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ABSTRACT
To carry out functional simulations of the masticatory system that

aim to predict strain magnitudes it is important to apply appropriate jaw-
elevator muscle forces. Force magnitude estimation from directly meas-
ured muscle physiological cross-sectional area or anatomical cross-
sectional area (CSA) is not possible for fossils and skeletal material from
museum collections. In these cases, muscle CSAs are often estimated
from bony features. This approach has been shown to be inaccurate in a
prior study based on direct measurements from cadavers. Postmortem
alterations as well as age changes in muscle form might explain this dis-
crepancy. As such, the present study uses CT images from 20 living indi-
viduals to directly measure temporalis and masseter muscle CSAs and
estimated cross-sectional areas (ECSAs) from bony features. The relation-
ships between CSAs and ECSAs were assessed by comparing mean values
and by examining correlations. ECSAs are up to 100% greater than CSA
and the means of these variables for each muscle differ significantly. Fur-
ther, ECSA is significantly correlated with CSA for temporalis but not
masseter. Cranial centroid size is only significantly associated with CSA
for temporalis. These findings indicate that ECSAs should be employed
with caution in simulations of human masticatory system functioning;
they do not reflect CSAs and it is plausible that this also applies to stud-
ies of closely related living and fossil taxa. When ECSAs are used, sensi-
tivity analyses are required to determine the impact of potential errors.
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INTRODUCTION

During biting, the forces produced by the temporalis,
masseter, and medial pterygoid muscles are key determi-
nants of masticatory system performance. Additionally,
these muscles apply forces to the masticatory system
and the strains they generate in skeletal tissues are
important in ensuring balanced growth (Scott, 1957;
Moss, 1962; Yoshikawa et al., 1994; DiGirolamo et al.,
2013). In simulating function, e.g. biting, using mechani-
cal analysis such as finite element analysis, accurate
muscle forces (Ross et al., 2005; Fitton et al., 2012;
Gr€oning et al., 2012) are required to reliably predict per-
formance parameters such as bite forces, skeletal
stresses, and strains. In studies of dry skeletons or fossil
material, muscle forces have to be estimated and this is
frequently done using bony features (Demes and Creel,
1988; Ant�on, 1990; O’Connor et al., 2005; Wroe et al.,
2010).

The maximum contractile force a muscle can generate
can be estimated from its physiological cross-section
area (PCSA). PCSA is defined as the total cross-sectional
area of all muscle fibres at a specified muscle length,
and muscle force is estimated as the product of PCSA
and the intrinsic strength of the muscle (Weijs and
Hillen, 1985a; Koolstra et al., 1988; O’Connor et al.,
2005). PCSA measurement is based on anatomical dis-
section (Koolstra et al., 1988; van Eijden et al., 1997;
Ant�on, 1999) or contrast-enhanced computed tomogra-
phy (CT) (Cox and Jeffery, 2011). Both can be impracti-
cal, for instance in studies of material from skeletal
collections. For humans, dissecting room specimens pro-
vide an opportunity to determine PCSA by dissection
(Koolstra et al., 1988; Ant�on, 1994; van Eijden et al.,
1997) but most commonly such material is from aged
individuals who may have experienced masticatory mus-
cle reduction due to either ageing, tooth loss, or both
(Newton et al., 1993; Mioche et al., 2004). Further, the
preservation process and/or postmortem changes may
impact on muscle structure (see Martin et al., 2001 for
postmortem changes in fiber length and pennation
angle). In addition, cadaveric material is most commonly
available only after it has been used for teaching, when
it may be too damaged to perform direct muscle force
estimation. However, computed tomography or magnetic
resonance imaging (MRI) allows direct measurement in
living subjects of muscle cross-sectional area (CSA; Weijs
and Hillen, 1986; Hannam and Wood, 1989; van Spron-
sen et al., 1992). Although CSA does not take account of
pennation it has been shown to correlate with PCSA in
jaw-elevator muscles (Weijs and Hillen, 1984) and so, to
offer a reasonable means of obtaining muscle force esti-
mates. As noted earlier, when muscles are absent as is
the case in studies based on skeletal specimens, bony
proxies are commonly used to estimate CSA and muscle
force, with the aim of inferring diet and ecology from
masticatory mechanics (Demes and Creel, 1988; Ant�on,
1990; O’Connor et al., 2005; Wroe et al., 2010). Ant�on
(1999) showed that PCSAs of jaw-elevator muscles have
low predictability from bony proxies in macaques. The
same author studied this relationship in 10 human
cadavers, showing a lack of correlation between PCSAs
and the sizes of masseter and medial pterygoid bone
attachment areas. Further, she found a weak relation-
ship between temporalis’ PCSA and the anteroposterior

length of the temporal fossa at the level of the zygomatic
arch (Ant�on, 1994). To date, no studies have been per-
formed in living humans comparing CSAs from CT scans
with estimated CSAs from bony proxies.

The aim of this study is therefore to assess the rela-
tionship between muscle CSAs and muscle areas esti-
mated from bony features visible in CT scans.
Additionally, the relationship of both variables to skull
centroid size is assessed in order to account for any gen-
eral size effect (Weijs and Hillen, 1986; Seeman, 2001)
and to assess predictability of muscle CSAs from this.
Averages of measured CSAs are provided as reference
data. Since our study is based on living individuals,
direct measurement from bone was not possible, and we
used virtual three-dimensional (3D) anatomical recon-
struction techniques to estimate muscle cross-sectional
areas (ECSAs). This approach is also appropriate for
skeletal remains with adherent soft tissues and for vir-
tually reconstructed fragmentary skulls such as fossils.
Further, 3D reconstruction of crania for studies of masti-
catory system functioning is increasingly common, using
methods such as finite element analysis (FEA) (Rayfield,
2007; Kupczik et al., 2009; Wroe et al., 2010) and multi-
body dynamic analysis (MDA) (Sellers and Crompton,
2004; Shi et al., 2012).

In the present study muscle CSAs, ECSAs, and the
centroid size of a configuration of landmarks on the
skull were used to test the null hypotheses that there
are no significant associations between directly meas-
ured muscle CSAs, ECSAs, and skull size. If this
hypothesis is falsified, ECSA can be considered a reason-
able approach for muscle force estimation in humans
where actual muscle anatomy cannot be directly
observed. If not, this raises methodological issues for
functional studies that use masticatory muscle ECSAs.

MATERIALS AND METHODS

This study uses the CT scans of 20 adult individuals,
11 women (aged 29–86 years) and 9 men (aged 38–72
years). The CT data were obtained from the Teaching
Hospital of the University of Chile (Hospital Cl�ınico de
la Universidad de Chile, Santiago de Chile) under their
ethical approval protocol for the use of patient data. The
images were taken using a Siemens 64-channel multide-
tector CT scanner equipped with a STRATON tube (Sie-
mens Somatom Sensation 64, Siemens Healthcare,
Erlangen, Germany) during prior medically required
investigations, unrelated to this study. The CTs belonged
to individuals without skull deformities or orthognatic
surgery, and had full or almost-full dentition (i.e.
absence of the third molar, occasional 1 to 2 postcanine
tooth loss). While MRI is the method of choice for imag-
ing soft tissues, bone is less well represented. Compute
tomograms have the advantage of providing good quality
representation of both bone and muscle (see van Spron-
sen et al., 1989; Swash et al., 1995; Mitsiopoulos et al
1998 and ten Dam et al., 2012 for examples). Scans were
taken with jaws closed, which is important because this
allows landmarking of cranium and mandible in the
knowledge that the dentition is always in or very close
to occlusion. Clenching, which would impact on muscle
cross-sectional area, is unlikely to have occurred during
imaging; the imaging protocol dictates that patients are
asked to avoid doing this. However, clenching cannot be
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ruled out with certainty. Further, the extent of anatomi-
cal coverage in the CTs differs among patients, and most
of the scans in the sample lack a complete mandible.
The primary reconstruction of images for the purpose of
selection of suitable scans was performed using Syngo
Multimodality Workplace (Siemens Healthcare, Erlan-
gen, Germany). Average voxel size was 0.43 3 0.43 3
1 mm (range 0.39–0.46 3 0.0.39–0.46 3 1 mm). The
selected image stacks were then exported as DICOM
files for their use in this study.

Three-dimensional skull morphologies were recon-
structed from the CT volume stacks using Avizo v. 7.0.1
(Visualization Sciences Group, Burlington). Semiauto-
mated segmentation of CTs based on gray-level thresh-
olds to separate bone from surrounding tissues and air
was undertaken. This was then refined where necessary
by manual segmentation to ensure complete skeletal
anatomical reconstruction of measured regions. Skull
surfaces were generated and saved as Wavefront files.

Skull centroid size was computed from 59 facial and
neurocranial landmarks placed on the reconstructed 3D
surfaces using the EVAN Toolbox v. 1.62 (http://www.
evan-society.org/). Due to the lack of a complete mandi-
ble in most of the CT images, only the upper half of the
ramus was included. The landmarks are shown in Fig. 1
and listed in Table 1. The centroid size of the landmark
configuration, was calculated for each individual as the
square root of the sum of the squared distances of land-
marks from their centroid (Zelditch et al., 2012).

The procedure to estimate the CSA of masticatory
muscles from CT scans was based on Weijs and Hillen
(1984).

CSA of the Temporalis Muscle

The CSA of the temporalis muscle was estimated by
reference to the Frankfurt Plane (FP), which passes
through left infraorbitale, and left and right porion.
Weijs and Hillen (1984), in a sample of human cranial
MRI scans found that the largest temporalis muscle
CSAs are found in planes that lie 4 to 16 mm above and
parallel to the FP (mean 10 mm). Because skulls vary in
size it was decided in this study not to estimate CSA
using a sectioning plane at a fixed distance above FP.
Instead, the sectioning plane used was standardised to
be parallel to the FP and pass through the most medial
point of the infratemporal crest. This is identifiable on
all specimens and lies well within the region in which
Weijs and Hillen (1984) found CSA to vary little (4–
16 mm above FP). The CSA was estimated as the aver-
age of the muscle cross-sectional area in this sectioning
plane and in the two planes (�1 mm) immediately above
it (Fig. 2a,b).

CSA of the Masseter and Medial Pterygoid
Muscles

For the masseter and medial pterygoid muscles, the
defined sectioning plane was based on the prior work of
Weijs and Hillen (1984) who found the largest CSAs of
both muscles to lie 25 mm above the mandibular angle.
Further, they noted that CSA is largely unchanged in
planes ranging between 12 and 30 mm below the zygo-
matic arch. In the present sample, the mandibular angle

could not always be used due to its absence in CT scans.
However, the lingula was identifiable in all scans and
lies within the range of distances from the zygomatic
over which CSA changes little (Weijs and Hillen, 1984).
The most posterior point at the base of the lingula was
therefore chosen as the reference level for the sectioning
plane. Masseter and medial pterygoid CSAs were esti-
mated by averaging CSAs from this sectioning plane
and two planes that lie �1 mm above and below it
(Fig. 2c–e).

For temporalis, masseter, and medial pterygoid, to
limit errors associated with the definition of muscle con-
tours, the CSA in each section was measured three
times and the values averaged.

The methods used to estimate the CSAs of jaw-
elevator muscles from bony proxies are based on O’Con-
nor et al. (2005) and Ant�on (1999). These estimates are
not true cross-sectional areas and as noted earlier, in
this paper they are referred to as estimated cross-
sectional areas (ECSAs).

Temporalis ECSA corresponds to the area enclosed by
the temporal fossa at the zygomatic arch in a plane par-
allel to the FP. The vertical position of this plane was
chosen to be at the level where bony boundaries are
most complete to minimise the need for estimation when
measuring areas (Fig. 3a,b).

Masseter ECSA is calculated as the product of the
width of the muscle and the length of the masseter ori-
gin on the zygomatic arch. The width of the muscle was
estimated as the medio-lateral distance between the lat-
eral edge of the zygomatic arch projected onto the FP
and the projection of the most posterior point at the base
of the lingula on the lateral surface of the mandibular
ramus (Fig. 3c,d). The length was directly measured on
the 3D reconstruction (Fig. 3e).

To control for error, masseter ECSA was calculated
three times in each individual and these values were
then averaged. The temporalis area was estimated once
in each individual because it is traced directly and
almost completely along clear bony boundaries. The
medial pterygoid muscle was not included in this study
because its area of attachment on the mandible was
missing in many CT scans.

A preliminary ANOVA showed no significant effect of
side (i.e. left/right asymmetry) on the measurements
(Table 2). Hence the CSAs and ECSAs corresponding to
the right side of the head were used. Skull size is not
significantly associated with sex in the sample after
Bonferroni correction; therefore sexes were pooled.

As a first step, the square roots of CSAs and ECSAs
were calculated. This ensured the dimensions of all vari-
ables were the same; mm. These were used in subse-
quent analyses as were the centroid sizes. The normality
of the distributions of (square roots of) muscle CSAs and
ECSAs and of centroid sizes was assessed using a
Shapiro-Wilks test.

The hypothesis that there is no relationship between
muscle CSAs, ECSAs, and skull sizes, was tested
through a series of analyses. First, a t-test was used to
assess the difference between the mean square roots of
both CSAs and ECSAs. Second, to assess the significance
and degree of association between these measures of
area, Pearson’s correlation (r) was computed between
the CSA and ECSA of each muscle and centroid size to
assess potential associations with size. To assess the
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predictability of CSA by ECSA, the regression of CSA on
ECSA and the proportion of the total variance of the
square root of CSA explained (R2) by the square root of
ECSA and by skull centroid size was separately com-
puted for each muscle.

RESULTS

When CSA versus ECSA for temporalis and masseter
are plotted (Fig. 4) the scatters indicate that ECSA does
not reliably predict CSA in either muscle. Further, CSA
shows a stronger relationship with centroid size than

Fig. 1. Reconstructed skull surface and landmarks (described in Table 1). The lower portion of the man-
dible (in light gray) was absent in most of the sample, and therefore no landmarks were placed on it.
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does ECSA in the plots of Fig. 5. The descriptive statis-
tics relating to CSAs, ECSAs and skull centroid sizes
(CSize) are shown in Table 2. The assessment of accu-
racy in predicting muscle CSAs from bony proxies
showed that the means of CSAs and ECSAs are signifi-
cantly different in both the temporalis and masseter for
both males and females (Table 3). For temporalis,
ECSAs are approximately double CSAs. After Bonferroni
correction the correlation between temporalis CSAs and
ECSAs is significant (Table 3) while that for masseter is
not. However, predictability of CSA from ECSA, as
assessed by regression, was poor for both muscles.

DISCUSSION

The present study assessed the predictability of masti-
catory muscle CSAs from bony proxies and skull cent-
roid size in humans. The use of estimates of muscle
force based on areas derived from bony proxies is com-
mon in mechanical studies of the hominin masticatory
system (Demes and Creel, 1988; O’Connor et al., 2005;
Wroe et al., 2010). However, previous work in macaques
and modern humans has indicated that there are consid-

erable uncertainties in this approach (Ant�on, 1994,
1999).

Here we provide means and standard deviations of
muscle CSAs from a sample of living men and women.
The mean CSAs lie within the range of previous pub-
lished data based on medical images (Weijs and Hillen,
1985b; Hannam and Wood, 1989; van Spronsen et al.,
1989). The findings of this study indicate that muscle
CSAs and ECSAs differ considerably and the relation-
ship between them is weak and insignificant except for
the temporalis muscle. Using MRI instead of CT to mea-
sure muscle tissue would not necessarily improve the
observed relationship between CSA and ECSA since
prior studies have shown comparability of MRI- and CT-
based measurements of human masticatory muscle
CSAs (van Spronsen et al., 1989) and limb (Mitsiopoulos
et al., 1998). Our findings indicate that the use of bony
proxies is not a reliable approach to estimating mastica-
tory muscle CSAs in humans. This is in agreement with
Ant�on (1994) who found a low correlation between mass-
eter PCSA and the area estimated from bony proxies in
human cadavers. Ant�on (1994) also found low predict-
ability of temporalis PCSA from the anteroposterior
length of the temporal fossa at the zygomatic arch. In

TABLE 1. Landmarks used to calculate centroid size.

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 the medial pterygoid muscle.
55&58 Inferior pterygoid origin Most inferior point of origin of the medial pterygoid muscle.
56&59 Mid-pterygoid origin Midpoint along the area of origin of the medial pterygoid muscle.
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contrast we find that the mean cross-sectional area of
temporalis estimated from bony proxies differs from the
mean CSA but is significantly correlated with it. Ant�on

(1994) also found a weak relationship in Macaca between
directly measured PCSA and the estimated areas of tem-
poralis (Ant�on, 1994) and masseter (Ant�on, 1999).

Fig. 2. Selected planes used to measure CSAs of jaw-elevator muscles. (a) Plane for (b) temporal
muscles, (c) plane for (d) masseter and (e) medial pterygoid muscles.
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There is also a weak relationship between skull size
and both muscle CSA and ECSA. This is in agreement
with Weijs and Hillen (1986) who found the highest cor-
relations between CSAs and isolated facial metric traits
rather than those related to general size.

To our knowledge, this is the first study to assess the
accuracy of human temporalis and masseter CSA esti-
mation from bony proxies in a relatively large sample of
living humans. The characteristics of the sample did not
allow us to assess the predictability of medial pterygoid

Fig. 3. Planes used for ECSAs. (a) Plane for measurement of (b)
temporalis area, (c) reference plane for masseter area, estimated as
the product of the width and the length of the masseter origin. (d) The
“width” of the masseter area was defined as the mediolateral distance
from point 1 at the lateral surface of the mandibular ramus to point 3

which is projected vertically from the lateral edge of the zygomatic
arch (point 2) onto the plane. (e) The “length” of the masseter origin
was measured along the muscle scar on the zygomatic arch (high-
lighted area).
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CSA. However, Ant�on’s (1994) study of ten human
cadavers found that medial pterygoid PCSA is poorly
predicted from bony features, which leads us to expect
that this is likely also be the case for CSA. Whether the
findings of this study reflect a general pattern in prima-
tes, is unknown, although the work of Ant�on (1994,
1999) suggests that the situation in macaques mirrors
what is found in humans. The fact that the degree of
jaw-clenching could not be fully controlled in this study
may explain the lack of correlation between CSA and
ECSA in the masseter (Kiliaridis and K€alebo, 1991).
However, clenching would have increased apparent CSA
and so reduced the difference between this and ECSA in
both masseter and temporalis.

The lack of accuracy in the estimation of masticatory
muscle CSAs from bony proxies poses a dilemma for
researchers when muscle data are not available, such as
in studies of fossils and skeletal material. One solution

is to use CSA or PCSA values previously published for
the same species (e.g. for humans Reina et al., 2007;
Jansen van Rensburg et al., 2012) or related ones (Strait

TABLE 2. Descriptive statistics and effect of side and sex on measured CSAs.

Variable Sex N

Mean 6 SD Effects of sex and side (F-test)

Centroid size Left Right Sex P Side P

Temporalis F 11 – 475.8 6 58.6 517 6 66 511.6 6 80.6 2.62 0.11 0.05 0.82
CSA (mm2) M 9 – 488.5 6 44.5
Temporalis F 11 – 804.2 6 94.9 798.1 6 153.7 0.0007 0.98 0.16 0.69
ECSA (mm2) M 9 – 815.4 6 153.8 823.8 6 148.5
Masseter F 11 – 422.8 6 73.8 432.2 6 85.3 6.34 0.02 0.09 0.76
CSA (mm2) M 9 – 488.6 6 67.4 494.1 6 90.4
Masseter F 11 – 715.2 6 80.1 783.3 6 138.4 6.32 0.02 1.05 0.31
ECSA (mm2) M 9 – 729.9 6 134.1 850.2 6 113.5
Medial Pterygoida F 11 – 302.3 6 64.7 289.8 6 63.4 5.68 0.02 0.21 0.65
CSA (mm2) M 9 – 344.5 6 53.6 339 6 60
Skull F 11 491.2 6 14.2 – – 4.84 0.04 – –
CSize (mm) M 9 504.8 6 13 – –

F 5 female, M 5 male, SD 5 standard deviation.
aThe CSA values for the medial pterygoid are presented because they may be useful to other workers, but we were unable
to estimate areas from bony proxies for comparison because of limited anatomical coverage in the CT scans.

Fig. 4. Relationships between actual muscle CSAs and ECSAs. The
least square regression lines of CSA predicted by ECSA are shown for
each muscle.

Fig. 5. Relationships between (a) ECSAs, (b) CSAs and skull cent-
roid size. The regression lines of ECSA or CSA on centroid size are
shown for each muscle.
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et al., 2009; Smith et al., 2015). Nevertheless, attention
must be paid to possible differences in muscle architec-
ture between related primate taxa due to functional dif-
ferences, for example, in feeding behavior (Anapol et al.,
2008; Taylor et al., 2009) which could lead to errors in
PCSA and hence, force magnitude estimation. How
errors impact on resulting strain magnitudes (degree of
deformation) and distributions (mode of deformation)
has recently been explored in a macaque model by Fitton
et al. (2012). They found that with quite large variations
in muscle forces, that left the bite force unchanged, the
magnitude and mode of deformation of the facial skele-
ton distant from the zygomatic arch was little affected.
The magnitude of deformation of the zygomatic arch is,
however, very dependent on masseter force. Ross et al.
(2005) in a sensitivity analysis against in vivo data from
macaques found that the total applied muscle force has
a larger effect on FEA results, in terms of overall strain
magnitudes, than varying the relative magnitudes of
force among muscles. Thus, where muscle data can only
be obtained by estimation from bony proxies it is neces-
sary to carry out sensitivity analyses, varying force mag-
nitudes and relative forces among muscles, to assess the
likely impact of errors in model strain magnitudes and
distribution.

In conclusion, the results of this study suggest that,
although the temporalis CSA correlates significantly
with ECSA from bony proxies, jaw-elevator muscle CSAs
cannot be reliably estimated from bony proxies in
humans. Sampling of a wider range of species and the
inclusion of medial pterygoid muscles is called for to bet-
ter understand how generalizable these findings are.
The finding of low predictability of CSA and so muscle
force from bony proxies also calls for further studies
such as those of Ross et al. (2005) and Fitton et al.
(2012) in macaques to assess the impact of variations in
masticatory muscle force on mechanical analyses of
human fossils and archaeological material.
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