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Abstract

Skeletal adaptations to reduced function are an important source of skeletal variation and may be
indicative of environmental pressures that lead to evolutionary changes. Humans serve as a model
animal to investigate the effects of loss of craniofacial function through edentulation. In the human
maxilla, it is known that edentulation leads to significant changes in skeletal structure such as
residual ridge resorption and loss of cortical thickness. However, little is known about changes in
bone tissue structure and material properties, which are also important for understanding skeletal
mechanics but are often ignored. The aims of this study were to determine cortical material
properties in edentulous crania and to evaluate differences with dentate crania and thus examine
the effects of loss of function on craniofacial structure. Cortical bone samples from fifteen
edentulous human skulls were measured for thickness and density. Elastic properties and
directions of maximum stiffness were determined by using ultrasonic techniques. These data were
compared to those from dentate crania reported in a previous investigation. Cortical bone from all
regions of the facial skeleton of edentulous individuals is thinner than in dentate skulls. Elastic and
shear moduli, and density are similar or greater in the zygoma and cranial vault of edentulous
individuals, while these properties are less in the maxilla. Most cortical bone, especially in
edentulous maxillae, has reduced directional orientation. The loss of significant occlusal loads
following edentulation may contribute to the change in material properties and the loss of
orientation over time during the normal process of bone remodeling. These results suggest that
area-specific cortical microstructural changes accompany bone resorption following edentulation.
They also suggest that functional forces are important for maintaining bone mass throughout the
craniofacial skeleton, even in areas such as the browridges, which have been thought to be little
affected by function, because of low in vivo strains found there in several primate studies.
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INTRODUCTION

Bone structure in vertebrates reflects both the evolutionary history of the species and
physiological and behavioral adaptations to environmental change within an organism.
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While it is notoriously difficult to sort the former from the latter, much work has
documented some effects of physiological adaptation on craniofacial skeletal structure. Such
studies help establish the limits of physiological, ecological, and functional effects on the
bone structure of an organism and are equally as important as studies of phylogenetic
structural variation in attempting to understand variations in fossil forms. Here craniofacial
cortical bone structure and material properties are examined in a natural experiment, which
relates the loss of craniofacial function in humans with the loss of the dentition during aging.
The findings of this research are important for studies of primate craniofacial evolutionary
change, especially in animals closely related to humans, because of the potential mechanistic
implications for understanding the limits of functional effects on craniofacial form.

The relationship between bone structure and function in the craniofacial skeleton of primates
can be explored by evaluation of changes in craniofacial structural loss following tooth loss.
Experiments involving tooth extraction in primates as experimental animals would be
unethical; however, because edentulation in humans is quite common, humans can be used
as a model primate to examine the structural and material effects accompanying loss of
function.

Gross changes in human alveolar bone with edentulation are well known (Jaul et al., 1980),
and radiographic and SEM techniques have been developed to evaluate bone loss (Kingsmill
and Boyde, 1998, 1999). In the human maxilla, residual ridge resorption, due to disuse
atrophy, leads to significant changes in facial structure, although not overall facial height
(Tallgren, 1972), and the rate of resorption is slower and four times less than that found in
the mandible (Klemmetti and Vainio, 1994). The ultimate effects of tooth loss on human
bone structure may be greater in the maxilla than in the mandible, especially in women
afflicted with osteoporosis (Jeffcoat, 1993). In both jaws, residual alveolar ridge loss leads
to poor prosthesis fit, and may lead to pathologic fractures in the supporting skeleton.

Studies of craniofacial structural changes following tooth loss have focused primarily on
alveolar structures because of the importance of these changes for restoring partial function
with the fitting of removable dental prostheses. Little attention has been paid to changes in
the skeleton of the upper face or cranial vault because of its lesser importance in human
functional dental restoration, and because of the apparent lack of change in gross
craniofacial dimensions.

The exploration of corresponding changes within cortical bone structures of the human
alveolar region or other parts of the craniofacial skeleton has been limited. Osteopenic
effects with functional loss and aging have been reported (Bras et al., 1983), and in the
mandible these effects often contribute to a larger amount of malunion or nonunion of
fractures in edentulous human patients (Buchbinder, 1993). Likewise, these effects suggest
that changes in craniofacial form, elastic properties, strength, and density are often
concurrent.

The relationship between function and structure of bone is important for understanding the
development, growth, and adaptation of primate skeletons. Bone remodeling, which is
responsible for the maintenance of the cortical bone structure and physical properties, is
altered by mechanical stimuli (Ascenzi, 1988; Burr et al., 1989, Smit and Burger, 2000).
Observations suggest that the direction in which the Haversian systems are oriented
corresponds to the direction of the bone’s greatest stiffness (Ascenzi, 1988; Lanyon and
Rubin, 1985, Petrtyl et al., 1996, Dechow et al., 2008). However, there is little information
on changes in microstructure or elastic properties of bone where loading has been
substantially reduced or redirected, such as in the human maxilla following tooth loss.
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Previous work shows differences in material properties between cortical bone from human
dentate and edentulous mandibles (Schwartz-Dabney and Dechow, 2002). Although no
differences exist in cortical bone density, significant differences are found in cortical
thickness, elastic anisotropy and shear moduli. There are also differences in the orientation
of maximum stiffness in some mandibular regions. It is speculated that these differences
reflect changes in function. For instance, the mandibular ramus may become thinner as a
secondary response to a decrease in muscular activity and thus loading of the bone (Veyrune
and Mioche, 2000).

The aim of this research is to document the material properties of the edentulous craniofacial
complex and compare these to data previously reported from dentate individuals (Peterson
and Dechow, 2003; Peterson et al., 2006). Of particular interest are differences in the
cortical bone of edentulous and dentate individuals in the maxilla, zygoma, and specific
areas of the frontal and temporal bones that are important in primate orofacial function. We
hypothesize that edentulous craniofacial skeletons, like dentate mandibles, differ regionally
in cortical material properties. Studies in primates including humans suggest that bone
structure in the upper face (browridges and other portions of the frontal bone and cranial
vault) are likely not much influenced by masticatory function because of the low bone
strains found in these regions during orofacial function (Hylander et al., 1991; Ravosa,
1991; Ravosa et al., 2000a,b; Kupczik et al., 2009), and because other aspects of local and
systemic growth and calcium metabolism, spacial structural relationships, and allometry
provide adequate explanations of variation in the craniofacial form of this region (see
Lieberman, 2000 for a summary of arguments and related literature). Thus, it is
hypothesized that tooth loss will have a marked effect, similar to that observed in the
mandible, on the material properties of cortical bone in high-strain areas of the face (e.g., the
alveolar and zygomatic regions). In contrast, little effect in the low-strain regions of the
upper face and cranial vault is predicted.

MATERIALS and METHODS

Fifteen edentulous human crania (11 females aged 57 to 100 years of age, and four males
aged 58 to 78 years of age) and fifteen dentate crania (seven females aged 48 to 95 years of
age, and eight males aged 50 to 89 years of age) comprised this study population. Medical
status was available for all specimens and no specimen was collected from cadavers known
to have died from primary bone diseases. Edentulous human cadavers typically arrived in
the willed body facility with dentures included. But it was not possible to know the dental
history of these individuals; nor was it possible to assess denture wear in all of those crania,
where we obtained the head only, because the dentures are often removed at the time of
specimen preparation. It is reasonable to assume that the majority if not all edentulous
individuals were denture wearers, because the State of Texas does not allow the use of
indigent individuals in willed body programs. Body donation is a practice that involves
active planning, which usually occurs years before death.

Data for the dentate crania were reported previously (Peterson and Dechow, 2003; Peterson
et al., 2006). These data were collected in the same laboratory using the same methods as in
the currently described study. All crania were frozen shortly after death and maintained in a
fresh (unembalmed) condition. Crania were stored in freezers at —10°C prior to removal of
bone specimens. The freezing process has a minimal effect on the elastic properties of the
bone (Zioupos and Curry, 2000). Bone cylinders were harvested from 4 frontal sites, 1
temporal site, 15 maxillary sites and 4 zygomatic sites as illustrated in Fig. 1. The
distribution of specimens across the cortical surface of bone provided a representative
sample of the elastic properties of each bone dependent on functional regions in the mid-
and upper face (Peterson and Dechow, 2003; Peterson et al., 2006).
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Methods for cortical specimen preparation and storage, measurements for thickness and
density, and ultrasonic methods for assessing material properties, including elastic moduli,
shear moduli, and Poisson’s ratios, are described in great detail in previous publications
(Ashman et al., 1984; Dechow and Hylander, 2000, Schwartz-Dabney and Dechow, 2002;
Peterson et al., 2006; Wang and Dechow, 2006, Wang et al., 2006, in press). Briefly, sites
were marked with a graphite line parallel to the lower border of the mandibular corpus (the
mandibular plane). Bone cylinders with an inner diameter of 4 mm were harvested by means
of a slow-speed dental handpiece and Nobelpharma trephine burs. Following specimen
cutting, endosteal cancellous bone was removed with a Tormek water-cooled fine grinding
wheel until there were no visible porosities on the endosteal surface. All cortical samples
were measured with a digital caliper to the nearest 0.01 mm to verify diameter (4 mm) and
determine cortical thickness, defined as the distance from the periosteum to the cortical-
trabecular interface. Apparent density was calculated (mg/cm?3) based on dry and wet weight
measurements to the nearest 0.001 g with a Mettler-PM460 analytical balance and
densitometry apparatus. Cortical bone samples after preparation were kept hydrated in equal
proportions of 95% ethanol and isotonic saline, which maintains the elastic properties of
bone over time (Ashman et al., 1984; Zioupus et al., 2000). Thickness, density, and a set of
longitudinal and transverse ultrasonic velocities were measured on each specimen to allow
calculation of the elastic properties in three dimensions. In this technique, longitudinal
ultrasonic waves were generated by Panametrics V312-N-SU transducers resonating at 10
MHz. The transducers were powered with a Hewlett Packard Model8100A pulse generator.
Pulse delays induced by passage of ultrasonic waves through the bone were read on a
Tektronix TD3012B digitizing oscilloscope. The bone cylinder was mounted on a 4-in
Sherline Rotary Table (P/N 3700), which allowed accurate rotation to 0.1 degree. Pulse
delays for each specimen were measured at 22.5-degree angular intervals up to 180 degrees.
Ultrasonic velocities were calculated by dividing the specimen thickness or diameter by the
recorded time delay minus the standard system delay. To minimize error, all measurements
were repeated twice, and the mean value of the two measurements was used for analysis,
unless they showed large differences. In this case, measurements were repeated until
consistent results were obtained. Samples which gave readings with inconsistencies greater
than 5% were discarded.

To minimize the angular errors incurred by the direct method described previously, we used
a routine in Mathcad to fit the data for each bone specimen to a sine function [Y=a*sin(X+b)
+c] following Wang and Dechow (2006). The coefficients a, b, and ¢ corresponded to the
orientation of the axes of maximum stiffness, the average velocity, and the maximum
deviation of the curve from the average velocity. For consistency in comparison, angles for
the dentate specimens were recalculated, although differences from previously reported
values were minimal. A second minor difference was in the calculation of the final reported
values of the Poisson’s ratios (v). The equations used to calculate the technical constants
assume that the material is orthotropic, that is the elastic moduli (E) are different between
three mutually perpendicular directions, but are similar within each of these directions.
Thus, vjiEj= vijjEj, and Poisson’s ratios within the same plane, for example, v1, and vy, are
identical. Thus, only one of each of the three pairs of Poisson’s ratios, vi2, v31, and vog, are
reported.

Data were stored in Microsoft EXCEL spreadsheets and analyzed using the Minitab
statistical analysis program 14.1 (Minitab Inc., State College, PA). Descriptive statistics
were calculated for all measurements. We used a balanced, unrestricted analysis of variance
(ANOVA) with a repeated measures design and subject as the repeating factor to test for
overall differences among sites in edentulous skulls.
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Statistical differences within dentate skulls are not reported, because they have been
described previously (Peterson and Dechow, 2003; Peterson et al., 2006). Rather dentate
data were used for statistical comparison with data from the edentulous group. ANOVA
indicated that the dentate and edentulous samples were not significantly different in age. The
proportion of males to females in the edentulous sample (4 to 11) differed from the dentate
sample (8 to 7), but tests of differences in material properties by sex within each group
showed no significant differences. Given that sex did not have a significant effect on
material properties, males and females were pooled within each sample.

For statistical analysis of angular measurements, Oriana Software for Windows Version 2
was used (Kovach Computing Services, Anglesey, Wales, UK). Raleigh’s uniformity test
(Zar, 1999) was used to determine whether the means of maximum stiffness were significant
(directions of means are oriented and not random). If angular means were significant,
differences between them were tested with a generalization of the Watson-Williams test
adapted for circular distributions.

Cortical thickness in edentulous skulls, unlike dentate skulls (Peterson and Dechow, 2003;
Peterson et al., 2006) was not significantly different among sites (Fig. 2 and Table 1) with
means ranging between 0.7mm and 1.2mm. Cortical bone was significantly thinner in
edentulous crania compared to dentate skulls throughout all sites (p=.001), with differences
in mean values ranging from 0.4mm to 2.1mm less thick. Regions with the least differences
in thickness were those with thinnest cortical bone in the dentate skulls.

Cortical density in edentulous skulls was significantly different among sites (p=0.05) (Fig. 2
and Table 1). Cortical bone from the alveolar sites (#5-8), the anterior palate (#1 and 3), and
the inferior part of the body of the maxilla (#10-12) was the least dense while cortical bone
from the supraorbit (#21-24), lateral orbital portion of the zygoma (#16 and 17), and
posterior zygomatic arch (#20) was the most dense. The densest sites (>1800 mg/cm?3) were
also the thickest sites, such as those located at the lateral orbit (#17 and 24) and temporal
bone (#20). Cortical bone from the posterior palate (#2 and 4), and portions of the zygoma
(#18 and 19) and the body of the maxilla (#9, 13, and 14) were intermediate in density.
There were significant differences in density between cortical samples from dentate and
edentulous skulls (p=0.001). Overall, cortical bone from the maxilla and posterior zygomatic
arch from the edentulous group were up to 200mg/cm? or 13.2% less dense (site #18). This
result contrasted with the upper and mid-facial sites (frontal and zygomatic bones) in the
edentulous group, which were more dense than similar bone from the dentate group.

Patterns of statistically significant regional variation in elastic moduli (E1, Eo and E3) in
edentulous crania (Fig. 3, and Table 2) were similar to those in cortical density. Stiffest bone
was found in the supraorbital and cranial vault region, and least stiff bone was found in the
alveolar region. Cortical bone on the palate, zygoma, and lateral, medial, and inferior to the
orbit had intermediate amounts of stiffness. Differences between edentulous and dentate
skulls were also significant. Cortical bone superior to the orbit tended to be on average
slightly more stiff than that in dentate individuals, while all other sites varied from being
slightly less stiff to much less stiff (up to 38%), especially in some regions of the maxilla.

Shear moduli, G5, Gs1, and G,3, showed statically significant differences among sites in the
edentulous crania, and statistically significant differences between edentulous and dentate
crania (Fig. 4, Table 3). These patterns of differences were similar to those found for elastic
moduli.
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Poisson’s ratios, v12, v31, and vy3, showed statistically significant differences among sites in
edentulous skulls (Fig. 5, and Table 4). All three ratios showed significant differences
between edentulous and dentate crania. For v1,, Poisson’s ratios were larger in the
zygomatic and supraorbital areas and smaller elsewhere. For v3; and vz, the ratio was
slightly larger in the zygomatic region, but smaller elsewhere in the cranium.

The anisotropy ratio (E,/E3) differed statistically among sites in edentulous crania, and
between edentulous and dentate crania (Fig. 6 and Table 5). In the edentulous crania, the
greatest differences in stiffness between the 2 and 3 directions (i.e. the two orthogonal axes
of minimum and maximum stiffness within the plane of the cortical plate) were in the
zygomatic region and at several other scattered sites. These differences were not as
consistent among sites as those found for other elastic properties. In differences between
edentulous and dentate crania, only three zygomatic sites (#16, 17, and 18), one temporal
site (#20) and one frontal site (#23) had greater anisotropy (smaller ratio) in the edentulous
crania, while all other sites had lower (or equal) anisotropy (larger ratio), relative to the
dentate crania.

Rayleigh's test for uniformity demonstrated significant mean directions of maximum
stiffness among individuals at 6 of 24 sites in the edentulous crania (Fig. 6 and Table 6),
compared with 12 of 24 sites in the dentate crania, indicating an overall decrease in
consistent orientation of orthotropic axes in the 2—3 plane in the edentulous crania. In the
edentulous group, five significant sites were located in the maxilla (compared with seven in
the dentate group), and one was in the zygoma (similar to the dentate group). In the posterior
zygomatic arch (temporal bone), the edentulous crania did not show a consistent orientation,
while the dentate crania did. In the frontal bone, including the browridges, none of the four
sites showed a consistent orientation in edentulous crania, while one did among dentate
crania.

In the edentulous crania, the direction of maximum stiffness in the alveolar region (#5, 7)
and in the area lateral to the piriform aperture (#11, 12) was oriented roughly
superoinferiorly, and at the inferior orbital rim (#14), it paralleled the lower border of the
orbit. The inferior zygoma (#19) showed a significant direction of maximum stiffness that
paralleled the zygotemporal suture and the direction of pull of the superficial masseter.

There were four sites (#5, 7, 11, and 12) that had significant mean directions of stiffness for
both the dentate and edentulous skulls. These orientations were not significantly different
between dentate and edentulous groups. Like the dentate maxilla, significant mean
directions of stiffness were found at two sites (#11 and 12) within the frontomaxillary pillar
of bone. The dentate sample also had significant orientations at frontal sites (#23 and 24), a
palatal site (#1), and on the posterior zygomatic arch (#20) that were not found in the
edentulous group. The edentulous group had a significant orientation at the inferior
zygomatic (#19) that was not significantly oriented in the dentate group.

DISCUSSION

This research compares the material properties of cortical bone within the human edentulous
craniofacial complex and between edentulous and dentate skulls. As in the dentate
craniofacial skeleton (Peterson and Dechow, 2002, 2003; Peterson, et al., 2006), differences
in material properties vary regionally. Cortical bone from the human maxilla was the least
dense and stiff, while cortical bone from the supraorbital area, lateral orbital portion of the
zygoma, and posterior zygomatic arch was the most dense and stiff.

Contrary to the hypothesis that fewer differences exist in regions of the human crania that
have been shown to have low strains in vivo nonhuman primate studies and in in vitro
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human studies, differences in material properties were evident throughout the craniofacial
skeleton between edentulous and dentate crania, and these differences were usually region
specific. Cortical bone from the maxilla of edentulous skulls had lower density, elastic and
shear moduli, and Poisson’s ratios than those from similar areas in dentate skulls. In
contrast, cortical bone from the supraorbital area had slightly greater density and stiffness
than cortical bone from dentate crania, and cortical bone in the edentulous zygoma had
higher density, E;, E3, G12,G37 and vo3, but lower E; and G,3. The single temporal site
(#20) in the posterior zygomatic arch in edentulous skulls had lower density, elastic and
shear moduli, and higher Poisson’s ratios. These differences in material properties suggest
differences in bone microstructure that have yet to be investigated.

The results show that there is a remarkable difference in cortical thickness throughout the
human middle and upper face. It is well accepted that bone mass is reduced during the
process of aging (Jee, 2001). But as we pointed out earlier, the ages of the two groups were
not significantly different. Rather, differences in bone mass in the upper face, superior
region of the maxilla, the palate, and the zygoma seem to parallel the reduction in structure
reported for the maxillary alveolar region in a large number of investigations of edentulation
(e.g., Tallgren, 1972; Jaul et al., 1980; Jeffcoat, 1993; Klemmetti and Vainio, 1994; Tanaka
et al., 1994), suggesting that these differences are a direct result of bone adaptation
following tooth loss.

Another possible consideration is that some studies in humans have shown a moderate
association between tooth loss and systemic osteoporosis (Krall et al, 1996; Gur et al, 2003;
Tagauchi et al, 2004; Nicopoulou-Karayianne et al, 2009), although other studies and
reviews suggest that this evidence is weak and that associations between systemic bone loss
and that of the jaws remain unconvincing overall (Dervis, 2005; Famili et al, 2005). All
available studies focus on the jaws, and in particular, the alveolar bone, and there are no
reports on changes in the upper face and cranium associated with osteoporosis.

Functionally, edentulous humans have lower masticatory loads than dentate individuals.
Loss of teeth, or edentulation, decreases the magnitude of the bite force in denture patients
by 4 to 5 times compared to those with natural dentitions (Helkimo et al., 1977). Other
functional changes, such as changes in the direction of biting, are not well documented,
although limited evidence and consensus among Prosthodontists, suggests that bite forces
and masticatory cycles in denture patients become much more vertically oriented, as lateral
forces are what lead to problems with adequate denture retention during function (Peterson
and Dechow, 2003).

Although it is clear that bone loading is necessary to maintain bone mass, it is not at all clear
what magnitudes or frequencies of loading and associate strain are needed to maintain bone
mass; nor is it clear whether different skeletal organs or regions respond similarly to
reductions in function (Ascenzi, 1988; Burr et al., 1989; Smit and Burger, 2000; Jee, 2001).
Likewise, little is known about in vivo mechanics of the palate, midface, and upper face
during function in humans, although it is possible to make inferences from in vitro and
nonhuman primate studies. Most regions of the dentate midface and palate must bear
significant occlusal loads during function, and the zygomatic region must bear significant
loads from both occlusal loads and masseter function. In contrast, the brow ridges and
cranial vault are unlikely to have high strains because of the rigid structure of the cranium
and their relative distance from regions of force application. Despite the low strains that are
likely in the upper face of dentate individuals during function, the results of this study
strongly suggest that reduction of that function still has a pronounced effect on cortical bone
structure, especially cortical thickness.
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In contrast to cortical thickness, density and the elastic moduli were similar or greater in the
zygoma and cranial vault sites compared to the dentate skulls. This might be a secondary
adaptation to relatively larger strains due to a reduction of bone mass, similar to the
secondary increase of cortical thickness in edentulous mandibular corpora incurred by
reduction in alveolar height and corporal cross section (Schwarzt-Dabney and Dechow,
2002). Mechanical function stimulates the maintenance of structure in cortical bone by as
yet poorly understood mechanisms (Ascenzi, 1988; Burr et al., 1989; Smit and Burger,
2000; Jee, 2001). Conversely, and perhaps more likely, greater density and stiffness may be
related to greater mineralization in the browridges resulting from relatively lesser amount of
remodeling. A microstructural explanation of this finding cannot be determined by this
investigation, and these phenomena reflect the complexity of possible mechanisms of bone
adaptation.

The sites nearest the incisor and the second molar, and lateral to the piriform aperture are
significantly directional in both the edentulous and dentate skulls. Endo (1966) indicates that
the orientation of strain is in a similar direction during in vitro incisor and canine loading but
not during molar loading, as the latter does not result in direct loading along the
frontomaxillary pillar. Since an effective way for bone to resist deformation is for the
direction of maximum stiffness to be aligned with the direction of load (principal stress)
(Dechow and Hylander, 2000), then the less oblique direction of maximum stiffness may be
a structural adaptation to resist relatively greater amounts of bending and decreased shear in
the those regions. Likewise, the loss of significant orientation in some sites might suggest
either the (1) loss of a constant loading direction during function or (2) smaller-than-
threshold loads or lower frequencies of loads needed for orienting bone microstructure
during bone remodeling.

The differences between dentate and edentulous middle and upper faces have similarities
and differences to patterns found in human mandibles. The edentulous mandible is
significantly stiffer than the dentate mandible in the retromolar and superior ramus regions
(Schwartz-Dabney and Dechow, 2002). Likewise, cortical thickness is greater in the
edentulous mandibular corpus, and density is not significantly different between the dentate
and edentulous groups. Schwartz-Dabney and Dechow (2002) suggest that the symphysis of
the edentulous mandibles may compensate for the thinner cortex with increased density and
stiffness.

It is interesting to contemplate a link between the thinning of cortical bone in the upper face
and reduced occlusal and muscular forces. As we have previously noted, this possibility is
surprising in the upper face because this region has been shown to have low strains during
function, suggesting that the skeletal structure is not dependent on occlusal and muscular
loads. The low strains in the supraorbital region suggest that functional loads do not
contribute to the brow ridge development (Hylander et al., 1991; Picq and Hylander, 1989)
thus calling into question the masticatory stress hypothesis. Endo (1966) concluded that
brow ridges in primates are bent in frontal plane yet are not stressed more during incision
than molar biting. However, Hylander et al. (1991) point out that the strains measured by
Endo are very small and they suggest that there is no relationship between browridge
morphology and mastication or other oral functions. Rather, they suggest that the form of
the browridges is due to spatial orientation of the orbits and brain (reviewed in Leiberman,
2000). Our results do not directly address the issue of the significance of function on the
development of variations in the form of the supraorbital region. But they do suggest,
despite the low strains, that cortical bone mass in this area is dependent for maintenance on
normal masticatory muscular and occlusal loads.
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Thus, it cannot be ruled out that, however low the bone strains, the total volume of loading
(magnitude X frequency) does have an impact on supraorbital bone maintenance and three-
dimensional shape, and likewise may produce an effect during individual development. How
bone adaptation varies regionally at a molecular level, and how associated variations in
mechanisms of bone formation and maintenance came about during evolution, remain the
key questions for understanding the phenomenon described in this study.

In summary, the loss of significant occlusal loads following edentulation may contribute to
the change in material properties and the loss of orientation over time during the normal
process of bone turnover and remodeling. These results suggest that cortical microstructural
changes accompany bone resorption following edentulation. The regional differences in
patterns of change in material properties with edentulation in the upper facial skeleton
suggest area specific adaptation to loss or reduction of bone function both regionally and
globally.
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Figure 1.

Location of the 24 sites from which cortical bone specimens were removed from the
edentulous crania. The small figure on the right shows the sites on the hard palate (inferior
view, anterior at top).
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Figure 2.

Top: Average cortical plate density in the edentulous crania (shading) and difference
compared with dentate crania (humbers). Bottom: Average cortical plate thickness in the
edentulous crania (shading) and difference compared with dentate crania (numbers).
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Figure 4.
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Average cortical bone shear modulus Gy, (Top), Gs1 (Middle), and Go3 (Bottom) in the

edentulous crania (shading) and difference compared with dentate crania (numbers).
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Figure 6.

Top: Average cortical bone anisotropy (E, /E3) in the edentulous crania (shading) and
difference compared with dentate crania (numbers). Bottom: Six sites show significant mean
orientations of maximum stiffness (E3) among the edentulous crania. These sites are
indicated by the bold intersecting lines that illustrate the mean orientations and the non-
bolded lines that are the 95% confidence intervals. The shaded sites are those with
significant average orientations in the dentate comparison sample (see Table 6).
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