anat. Rec. 298, 145-167.

Spaeth, J., Kriigelstein, U., Schlondorft, G., 1997. The paranasal sinuses in ct-imaging:

Development from birth to age 25. Intl. J. Pediatr. Otorhi. 39, 25-40.

Sperber, G.H., 2001. Craniofacial Development. BC Decker Inc, Hamilton.

Stayton, C.T., 2009. Application of thin-plate-spline transformations to finite element
models, or, how to turn a bog turtle into a spotted turtle to analyze both. Evolution 63, 1348—

1355.

Strait, D.S., Richmond, B.G., Spencer, M.A., Ross, C.F., Dechow, P.C., Wood, B.A., 2007.
Masticatory biomechanics and its relevance to early hominid phylogeny: An examination of

palatal thickness using finite-element analysis. J. Hum. Evol. 52, 585-599.

35



Strait, D.S., Weber, G.W., Neubauer, S., Chalk, J., Richmond, B.G., Lucas, P.W., Spencer,
M.A., Schrein, C., Dechow, P.C., Ross, C.F., Grosse, I.R., Wright, B.W., Constantino, P.,
Wood, B.A., Lawn, B., Hylander, W.L., Wang, Q., Byron, C., Slice, D.E., Smith, A.L., 2009.
The feeding biomechanics and dietary ecology of australopithecus africanus. Proc. Natl.

Acad. Sci. 106, 2124-2129.

Strait, D.S., Grosse, I.R., Dechow, P.C., Smith, A.L., Wang, Q., Weber, G.W., Neubauer, S.,
Slice, D.E., Chalk, J., Richmond, B.G., Lucas, P.W., Spencer, M.A., Schrein, C., Wright,
B.W., Byfton, C., Ross, C.F., 2010. The structural rigidity of the cranium of Australopithecus
africanus: implications for diet, dietary adaptations, and the allometry of feeding

biomechanics. Anat. Rec. 293, 583-593.

Stringer, C., 2012a. The status of Homo heidelbergensis (Schoetensack 1908). Evol.

Anthropol. 21, 101-107.

Stringer., C., 2012b. The origin of our species. Penguin, London.

Tattersall, 1., Schwartz, J.H., 2006. The distinctiveness and systematic context of Homo

neanderthalensis. In: Harvati, K., Harrison, T. (Eds.), Neanderthals Revisited: New

Approaches and Perspectives. Springer Netherlands, Dordrecht, pp. 9-22.

Tillier, A.M., 1977. La pneumatization du massif cranio-facial chez les hommes actuels et

fossiles. Bull. Mém. Soc. Anthropol. Paris, 177—-189.

36



Toro-Ibacache, V., Fitton, L.C., Fagan, M.J., O'Higgins, P., 2016. Validity and sensitivity of
a human cranial finite element model: implications for comparative studies of biting

performance. J. Anat. 228, 70-84.

Turner, C.H., 1998. Three rules for bone adaptation to mechanical stimuli. Bone 23, 399—

407.

Valdimarsson, O., Alborg, H.G., Duppe, H., Nyquist, F., Karlsson, M., 2005. Reduced

training is associated with increased loss of BMD. J. Bone Miner. Res. 20, 906-912.

Witmer, L.M., 1997. The evolution of the antorbital cavity of archosaurs: A study in soft-
tissue reconstruction in the fossil record with an analysis of the function of pneumaticity. J.

Vert. Paleontol. 17, 1-76.

Witzel, U., 2011. Virtual synthesis of the skull in Neanderthals by FESS. In: Condemi, S.,
Weniger, G.-C. (Eds.), Continuity and discontinuity in the peopling of Europe: One hundred

fifty years of Neanderthal study. Springer, New York, pp. 203-211.

Witzel, U., Preuschoft, H., 2002. Function-dependent shape characteristics of the human

skull. Anthropol. Anz. 60, 113—135.

Wolpoft, M.H., 1999. Paleoanthropology. McGraw-Hill, New York.

Zelditch, M.L., Swiderski, D.L., Sheets, H.D., Fink, W.L., 2012. Geometric Morphometrics

For Biologists: A Primer. Elsevier, New York.

37



Zollikofer, C.P.E., Weissmann, J.D., 2008. A morphogenetic model of cranial pneumatization

based on the invasive tissue hypothesis. Anat. Rec. 291, 1446—-1454.

Zollikofer, C.P.E., Ponce De Ledn, M.S., Schmitz, R.W., Stringer, C.B., 2008. New insights
into mid-late Pleistocene fossil hominin paranasal sinus morphology. Anat. Rec. 291, 1506—

1516.

38



Figures

Figure 1. Reconstruction of the Kabwe 1 cranium.
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Model 1 Model 2

Model 3

Figure 2. Coronal cross-section of models 1-3 used in biting simulations. Model 1 presents a
hollow frontal sinus in which the original bony struts were removed. Model 2 presents the
original frontal sinus with bony struts as captured by the CT scanner. Model 3 presents an
infilled frontal sinus. The lower right frame shows a lateral view of the cranium with a

vertical line indicating the plane of section used in the other frames.
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Figure 3. Left lateral view of the Kabwe 1 reconstructed cranium with estimated orientations
(black dashed arrows) of modelled jaw elevator muscles (temporalis, masseter, and medial
pterygoid) in the FEA simulations. The right muscle vectors are not shown for clarity

purposes.
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Figure 4. Thirty facial points (left) and 42 points in the frontal bone (right) used for extraction

of €l and €3. The points are labelled according to the X axis of Figure 8.
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Figure 5. Maximum (e1) and minimum (€3) principal strain contour plots showing the strain
magnitudes experienced over the cranium (norma superioris) under the three simulated bites.
Rows 1 and 2 show the incisor bite; rows 3 and 4, the second premolar bite; rows 5 and 6, the
second molar bite; left column shows the hollow sinus model; central column, the
honeycomb model; right column, the infilled sinus model. The arrow indicates the region of

the frontal bone where strain magnitudes, especially €1, differ slightly between models.
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Figure 6. Principal strain contour plots from the three simulated bites in the three models.
Rows 1, 2, and 3 show the incisor bite; rows 4, 5, and 6, the second premolar bite; rows 7, 8§,
and 9, the second molar bite; left column shows the hollow sinus model; central column
shows the honeycomb model; right column shows the infilled sinus model. The arrow
indicates the region of the frontal sinus (infilled). The reader is referred to the digital version

of the article for a color version of the contour plots and to the text for interpretation.
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Figure 7. Maximum (g1) and minimum (€3) principal strains experienced by the browridge
region of the frontal bone (norma superioris). The black lines depict strain directions. The
reader is referred to the digital version of the article for a color version of the contour plots

and to the text for interpretation.
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Figure 8. Maximum (g1) and minimum (€3) principal strain magnitudes experienced by the
frontal bone, at 42 points (left column; see Fig 4), and over the face, at 30 points (right
column; see Fig 4). The first row shows the results from simulation of the incisor bite; the
second, of the second premolar; and the third, of the second molar bite. The labels in the x

axis (named landmarks) correspond to the numbers in Figure 4.
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Figure 9. Principal components analyisis of the modes of deformation (changes in size and
shape when loaded) of the different models in all biting simulations. The inset, lower right
cranium with overlain regular grids is the unloaded cranium (the reference form). The loaded
crania with overlain deformed transformation grids (target forms) are shown adjacent to the
load cases they visualize. Thus lower left represents the incisor bite, upper left, premolar and
upper right, molar bites. The deformations of the grids and crania are muliplied by a factor of

1000 to facilitate visualisation.
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Table 1: Forces applied by each muscle.

Left Right
Temporalis 168.02  170.67
Masseter 134.06 124.01

Medial pterygoid 124.01 117.49
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Table 2: Landmarks used in the GM analysis of modes of deformation.

4 & 42

5&43

6 & 44

7 & 45

8 & 46

9 & 47

10 & 48

11 & 49

12 & 50

13 & 51

14 & 52

15 & 53

16 & 54

17

18

19 & 55

20

21 & 56

22

23 & 57

Bregma

Lambda

Inion

Asterion

Porion

Pterion

Frontomalare orbitale
Frontomalare temporale
Jugale

Zygotemporale superior
Zygotemporale inferior
Maxillofrontale
Zygoorbitale
Zygomaxillare
Superior rim of orbit
Infraorbital foramen
Nasion

Rhinion

Lateral Nasal Suture
Nasospinale

Alare

Alveolare

External Alveolar Incisor 2
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24 & 58

25& 59

26 & 60

27 & 61

28

29

30

31 & 62

32

33

34 & 63

35

36

37

38 & 64

39 & 65

40 & 66

41 & 67

External Alveolar Canine

External Alveolar Premolar 4

Zygomatic take-off

Inferior Distal Alveolar

Incisive Foramen

Palate maximum

Staphylion

Infratemporal crest

Basion

Opisthion

Lateral Edge of Foramen Magnum
Hormion

Glabela

Supra-glabela

Inferolateral choanal corner

Anterior edge of anterior ethmoid foramen
Posterior edge of posterior ethmoid foramen

Inferiormost margin of nasal aperture
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