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Abstract

Objectives: Histomorphological analyses of bones are used to estimate an individual’s chronological

age, interpret a bone’s load history, and differentiate species. Among various histomorphological

characteristics that can influence mechanical properties of cortical bone, secondary osteon (Haver-

sian system) population density and predominant collagen fiber orientation are particularly

important. Cross-sectional shape characteristics of secondary osteons (On.Cr5osteon circularity,

On.El5osteon ellipticality) are considered helpful in these contexts, but more robust proof is

needed. We sought to determine if variations in osteon shape characteristics are sufficient for accu-

rately differentiating species, load-complexity categories, and regional habitual strain-mode

distributions (e.g., tension vs. compression regions).

Materials and Methods: Circularly polarized light images were obtained from 100-micron trans-

verse sections from diaphyses of adult deer calcanei; sheep calcanei, radii, and tibiae; equine

calcanei, radii, and third metacarpals (MC3s); chimpanzee femora; and human femora and fibulae.

Osteon cross-sectional area (On.Ar), On.Cr, and On.El were quantified indiscriminately and in the

contexts of load-complexity and regional strain-mode distributions.

Results: On.Cr and On.El, when examined independently in terms of all data, or mean (nested)

data, for each bone, exceeded 80% accuracy in the inter-species comparisons only with respect to

distinguishing humans from nonhumans. Correct classification among the nonhuman species was

<70%. When On.Cr and On.El were coupled together and with On.Ar in discriminant function

analyses (nested and unnested data) there were high misclassifications in all but human vs. nonhu-

man comparisons.

Discussion: Frequent misclassifications in nonhuman comparisons might reflect influences of

habitual load complexity and/or strain-mode distributions, or other factors not accounted for by

these two considerations.
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1 | INTRODUCTION

Physical anthropologists often use histomorphological analyses of skel-

etal elements (usually limb bone diaphyses) as a means for estimating

an individual’s chronological age, interpreting a bone’s load history, or

differentiating species (Brits et al., 2014; Crescimanno and Stout, 2012;

Dominguez and Crowder, 2012; Drapeau and Streeter, 2006;

Martiniakov�a et al., 2006; Mulhern and Ubelaker, 2012; Paral et al.,

2007; Schaffler and Burr, 1984; Skedros, 2012; Stout and Paine, 1992;

Streeter et al., 2010; Urbanov�a and Novotn�y, 2005). Among various

histomorphological characteristics of cortical (compact) bone that can

influence its mechanical properties, secondary osteon (Haversian sys-

tem) population density (On.N/T.Ar)1 and predominant collagen fiber

orientation (CFO) are particularly important (Launey et al., 2010; Martin

et al., 1998; Riggs et al., 1993b; Skedros, 2012; Skedros et al., 2006,

2013a; Yeni et al., 1997). In contrast to On.N/T.Ar and many other

compositional or microstructural characteristics (Table 1), regional var-

iations in predominant CFO across a bone’s diaphysis are the strongest
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predictors of a history of habitual, typically unidirectional, bending

(Skedros, 2012; Skedros et al., 2011a). This is because predominant

CFO is strongly correlated with strain mode2: relatively longitudinal

CFO in habitually tension-loaded regions (“tension regions”) and rela-

tively oblique-to-transverse in habitually compression-loaded regions

(“compression regions”; Skedros et al., 2009, 2013a). This relationship

is important and broadly applicable in studies of bone adaptation

because: (1) relatively unidirectional bending (producing prevalent/pre-

dominant tension vs. compression on opposite sides of the bone) is

highly conserved in many human and nonhuman appendicular long

bone diaphyses, and (2) bending produces the majority (>70%) of lon-

gitudinal strains occurring during peak loading of controlled in vivo

activity in most limb bones that have been studied, but few of these

have been bones from primates (Biewener and Bertram, 1993; Biew-

ener et al., 1986; Demes et al., 1998, 2001; Lieberman et al., 2003;

Moreno et al., 2008; Rubin and Lanyon, 1984; Skedros, 2012).

Due to more complex loading, many limb bones experience sub-

stantial torsion, which produces prevalent/predominant and diffusely

distributed shear strains. This differs from a bone that experiences

comparatively unidirectional bending, where the “tension region” and

“compression region” are separated by a “neutral axis region” where

shear strains are increased and more localized (Demes, 2007). It has

been argued that the relatively more uniformly distributed prevalent/

predominant shear strains in bones with prevalent torsional loading

require preferential tissue-level adaptation (Skedros, 2012) even

though coexisting bending can be sufficient to produce “tension

regions” and “compression regions” in these bones (Lanyon and Bourn,

1979). This preferential adaptation for shear strains has been called the

“shear resistance-priority hypothesis,” which is based on the relatively

deficient mechanical properties of bone loaded in shear when com-

pared with tension and compression (Skedros, 2012; Skedros et al.,

2015). It has been argued that this is the reason why in bones that are

habitually torsionally loaded the relationships of CFO and other histo-

morphological characteristics are less clear with respect to load history

even when unidirectional bending coexists (Rubin et al., 2013; Skedros,

2012). In other words, the shear-related histomorphological adapta-

tions in these bones do not exhibit the more obvious marked regional

variations in the matrix ultrastructural anisotropy (e.g., predominant

CFO) seen in bones that receive habitual bending. This is an important

consideration; attempts at correlating load history with regional varia-

tions in histomorphological characteristics (i.e., between regions of the

same cross-section) may be unsuccessful if it is anticipated that unidir-

ectional bending is sufficient for evoking regional differences in matrix

adaptations when the habitual loading is actually much more complex

(i.e., shear strains are prevalent and diffusely distributed; Figure 1;

Goldman et al., 2003; Havill et al., 2013; Mayya et al., 2013; Skedros,

2012; Skedros et al., 2015). In this context, it is notable that “high-

complexity” best characterizes the load histories of the regions of limb

bones that are typically evaluated in anthropological studies of cortical

bone histomorphology (Burr et al., 1990; Carando et al., 1989; Cooper

et al., 2007; Demes et al., 2001; Feik et al. 1996; Havill, 2004; Havill

et al., 2013; Hillier and Bell, 2007; Martiniakov�a et al., 2006; Miszkie-

wicz, 2016; Mulhern and Van Gerven, 1997; Paine and Godfrey, 1997;

Pfeiffer et al., 2006; Portigliatti et al., 1984; Schaffler and Burr, 1984;

Sinclair et al., 2013; Skedros et al., 2015; Urbanov�a and Novotn�y,

2005; Warshaw, 2008).

Additional histomorphological characteristics that are also consid-

ered important in terms of adapting the diaphysis of a bone for its load

history include secondary osteon collagen/lamellar “morphotypes”

(Beraudi et al., 2010; Bigley et al., 2006; Martin et al., 1996; Skedros

et al., 2009, 2011a, 2013a), osteon cross-sectional area and diame-

ter (i.e., the “size” of individual osteons; Moyle and Bowden, 1984;

TABLE 1 Summary of a bone’s histomorphological characteristics
that have been investigated in the context of interpreting load his-
tory (Modified from “Interpreting load history in limb-bone diaphy-
ses: Important considerations and their biomechanical foundations,”
by J. G. Skedros, 2012, Bone Histology: An Anthropological Per-
spective). BiomechanicalIy Important Structural and Material Char-
acteristics in Diaphyseal Bone Hierarchical Organization.

1. Structural characteristics

Bone length

Diaphyseal Curvature

Cross-sectional shape and robusticity [e.g., moments and
axes of area (inertia)]

Average and regional cortical thickness variations

2. Material characteristics

Mineral content (% ash)

2a. Microstructure

Secondary osteon population density and fractional
area (On.N/T.Ar, On.Ar/T.Ar);

Secondary osteon cross-sectional area (On.Ar), shape (On.Cr), and
orientation

Secondary osteon morphotypes (e.g., bright, alternating,
parallel-fibered, hooped)

Mineral heterogeneity (e.g., relatively highly mineralized
interstitial bone, young osteons, etc.)

Collagen fiber heterogeneity

Porosity (e.g., Haversian canals, primary vascular canals)

Lamellar organization of various osteon morphotypes

Variations in primary histologic organization (e.g., laminar vs.
reticular vascular patterns in fibrolamellar/plexiform bone)

Osteocyte and lacunar population density, osteocyte
lacuna-canalicular geometries

2b. Nanostructure

Predominant CFO, collagen density

Types and densities of collagen molecular cross-links

Mineral crystallite orientation, size, and heterogeneity

Spatial distribution of noncollagenous proteins (e.g., osteopontin and
osteocalcin)

Cancellous (trabecular) bone is not considered here.

658 | KEENAN ET AL.



Moyle et al., 1978; Skedros et al., 2013a; van Oers et al., 2008), and

the amount of cement line interfaces, which can be expressed as the

percentage of secondary osteonal bone (On.B.Ar/T.Ar; Evans and

Riola, 1970; Gibson et al., 2006; Mayya et al., 2013; Mohsin et al.,

2006; Yeni et al., 1997). In studies that have sought to estimate

chronological age or classify fragmentary or complete limb bones

FIGURE 1 Load-Complexity Categories (modified from Skedros, 2012). This scheme is based on data from various sources (Biewener and Dial,
1995; Biewener et al., 1996; Blob and Biewener, 1999; Burr et al., 1996; Carrano and Biewener, 1999; Carter et al., 1980; Coleman et al., 2002;
Cristofolini et al., 1996; Demes et al., 1998; Drapeau and Streeter, 2006; Goldman et al., 2003; Gross et al., 1992; Judex et al., 1997; Kalmey and
Lovejoy, 2002; Lambert, 1971; Lanyon, 1974; Lanyon and Bourn, 1979; Lanyon et al., 1975, 1982; Lee, 2004; Lieberman et al., 2004; Main, 2007;
Main and Biewener, 2004; Milgrom et al., 2000; Moreno et al., 2008; Peterman et al., 2001; Pidaparti and Turner, 1997; Rubin and Lanyon, 1985;
Rubin et al., 1996, 2013; Ruff et al., 2006; Skedros, 2002; Skedros and Baucom, 2007; Skedros and Hunt 2004; Skedros et al., 1996, 1999,
2003a, 2006, 2008, 2012; Su et al., 1999; Swartz et al., 1992; Szivek et al., 1992; Thomas et al., 1995; Turner, 1998; Weaver and Skedros, 2016)
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into their correct taxa, some of these osteonal characteristics along

with several others have been used: for example, (1) Haversian canal

area, perimeter, and maximum and minimum diameter, (2) osteon

area, perimeter, and maximum and minimum diameter, (3) maximum

and minimum diameter ratios of osteons and of Haversian canals,

and (4) On.N/T.Ar (Cattaneo et al., 1999, 2009; Hillier and Bell,

2007; Martiniakov�a et al., 2006; Urbanov�a and Novotn�y, 2005). Cor-

rect species classification has been achieved 100% of the time in

two studies that used predictive equations which incorporated sev-

eral characteristics: (1) Urbanov�a and Novotn�y (2005) incorporated

cortical thickness, maximum osteon diameter, and maximum diame-

ter and area of the Haversian canals, and (2) Cattaneo et al. (1999)

incorporated maximum and minimum diameter and area of Haver-

sian canals. By contrast, studies that have focused on species differ-

entiation based on differences in limb bone histomorphological

characteristics have had less success, with accuracy ranging from 40

to 80% (Cattaneo et al., 2009; Hillier and Bell, 2007; Martiniakov�a

et al., 2006).

The cross-sectional shape of secondary osteons is a characteristic

that might be helpful in one or more of these contexts, but has

received little attention. Prior studies of osteon shape are mostly the-

ses and abstracts, with some only reporting qualitative observations.

These studies considered osteon shape in terms of animal aging, spe-

cies differentiation, and functional adaptation associated with load his-

tory differences between and within bone “types” (e.g., radius vs.

calcaneus, femur vs. humerus; Beckstrom, 2010; Britz et al., 2009; Cur-

rey, 1964; Dominguez and Crowder, 2012; Goliath et al., 2016; Ske-

dros, 2000; Skedros et al., 2007b; Sorenson et al., 2004; Tersigni et al.,

2008; Tersigni-Tarrant et al., 2011). Osteon circularity (On.Cr) can be

expressed as a unitless measurement from zero to one (perfect

circle51):

Circularity 5 4p area=perimeter2
� �

(Britz et al., 2009; Crescimanno and Stout, 2012; Dominguez and

Crowder, 2012; Skedros, 2000).

Tersigni and coworkers (Tersigni et al., 2008; Tersigni-Tarrant

et al., 2011) report that osteons are more circular in nonhuman limb

bones when compared to more elliptical osteons in human limb bones,

suggesting the possibility that On.Cr could be useful in differentiating

species. However, their work has only been reported in two abstracts

that provide very little information. In contrast, Dominguez and Crow-

der (2012), in a well described analysis, examined the use of On.Cr

and/or the area of individual secondary osteons (On.Ar) to distinguish

bones from modern humans (ribs only; age range: 16–87 years old) and

immature and mature white-tail deer and dogs (humeri, femora, and

ribs). Using On.Cr averaged for each bone, they correctly differentiated

these three species 66% of the time and correctly differentiated human

from non-human bones 76% of the time. When they used both On.Cr

and On.Ar averaged for each bone and examined in terms of a discrimi-

nant function analysis (DFA), the three species were correctly differen-

tiated about 90% of the time and humans were correctly differentiated

from nonhumans 100% of the time. They also showed that osteons in

their specimens tended to be more circular in humans compared to the

other species that they examined (based on mean On.Cr (m.On.Cr):

human50.90, dog50.89, deer50.88). In contrast, in another well

described study, Crescimanno and Stout (2012) found that osteons are

typically more circular in the nonhuman bones that they examined,

which is similar to the findings reported by Tersigni and coworkers.

Their study examined femora, humeri, and ribs from 14 modern

humans (54–78 years old; 7 male, 7 female) and from mature pigs,

dogs, and white-tail deer. When using On.Cr averaged for each bone

(m.On.Cr) they were able to distinguish human from nonhuman bones

76.5% of the time; but the difference in m.On.Cr was also minor, on

the order of 2% (0.85 for humans vs. 0.87 for nonhumans).

The contradictory findings between these two well described stud-

ies (Crescimanno and Stout, 2012; Dominguez and Crowder, 2012)

reduces confidence in the ability of On.Cr (or m.On.Cr) to distinguish

human from nonhuman species; the type of human bones used (ribs vs.

ribs and long bones) raises the question of alternative causes for varia-

tions of osteon circularity within a single species. We could not locate

any studies that considered if using these osteon circularity metrics in

species differentiation can be confounded by the possibility that bones

from different anatomical locations and/or species might also have

marked histomorphological variations that are a function of their: (1)

prevalent/predominant strain-mode distributions produced by their

load history; for example, habitual bending where there are generally

mutually exclusive “tension regions,” “compression regions,” and “shear

(neutral axis) regions” and (2) load-complexity “category” (in ascending

order: low, moderate A, moderate B, and high), where “tension regions”

and “compression regions” become less distinct and shear strains

become more prevalent and diffusely distributed as load complexity

increases (Skedros, 2012; Skedros et al., 2015; Figure 1). Dominguez

and Crowder (2012) examined anatomical quadrants, but their study

did not extend to consider these in terms of variations in load history

that might exist between regions of the cross-sections that they did or

did not analyze. Finally, it is not known if On.Cr and On.N/T.Ar are

closely related. This is important because, as suggested by Dominguez

and Crowder (2012), local variations in On.N/T.Ar might influence On.

Cr (e.g., osteons might become more circular as osteon population den-

sity increases; Britz et al., 2009). Additional analyses are needed to

examine all of these considerations.

The use of ribs as the only primate in an analysis of On.Cr (Domi-

nguez and Crowder, 2012) potentially confounds attempts to differen-

tiate species for various reasons including differences in metabolism

and/or adaptability of the axial versus appendicular skeleton (Domi-

nguez and Agnew, 2016; Skedros et al., 2013b). Incorporating the

study of human long bones, such as the femur (Crescimanno and Stout,

2012) and additional “control bones” that are subjected to simple bend-

ing (e.g., sheep, deer, and equine calcanei and radii) (Sinclair et al.,

2013; Skedros et al., 2009), would be beneficial for exploring the use

of On.Cr in these comparative contexts. Using bone “types” that repre-

sent various load-complexity categories is also essential for determin-

ing if this issue could confound species differentiation. Expanding the

load histories and “types” of the bones studied is also important for

660 | KEENAN ET AL.



two additional reasons. First, anthropological studies focusing on spe-

cies differentiation often do not include bones of the lower-complexity

load categories (Hillier and Bell, 2007) where regional histomorphologi-

cal heterogeneity would more likely confound species differentiation

when compared to high-complexity loaded bones (Skedros, 2012; Ske-

dros et al., 2015). The second reason is that of the three nonhuman

species examined by Dominguez and Crowder (2012; deer and dogs)

and Crescimanno and Stout (2012; deer, dogs, and pigs), deer and dogs

are, when compared with the dozens of small and large mammalian

species previously studied, are some of the most readily distinguishable

from human bones based on relatively simple osteon measurements

and/or histological observations (e.g., the predominance of fibrolamel-

lar vs. secondary osteonal bone; Hillier and Bell, 2007).

This study seeks to address many of these issues and possibilities

by determining: (1) if variations in On.Cr are, independent of other his-

tomorphological characteristics, sufficient for accurately differentiating

species, load-complexity categories, and/or regional habitual strain-

mode distributions, (2) if variations in On.Cr that are correlated with

bones from mammalian species representing all of the load-complexity

categories (Figure 1) and/or if the regional strain-mode distributions in

cross-sections of these bones can reduce the accuracy in differentiat-

ing species, and (3) if there are important relationships between On.Cr

and On.Ar (secondary osteon area), On.N/T.Ar (secondary osteon pop-

ulation density), and On.B.Ar/T.Ar (the fractional area of secondary

osteonal bone, including complete osteons and osteon fragments) that

might explain variations in On.Cr. Additionally, we examined the degree

to which an osteon fits an ellipse (On.El) in these various contexts

because this characteristic, though in part accounted for by On.Cr, can

be more specific in reflecting functional adaptation in some contexts

that is not revealed by the relatively more generic/composite informa-

tion provided by On.Cr (Hennig et al., 2015). Diagrammatic examples

of regional On.Cr and On.El variations expected within and between

bones subject to habitual torsional loading vs. habitual typically unidir-

ectional bending are shown in Figure 2.

2 | METHODS

2.1 | Specimens

The histomorphometric methods used in this study have been

described previously (Skedros et al., 2009, 2011a). Briefly, circular

polarized light (CPL) microscopic images of all the unstained/undecalci-

fied bones used herein were obtained at 503 from thin ultramilled/pol-

ished (100 mm) transverse sections. Most of the histomorphological

data not dealing with osteon cross-sectional shape that are reported

herein are from our previous studies that used the following samples

of bones from skeletally mature animals: (1) Rocky Mountain mule deer

calcanei (n57), (2) sheep calcanei, radii, and tibiae (n57 each bone

“type”), (3) equine calcanei, radii, and third metacarpals (MC3s; n57

each bone “type”; Skedros et al., 2009), (4) chimpanzee femora (n58;

mean age 25 years; age range: 18–31 years; 3 males; 4 females; one

unknown sex; Beckstrom, 2010; Skedros et al., 2011a), and (5) modern

human femora (n512; mean age: 53; age range: 22–71 years; 3 males;

9 females; Skedros et al. 1999, 2012). Modern human fibulae (n511;

mean age: 47; age range: 25–65 years; 8 males; 3 females) were also

used and the data from these bones have not been published. All indi-

viduals in all human and nonhuman samples were healthy prior to

death, had no evidence of musculoskeletal disease, and had not taken

medications that could alter bone metabolism or remodeling activity.

As shown in our prior studies, we typically analyzed at least 80% of the

middle of the central cortex in cortical quadrants (most bones) or

octants (human and chimpanzee femora) to sufficiently account for

local variation (Iwaniec et al., 1998) and our specimens are sufficiently

powered for discerning differences in load history.

2.2 | Procedures

In the bones that typically experience habitual relatively unidirectional

bending, CPL images were taken in locations that experience preva-

lent/predominant tension, compression, or shear (neutral axis; Skedros

et al., 2009). As described by Skedros (2012), these bones are naturally

subject to loading that spans a range from relatively simple bending to

bending coexisting with increased prevalence of torsion during typical

peak ambulatory activities (Figure 2). Load-complexity categories were

as follows: (1) “low-complexity” includes sheep, deer, and equine calca-

nei, (2) “moderate-A complexity” includes sheep and equine radii, and

(3) “moderate-B complexity,” defined as bending with relatively

increased torsion during habitual loading, includes equine MC3s,

human fibulae, and chimpanzee and human femora. The load-

complexity category of the mid-to-distal diaphysis of the human fibula

was not considered in Skedros (2012). For this study, our rationale for

designating the adult human fibula in the “moderate-B complexity load

category” is based on: (1) a literature review (Weaver and Skedros,

2016) that examined analytical and strain data from prior studies

[including Lambert (1971) and Thomas et al. (1995)], and (2) studies of

patterns of predominant CFO that relate to prevalent/predominant

strain mode in transverse sections from the mid-to-distal diaphysis of

adult bones (Carando et al., 1989; Skedros and Keenan, 2016). Finally,

the sheep tibiae are the only bones analyzed in this study that are from

the “high-complexity load category;” these bones have the greatest

habitual torsional loading in addition to some bending (Lanyon and

Bourn, 1979; Skedros et al., 2009). To maintain adequate sample sizes

for the statistical analyses (described below), the “moderate-A com-

plexity load category” and the “moderate-B complexity load category”

are combined into one “moderate-complexity load category,” which is

reflected in a majority of the tables and figures. As mentioned above,

there is the least amount of load-induced variation in location of the

neutral axis in the “low-complexity load category,” and the most vari-

ability of the location of the neutral axis is in the “high-complexity load

category.” Because of this broadly shifting neutral axis in the sheep

tibia (“high-complexity load category”), the designation of “strain-mode

locations” is not applicable for this bone (Figures 1 and 2 top drawing).

Additional discussion of the rationale used to designate load-

complexity categories and the histomorphological variations that might

help to distinguish them can be found in Skedros (2012).
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The nonprimate bones and human fibulae were examined in the

superior (proximal) aspect of the middle one-third of the diaphysis. The

human and chimpanzee femora were analyzed in the proximal diaphy-

sis (subtrochanteric region) where the bending moment is high and tor-

sional stress is moderate (Skedros and Baucom, 2007; Skedros et al.,

2013a). Secondary osteon population density (On.N/T.Ar), fractional

area of secondary osteon bone (On.B.Ar/T.Ar, expressed as a percent-

age), and the cross-sectional area of individual secondary osteons (On.

Ar) were quantified for each digitized image in our previous studies

(Skedros et al., 2009, 2011a, 2012, 2013a). In most cases the On.Cr

data were also obtained in these prior studies, but they were not

reported in the published studies. On.B.Ar/T.Ar data were not obtained

from the human femora or human fibulae and On.Ar data were not

obtained from the chimpanzee femora.

ImageJ [v. 1.43, National Institutes of Health, USA (Rasband,

1997–2016)] was used to obtain the osteon circularity (On.Cr), osteon

ellipticality (On.El), and other histomorphological data that had not

been previously obtained. For the nonprimate specimens, all of the

complete secondary osteons in each CPL image were analyzed due to

their relatively smaller sample size. For the primate specimens, five

osteons were randomly selected from each image for On.Cr and On.El

analysis. Each osteon was randomly selected using a grid system.

Rarely, there were fewer than five secondary osteons in an image; in

these cases all quantifiable osteons in the image were measured. Only

complete secondary osteons with clearly defined reversal lines (cement

lines) and intact Haversian canals were included in our analysis. We

examined �5,000 total osteons of type I and II as described by Skedros

et al. (2007b) and Crescimanno and Stout (2012) across all species and

bone types in this study. We also considered, but purposefully did not

employ, the osteon selection criteria of Dominguez and Crowder

(2012), and Crescimanno and Stout (2012). These investigators elimi-

nated osteons with noncircular canals [i.e., central (Haversian) canals of

FIGURE 2 Cross-sections of bones that are habitually loaded in prevalent torsion (top) and bending (bottom). The secondary osteons are
shown in a stylized manner as based on data or observations reported previously. For the top drawing, the osteons are shown as ellipses as
would be expected in terms of the highly oblique 3D orientations observed by Petrt�yl et al. (1996) in epifluorescent images of India ink-
stained longitudinal sections of mid-diaphyseal femora of modern humans. The osteons in the bottom drawing are based on observations of
Skedros et al. (Skedros et al., 1994, 2007b), which resemble those shown in Figure 3 of this study. At the right of each section are descrip-
tions of the general differences between the top and bottom sections (I5 second moment of area; Imax/Imin provides an index of cross-

sectional shape). As noted in the more torsionally loaded bones, “uniform” means “reduced regional variations” when compared with the
more simply/unidirectionally loaded bones
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the secondary osteons]. We did not use these selection criteria because

they might bias our various analyses by eliminating osteons that should

be selected in cases where variations of On.Cr and On.El are considered

adaptations for differences in load history (Mears et al., 2014; Skedros

et al., 2013a, 2014a). Here, it is important to emphasize that in the

absence of a 3D analysis, it is not known if the elimination criteria of

Dominguez and Crowder (2012) and Crescimanno and Stout (2012;

these studies focus on species determination) eliminate osteons coursing

significantly oblique to the long axis of the bone diaphysis or eliminate

less circular or other unusually shaped osteons that are independent of

osteon obliquity in 3D (Hennig et al., 2015). In either case, the eliminated

osteons can be important in enhancing mechanical toughness in several

of the bones studied herein (Skedros et al., 2013a). Therefore, these

osteons were not eliminated for the purposes of this study (Figure 3).

The only osteons that were excluded from our study were those with

dramatic irregularities (e.g., drifting osteons) as described previously (Ske-

dros et al., 2013b), or osteons that were in the process of (or had recently

been) resorbed or replaced (Skedros et al., 2007b, 2013b).

Each osteon chosen for quantification was then selected in

Adobe Photoshop using the “quick select” tool. Then the “stroke”

and “fill” functions were applied to paint each osteon. These images

were subsequently opened in ImageJ where each painted osteon

was individually selected with the “wand selection” tool and then

the “interpolation spline” function was applied to smooth the pixels

at the periphery of the osteon, at which point each osteon was then

measured. Without this step, extraneous pixels at the osteon periph-

ery would have inadvertently been quantified; if this had occurred it

would have artificially and disproportionately reduced On.Cr

because the (perimeter)2 value is in the denominator of the circular-

ity equation (see above; Mears et al., 2014, 2015). In addition to

obtaining On.Cr, On.El was also measured for the same five osteons

from each image from the primate and nonprimate bones. On.El is

defined as the maximum/minimum chord length of an individual

osteon (Skedros et al., 2014a). In these prior studies, we considered

the limitations in measurement of On.Cr and have found these

methods to be robust to account for such limitations.

FIGURE 3 (a) Backscattered electron images from the dorsal “compression” (at top), lateral “neutral” axis (middle), and plantar “tension” (at
bottom) cortices of a skeletally mature mule deer calcaneus. (b) The osteons that are traced for shape analysis are shown in white, and
those marked with a “o” would have been eliminated had we used the HC.Cr (Haversian canal circularity) criteria of Dominguez and
Crowder (2012) and those marked with a “1” would have been eliminated had we used the “ellipticality” criteria of Crescimanno and Stout
(2012). (c) The differences shown at the far right are those with no eliminations and with eliminations. St. Dev.5 standard deviation, On.
N5 number of complete secondary osteons, elim.5 elimination. Paired t-tests were run to estimate the potential statistical significance of
the differences. The superscripts represent: a: significantly different from no elimination (only applicable to the same region). b: significantly
different from On.Cr (only applicable to the same region). d:5 significantly different from dorsal “compression” cortex. l: significantly differ-
ent from lateral cortex. p: significantly different from plantar “tension” cortex
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2.3 | Statistical analysis

All statistical analyses were done using STATA 14.1 software (Stata-

Corp 2015) and included: (1) correlations, (2) analysis of variance

(ANOVA), and (3) DFA. Pearson correlation coefficients were used to

determine potential relationships between On.Cr, On.El, On.Ar, On.N/

T.Ar, and On.B.Ar/T.Ar. These correlation analyses considered osteons

from all regions of each bone and from specific cortical regions within

each bone. Only unnested (nonmean) data (i.e., all selected osteons)

were used in the correlation analyses because: (1) our 2013 study that

examined relationships of osteon and central canal areas in 24 samples

from eight species did not detect differences between the nested and

unnested data until the 100th decimal place (Skedros et al., 2013b) and

(2) to avoid spurious correlations when using the small sample sizes

resulting from nesting the data. This reasoning was also applied to our

ANOVA analysis.

A series of two-way ANOVA were used to evaluate differences in

On.Cr and/or On.El for the following: (1) interspecies, (2) intraspecies,

(3) load-complexity category, (4) strain-mode distribution (i.e., “tension

regions” vs. “compression regions” vs. “neutral-axis regions”), (5) prima-

tes vs. nonprimates, and (6) humans vs. nonhumans. We were able to

use the ANOVA with Fisher’s LSD test in the present study. The paired

t-test, which is the post-hoc test for significance following the F test in

the ANOVA test, was deemed sufficiently robust for the normality

assumption. Furthermore, the Fisher’s LSD was chosen for post-hoc

analysis because the likelihood of type I errors in the context of a sig-

nificant test is very low, but without compromising statistical power

(Stoddard, 2016 http://medicine.utah.edu/ccts/sdbc/resources/library.

php#sdbc_library_stoddard_link).

Linear DFA was used to analyze how accurately species and load-

complexity category can be differentiated based on On.Cr, On.El, and

On.Ar data independently and when using combinations of these char-

acteristics. This was done similar to the DFA approaches used in prior

studies that examined the use of bone histomorphology to distinguish

species (Cattaneo et al., 1999, 2009; Dominguez and Crowder, 2012;

Martiniakov�a et al., 2006; Urbanov�a and Novotn�y, 2005). In accordance

with the methods of Dominguez and Crowder (2012), we performed

DFA using all osteon geometric data as independent events (independ-

ent/nonmean data; namely, all data for each histological characteristic

of interest) and as a mean (quasi-nested) data of each histological char-

acteristic/parameter for each bone. The quasi-nested data were

obtained by calculating the mean value for each parameter of each

bone within a specimen. In this analysis the mean value represents an

independent event. While attempting to account for independence, this

substantially reduces the sample size, and therefore it is not truly nested

(hence described herein as “quasi nested”) as the values were not

obtained using a bootstrapping method (Skedros et al., 2013b).

DFA was employed as predictive model to determine how well a

given variable, or combination (“1”) of variables, correctly classified the

specimen and/or category of specimens of interest. This type of analy-

sis resembles that described by Crescimanno and Stout (2012) who

used a predictive equation and also by Dominguez and Crowder (2012)

who used DFA.

The DFA method of Dominguez and Crowder (2012) was used in

this study in terms of determining “percent correct” or, in other words,

in quantifying how well the variable in question accurately predicted

the specimen’s taxonomic or anatomical provenance. In this study, a

percent correct <70% was considered insufficient to reliably differenti-

ate specimens, and therefore specific values <70% are usually not

reported. Nevertheless, a misclassification occurring in at least 50% of

cases was considered pertinent as it shows a high preponderance for

potential misinterpretations.

3 | RESULTS

3.1 | Correlations

As expected, On.Cr and On.El are negatively correlated (r-values rang-

ing from 20.51 to 20.97, p< .05) and this was consistent in all bones

(Table 2). Only three of these 40 comparisons are not statistically sig-

nificant, which included the cranial cortex of the equine radius, cranial

cortex of the sheep tibia, and anterior cortex of the human fibula.

A large majority of the correlations between On.Ar and On.Cr are

weak and lack statistical significance. One third of the statistically sig-

nificant correlations are positive and the remaining are negative; only

30% of all the correlations of On.Ar vs. On.Cr are statistically significant

and only 12.5% of the correlations of On.Ar vs. On.El are statistically

significant. These results lead to the conclusion that On.Ar does not

impact On.Cr or On.El in such a way that could confound results.

As shown in Table 2, correlations are also typically weak between

On.N/T.Ar and On.Cr, and between On.N/T.Ar and On.El, and 75% of

these comparisons are not statistically significant. Furthermore, (1) only

19% of the correlations of On.B.Ar and On.Cr are significant and only

two coefficients are >0.7, and (2) 11% of the correlations of On.B.Ar/

T.Ar and On.El are significant and of the few significant comparisons

only one is >0.7. These results suggest that the On.N/T.Ar and On.B.

Ar/T.Ar do not affect osteon shape.

As expected, On.N/T.Ar and On.B.Ar/T.Ar are often strongly and

positively correlated (range: r50.30–0.97, p< .05; r>0.7 in 50% of

comparisons). This strong relationship is consistent with findings

reported in our previous studies that examined many of the same

bones (69, 86). In those studies it was determined that variation in

osteon size (On.Ar) is the main reason for the weaker correlations of

some of the On.N/T.Ar versus On.B.Ar/T.Ar comparisons.

A subset analysis looked at age vs. the following parameters: On.

Cr, On.El, and On.Ar in the human femora. There were no statistically

significant correlations, or were there even any weak correlations (i.e.,

the absolute values for the r-values range from 0.014 to 0.149).

3.2 | ANOVA and DFA

This section addresses ANOVA and DFA analyses for the following

comparisons: (1) interspecies, (2) intraspecies, (3) load-complexity cate-

gory, (4) strain-mode distributions, (5) primates versus nonprimates,

and (6) humans versus nonhumans. For each of these six types of com-

parisons, the data were analyzed based on all independent data points
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TABLE 2 Table of correlation coefficients and corresponding p values for all comparisons

On.N/T.Ar
vs. On.Cr.

On.N/T.Ar vs.
On.B.Ar/T.Ara

On.N/T.Ar
vs. On.El

On.Cr. Vs.
On.B.Ar/T.Ara

On.Cr vs.
On.El

On.B.Ar/T.Ar
vs. On.Ela

On.Ar vs.
On.Cra

On.Ar vs.
On.Ela

All Osteons 0.43 (<0.001) 0.57 (<0.001) NS NS 20.54 (<0.001) NS 0.42 (<0.001) 0.08 (0.02)

Compression 0.38 (<0.001) 0.33 (<0.001) NS NS 20.56 (<0.001) NS 0.47 (<0.001) NS

Tension 0.37 (<0.001) 0.45 (<0.001) NS NS 20.51 (<0.001) NS 0.35 (<0.001) NS

Neutral Axis 0.54 (<0.001) 0.70 (<0.001) NS NS 20.59 (<0.001) NS 0.46 (<0.001) NS

Sheep Calcaneus NS 0.76 (<0.001) NS NS 20.90 (<0.001) NS NS NS

Compression NS NS NS NS 20.95 (<0.001) NS NS 0.66 (0.04)

Tension NS NS NS NS 20.90 (<0.001) NS NS 0.93 (<0.001)

Neutral Axis NS 0.81 (<0.001) NS NS 20.93 (<0.001) NS 20.87 (0.001) NS

Deer Calcaneus NS 0.87 (<0.001) NS NS 20.74 (<0.001) NS NS NS

Compression NS NS NS 20.67 (0.03) 20.71 (0.020) NS NS NS

Tension NS NS NS NS 20.86 (0.002) NS NS NS

Neutral Axis NS 0.80 (<0.001) NS NS 20.68 (0.001) NS NS NS

Equine Calcaneus 0.29 (0.03) 0.32 (0.018) NS NS 20.86 (<0.001) NS 20.27 (0.05) NS

Compression NS NS NS NS 20.85 (<0.001) NS NS NS

Tension NS NS NS NS 20.62 (0.014) NS NS NS

Neutral Axis NS 0.52 (0.019) NS NS 20.90 (<0.001) NS NS NS

Equine Radius 0.40 (<0.001) 0.86 (<0.001) 20.38 (<0.001) 0.37 (<0.001) 20.74 (<0.001) 20.27 (0.02) NS NS

Compression NS 0.74 (<0.001) NS NS 20.85 (<0.001) NS NS NS

Tension NS NS NS NS NS NS NS NS

Neutral Axis NS 0.91 (<0.001) NS NS 20.79 (<0.001) NS NS NS

Sheep Radius NS 0.79 (<0.001) NS NS 20.79 (<0.001) NS NS NS

Compression 0.67 (0.03) 0.93 (<0.001) NS NS 20.68 (0.029) NS NS NS

Tension NS NS NS NS 20.65 (0.040) NS NS NS

Neutral Axis NS 0.70 (<0.001) NS NS 20.88 (<0.001) NS NS NS

Equine MC3 0.47 (<0.001) 0.90 (<0.001) 20.43 (<0.001) 0.44 (<0.001) 20.91 (<0.001) 20.40 (<0.001) 20.31 (0.005) 0.28 (0.01)

Compression 0.75 (<0.001) 0.94 (<0.001) 20.70 (<0.001) 0.76 (<0.001) 20.97 (<0.001) 20.72 (<0.001) NS NS

Tension 0.82 (<0.001) 0.94 (<0.001) 20.67 (0.003) 0.77 (<0.001) 20.83 (<0.001) 20.57 (0.01) NS NS

Neutral Axis NS 0.87 (<0.001) NS NS 20.89 (<0.001) NS 20.37 (0.02) NS

Sheep Tibia NS 0.92 (<0.001) NS NS 20.84 (<0.001) NS NS NS

Compression NS 0.64 (0.045) NS NS 20.83 (0.003) NS NS NS

Tension NS 0.97 (0.007) NS NS NS NS NS NS

Neutral Axis NS 0.93 (<0.001) NS NS 20.79 (0.019) NS NS NS

Chimpanzee Femur NS 0.30 (<0.001) NS 0.24 (0.007) 20.80 (<0.001) NS – –

Compression NS 0.52 (0.039) NS NS 20.72 (0.002) NS – –

Tension NS NS NS 0.52 (0.04) 20.81 (<0.001) NS – –

Neutral Axis NS 0.47 (0.006) NS NS 20.82 (<0.001) NS – –

Human Femur 0.12 (0.04) – NS – 20.81 (<0.001) – 20.34 (<0.001) NS

Compression NS – NS – 20.83 (<0.001) – 20.56 (<0.001) NS

(continues)
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from all the specimens (i.e., nonmean data). For DFA a mean value was

used for each specimen (i.e., quasi nested). For each analysis, DFA was

done using: (1) On.Cr, (2) On.El, (3) On.Ar, (4) On.Cr1On.El, (5) On.

Cr1On.Ar, (6) On.El1On.Ar, and (7) On.Cr1On.El1On.Ar. The “1”

indicates the combination of each of the given parameters, in effect as

a new parameter, to classify specimens rather than as an additive effect

of the values of each parameter. For example, if using On.Cr1On.Ar

in the human versus nonhuman analysis, a specimen may be classified

as a human if the On.Ar is greater than a given number and the On.Cr

is also greater than a certain number, but it is not the sum of values

that represent the On.Cr and On.Ar for that specimen. This is based on

the idea that by combining parameters, a more specific inclusion rule

can be made to correctly classify a specimen. While in this example

this approach may improve the confidence that a specimen is indeed

human if each inclusion criteria is met, it also increases the risk that

important specimens will be falsely excluded. By using each of the

above combinations, potentially spurious over- or under-classifications

are less likely to occur. The main results are summarized below.

3.2.1 | Interspecies comparisons: What differences in

osteon shape exist between species?

3.2.1.1 | ANOVA

Interspecies ANOVA comparisons of independent (nonmean) On.Cr

data show several statistically significant differences (Figure 4). How-

ever, as is also shown in Figure 4b,c, the reliability of using On.Cr to

differentiate these species is substantially impaired because there are

significant On.Cr differences between the different bones within each

of the horse, sheep, and human species. Results of two-way ANOVA

for On.Cr and On.El can be found in Table 3.

3.2.1.2 | DFA

When considering only nonhuman species, DFA of independent (non-

mean) On.Cr data also showed a very limited ability to correctly differ-

entiate among the nonhuman species. Horse was the only nonhuman

species with a percent correct >50%, but at best, had a maximum per-

cent correct of only 62%. The use of On.El in this context is even

worse, with <50% correct in the interspecies DFA for On.El1On.Ar

for all nonhuman species.

When considering all bones for each species without a distinction

for load-complexity category, DFA of independent (nonmean) data for

human had a percent correct of 100% for On.Cr, On.Cr1On.Ar, and

for On.Cr1On.El1On.Ar, and of 85% for On.El1On.Ar. Deer had a

percent correct of 100% for On.Cr1On.Ar and for On.Cr1On.

El1On.Ar. Horse had a percent correct of 73% for On.Cr1On.Ar. All

other comparisons had a percent correct of <70%.

3.2.2 | Intraspecies comparisons: What differences in

osteon shape exist within a species?

3.2.2.1 | ANOVA

When using an ANOVA design to look at comparisons of On.Cr and

On.El, there are significant differences between the bone “types”

within the individual species (e.g., for On.Cr horse radius differs signifi-

cantly from horse calcaneus). This is shown in Figure 4b–d. Addition-

ally, as in Section 3 of the results and shown in Figure 5 for

independent (nonmean) data, there are significant differences in On.Cr

stratified by load-complexity category within sheep; however, no stat-

istically significant difference existed for horse. This is the same for all

species for independent (nonmean) On.El data. Both human bone types

analyzed (fibulae and femora) were classified under moderate-

complexity for load-complexity category and therefore were not

included in this analysis.

3.2.2.2 | DFA

For the intra-species DFA of independent (nonmean) data from differ-

ent limb bones, data are available for horse, sheep, and human (Figure

6). Horse included the calcaneus, third metacarpal (MC3), and radius.

The MC3 had a percent correct of 75% for On.Cr, 75% for On.

Cr1On.El, and 71% for On.Cr1On.Ar. All others had a percent cor-

rect of <70%. The sheep included the calcaneus, radius, and tibia. The

sheep tibia had a percent correct of 83% for On.Cr1On.El, 81% for

On.Cr1On.El1On.Ar, 81% for On.Cr, 80% for On.Cr1On.Ar, 73%

for On.Ar1On.El, and 73% for On.Ar. The sheep radius and calcaneus

TABLE 2 (continued)

On.N/T.Ar
vs. On.Cr.

On.N/T.Ar vs.
On.B.Ar/T.Ara

On.N/T.Ar
vs. On.El

On.Cr. Vs.
On.B.Ar/T.Ara

On.Cr vs.
On.El

On.B.Ar/T.Ar
vs. On.Ela

On.Ar vs.
On.Cra

On.Ar vs.
On.Ela

Tension NS – NS – 20.87 (<0.001) – NS NS

Neutral Axis NS – NS – 20.75 (<0.001) – NS NS

Human Fibula NS – 20.25 (0.01) – 20.62 (<0.001) – 20.29 (0.004) 0.22 (0.04)

Compression NS – 20.45 (0.03) – 20.79 (<0.001) – NS NS

Tension NS – NS – NS – NS NS

Neutral Axis NS – NS – 20.88 (<0.001) – 20.30 (0.04) NS

All values shown are significant at p< .05. NS5 not significant. Dark grayed cells are correlations where the r-value was 0.7 or greater. Note, the data
in the same row as the species and bone name is for all osteons in that category.
aThere are no osteon area (On.Ar) data for our chimpanzee specimens and no fractional area of secondary bone (On.B.Ar/T.Ar) data for our human
specimens, as denoted by the blank cells.
R-values for various correlations.
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FIGURE 4 (a) Bar graphs of interspecies comparisons for On.Cr (mean6 SD); statistically significant differences are also shown. (b–d) Bar
graphs showing statistically significant On.Cr differences between bone types within the same species

TABLE 3 Two-way ANOVA table for On.Cr and On.El showing interactions between variables

On.Cr On.El

Factor Sum of squares F-ratio p-value Factor Sum of squares F-ratio p-value

Ellipticality 3.38 2674.53 <0.001 Circularity 71.03 3096.53 <0.001

Species 0.38 75.58 <0.001 Species 6.51 70.96 <0.001

Ellipticality*species 0.10 201.60 <0.001 Circularity*species 5.43 59.16 <0.001

Ellipticality 7.02 2304.71 <0.001 Circularity 84.84 2365.88 <0.001

Strain mode 0.03 3.28 0.02 Strain mode 3.95 36.73 <0.001

Ellipticality*strain mode 0.01 0.83 0.48 Circularity*strain mode 3.33 30.98 <0.001

Ellipticality 2.86 939.24 <0.001 Circularity 38.86 1088.29 <0.001

Location 0.05 2.37 0.02 Location 4.65 18.60 <0.001

Ellipticality*location 0.02 1.16 0.32 Circularity*Location 3.95 15.80 <0.001

Load-complexity category 0.05 8.26 <0.001 Circularity 8.19 229.10 <0.001

Ellipticality*load-complexity category 0.001 0.24 0.79 Load-complexity category 2.83 39.63 <0.001

Circularity*load-complexity category 3.58 50.03 <0.001

Dark grayed cells indicate that an interaction is present. The dark grayed cells indicate where there is an interaction present between variables, mean-
ing that one variable has an effect on another variable. An interaction was established to exist for any interaction term with a p-value <.001. The inter-
action term is found in the row with both variable names connected by an asterisk.
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had a percent correct of <70%. The human included the femur and fib-

ula, both of which had a percent correct of <70%.

Data available for intra-species DFA using mean data (quasi-

nested) include: horse, sheep, and human, and include the same bones

as in the independent (nonmean) analysis. The sheep tibia had a per-

cent correct of 100% for each of the parameters and their combina-

tions with the exception of On.Ar (<70%). The sheep calcaneus also

had a percent correct of 100% for On.Cr1On.El1On.Ar, On.Ar1On.

Cr, On.Ar1On.El, and On.Ar, but a percent correct of <70% for the

other three parameters. The sheep radius had a percent correct of 80%

for On.Cr1On.El1On.Ar, and for On.Cr1On.Ar, but for all the other

parameters the percent correct was <70%. When using On.Cr and On.

Cr1On.El, the sheep calcaneus was misclassified as a sheep radius in

60% of cases. The human femur had a percent correct of 100% for On.

Cr1On.El1On.Ar, 83% for On.Cr1On.El, 75% for On.Cr1On.Ar

and for On.Ar, and a percent correct, 70% for the remaining three

parameters. The human fibula had a percent correct of 77% for On.

Cr1On.El1On.Ar, On.Cr1On.El, On.Ar1On.El, and On.El, and a

percent correct <70% for the remaining three parameters. The human

fibula was misclassified as human femur in 54% of cases for On.

Cr1On.Ar.

3.2.3 | Load-complexity category comparisons: What

differences in osteon shape exist based on load-complexity

category?

3.2.3.1 | ANOVA

When using an ANOVA design to analyze the different load-

complexity categories in terms of the independent (nonmean) data, all

categories (low, moderate, high) are significantly different for On.Cr

(p< .01), but only between low- and high-complexity for On.El

(p5 .02). But, contrary to our expectations (Figure 2), the osteons with

the most elliptical (hence least circular) shapes are not in the high-

complexity category bone (sheep tibia, which has comparably more

prevalent/predominant torsion/shear), but rather, are seen in the low-

complexity load category (On.El51.39; On.Cr50.82) and the most

circular osteons are seen in the moderate-complexity category (On.

Cr50.87; Figure 5).

A subset analysis shows that this paradoxical finding is not due to

the ellipticality of the osteons in the neutral axis regions of the low-

complexity category bones because the percent differences between

the neutral axis region vs. all other regions is <2% for On.Cr and for

On.El. This is also true for all bones in each of the various load-

FIGURE 5 (a) Bar graphs showing statistically significant differences in On.Cr (mean6 SD) in terms of load-complexity category. (b) Statis-
tically significant differences between load-complexity category of the three bones from the sheep and horse
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complexity categories. However, the moderate-complexity category

likely has the highest On.Cr due to the inclusion of the human speci-

mens. This is further discussed below in the human versus nonhuman

section (number 6). Additionally, although the most elliptically shaped

osteons in all of the calcanei are in the sheep calcaneus where they are

most elliptical in the neutral axis region, none of these differences are

statistically significant within this simply loaded bone (“tension region”:

On.El51.49, On.Cr50.79; “neutral axis region”: On.El51.52, On.

Cr50.79; “compression region”: On.El51.47, On.Cr50.79, for all

p> .5). In fact, On.Cr in the sheep species is only statistically signifi-

cantly different when sheep calcaneus (low-complexity category) is

compared to the sheep tibia (high complexity) but not when compared

to the sheep radius (moderate complexity; Figure 4).

The sheep tibia is the only high-complexity category bone in our

analysis and had comparatively fewer osteons (total analyzed n5120;

�17/bone) than the other bones in our study. This reflects low frac-

tional area of secondary osteonal bone (On.B.Ar/T.Ar; range from lat-

eral cortex to cranial cortex: 0.3–26.0%). The low On.B.Ar/T.Ar in

conjunction with the fact that sheep are docile in terms of their ambu-

latory activities (Skedros et al., 2011c), likely contributes to a smaller

interindividual variation in On.Cr seen in this otherwise “high-

complexity” category bone, and might help to explain the presence of

osteons that are more circular than expected. Additional discussion of

these issues is considered below in the Discussion section.

3.2.3.2 | DFA

When using independent (nonmean) data to differentiate the three

load-complexity categories (Figure 6) in terms of On.Cr1On.Ar, high

complexity had a percent correct of 76%. For On.El1On.Ar, high com-

plexity had a percent correct of 71%. For On.Cr1On.El1On.Ar, the

high complexity had a percent correct of 78%. All remaining parame-

ters for determining load-complexity category had a percent correct of

<70%.

Using DFA of the quasi-nested data, the percent correct for classi-

fication of the high-complexity category was 100% for On.Cr.1On.

Ar1On.El and for On.Cr1On.Ar and was 80% for On.Ar1On.El, On.

Cr, and On.Ar. All other factors for high complexity category and all

factors for low and moderate complexity categories had a percent cor-

rect of <70%.

Although the regions of the human bones analyzed are in the

moderate-complexity load category, they have the highest average On.

FIGURE 6 Results from DFA of the mean data for both differentiation of species (top) and load-complexity category (bottom) based on
On.Cr, and On.Cr1On. Ar. The vertical column to the left represents the known species or load-complexity category. The actual classifica-
tion based on either On.Cr or On.Cr1On.Ar is represented horizontally for each species or load-complexity category. For example, (1) deer
bones were misclassified as equine bones in 60% of cases; (2) 80% of high-complexity loaded bones were correctly classified as high-
complexity loading category. The top number represents the raw number of specimens for each classification; the percent below is the per-
cent of the known specimen that was classified in a given category. On.Ar data were not available for the chimpanzee bones, and therefore
not included in the DFA for On.Cr1On.Ar, demarcated by the solid line
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Cr when compared with the other bones. Therefore, the human bones

were differentiated from the other species with comparatively high

accuracy (range: 84% for quasi-nested based on species to 100% for

quasi-nested based on primates vs. nonprimates) using DFA of the On.

Cr data. The high-complexity load category bones (i.e., sheep tibiae)

have significantly lower average On.Cr values than the moderate-

complexity category bones, and were classified correctly using DFA for

On.Cr1On.Ar more often than the moderate- and low-complexity cat-

egory bones (percent correct for quasi-nested) for independent (non-

mean) data percent correct are: high 76%, moderate 61%, low 47%; for

quasi-nested data percent correct are: high 100%, moderate 69%, low

53%). By contrast, when using independent (nonmean) for On.Cr data

only, the high-complexity load category is classified correctly using

DFA the least often when compared with moderate- and low-

complexity categories.

The poor accuracy and contradictory nature of these DFA findings

coupled with unexpectedly fewer elliptical osteons in the high-

complexity category as shown in our ANOVA analysis, suggests that

species determination based on On.Cr alone can be confounded by

load history, especially among the nonhuman species (because of the

greater number of bones having lower complexity loading).

3.2.4 | Strain-mode distributions: What differences in

osteon shape exist based on habitual strain-mode?

3.2.4.1 | ANOVA

The ANOVA design was used to analyze differences in On.Cr and On.

El for each species based on a habitual strain-mode (i.e., tension, com-

pression, neutral axis) region (Figure 7). Significant differences were

present in On.Cr of the chimpanzee femora and all of the equine bone

types, but only in two of the three equine bone types for On.El. For

the equine calcanei, On.Cr was significantly greater (osteons are more

circular) in “compression regions” compared with both “neutral axis

regions” and “tension regions” (p< .001). For the equine radii On.Cr

was also significantly greater in “compression regions” than “neutral

axis regions” (p5 .001), but with On.Cr trending to be greater in “ten-

sion regions” compared with “compression regions” (p5 .06). For the

equine MC3s On.Cr was not significantly greater in “compression

regions” but was significantly greater in “neutral axis regions” compared

to “tension regions” (p5 .03). For the chimpanzee femora, On.Cr was

significantly greater in “compression regions” compared with “tension

regions” (p5 .04). However, there were no statistically significant dif-

ferences in On.Cr based on strain-mode distributions in the sheep cal-

canei, sheep radii, sheep tibiae, deer calcanei, human femora, or human

fibulae. For the equine calcanei On.El was significantly greater in “neu-

tral axis regions” compared with “compression regions” (p< .001) and

in “tension regions” compared with “compression regions” (p5 .005).

For the equine radii, On.El was significantly greater in “neutral axis

regions” compared with “tension regions” (p< .001) and trending

greater in “compression regions” compared with “tension regions”

(p5 .09). However, there were no significant differences in On.El based

on stain-mode distribution for the sheep calcanei, sheep radii, sheep

tibiae, deer calcanei, equine third metacarpals, chimpanzee femora,

human femora, or human fibulae.

3.2.4.2 | DFA

When using DFA of the independent data, with all species and bone

types combined in the analysis to classify strain-mode distribution,

“compression regions” were most often classified correctly compared

FIGURE 7 Bar graphs showing On.Cr (mean6 SD) for tension (T), compression (C), and neutral axis (NA) regions for each species. (a)
Nonprimate specimens that are in the low or moderate A complexity load categories; (b) nonprimate and primate specimens that are in the
moderate B or high complexity load categories
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with “tension regions” and “neutral-axis regions” for all parameters with

the exception of On.Cr (“tension region” classify correctly more often).

However, the percent correct was <70% for all parameters and strain-

modes. The range for percent correct was 21% (On.Cr) to 68% (On.Ar)

for “compression regions,” 1% (On.Ar) to 48% (On.Cr) for “tension

regions,” and 1% (On.El) to 21% (On.Ar1On.El) for “neutral-axis

regions.” In several instances “tension-regions” were incorrectly classi-

fied as “compression regions” >50% of the time as follows: 50% for

On.Cr1On.Ar, 51% for On.Ar1On.El, 58% for On.El, and 62% for

On.Ar. “Neutral axis regions” were incorrectly classified as “compres-

sion regions” >50% of the time in two instances: 56% for On.El, and

62% for On.Ar.

When using DFA of the quasi-nested data, with all species and

bone types combined in the analysis to classify strain-mode distribu-

tion, the percent correct for all strain-mode distributions was <70% for

all parameters. When using On.Cr, “neutral-axis regions” were inap-

propriately classified as “tension regions” in 51% of cases. When using

On.El, “tension regions” were inappropriately classified as “compression

regions” in 51% of cases. When using On.Ar, “compression regions”

were inappropriately classified as” tension regions” in 59% of cases and

“neutral-axis regions” were inappropriately classified as “tension

regions” in 54% of cases.

3.2.5 | Primates versus nonprimates: What differences in

osteon shape exist for primate versus nonprimates?

3.2.5.1 | ANOVA

This analysis was aimed at detecting significant differences between

the primates (chimpanzee femora, human femora, and human fibulae)

and the nonprimates (deer calcanei, sheep calcanei, sheep radii, sheep

tibiae, equine calcanei, equine radii, equine third metacarpals). Signifi-

cant differences were found for On.Cr but not for On.El. On.Cr was

significantly greater in primates (mean On.Cr: 0.89) compared with

nonprimates (mean On.Cr: 0.82; p< .001).

3.2.5.2 | DFA

When using DFA for the independent (nonmean) data to differentiate

primates from nonprimates, nonprimates had percent correct of 97%

for On.Cr1On.El, 95% for On.Cr1On.Ar, 99% for On.Cr1On.

El1On.Ar, 89% for On.El1On.Ar, and 89% for On.Ar. The percent

correct for primates for On.Cr and for On.El were <70%. The percent

correct for primates was 73% for On.Cr, 83% for On.Cr1On.El, 90%

for On.Cr1On.Ar, and 96% for On.Cr1On.El1On.Ar. The percent

correct for the remaining parameters was <70%. Additionally, nonpri-

mates were misclassified as primates in 61% of cases for On.El.

When using DFA to classify between primate and nonprimate

specimens, the percent correct for primate specimens was 84% for On.

Cr, 82% for On.Cr1On.El, 100% for On.Cr1On.Ar, 100% for On.

Cr1On.El1On.Ar, 84% for On.El1On.Ar, and 78% for On.Ar. The

percent correct for nonprimates was 91% for On.Cr, 100% for On.

Cr1On.El, On.Cr1On.Ar, On.Cr1On.El1On.Ar, and On.Ar, and

97% for On.El1On.Ar. The percent correct for both primate speci-

mens and nonprimate specimens was <70% for On.El.

3.2.6 | Human versus nonhuman: What differences in

osteon shape exist for humans versus nonhumans?

3.2.6.1 | ANOVA

When using ANOVAs to compare humans versus nonhumans, On.Cr

was significantly greater in humans compared with nonhumans

(p< .001). This was the case when comparing human versus nonhuman

species collectively and when comparing human species vs. each of the

nonhuman species independently (Figure 4a). By contrast there were

no significant differences with respect to the On.El data.

3.2.6.2 | DFA

When using DFA of the independent (nonmean) data to distinguish

human versus nonhuman specimens based on each parameter, nonhu-

man bones had a percent correct of 99% for On.Cr1On.El1On.Ar,

98% for On.Cr1On.El, 95% for On.Cr1On.Ar, 89% for On.El1On.

Ar, 78% for On.Cr, and 89% for On.Ar. The percent correct for nonhu-

man bones was <70% for On.El. For human bones, the percent correct

was 96% for On.Cr1On.El1On.Ar, 94% for On.Cr1On.El, 90% for

On.Cr1On.Ar, and 86% for On.Cr. The percent correct for human

bones was <70% for On.El1On.Ar, On.El, and On.Ar.

When using DFA of the quasi-nested data to distinguish between

human vs. nonhuman specimens the percent correct was similarly high.

For nonhuman bones, the percent correct was 98% for On.Cr, 100% for

On.Cr1On.El, On.Cr1On.Ar, On.Cr1On.El1On.Ar, and On.Ar, and

97% for On.El1On.Ar. The percent correct for nonhuman bones for On.

El was <70%. For human bones, the percent correct was 100% for On.

Cr, On.Cr1On.El, On.Cr1On.Ar, and On.Cr1On.El1On.Ar, 84% for

On.El1On.Ar, and 78% for On.Ar. As was the case for the nonhuman

bones, the human bones also had a percent correct <70% for On.El.

A subset DFA of both the independent (nonmean) and quasi-

nested data was done looking only at the chimpanzee femora and the

human femora to determine if these species could be reliably distin-

guished based on On.Cr, On.El, and On.Cr1On.El. None of the

remaining parameters used above were used in the subset analysis, as

each includes On.Ar, which is not available for the chimpanzee femora.

For the independent (nonmean) data, the percent correct for chimpan-

zee femora for On.Cr was 76%, and the percent correct for On.

Cr1On.El was 92%. The percent correct for the human femora was

84% for On.Cr and 92% for On.Cr1On.El. For both chimpanzee fem-

ora and human femora, the percent correct for On.El was <70%. In

fact, the chimpanzee femora were misclassified as human femora in

55% of cases for On.El. For the quasi-nested data, the percent correct

for chimpanzee femora was 100% for On.Cr and On.Cr1On.El. The

percent correct was <70% for chimpanzee femora for On.El. For the

human femora, the percent correct was also 100% for On.Cr and On.

Cr1On.El, and 71% for On.El. There were no misclassifications in this

subset DFA for the quasi-nested data.

4 | DISCUSSION

The degree of correct classifications based on geometric osteon param-

eters in a DFA has been used in many studies as a method for
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determining the taxonomic provenance of bones and bone fragments.

However, the number of misclassifications has a tendency to be under-

stated. While it could be argued that for the purposes of many studies

in physical anthropology that these misclassifications are of little signifi-

cance as long as the percent correctly classified is high for human ver-

sus nonhuman distinctions, this does not acknowledge the fact that

many other factors are involved in prevalence and regional distribu-

tions of secondary osteons and in their specific morphological charac-

teristics that are used to make these distinctions. For example, a

reasonable explanation for the misclassification of sheep radii as equine

radii in 60% of cases could be that the moderate-complexity loading

shared by these specimens is what increases the probability that they

will be indistinguishable. If the question is whether or not the bone

fragment came from a human, then the importance of this distinction

might seem to be of lesser significance in addition to the possibility

that it might be confounded by the likelihood that mid-diaphyses of

many human limb bones are in the high-complexity load category.

However, misidentification of human specimens as nonhuman speci-

mens becomes more likely when considering the possibility that load-

complexity category and prevalent/predominant habitual strain-mode

distribution can have strong influences in determining osteon shape in

some locations of human limb bones (e.g., mid-diaphyses of the tibia

and fibula, and proximal diaphysis of the femur; Figure 1). In this study,

strain-mode distribution was misclassified in >50% of cases in the DFA

of independent and quasi-nested data.

Our results strongly suggest that species, strain-mode distribution,

and load-complexity category do not strongly account for the variation

that exists in osteon shape. While On.Cr is considered a new metric for

determining if an unknown bone fragment is of human origin, it has lit-

tle utility in other inter-species comparisons, or in understanding histo-

logical bone adaptation to a habitual load environment.

In addition to habitual load-complexity and habitual strain-mode

distributions, effects associated with aging, sex, and body weight (dis-

cussed below), and genetic variations and developmental constraints

that could influence the emergence of specific histomorphological

characteristics and/or their regional distribution might help to explain

the frequent misclassifications among the nonhuman comparisons

(Bromage and Boyde, 1998; de Margerie et al., 2002; Havill, 2003;

Havill et al., 2013; Lee, 2004; Skedros and Hunt, 2004; Starck and

Chinsamy, 2002; Warshaw, 2007). For example, a study of middle-

aged human female twins found between 55 and 62% of remodeling

marker differences are attributable to genetic factors (Bjørnerem et al.,

2015; remodeling markers included: serum osteocalcin, C-terminal

cross-linking telopeptide of type I collagen, and procollagen type I N-

terminal propeptide). In their histomorphometric analysis of 101

baboon femora (ages 7–33 years) sectioned transversely at mid-

diaphysis, Havill et al. (2013) found significant genetic effects for On.

Ar, On.B.Ar/T.Ar, and wall thickness of secondary osteons (On.Cr and

On.El were not analyzed). This corresponds to 48–75% of the total

phenotypic variance of these three cortical microstructural characteris-

tics. By contrast, they found no evidence that On.N/T.Ar and porosity

were heritable. Hence, the parameter most susceptible and reflective

of genetic effects is osteon size. In the perspective of these findings

(and if they can be broadly extrapolated to other mammalian species),

it seems reasonable to conclude that On.Cr is not heritable because we

found little or no correlation of this characteristic with On.Ar in the pri-

mate and nonprimate bones. Regardless of the specific reasons for the

frequent misclassifications in the nonhuman comparisons, it is clear

that an important role is played by the statistically significant regional

differences in these osteon shape characteristics examined herein, as

shown in many cases between the bone “types” within the sheep (cal-

canei, radii, tibiae) and horses (calcanei, radii, MC3s; Figure 4). Conse-

quently, a fragment of a sheep tibia (mean On.Cr50.84) could be

inadvertently misclassified as being from a horse (range of mean On.Cr

values50.80–0.86). This result is indicative of the weakness of using

On.Cr for nonhuman species differentiation. While distinguishing

between two nonhuman species may not be of direct benefit to biolog-

ical anthropologists, the inconsistency in being able to do so supports

the need for caution when using On.Cr in interpreting load history.

When mean and nonmean On.Cr and On.El data were examined

independently and in analyses that coupled these characteristics (and

with On.Ar), they also proved to be generally poor in terms of distin-

guishing among (1) the different load-complexity categories of all bones

studied, and (2) the regional variations in strain-mode distributions in

the bones experiencing habitual bending (which included all bones

expect for the sheep tibia). In fact, these osteon shape characteristics

have little value in terms of predicting load history, even in relatively

simply loaded calcanei (none of the calcanei from the three species

studied showed all of the expected regional variations). By contrast, a

series of prior investigations using the same bones examined herein

demonstrate that between- or within-bone patterns of predominant

CFO and osteon collagen/lamellar “morphotypes” are much stronger

correlates in these contexts, and even more strongly than On.N/T.Ar

and On.Ar (Skedros, 2012; Skedros and Keenan 2016; Skedros et al.,

2004, 2009, 2011a, 2011b, 2013a). Therefore, the results of this inves-

tigation sustain the preeminent status that these CFO-based character-

istics have, when compared with all other histomorphological and

compositional parameters studied, in terms of (1) identifying the strain-

mode distributions in bones that have the capacity for osteonal

renewal and are habitually loaded in bending (i.e., in the low- and

moderate-complexity load categories), and (2) distinguishing torsional

versus bending load histories (Skedros, 2012; Skedros et al., 2009). To

our knowledge, the ability of variations in predominant CFO across a

bone’s cross-section to differentiate species has not been studied.

The result achieved in this study in differentiating human from

nonhuman bones should be considered with caution due to of the vari-

ability in On.Cr data reported previously for human specimens. Some

studies report humans as having an On.Cr that is on average lower

than nonhuman species (Crescimanno and Stout, 2012; Tersigni et al.,

2008; Tersigni-Tarrant et al., 2011); this study and other prior studies

have reported greater human mean On.Cr values (Dominguez and

Crowder, 2012; Skedros et al., 2014a). Perhaps, as alluded to by Cresci-

manno and Stout (2012), when compared to the nonhuman species

studied in this context there is relatively greater interindividual
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variability in osteon shape in human bones that results in a broader

range of On.Cr. We have also considered interspecies and intraindivid-

ual differences in habitual ambulatory activities in the bones/species

examined in the present study (Skedros et al., 2006, 2007a, 2011c). In

addition to the effect of advanced aging on osteoclast activity (which is

most important in determining osteon size and shape) (Qiu et al.,

2010), the discrepancies in human On.Cr data might also be influenced

by a lack of standardized methods for obtaining On.Cr (Mears et al.,

2014, 2015). It would be advisable to employ caution when using On.

Cr to differentiate humans from other species while the reason for this

discrepancy remains unclear.

The studies by Crescimanno and Stout (2012) nor Dominguez and

Crowder (2012) did not provide data that quantitatively considered the

possibility that the bones that they examined might have regional var-

iations in osteon morphology that can be adaptations for their load his-

tories; this study adds this analysis. In addition to evaluating osteons

from strictly defined anatomical quadrants, these investigators also

eliminated some osteons (percent eliminated not reported) based on

noncircular Haversian canal shapes. By contrast, we could not deter-

mine the impact that eliminating vs. not eliminating osteons would

have on our results because we did not quantify the shapes of the

Haversian canals. Crescimanno and Stout (2012) excluded osteons

with Haversian canals having a circularity index <0.9 (1.05 perfect

circle); Dominguez and Crowder (2012) excluded osteons with Haver-

sian canals that have “excessively” elliptical shapes (i.e., maximum:mini-

mum Haversian canal diameter ratios �2:1; Figure 3c). These exclusion

criteria reflect the assumptions that an osteon with an excessively non-

circular Haversian canal is likely the result of its oblique orientation in

three dimensions (3D), which warrants elimination because the cross-

sectional area of the osteon would otherwise not be adequately quan-

tified (personal communications: C. Crowder and S. Stout). What fol-

lows is an example showing why eliminating osteons that do course

obliquely in 3D could be problematic in some cases when using On.Cr

and/or On.El to distinguish species—especially when the cross-sections

being analyzed have regionally heterogeneous On.Cr and/or On.El that

are important adaptations because they accommodate differing

mechanical demands.

The elliptical shape of an osteon in two dimensions (2D) can reflect

its oblique orientation in 3D, which is logical if the osteon resembles a

simple cylinder (Hennig et al., 2015; Mohsin et al., 2006; Parfitt, 1994).

It has been suggested that this 3D obliquity with respect to the long

axis of the bone diaphysis, hence increased On.El (and decreased On.

Cr) when viewed in a 2D transverse section, can be mechanically

adaptive in some bones where this is thought to enhance tissue

mechanical toughness (Skedros et al., 2013a, 2014a). This could be an

adaptation for the relatively diffusely distributed shear strains and

obliquely oriented principal strains in bones that experience habitual

torsion (e.g., sheep tibia, mid-shaft human femur, or other high-

complexity loaded bones or regions) or for these and other strain char-

acteristics that are more localized in the vicinity of the neutral axis

regions in bones subjected to relatively simple bending (Lanyon and

Bourn, 1979; Martin and Burr, 1989; Petrt�yl et al., 1996; Skedros,

2012; Skedros et al., 2007b,a; Sorenson et al., 2004; Su et al., 1999).

By contrast, some bones with regions habitually loaded in prevalent/

predominant tension are known to have osteons with various noncircu-

lar shapes that are not typically elliptical (Skedros et al., 2001, 2007b).

This is a case where On.Cr does not reveal all “types” of noncircular

osteons that can be mechanically adaptive. An example of this has

been reported in the deer calcaneus [a simple bending model (Sinclair

et al., 2013)] where the relatively increased On.El occurs in the medial

and lateral cortices (i.e., “neutral axis regions”) but not in the plantar “ten-

sion” cortex, although these two regions have low On.Cr (i.e., relatively

“noncircular” osteons; Figure 3; Skedros et al., 2007a, 2014a; Sorenson

et al., 2004). The different microstructural adaptations in these different

locations likely reflect differential/regional mechanical benefits of (1)

increased interfacial complexity provided by highly noncircular (but not

strongly elliptical) osteons in the plantar “tension” cortex (Bigley et al.,

2006; Hiller et al., 2003), and/or (2) the reduction in deleterious effects

of shear stresses provided by 3D osteon obliquity (strongly elliptically

shaped) in the medial-lateral “neutral axis/predominant shear” region

(Ascenzi and Bonucci, 1968, 1972; Martin and Burr, 1989). Hence, in the

neutral axis region of the deer calcaneus, 3D osteon obliquity is most

likely the proximate biomechanical reason for the 2D osteon elliptical

shapes, but 3D osteon obliquity does not likely explain the irregular (but

not strongly elliptical) shapes in the plantar “tension” cortex.

This example in the deer calcaneus demonstrates that the evalua-

tion of both On.Cr and On.El is necessary for a complete analysis of

osteon shape variations when comparing bones of varying load com-

plexity, especially in bones from the low- and moderate-complexity

load categories (because they typically have a consistent neutral axis

region during typical loading conditions). It has also been shown that

when criteria based on the shape of an osteon’s Haversian canal (Cres-

cimanno and Stout, 2012; Dominguez and Crowder, 2012) are used to

eliminate the quantification of some osteons in the deer calcaneus

model that (1) this can remove nearly 70% of the osteons when using

the circularity elimination criterion of <0.9 and 45% of the osteons

when using the On.El elimination criterion of �2:1, and (2) the statisti-

cal analysis conducted after the elimination of these osteons results in

an inaccurate interpretation of the load history of this simply loaded

bone (Skedros et al., 2014b; Figure 3). Additional studies are needed

that critically examine the methods and rationales for using osteon

selection/exclusion criteria to more rigorously determine if (1) they are

in fact necessary in studies aimed at differentiating species (if they are,

then Haversian canal shape and osteon shape must always be deter-

mined for each osteon), and (2) how they might affect the results of

studies that focus on species differentiation versus the results of stud-

ies that mainly consider higher-complexity category bones where,

when compared with the lower-complexity bones, the elimination cri-

teria might seem less important in affecting the results. This is because

high-complexity loaded bones, by lacking a consistent neutral axis

region, do not have the marked regional strain-mode-specific histomor-

phological adaptations seen in low-complexity loaded bones (Skedros,

2012; Skedros et al., 2006). It is important to emphasize this distinction

because anthropological studies of bone histomorphological adaptation
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often use bones in the high-complexity load category (Hillier and Bell,

2007; McFarlin et al., 2016; Skedros et al., 2015; Warshaw, 2008).

The osteons from the sheep tibiae did not exhibit the relatively

greater elliptical shapes that we expected for a bone in the high-

complexity load category. What initially led us to expect that osteons

would generally be more elliptical in this bone were the findings of Lan-

yon and Bourn (1979) in tibiae of domesticated sheep, and He�rt et al.

(1994) and Petrt�yl et al. (1996) in various limb bones of modern

humans. The latter two studies examined epifluorescent images of

India ink-stained coronally sectioned preparations of mid-diaphyseal

regions (after �2 mm of the bone was sanded off of the bone surface

and the sanded surface was polished) of femora, tibiae, humeri, radii,

and ulnae. In their 2D analysis of the human femora at mid-diaphysis,

which is characterized as a high-complexity category region because it

is subject to high torsion with bending (Skedros 2012), they concluded

that the secondary osteons are typically aligned close to the directions

of the principal stresses, which were calculated using an analytical

model based on cadaver bones. They found that the osteons at the

femoral mid-diaphysis deviate 6–108 with respect to the long axis of

the bone, which closely corresponds to the orientation of the calcu-

lated principal stresses. In the other bone “types” the osteons were

also found to run obliquely with respect to the longitudinal axis of the

bones: (1) tibiae 6–88, (2) humeri 12–158, (3) radii �88, and (4) ulnae

�88. Based on in vivo strain data from sheep tibiae, Lanyon and Bourn

(1979) reported principal strains on the order of 28.88 in the cranial

cortex and 22.48 in the caudal cortex. In view of these sheep and

human data, we predicted that our “moderate” and “high-complexity”

load category bones would have secondary osteons that also course

obliquely, on the order of 108–308 from the long axis of the diaphysis.

Hence, assuming that a typical osteon resembles a simple cylinder, we

predicted that 3D obliquity would produce these 2D variations (1) for

108 tilt, On.Cr of 0.84 and On.El of 1.02, (2) for 208 tilt, On.Cr of 0.83

and On.El of 1.07, and (3) for 308 tilt, On.Cr of 0.82 and On.El of 1.16

(these values were calculated in ImageJ using simulated osteons with

Howship’s lacunae, and with all osteons having the same On.Ar; Mears

et al., 2015). However, we did not find significantly increased On.El in

the sheep tibia or in the bones with localized high shear (neutral axis)

regions. This might reflect (1) osteon 3D obliquity that is much less

than expected in high-complexity loaded bones and does not differ

much (contrary to our expectations) across the range of load complex-

ity, and/or (2) the shape of an osteon can change independent of its

3D orientation as has been suggested by Hennig et al. (2015) and

shown in Figure 5 of Skedros et al. (2007b).

Support for the former possibility includes the only study that we

are aware of that determined the relationship of secondary osteons

with principal strains based on in vivo strain measurements. In that

study, Lanyon and Bourn (1979) used polarized light to examine 100

mm thick coronal sections of mature sheep tibiae and showed that, in

contrast to the conclusions of He�rt, Petrt�yl, and coworkers’ in mid dia-

physes of human limb bones, osteon orientation was not closely

aligned with the principal strain direction: (1) in the cranial cortex the

osteons are oriented 11.58 with respect to the long axis of the sheep

tibia whereas the principal strain direction is 28.88, and (2) in the caudal

cortex the osteons are oriented 9.58 with respect to the long axis of

the sheep tibia whereas the principal strain direction is 22.48. Perhaps

osteon 3D deviations on the order of 108 from the long axis are not

sufficient to produce the magnitude of elliptically shaped osteons that

we expected in this high-complexity loaded bone. To more rigorously

investigate details of the relationship between 3D osteon orientations

and their 2D cross-sectional shapes, 3D reconstructions from serial

sections (Cohen and Harris, 1958; Maggiano et al., 2016) will be

needed because the current capacity of high-resolution 3D computed

tomography is not sufficiently accurate (Hennig et al., 2015).

Although On.Cr is greatest (and On.El is paradoxically lowest) in

the sheep tibia when compared to sheep radii and calcanei, we only

measured �17 osteons in each sheep tibia. Therefore, the comparisons

we made with the sheep tibiae must be viewed with caution because of

the possibility of reduced statistical power in addition to the possibility

that these osteons might reflect very localized adaptation for the shear/

tension strain milieu of the cranial cortex (>90% of the sheep tibia

osteons that we quantified were found in this region) (Lanyon and

Bourn, 1979; Skedros et al., 2009). However, the seemingly small num-

ber of osteons quantified in our seven sheep tibiae is not an unusual

sample size in studies dealing with species differentiation. For example,

Martiniakov�a et al. (2006) obtained �25 osteons/bone in the species

that they examined, and they and Hars�anyi (1993) recommend obtain-

ing data from 50 to 100 osteons per species. Crescimanno and Stout

(2012) examined 12 osteons per bone (which they then averaged to

obtain one value for each bone). In contrast, Dominguez and Crowder

(2012) tried to examine at least 50 osteons/rib and 50 osteons/quad-

rant in the each of the four quadrants that they examined in each of

their limb bones. The fewest number of osteons analyzed was 31/bone,

which was from a fragmented deer rib. These examples expose an

important but unanswered question that has even broader implications:

what percent of secondary osteonal bone (On.B.Ar/T.Ar) is needed for

differences in histomorphological characteristics of secondary osteons

to be considered relevant for distinguishing species or for interpreting

the load history of a bone or bone region? In other words, what per-

centage of a cortical area must be remodeled with secondary osteons

to consider functional adaptation in terms of the secondary osteonal

bone rather than primary bone? For example, it seems likely that the

On.B.Ar/T.Ar of the sheep tibia is so low that mean osteon circularity

values are not relevant for distinguishing this bone from the others

when using load history criteria. Although there are a few studies that

have obtained data where this issue can be indirectly addressed in the

context of bone mechanical properties (Carter et al., 1976; Currey,

2002; Kim et al., 2007; Mayya et al., 2013; Riggs et al., 1993a, 1993b),

we could not locate any studies that have specifically addressed this

question in terms of the various contexts considered in the present

study. Additional studies are needed to determine if there is a “thresh-

old” On.B.Ar/T.Ar where histological differences resulting from varia-

tions in secondary osteonal characteristics can be considered important

in terms of the functional adaption of a bone or bone region.

Several of the studies compiled in the review of Hillier and Bell

(2007) have shown that differences in histological type (fibrolamellar
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vs. secondary osteonal) are most successful in differentiating human

bones from dog and deer bones. Additionally, human bones can also be

readily distinguished from dog and deer bones based on differences in

Haversian canal diameter, osteon diameter, and On.N/T.Ar. The species

that follow dog and deer bones in terms of the success rate in being

distinguished from various nonhuman bones based on relatively simple

osteonal characteristics include bones from domesticated cats (Felis sil-

vestris catus), Snowshoe and European hares, European badgers, and

raccoon dogs (Nyctereutes prodyonoides). By contrast, cow, goat, sheep,

pig, horse, and water buffalo bones have been shown to be success-

fully differentiated by the presence versus absence of fibrolamellar

bone and not by these osteonal characteristics. Although there are

studies that have led to the conclusion that it is generally safe to

assume that a bone fragment that is primarily fibrolamellar is nonhu-

man, it is not correct to conclude that a fragment that is primarily com-

prised of secondary osteons is likely human. For example, in adult

cows, sheep, horses, deer, and various nonhuman primates, it is well

known that there can be regions of a diaphyseal cross-sections of limb

bones that are highly remodeled with secondary osteons while other

regions of the same cross-sections are primarily, or solely, fibrolamellar

(Carter et al., 1976; Mason et al., 1995; Schaffler and Burr, 1984; Ske-

dros et al., 2003b,; Stover et al., 1992). Faulty interpretations of load

history can also result when differences in the prevalence and distribu-

tion of secondary osteons and/or predominant CFO are used to distin-

guish between bones in the high-complexity load category (where

these variations are not helpful) vs. the moderate- and low-complexity

load categories (where these variations are helpful; Skedros, 2012).

This is especially true when regional strain-mode-related histomorpho-

logical adaptations are anticipated but the concept of load-complexity

and/or the “priority” of shear-strain-related adaptations is not recog-

nized (e.g., Goldman et al., 2003; Lee, 2004; Mayya et al., 2013; Ske-

dros et al., 2015; Zedda et al., 2015).

Although we have found the load-complexity categories to be very

useful because they help provide clarity in many studies of limb-bone

adaptation (Skedros, 2012, 2014; Skedros et al., 2006, 2009, 2011c,

2013a), important limitations include the paucity of in vivo strain data

in anthropoid bones and the imperfect criteria used to designate the

categories—defined by the magnitude of change in neutral axis location

during habitual/controlled ambulation. We recognize that less frequent

natural gait-related activities can shift the neutral axis beyond the

“habitual range” and this, even if very brief, might be sufficient to evoke

cortical bone adaptation that confounds attempts to make simple inter-

pretations (Main, 2007; Moreno et al., 2008; Rubin et al., 2013). Our

designation of “neutral axis regions” is also least rigorous in bones in

the moderate-complexity categories (i.e., there is a greater potential for

overlap in these bones with the other categories; Skedros et al., 2006),

which is the main reason why we conducted our statistical analyses

using data from the moderate A and B categories combined into one

category. Rubin et al. (2013), Skedros et al. (2006), and Judex et al.

(1997) discuss various problems with the assumption that characteris-

tics of peak stresses or strains are important in causing regional varia-

tions in bone histomorphological adaptation.

Additional important limitations of the present study are that we

could not assess include the potential effect of aging, sex, and body

size in our samples (Britz et al., 2009; Cooper et al., 2007; Feik et al.,

1996; Havill et al., 2013). The oldest human that we analyzed was only

71 years old and all the nonhuman bones were purposely selected

from healthy younger adult animals. Also, body size data were typically

unavailable and the sample sizes were too small to discern potential

sex-related influences. Larger samples of bones spanning broad age

ranges from individuals of known sex and body weight are needed to

adequately determine if these factors influence osteon geometric char-

acteristics, as has been shown in terms of increased On.Cr with

advanced age in modern human femora (Britz et al., 2009; Currey,

1964).

5 | CONCLUSION

Results of this study support the conclusion that mean and nonmean (i.

e., data from all osteons) On.Cr and On.El data, when considered inde-

pendently or in terms of each of these characteristics coupled with

each other and/or with On.Ar in a DFA, have limited value when used

to distinguish load-complexity categories, regional prevalent/predomi-

nant strain-mode distributions in bone regions habitually loaded in

bending, and among nonhuman species. In contrast, when distinguish-

ing human from nonhuman bones the independent analysis of On.Cr

was highly accurate (exceeding 95%) and was similarly accurate when

considering On.Cr1On.Ar in a DFA. Other histomorphological charac-

teristics of cortical bone that have been shown to be more reliable for

distinguishing among load-complexity categories and other details of

the load histories of various types of limb bones include regional, and

often strain-mode-related, patterns of predominant CFO and second-

ary osteon collagen/lamellar morphotypes. However, these characteris-

tics have not been evaluated in the context of species differentiation.
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NOTES
1 In this study all mentions of “osteons” refer to secondary osteons (Haver-

sian systems). Primary osteons are not considered in this study. On.N/T.

Ar represents the number of secondary osteons per total area of bone in

the analysis region (T.Ar also includes osteon porosity, such as osteocytic

lacunae and central canals; Skedros et al., 2013a).
2 The three strain modes are: tension, compression, and shear.
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