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ABSTRACT
The material properties of cortical bone from the diaphyses of long bones (e.g., the femur

and tibia) vary by direction, such that bone is stiffer and stronger along its long axis. This
configuration improves the abilities of these structures to resist axial compressive loads
coupled with bending. As in long bones, cortical bone from the cranial vault is subject to
mechanical loads from various orofacial functions and the contraction of attached muscles.
However, experimental studies suggest that the resulting bone strains are at least an order
of magnitude smaller than those found in the midshafts of the femur or tibia. The charac-
teristics of the three-dimensional elastic properties of cortical bone are largely unexplored in
regions of low bone strain, including the cranial vault, in which little is known regarding
cortical structure and function. In the present study we examined variations in the cortical
microstructure and material properties of the bone of the human cranial vault, including the
parietal, frontal, temporal, and occipital bones. A facial bone, the zygoma, was also included
to contrast the properties of the cranial vault with another craniofacial intramembranous
bone that experiences larger strains. Cortical specimens from the outer cortical plate of the
cranial vault were removed from 15 frozen human crania. We measured cortical thicknesses
and densities, and determined the primary direction of stiffness within the bone specimens
prior to ultrasonic testing to determine their elastic properties. There were statistically
significant differences in elastic properties between bones and, in some cases, sites within
bones, which for most variables were clustered by bone or region. In striking contrast to this
pattern, elastic moduli in the direction of primary stiffness were larger in cortical regions
underlying muscle attachments than in regions without muscle attachments. Few sites in the
cranial vault or zygoma showed a consistent orientation of the material axes among individ-
uals, although specimens from many regions had directional differences similar to those in
cortical bone from the mandible, femur, or tibia. Anat Rec Part A 274A:785–797, 2003.
© 2003 Wiley-Liss, Inc.
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Although the cranial vault serves various important
functions, such as providing an attachment for the orofa-
cial musculature and protecting the brain, the variability
in its structural and mechanical characteristics has been
largely uninvestigated. The human cranial vault is com-
prised of the frontal, parietal, occipital, sphenoid, and
temporal bones. Each consists entirely or partially of dip-
loic bone, which is constructed of two cortical plates sand-
wiching a layer of trabecular bone (Sicher and DuBrul,
1970).

Locally, the cranial vault may bear significant loads in
those portions that serve as anchorage for masticatory
and nuchal musculature (Behrents et al., 1978). However,
results from in vitro studies in humans (Endo, 1966, 1970)

and in vivo studies in other mammals (Hylander, 1987),
especially in the region of the upper face and brow ridges,
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suggest that at least portions of the human cranial vault
endure very low strains during biting or mastication, com-
pared to the mandible and postcranial long bones. These
findings led to the suggestion that the cranial vault is
overbuilt for the function of resisting stresses generated
by craniofacial functions and muscular contractions (Ra-
vosa et al., 2000).

The role of mechanical stimuli in the maintenance of
cortical bone structure in the cranial vault is unknown.
The low strains suggest that 1) mechanical loading is less
important than in other parts of the skeleton for main-
taining skeletal mass and form, 2) lower thresholds of
strain in the cranial vault are necessary for skeletal main-
tenance, or 3) some combination of these factors may
occur. It is clear that mechanical influences do influence
the structure of the cortical bone of the cranial vault.
However, aside from anatomical descriptions of the ridges
and processes associated with muscle attachment, and the
mechanical properties of the full-thickness diploic bone
(Evans and Lissner, 1957; Schröder et al., 1977), there has
been little exploration of the variability in the mechanical
characteristics of cranial cortical bone, or of how it com-
pares to cortical bone from more highly strained regions. A
detailed examination of this variability, and a comparison
with cortical bone from elsewhere in the skeleton, may
shed considerable light on the adaptive potential of cra-
nial cortical bone, and provide clues as to how function
influences its intermediate structure.

The sparse data on the material properties and related
micromechanical features of cranial cortical bone are lim-
ited by a lack of knowledge concerning its unique three-
dimensional properties. This problem can be clarified by
considering the cortical structure in the postcranial skel-
eton. The mechanical properties of the cortex in the di-
aphyses of long bones are typically characterized along
three axes, including the anatomical longitudinal axis,
which is considered to be the axis of maximum stiffness.
At right angles to the longitudinal axis are 1) the circum-
ferential axis, which is tangential to the cortical surface;
and 2) the radial axis, which is perpendicular to the plane
of the cortical plate, and is the axis in which cortical
thickness is measured. It is well known that diaphyseal
cortical bone can be described as anisotropic (or, more
specifically, orthotropic) because its elastic properties dif-
fer along these three axes, with the bone being stiffest in
the longitudinal direction. Remodeled bone is often de-
scribed as transversely isotropic because elastic properties
are similar along the circumferential and tangential axes,
while bone in the longitudinal direction is stiffer.

In cranial bone, the axes within the plane of the cortical
plate cannot be determined by anatomical landmarks, as
we have shown in the mandible (Schwartz-Dabney and
Dechow, 2003). In other bones of the cranium, such as the
parietal bone (Peterson and Dechow, 2002), it is even less
clear what anatomical landmarks might correspond with
the material axes of cortical bone from various regions.
The idea that grain in cortical bone, or the direction of
maximum stiffness, aligns in the direction of maximum
stress may be a reasonable conjecture on which to base
hypotheses about directions of maximum stiffness. How-
ever, it is difficult to test this conjecture, especially in
bones that are likely to have complex loading patterns
(such as the cranial vault, in which little is known about
loading patterns).

Results from structural studies of the parietal bone
(Peterson and Dechow, 2002) indicate that cortical bone
from both the periosteal and endosteal surfaces exhibit at
least some degree of anisotropy (differences in elastic
properties by direction), and some regions have consistent
orientations of the axis of maximum stiffness. These find-
ings contrast with those from an earlier study (Dechow et
al., 1993), which suggested that supraorbital cortical bone
has similar elastic properties (isotropy) in directions that
parallel the plane of the cortical plate. However, in the
earlier study it was assumed that the direction of maxi-
mum stiffness would not vary significantly between indi-
viduals, and therefore such differences were not explored.
The finding of isotropy in the plane of the cortical plate
was derived from the lack of statistically significant dif-
ferences in mean longitudinal ultrasonic velocity in three
directions based on anatomical position. The orientation of
maximum longitudinal ultrasonic velocity, which coin-
cides with the direction of peak stiffness, was not deter-
mined in each bone sample prior to the calculation of
elastic properties.

Our goal in the present work was to explore the vari-
ability in the mechanical properties of the periosteal cor-
tex of the cranial vault bones. We hypothesized that there
are differences between cranial vault skull bones and be-
tween regions within individual bones that correspond
with variations in function and development. In this study
we also included samples of cortical bone from the zygoma.
Because the zygoma is a facial bone, it is interesting to
compare it with the adjacent temporal and frontal bones,
as it participates in common support functions (although
it experiences greater levels of strain) and does not di-
rectly contribute to the protection of the brain.

MATERIALS AND METHODS
We used bone specimens removed from 15 dentate (i.e.,

all teeth present, excluding third molars) human crania
selected from unembalmed, fresh-frozen, whole cadaver
heads. Fifteen subjects (Caucasian, seven females and
eight males, 27–100 years old, mean age 68.4 years), in a
random mix, were studied. Specimens were not collected
from persons known to have died from primary bone dis-
eases. The crania were stored in freezers at –10°C prior to
removal of bone specimens. It has been found that the
freezing process has a minimal effect on the elastic prop-
erties of bone (Dechow and Huynh, 1994; Evans, 1973;
Zioupos et al., 2000).

Cylindrical cortical bone specimens (4 mm in diameter)
were harvested from the zygomatic (four sites), frontal
(nine sites), occipital (five sites), parietal (14 sites), and
temporal (four sites) bones (Fig. 1). Sites for bone sam-
pling were selected to provide an overview of elastic prop-
erties of cortical bone from throughout the outer table of
the cranium, and, in particular, a representative sample
from each cranial bone.

Bone preparation and testing procedures were similar
to those previously described (Peterson and Dechow, 2002;
Schwartz-Dabney and Dechow, 2003). Universal precau-
tions for infection control were used during all bone-prep-
aration procedures. We removed each bone sample with a
dental handpiece using a 4.0 ID trephine burr (5.0 mm
OD; Nobelpharma, Göteborg, Sweden). The samples were
continuously cooled with a water drip during preparation.
Prior to removal, each bone sample was marked with a
graphite line that paralleled the sagittal suture, indicat-
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ing the sample’s orientation. The rostral and anterior ends
of the line were marked with an arrowhead to indicate
direction.

After the bone core was removed, the diploë (or residual
trabecular bone) was removed by grinding with a minia-
ture lathe (Unimat 3, Emco, Austria) under water irriga-
tion, while preserving the outer cortical plate. The sam-
ples were stored in a solution of 95% ethanol and isotonic
saline in equal proportions. This media maintains the
elastic properties of cortical bone over time, with minimal
change (Ashman et al., 1984; Dechow and Huynh, 1994).

We measured the cortical thickness of each bone speci-
men. We then calculated the apparent density from the
sample weight and differential volume in water based on
Archimedes’ principle of buoyancy (Ashman et al., 1984).
Each sample was measured at least twice to ensure the
reliability of the density measurements. If densities dif-
fered between trials, the measurements were repeated
until consistent results were obtained.

Before the elastic properties of each specimen are mea-
sured, it is essential to determine the axes of maximum

(d3) and minimum (d2) stiffness within the plane of the
cortical plate, as these axes do not necessarily coincide
with anatomical features in the cranial skeleton. To ac-
complish this, we used a modification of previous tech-
niques (Ashman, 1982; Ashman et al., 1984; Ashman and
Van Buskirk, 1987), in that cylindrical specimens were
used (Schwartz-Dabney and Dechow, 2002, 2003).

In cylindrical specimens, the axes are determined ex-
perimentally by passing longitudinal ultrasonic waves
generated by 2.25 MHz piezoelectric transducers (V323-
SU; Panametrics, Waltham, MA) through each cortical
specimen in nine directions with 22.5° intervals. As on a
clock face, we aligned our orientation line and arrow,
which was drawn on each specimen prior to bone core
removal, in the direction of 12:00 (direction 1). Directions
1 and 9 (6:00 on the clock face) were identical and served
as an internal control, because the ultrasonic velocities in
those two directions should be equal. Directions 1 and 9
were 180° apart, and in our bidirectional system repre-
sented the same orientation, but with the emitting and
receiving ultrasonic transducers reversed in position. The
resulting time delay corresponded to the propagation of
the wave through the thickness of the specimen plus the
system delay, and it measured a phase comparison of the
signal before and after its transmission. Ultrasonic veloc-
ities were then calculated taking into account the time
delay, system delay, and thickness of the specimen.

The direction of the axis of maximum stiffness (d3) cor-
responded with the direction of peak longitudinal ultra-
sonic velocity. As velocity measurements were made at
22.5° intervals around half the circumference of each spec-
imen, the direction of the axis of maximum stiffness was
determined to within 11.25°. Perpendicular to the axis of
maximum stiffness within the plane of the cortical plate
was the axis of minimum stiffness, or d2. Ultrasonic waves
along this axis had the lowest velocity within that plane.

The elastic constants were calculated as previously de-
scribed (Ashman, 1982; Ashman et al., 1984; Ashman and
Van Buskirk, 1987), which required the measurement of
additional ultrasonic velocities, including longitudinal ve-
locities through the thickness of the cortex, and a series of
transverse wave velocities. The latter velocities were mea-
sured with 5.0 MHz transducers (V156-RM; Panametrics,
Waltham, MA) along the three major axes (d1, d2, and d3)
and in several off-axis orientations (Ashman et al., 1984).

Relationships between the various velocities through
the specimen and its material properties were derived
from the principles of linear elastic wave theory, based on
Hooke’s law, according to the technique of Ashman et al.
(1984). The calculated elastic constants included: 1) the
elastic modulus (a measure of the ability of a structure to
resist deformation in a given direction), 2) the shear mod-
ulus (a measure of the ability of a structure to resist shear
stresses), and 3) the Poisson’s ratio (a measure of the
ability of a structure to resist deformation perpendicular
to that of the applied load).

Data were analyzed using the Minitab statistical anal-
ysis program (Minitab, Inc., State College, PA). Descrip-
tive statistics, including means, standard deviations
(SDs), and standard errors, were calculated for all mea-
surements. Correlation coefficients were also calculated to
examine the relationships between selected variables.

The assessment of differences between bones and be-
tween sites within bones was restricted by the lack of
independence between multiple samples taken from a sin-

Fig. 1. Location of sites on the parietal, frontal, temporal, occipital,
and zygomatic bones in three views. Each site is numbered for refer-
ence.
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gle specimen. Testing for differences thus required the use
of an analysis of variance (ANOVA) with a repeated-mea-
sures design to account for the lack of independence
(Schwartz-Dabney and Dechow, 2003). We used a bal-
anced, unrestricted ANOVA with a repeated-measures
design and subject as the random factor to test for overall
differences in density, cortical thickness, and elastic prop-
erties. Sites were clustered by bone, resulting in tests for
significant differences between bones, and between sites
within bones.

Because of the large number of possible individual com-
parisons, post hoc tests were not generated for all combi-
nations of sites. If significant differences were found in the
overall ANOVA, we made post hoc comparisons by plot-
ting and comparing means and 95% confidence intervals
(CIs). Our findings describe the largest differences be-
tween bones and sites within bones, and exclude results
where there was overlap of the CIs.

A second data grouping was used to compare muscle-
bearing and non-muscle-bearing bone. Muscle-bearing
sites included regions of attachment for the temporalis
(P10, P11, P12, P13, P14, T1, T2, F8, and F9), masseter
(T4 and Z4), and nuchal musculature (O2, O3, O4, and
O5). We again used a balanced, unrestricted ANOVA with
a repeated-measures design and subject as the random
factor to account for the lack of independence between
bone specimens from a single individual skull. The anal-
yses differed in that data were not clustered by bone.
Rather, we tested for an overall differences between mus-
cle-bearing and non-muscle-bearing sites in density, cor-
tical thickness, and elastic properties.

Angular measurements (orientation of maximum stiff-
ness) were analyzed with circular descriptive statistics,
including the mean vector, circular SD, standard error,
CI, and Rayleigh’s test of uniformity (Fisher, 1993), with
the Oriana Statistical Analysis Program (Kovach Comput-
ing Services; Anglesey, Wales, UK). The Rayleigh’s test of
uniformity revealed whether a site actually had a signif-
icant mean angle (oriented site) or whether the distribu-
tion of angles between individuals could not be distin-
guished from a random distribution (non-oriented site). If
a site had a statistically significant interindividual orien-
tation, then a generalized version of the Watson-Williams
test determined differences between circular means across
sites.

We also tested whether muscle-bearing bone had a
higher number of sites that were significantly oriented as
determined by the Rayleigh’s test of uniformity. A 2 � 2
chi-square test was used to determine whether there was
a difference between muscle-bearing bone and non-mus-
cle-bearing bone in the number of oriented and nonori-
ented sites.

RESULTS
There were significant differences in density between

bones and sites within bones (Table 1). The average den-
sity by site ranged from 1.615 g/cm3 to 1.922 g/cm3. The
temporal bone was the most dense, with a grand mean of
1.868 g/cm3, and the zygoma was the least dense, with a
grand mean of 1.679 g/cm3. The site on the temporal bone,
next to the occipitomastoid suture (T3), was the densest
site (1.922 g/cm3). Most differences within bones were
small compared to differences between bones, with a few
exceptions. Within the temporal bone, T1 resembled adja-
cent sites in the frontal bone more than the other temporal

bone sites. Within the zygoma, Z2 resembled the adjacent
frontal bone site F7 and other cranial vault sites more
than it resembled Z3.

Significant differences were observed in the thickness of
the external cortical plate between bones and between
sites within bones (Table 1). The external cortex was
thickest within the occipital bone, averaging a grand
mean of 3.0 mm across five sites, and at site T3, which was
the most posterior site on the temporal bone bordering the
occipital bone (3.1 mm) and was much thicker than other
temporal bone sites. The site superior to the external
occipital protuberance (O2) was the thickest of any site
(3.3 mm). The cortical bone was thinnest in the squamous
portion of the temporal bone (sites T1 and T2), averaging

TABLE 1. Density (g/cm3), cortical thickness (mm)

Bone Site

Density Thickness

Mean SD Mean SD

Parietal 1 1.877 .092 2.8 0.9
2 1.845 .122 2.6 0.7
3 1.795 .153 2.7 0.6
4 1.803 .098 2.9 0.7
5 1.772 .128 2.8 0.7
6 1.766 .119 2.5 0.6
7 1.825 .111 2.8 0.6
8 1.773 .086 2.4 0.7
9 1.807 .098 2.4 0.6

10 1.779 .129 2.5 0.5
11 1.813 .148 2.5 0.7
12 1.824 .173 2.4 0.6
13 1.859 .136 2.4 0.6
14 1.841 .164 2.2 0.7

Grand mean 1.812 .127 2.5 0.7
Frontal 1 1.780 .095 2.5 0.4

2 1.788 .117 2.6 0.3
3 1.828 .128 2.4 0.7
4 1.784 .128 2.4 0.5
5 1.771 .116 2.7 0.6
6 1.818 .126 2.4 0.5
7 1.744 .131 2.4 0.5
8 1.760 .153 2.6 0.8
9 1.767 .153 2.6 0.6

Grand mean 1.783 .128 2.5 0.5
Occipital 1 1.786 .139 3.1 0.4

2 1.816 .170 3.3 1.1
3 1.911 .091 2.9 1.4
4 1.878 .104 2.7 0.6
5 1.907 .117 3.0 0.9

Grand mean 1.860 .133 3.0 0.9
Temporal 1 1.803 .190 1.8 0.4

2 1.859 .158 1.8 0.4
3 1.922 .098 3.1 1.0
4 1.899 .111 2.4 0.4

Grand mean 1.868 .149 2.3 0.8
Zygoma 1 1.686 .216 2.1 0.5

2 1.758 .192 2.3 0.5
3 1.615 .165 2.2 0.4
4 1.654 .200 2.0 0.6

Grand mean 1.679 .197 2.2 0.5
Grand mean MBBa 1.800 .166 2.4 0.8
Grand mean Non-MBB 1.806 .124 2.6 0.6
ANOVA F P F P
Bones 13.8 0.001 10.4 0.001
Site/bone 3.2 0.001 2.8 0.001
Muscle MB 0.3 NS 12.4 0.003
aMBB, muscle bearing bone.
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1.8 mm. Within the parietal bone, the thickest site, P4 (2.9
mm), at the parietal boss was much thicker than the
thinnest parietal bone site, P14 (2.2 mm), which was more
similar to the adjacent temporal bone site, T2 (1.8 mm).

Thickness and density are both major factors in the
structural mechanics of cortical bone, but they were not
significantly correlated in our sample. Figure 2 shows a
plot of mean thicknesses and densities by site clustering
the data by bone, illustrating regional similarities. Sites
from the parietal and frontal bones were clustered to-
gether. Sites from the zygoma had lower values of density
than sites from the cranial vault bones, except for site Z2,
which resembled the adjacent frontal bone site. In thick-
ness, the zygoma was in the lower range of values, but it
overlapped with sites from the temporal and parietal
bones. Sites from the occipital bone were slightly thicker
and denser than those from the parietal and frontal bones.
Sites from the temporal bone were thinner but similar in
density to those of the frontal and parietal bones, except
for site T3, the site on the temporal bone next to the
occipitomastoid suture, which was similar in the average
of its properties to sites on occipital bone.

The values for elastic moduli demonstrated differences
by direction, in that E3 was larger than E2, which was
larger than E1. When elastic moduli were analyzed sepa-
rately, each showed significant differences between bones
and between sites within bones.

Between bones, there were different patterns for E1 and
E2 compared to E3. This pattern was similar to that de-
scribed above for variations in thickness. For E1 and E2,
the largest difference was that the zygoma, a facial bone,
had smaller moduli. Within the cranial vault, E1 had the
lowest values of all directions, varying from 11.7 GPa (T1)
to 15.0 GPa (T3). Sites on the zygoma differed, as all
means averaged �10.5 GPa. On the cranial vault, E2
varied from 10.5 GPa (Z4) to 17.7 GPa (T3), while all sites
within the zygoma had values of �11.7 GPa. Other con-
sistent, but smaller, differences were also apparent. Val-
ues from the occipital bone were among the largest for E1
and E2, respectively. The parietal and frontal bones had
more intermediate values, while the temporal bone had a
greater range of variability, especially for E2.

Means of E3 varied from 17.6 GPa (F9) to 27.3 GPa (T3),
and showed greater variance within each bone and less
variance between bones than did E1 or E2. Overall, means
from the occipital bone were among the largest, as were
those from the temporal bone, which also had the greatest
variability. Those from the frontal, parietal, and zygo-
matic bones showed much overlap.

The differences within bones for each elastic modulus
were most pronounced in the parietal, occipital, and tem-
poral bones, while values within the frontal and zygomatic
bones were more similar. For E1, the most apparent dif-
ference was the large average modulus at T3 (15.0 GPa),
which was greater than that of other zygoma sites. P1
(14.8 GPa) was also large compared to the sites with the
lowest values in the parietal bone (P6: 12.2 GPa and P8:
12.3 GPa). For E2, differences within bones were similar to
those in E1, especially regarding the large value for T3
(17.7 GPa), which was similar to that of the nearby occip-
ital protuberance site (O2), but differed from other tem-
poral bone sites. T1, T2, and T4 averaged 5 GPa less than
T3, and were similar to E2 values from the zygoma.

For E3, the larger differences within bones were found
in the parietal, occipital, and temporal bones. These dif-
ferences were not similar to the differences within bones
for E1 and E2, but corresponded with the presence or
absence of an overlying muscle attachment. ANOVAs
showed significant differences for E3 between muscle-
bearing and non-muscle-bearing sites, but not for E1 and
E2 (Table 2). T4, a masseter attachment site on the zygo-
matic process of the temporal bone, was the stiffest of all
sampled sites (27.3 GPa). Site P11, which was a muscle-
bearing site for the posterior temporalis, was the stiffest
site within the parietal bone. E3 for P11 was similar to O3
and T2, which are also muscle attachment sites.

A scatterplot of mean values of E2 vs. E3 (Fig. 3) dem-
onstrated the lack of correlation between the two vari-
ables, and showed that while most E2 values group by
bone, most E3 values group by muscle attachment. Sites
with muscle attachment had higher E3 values and were
represented by solid shapes, mostly on the right side of the
plot.

Anisotropy within the plane of the cortical plate (E2/E3)
(Table 2 and Fig. 4) showed significant differences be-
tween and within bones. This pattern did not follow that of
either E2 or E3; rather, it was a combination of the two,
representing unique differences between bones in anisot-
ropy coupled with differences between muscle-bearing and
non-muscle-bearing sites within some bones. However,
anisotropy did not show a significant difference between
muscle-bearing and non-muscle-bearing sites overall.

Anisotropy decreased as cortical thickness increased
(Fig. 4). This relationship was significant for all individual
specimens (R � 0.50, P � 0.001) as well as for mean values
by site (R � 0.75, P � 0.001). Correlations of E2 (R � 0.30,
P � 0.001) and E3 (R � –0.25, P � 0.001) individually with
thickness were weaker, showing a slight increase in E2
and a slight decline in E3 in thicker cortical specimens.

Cortical samples from the zygoma were among the most
anisotropic (lowest E2/E3 ratios) and showed the least
variability between sites. The temporal bone also had
highly anisotropic sites but also had the greatest variabil-
ity between sites of all bones. The non-muscle-bearing site
at T3, the occipitomastoid, had low anisotropy similar to
that of adjacent occipital bone sites. The remaining tem-
poral bone sites were muscle-bearing and showed some of

Fig. 2. Scatterplot of mean thickness vs. mean density by site. Solid
shapes indicate muscle-bearing (M) sites, and hollow shapes are non-
muscle-bearing (NM) sites. Squares: occipital bone sites; diamonds:
temporal bone sites; pluses: zygomatic bone sites; circles: parietal bone
sites; triangle: frontal bone sites.
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the greatest anisotropy of all sites. The zygomatic process
of the temporal bone had the greatest anisotropy (0.51)
and the largest E3 value of all sites. The parietal and
frontal bones had large variability in anisotropy and mus-
cle-bearing sites, and both bones tended to have the larger
values. Of interest here is that, with the exception of P3,
the most anisotropic of the non-muscle-bearing sites were
closer to the temporal line and the origin of the temporalis
muscle. The occipital bone had consistently low anisot-
ropy, despite muscle attachments at four of five sites. The
muscle-bearing sites had relatively large values of both E2
and E3, while the non-muscle-bearing site (O1) had a low
mean E3 value and an intermediate E2 value.

There were significant differences for G12, G13, and G23
between bones, but not between sites within bones (Table

3). Site means of G13 (3.7–5.8 GPa) were larger than those
of G12 (3.4–5.3 GPa), although the ranges extensively
overlapped. Shear moduli G23 in the plane of the external
cortex (5.5–7.5 GPa) were the largest. Overall, the small-
est shear moduli were found in the zygoma, and the larg-
est were in the temporal and occipital bones.

The Poisson’s ratios (Table 4) showed significant differ-
ences between bones (except for V32) and between sites
within bones. Poisson’s ratio is the ratio of the strain
perpendicular to the applied load divided by the strain in
the direction of the applied load, and is thus dependent on
the three-dimensional elastic properties of the material.
Variation for four of the ratios was similar to that de-
scribed for other properties, in that the occipital bone was
at one extreme as the largest (v13, v23) or the smallest (v12,

TABLE 2. Elastic moduli (GPa) and E2/E3 anisotropy

Bone Site

E1 E2 E3 E2/E3

Mean SD Mean SD Mean SD Mean SD

Parietal 1 14.8 2.3 15.7 2.6 20.9 3.5 0.76 0.13
2 13.9 2.5 15.4 3.8 20.0 3.9 0.78 0.17
3 12.8 3.8 14.6 3.7 17.9 4.7 0.83 0.10
4 13.4 2.4 15.2 3.1 18.7 4.1 0.83 0.14
5 12.7 2.6 14.1 3.5 18.5 4.4 0.78 0.14
6 12.2 3.0 12.3 3.3 20.7 3.8 0.60 0.15
7 13.3 2.8 14.3 3.7 19.1 4.7 0.77 0.15
8 12.3 2.7 12.4 2.9 20.1 4.3 0.63 0.17
9 12.8 2.5 13.7 4.0 19.9 4.6 0.72 0.23

10 13.6 3.0 14.8 3.6 20.6 3.7 0.72 0.12
11 13.9 2.7 15.0 3.1 23.5 4.3 0.65 0.13
12 12.8 3.5 13.1 4.2 21.5 4.8 0.62 0.20
13 13.1 2.6 14.2 3.4 20.5 4.7 0.71 0.17
14 12.4 3.5 12.3 4.1 22.2 5.6 0.57 0.18

Grand mean 13.1 2.9 14.1 3.6 20.3 4.5 0.71 0.17
Frontal 1 12.5 2.4 13.4 3.4 20.2 4.3 0.68 0.18

2 12.9 1.9 15.0 2.6 19.6 4.0 0.78 0.14
3 12.9 2.4 15.0 3.2 20.6 3.5 0.74 0.16
4 12.5 2.8 13.4 3.1 19.5 4.0 0.69 0.13
5 12.4 2.1 15.8 2.6 19.4 3.4 0.81 0.12
6 13.1 2.1 15.9 3.4 19.6 4.5 0.82 0.12
7 12.3 2.5 14.1 3.6 18.6 3.5 0.76 0.17
8 12.0 3.1 13.7 3.8 19.5 5.3 0.73 0.19
9 11.8 3.2 12.6 4.4 17.6 5.0 0.71 0.14

Grand mean 12.5 2.5 14.3 3.5 19.4 4.2 0.75 0.16
Occipital 1 12.6 2.2 14.3 2.6 17.9 3.7 0.81 0.13

2 13.5 2.8 16.8 3.9 20.9 4.6 0.81 0.13
3 14.1 1.9 16.1 3.1 22.5 3.6 0.72 0.14
4 13.7 2.4 16.0 3.4 20.6 5.0 0.79 0.15
5 13.6 2.5 16.0 3.4 20.9 5.5 0.80 0.17

Grand mean 13.5 2.4 15.8 3.3 20.6 4.7 0.79 0.15
Temporal 1 11.7 3.7 12.2 4.1 20.4 5.3 0.61 0.19

2 12.8 3.6 12.8 4.8 24.1 3.7 0.54 0.20
3 15.0 1.9 17.7 2.4 21.8 1.9 0.81 0.09
4 14.1 2.3 13.3 2.2 27.3 6.0 0.51 0.16

Grand mean 13.4 3.2 14.0 4.1 23.4 5.1 0.62 0.20
Zygoma 1 10.2 2.3 12.1 3.1 19.2 5.9 0.67 0.20

2 11.0 3.5 12.5 3.7 20.5 6.1 0.63 0.18
3 10.4 3.2 11.7 3.7 19.1 3.4 0.62 0.20
4 9.7 2.1 10.5 3.8 19.7 6.2 0.56 0.21

Grand mean 10.4 3.0 11.7 3.5 19.6 5.4 0.62 0.20
Grand mean MBBa 12.5 2.6 13.6 4.0 21.2 5.3 0.66 0.19
Grand mean Non-MBB 13.0 3.0 14.5 3.4 19.7 4.1 0.75 0.16
ANOVA F P F P F P F P
Bone 18.8 0.001 12.0 0.001 6.0 0.001 16.6 0.001
Site/bone 3.3 0.001 2.4 0.001 2.8 0.001 3.6 0.001
Muscle 4.1 NS 13.4 0.003 20.0 0.001 38.3 0.001
aMBB, muscle bearing bone.
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v21), the zygoma was at the other extreme, the parietal
and frontal bones had intermediate values, and the tem-
poral bone had values across much of the total range.
Differences between bones were smaller than in other
variables: v32 showed no significant differences between
bones, and v31 had great overlap of the means among
bones, as indicated by a low P-value (0.04). Within each
bone, the occipital, frontal, and zygomatic bones tended to
have similar values for all ratios. The temporalis showed
a distinction between T3 and other sites for all ratios,
except v32. The parietal bone showed differences that re-
flected variation between muscle-bearing and non-muscle-
bearing sites, especially v12, v13, v21, v23, but not v31 or v32.
Poisson’s ratios were largest in the v21 and v12 directions,

intermediate in the v31 and v32 directions, and smallest in
the v13 and v23 directions.

Rayleigh’s test for uniformity demonstrated significant
mean directions of greatest stiffness in nine sites (Table 5,
Fig. 5). Because of the variability of the angular disper-
sion, 27 sites did not show any significant mean direction.
Since there was a significant difference in E3 between
muscle-bearing sites and non-muscle-bearing sites (Table
2), we tested whether muscle-bearing sites were more
likely to have a significant mean direction of maximum
stiffness. A 2 � 2 chi-square indicated no significant dif-
ference between muscle-bearing bone and non-muscle-
bearing bone in the presence or absence of a significant
orientation.

Despite the lack of an overall significant difference in
orientation between muscle-bearing and non-muscle-bear-
ing bone, there did appear to be a difference between them
if only the oriented sites were considered. The significant
mean direction of greatest stiffness at all muscle-bearing
sites (T4, F9, P11, P12, and P13) was perpendicular to the
direction of the muscle pull, while that of two non-muscle-
bearing sites (P5 and P6) was parallel to the direction of
muscle pull at the closest muscle-bearing sites.

Two sites on the frontal bone, which were anatomically
more distant from masticatory muscle attachments,
showed significant mean orientations of the axes of max-
imum stiffness. F1, the site at the glabella of the frontal
bone, showed a significant direction of maximum stiffness
parallel with the brow ridge. F3 was unusual among mid-
line sites in that it had a mean direction of maximum
stiffness roughly parallel to the sagittal suture.

DISCUSSION
Variation Between and Within Bones

Our results demonstrate patterns of variation in the
material properties of the external cortex of the cranial
vault and zygoma. For some variables, these patterns are
correlated and relate to the bone or region of the skull
from which the data are derived. For other variables,
material properties demonstrate a pattern that has a
functional correlate. These patterns can be summarized as
follows:

1. Cortical thickness, density, E1, E2, all shear moduli,
v13, v23, and E2/E3 anisotropy vary together by bone and
generally are greater for the occipital bone, intermediate
for the frontal and parietal bones, and least for the zy-
goma. v12 and v21 are in a similar but reverse order, from
smallest to largest mean values by bone. The temporal
bone has a wider range of values for most variables, and
does not have a consistent place in this order.

2. Although E3 shows some differences between bones,
these are less clear and do not correspond to those of the
other variables. Our results show that most-muscle bear-
ing sites are stiffer along the axis of maximum stiffness
than are non-muscle-bearing sites.

3. v31 and v32 showed fewer differences between bones
and sites within bones than other variables. They showed
no discernable pattern relating to location or function.

Some unusual features were observed within individual
bones. In particular, sites T3 and Z2 resembled adjacent
sites in other bones. The thickness and density of Z2, the
site on the frontal process of the zygoma, were similar to
many sites on the cranial vault. This may relate to the
functional similarity of site Z2 to adjacent portions of the

Fig. 3. Scatterplot of mean E2 vs. mean E3 showing the range of
anisotropy for all sites. Note that the muscle bearing sites (bold and filled
symbols) are primarily on the right side of the graph, while the nonmuscle
bearing sites (light and hollow symbols) are primarily on the left side of
the graph. E2 is the elastic modulus in the direction of minimum stiffness,
and E3 is the elastic modulus in the direction of maximum stiffness. The
numbers on the upper and left borders label the diagonal lines that
indicate the E2/E3 anisotropy ratios. Symbols are the same as in Figure
2.

Fig. 4. Scatterplot of mean thickness vs. mean anisotropy showing
muscle-bearing (M) sites as solid, and non-muscle-bearing (NM) sites as
hollow. There is a significant relationship (R � 0.75, P � 0.001), indicat-
ing that as thickness increases so does anisotropy. Symbols are the
same as in Figure 2.
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frontal bone forming the supra- and lateral-orbital re-
gions.

Compared to the parietal and frontal bones, zygoma
sites (other than Z2) have lower thickness and density.
The mechanical significance of this may relate to the
unique structure of the zygoma. The zygoma has a rela-
tively dense core of trabecular bone, which may play a
more significant structural role than the proportionately
lesser amounts of trabecular bone in most other craniofa-
cial bones.

Temporal bone sites show the largest variation in ma-
terial properties of all the cranial vault bones. T3, the
most posterior site on the temporal bone, resemble certain
aspects of the adjacent occipital bone, while sites T1 and
T2 resemble aspects of adjacent parietal bone sites. T4,

the site on the zygomatic process of the temporal bone, has
the largest E3 and anisotropy of all cranial sites.

Differences found in the temporal bone correspond with
the functional and developmental differences in portions
of the bone. The four sites arise from two different devel-
opmental regions, including the mastoid portion (T3), and
the squamous portion (T1, T2, and T4). Within the squa-
mous portion, T1 and T2 are from a region of the cranial
vault that lacks a diploë. Vault thickness at these sites is
thus the full thickness of the vault. Thickness in this
region is thinner than the external cortex alone at all
other vault sites, but density and most elastic properties
are similar to those of other bones, especially the frontal
and parietal bones. The thinner bone in the squamous
portion of the temporal bone may imply a reduced struc-

TABLE 3. Shear moduli (GPa)

Bone Site

G12 G13 G23

Mean SD Mean SD Mean SD

Parietal 1 5.2 0.9 5.5 0.8 7.3 1.1
2 4.8 1.0 5.1 0.8 7.2 1.4
3 4.5 1.1 4.7 1.3 6.6 1.9
4 4.7 0.9 4.9 1.0 6.6 1.1
5 4.5 1.0 5.0 1.1 6.5 1.3
6 4.1 0.9 4.7 1.0 6.6 1.2
7 4.6 1.0 5.2 1.1 6.6 1.5
8 4.4 0.8 4.7 0.9 6.4 1.0
9 4.7 0.9 5.2 0.8 6.7 1.0

10 4.6 1.2 5.0 1.2 6.7 1.6
11 4.6 1.0 5.2 1.0 7.1 1.1
12 4.6 0.8 5.4 1.1 6.9 1.3
13 4.6 0.9 5.3 1.0 6.9 1.5
14 4.4 1.0 5.0 1.2 6.9 1.5

Grand mean 4.6 1.0 5.1 1.0 6.8 1.3
Frontal 1 4.4 1.0 5.1 1.1 6.5 1.0

2 4.4 0.9 4.5 0.8 6.6 0.7
3 4.4 1.1 4.9 1.2 6.9 1.0
4 4.3 0.9 4.8 1.2 6.5 1.1
5 4.2 0.9 4.5 1.0 6.4 1.0
6 4.4 0.7 4.7 0.9 6.6 1.1
7 4.3 1.1 4.5 0.8 6.3 1.2
8 4.0 1.1 4.4 1.3 6.1 1.4
9 4.2 1.3 4.6 1.3 6.1 1.4

Grand mean 4.3 1.0 4.6 1.1 6.4 1.1
Occipital 1 4.5 1.0 4.7 1.2 6.4 1.0

2 5.1 1.1 5.4 1.0 7.0 1.5
3 4.8 0.8 5.4 0.8 7.5 0.9
4 4.9 0.9 5.1 1.3 6.9 1.2
5 5.1 1.1 5.7 1.2 7.3 1.3

Grand mean 4.9 1.0 5.2 1.1 7.0 1.2
Temporal 1 4.3 0.9 4.6 0.9 6.9 1.3

2 4.4 0.9 4.9 0.9 7.2 1.2
3 5.3 0.8 5.6 0.7 7.3 0.9
4 5.0 0.7 5.8 0.8 7.2 0.9

Grand mean 4.7 1.0 5.3 1.0 7.1 1.1
Zygoma 1 3.6 0.7 4.1 1.4 5.8 1.2

2 3.9 1.4 4.5 1.1 6.4 1.4
3 3.7 1.1 4.1 1.0 5.7 1.1
4 3.4 1.0 3.7 0.1 5.5 1.4

Grand mean 3.7 1.1 4.1 1.1 5.8 1.3
Grand mean MBB 4.4 1.1 4.9 1.2 6.7 1.4
Grand mean Non-MBB 4.5 1.0 4.9 1.0 6.7 1.2
ANOVA F P F P F P
Bone 30.1 0.001 31.2 0.001 10.6 0.001
Site/bone 1.7 NS 2.4 NS 2.3 NS
Muscle MBB 2.0 NS 0.08 NS 0.05 NS
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tural role; however, this is unclear because the vault in
general is overbuilt for resisting loads engendered by oral
functions.

The remaining site from the squamous portion of the
temporal bone, T4, is located on the zygomatic process and
does not make up part of the cranial vault. This site is
unique among those studied in having the highest values
of E3. This large maximum stiffness, coupled with an
intermediate E2 value, also gives this site the greatest
anisotropy. These properties may correspond with func-
tional features of the posterior zygomatic arch. T4 is mus-
cle-bearing, and the masseter attaches to a relatively
small surface area of the bone in this region compared to
the larger attachment areas for the temporalis and nuchal
musculature. Also, the masseter in this region is relatively

TABLE 5. Direction of greatest stiffness by degrees

Bone Site

Mean vector Circular CI
Rayleigh’s test
of uniformitya

Mean ° 95% CI P value

Parietal 5 103 15 0.01
6 79 18 0.01

11 26 17 0.01
12 5 18 0.01
13 26 20 0.02

Frontal 1 76 20 0.02
3 10 13 0.01
9 38 21 0.04

Temporal 4 25 8 0.01
aOriana indicated the above sites as significant using Ray-
leigh’s test of uniformity or test of significance.

TABLE 4. Poisson’s ratios

Bone Site

V12 V13 V21 V23 V31 V32

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Parietal 1 0.46 0.12 0.22 0.07 0.48 0.08 0.24 0.08 0.30 0.08 0.31 0.06
2 0.44 0.16 0.25 0.09 0.46 0.11 0.23 0.07 0.35 0.11 0.30 0.05
3 0.43 0.08 0.25 0.07 0.48 0.07 0.27 0.07 0.34 0.08 0.32 0.06
4 0.40 0.10 0.26 0.08 0.45 0.08 0.25 0.07 0.36 0.08 0.30 0.06
5 0.42 0.09 0.26 0.08 0.46 0.09 0.27 0.08 0.37 0.06 0.34 0.07
6 0.53 0.14 0.19 0.07 0.51 0.08 0.20 0.05 0.31 0.08 0.34 0.06
7 0.43 0.12 0.26 0.07 0.45 0.08 0.26 0.07 0.37 0.08 0.34 0.05
8 0.54 0.15 0.18 0.08 0.54 0.10 0.21 0.08 0.28 0.08 0.32 0.06
9 0.50 0.22 0.21 0.11 0.49 0.11 0.24 0.09 0.31 0.14 0.34 0.08

10 0.45 0.09 0.22 0.04 0.48 0.08 0.22 0.05 0.33 0.05 0.30 0.05
11 0.48 0.13 0.19 0.07 0.52 0.09 0.18 0.06 0.31 0.08 0.27 0.05
12 0.52 0.24 0.21 0.12 0.48 0.11 0.22 0.07 0.31 0.18 0.39 0.13
13 0.44 0.16 0.25 0.09 0.45 0.07 0.25 0.06 0.37 0.11 0.35 0.06
14 0.60 0.23 0.18 0.08 0.55 0.07 0.19 0.05 0.30 0.12 0.38 0.20

Grand mean 0.47 0.16 0.22 0.08 0.48 0.09 0.23 0.08 0.33 0.10 0.33 0.09
Frontal 1 0.49 0.16 0.19 0.10 0.50 0.10 0.22 0.12 0.30 0.14 0.31 0.11

2 0.38 0.11 0.26 0.08 0.42 0.10 0.24 0.06 0.38 0.09 0.30 0.06
3 0.42 0.15 0.24 0.08 0.46 0.11 0.22 0.07 0.37 0.08 0.30 0.07
4 0.47 0.10 0.21 0.08 0.51 0.12 0.24 0.06 0.32 0.12 0.35 0.11
5 0.36 0.08 0.26 0.05 0.45 0.08 0.24 0.06 0.41 0.05 0.30 0.04
6 0.40 0.09 0.24 0.05 0.48 0.07 0.24 0.06 0.36 0.06 0.29 0.06
7 0.43 0.15 0.21 0.08 0.47 0.12 0.23 0.07 0.32 0.12 0.30 0.06
8 0.46 0.14 0.22 0.10 0.51 0.12 0.22 0.09 0.34 0.12 0.29 0.07
9 0.47 0.16 0.20 0.11 0.49 0.13 0.26 0.08 0.30 0.17 0.38 0.12

Grand mean 0.43 0.14 0.23 0.09 0.48 0.11 0.24 0.10 0.34 0.11 0.31 0.08
Occipital 1 0.38 0.10 0.28 0.09 0.43 0.11 0.28 0.08 0.39 0.10 0.34 0.08

2 0.35 0.10 0.26 0.07 0.41 0.10 0.26 0.06 0.35 0.09 0.31 0.05
3 0.40 0.12 0.24 0.08 0.44 0.09 0.22 0.07 0.37 0.09 0.30 0.05
4 0.45 0.11 0.20 0.08 0.50 0.06 0.24 0.11 0.30 0.12 0.30 0.11
5 0.39 0.13 0.24 0.10 0.44 0.10 0.28 0.10 0.33 0.13 0.34 0.08

Grand mean 0.40 0.12 0.24 0.09 0.45 0.09 0.26 0.10 0.35 0.11 0.32 0.08
Temporal 1 0.57 0.18 0.18 0.09 0.54 0.11 0.21 0.09 0.29 0.12 0.36 0.09

2 0.62 0.21 0.14 0.09 0.57 0.12 0.16 0.06 0.24 0.12 0.30 0.06
3 0.35 0.06 0.27 0.05 0.41 0.08 0.26 0.05 0.38 0.06 0.32 0.04
4 0.52 0.15 0.16 0.11 0.48 0.12 0.17 0.10 0.27 0.11 0.31 0.09

Grand mean 0.52 0.19 0.19 0.09 0.50 0.12 0.20 0.09 0.30 0.11 0.32 0.07
Zygoma 1 0.44 0.22 0.21 0.11 0.48 0.16 0.22 0.10 0.36 0.19 0.32 0.10

2 0.44 0.16 0.21 0.09 0.50 0.16 0.22 0.10 0.38 0.14 0.34 0.11
3 0.46 0.20 0.20 0.09 0.47 0.12 0.19 0.06 0.34 0.18 0.31 0.09
4 0.56 0.16 0.16 0.10 0.56 0.09 0.17 0.09 0.29 0.15 0.31 0.10

Grand mean 0.48 0.19 0.19 0.10 0.50 0.13 0.20 0.10 0.35 0.17 0.32 0.10
MBB 0.48 0.18 0.20 0.10 0.49 0.11 0.24 0.08 0.32 0.13 0.32 0.10
Non-MBB 0.43 0.13 0.23 0.08 0.47 0.10 0.21 0.08 0.34 0.10 0.33 0.07
ANOVA F P F P F P F P F P F P
Bone 8.3 0.001 5.4 0.001 4.1 0.003 7.4 0.001 2.6 0.036 0.7 NS
Site/bone 2.8 0.001 2.2 0.001 2.3 0.001 2.0 0.002 1.7 0.011 1.9 0.003
Muscle 13.2 0.001 15.3 0.001 4.9 0.030 16.3 0.001 5.3 0.020 1.1 NS
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less complex than the temporalis or nuchal musculature,
suggesting less variation in the direction of loading during
multiple functional activities. The large E3 at this site
corresponds with the larger E3 values found at all muscle-
bearing sites. We hypothesize that the large anisotropy
and invariant orientation of the axis of maximum stiffness
relates to a common pattern of stress orientation, which
results from the local effects of masseter contraction dur-
ing oral activities.

Occipital bone sites O2–O5 have unique features, in-
cluding some of the thickest cortical bone in the skull. The
distinct material properties of the occipital bone may re-
late to its functional role as an attachment area for the
nuchal musculature, which functions in head posturing
and movement. This musculature differs from the masti-
catory muscles in several ways. The nuchal musculature
pulls against the bone at a less acute angle. For example,
the temporalis pulls against the parietal and temporal
bones at an angle nearly parallel to the bone surface. Also,
the nuchal musculature is comprised of several complex

muscles that are generally thicker and stronger than the
muscles of mastication. Whether the angle and magnitude
of muscle pull generally relate to cortical bone thickness
and elastic properties is an interesting question that re-
quires further study.

Some aspects of our current results are similar to those
in a previous study, in which we examined differences
between the inner and outer tables of the parietal bone
(Peterson and Dechow, 2002). However, in the previous
study a smaller sample size was used, and some speci-
mens were rehydrated from dry skulls. Elastic properties
of the outer cortical plate were very similar between the
two studies; however, the previous investigation showed
fewer significant differences between sites within the ex-
ternal cortex, which is likely an effect of the smaller sam-
ple sizes in the previous study. The largest difference
between the studies was a smaller mean for the thickness
of the external cortical plate (1.8 mm vs. 2.5 mm). We
suspect that this difference is due to demographic differ-
ences in age and dental condition. All samples in the
current investigation came from dentate individuals of
known age. These details were not available for samples
in our earlier study; however, unless an effort is made to
specifically collect samples from dentate individuals, most
cadaver material comes from edentulous or partially den-
tate individuals.

Anisotropy and Orientation
The values of elastic moduli illustrate an order (E3 �

E2 � E1, and G32 � G31 � G12) that indicates transverse
isotropy, as found in the diaphyses of long bones (Yoon
and Katz, 1976; Ashman, 1989; Rho, 1996). The average
anisotropies of the zygoma are lower in magnitude than
the other bones tested in this study, but are similar to the
parietal bone inner table cortical elastic properties (Peter-
son and Dechow, 2002). The similarity in anisotropies
among cranial bone specimens from most sites and similar
measurements taken from postcranial specimens (Ash-
man, 1989) suggests similarities in the three dimensional
aspects of their microstructure. If function and bone mi-
crostructure are related, then a reasonable hypothesis for
further study is that the relative lack of strain in the
cranial vault results in the lack of consistent material
orientation.

One surprising finding was that the elastic properties of
the cranial vault are more similar to those measured in
long bones of the postcranial skeleton than to those of the
mandible (Ashman, 1989; Dechow and Hylander, 2000;
Schwartz-Dabney and Dechow, 2003). The main differ-
ence between the mandible and the cranial vault is the
relatively high values of E2 in the mandible. On average,
E2 is only slightly greater than E1 in the cranial vault,
indicating transverse isotropy. However, in the mandible,
E2 is often equidistant between E1 and E3 in magnitude,
indicating orthotropy. There is considerable variation in
these features between sites in both the cranial vault and
the mandible, which indicates that these differences can-
not be ascribed strictly to location or pattern of develop-
ment. We suspect that an explanation of these differences
will require more specific knowledge of mechanical micro-
environments, local influences (such as muscle attach-
ment on bone strain), and an understanding of the three-
dimensional nature of bone structure and adaptation.

Unfortunately, we know little about the three-dimen-
sional intermediate structure of cranial cortical bone. The

Fig. 5. Orientation of axes of maximum stiffness in the frontal, sag-
ittal, and occipital views. Nine sites show a significant mean orientation
of maximum stiffness, as indicated by the central line at each significant
site. Error is indicated by lines for the 95% CIs. All shaded sites have no
significant mean maximum direction of stiffness.
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only attempts to understand patterns of osteonal orienta-
tion and microstructure in the cranial vault are found in
historic studies of split-lines, which do not provide suffi-
cient information to adequately describe this intermediate
cortical structure. In split-line studies of the periosteal
surface of decalcified bone, investigators have attempted
to outline functional anatomical regions defined by the
orientation or “grain” of bone (Benninghoff, 1925). Split-
lines likely reflect aspects of bone histology, including
Haversian system anatomy and vascular canal orienta-
tion (Seipel, 1948; Tappen, 1954, 1967; Dempster and
Coleman, 1960; Buckland-Wright, 1977). However, it is
unlikely that, as suggested by Dempster and Coleman
(1960), split-lines show the orientation of collagenous fi-
bers and inorganic crystallites.

One problem that arose when we attempted to compare
our directions of maximum stiffness with split-line orien-
tations is that previous studies did not document variabil-
ity in split-lines quantitatively. In the mandible, we found
that split-lines on the whole corresponded with directions
of maximum stiffness (Schwartz-Dabney and Dechow,
2003). In the cranium and facial skeletons, correspon-
dence between the two was at best sporadic. Tappen
(1964) observed split-lines in areas where the loads pro-
duced by muscle forces acting on the bone must be prin-
cipally tensile. We found sites that support muscle attach-
ment (F9, P11, P12, P13, and T4) to be significantly
anisotropic and have a significant mean direction of stiff-
ness similar to split-line orientation described by Tappen.
We also found a significant mean direction of stiffness at
one site near a bony suture (F3), where forces may be
tensile (Mooney et al., 1998). However, other muscle-bear-
ing sites and sites adjacent to sutures had no significant
mean orientation between individuals, which calls into
question the meaning of any such similarities.

Other studies of split-lines likewise show a lack of cor-
respondence with our results. The split-line pattern de-
scribed by Benninghoff (1934) in the parietal region
showed crescent-shaped lines parallel to the temporal
line. This is similar to our findings regarding the orienta-
tion of maximum stiffness at some sites, but differs for
most sites. Dempster (1965) described cranial vault split-
line patterns, and suggested that the grain of the cranial
external cortex follows the shape of the bony structures in
the human skull. He demonstrated a split-line pattern
unlike those described by Benninghoff (1925), Ahrens
(1936), and Tappen (1954, 1957), yet different from our
findings on directions of maximum stiffness. We did not
find a mean direction of maximum stiffness at all sites,
and did not see any patterns that related to the shape of
the cortex.

Seipel (1948), in a study of split-lines in the craniofacial
skeleton, discussed the “closed kinetic chains within the
facial skeleton,” including the frontal and temporal re-
gions, which he noted serve the purposes of muscle inser-
tion and skeletal stabilization. Seipel also discussed the
direct muscular connections in the zygoma, which creates
the closed kinetic chains. He argued that function is a
determinant of the facial bony architecture and directions
of “grain,” as determined by split-lines, within the bone.
However, while function may be an important determi-
nant of the orientation of the principal axes of stiffness in
the cortical bone of the skull, this relationship is not
illuminated by historical data on split-lines.

Functional Implications
While it is possible that material properties correlate

with regional stress patterns, this relationship is not
clear. Skedros et al. (1994) examined artiodactyl calcanei
to determine whether regional differences in strain mag-
nitude and mode (tension vs. compression) reflect regional
adaptations in the structural/material organization of
bone. Their results were similar to ours in that they found
regional differences in material properties, which may
relate to differences in strain mode between specific skel-
etal locations and functions. For instance, they noted the
differences in the cortical thickness of bone in regions of
net tension vs. net compression in calcanei. The regional
variations we observed in density, thickness, elastic mod-
ulus, anisotropy, and direction of greatest stiffness, and
especially the differences between muscle-bearing and
non-muscle-bearing sites in stiffness (see below), indicate
the possibility of mechanically mediated adaptation.

Gradients of bone strain have been found by in vitro
testing of human skulls (Endo, 1966, 1970), and by in vivo
studies of the circumorbital region and zygomatic arch in
rhesus monkeys and baboons (Hylander, 1987). Along the
zygomatic arch, bone strains are higher in the anterior
part of the arch and the temporal process of the zygoma
than in the posterior part of the arch or the zygomatic
process of the temporal bone. Specifically, we expected
that this functional difference, which relates to attach-
ments of the masseter muscle, would result in differences
in elastic properties in that greater stiffness or more con-
sistent orientation of the axes of stiffness might be found
in the anterior part of the arch compared to the posterior
part. However, the only site that showed a significant
mean direction of stiffness across multiple samples was
T4, which is on the zygomatic process of the temporal
bone. The four sites on the zygoma, and the three on the
squamosal portion of the temporal bone showed no signif-
icant directionality. T4 also had the largest value of E3.
These differences between T4 and nearby sites suggest
functional implications, but this is difficult to interpret
with our current knowledge regarding loading in this re-
gion and bone adaptation. One possibility is that loading
patterns are more consistent in the posterior arch both
within and between individuals, which results in less vari-
ability in patterns of bone remodeling and the related
cortical material properties.

Cowin and Hart (1990) demonstrated a theoretical max-
imum error of 45° in principal stress axis orientation if
anisotropic bone is modeled as isotropic. Dechow and Hy-
lander (2000) extended these concepts empirically in the
craniofacial skeleton, and showed how the variation in
material anisotropy and direction of maximum stiffness
contributes to errors in stress magnitudes and orienta-
tions calculated from experimentally measured bone
strains. They concluded that regions of cortical bone with
greater anisotropy and greater variation in the direction
of maximum stiffness result in larger errors in calculating
minimum and maximum stresses from bone strain. In the
mandible, most regions have sufficiently consistent orien-
tations of maximum stiffness to allow reasonable predic-
tions of minimum and maximum stresses and their orien-
tations. In the cranial vault, however, large errors may
result at many sites if average values between subjects
are used to make calculations of stress patterns in indi-
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vidual bones. Stress in some parts of the cranial vault and
zygoma can be more reliably calculated than in other
regions, but this must be determined by analysis of the
variation in the elastic properties, as discussed by
Schwartz-Dabney and Dechow (2003).

When interpreting the results of this study, one must
consider that the data are derived solely from the outer
cortical table of the cranial vault, and do not include the
inner cortical table or the diploic bone. The cranial vault
functions as a three-layered structure, and additional
studies incorporating all parts of the vault may provide
additional insights into variations in cortical bone struc-
ture. A recent study in our laboratory showed material
differences between the inner and outer tables in the
parietal bone (Peterson and Dechow, 2002).

Our results differ from those of Dechow et al. (1993) in
the supraorbit, in which the maximum direction of stiff-
ness is not determined, but rather elastic coefficients are
calculated based on anatomical landmarks. Given the
variation in the maximum direction of stiffness, it is easy
to see how Dechow et al. (1993) concluded that there is
little difference at the supraorbit between E2 and E3. The
direction of maximum stiffness throughout the cortex of
the cranial vault and zygoma suggests the importance of
measuring material orientation in cortical bone prior to
determining material properties by ultrasonic or mechan-
ical methods. We found a significant mean direction of
stiffness for only nine of 36 sites in three of the five bones,
and most of these nine sites showed variation between
individuals. Only site T4 on the posterior zygomatic arch
had great consistency in orientation among all samples.
We did not find a mean direction of stiffness for the su-
praorbital site used by Dechow et al. (1993).

Despite the relatively great cortical thickness in the
human cranial vault, and the presumed low strains, our
results strongly indicate that the presence or absence of
muscle attachment has an influence on elastic properties
of the underlying cortical bone. T4, which had the largest
E3 of all sites, is loaded by the masseter and differs mor-
phologically from other muscle-bearing sites on the cra-
nial vault. However, the other muscle-bearing sites also
show larger values of E3, which indicates that muscle-
bearing sites adapt to local strain microenvironments in
which there is increased surface loading by increasing in
maximum stiffness. There is also an effect on E2 and thus
in all directions within the plane of the cortical plate,
although this effect is less pronounced than that for E3.
Likewise, E2/E3 anisotropy, like E2 and E3 (Fig. 3), differs
between muscle-bearing and non-muscle-bearing regions.
Most of this difference is attributable to E3, and muscle-
bearing cortical bone tends to have greater anisotropy. For
instance, T4 has the greatest anisotropy of all sites.

Variation in the consistency of the orientation of the
principal axes between sites may imply that a functional
explanation for axis orientation is not sufficient. At some
sites, the orientation of maximum stiffness in muscle-
bearing bone is perpendicular to the orientation of muscle
fibers and thus to muscle force. However, many muscle-
bearing sites do not have a consistent orientation among
individuals. Nevertheless, it is reasonable to hypothesize
that muscle has a functional effect on bone elasticity.
Additional research describing individual variations and
ranges of variations in muscle function relative to mate-
rial properties of specific adjacent cortical bone sites may

show whether the direction of muscle pull is related to the
direction of maximum stiffness in the underlying bone.
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