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a  b  s  t  r  a  c  t

The  human  skull  is  gracile  when  compared  to many  Middle  Pleistocene  hominins.  It has  been  argued
that  it is less  able  to generate  and  withstand  high  masticatory  forces,  and  that  the morphology  of  the
lower  portion  of  the modern  human  face  correlates  most  strongly  with  dietary  characteristics.  This study
uses  geometric  morphometrics  and  finite  element  analysis  (FEA)  to assess  the  relationship  between
skull  morphology,  muscle  force  and  cranial  deformations  arising  from  biting,  which  is  relevant  in under-
standing  how  skull  morphology  relates  to mastication.  The  three-dimensional  skull  anatomies  of  20
individuals  were  reconstructed  from  medical  computed  tomograms.  Maximal  contractile  muscle  forces
were estimated  from  muscular  anatomical  cross-sectional  areas  (CSAs).  Fifty-nine  landmarks  were  used
to represent  skull  morphology.  A partial  least  squares  analysis  was  performed  to  assess  the  association
between  skull  shape  and  muscle  force,  and  FEA  was  used  to  compare  the deformation  (strains)  gener-
ated during  incisor  and  molar  bites  in  two  individuals  representing  extremes  of  morphological  variation
in  the sample.  The  results  showed  that only  the  proportion  of  total  muscle  CSA  accounted  for  by  the
temporalis  appears  associated  with  skull  morphology,  albeit  weekly.  However,  individuals  with  a large
temporalis  tend  to possess  a relatively  wider  face,  a narrower,  more  vertically  oriented  maxilla  and  a
lower positioning  of  the  coronoid  process.  The  FEAs  showed  that,  despite  differences  in  morphology,

biting  results  in  similar  modes  of  deformation  for both  crania,  but  with  localised  lower  magnitudes  of
strains  arising  in the  individual  with  the  narrowest,  most  vertically  oriented  maxilla.  Our  results  suggest
that  the  morphology  of  the maxilla  modulates  the  transmission  of  forces  generated  during  mastication
to  the  rest  of  the  cranium  by  deforming  less  in  individuals  with  the  ability  to generate  proportionately
larger  temporalis  muscle  forces.

©  2015  Elsevier  GmbH.  All  rights  reserved.
. Introduction

The relationship between masticatory function and skull form
s key to understanding the functional determinants of phenotypic
volution (Demes, 1987; Spencer and Demes, 1993; Antón, 1996;

’Connor et al., 2005) and development (Anderson et al., 2014;
iliaridis et al., 1989). Some authors have found a relationship
etween dietary ecology and metric traits of the skull (Dumont,
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940-9602/© 2015 Elsevier GmbH. All rights reserved.
1997; Muchlinski and Deane, 2014; Taylor, 2006) in non-human
primates, whereas in modern humans it has been suggested that
the relationship is most strongly localised to the mandible (von
Cramon-Taubadel, 2011) or it is obscured by other variables such
as population history and geography (González-José et al., 2005;
Menéndez et al., 2014). Thus, the extent to which a genetically
determined phenotype can be modified by function, and when
this modification translates into a functionally adapted phenotype
remains unknown.

Muscle forces and skeletal morphology are linked through the
process of bone remodelling. During contraction, muscles directly
strain the bone where they insert and apply loads. They also impact

on strains elsewhere during loading (DiGirolamo et al., 2013; Milne
and O’Higgins, 2012; Moss, 1962; Ross and Iriarte-Diaz, 2014; Scott,
1957; Yoshikawa et al., 1994). Excessive bone strains derived from
loadings or diminished strains induce or reduce the amount and
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irection of bone formation and resorption, changing bone mor-
hology (Barak et al., 2011; Rubin and Lanyon, 1985) in such a way
hat the new form responds to the loads by developing strains that
ie within the range of bone mass maintenance (Frost, 1987) and
unctional optimisation (i.e., maximal strength with minimal mate-
ial; Ross and Metzger, 2004). Mechanical models of the human
asticatory system (Gingerich, 1979; Hylander, 1975; Koolstra

t al., 1988; Röhrle and Pullan, 2007; Spencer, 1998) have shown
hat jaw-elevator muscles play a key role in the generation of
eaction force at the temporomandibular joints (TMJs) and in influ-
ncing the magnitudes of bite forces (Sellers and Crompton, 2004).
he same studies demonstrated that, because of lever mechanics,
orces produced during mastication are also influenced by anatom-
cal features such as the relative positions of the TMJs, muscle
nsertions and dental morphology.

It has been shown in macaques that individuals with longer
andibular bodies have larger physiological cross-sectional areas

PCSAs), which relate to muscle forces (Koolstra et al., 1988;
’Connor et al., 2005; Weijs and Hillen, 1985). This has been inter-
reted as an adaptation that maintains bite forces; when the bite
orce lever arms increase, muscle forces also increase (Antón, 1999).
he same relationship has also been found in humans using mus-
le cross sectional area (CSA) (Hannam and Wood, 1989; Weijs and
illen, 1986). CSA, rather than PCSA of human masticatory mus-
les is often used to estimate muscle force because it can be directly
easured in computed tomographic or magnetic resonance images

nd has been shown to correlate with PCSA (Hannam and Wood,
989; van Spronsen et al., 1992; Weijs and Hillen, 1986). Significant
orrelations have also been found between measures of facial width
nd the CSA of the medial pterygoid (Hannam and Wood, 1989; van
pronsen et al., 1992), the temporalis muscle and most markedly,
he masseter muscles (Hannam and Wood, 1989; Raadsheer et al.,
999; van Spronsen et al., 1991, 1992; Weijs and Hillen, 1986).

The above-mentioned studies evaluated skull morphology using
inear morphometrics. New geometric morphometric tools have
een developed over the last three decades (Rohlf and Marcus,
993; O’Higgins and Jones, 1998; Slice, 2007) for studying shape
ariation and its causes. Geometric morphometrics facilitates
isualisation of the results of statistical analyses as warpings of
urface models. In the present study we use such an approach to
uantify and characterise the relationship between skull shape and
uscle force (estimated via CSA). In addition, we use a second

pproach, finite element analysis (FEA) to predict cranial defor-
ation under simulated biting loads. This technique has been

ncreasingly used to study the response of the skull to mastica-
ory loading in terms of the stresses and/or strains developed in
he skeleton, relating these to ecological (Macho et al., 2005; Strait
t al., 2009), anatomo-functional (Koolstra and Tanaka, 2009; Ross
t al., 2011), evolutionary (Gröning et al., 2011; Wroe et al., 2010)
nd developmental factors (Kupczik et al., 2009). FEA is used in
he present study to characterise the deformations of the cranium
hat arise in response to biting in two individuals representing the
xtremes of cranial variation in our available sample.

The following null hypotheses are tested:

ypothesis 1 (H01). There is no association between skull shape
nd the CSAs of masticatory muscles.

This hypothesis is tested using geometric morphometric analy-
es to examine the associations between CSAs and cranial form.

ypothesis 2 (H02). Crania with different morphologies show

ifferent modes of deformation in response to identical biting loads.

H02 will be tested using FEA in order to assess the modes and
agnitudes of cranial deformation in two individuals representing

he extremes of variation by comparing the distributions (i.e., spa-
ial patterning of high and low values), and magnitudes of strains.
Anatomy 203 (2016) 59–68

2. Material and methods

The computed tomograms (CTs) of 20 adult humans, 11 female
(aged 29–86 years) and 9 male (aged 38–72 years) were used in
this study. The CT images were provided by the Teaching Hospi-
tal of the University of Chile (Hospital Clínico de la Universidad de
Chile, Santiago de Chile) in accordance with their ethics protocol for
the use of patient data. The images were obtained using a Siemens
64-channel multidetector CT scanner equipped with a STRATON
tube (Siemens Somatom Sensation 64, Siemens Healthcare, Erlan-
gen, Germany) for medical reasons unrelated to this study. The
CTs belonged to individuals without skull deformities or orthog-
natic surgery, and had full or almost-full dentition (i.e., absence of
the third molar, occasional loss of 1–2 post-canine teeth). Scans
were taken with jaws closed, which is important because this
allows landmarking of the cranium and mandible in the knowl-
edge that the dentition is always in or very close to occlusion.
It is unlikely that clenching, which could have increased muscle
CSA, happened during imaging because patients are asked not to
clench as part of the imaging protocol. However, this cannot be
ruled out. Due to the medical origin of the CT scans, the cover-
age of scans differs among patients, with many lacking a complete
mandible. The primary reconstruction of images for the purpose of
selection of suitable scans was  performed using Syngo Multimodal-
ity Workplace (Siemens Healthcare, Erlangen, Germany). Voxel
sizes ranged from 0.39–0.46 mm × 0.39–0.46 mm × 1 mm (mean
size 0.43 mm × 0.43 mm × 1 mm).  The image stacks were exported
as DICOM files for their use in this study.

Three-dimensional (3D) skull morphologies were reconstructed
from the CT stacks using Avizo (v.7.0.1, Visualization Sciences
Group, Burlington, USA). Semi-automated segmentation of CTs
based on grey-level thresholds to separate bone from surrounding
tissues and air was  undertaken. Additionally, manual segmentation
was performed where needed.

2.1. Muscle CSAs

The procedure to estimate the CSA of masticatory muscles from
CT scans was  based on Weijs and Hillen (1984), and referred to in
a previous study (Toro-Ibacache et al., in press).

2.1.1. Temporalis muscle
In a sample of human cranial MRI  scans, Weijs and Hillen (1984)

found that the largest temporalis muscle CSAs are found in planes
that lie 4–16 mm (with a mean of 10 mm)  above and parallel to the
Frankfurt plane (defined here between left infraorbital, and left and
right portion). For this study, we  standarised the sectioning plane
to (1) be parallel to the Frankfurt plane, and (2) to pass through the
most medial point of the infratemporal crest. The latter is identifi-
able on all specimens and lies within the region in which Weijs and
Hillen (1984) found CSA to vary little (4–16 mm above the Frankfurt
plane). Temporalis CSA was  estimated as the average of the mus-
cle CSA in this sectioning plane and in two planes (∼1 and 2 mm)
immediately above it (Fig. 2).

2.1.2. Masseter and medial pterygoid muscles
Weijs and Hillen (1984) found that the largest CSAs of both mus-

cles to be in a plane inclined about 30◦ to the Frankfurt plane, 25 mm
above the mandibular angle; and that the CSA is largely unchanged
in planes ranging between 12 and 30 mm below the zygomatic arch.
In our sample, the mandibular angle could not always be used due
to its absence in CT scans. However, the lingula was identifiable in

all CT stacks and lies within the aforementioned range of distances
from the zygomatic over which CSA changes little. We  standardised
the sectioning plane to be parallel to the infero-posterior border of
the zygomatic bone (which is the orientation of the origin of the
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Table  1
Landmarks used for shape analysis.

No. Name Definition

1 Vertex Highest point of the cranial vault
2  Nasion Intersection between frontonasal and internasal junction
3  Anterior nasal spine Tip of the anterior nasal spine
4  Prosthion Most buccal and occlusal point of the interalveolar septum between central incisors
5  Occiput Most posterior point of the skull
6  & 20 Supraorbital torus Most anterior point of supraorbital ridge
7  & 21 Infraorbitale Most inferior point of the infraorbital ridge
8  & 22 Nasal notch Most lateral part of the nasal aperture
9  & 23 First molar Most buccal and mesial point of the junction of the M1 and the alveolar process. If M1 is absent, the landmark is in the

lowest most buccal point of the interalveolar septum between the second premolar and the next molar
10  & 24 Last molar Most buccal and distal point of the junction between the.last molar and the alveolar process
11  & 25 Zygo-maxillar Most inferior point of the zygomatico-maxillary junction
12  & 26 Fronto-zygomatic Most lateral point of the fronto-zygomatic junction
13  & 27 Fronto-temporal angle Point at the intersection between frontal and temporal processes of the zygomatic bone
14  & 28 Zygomatic arch lateral Most lateral point of the zygomatic arch
15  & 29 Zygomatic root posterior Most posterior-superior point of the intersection between the zygomatic root and the squama of the temporal bone
16  & 30 Zygomatic root anterior Most anterior point of the intersection between the zygomatic root and the squama of the temporal bone
17  & 31 Zygomatic arch medial Most lateral point on the inner face of the zygomatic arch
18  & 32 Infratemporalis crest Most medial point of the infratemporal crest
19  & 33 Eurion Most lateral point of the cranial vault
34  & 38 Coronoid process anterior Most anterior point of the coronoid process
35  & 39 Coronoid process superior Most superior point of the coronoid process
36  & 40 Mandibular notch Most inferior point of the mandibular notch
37 & 41 Condyle Most lateral point of the condyle
42  & 45 Anterior temporal origin Most anterior point of origin of the temporal muscle in the temporal line
43  & 46 Superior temporal origin Most superior point of origin of the temporal muscle in the temporal line
44  & 47 Posterior temporal origin Most posterior point of origin of the temporal muscle in the temporal line
48  & 51 Anterior masseter origin Most anterior point of origin of the masseter muscle
49  & 52 Posterior masseter origin Most posterior point of origin of the masseter muscle
50  & 53 Mid-masseter origin Midpoint along the area of origin of the masseter muscle
54  & 57 Superior pterygoid origin Most superior point of the origin of medial pterygoid muscle

he me
n of th

m
b
m
t

c
a
s

2

e
c
F

r
m
t
(
w

t
b
r
u

c
c
a
p
s
s

55  & 58 Inferior pterygoid origin Most inferior point of origin of t
56  & 59 Mid-pterygoid origin Midpoint along the area of origi

asseter and is found at about 30◦ to the Frankfurt plane), at the
ase of the lingula. Masseter and medial pterygoid CSAs were esti-
ated by averaging CSAs from this sectioning plane and two planes

hat lie ∼1 mm above and below it (Fig. 2).
In order to limit errors associated with the definition of mus-

le contours, the CSA in each section was measured three times
nd the values averaged, for each of the jaw-elevator muscles. The
ectioning and CSA measurements were performed in Avizo.

.2. Shape analysis

After 3D skull reconstruction, a surface file was  generated for
ach individual and saved as a Wavefront file. Skull geometry was
aptured using 59 landmarks, described in Table 1 and shown in
ig. 1.

Only the shape of the superior part of the mandibular
amus was represented by landmarks due to the absence of the
andibular body and angle in a large part of the sample. Digi-

isation of landmarks was performed using the EVAN toolbox
v.1.62, by the European Virtual Anthropology Network-Society
ww.evan-society.org).

The skull shows a degree of asymmetry, which is irrelevant
o this study. It was therefore decided to symmetrise the skulls
y reflected relabelling followed by averaging of the original and
eflected landmarks (Corti et al., 2001). The symmetrised data were
sed in subsequent analyses.

Sexual dimorphism in skull shape was assessed using dis-
riminant analysis applied to the shape variables (Procrustes
oordinates), using MorphoJ (v.1.06c, Klingenberg, 2011). Reli-

bility was assessed by leave-one-out cross-validation. The
ermutation test (1000 rounds) showed that this sample is not
ignificantly sexually dimorphic (p = 0.09). Thus data are pooled in
ubsequent shape analyses.
dial pterygoid muscle
e medial pterygoid muscle

Geometric morphometric analyses of landmark configurations
were used to explore patterns of shape variation. These analyses
also allowed the identification of individuals with different com-
binations of facial and neurocranial features, used to test H02.
After full Procrustes fit, PCA of shape coordinates was  performed
to assess overall shape variation in the sample (Mitteroecker and
Gunz, 2009; O’Higgins, 2000; Slice, 2007) using the EVAN toolbox.

Hypothesis 1, that there is no association between skull shape
and masticatory muscle CSAs, was formally tested using partial-
least squares (PLS) and multivariate regression analyses. The PLS
method finds pairs of axes, singular warps, for each set (block) of
variables through singular value decomposition of the among block
covariance matrix (Rohlf and Corti, 2000). Like principal compo-
nents, the first axis is constructed such that it explains the largest
possible proportion of among block covariance with successive
orthogonal axes accounting for diminishing proportions (Rohlf and
Corti, 2000). Muscle variables correspond to the averaged left and
right muscle CSAs of temporalis, masseter, and medial pterygoid.
Two sets of PLS analyses were undertaken. In the first, the muscle
block of data comprised muscle CSAs and the second, the propor-
tions of total muscle CSA accounted for by each muscle. The first
PLS therefore assesses the association between absolute muscle
CSAs (and so maximum forces) and skull shape while the second
considers relative CSAs and so relative forces by each muscle.

The proportions of covariance explained by the first pairs of
singular warps (one being shape, the other muscle data) were
computed and correlations between individual scores on them
were used as measures of association between the two blocks.
Additionally, multivariate regression was used to assess skull and

face shape predictability from muscle CSAs or CSA proportions.
In addition, the RV coefficient, which is a multivariate general-
isation of the squared Pearson correlation coefficient (Escoufier,
1973; Klingenberg, 2009) was used to estimate the strength of

http://www.evan-society.org/
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Fig. 1. Selected landmarks listed in Table 1. Landmarks were not placed 

ssociations among blocks. Permutation tests of 1000 rounds were
sed to assess statistical significance in all the analyses. The associa-
ions between skull shape and muscle data were visualised through
urface warpings. These analyses were undertaken using the EVAN
oolbox and MorphoJ.

.3. Finite element analysis

In order to test H02, a subsample of two individuals showing
ifferent craniofacial features was selected. These individuals were
he most extreme cases on the first principal component of shape
nd in the PLS of skull shape variables. They differ in the degrees
o which their faces and neurocrania are vertically elongated or
ide and their degree of maxillary prognathism, variations that are

requently present in human populations (Bhat and Enlow, 1985).

The models were created from the CTs via segmentation as

escribed earlier. The ramus of the mandible was not included
n the models. Craniofacial sinuses were preserved and cancel-
ous bone was modelled as cortical, decisions based on the results

Fig. 2. Cross-sectional areas of jaw-elevator muscles. In (A)
 mandibular angle and body due to their absence in most of the sample.

of prior validation and sensitivity analyses (Fitton et al., 2015;
Toro-Ibacache et al., submitted for publication) which showed that
omitting cancellous bone decreases model stiffness almost propor-
tionally (i.e., without marked changes in mode of deformation and
so, relative strains over the cranium).

The individual with a narrower and more orthognathic max-
illa had premature loss of both upper M1s. In order to recreate
the proper M1 biting scenario, both M1s  were reconstructed by
replicating the individual’s own upper second molars. The individ-
ual with a wider and more prognathic maxilla had premature loss
of the upper right first and second premolars, which were recon-
structed by mirroring the homologous teeth of the left side. The
more orthognathic individual required manual reconstruction of
length for both I1s since the CT extended to only to the upper
parts of these teeth. After these corrections the volume data were

resampled to achieve isometric voxel sizes.

The 3D volumes were exported as BMP  stacks and converted
by direct voxel-element conversion into meshes of eight-noded
cubic elements. Based on literature values and the mentioned

, orientation of planes for each pair of muscles in (B).
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Table  2
Description of FE models. Centroid size based on the landmark configuration in Table 1 minus the mandible landmarks.

Individual Sex Age (years) Centroid size (mm) CT voxel size (mm)  Number of
elements

Temporalis force
(N)

Masseter force
(N)

Masseter pterygoid
force (N)

Cranium Face Left Right Left Right Left Right
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Orthognathic F 54 468.53 218.68 0.45 × 0.45 × 1
Prognathic M 46 469.36 221.74 0.43 × 0.43 × 1

alidation study (Toro-Ibacache et al., submitted for publication), a
oung’s modulus of 17 GPa was assigned to bone (Fitton et al., 2012;
röning et al., 2011; Kupczik et al., 2009) and of 50 to teeth, the lat-

er being an approximate mean of the large range of values found
n the literature for enamel and dentine (Barak et al., 2009; Benazzi
t al., 2012; Meredith et al., 1996). Both materials were homoge-
eously modelled as linearly elastic and isotropic with a Poisson’s
atio of 0.3 (Kupczik et al., 2007; Szwedowski et al., 2011). Each
odel was kinematically constrained at both articular surfaces

f the mandibular fossae (simulating a normal human temporo-
andibular joint) in the x, y and z-axes. Constraints in the vertical

xis were placed on the incisal border of both central incisors (I1)
nd the tip of the four cusps of the left first molar (M1), simulating
ommon human bite points. The characteristics of each model are
ummarised in Table 2.

Muscle origins and insertions were reproduced in the models
ased on the original CT images. Maximal jaw-elevator muscle
orces per individual were calculated from their CSAs using the
quation F = CSA × 37 N/cm2 where the latter value is an estimate
f the intrinsic muscle strength for human masticatory muscles
Koolstra et al., 1988; Weijs and Hillen, 1985). Model pre- and
ost-processing was performed using the custom, voxel-based FEA
oftware VOX-FE (Fagan et al., 2007; Liu et al., 2012).

Comparison of FEA results was carried out using colour-coded
train contour plots, a qualitative and a quantitative approach aim-
ng to compare the spatial distribution of low and high strains and

agnitudes of predicted strains. In order to make models compa-
able, the strain contour plots of each individual were scaled to
epresent an I1 bite force of 350 N, and an M1 bite force of 700 N
O’Connor et al., 2005; van Eijden, 1991; Waltimo and Könönen,
993). This is possible, because the FE models were assigned lin-
arly elastic properties and, with static loads, deformations scale
inearly with force. This scaling does not impact on strain distribu-
ions, but rather, proportionately on all magnitudes.

. Results

.1. Skull shape variation

In the PCAs of skull shape, PC1 and PC2 account for 22.34%
nd 15.4% = 37.74% of skull shape variance. Thus there is no single
trong vector of variation. The male and female distributions over-
ap almost completely and males appear slightly more variable than
emales in the plots of Fig. 3. The first two principal components
elate to co-variations in both neurocranial and facial proportions
i.e., they are both narrow and tall or wide and long in the insets),
nd within the face, the maxilla is more or less prognathic (Fig. 3).

.2. Association between skull shape and jaw-elevator muscle
SAs

Two-block PLS analyses examined the associations between
uscle CSAs, proportions of total muscle CSA and skull shape. The
SAs and proportions were entered singly into the analyses as one
block’ of data and the shape coordinates for the sample as the other
lock. As expected, given that one block contains only one variable,
he PLS analyses resulted in one singular value (SV) explaining 100%
7,787,812 195.1 202.2 200.4 227.2 121.4 129.8
7,745,806 188.2 194.9 209 225.7 143 153.6

of the covariance of CSA with skull or face shape. The RV coeffi-
cient was also calculated as a measure of association between these
blocks.

Temporalis proportion showed the strongest association with
skull shape with the correlation among first singular warps (SW1)
being the greatest (r = 0.71) yet insignificant (p = 0.44). The RV coef-
ficient for the skull (RV = 0.21) with temporalis proportion was  the
largest found, but does not achieve significance. Temporalis propor-
tion also explained the greatest (yet quite small) proportion of the
total variance of skull shape (R2 = 0.07; i.e., 7% of the total variance).

Morphologically, SW1  from the PLS of skull shape against tem-
poralis proportion suggests that a large temporalis proportion is
associated with a relatively antero-posteriorly elongated neurocra-
nium and mandibular ramus, wider upper face and less prognathic,
narrower, vertically shorter maxilla compared to those individ-
uals with small temporalis proportions (Fig. 4). The transformation
grids show large deformations of the lateral aspects of the neu-
rocranium. These reflect shifts in the relative positions of the
Eurion (most lateral point of the neurocranium), a type 3 land-
mark (Bookstein, 1991) with respect to the landmarks representing
temporalis attachment.

In prior FE-based studies of the primate cranium, it is mostly the
face that deforms under simulated biting loads (Fitton et al., 2012;
Kupczik et al., 2009; Wroe et al., 2010). Thus, we  carried out a sec-
ond PLS analysis using a subset of 43 facial landmarks (Table 1), to
see if the face alone reflects the association between skull shape and
muscle parameters (CSAs and their proportions of total CSA). When
only the facial landmarks are considered, the results parallel those
of the skull, with temporalis proportion showing the strongest
association with facial morphology as assessed by the correlation
among SW1s (r = 0.81), strength of covariation (RV = 0.29), and pro-
portion of total variance explained (R2 = 0.09). Only the relationship
between temporalis proportion and face shape was statistically
significant at the p < 0.05 level (Table 3), but not after Bonferroni
correction (corrected p-value 0.05/12 = 0.004). Morphologically, a
large temporalis proportion appears to be associated with a rela-
tively narrow, less prognathic, vertically shorter maxilla, relatively
wider upper face, and an antero-posteriorly elongated mandibu-
lar ramus and a low-set coronoid process when compared to small
temporalis proportion (Fig. 5).

3.3. Cranial response to masticatory loading

FEA results show that the distribution (not magnitudes) of
regions of high and low strains in the contour plots is very similar
between models, irrespective of their general cranial features. High
strains are found at the masseter and medial pterygoid insertions,
over the skeleton closely related to the biting tooth, the mandibular
fossae and, depending on bite location, the compact-bone struc-
tures surrounding facial cavities that form the facial buttresses
(Donat et al., 1998; Linnau et al., 2003). Thus, the largest strains
are located in the face. During I1 bites, relatively large strains are
found in regions close to the bite point; the alveolar process, nasal

notch, frontal process of the maxilla, mandibular fossa and ante-
rior palate. During M1  bites, strains are similarly greatest in the
region of the bite point but the palatal strains are low in both indi-
viduals (Fig. 6). The main differences between individuals are found
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Fig. 3. Principal components analysis of skull shape coordinates. Visualisations of variation represented by each PC are shown as warped surfaces and transformation grids
at  their positive and negative extremes. Warpings are with respect to the mean and have been magnified 1.5 times to improve visualisation.

Table 3
Relationship between skull and face shape and masticatory muscle CSAs and proportions of total muscle CSA.

Variable Structure PLS Regression

SV Correlation (r) p-Value RV p-Value R2 p-Value

Temporalis CSA Skull 1.11 0.76 0.20 0.16 0.37 0.06 0.37
Face  1.07 0.67 0.80 0.24 0.07 0.08 0.07

Masseter CSA Skull 1.23 0.60 0.91 0.11 0.83 0.04 0.83
Face  1.06 0.76 0.36 0.12 0.77 0.04 0.77

Medial pterygoid CSA Skull 1.66 0.72 0.38 0.17 0.36 0.06 0.37
Face  0.98 0.78 0.24 0.18 0.29 0.06 0.29

Temporalis proportion Skull 0.07 0.71 0.44 0.21 0.13 0.07 0.13
Face  0.07 0.81 0.12 0.29 0.02 0.09 0.02

Masseter proportion Skull 0.04 0.61 0.90 0.10 0.86 0.03 0.86

o
m
t
n
s
m

4

a
c
a

Face  0.04 0.68 

Medial pterygoid proportion Skull 0.06 0.68 

Face  0.05 0.71 

ver the maxilla during I1 biting; the orthognathic individual shows
arkedly lower values of strain (∼150 ��) over both vestibular and

he palatal aspects of the alveolar process compared to the prog-
athic individual, in which strains above 250 �� are present in the
ame regions (Fig. 6). During molar biting the individuals show a
ore similar distribution of regions of high strain.

. Discussion
The present work comprises two complementary studies
ssessing aspects of the relationship between skull shape and mus-
le force: (1) the association between skull shape and muscle CSA,
nd (2) cranial response to biting.
0.76 0.14 0.63 0.05 0.64
0.59 0.17 0.36 0.06 0.35
0.63 0.20 0.20 0.06 0.21

The first study tested the hypothesis that there is no associa-
tion between skull shape and masticatory muscle CSAs. None of the
tested relationships falsified this null hypothesis after Bonferroni
correction. Variations in temporalis muscle CSA with facial shape
show the strongest association, significant as a single test but not
overall. In this regard it should be noted that the sample size is too
small to have tested multiple associations between muscle CSAs
or proportions and facial form, given that these are unlikely to be
of much greater magnitude than we have found. The second study
aimed to understand how different skull morphologies, as observed

in the first study, differ in their cranial response to biting. We  tested
the hypothesis that crania with different morphologies show differ-
ent cranial responses to simulated biting. These findings are further
discussed below.
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Fig. 4. Association between skull shape and temporalis muscle proportion. Warpings of skull shape on SW1  scores. Individuals with a large temporalis proportion show an
a  short
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ntero-posteriorly elongated neurocranium and mandibular ramus and a vertically
mprove visualisation.

The first part of the present work failed to show any signifi-
ant association between skull or facial shape and muscle CSAs or
roportional CSAs; despite the significant association for the sin-
le test of temporalis proportion, this is not statistically significant
fter Bonferroni correction for multiple tests (Table 3). As noted
bove, this may  reflect lack of association, but it also could be the
esult of a small sample size and indicates that a future study should
xamine a larger sample and test only this association. Despite this,
here is evidence of a weak relationship between temporalis mus-
le CSA and skull and face shape that is at least consistent with
he location, anatomy and function of this muscle and anatomical
pace required to accommodate it. Among jaw-elevators, the tem-
oralis muscle has the largest CSA (Weijs and Hillen, 1984), the

ongest fibres, the largest PCSA and the largest mass of contractile
issue (van Eijden et al., 1997). A fully activated temporalis mus-
le or at least as activated as all the jaw-elevators, as it has been
eported to happen during both symmetric and asymmetric bites
Spencer, 1998; van Eijden, 1990), has therefore the greatest poten-
ial impact on bone morphology. This could occur by producing the

ighest strains at both the mandibular insertion and bite points.
he albeit insignificant association found here between tempo-
alis CSA as a proportion of total masticatory muscle CSA and facial
hape, namely the suggestion that large temporalis proportions are
er face. Surface warpings have been magnified three times respect to the mean to

associated with a relatively narrower, less prognathic, vertically
shorter maxilla and vice versa, is in agreement with previous stud-
ies using linear morphometrics. Thus, Weijs and Hillen (1986) have
also noted that temporalis and masseter CSA appear to be positively
correlated with facial width. With regard to the relationship found
between a relatively small temporalis proportion and a vertically
elongated skull and face, van Spronsen (2010) noted such an asso-
ciation and suggested that a long face is the result of a diminished
muscle force, product of small size and intrinsic strength. The lat-
ter would be produced by a high proportion of slow-twitch type I
muscle fibres, which produce less strength per unit area than type
II fibres.

In individuals with a large temporalis proportion, medio-lateral
and antero-posterior enlargement of the inferior opening of the
temporal fossa, may  provide space for a muscle with a large CSA.
The low position of the coronoid process and consequent more ver-
tical orientation of the temporalis have been suggested to increase
mechanical efficiency in the human masticatory system (Nicholson
and Harvati, 2006). In relation to the relationship suggested by the

present analyses between larger temporalis proportion and nar-
rower maxillae, there are few and inconclusive studies addressing
the mechanical impact of variations in maxillary width on masti-
catory mechanics. In women, a wide dental arch has been noted to
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ig. 5. Association between face shape and temporalis muscle proportion. Warpi
axilla is narrower and less prognathic than in individuals with a small temporalis 

n  individuals with large temporalis proportion. Surface warpings have been magni

e associated with a (medio-laterally) thicker masseter (Kiliaridis
t al., 2003), whereas no relationship between bite force and den-
al arch width was found in pre-adolescents (Sonnesen and Bakke,
005). It should be borne in mind, however, that a combination of
n orthognathic, less prognathic and wide maxilla at the posterior
eeth (and vice versa) may  result in deviations from the normally
ound elliptic–parabolic (in rough terms) maxillary arch (Burris and
arris, 2000; Ferrario et al., 1994), and therefore a narrow maxilla in

ndividuals with a large temporalis proportion may  not necessarily
e functionally significant.

As expected, the FEA showed that during both I1 and M1  bit-
ng high strains are found at the masseter and medial pterygoid
nsertions, over the skeleton closely related to the biting tooth, the

andibular fossae and the facial buttresses. These resemble the
esults of other FEA studies of human and non-human primates
Fitton et al., 2012; Gross et al., 2001; Jansen van Rensburg et al.,
012; Kupczik et al., 2009; Ross et al., 2011; Strait et al., 2009;
zwedowski et al., 2011; Wroe et al., 2010). Despite the differences
n morphology, the simulated bites strain both crania similarly in
erms of distribution; with strains over these regions varying in

agnitude. The exception is found in the maxilla; peak strains
ver it, particularly the alveolar process and palate, attain signif-

cantly lower values in the individual with the narrowest, most
ertically oriented maxilla, compared to the more prognathic indi-
idual. Since both models have practically the same centroid size
Table 2), these results are not likely to relate to size differences.
 facial shape on SW1  scores. In individuals with large temporalis proportion, the
rtion. In the mandible, the coronoid process is less prominent and in a low position
ree times respect to the mean to improve visualisation.

Variations in the morphology of the craniofacial skeleton in
modern humans have been associated with factors such as pop-
ulation history, geography, climate and diet (Strand Viðarsdóttir
et al., 2002; Lieberman, 2008; Noback et al., 2011; Smith, 2011;
von Cramon-Taubadel, 2011, 2013). von Cramon-Taubadel (2011)
showed that the shape of the mandible is significantly correlated
with diet, while the maxilla–palate complex is not when control-
ling for the effects of population history. Our results suggest that
the form of the maxilla could reflect masticatory system loading.
Although the association with jaw-elevator muscle forces is weak
overall, when the results of the two parts of the present study are
considered together they suggest a relationship between the mor-
phology of the maxilla and both the force input and cranial skeletal
deformation during biting. Although the nature of this relationship
cannot be fully elucidated by our study, it is plausible that the max-
illa tends to deform less in individuals with the ability to generate
large muscle forces (and hence, large bite forces). This requires fur-
ther studies with larger samples to better assess the veracity of
this association and if shown to be significant, how it arises dur-
ing ontogeny, if it reflects an ontogenetic adaptation to bite forces.
Thus clinical studies have shown that there is a close link between
the magnitudes and direction of both occlusal (biting) and mus-

cular forces. Among these, a relationship has been found between
occlusal interferences and the production of bruxism (Behr et al.,
2012), between the correction of inverted upper–lower molar rela-
tionships and mandibular movements during chewing (Piancino
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Fig. 6. Von Mises strain contour plots of FE models of crania with different neu-
rocranial and facial morphologies. The strain contour plots represent the cranial
response to simulated I1 and M1  bites. The orthognathic individual has a vertically
o
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d

Hannam, A., Wood, W.,  1989. Relationships between the size and spatial morphology
riented, narrow maxilla compared to the prognathic individual. Size of the models
s  not scaled.

t al., 2006), and between tooth replacement by implants and the
lteration of functional parameters (Meyer et al., 2012). These stud-
es highlight not only the importance of normal occlusal loads in

aintaining the functional health of the masticatory system, but
lso reflect the anatomical, functional, and thus likely ontogenetic
inks between occlusal forces and masticatory muscle function
hrough the periodontal tissue connecting teeth with the maxilla
nd the periodontal proprioceptors in it (Behr et al., 2012; Herring,
985; van Spronsen, 2010).

In conclusion, there is a weak relationship between jaw-elevator
uscle force parameters and skull morphology, although there

s weak support for an association between temporalis muscle
roportion and facial morphology. Among facial structures, the

hape of the maxilla has a marked effect on the magnitudes of
trains developed over the anterior maxilla during anterior bites; it
eforms less in the more orthognathic individual. An orthognathic
Anatomy 203 (2016) 59–68 67

maxilla is also present in individuals with a large temporalis mus-
cle proportion, suggesting a key role of the form of the maxilla in
the production and resistance of masticatory loads. Further studies
are needed in order to unravel this relationship.
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