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ABSTRACT
The internal and external anatomy of the primate zygoma is central

to orofacial function, health, and disease. The importance of variation in
its gross morphology across extinct and extant primate forms has been
established using finite element analysis, but its internal structure has
yet to be explored. In this study, mCT is used to characterize trabecular
bone morphometry in two separate regions of the zygoma of humans and
Pan. Trabecular anisotropy and orientation are compared with strain ori-
entations observed in trabecular regions of finite element models of four
Pan crania. The results of this study show that trabecular bone mor-
phometry, anisotropy, and orientation are highly compatible with strain
orientation and magnitude in the finite element models. Trabecular bone
in the zygoma is largely orthotropic (with bone orientation differing in
three mutually orthogonal directions), with its primary orientation lying
in the mediolateral direction. Trabecular bone in the zygomatic region
appears to be highly influenced by the local strain environment, and thus
may be closely linked to orofacial function. Anat Rec, 299:1704–1717,
2016. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

The primate zygomatic bone is highly variable in its
shape and robusticity. One example of this variation is
found in fossil specimens of contemporaneous species of
australopithecines and early Homo. Gracile australopi-
thecines are characterized by wider zygomas than early
Homo, potentially a reflection of differences in dietary
ecology (Strait et al., 2009; Carrier and Morgan, 2015).
In the robust australopithecine Paranthropus boisei, it is
hypothesized that the anteriorly placed zygomatic root is
mechanically adapted to produce high bite force (Smith,
2015b). The variability observed in this region likely
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hinges on its major role in orofacial function; it is located
at a crucial junction between the zygomatic arch, orbital
wall, and tooth bearing snout. The zygoma functions as
a load bearing bone that resists and transmits masseter
muscle forces from the zygomatic arch, temporalis mus-
cle forces from the postorbital bar, and bite forces from
the tooth row during a wide range of feeding behaviors,
including incision and mastication. The most superior
projection of the primate zygoma forms the lower part of
the post-orbital bar, which expands into a postorbital
septum in all anthropoid primates. As part of the lateral
orbital wall, the bar and septum insulate the orbital con-
tents from movements originating in the temporal fossa
during temporalis muscle contraction and provide
attachment for jaw muscles (Cartmill, 1970; Ross, 1995;
Ross and Hylander, 1996; Ross and Wall, 2000).

In addition to benefiting our knowledge of craniofacial
form, function and development for living humans, char-
acterizing the gross and microscopic anatomy of this
region is vital to interpreting the diversity of zygoma
morphology in the primate fossil record.

Gross structural variation in the primate zygoma has
been investigated using the engineering method finite
element analysis (FEA). FEA is used to predict stress
and strain in complex objects. It has been performed on
human, chimpanzee and macaque crania, as well as fos-
sil crania, including Australopithecus africanus, Para-
nthropus boisei, and Australopithecus sediba (Richmond
et al., 2005; Kupczik et al., 2007, 2009; Strait et al.,
2007, 2009, 2010; Chalk et al., 2011; Groning et al.,
2011; Ross et al., 2011; Wang et al., 2012; Dzialo et al.,
2014; Smith et al., 2015a, 2015b; Ledogar et al., 2016).
The robust zygomaticoalveolar region characterizing
australopithecine crania was initially hypothesized to
serve as a pillar of support during the mastication of
hard food objects (Rak, 1983). Rak (1983) also hypothe-
sized that the lateral orbital wall was adapted to endure
tensile strain induced by temporalis and masseter mus-
cle usage, as in Homo and Gorilla (Endo, 1966, 1970,
1973). FE modeling of a macaque cranium demonstrated
a high concentration of compressive and tensile strain in
the anterior root of the zygomatic arch, medial to the
masseter muscle and largely lateral to the tooth row.
The vertical components of masseter muscle forces and
bite force subject the zygoma to shear stress, as sug-
gested by high tensile and compressive strains in the
anterior root of the zygoma (Ross et al., 2011). On the
basis of the high strains, the zygomatic bone may mani-
fest significant adaptations to resist bone stress and
strain because bone is weakest under shear (Ross et al.,
2011).

While the gross structural variation of the zygoma
has been investigated, the internal aspect of the region,
the subcortical, or trabecular bone, has yet to be
described. Assessing the characteristics and variation of
trabecular bone structure and the orientation of trabecu-
lae in the primate zygoma will aid in the interpretation
of the functional and adaptive significance of the zygo-
ma. Trabecular orientation in the post-cranial skeleton
is highly correlated with tensile and compressive strain
orientations. Furthermore, regions with greater trabecu-
lar density correspond to regions that experience greater
stress (Lanyon, 1973, 1974; Biewener et al., 1996; Pont-
zer et al., 2006). Micro-computed tomography is a highly
useful method of characterizing trabecular bone

architecture and has been used extensively in the study
of primate post-cranial bone (Hildebrand et al., 1999;
Fajardo and Muller, 2001; Ryan and Ketcham, 2002a,
2002c; Ryan and van Rietbergen, 2005; Maga et al.,
2006; Ryan and Krovitz, 2006; Fajardo et al., 2007; Cot-
ter et al., 2009; Griffin et al., 2010; Ryan and Walker,
2010; Ryan and Shaw, 2012) and mandibular bone (Gie-
sen et al., 2001; Giesen et al., 2004; van Ruijven et al.,
2005; Ryan et al., 2010a).

In addition to the interpretive value that the characteri-
zation of the subcortical region of the primate zygoma will
have on our understanding of the bone’s role in hominid
adaption and evolution, it may also benefit finite element
modeling of the region. The morphological complexity of
trabecular bone and the lack of tissue modulus data for
primate craniofacial trabecular bone has made the model-
ing of trabecular bone in FEMs difficult. Therefore, zygo-
matic regions of primate craniofacial FEMs are modeled
as solid regions using isotropic elastic properties (E 5 637
GPa, v 5 0.28) obtained from trabecular bone within the
human tibia (Ashman et al., 1989; Strait et al., 2009). We
know that the precision of FE modeling is improved when
region-specific orthotropic elastic properties obtained from
cortical bone are used (Dechow and Hylander, 2000; Rich-
mond et al., 2005; Strait et al., 2005), and this is likely
also the case for trabecular bone elastic properties. Possi-
ble variation between primate species and regions of the
craniofacial skeleton should not be ignored.

The first aim of this study is to collect data on the
density and architectural properties of trabecular bone
in the zygomatic region of Pan and humans. Character-
izing the density and the primary orientation of trabecu-
lae is a critical first step in determining the on-axis
elastic properties (those measured along the principle
axis of orientation) of trabecular bone that could be used
in future finite element modeling. In this study we
describe the density of the whole zygomatic region (corti-
cal plus trabecular bone), and trabecular bone density,
architecture and fabric anisotropy in the zygoma of
humans and Pan using micro-computed tomography. We
compare bone volume fraction (BVF), trabecular separa-
tion, thickness and degree of anisotropy (DA), along
with primary orientations of trabeculae between two
human zygomatic regions (intraspecific) and between
one human and the corresponding Pan zygomatic region
(interspecific). A second aim of this study is to examine
relationships between primary trabecular orientation
determined by lCT analysis and patterns of strain in
the zygoma of four Pan FEMs (Smith et al., 2015a). We
expect to find that trabecular bone in the anterior root
of the zygoma, which undergoes high shear strain, will
be denser and have higher anisotropy than trabecular
bone in the lower postorbital wall.

We hypothesize that if the zygoma is adapted to orofa-
cial function, trabecular orientation will match primary
and secondary strain orientations in the Pan FEMs. The
gracile human craniofacial skeleton is likely adapted to
processing softer foods than Pan, possessing smaller
muscles of mastication, and also differs systemically,
being characterized by relatively low bone volume frac-
tion (Lieberman, 2011; Chirchir et al., 2015). We hypoth-
esize that trabecular bone morphometry in the human
zygoma will reflect these differences in diet, muscle mor-
phology, and cranial robusticity found between humans
and Pan. More specifically, we expect to find that
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trabecular bone in the zygoma of Pan will reflect greater
systemic cranial robusticity and greater muscle forces,
having higher bone volume fraction, greater trabecular
thickness, and greater anisotropy.

MATERIALS AND METHODS

In this study we analyze trabecular bone in humans
and their closest living relatives Pan. Comparing trabec-
ular bone in the zygoma of Pan and human may give us
some insight into the differences that existed between
humans and fossil hominids, as many fossil hominids
share cranial features with both humans and Pan (Lie-
berman, 2011). Bony zygoma regions, extending from
the lower zygomatic part of the postorbital wall, inferior
to the zygomaxillary suture, to the lower border of the
zygoma region (Fig. 1), were obtained from 10 human (2
females, 8 males, mean age 6 SD: 54.4 6 19.63), 4 Pan
troglodytes (2 adult females and 2 adult males), and 1
Pan paniscus (adult female) crania using a Stryker bone
saw and stored in equal amounts of isotonic saline and
95% ethanol. Findings for the Pan paniscus were
grouped with those of the 4 Pan troglodytes. Human cra-
nia were obtained from the willed body program at the
University of Texas Southwestern Medical Center. Pan
specimens were obtained from Yerkes Primate Center,
the Southwest National Primate Center, and the Ant-
werp Zoo (the bonobo).

Specimens were scanned in the saline ethanol solution
at Baylor College of Dentistry in Dallas, Texas using a
Scanco Medical mCT 35 (Scanco Medical, Basserdorf,
Switzerland) at a resolution of 37 mm, an energy of 70
kVp, a current of 114 mA, and an integration time of 400
ms.

Volumes of Interest

Upper and lower zygomatic trabecular volumes were
analyzed in the human specimens (Fig. 1). Because low-
er zygomatic regions in four out of five of our Pan speci-
mens contained dense cortical bone, with little to no
trabecular bone, only an upper volume was analyzed
(Fig. 2). The lower trabecular region consisted of the tra-
becular bone within the body of the zygoma. This region
was demarcated inferiorly and superiorly by upper and
lower boundaries of the temporal process of the zygoma.
The upper region consisted of trabecular bone in the
lower post orbital bar, inferior to the zygomaticofrontal
suture. The lower boundary was the lower corner of the
orbit and the upper boundary was the mid-point of the
post orbital wall. Trabecular bone regions were bounded
posteriorly and anteriorly by the bony cortical wall of
the zygoma.

All trabecular bone lying within each volume of inter-
est (VOI) was analyzed. In Table 1, we provide the aver-
age body mass (Smith and Jungers, 1997) and
trabecular bone volume that was analyzed for each spe-
cies. A side by side comparison of body mass to trabecu-
lar VOI is helpful as others have found that VOIs are
most accurate when scaled to body size (Fajardo and
Muller, 2001). In this study, we could not scale our VOIs
to body size because trabecular regions are small and
irregular. However, including all the trabecular bone
within the region acts as an alternative method to scal-
ing, as these regions are then determined by the

individual’s morphology and indirectly, body mass (Ryan
et al, 2010a; Lublinsky, 2007). Within each volume,
regions of trabecular bone were contoured by hand on
every 10th slice (37 mm in width). An analysis function
was used to morph this contour between every 10th slice.
An automatic contouring function was then applied to
the existing contour to create a systematic result, by set-
ting an inner and outer (inside the contour and outside
the contour) value of mg of hydroxyapatite (HA) per
cubic centimeter for the new contour to iterate. Once the
values are set, the Scanco Medical contouring function
will estimate the boundary between trabecular and corti-
cal bone. Each automatic contour was inspected for accu-
racy. If there was an error in the contour, it was altered
manually.

Segmentation

The Ridler and Calvard (1978) and Trussell (1979;
Ryan and Ketcham, 2002c; Ryan and Ketcham, 2002b)
method, provided by Scanco Medical as an image proc-
essing language script (IPL), was used to extract the
mineralized bone phase. The threshold for each speci-
men was therefore individualized (Table 2). A mCT tech-
nician at Baylor College of Dentistry conducts weekly
scans using a phantom bone specimen to calibrate densi-
ty values for the machine.

Micro-CT Analysis of Whole and
Trabecular-Only Zygomatic Regions

Bone volume fraction (BVF; marching cubes method),
and material and apparent density were determined for

Fig. 1. Human zygomatic bone rendered from a microCT scan
showing upper and lower regions of analysis.
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whole bone regions (including cortical shell and trabecu-
lar bone; based on gray values defined by a phantom
specimen) (Lorensen and Cline, 1987). Apparent density
describes the milligrams of hydroxyapatite per cubic cen-
timeter that include bone material and voids. The mate-
rial density describes the milligrams of hydroxyapatite
per cubic centimeter of the bone material excluding all
voids, or non-bone material.

Once contoured and thresholded, a pre-written IPL
script (Scanco Medical software) was applied to determine
degree of anisotropy (mean intercept length method), and
structure model index (triangulation method) which are
described in more detail below. Trabecular separation,
thickness, and number [distance transformation method
(Hildebrand and R€uegsegger, 1997; Hildebrand et al.,
1999)] connectivity density [Euler method (Odgaard and
Gundersen, 1993)], and bone volume fraction (BVF) are
also provided by the prewritten script. Degree of anisotro-
py (DA) is a unit-less description of how oriented the
bone material is. The mean intercept length method proj-
ects lines across the volume of interest and measures the
distances between the bone and void interfaces (White-
house, 1974; Harrigan and Mann, 1984). It then averages
these distances to determine the amount of bone aligned
in that direction. The direction with the greatest amount
of bone material is the primary orientation and is

provided as an eigenvector with a magnitude that is
described by the Scanco Medical system as “H2”. It then
projects lines in the mutually orthogonal directions to
measure the distance between bone and void interfaces.
The direction with the next to least amount of bone is the
eigenvector “H3” and the direction with the least amount
of bone is the eigenvector “H1”. In addition to providing
the relative magnitude, as described by the number of
the eigenvector, Scanco Medical provides the coordinates
of the eigenvector so that directionality can be deter-
mined. The DA is a ratio of the magnitude of H2 to H1 or
the amount of bone in the direction of primary orienta-
tion to the tertiary direction. Terms used to describe
types of cortical and trabecular bone anisotropy include
isotropy (where bone material is the same in three mutu-
ally orthogonal directions), orthotropy (where bone mate-
rial differs in three mutually orthogonal directions), and
transverse isotropy (where bone material is the same in
two of the three mutually orthogonal directions, but dif-
fers in the third). As calculated by the Scanco Medical
bone morphometric script, a low DA (close to 1), implies
that the bone is isotropic, whereas an increasing DA
(greater than 1), implies increasing orthotropy or trans-
verse isotropy. In this study, DA (H2:H1) is provided, but
the ratio of eigenvector magnitudes H2 to H1 and H3 to
H1 are also calculated to better characterize the type of
anisotropy in the region.

Structure model index (SMI) is a unit-less measure of
the “type” of trabecular bone (Hildebrand and
R€uegsegger, 1997; Hildebrand et al., 1999). The type of
trabecular bone can be described as rod-like, plate-like,
or honeycomb-like. An SMI at or nearing 3 is more rod-
like whereas an SMI at or nearing 1 is more plate-like.
A negative SMI describes trabecular bone that is very
dense and honeycomb-like, and might even be described
as highly porous cortical bone. Measures of the thickness
and separation of trabeculae are averaged from the vol-
ume of interest and measured in cubic millimeters,
whereas trabecular number measures the number of tra-
beculae per cubic millimeter. The connectivity density
describes the concentrations of connections between tra-
beculae in cubic millimeters.

Statistical Analysis

Significant differences in measures of trabecular mor-
phology by region between each species were determined

TABLE 1. Body mass and volumes of interest

N
Estimated Body

Weight (kg)

Trabecular
Upper Zygoma

VOI volume
(mm3)

Trabecular Low-
er Zygoma

VOI volume
(mm3)

Species m fm m fm m fm m fm

Homo sapiens 8 2 Mean 72.1 62.1 257 341 993 1657
SD 11.4 9.88 191 151 625 427

Pan troglodyte 1 3 Mean 60 47.4 107 63
SD ua ua - 36

Pan paniscus 1 Mean 45.0 33.2 - 79
SD 8.4 4.2 - -

Estimated body weight means and S.D. in kg and trabecular bone volumes in mm3 are presented by species and number of
sample (n) for both male (m) and female (fm) (Smith and Jungers, 1997). “ua” values were unavailable. “-” values were not
measured.

TABLE 2. Individualized thresholds

Specimen Threshold (HU)

Human 992 478.2
Human 1087 496.1
Human 1095 336.9
Human 1099 472.8
Human 1103 552.5
Human 1107 444.8
Human 1111 502.6
Human 1115 405.4
Human 1119 561.4
Pan 1037 447.3
Pan 2845 539.4
Pan 2849 544.1
Pan 2933 540.7
Pan 3990 478.8

Thresholds in Hounsfield Units (HU) as determined by the
Ridler and Calvard (1979) and Trussell (1979) method are
reported here for all 5 Pan and 10 Homo specimens.

INTERNAL ZYGOMATIC BONE ARCHITECTURE OF HUMAN AND PAN 1707



Fig. 2. A: Rectangular regions measuring approximately 25 mm2

and 10-mm thick of trabecular bone rendered from human lower zygo-
matic body regions, showing individual and intraspecific variability in
trabecular structure throughout this region. B: Transverse section of a
mCT scan of a human zygomatic body (1, 2) showing plate-like trabec-
ular structure in the lateral end transitioning to more sparse rod-like

trabecular bone in the medial region. C: Transverse section of mCT
scan of two Pan specimens, with (C1) trabecular bone and without
(C2). Specimens were scanned in a saline alcohol solution; the darker
spots in (C1) and (C2), including the large black area in (C2) represent
air pockets that were trapped in the sample tube.
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by Mann-Whitney U tests (IBM SPSS Statistics Ver-
sion 22, Armonk, NY). Intraspecific differences between
the two human regions were explored using the Wil-
coxon sign test (SPSS). Primary, secondary, and tertia-
ry eigenvectors (H2, H3, and H1, respectively) were
plotted relative to basic Frankfurt horizontal anatomi-
cal axes using OriginLab Pro (OriginLab, Northhamp-
ton, MA). Oriana (Kovach Computing Services,
Pentraeth, Wales, UK) was used to calculate mean
angle and standard deviations for each eigenvector.
Significance of each mean angle was tested using Ray-
leigh’s test (performed in Oriana) for uniformity and
intra and interspecific significant differences were test-
ed using the Watson-Williams F test for multiple com-
parisons (P� 0.05) (performed in SPSS) Wang and
Dechow, 2006; Zar, 1999).

Finite Element Analysis of the Pan Zygoma

This study utilized 4 Pan cranial FEMs and their cor-
responding analyses to capture the internal strain pat-
terns in the zygoma during orofacial function, describing
primary, secondary, and tertiary strain (Smith et al.,
2015a). The FE models were built from 4 CT scans rep-
resenting the morphological extremes of a collection of
19 Pan cranial specimens. The models incorporated
region-specific values of cortical bone properties and
muscle force for the anterior temporalis, deep and super-
ficial heads of the masseter and the medial pterygoid
(Strait et al., 2009; Smith et al., 2015a). The cortical
bone elastic values were all acquired using ultrasound
from one of the female Pan specimens (See Smith et al.,
2015a) used in the morphometric analysis of this study
(different from the Pan CT scans that were used to cre-
ate the FEMs) and reported, along with the mechanical
properties of the remaining four Pan crania (making a
total of five Pan crania), by Gharpure et al. (in press) in
this issue of the Anatomical Record. Trabecular regions
were represented as solid separate objects. Isotropic tis-
sue modulus values obtained from human tibial trabecu-
lar bone were assigned to these objects (Ashman et al.,
1989). Finite element analysis was performed on each
model by Smith et al. (2015a), with constraints at both
left and right temporomandibular joints. Bite point
forces were applied at the third premolar and the second
molar. For this study, in order to describe the strain ori-
entations in the trabecular region of the FEA results,
the cortical bone was hidden revealing the trabecular
objects and their strain vectors [See Smith et al.
(2015a)]. In the results section, primary, secondary and
tertiary strain orientations and relative magnitudes

from these FE models are described and discussed rela-
tive to our mCT determinations for trabecular orienta-
tions and bone density.

RESULTS

mCT Analysis of the Zygoma

This study analyzed two regions of the zygoma,
including an upper region, contained in the lower post-
orbital bar above the level of the anterior root of the
zygomatic arch, and a lower region, lying directly medial
to the anterior root of the zygomatic arch. Differences in
trabecular bone type and volumes were visible in most
individuals of the human sample across the zygomatic
body and between humans and Pan. Figure 2A demon-
strates the variation in trabecular structure found
among our human sample in the zygomatic body and
includes trabecular bone from the same individual and
from different individuals (which lies adjacent to the
temporal process of the zygomatic bone). One human
lower zygomatic bone did not contain trabecular bone
and was not analyzed. Furthermore, trabecular bone
type appeared to differ across the human zygomatic
body from lateral to medial, such that plate-like trabecu-
lar bone tends to lie parallel to the cortical surface in
the lateral region of the zygomatic body, but tends to
thin out and become more rod-like in the medial region
of the zygomatic body. Figure 2B1,B2 not only show the
relatively large region of trabecular bone found within
the zygomatic body in two of our human specimens, but
demonstrate this pattern of trabeculae. Despite this
obvious medio-lateral variation, we performed our mor-
phometric analyses on the zygomatic body as a whole
because objective demarcation of medial from lateral
regions was not possible. Instead, we noted what might
be major differences in strain across the zygomatic body
associated with these differences in trabecular bone type
and orientation.

Additionally, large differences between the zygomatic
body (lower region) between our human and Pan sam-
ples were observed. Lower zygomatic regions in Pan
were for all but one specimen nearly filled in with dense
bone, leaving no discernable trabecular region for analy-
sis. Figure 2C1 is a cross section of the one Pan individ-
ual that contained trabecular bone within the body of
the zygoma. Figure 2C2 is a cross section of the body of
a Pan zygoma that is representative of the remainder of
the sample. Both human and Pan samples contained dis-
cernable trabecular bone regions in the upper zygoma/
lower post-orbital bar.

TABLE 3. Zygomatic density of whole bone

BVFa
Apparent density

(mg HA/cm3)
Material density

(mg HA/cm3)

Species Location Mean S.D. Mean S.D. Mean S.D.

Homo Upper Zygoma 0.83 0.08 819 77 979 27
Pan Upper Zygoma 0.93 0.04 898 69 966 47

Bone volume fraction (BVF; to the nearest hundredth), and apparent and material density (to the nearest mg of hydroxyap-
atite per cubic centimeter) for whole bone (cortical 1 trabecular bone) upper zygomatic regions.
aBVF is significantly different between Pan and Homo.
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Whole Bone Analysis

Before analyzing the trabecular region, we conducted
analysis on both cortical and trabecular bone in the
upper zygomatic region to look at differences in the over-
all density of the lower post-orbital region in humans
and Pan. Density measures of combined trabecular and
cortical bone regions of the upper zygoma found that
BVF (ratio of bone volume to total volume) is significant-
ly greater in Pan (P 5 0.008). While apparent density
(density of the bone material and voids) is greater in
Pan and material density (density of only bone material)
is greater in humans, these differences were not statisti-
cally significant (Table 3).

TRABECULAR BONE ANALYSIS

Interspecific and Intraspecific Comparisons of
Trabecular Bone Morphometry

Table 4 provides means and standard deviations of
trabecular bone morphometric variables in the upper
and lower human and upper Pan zygomas. Table 4 also
provides the results of the Mann-Whitney U significance
tests. Upper Pan zygoma regions have greater BVF
(P 5 0.005) and trabecular number (P 5 0.005), and sig-
nificantly less trabecular separation (P 5 0.013) relative
to upper human zygoma regions.

Wilcoxon tests for intraspecific differences between
upper and lower human zygoma regions found signifi-
cant differences in degree of anisotropy (P 5 0.015), con-
nectivity density (P 5 0.021), and material density
(P 5 0.015). Lower human zygoma regions were more
anisotropic, but less materially dense and with lower
connectivity density (Table 4).

Material Distribution and Angular Orientation

Material orientation computed by our mCT analysis is
expressed by three eigenvectors: H2, which provides direc-
tion and magnitude of the primary orientation of trabecu-
lar bone material (the direction in which most bone
material is oriented); H3, which provides direction and
magnitude of the secondary orientation of trabecular bone
material; and H1, which provides direction and magnitude
of the tertiary orientation of bone material. Comparing H2
to H1 eigenvector magnitudes in each region shows that
the lower zygoma is more strongly oriented, having a
higher degree of anisotropy (Fig. 3A). Degree of anisotropy
only measures the ratio between 2 eigenvector magni-
tudes, so while it can determine if the bone is anisotropic,
it is inconclusive regarding the type of anisotropy (ortho-
tropy vs. transverse isotropy). Therefore, all three eigen-
vector magnitudes were compared (Fig. 3B–D). Trabecular
bone in the lower zygoma (human only) is more ortho-
tropic (mean eigenvector magnitudes differ in three direc-
tions, with eigenvector magnitude ratios of 1.87, 1.52, and
1.25) than the upper zygoma which is more transversely
isotropic (H2 and H3 eigenvector magnitudes are very
similar, their ratio averaging 1.18) (Fig. 3). This is demon-
strated in Figure 3 by observing the data points for each
ratio relative to the line y 5 x.

An important distinction between regions is that in
the upper zygoma, primary and secondary vectors are
closer in magnitude, while in the lower zygoma, second-
ary and tertiary vectors are closer in magnitude. This
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means that in the upper zygoma, bone material is more
strongly oriented in two directions, while in the lower
zygoma, material is oriented more strongly in one prima-
ry direction. Rayleigh’s test for uniformity was used to
determine significance in the orientation of eigenvectors,
testing the null hypothesis that eigenvectors angles are
randomly distributed. In the lower human zygomatic
region, average orientation of H2 (primary) vectors, was
significantly oriented (P< 0.001), lying in a mediolateral
direction, and nearly 90 degrees from an anteroposterior
(AP) and inferosuperior (IS) axes (Table 5; Fig. 4). In the
human upper zygomatic region, average orientation of
H2 was around 90 degrees away from the AP axis

(P< 0.001), while in the Pan upper zygomatic region,
average H2 was significantly oriented 72 degrees away
from the IS axis (P<0.01). Average secondary (H3) ori-
entation in the lower human zygoma varied only in the
sagittal plane, being significantly oriented 89 degrees
from the mediolateral direction (P< 0.001). In the upper
zygomatic region of humans and Pan, secondary orienta-
tions varied in their orientation only in the transverse
plane. Tertiary (H1) eigenvectors in lower and upper
human and upper Pan regions were significantly orient-
ed between 90 and 100 degrees away from the mediolat-
eral direction (P< 0.001), varying greatly in orientation
in sagittal plane (Table 5; Fig. 4). Both upper zygoma

Fig. 3. A: Degree of anisotropy across individuals in human
(upper zygoma,10 individuals; lower zygoma, 9 individuals) and Pan
(upper zygoma, 5 individuals). When considered together, ratios
between each of the three eigenvectors demonstrate the type of
anisotropy (transverse isotropy, orthotropy, and isotropy). For exam-
ple, if the H2 and H1 eigenvectors differ greatly, but the H2 and
H3 eigenvector are very similar, the trabecular structure can be
described as transversely isotropic (orientation differs in only two
orthogonal directions). Ratios are demonstrated using bivariate
plots of the primary vector of trabecular orientation (H2) to the

tertiary (H1) vector of trabecular orientation (B), of the primary vec-
tor of trabecular orientation (H2) to the secondary (H3) vector of
orientation (C), and of the secondary vector of orientation (H3) to
the tertiary (H1) vector of orientation (D). For each bivariate chart,
a line (x 5 y) demonstrates a one to one ratio. In other words, data
points that fall on this line are those where there is no difference
in magnitude between the two eigenvectors. The outlier in each
bivariate plot is a human male with a higher bone volume fraction
than most in the sample, which explains a greater magnitude in
associated eigenvectors.
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human and Pan H3 orientations were significantly ori-
ented nearly 90 degrees from the mediolateral axis and
H3 was significantly oriented 106 and 99 degrees,
respectively, from the inferosuperior axis.

Watson-Williams F tests detected a significant differ-
ence in angular orientation between upper zygomatic
regions of human and Pan for H2 (P 5 0.003) and H1
(P< 0.001). Significant differences were found in H2
(P< 0.001) and H1 (P 5 0.02) orientations between upper
and lower human zygomatic regions.

Finite Element Modeling of the Internal
Zygoma of Pan

Overall patterning of strain orientation in the working
side zygoma of the Pan finite element models did not dif-
fer much between individuals or between PM3 and M2
biting. In the zygomatic body of the Pan finite element
models, there appears to be two patterns of primary and
secondary strain orientation on the biting side, differing
laterally to medially. More laterally, near the temporal
process of the zygomatic bone, primary and secondary
strain tensors fall in a transverse plane. The primary
tensor (tension) lies in the mediolateral orientation with
a slight anteroposterior tilt. The secondary tensor (com-
pression) lies mediolaterally, with a superior tilt at its
lateral end (Fig. 5). Towards the medial border of the
zygomatic body, the primary tensor (tension) lies medio-
laterally, while the secondary tensor (compression) lies
superoinferiorly.

In the upper zygomatic region, both primary (Fig. 5A)
and secondary (Fig. 5B) strain tensors undergo large
changes in orientation moving inferosuperiorly. At the
lower end, tension is directed along an inferosuperior
axis and gradually changes to an inferomedial-
superolateral orientation. Compression is found along a
mediolateral axis in the lower end of this region and
it gradually shifts to an inferolateral-superomedial direc-
tion (nearly superoinferior). Additionally, vectors in this

region are much smaller in magnitude compared to the
zygomatic body (Fig. 5).

DISCUSSION

In this study, we used micro-computed tomography to
characterize cortical and trabecular bone density, archi-
tecture and fabric anisotropy in the zygoma of humans
and Pan. We hypothesized that trabecular bone in the
anterior root of the zygoma (lower zygomatic region of
our analysis), which undergoes high shear strain, will be
denser and have higher anisotropy than trabecular bone
in the lower postorbital wall (upper zygomatic region of
our analysis). Our results only partially support this
hypothesis. Trabecular bone in the anterior root of the
zygoma (lower zygoma region) is significantly more
anisotropic than trabecular bone in the lower post-
orbital bar. Trabecular bone in the human upper zygo-
ma/lower post-orbital bar was significantly more materi-
ally dense (higher mg HA/cm3) and had significantly
greater connectivity density compared to trabecular bone
in the lower zygomatic region of humans. However, our
qualitative findings suggest that in our chimp sample,
lower zygomatic regions are denser overall than upper
regions, containing virtually no trabecular bone in all
but one Pan.

Additionally, we hypothesized that if the zygoma is
functionally adapted to orofacial function, trabecular ori-
entation, especially in our Pan specimens, should match
primary and secondary strain orientations in the Pan
FEMs. The results of this study are consistent with this
hypothesis, finding that trabecular bone alignment is
significantly oriented in a mediolateral direction, corre-
sponding to the primary (tension) strain tensor observed
across the anterior root of the zygoma in our Pan FEMs.
In the more lateral region, primary and secondary strain
tensors form a transverse plate of shear strain, while
more medially, secondary strain transitions from an
anteroposterior orientation to an inferosuperior

TABLE 5. Orientation of trabeculae

Species Site Mean S.D P Mean S.D P Mean S.D P

Primary H2-Inferosuperior Axis H2-Anteroposterior Axis H2-Mediolateral Axis

Homo L 92 11 <0.001 87 11 <0.001 0 16 <0.001
U 51 35 0.081 94 13 <0.001 134 61 0.890

Pan U 72 14 0.01 154 41 0.56 76 31 0.220

Secondary H3-Inferosuperior Axis H3-Anteroposterior Axis H3-Mediolateral Axis

Homo L 122 48 0.62 139 38 0.274 89 10 <0.001
U 106 29 0.018 101 50 0.585 110 40 0.22

Pan U 99 9 0.003 88 33 0.290 177 38 0.45

Tertiary H1-Inferosuperior Axis H1-Anteroposterior Axis H1-Mediolateral Axis

Homo L 36 38 0.263 64 42 0.39 92 12 <0.001
U 78 41 0.232 28 60 0.85 90 23 0.001

Pan U 21 5 0.002 89 18 0.026 99 7 0.002

Mean angle orientations and standard deviations rounded to the nearest degree and Raleigh Test of significance P value of
the primary eigenvector H2, secondary eigenvector H3, and tertiary eigenvector H1 from inferosuperior, anteroposterior,
and mediolateral axes in Homo and Pan upper (U) and lower (L) zygomatic regions (P� 0.005).
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orientation. The average trabecular bone material orien-
tation across the region (lateral to medial) showed great-
er variability in secondary and tertiary material
orientation eigenvectors. This finding would be expected
based on the variability observed in the secondary strain
tensor in our Pan FEMs. Material orientation in the
lower post-orbital bar/upper zygomatic region was also
consistent with strain orientation patterns in our Pan
FEMs. We found little significance in trabecular

material orientation: in Pan, primary orientation of tra-
becular bone was significantly oriented relative to the
inferosuperior axis, while in humans, primary trabecular
orientation was significantly oriented 94 degrees from
the anteroposterior axis. In our Pan FEMs, primary and
secondary strain tensors appear to be undergoing a tran-
sition in orientation, which would predict greater vari-
ability of trabecular material orientation in this region.
Furthermore, the greater anisotropy observed in the

Fig. 4. Anterior view of primary (black), secondary (red), and tertiary (blue) vectors of trabecular orienta-
tion in the human lower zygoma (zygomatic body) superimposed on a mCT rendering of the human zygo-
ma. The lateral perspective shows that secondary and tertiary eigenvectors vary in a sagittal plane, and
demonstrate the consistency of primary vector in the mediolateral direction.
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lower zygoma is consistent with a greater number of
strain tensors with higher magnitudes of tension in this
region compared to the upper zygoma.

Regarding interspecific differences in trabecular mor-
phometry, we hypothesized that Pan zygomatic regions
would be characterized by greater bone volume fraction,
trabecular thickness, and high anisotropy. Our results
support this hypothesis. We found that trabecular bone
in the upper Pan zygoma is characterized by significant-
ly higher bone volume fraction and trabecular thickness.
Degree of anisotropy was higher in Pan, but this differ-
ence was not significant. The differences we observed
between the lower zygomatic regions also support this
hypothesis.

Currently, trabecular bone in the zygoma is being
modeled as a solid region using isotropic elastic proper-
ties obtained from the human tibia (E 5 637 GPa,
v 5 0.28) (Ashman et al., 1989). The results of the cur-
rent study suggest that trabecular bone in the zygomatic
region of humans and Pan differs drastically in bone
type (as described by structure model index), density,
trabecular thickness, and anisotropy compared to human
tibial trabecular bone. Relative to that in the tibia, tra-
becular bone in the zygomatic region is more plate-like,
has higher bone volume fraction, greater trabecular
thickness, and lower anisotropy (Ding et al., 2003).
Determining the elastic properties of trabecular bone
from the zygomatic region would be challenging, but
replacing these values with more realistic ones would
likely improve the accuracy of finite element analysis of
the primate craniofacial skeleton. Furthermore, we
found that 4 out of 5 of our Pan specimens did not have
trabecular bone volumes in the zygomatic body, while all

of the Pan FE models used contained sizable trabecular
bone regions within the zygomatic bone. Zygomatic body
trabecular regions in the four Pan finite element models
were created from CT scans of entire chimpanzee crania
and are of a much lower resolution. The resolution of
the CT scans may not have allowed proper determina-
tion of the size and extent of the trabecular region in the
zygoma of the four Pan FEA crania, or this may result
from intraspecific variation. The results of this study
cannot provide a satisfactory answer. An important goal
of future work is to determine the extent of this variabil-
ity across populations of Pan; perhaps, in Pan FEMs,
the lower zygomatic body would be better modeled as a
thick plate of bone with no trabecular volume.

Inter and Intraspecific Differences in
Trabecular Morphometry

In primate postcranial regions, trabecular BVF, thick-
ness, and separation increase with increasing body size,
but with negative allometry (Ryan and Shaw, 2013). Pat-
terns of trabecular bone morphometry appear to be
related to taxonomic order, such that Old World mon-
keys have relatively thick and sparse trabeculae where-
as apes have a greater number of comparably thin,
densely packed trabeculae. In this study, we found that
some variables (BVF, trabecular number, and trabecular
separation) differ significantly between species, while
other variables (degree of anisotropy, connectivity densi-
ty, and material density) differ significantly across ana-
tomical locations. Consistent with previous studies, Pan
had greater trabecular BVF, which was likely the result
of a higher number of trabeculae with lower trabecular

Fig. 5. A: Anterior view of left zygomatic trabecular region from the biting side of a Pan finite element
model (PC1-), demonstrating primary strain (tension) in the upper and lower zygomatic regions during
molar biting. Strain magnitude in the upper zygomatic or postorbital region is lower than in the lower/
zygomatic body region. B: Anterior view of the left zygomatic trabecular region showing secondary strain
(compression) in upper and lower zygomatic regions.
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spacing. The statistically smaller BVF found in our
human sample is consistent with other human cranial
(Pryor, 2015) and post-cranial (Chirchir et al., 2015)
regions where trabecular bone is approximately 50%–
75% the BVF of Pan.

Variables that were significantly different between
species were not the same variables that we found to dif-
fer significantly between locations. Variables that dif-
fered significantly between human zygomatic locations
included degree of anisotropy, connectivity density, and
material density. This finding suggests that some mor-
phometric variables (like BVF) are more likely systemic,
while others are more influenced by the local strain
environment. This observation is useful for interpreting
the meaning behind such variation. For example, if BVF
is more of a systemic variable, then it may not be safe to
assume that the resulting increase in strength due to
increasing BVF is functionally significant at that specific
location. On the other hand, looking at changes in BVF
of trabecular bone between regions of the same species
may indicate that differences in BVF are related to func-
tion. In the case of the primate zygoma, increases in the
BVF of trabecular bone regions in the lower zygoma that
lead to completely dense zygomatic regions may allude
to the functional need of the lower Pan zygoma to be
stronger than the human zygoma, which has large, high-
ly trabeculated lower zygomatic regions.

The Relationship between Bone Material
Orientation and Strain in the Craniofacial
Skeleton

Using finite element models of four Pan crania under-
going molar and premolar biting, we described primary,
secondary, and tertiary strain orientations in upper and
lower trabecular bone regions. We observed the
following:

1. Primary and secondary strain orientations on the
working side are similar across all four models.

2. On the working side lower zygomatic region near the
anterior root of the zygomatic arch we observed pri-
mary (tension) and secondary (compression) strain of
a high magnitude lying in a transverse plane.

3. Moving medially across the lower zygomatic region of
the working side, primary and secondary strain ten-
sors change such that primary strain is oriented in
the mediolateral direction and secondary strain is ori-
ented in the superoinferior direction and strain mag-
nitudes decrease overall.

4. In the upper zygomatic region of the biting side, pri-
mary and secondary strain orientations are more vari-
able. However, each lie nearly orthogonal to one
another in the coronal plane, each approximately 45
degrees from the inferosuperior axis.

5. The lower zygomatic body is characterized by strain
of a higher magnitude compared to the upper zygo-
matic region. On the whole, this region has higher
primary or tensile strain tensors than secondary or
compressive strain tensors.

The relatively high degree and consistent mediolateral
orientation of tension across the lower zygoma would
predict that this region of the zygoma should be charac-
terized by higher anisotropy and that the primary

eigenvector should lie in the mediolateral direction and
be much larger than secondary and tertiary eigenvec-
tors. The results of our mCT analysis are highly consis-
tent with these predictions. One possible explanation for
the thick cortical plate that characterized four out of five
of our Pan specimens is that greater strain magnitudes
that would be expected in Pan would lead to the filling
in of bone in the coronal plane. Furthermore, we
observed a transition in trabecular bone type moving lat-
eral to medial in most of our human sample, such that
the thick coronally oriented plates found in the more lat-
eral region of the zygomatic body thin out and become
shorter in the more medial region of the zygomatic body.
Compressive strain orientations in the superoinferior
direction forming in this region would predict this tran-
sition. The lack of significance in most of the angle ori-
entations in the upper zygomatic region and the lack of
consistency between human and Pan primary orienta-
tions would be predictable based on the variability of
strain orientations in the Pan FEMs. Additionally, mod-
erate and proportionate primary and secondary strain in
this region predict that primary and secondary trabecu-
lar orientations would be similar in magnitude, as was
observed.

Trabecular bone type in both upper and lower zygo-
matic regions was plate-like. Plate-like trabecular bone
structure has been observed in other regions of the pri-
mate craniofacial skeleton, including the mandibular
condyle and the supraorbital region (Giesen and van
Eijden, 2000; Pryor, 2015). In the mandibular condyle
and the supraorbital region, bony plates are oriented in
the sagittal plane, whereas in the lower human zygo-
matic region, plates are observed in the mediolateral
direction, falling in the coronal plane. Furthermore,
inconsistencies between the supraorbital and lower zygo-
matic region are found in the variability of each eigen-
vector. In the lower zygomatic region, the primary
eigenvector lying in the mediolateral direction is the
most consistent. In the supraorbital region, the medio-
lateral eigenvector is also the most consistently oriented,
however, it comprises the tertiary eigenvector, which
describes the least amount of bony material (Pryor,
2015). In both cases, the most consistent alignment
occurs near the direction of primary strain in the Pan
FEMs. Giesen et al. (2001) hypothesize that trabecular
structure in the mandibular condyle is adapted to
endure low stress from multiple directions, as opposed to
unidirectional loads of high magnitude as observed in
the zygoma (van Ruijven et al., 2002; Giesen et al.,
2004). Our findings in this paper, combined with those
reported elsewhere, support this hypothesis: trabecular
bone orientation and anisotropy in the zygoma differs
from that observed in the condyle and the supraorbital
region (Pryor, 2015).

SAMPLE AND LIMITATIONS

Our human sample contained more males than
females and our chimp sample contained more females
than males. We had at least three human individuals
over the age of 70 (one individual’s age was unknown),
and one adult under the age of 40. We did not test the
effects that age or sex played on the BVF of our sample
(Aaron et al., 1987; Goldstein et al., 1993; Kneissel
et al., 1994; Fajardo and Muller, 2001). Because of our
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sample size, it was difficult to tell if the data was nor-
mally distributed. This led us to perform nonparametric
statistics to decrease the likelihood of type 1 error.

Trabecular bone analysis is subject to oversampling
error. Ideally, VOIs should therefore be scaled to body
size (Fajardo and Muller, 2001). In this study, we were
limited by small regions of trabecular bone and large
interspecific variations in the amount of trabecular
bone. We therefore were not able to scale regions by
body size, but instead analyzed all trabecular bone with-
in each region. While our VOIs were influenced by body
size across the individual and species level (Lublinsky
et al., 2007; Ryan et al., 2010a), comparison of our tra-
becular VOIs and mean body size found large inconsis-
tencies. This is likely attributable to differences in
morphology between humans and Pan: for example, Pan
upper zygoma regions were generally shorter than upper
zygoma regions in humans. Trabecular volumes in the
upper zygoma are fairly small and in some individuals it
was difficult to determine the cortical and trabecular
bone interface. As noted in our results, we observed dif-
ferences in the lateral and medial regions that were dif-
ficult to quantify because there are not appropriate
anatomical landmarks to demarcate these regions and
there is gross morphological variability between species
and individuals. This is a limitation common to all tra-
becular bone studies and is best addressed through
acknowledgement, transparency, and a description of the
variability. We used a standard method of outlining tra-
becular regions, as described in our methods, to help
cope with this limitation.
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