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ABSTRACT: Distinguishing between human and nonhuman bone is important in forensic anthropology and archeology when remains are frag-
mentary and DNA cannot be obtained. Histological examination of bone is affordable and practical in such situations. This study suggests using
osteon circularity to distinguish human bone fragments and hypothesizes that osteons will more closely resemble a perfect circle in nonhumans than
in humans. Standard histological methods were used, and circularity was determined using an image analysis program, where circularity was con-
trolled for by Haversian canal measurements. Homogeneity was first tested for multiple variables within human and nonhuman samples. No signifi-
cant differences were found between human sexes (p = 0.657) or among nonhuman species (p = 0.553). Significant differences were found among
intraskeletal elements of both humans (p = 0.016) and nonhumans (p = 0.013) and between pooled samples of humans and nonhumans (p < 0.001).
Results of this study indicate that osteon circularity can be used to distinguish between fragmented human and nonhuman long bone.
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Distinguishing between human and nonhuman bone is important
in forensic anthropology and archeology, especially when skeletal
remains are fragmentary and DNA cannot be obtained because of
poor preservation or high costs. When no identifiable macroscopic
landmarks are visible, a histologically based determination may be
the only alternative. Microstructural differences between human
and nonhuman bones have been documented (e.g., plexiform bone
and osteon banding) and are preserved in archeological specimens
(1). Unfortunately, current methods, such as measuring differences
in osteon size and number (osteon population density) in a section
of bone, have yet to yield high success rates when using such bone
microstructures to distinguish between human and nonhuman bone
(2,3). Therefore, an alternative method for using bone microstruc-
ture is needed. This study compares the shape (circularity) of ost-
eons, which are present in the bone of all large vertebrates.

The objective of this study was to compare osteon circularity
between humans and three similarly sized mammals (Canis, Sus,
and Odocoileus, or dog, pig and deer) to see whether human bone
can be readily distinguished. Femur, humerus, and rib are sampled
for each species to include major load-bearing long bones of the
upper and lower extremity, as well as a less dynamically loaded
bone not directly involved in locomotion. Canis, Sus, and Odocoi-
leus were chosen for this study for three reasons: they are often
encountered in forensic cases, in which nondiagnositc and small
bone fragments are recovered (2); they are similar in size to

humans, so their bone undergoes similar growth and remodeling as
human bone (2–5); and they are among the most often described
animal remains in archeological and forensic journals (4). The cur-
rent study progresses in three steps: first, intraspecific comparisons
by sex and bone are made within the human sample; next, nonhu-
man interspecific comparisons are made, and third, the nonhumans
are compared with the human sample. This study hypothesizes that
circularity will more closely approximate a perfect circle in nonhu-
man long bones than in human ones.

Because bone is a living tissue, it maintains itself throughout life
via the metabolic process of remodeling. Remodeling takes place
in six phases (activation, resorption, reversal, formation, mineraliza-
tion, and quiescence) and is accomplished by bone resorbing (oste-
oclasts) and forming (osteoblasts) cells working together in a
complex arrangement in which their appearance and activity are
coordinated temporally and spatially to form what is commonly
referred to as the basic multicellular unit (BMU) (6). This unit is a
three-dimensional structure consisting of two separate components:
a cutting cone and a closing cone. The cutting cone is lined with
roughly 10 osteoclasts, whereas the closing cone is lined with hun-
dreds of osteoblasts (6–8).

During the activation phase, in which the creation of a BMU is
initiated, bone-lining cells withdraw and expose the surface of bone
that will be resorbed. The secretion of cytokines (e.g., CSF-1) (9)
induces osteoclast precursor cells to appear in the area of the
exposed bone where they differentiate into mature osteoclasts.
These mature osteoclasts resorb bone forming a bay or tunnel,
known as a resorptive bay or cutting cone (10) that is 150–350 lm
in diameter (11,12) in the exposed area of bone. The cutting cone
progresses through the cortex of bone, at about 20 lm ⁄ day (6), in
a direction associated with mechanical strain (12).

The resorption phase is complete, in about 3 weeks, after which
apoptosis of osteoclasts occurs, attracting the cells of the closing
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cone to the freshly resorbed surface. During the reversal phase, that
follows, the uneven periphery of the resorptive bay is smoothed by
a group of mononuclear cells (11) to form what is known as a
cement line (reversal line), which can be seen microscopically (6).
The reversal phase represents the transition in which osteoblast
activity replaces osteoclast activity in the region of resorbed bone
and takes c. 1 month to complete. Some debate exists as to
whether or not this area is highly mineralized (7,13,14).

During the formation phase that follows and lasts for 3 months,
the osteoblasts lining the closing cone are signaled by various hor-
mones and chemicals to deposit an organic matrix composed of
Type I collagen, proteoglycans, water, and noncollagenous proteins
referred to as osteiod (6). Osteiod mineralizes in c. 10–15 days and
is organized into concentric lamellae as it becomes mineralized by
the deposition of crystals of hydroxyapatite-like inorganic calcium
phosphate (6,8). The last phase of BMU creation is quiescence dur-
ing which osteoblasts either flatten onto the newly laid bone to
become bone-lining cells that regulate the calcium balance between
serum and bone tissue or they become trapped in the matrix they
form to become the ubiquitous bone cells called osteocytes (6,7).
This complete remodeling process, which takes 3–4 months, results
in a bone structural unit (BSU), which in cortical bone is called a
secondary osteon (6–8,13).

In transverse section, secondary osteons appear as about five to
eight concentric rings made up of Haversian lamellae (6,7,13). In
human compact bone, secondary osteons average 300 lm in diame-
ter by 300–400 lm in length (6,15) and form parallel to the long-
bone axis. The outermost layer of each secondary osteon is marked
by the cement (reversal) line (2,6). Within each osteon is a circular
pathway, or Haversian canal, for blood, lymph, and nerves. Each
Haversian canal connects to another by a Volkmann canal, which
moves through the bone at different angles and creates a network
within the bone (6,16).

Robling and Stout (8) recognize four types of secondary osteons
(Fig. 1). Type I, also called common osteons, usually have uninter-
rupted, concentrically deposited lamellae that surround a centrally
located Haversian canal. Type II, or embedded osteons, form within
common osteons but do not cross the cement line of the existing
secondary osteon within which they form. Type II osteons usually

form owing to the erosion of an existing Haversian canal that is
followed by concentric deposition of Haversian lamellae. Type III,
or double zonal osteons, form in the same way as common osteons
but experience an interruption during the formation of the BMU
and which results in a hypercalcified ring within the osteon.
Finally, Type IV, or drifting osteons, are BSUs that experience
simultaneous resorption and formation on opposite sides of the
resorptive bay. The osteon becomes elongated in a transverse sec-
tion as if it is ‘‘drifting’’ through the bone. The end result is a
Haversian canal with four to eight concentric lamellae with one
side experiencing a tail of deposited lamellae. Robling and Stout
(8) report that drifting osteons do not follow the mechanical load-
ing strain that Type I osteons do and are most commonly observed
in specimens representing the first 10 years of life; they can occupy
up to 53% of the resorption space in subadult rib cortices. By the
eighth decade of life, however, Type IV osteons drop to only 8%,
which indicates an inverse relationship between age and the fre-
quency of drifting osteons. Because of the manners in which Type
III–Type IV osteons form, they are excluded in this study, so only
Types I and II are considered.

Human Bone Microstructure

In a cross section of a typical adult human long bone, circumfer-
ential lamellae bone is present at the periosteal and endosteal mar-
gins, with osteons scattered in between. The dense middle portion
of bone consists of roughly 50% secondary osteons and 50% inter-
stitial lamellae. The secondary osteons may appear as completely
formed, with a Haversian canal surrounded by concentric lamellae
and cement line, or as remnants of osteons (osteon fragments) that
have become partially replaced through the process of remodeling
or resorption by another more recent osteon (2).

Variation exists in osteon histomorphology and histomorphome-
try within and between human bones. For example, in ribs, osteon
population densities show little variation but the actual size of each
osteon varies greatly (17). Differences in osteon diameter, Haver-
sian canal diameter, and total osteon area have also been reported
between ribs and femora (18).

Age is another variable to consider when looking at variations in
osteon size, shape, and number. Because of the relatively rapid
appositional growth in subadults, periosteal circumferential lamellar
bone (primary bone) is more abundant at the endosteum. As indi-
viduals age, osteons replace periosteal primary lamellae, while end-
osteal lamellae are resorbed by endosteal expansion. Also with age,
osteons become smaller and more numerous at the periosteal sur-
face than at the endosteal surface and become more ‘‘fragmented’’
as bone remodels throughout life; nonhumans exhibit the same
aging trends (2). Both human males and females also are said to
exhibit a significant increase in total Haversian canal area and num-
ber with increasing age (19). Age also significantly relates to and
positively correlates with osteon circularity and area, and osteon
diameter differs significantly between sexes (20).

Sex can affect osteon number and size in humans (20–22). In
certain archeological populations, females have been reported to
exhibit smaller Haversian canals and larger osteons than males, in
femoral cross sections (21), and average osteon diameter and area
were reported to be significantly different between the sexes in
other archeological populations (22). It has been reported elsewhere
that, when compared to females, males have more osteons (20) and
females have a larger mean Haversian canal area than males do at
similar ages (19,20). Further confusing matters, there have also
been reports of no sex-based differences for total osteon area and
Haversian canal area (23). These contradictory results may reflect

FIG. 1—Digital photograph from the cortex of a human rib illustrating
the four types of osteons: single arrow indicates Type I (normal) osteon,
double arrows indicate Type II (embedded) osteon, single-open arrow indi-
cates Type III (double zonal) osteon, and double-open arrows indicate Type
IV osteon (drifting). 120·.
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differences in modern and archeological populations, how osteons
are defined and measured, and in varying sample size among the
studies.

Nonhuman Bone Microstructure

Dog

Mature dog long bones exhibit mostly dense Haversian bone
with osteons that are similar in size, having three to five lamellae
rings, and small Haversian canals relative to osteon size (4). Cir-
cumferential bone is present and well developed on both the endos-
teal and periosteal surfaces of bone but with a few osteons
scattered throughout (2). It has been reported that osteons that are
maturing, or forming, tend to do so at a consistent rate among all
dog long bones (24) but that the total number differs significantly
between sites of one bone and between different long bones (25).
Number of osteon canals is not reported to be significantly different
among ribs or between sides of the same dog (25).

Variation in the diameter of osteons does exist between male
and female dogs; males exhibit a greater diameter than females, yet
females exhibit a higher total number of osteons (26). Lactating
females are reported to have higher rates of bone remodeling, in
the femur, which contribute to the differences seen in total osteon
number between the sexes (5).

Haversian canal density in femoral diaphyses of dogs has been
reported to be greater when compared to human Haversian canal
density, but with considerable overlap (27). A large range in Haver-
sian canal density for dogs has been reported (28) too, meaning
that the overlap between these ranges does not make Haversian
canal density suitable for distinguishing human from nonhuman
bone fragments. However, osteon diameter of dogs is suggested to
be significantly smaller than that of humans, which is promising
for differentiating between the two (27).

Pig

Two histomorphological features, plexiform bone and osteon
banding, often make pig bone easily distinguishable from human
bone (5). Plexiform bone is formed by circumferential, longitudi-
nal, and radial primary osteons and results in a ‘‘brick wall’’
appearance that contains rectangular vascular spaces within it (2).
Although there may be subtle differences, many consider lami-
nar, and fibrolamellar, to be synonymous with plexiform (13).
Plexiform bone can also have layers of lamellar bone that alter-
nate with bone tissue containing osteonal banding (29). Such
banding appears near the endosteal surface as two or three rows,
each containing five to 20 primary osteons (2). In an immature
pig, plexiform bone is very abundant throughout the cortical
bone, especially in large animals whose bones need to grow in
diameter quickly (13). Mature pig long bones show almost no
osteon banding but mostly plexiform bone with dense Haversian
bone at the posterior aspect (2) and few osteons in the perios-
teum (30). Mature pigs’ osteons exhibit medium-sized Haversian
canals overall (2). Depending on which area of the bone a frag-
ment is from, it may become difficult to distinguish between pig
and human bone histologically, because secondary osteon popula-
tion density is reportedly higher, especially in wild boar (31).

Deer

Like humans, deer experience different amounts of osteonal bone
throughout life but unlike humans they also experience varying

amounts of plexiform bone (32). In newborn and fetal deer, the pri-
mary bone is plexiform and consists of avascular areas. In imma-
ture deer, Haversian bone is found at the endosteal surface, while
the majority of plexiform bone occurs near the periosteal surface
(2). Most osteons observed are primary, scattered throughout the
plexiform bone, and similar in shape and size with little interstitial
lamellar bone between (32). Mature deer long bone exhibits a thin
layer of circumferential lamellae bone around the whole periosteal
surface. Besides this layer, the mature bone is largely Haversian
bone, most prominently seen at the endosteal surface and posterior
area of bone (2).

Human and Nonhuman Microstructure Comparison

Recently, researchers have looked at the microscopic differences
between human and nonhuman bone but have found very little to
successfully differentiate between the two (2,3). On the other hand,
Martiniakova et al. (33) report that differences in osteon and Haver-
sian canal area, perimeter, and minimum diameter do exist between
humans and nonhumans, as well as between different nonhuman
species. Those authors developed a predictive model to distinguish
between the long bones of cows, rabbits, pigs, sheep, and humans,
with a 76.17% success rate in classification using osteon and
Haversian canal area, perimeter, and minimum osteon diameter. In
a similar study, Martiniakova et al. (34) report that the perimeter
and minimum diameter of primary Haversian canals were the most
discriminating variables. The authors recommend that 50–100 ost-
eons be measured when using their model (33), but this procedure
may be difficult with fragmented remains.

The most commonly reported difference between human and
nonhuman bone is the presence of plexiform bone in nonhumans
(3,33). Morris (4) conducted a study on a total of 50 long bone ele-
ments from dog, pig, and deer and reported that only 16.7% of
mid-thoracic ribs and 64% of long bones had plexiform bone pres-
ent. Deer and pig had the highest percentages. Plexiform bone is
usually absent in humans, except for rare cases when children
experience large growth spurts (3), but because it is not always
found in animals it should not be used alone for differentiation.

Osteon banding has been cited as a differentiating tool
(2,3,29,35). According to Watson and McClelland (35), osteons in
human cortical bone are scattered and evenly spaced, whereas in
many animals, osteons tend to align in rows or form plexiform
bone. Although these characteristics indicate animal bone, Ubelaker
(36) cautions that considerable variety exists between species and
between bones of the same animal, which can make identification
difficult. Because areas within the cortical bone of all of these spe-
cies contain regions composed of varying amounts of osteonal
bone, and considerable overlap exists for osteon dimensions, distin-
guishing fragments of their bone from human is often not possible
based upon osteon size or density alone.

Osteon circularity is reported to be higher in nonhumans than
humans for specific skeletal elements, especially in areas of bone
under high strain (2). This trend has been seen in mule deer calca-
nei (37) and radii of standard-breed horses (2). Based on this
research and the loading mechanics of human and nonhuman bone,
the authors believe that nonhuman osteons will be more circular
overall than human osteons. We propose using a shape variable,
circularity, to provide a greater ability to distinguish human bone
fragments histologically, where osteon circularity will more closely
resemble a perfect circle in nonhumans than in humans. To explore
this, several aspects of osteon circularity must first be explored and
include the degree of intraskeletal, intraspecies, and interspecies
variability for osteon circularity.
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Materials and Methods

Fourteen cadavers from the Biology Department at the Univer-
sity of Indianapolis were used to collect human skeletal elements.
The sample consisted of seven European-American females and
seven European-American males ranging in age from 54 to 78. A
mid-shaft sample from the right humerus, right femur, and right
fourth rib of each cadaver was collected, bagged, and labeled
(Table 1). Nonhuman skeletal elements were obtained from five
Canis, five Sus, and five Odocoileus (n = 15) (Table 1). A mid-
shaft sample was taken from a humerus, femur, and rib of each.
Epiphyses of all long bones were present and fused, suggesting that
all dog, pig, and deer were sexually mature. Canis samples were
collected from five medium-sized dogs, at the mid-shaft of the right
femur, humerus, and rib, but sex and age were not equally repre-
sented. Mid-shaft bone samples of the deer and pig were obtained
at different times from a local meat locker; therefore, a rib, femur,
and humerus were not always collected from a given animal.

Samples were prepared for microscopic analysis using standard
histological methods (38). All rib samples were embedded in Epo-
Kwick plastic resin (Buehler Ltd., Lake Bluff, IL) because of the
thinness of the cortical bone and left to cure for at least 24 h in a
fume hood. Humeral and femoral samples did not require embed-
ding. Using a low-speed gravity-feed isometric saw, Isomet 1000
Precision Saw (Buehler Ltd.), each sample was then sectioned in a
transverse plane, at the measured bone mid-shaft, to produce c.
500-lm-thick parallel-sided bone wafers (Buehler Ltd). Each sam-
ple was mounted onto a slide using Permount glue (Fisher Scien-
tific Ltd., Nepean, Ontario, Canada), a clear mounting agent, and
left to dry for at least 2 days in a fume hood. Samples were then
ground by hand, first with 220-grit sand paper, then polished with
600-grit sandpaper to a final thickness of c.100 lm, and cleaned
with xylene. Cover slips were not used.

Each slide was examined at a magnification of 20· using trans-
mitted light microscopy. Three fields, each containing at least one
osteon, were viewed from the anterior, posterior, medial, and lateral

areas of each wafer (Fig. 2) for a total of 12 circularity readings
(12 osteons) per bone. All fields were digitally photographed with
the aid of a digital camera and the images transferred into an image
analysis software program where a digitizing tablet and stylus were
used for manually outlining each osteon. The index of circularity
was determined for each Haversian canal and osteon using the
image analysis software program formula:

Circularity ¼ 4p ðarea=perimeter2Þ

and was measured on a scale from zero to one, one being a perfect
circle. All data collection with the image analysis software was
accomplished on a personal computer using the public domain NIH
Image program (developed at the U.S. National Institutes of Health
and available on the Internet at http://rsb.info.nih.gov/nih-image/).

Only osteons exhibiting circular Haversian canals were selected
for analysis to ensure that the osteons measured were not sectioned
or polished obliquely, which would obscure the actual circularity.
Haversian canals were considered to be appropriately circular for
this study if measured to be 0.9 or greater. Osteons that were in
the process of being (or had already been) resorbed or replaced
were excluded from the study if <85% of the cement line was visi-
ble, as were drifting osteons (8) (Fig. 3). The 12 circularity read-
ings from each sample were then averaged to obtain one circularity
measurement for each bone sample.

Statistics

Before making a comparison between all human and all non-
human samples, homogeneity was tested for within each group.
A univariate analysis of variance (ANOVA) was performed to
establish whether significant differences in osteon circularity exist
between sexes and bone type for human samples, and between
nonhuman species and nonhuman bone type. Correlation between
the bone types for individuals from the human group was also
tested. Based on these results, a univariate ANOVA was con-
ducted to detect differences between a pooled sample of human
and nonhuman bone. Finally, a discriminant function was per-
formed to test the predictive power of these findings.

Results

Humans

The human sample consisted of seven females and seven males
(n = 14), and all three bones were used from each individual with
the exception of one female rib with extremely thin cortical bone
(n = 41) (Table 1). Mean osteon circularity for males was 0.851

TABLE 1—Sample distribution by species, bone type, and sex.

Species Femur Humerus Rib Total

Human 14 14 13 41
Male 7 7 7 21
Female 7 7 6 20

Canis (Dog) 5 5 5 15
Sus (Pig) 5 4 5 14
Odocoileus (Deer) 5 5 5 15
Total human 14 14 13 41
Total nonhuman 15 14 15 44
Combined 29 28 28 85

FIG. 2—A. Anterior (A), posterior (P), medial (M), and lateral (L) areas of femoral cortical bone measured. B. Anterior (A), posterior (P), medial (M),
and lateral (L) areas of humeral cortical bone measured. C. Anterior (A), posterior (P), superior (S), and inferior (I) areas of rib cortical bone measured.
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and 0.849 for females, with a standard error of 0.003 for both sexes
(Table 2). Equal variance was determined between the sexes by a
Levene’s test of equality of variances. An ANOVA revealed an
F-statistic of 0.201 with a p = 0.657 (Table 3), indicating that there
is no statistically significant difference between male and female
osteon circularity (Table 2).

Mean human osteon circularity for the femur was 0.847, 0.844
for the humerus, and 0.859 for the rib (Table 2). An ANOVA
revealed an F-statistic of 4.7 with a p = 0.016, suggesting that a
statistically significant difference was present among at least two of
the three bone types (Table 3). A post hoc test, least significant
difference (LSD), was conducted to determine where differences
existed and the results indicate that rib osteon circularity differs sig-
nificantly from femoral osteon circularity (p = 0.028) and humeral
osteon circularity (p = 0.007), with a standard error of 0.005 for
both.

An interaction between sex and bone type was tested for but
revealed no statistically significant difference (p = 0.169) (Table 3),
and osteon circularity of the three bone types does not correlate
within the same individual in humans (p-values range from 0.640
to 0.876) (Table 4). The mean osteon circularity for the collective
human sample was 0.850, with a standard error of 0.002, a lower
range of 0.837, and an upper range of 0.867 (Table 2). Variation
between the 14 individuals was quantified by running the univariate
ANOVA between bone types and box plots, the Levene’s test indi-
cating equal variation and box plots demonstrating comparable

means for all tests. The observed versus predicted graphs showed
no pattern and supports the homogeneity of variance assumption,
while the P–P plot of the residuals shows a close relationship
between expected and observed values, indicating that the assump-
tions of normality were correct.

Nonhumans

The nonhuman sample consisted of five specimens each from
Canis, Sus, and Odocoileus (n = 15), and all three bone types were
used with the exception of one Sus humerus (n = 44) (Table 1).
Mean osteon circularity for Canis was 0.874, 0.870 for Sus, and
0.871 for Odocoileus with a standard error of 0.002 for all species
(Table 5). An ANOVA revealed an F-statistic of 0.602 with a
p = 0.553 for species differences, suggesting that there is no statis-
tically significant differences between Canis, Sus, and Odocoileus
osteon circularity (Table 6).

Mean osteon circularity for the all nonhuman femora was 0.867,
0.870 for nonhuman humeri, and 0.877 for nonhuman ribs
(Table 5). ANOVA revealed an F-statistic of 4.973 with a p-value
of 0.013, suggesting that a statistically significant difference was
detected in at least two of the three bone types (Table 6). A post
hoc test, LSD, was conducted to determine where differences
existed; its results indicate that rib osteon circularity significantly
differed from femoral osteon circularity (p = 0.004), but not from
humeral osteon circularity (p = 0.071), with a standard error of
0.003 for both.

FIG. 3—Osteon from a Canis femur matching criteria for data collection:
Type I osteon not in the process of formation or resorption and with a cir-
cular Haversian canal (0.946).

TABLE 2—Descriptive statistics for human sample (n = 41).

Human
Mean Osteon

Circularity
Standard

Error
Lower
Range

Upper
Range

Female 0.851 0.003 0.845 0.857
Male 0.849 0.003 0.843 0.855
Bone type

Femur 0.847 0.004 0.837 0.852
Humerus 0.844 0.004 0.837 0.852
Rib 0.859 0.004 0.852 0.867

Cumulative 0.850 0.002 0.837 0.867

TABLE 3—Results of test for heterogeneity for slopes of ANOVA for
human sample with osteon circularity as dependent variable (n = 41).

Factor Sum of Squares F-Ratio p-Value

Human
Sex 0.000037 0.201 0.657
Bone type 0.002 4.700 0.016
Sex*bone type 0.001 1.874 0.169

TABLE 5—Descriptive statistics for nonhuman sample (n = 44).

Nonhuman
Mean Osteon

Circularity
Standard

Error
Lower
Range

Upper
Range

Canis 0.874 0.002 0.869 0.878
Odocoileus 0.871 0.002 0.866 0.875
Sus 0.870 0.002 0.865 0.875
Bone type

Femur 0.867 0.002 0.867 0.872
Humerus 0.870 0.002 0.865 0.875
Rib 0.877 0.002 0.872 0.882

Cumulative 0.871 0.001 0.865 0.882

TABLE 4—Pearson’s correlations between bone type and individual by
bone indicator.

Indicator r-Value p-Value

Femur
Humerus 0.046 0.876
Rib 0.143 0.640

Humerus
Femur 0.046 0.876
Rib 0.054 0.860

Rib
Femur 0.143 0.640
Humerus 0.054 0.860

TABLE 6—Results of test for heterogeneity for slopes of ANOVA for
nonhuman sample with osteon circularity as dependent variable (n = 44).

Factor Sum of Squares F-Ratio p-Value

Nonhuman
Species 0.000 0.602 0.553
Bone type 0.001 4.973 0.013
Species*bone type 0.000 1.291 0.292
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An interaction between species and bone type was tested, but no
statistically significant difference emerged (p = 0.292) (Table 6),
and mean osteon circularity for the collective nonhuman sample
was 0.871, with a standard error of 0.001, a lower range of 0.865,
and an upper range of 0.882 (Table 5). Box plots demonstrated
equal variation and comparable means for all tests. The observed
versus predicted graphs showed no pattern and supports the homo-
geneity of variance assumption, while the P–P plot of the residuals
shows a close relationship between expected and observed values,
indicating that assumptions of normality were correct.

Human versus Nonhuman

Even though circularity differences were detected among bone
types in both human and nonhuman groups, a univariate ANOVA
was conducted on pooled samples of both. The results revealed an
F-statistic of 63.912 and a p < 0.001 (Table 7), suggesting a statis-
tically significant difference between pooled human and pooled
nonhuman osteon circularity. Box plots demonstrated equal varia-
tion, with some overlap of boxes, and comparable means (Fig. 4)
for all tests. Concerns about the effect of an autocorrelation are
unnecessary because of many of the results and factors listed ear-
lier: no correlation was revealed between bone types of individual
humans and all bone samples of deer and pig were not from the
same animal. Therefore, an inflated significance from the pooled
samples is of no concern, and assumptions are accounted for.

A predictive model with a 76.5% correct classification success
rate was created based on the results of this study and is as
follows:

Species = (79.473*osteon circularity))68.435

where any result less than zero is most likely human and any result
greater than zero is most likely nonhuman.

Intra-Observer Error

Data were re-collected for a total of eight slides on three sepa-
rate occasions with at least a week between each data collection.
Osteon circularity measurements were collected and averaged fol-
lowing the methods of this study. ANOVA revealed an F-statistic
of 0.374 with a p-value of 0.692, and a paired-samples correlation
revealed that all trials were highly correlated; therefore, intra-obser-
ver error is not of concern. The ImageJ analysis software was also
tested to ensure that the program measured circularity was mea-
sured accurately (39). This was accomplished by outlining known
perfect circles and measuring their circularity with the software.
Circularity measurements for all circles ranged from 0.95 to 1.00,
all within the acceptable range of a perfect circle as defined by this
study. The range of measurements for the perfect circle readings is
attributed to the pixilation of the images that the software incorpo-
rated into its circularity measurement.

Discussion

To interpret the results of this study and to apply them to differ-
entiate human and nonhuman bone fragments, it is important to
identify variables other than species differences that can signifi-
cantly affect osteon circularity.

Because no statistically significant difference was found between
males and females, it does not appear that sex plays a role in
osteon circularity (at least in this modern population sample),
unlike other aspects of osteon morphology (20–22). Males and
females tend to have osteons with similar circularity measurements
for all three bone types tested. This suggests that when bone is
fragmented, the sex of the individual does not need to be known
(and cannot be determined) when distinguishing between human
and nonhuman bone.

Species differences among the nonhuman groups were also non-
existent. Canis, Sus, and Odocoileus have remarkably similar
osteon circularity measurements with no statistically significant dif-
ferences detected. These results, however, should not be interpreted
to mean that all nonhumans have higher osteon circularity measure-
ments than humans do. This study specifically looked only at these
three species as they are the most commonly recovered in archeo-
logical and forensic cases reported (4). These results indicate that if
fragmented bone belonged to one of these three species, it is not
necessary to identify the species in order to classify the fragmented
bone as human or nonhuman when using this method.

Bone type within both human and nonhuman groups may at first
appear to be an important variable when distinguishing between
human and nonhuman bone, but when given a closer look, the dif-
ferences between human and nonhuman osteon circularity are so
great that the intraskeletal differences are outweighed. To be sure
that knowing bone type is unnecessary when determining if frag-
mented bone is human or nonhuman, a correlation of osteon circu-
larity was measured between bone types for all individuals but
revealed no correlation. These results suggest that osteon circularity
does not appear to aid in separating comingled remains because
different bones of the same individual can exhibit different circular-
ities. This lack of correlation also ensures that the ANOVA con-
ducted between the pooled samples of humans and nonhumans
does not have an over-inflated p-value because of autocorrelation
within the human sample, thus validating results.FIG. 4—Box plot demonstrating comparable osteon circularity means

between humans (0.850) and nonhumans (0.871).

TABLE 7—Results of test for heterogeneity for slopes of ANOVA between
human and nonhuman samples with osteon circularity as dependent

variable (n = 41).

Factor Sum of Squares F-Ratio p-Value

Human versus nonhuman 0.009 63.912 <0.001
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The p-value of the ANOVA conducted between the human and
nonhuman samples is also not inflated because of the differences in
bone types in the nonhuman sample. This is because for most of
the nonhuman sample, bones were collected from multiple speci-
mens and not one animal is fully represented by a femur, humerus,
and rib set. There can be no correlation then between any of the
bone types and one animal; therefore, autocorrelation is of no con-
cern and the nonhuman pooled sample would not inflate the
p-value of the final ANOVA.

Based on the last ANOVA conducted there appears to be a
definite difference between human and nonhuman (Canis, Sus, and
Odocoileus) osteon circularity for the femora, humeri, and ribs.
Mean human osteon circularity is consistently lower (0.850) than
nonhuman circularity (0.871), an apparent trend for all bone types.
As a result of these findings, a predictive model, using only osteon
circularity, was developed that correctly classifies samples 76.5%
of the time. As with most models, there are certain limitations to
this model. First, the model was developed using an older human
population, with no middle or young adults represented. The non-
human sample is also limited to three species and does not encom-
pass all nonhumans encountered in both archeological and forensic
cases. The model is also based on at least 12 osteon circularity
measurements per bone sample: fewer measurements may result in
a less accurate classification. Moreover, the circularity difference
between human and nonhuman osteons is only 2%, which attests
to the critical importance of skilled, accurate measurments by
trained researchers. These limitations need to be kept in mind when
using the model and assessing the results.

Finally, some findings in this study warrant further research. A
comparison of osteon circularity between young, middle, and old
adults would substantially contribute to the findings as well as add
to our knowledge about age and its effects on osteon circularity.
This study would also benefit from a larger and more diverse sam-
ple of nonhuman species to better understand differences, or lack
thereof, between nonhumans and humans. The most interesting
aspect of this study that requires further research concerns the dif-
ferences in osteon circularity between bone types, more specifically
the differences found between long bone and ribs in both of the
human and nonhuman samples, and whether or not this reflects
their different biomechanical environments, especially relating to
modes of locomotion, or differences in metabolic rates.

Conclusion

After reviewing multiple studies that examine variation in the
number, size, diameter, and area of osteons as well as Haversian
canals, it has become clear that one area of osteon morphology has
yet to be looked at critically: osteon circularity. The few studies
that consider osteon circularity have not excluded osteons that
would skew a normal distribution or in some cases do not have an
adequate human sample or nonhuman sample. The findings
reported in this study are relevant and significant to the archeology
and forensic anthropology fields because they offer a possible new
tool when dealing with fragmented remains. Osteon circularity can
be used as a complementary tool to DNA and other differentiating
techniques and is a relatively cheap process when compared to
obtaining a DNA profile. Fragmented bone that was once beyond
classification based on macroscopic structures may now be classi-
fied using microscopic structures, opening the door to more com-
plete investigations and interpretations of forensic cases or
archeological sites.
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