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ABSTRACT
Histomorphometric and cross-sectional geometric studies of bone

have provided valuable information about age at death, behavioral and
activity patterns, and pathological conditions for past and present human
populations. While a considerable amount of exploratory and applied
research has been completed using histomorphometric and cross-sectional
geometric properties, the effects of intraskeletal variability on interpret-
ing observed histomorphometric data have not been fully explored. The
purpose of this study is to quantify intraskeletal variability in the relative
cortical area of long bones and ribs from modern humans. To examine
intraskeletal variability, cross-sections of the femur, tibia, fibula,
humerus, radius, ulna, and rib when present, were examined within indi-
viduals from a cadaveric collection (N 5 34). Relative cortical area was
compared within individuals using a repeated measurements General
Linear Model, which shows significant differences between bones, particu-
larly between the rib and the remaining long bones. Complementarily,
correlations between bones’ relative cortical area values suggest an
important allometric component affecting this aspect of long bones, but
not of the rib. This study highlights the magnitude of intraskeletal vari-
ability in relative cortical area in the human skeleton, and because the
relative cortical area of any particular bone is affected by a series of con-
founding factors, extrapolation of relative cortical area values to infer
load history for other skeletal elements can be misleading. Anat Rec,
298:1635–1643, 2015. VC 2015 Wiley Periodicals, Inc.

Key words: cross-sectional geometry; histomorphometry;
skeletal biology

Histomorphological analysis has been employed in
modern skeletal biology for over half a century. In
anthropology, which focuses on documenting and under-
standing human evolution and variation, histomorpho-
logical studies have focused primarily on the
development of methods that can be used to age an indi-
vidual based on the composition of bone tissue and bone
remodeling rates (Kerley, 1965; Ahlqvist and Damsten,
1969; Kerley and Ubelaker, 1978; Stout and Paine, 1992;
Stout and Lueck, 1995; Cho et al., 2006), and informa-
tion that bone can reveal about behavioral patterns and
mechanical loads (Ruff and Hayes, 1983a,b; Bridges,
1990; Larsen and Ruff, 1990; Ruff, 1992; Larsen, 1997;
Weiss, 2005; Robling and Stout, 2008; Ruff, 2008; Shaw

and Stock, 2009a,b). While most studies report histomor-
phometric and cross-sectional geometric properties
within and between populations, few examine the vari-
ability of these properties within single individuals (e.g.,
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Peck and Stout, 2007). A better comprehension of intra-
skeletal variability of histomorphological and cross-
sectional geometric properties allows for a fuller apprecia-
tion of the variability of these properties at the individual
and population level, and understanding intraskeletal
variation in these properties can help establish baseline
parameters for further comparative analyses.

An important principle of skeletal biology is that
bones are able to detect the mechanical forces placed on
them and modify their structures to adapt to changes in
habitual loads (Wolff, 1892; Rubin et al., 1990; Pearson
and Lieberman, 2004; Ruff et al., 2006; Burr and Allen,
2014). Bone is structured to minimize fracture risk and
simultaneously maintain the most metabolically eco-
nomic bone mass possible for proper function (Seeman,
2006, 2008; Martin, 2007), therefore behaving as an ani-
sotropic material since several loading forces (bending,
compression, tension, torsion, shearing) are acting upon
it from several different directions (longitudinal, radial,
circumferential) (Turner and Burr, 1993; Currey, 2006).
Bones have different functional responsibilities and are
constrained by different biomechanical demands.

Cross-sectional geometry utilizes components of beam
analysis employed in engineering to determine the dis-
tribution of bone, and thus determine how bone adapts
to its mechanical environment. For example, the biome-
chanical beam model, which uses cross-sectional geomet-
ric properties to create a beam that is designed to
withstand the types of loads that are being applied to it,
is employed to study the mechanical load history of long
bones (Ruff, 2008). The cross-sectional geometric proper-
ties that are examined in human bone measure the
amount of bone and its distribution within a cross-
section. These properties allow the researcher to make
inferences about the types and directions of mechanical
loads that affected the bone in life (Enlow, 1963; Takaha-
shi and Frost, 1965; Ruff, 1992; Martin et al., 1998; Ruff
et al., 2006; Burr and Allen, 2014). In anthropology,
cross-sectional geometric studies have been used to
examine a number of different issues addressing activity
and behavior patterns (Ruff and Hayes, 1983a,b;
Bridges, 1990; Larsen and Ruff, 1990; Ruff, 1992;
Larsen, 1997; Weiss, 2005; Ruff, 2008; Shaw and Stock,
2009a,b).

It is necessary for specific cross-sectional geometric
properties, such as cortical area, to be explored and eval-
uated before they are used to extrapolate larger patterns
and arguments about morphology, growth and develop-
ment, and aging and senescence for cortical bone. In
order to understand changes in the skeleton, we have to
understand the natural variation that exists between
skeletal elements (Martin et al., 1998; Currey, 2006). In
anatomical and anthropological studies, histomorphologi-
cal and cross-sectional geometric characteristics can be
used as descriptors and indicators of activity and behav-
ior (e.g., Ruff and Hayes, 1983a; Demes, 2007; Kumar
et al., 2012; Skedros, 2012), but these properties have
rarely been determined for each element in a single indi-
vidual. This study seeks to develop a baseline apprecia-
tion for intraskeletal variability in relative cortical area
to enhance its applicability in skeletal biological analy-
ses, and is relevant for reconstructing lifestyle.

Cross-sectional geometric properties pertinent to
the current research include total area, cortical area,
medullary area, and relative cortical area. Relative corti-

cal area, the proportion of cortical area relative to the
total area of the bone, is a primary component of bone
strength (Martin et al., 1998). Relative cortical area is a
valuable cross-sectional geometric property to use in
osteological, paleontological, and bioarchaeological
research, because it can provide insights into the biome-
chanical loading needs throughout the skeleton, based
upon the entire cross-section of the bone. Since collecting
data on relative cortical area does not require the use of
high magnification, the potential effects of diagenesis
and bone degradation are not as significant a limitation
as for other histomorphometric properties that require
relatively well-preserved histomorphology. Therefore,
relative cortical area is a tool that can be used when
examining potentially compromised bone.

Previous studies have also incorporated relative corti-
cal area as a tool related to relative amount of tissue, to
developmental expansion during ontogeny, and to whole
bone stiffness (Skedros et al., 2003; Tommasini et al.,
2008). For example, Tommasini et al. (2008) found that
relative cortical area decreased with bone slenderness in
adult tibiae of both males and females. Moreover,
Schlecht and Jepsen (2013, 2014) have found that the
relationship between robustness, cortical density, and
relative cortical area covaries across upper and lower
limb elements and is influenced by ontogenic, mechani-
cal, and environmental factors. They indicated that
robustness could serve as a predictor of peak bone qual-
ity because it could reflect the relationship between
transverse surface expansion and longitudinal growth of
the diaphysis.

Similar uses for relative cortical area have also been
seen in studies with other animals. Skedros et al. (2003)
examined relative cortical area in several skeletal ele-
ments from a Rocky Mountain mule deer as an estimate
of robustness. In this study, relative cortical area was
moderately correlated with osteon population density
(OPD) and mineral content and it was suggested that
material properties (strength, toughness, and stiffness
or rigidity) differ significantly between locations, espe-
cially in proximal to distal loading. Moreover, it is impor-
tant to note that differences in modeling and remodeling
rates between different skeletal elements and site
regions can also be a factor in examining the mechanical
context (Marotti, 1963, 1976; Skedros et al., 2003). Mar-
elli and Simons (2014) found that the distal hindlimb
elements (phalanges) in both Great Horned Owls and
Red-Tailed Hawks exhibit higher relative cortical area
than upper limbs because these hindlimb elements are
expected to be experiencing compression and bending
loads. Both species rely on their hindlimbs to catch prey.
Van Schalkwyk et al. (2004) found that, despite unique
anatomy between giraffes (Giraffa camelopardalis) and
buffalo (Syncerus caffer), there are no significant differ-
ences between the two species in bone densities for both
vertebral and femoral bone. The strength of the limb
bone is partly dependent on increased density and not
only cross-sectional area.

Studies have demonstrated the importance of the fac-
tors of robustness, the strength of a bone expressed as a
function of its size and shape (Stock and Shaw, 2007;
Schlecht and Jepsen, 2013) and stiffness, its resistance
to deformation (Turner, 2006) on the analysis of skeletal
sites. For our study, we present relative cortical areas at
midshaft that represent comparable regions on the
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diaphysis appropriate for establishing overall intraskele-
tal variation.

The objectives of this study are to quantify and statis-
tically analyze the intraskeletal variability in modern
skeletons, expanding current knowledge of intraskeletal
variability in modern populations in the United States.
The purpose of this study is to test the hypothesis that
intraskeletal variability exists, and to determine if any
of the bones produce comparable relative cortical area
values. We hypothesize that intraskeletal variability in
the relative cortical area values exists within the skele-
ton. Because there are more biomechanical demands on
certain long bones, such as the weight-bearing femur
and tibia, it follows that the shapes and compositions of
bones may be affected by biomechanical factors. All
bones are subjected to these forces, but bones that are
similar in size and less subject to constant mechanical
loading have similar relative cortical area values (Peck
and Stout, 2007).

MATERIALS AND METHODS

The samples used for this study come from the cadav-
eric skeletal collection obtained from the Washington
University in St. Louis, MO, and from the University of
Missouri in Columbia, MO, during the 1970s. Skeletal
elements from 34 individuals are examined to describe

intraskeletal variability (Table 1). All individuals have
the six long bones present (femur, tibia, fibula, humerus,
radius, and ulna) and 16 of the individuals have the rib
in addition to the other long bones. These six long bones
were selected for analysis to describe intraskeletal vari-
ability among bones of the upper and lower limbs. Rib
cross-sections are also included in the analysis, when
available, because the rib is subject to limited biome-
chanical forces and is frequently accessible for sampling
(Sedlin et al., 1963; Epker and Frost, 1964, 1965; Epker
et al., 1965; Stout, 1986; Stout and Paine, 1992; Stout
and Lueck, 1995; Mulhern, 2000; Cho and Stout, 2003;
Cho et al., 2006). Therefore, understanding how the cort-
ical area of the rib compares to that of the long bones of
upper and lower limb is essential to establish how bone
elements respond to different functional demands.

The microscopic slides, originally prepared for other
histological studies (i.e., Stout and Paine, 1992; Stout
and Lueck, 1995; Cho et al., 2006; Peck and Stout,
2007), are grouped into two complementary datasets:
Group 1 (N 5 34) includes only the six major long bones
of the upper and lower extremity; and Group 2 (N 5 16)
is comprised of a subset of the total sample that includes
the rib. All slides were derived from the midshaft of the
long bones and middle third of sixth rib (Stout and
Paine, 1992). Side for the bone samples was not rou-
tinely recorded.

TABLE 1. Summary of Sample Data

Individual Rib Age Sex Ancestry Cause of death

1 17 M European Am. Aspiration of gastric contents
2 39 F Unknown Hemorrhage
3 43 M European Am. Obstruction of larynx by food
4 Yes 47 F European Am. Suicide (drug overdose)
5 Yes 52 M European Am. Carcinomatosis
6 Yes 54 F European Am. Intracerebral hemorrhage
7 55 F European Am. Cardiac arrest
8 55 F European Am. Hepatic failure
9 55 F European Am. CA breast w/widespread metastasis (1yr)
10 Yes 57 F Unknown Hepatic failure
11 Yes 57 F Unknown CA breast metastasized to liver, hepatic coma
12 Yes 60 M European Am. Cardiopulmonary arrest
13 Yes 60 F European Am. CA bladder
14 62 M European Am. Colon CA (17 mo) metastasized to liver (6 mo)
15 62 M Unknown Squamous cell CA (right lung), terminal
16 Yes 62 F Unknown Cardiac arrest
17 63 M European Am. Adenocarcinoma of stomach
18 63 F European Am. Brain tumor
19 64 F European Am. Chronic lymphocytic leukemia(1 yr)
20 65 F European Am. Metastic CA to bone & brain (3yrs),

metastasized to breast
21 Yes 66 M African Am. Lung CA (2yrs)
22 66 F European Am. Myocardial infarction
23 Yes 66 F Unknown Generalized carcinomatosis
24 Yes 66 F European Am. Myocardial infarction
25 66 F European Am. Cardiovascular disease
26 Yes 68 M European Am. Chronic congestive heart failure
27 Yes 70 M Unknown Undifferentiated lung CA (18 mo)
28 71 F European Am. Breast CA (4 yrs) metastic (1 yr)
29 71 F European Am. Metastic CA of colon
30 Yes 77 F Unknown Cerebrovascular accident
31 Yes 82 M European Am. Ventricular fibrillation
32 91 F European Am. Cardiac arrest
33 94 F European Am. Cardiopulmonary arrest due to CA

of esophagus
34 Yes 102 M European Am. Pulmonary embolus
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The bone was prepared using standard histological
preparation techniques (Frost, 1958; Stout and Paine,
1992; Robling and Stout, 2008). The bone sections were
embedded using BuehlerVR Epo-Thin epoxy resin and
hardener. The embedded sections were placed under a
vacuum in order to remove all air bubbles and to ensure
the structural integrity of the bone samples for the fol-
lowing procedures. An IsometVR low-speed metallurgical
saw (Buehler Instruments) was used to cut transverse-
sections of the embedded bone samples that were
approximately 500 lm thick. The samples were then
ground and polished using a BuehlerVR Tech-met sanding
wheel until the samples reached a thickness of approxi-
mately 100 lm. The bone sections were then cleaned
and cleared with xylene before being mounted onto
microscopic slides.

Data collection followed the protocol described by
Stewart et al. (2013) that uses a digital SLR camera
coupled with ImageJVR microscope software to generate
images of bone sections. This method is reported to be
comparable to other commonly used methods (e.g., meth-
ods involving a microscope or flatbed scanner), and pro-
duce no discernible differences in precision and accuracy
(Stewart et al., 2013). Images were captured with a
NikonVR D5000 camera fitted with a NikonVR 18-55mm
lens and a range of apertures from F3.5-5.6 was used
(Fig. 1). Extension tubes of various lengths were utilized
since they create a clearer image with an increased mag-
nification while not adding additional layers of glass.
Extension tubes were used either alone or in combina-
tion in order to best fill the frame with the complete
bone cross-section being photographed. The lens focus
was adjusted for each individual specimen to ensure the
bone cross-section was in focus. A photographic stage
attached to a copy stand was designed to provide a clear
imaging surface with sufficient light and contrast to cap-
ture the best quality images of the bone (Stewart et al.,
2013). Once the images were digitally captured,
ImageJVR (http://rsbweb.nih.gov/ij/) software was used to
determine the relative cortical area values for each slide
specimen. Quantitative analysis methods that employ
ImageJVR need to be calibrated so that the pixel size of

the image can be associated with the actual distance
represented. A standardized ratio of pixel to distance
represented could not be developed for the digital SLR
camera method since each picture had to be individually
focused and composed. Therefore, in order to calibrate
each image accurately, a metric ruler was included
alongside each cross-section, allowing each image to be
calibrated individually (Fig. 1).

To determine intraobserver measurement error, the
relative cortical area of 17 individuals were remeasured
and compared with the initial measurements with a
minimum of four weeks between readings. An ANOVA
test was performed to compare the two separate meas-
urements of the 17 individuals for each of the six long
bones. The root of the ANOVA mean squares (i.e., the
standard deviation) value provides the approximate
measurement error between the two relative cortical
area values. Compared with the means and standard
deviations of the seven bones measured, the intraob-
server measurement errors are small (Tables 2 and 3).

Histomorphometric variables measured include the
following:

� Total subperiosteal area (Tt.Ar): all of the area of the
bone that is surrounded by the outer perimeter, or per-
iosteum, of the bone (Parfitt et al., 1987; Cho et al.,
2006; Ruff, 2008).
� Cortical area (Ct.Ar): the amount of cortical bone that

is present in the cross-section, excluding the marrow
cavity (Parfitt et al., 1987; Cho et al., 2006). Cortical
area reflects bone strength and the history of typical
compressive or tensile loads experienced by a bone
(Epker et al., 1965; Evans and Vincentelli, 1974; Ruff,
2008).
� Endosteal area or medullary area (Es.Ar): the area of

the bone comprised of the marrow cavity (Parfitt
et al., 1987; Cho et al., 2006; Ruff, 2008). Subtracting
endosteal area from total subperiosteal area provides
the cortical area of bone (Ct.Ar 5 Tt.Ar-Es.Ar).
� Relative cortical area (Ct.Ar/Tt.Ar): calculated by

dividing cortical area by the total area (Parfitt et al.,
1987; Cho et al., 2006; Ruff, 2008), and provides a
measure of cortical area independent of absolute bone
size.

Age-at-death, sex, ancestry, and cause-of-death are
documented for all individuals (Table 1). The sample of
34 individuals includes a preponderance of females (22
individuals) over males (12 individuals), and most indi-
viduals classified as “European-American” ancestry
(N 5 25). One individual was reported to be of “African-
American” ancestry and the remainders are of unknown
ancestry. The ages range from 17 to 102 years, although

Fig. 1. This micrograph is a picture of a radius (Individual 4) and is
an example of an image produced by the digital SLR camera. This is
a single image that was captured using the extension tubes and pho-
tographic set-up. The ruler on the left of the image is represented in
millimeters.

TABLE 2. Intraobserver Measurement Error of the
Relative Cortical Area Values for the Individual

Bones

Bone Measurement error

Femur 0.008
Tibia 0.008
Fibula 0.006
Humerus 0.003
Radius 0.007
Ulna 0.007
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the sample is skewed towards older ages (mean 5 63.2
years). Our analyses explore the effects of sex and age
variables, however, given the limited representation of
different ancestries in the sample, ancestry was not
included as a variable in our analyses.

To test for the differences of relative cortical area val-
ues between bones within individuals, we applied a
repeated measurement General Linear Model (GLM),
including sex and age as covariates to control for the
effect of these factors. The repeated measurements GLM
allow us to compare the difference between bones within
individuals while disregarding the variance component
that is due to differences between individuals, and as
such is more suited to the purposes of the current study.
GLM analyses are done with the two complementary
datasets (with and without ribs) and since in both cases
assumption of sphericity is not valid (Mauchly’s test of
sphericity: P 5 0.018 for data without ribs and P 5 0.007

for data with ribs), we report here the Greenhouse-
Geisser corrected P values. Complementarily, to explore
the relationship between the relative cortical areas of
the different bones analyzed, pairwise correlations
between them were calculated. All statistical analyses
were done in SPSSVR 22.0 (IBM Corp. Released 2013.
IBM SPSS Statistics for Windows, Version 22.0. Armonk,
NY: IBM Corp.).

RESULTS

Descriptive statistics for the relative cortical area val-
ues for each individual bone are presented in Table 3.
Table 4 presents the results of the repeated measures
GLM for both groups. In both cases, there are significant
differences observed between bones within individuals,
and since none of the interactions between bones and
sex or bone and age are significant, these results support
the hypothesis that significant differences between bone
types are not a result of sexual or age differences
between the sample individuals. Figure 2 shows the rel-
ative cortical area values for the bones for Group 1 and
Figure 3 illustrates the same for Group 2. The rib has
significantly smaller relative cortical area values than
the long bones (Fig. 3), being a clear outlier when com-
pared with the remaining bones. Among the long bones
(Fig. 2) the lower limb bones (femur, tibia, and fibula)
present very similar relative cortical area values,
whereas there are larger differences among the upper
limb bones, with the radius and ulna showing high rela-
tive cortical area values and the humerus showing rela-
tively low relative cortical area values. The similar

TABLE 3. Descriptive Statistics for Relative Cortical Area Values of Sample Data

N Minimum Maximum Mean Std. dev.

Femur 34 0.407 0.823 0.656 0.112
Tibia 34 0.313 0.816 0.648 0.121
Fibula 34 0.391 0.879 0.670 0.130
Humerus 34 0.422 0.815 0.600 0.107
Radius 34 0.484 0.884 0.736 0.109
Ulna 34 0.417 0.871 0.706 0.109
Rib 16 0.138 0.683 0.353 0.140

Fig. 2. Relative cortical area of long bones (Group 1) according to
sex.

TABLE 4. Repeated Measurements GLM Results for
the Comparisons of Relative Cortical Area Between

Bones

Group 1 (N 5 34) Group 2 (N 5 16)

F P F P

Bones 2.629 0.044 5.573 0.005
Bones 3 age 0.253 0.891 0.622 0.581
Bones 3 sex 1.444 0.228 1.754 0.181

F values considered significant at a 5 0.05 are in bold.

Fig. 3. Relative cortical area of long bones and ribs (Group 2)
according to sex.
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relative cortical area values among the lower limb bones
are particularly interesting, given the similar loads that
these bones are subject to during locomotion in humans.

Table 5 shows the correlation results between the bones.
All long bones (Group 1) show significant positive correla-
tions among themselves (P<0.01), which supports the
idea that there is an allometric effect on relative cortical
area, and that this factor affects all long bones. However,
although significant, the magnitudes of the associations
between long bones vary considerably. The highest correla-
tions coefficients are found among lower limb bones
(r 5 0.69–0.80) and among upper limb bones (r 5 0.75–
0.86), while correlation between members tend to be
smaller overall (r 5 0.55–0.77), which suggests stronger
associations in relative cortical area sizes within limbs
than between lower and upper limb bones. The exception
to this pattern is the rib, which shows only significant cor-
relation with the femur, and is relatively weak in terms of
the amount of variation explained (r 5 0.54), suggesting
that factors defining the relative cortical area values of
long bones do not affect the rib significantly.

DISCUSSION

Our results support the hypothesis that intraskeletal
variability exists when examining the mid-shaft relative
cortical area values of the femur, tibia, fibula, humerus,
radius, ulna, and rib. The null hypothesis that the rela-
tive cortical area values are equivalent within the indi-
viduals was rejected by the repeated measurements
GLM, after correcting for the effect of age and sex. The
rejection of the null hypotheses suggests that relative
cortical values for certain skeletal elements cannot be
used to determine a standard relative cortical area value
for the entire individual (i.e., there is no single relative
cortical area value for an individual). These results dem-
onstrate that relative cortical area values used in cross-
sectional geometric studies are applicable to the skeletal
element that was analyzed, but may not be relevant
when comparing other skeletal elements. This finding is
especially important to notice, since the correlation
results suggest that the long bones (but not the ribs)
covary significantly, which has already been shown by
previous studies (Schlecht and Jepsen, 2013, 2014;
Schlecht et al., 2014). Our results show that in defining
relative cortical area values among human long bones,
significant differences between bones exist, and there-
fore generalization from one bone to the entire skeleton
should be avoided.

In studies with limited skeletal material present,
there has been a tendency to use single elements to elu-
cidate overall patterns of activity, growth, and aging in
the skeleton. While in certain contexts, such as forensic
or bioarchaeological situations, there are limited conclu-
sions that can be drawn from the skeletal elements pres-
ent, it is still necessary to have an underlying
appreciation of the variability and comparability
between certain skeletal elements before risking over-
extrapolation. As Martin et al. succinctly state:
“Different bones have different functions, and the best
solution to the conflicting mechanical demands need not
be the same for every bone” (1998:140). Elements have
differing porosity, degrees of mineralization, densities,
histologic architecture, microdamage susceptibility, rates
of deformation, and collagen fiber orientations, all of
which affect how bone responds to loading forces placed
upon it and ultimately modify its mechanical structure
and strength. The response of bone to mechanical factors
varies based on both internal and external environmen-
tal forces (Martin et al., 1998). For example, forces
imposed during locomotion determine the build of long
bones (Currey, 2006). Elements also differ based on the
stress volume effect; that is, larger structures are more
prone to failure than smaller structures. The adaptabil-
ity of low volume bones varies greatly from high volume
bones due to their rates of remodeling and the presence
of secondary osteons (Skedros, 2012). Moreover, muscles
also produce bending stresses on bone that can alter the
physical properties of the bone itself. All these factors
contribute to the differences in relative cortical area
observed in this study.

Overall, our results support this notion, given the
extreme similarity we found between relative cortical
area values of the lower limb bones. In humans, the
lower limb bones are subjected to constant and similar
forces associated to locomotion, and as such it is
expected that they will respond to these major forces in
similar ways. It is interesting in this case that the upper
limb bones show more variation in relative cortical area
values, which would be in accordance with the fact that
the development of these bones are not constrained to
similar and constant forces as is the case of the lower
limb bones. The low rib relative cortical area values
seem also to fit this scenario well, the thoracic cage
should be under lower forces than the long bones in nor-
mal situations.

The results demonstrate that comparing the relative
cortical area values for different skeletal elements from

TABLE 5. Pearson Correlation Coefficients Between Pairs of Bones

Femur Tibia Fibula Humerus Radius Ulna

Group 1 (N 5 34)
Femur 0.7998* 0.687* 0.557* 0.643* 0.694*
Tibia 0.799* 0.728* 0.548* 0.705* 0.774*
Fibula 0.687* 0.728* 0.575* 0.727* 0.732*
Humerus 0.557* 0.548* 0.575* 0.805* 0.745*
Radius 0.643* 0.705* 0.727* 0.805* 0.857*
Ulna 0.694* 0.774* 0.732* 0.745* 0.857*

Group 2 (N 5 16)
Rib 0.543** 0.304 0.296 0.195 0.111 0.34

*Statistically significant at the 0.01 level.
**Statistically significant at the 0.05 level.
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various individuals may introduce another level of error
into the analysis. If the values from two skeletal ele-
ments from a single individual differ significantly, then
the values from two elements from two individuals
would also be expected to vary. Therefore, it is important
to compare only the relative cortical area values among
individuals when the same skeletal element is meas-
ured. Additionally, this study only incorporates relative
cortical area values that were measured at the level of
the midshaft of the bones. Therefore, these results only
represent the intraskeletal variability for this anatomi-
cal area of the bone. It is important to note that just as
intraskeletal variability is present between bones, there
will likely also be intra-element variability within each
individual bone based on the functional demands of that
location on the bone.

The results of this study have significant implications
in studies where relative cortical area values of separate
elements are compared among individuals and popula-
tions, because sampling for histological or cross-sectional
geometric analyses are often limited to available or
opportune skeletal elements (Larsen, 1997). However, as
demonstrated by this study, intraskeletal and interskele-
tal variability should be accounted for when making
comparisons between results based upon different skele-
tal sampling sites. Extensive research has been under-
taken to examine variability in skeletal indicators of
health and kinds and levels of physical activity within
and between skeletal populations (Kennedy, 1989;
Bridges, 1990; Ruff, 1992; Larsen, 1997; Goodman and
Martin, 2002; Mays, 2006; Nowlan et al., 2011; Larsen
and Walker, 2010). This study contributes to research
addressing variability in cross-sectional geometric prop-
erties by establishing the extent of intraskeletal variabil-
ity for relative cortical area. A key tenet of anatomy is
understanding the variation that exists within the
human body. This study provides baseline data for one
aspect of variation in relative cortical area. The amount
of variation within a single skeleton of a number of
other cross-sectional geometric and histomorphometric
properties is unknown. Whenever these properties are
used and comparisons are made between the values
determined from different bones, there is the potential
for error unless the variation has been explored and
quantified. Patterns would have to be determined for the
other variables to understand how such variables could
be compared between different skeletal elements within
an individual, a population, or between populations.

There are also other variables that could be taken
into account with a sufficiently larger sample, and
although the results of this study are correcting the
effect of age and sex from the comparisons, a larger and
more diverse sample with a more comprehensive age
range may elucidate additional factors that underlie
intraskeletal variation in relative cortical area (bone
mass). For example, there may be differences in the pat-
terns of intraskeletal variability between various ances-
tries and populations. Cho et al. (2006) determined that
there were significant differences in the cortical bone
remodeling rates between different ancestry groups.
Age, sex, and population differences in the rates and
effectiveness of modeling and remodeling could influence
bone geometry, and relative cortical area values (Fujita
et al., 1968; Crenshaw et al., 1981; H€ogler et al., 2003;
Mays, 2006; Leonard et al., 2010; Nowlan et al., 2011;

Nelson et al., 2011; Ireland et al., 2014; Jepsen et al., in
press; Rantalainen et al., 2015). The sample used in the
present study is skewed towards older individuals of
European ancestry, but potential differences in intraske-
letal variability over a broader age range and ancestries
may exist, and can only be examined with a more repre-
sentative, larger, and broader sample. A number of fac-
tors, such as activity and behavior patterns, influence
the formation, size, and shape of the cortical area of dif-
ferent bones that cannot be accounted for in the current
sample. A sample with a more detailed history would be
beneficial when examining more specific questions about
locomotive patterns and the effects of such patterns.

An important component that can be considered when
examining relative cortical area values, is the impact of
bone size and robustness. Previous studies have sug-
gested that the adaptive changes found in cortical area
are due in part to early developmental variation in
robustness (Tommasini et al., 2008; Schlecht and Jepsen,
2013, 2014; Schlecht et al., 2014). Studies by Schlecht
et al. (Schlecht and Jepsen, 2013, 2014; Schlecht et al.,
2014) explore the issue of robustness by taking the total
area of the cross section and the bone length in to con-
sideration. Their findings indicated that upper and lower
limbs bones co-vary in terms of robustness, mineraliza-
tion, and tissue volume. Due to the nature of the cadav-
eric histological slide collection from which this sample
was drawn, an analysis of size and robustness based on
bone length or external morphology is impossible. How-
ever, by examining the correlation between the different
relative cortical area values based on type of bone, infor-
mation about the impact of size can be gleaned. As our
own results show, there is a strong correlation among
the relative cortical area values of long bones, which
must be a result of allometric impact of size (volume) of
the individual on the cortical area of the bone. However,
while this is true for the long bones, largely associated
with weight bearing bones, this cannot be extrapolated
for the entire skeleton, as demonstrated by the lack of
correlations between ribs and long bones relative cortical
area values found in this study.

Even though there were some intriguing patterns in
the data, the significance of these patterns is prelimi-
nary due to the small sample size. However, it is clear
that caution is warranted when comparing relative corti-
cal area values from separate individuals or populations
when different skeletal elements are used. Intraskeletal
variability of relative cortical area values does exist and
should be taken into account when cross-sectional analy-
ses occur. Further study is necessary to determine the
effects of intraskeletal variability on other commonly
used cross-sectional geometric and histomorphometric
properties.
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