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In bone, matrix slippage that occurs at cement lines of secondary osteons during loading is an important
toughening mechanism. Toughness can also be enhanced by modifications in osteon cross-sectional size
(diameter) for specific load environments; for example, smaller osteons in more highly strained “com-
pression” regions vs. larger osteons in less strained “tension” regions. Additional osteon characteristics
that enhance toughness are distinctive variations in collagen/lamellar organization (i.e., “osteon morpho-
types”). Interactions might exist between osteon diameter and morphotype that represent adaptations

Keywords: for resisting deleterious shear stresses that occur at the cement line. This may be why osteons often have
Osteon . . w " . . .

Collagen orientation a peripheral ring (or “hoop”) of highly oblique/transverse collagen. We hypothesized that well devel-
Strain mode oped/distinct “hoops” are compensatory adaptations in cases where increased osteon diameter is

mechanically advantageous (e.g., larger osteons in “tension” regions would have well developed/distinct
“hoops” in order to resist deleterious consequences of co-existing localized shear stresses). We tested this
hypothesis by determining if there are correlations between osteon diameters and strongly hooped mor-
photypes in “tension”, “compression”, and “neutral axis” regions of femora (chimpanzees, humans), radii
(horse, sheep) and calcanei (horse, deer). The results reject the hypothesis—larger osteons are not asso-
ciated with well developed/distinct “hoops”, even in “tension regions” where the effect was expected to
be obvious. Although osteon diameter and morphotype are not coupled, osteon diameters seem to be
associated with increased strain magnitudes in some cases, but this is inconsistent. By contrast, osteon
morphotypes are more strongly correlated with the distribution of tension and compression.
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1. Introduction

One beneficial result of remodeling of compact (cortical) bone
with secondary osteons (Haversian systems) in non-elderly indi-
viduals is that tissue mechanical properties, especially fatigue
resistance and toughness,! can be improved by the introduction of

* Corresponding author. Address: 5323 South Woodrow Street, Suite 200, Salt
Lake City, UT 84107, USA. Fax: +1 801 747 1023.

E-mail address: jskedrosmd@uosmd.com (J.G. Skedros).

! Toughness refers to the amount of energy required to fracture a material; the
more the overall amount of energy consumed, the ‘tougher’ the material (Zioupos and
Currey, 1998). Tough materials resist damage propagation but do not necessarily
resist damage formation. Toughness tests typically involve propagating a crack in a
controlled direction through a specimen machined into a specific shape for this test.
Toughness measurements obtained from these ‘formal’ toughness tests are different
from the ‘toughness’ that is often ‘informally’ used (as in this study) to describe the
energy absorbed by a specimen during a more conventional failure test. In this case,
energy absorption is measured as the area under the stress/strain curve (Turner and
Burr, 1993), which is an indirect measure of propagation toughness (Vashishth, 2004).
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osteonal interfaces, including cement lines and interlamellar seams
(Launey et al., 2010a; Nalla et al., 2005a,b; Skedros et al., 2005). In
this context, the mechanical benefits of increased concentrations of
secondary osteons have been compared to the fibers in a fiber-rein-
forced ceramic matrix composite material (Doblaré et al.,, 2004;
Hogan, 1992; Martin et al., 1998; Mohsin et al., 2006; Najafi et al.,
2009; Yeni et al., 1997). An important observation is the finding that
the population densities of osteons with specific patterns of lamellar
and collagen organization are increased in loading environments
that are characterized by local prevalence/predominance of a spe-
cific strain mode (tension, compression, or shear) (Riggs et al.,
1993a; Skedros, 2012; Skedros et al., 2009, 2011a). Hence, in addi-
tion to the potential for modifying the presence and complexity of
their interfaces (Crescimanno and Stout, 2012; Keenan et al., 2010;
Robling and Stout, 1999; Skedros et al., 2007a), matrix organization
of osteons can be modified in ways that are mechanically adaptive.
These specific osteon “types” have been described as “osteon
morphotypes”; this characterization is largely based on the
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Fig.1. The six-point morphotype scoring schemes with three examples of each birefringence pattern (“morphotype”) in circular polarized light. The images in the left column
are reproduced from the original study of Martin et al. (1996) but are re-ordered to conform with the 6-point scoring scheme reported in Skedros et al. (2009). The osteons
from the middle and right columns are from chimpanzee femora (Skedros et al., 2011b). Also shown in columns 2 and 3 are some osteon “hybrids” (i.e., with characteristics of
distributed/alternating and hooped morphotypes) (described in Skedros et al. (2011b)), some of which might be well suited for accommodating heterogeneous strains
produced by variable/complex loading environments. The six-point scoring scheme that is described in these previous studies is based on the birefringence (weak vs. strong)
and completeness of the peripheral lamella or “hoop”. In this scheme the acronyms mean that the peripheral “hoop” is: O = complete and strong, Ol = incomplete and strong,
OW =is complete and weak, and OWI = incomplete and weak. The morphotype “scores” are then: 0= category N, a dark osteon with no birefringent (bright) hoop;
1 = category OWI, a combination of Ol and OW; 2 = category OW, similar to O but the birefringent peripheral hoop is weak; 3 = category OI, similar to O but the birefringent
peripheral hoop is incomplete; 4 = category O osteon with a strongly birefringent peripheral hoop; 5 = category D, birefringent lamellae are distributed throughout the wall of
the osteon (“distributed” osteon group). This group includes “bright” osteons (less frequent) and “alternating” osteons (more frequent).

completeness and intensity of birefringent rings (or “hoops”) that of-
ten occur at their periphery, as seen in circularly polarized light
(CPL) images of thin transverse sections (Fig. 1) (Skedros et al.,
2011b). The increased birefringence appears as brighter (whiter)
gray levels in grayscale CPL images, and this correlates with in-
creased oblique-to-transverse collagen fiber orientation (CFO) (in
CPL longitudinal CFO appears dark; compare scores 0 and 5 in
Fig. 1) (Boyde and Riggs, 1990; Bromage et al., 2003; Skedros et al.,
2009).

When compared to osteons in “compression regions” of bones
habitually loaded in bending, “tension regions” have osteon mor-
photypes with more longitudinal collagen in the majority of their
wall and with some degree of peripheral “hoopedness” (i.e., com-
pleteness and brightness intensity of a peripheral “hoop” in CPL

images; scores 1-4 in Fig. 1). A composite osteon morphotype
score (MTS) has been described that strongly correlates with the
average CFO of an entire microscopic image (Skedros et al.,
2011a,b), which in turn correlates with the toughness of the bone
(Riggs et al., 1993b; Skedros et al., 2006). Consequently, osteon
MTSs can be used as an index for identifying microstructural adap-
tations and may act to enhance toughness for regional variations in
habitual strain mode.

In cortical bone, regional strain-mode-specific toughness can
also be enhanced by modifications in osteon cross-sectional size.
This is indirectly supported by data showing that in some bones
smaller osteons occur in regions that receive a history of preva-
lent/predominant compression (usually higher strains) compared
to regions that receive prevalent/predominant tension (usually
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Fig.2. Diagrammatic representation of osteon pull-out in association with an
advancing microcrack produced during tension loading. The osteons debond and
then bridge the microcrack before they break; this enhances toughness by
absorbing energy. Studies by Ritchie and co-workers (Launey et al., 2010a,b; Nalla
et al., 2005b) suggest that this and other extrinsic mechanisms, which result in
incomplete and largely extra-osteonal matrix breakage, do occur in natural
conditions and can help to absorb energy. (Re-drawn and modified from Hiller
et al. (2003).)

lower strains)® (Hiller et al., 2003; Skedros, 2012; van Oers et al.,
2008). Potentially adaptable relationships might exist between os-
teon size and morphotype because physiological loading is not sim-
ple, but it produces shear stresses that are potentially more
deleterious than tension and compression stresses. In turn, shear

2 Strains only provide information about stresses if Young’s modulus is known
(Currey, 2002). Damage may be dependent on reaching a specific strain value, where
here we imply that tension-loaded areas are more likely to fracture than compres-
sion-loaded areas especially if histomorphological adaptation for these habitual
strain-mode differences does not occur. For the purposes of this discussion, tension
and compression have been generalized in terms of strain; however, it must be
recognized that these generalizations may not always be the case.
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Fig.3. Osteon pull-out with interlamellar debonding (“telescoping”) in tension
loading. (A) Forces (F) applied to a machined specimen of cortical bone show a
microcrack propagating downward across the specimen from the side loaded in
tension (T). (B) Osteon pull-out and telescoping (in the two osteons at the top). (C)
Higher magnified view of one of the hooped/parallel-fibered osteons shown in B.
Here osteon pull-out is shown in addition to shear stresses (curved lines) in the
cement line region (at the osteon periphery). This is believed to be common during
bending in natural conditions. (Re-drawn and modified from Martin et al. (1998).)

stresses can be increased in the vicinity of the cement line when dif-
ferential motion of the osteons occurs as the yield point is ap-
proached (Bigley et al., 2006; Ebacher et al., 2007; Leng et al.,
2009; Pope and Murphy, 1974; Zimmermann et al., 2011). It has
been speculated that this may help explain why osteons, especially
in tension-loaded regions, often have a peripheral ring (or “hoop”)
of highly oblique/transverse collagen (Martin et al., 1996; Skedros
et al., 2011b). In other words, this modification might help to resist
deleterious consequences of these localized shear stresses, including
excessive microdamage formation and propagation (Bigley et al.,
2006; Mohsin et al., 2006; O’Brien et al., 2005; Skedros et al., 2005,
2009).

Osteonal debonding, bridging, and pullout have been identified
as some of the extrinsic mechanisms that toughen cortical bone by
controlling crack propagation and lowering the effective (local)
stress intensity actually experienced at the crack tip (Bigley
et al., 2006; Currey, 2002; Hiller et al., 2003; Launey et al.,
2010a; Zimmermann et al., 2009) (Figs. 2 and 3). In this perspec-
tive, van Oers et al. (2008) offer a mechanically based explanation
for why a functional relationship might exist between an osteon’s
morphotype and diameter:

Osteon diameter affects the ratio between shear stress in the
cement line and tensile stress on the osteon. Given a tensile
force F on an osteon with diameter d and pullout length L, the
tensile stress ¢ on the osteon and the shear stress 7 in the
cement line are given by: ¢ =F/(n/4-d-d) [or ¢ =F/(n/(4d?))]
and 7 = F/(n-d-L). The ratio between ¢ and 7t thus is t/o = d/4L.
[Pull-out occurs when ¢ > 1.] Theoretically, pullout is thus more
likely when osteons are larger in diameter, because this
increases the shear stress in the cement line boundary relative
to the tensile stress on the osteon (page 481).
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Fig.4. (A) Representative drawings of transverse cross-sections of the non-primate bones

(adapted from (Skedros et al., 2009)). Small rectangles (shown in three sizes) within

the cortices of these sections are locations where the analyses were conducted. Here “anterior” and “posterior”, respectively, are used as surrogates for the actual, but various,
terms used for the opposing sagittal-plane cortices in the calcanei (dorsal and plantar), radii (cranial and caudal), and equine MC3 (dorsal and palmar). Cr = cranial, anterior,
or dorsal; L = lateral. NA = the estimated neutral axis. (B) Drawing of a right chimpanzee femur showing the two section locations, drawings of the representative transverse

sections, and the four cortical locations that were examined in the primate femora (adap!

ted from (Skedros et al., 2011a)). The small rectangles shown in the lateral cortices

serve as examples of where the microscopic images were obtained in each of the four cortical locations. The dashed line drawn in the anterior-posterior direction shows the

general location of the estimated neutral axis (NA) in the two sections. With respect to
habitual tension. A = anterior, L = lateral, P = posterior, M = Medial, ST = sub-trochanteric

Consequently, in the “tension region” of a bone loaded in habit-
ual bending there is an important tradeoff between potentially del-
eterious shear stresses at the cement line and the beneficial effects
of increased osteon size. We hypothesized that this tradeoff would
be recognized as increased “hoopedness” that would occur as an
adaptation that resists deleterious shear stresses in cases where in-
creased osteon diameter is mechanically advantageous—larger ost-
eons in “tension” regions would be expected to have fully
developed “hoops”. The importance of this hypothesis is that, if
supported, it suggests a coordination of different collagenous-
matrix assembly activities between peripheral and subsequent
deeper osteoblasts during osteon formation that are ultimately
mechanically important. While this hypothesis has been consid-
ered by some investigators (Kerschnitzki et al., 2011; Marotti,
1996; Parfitt, 1983; Pazzaglia et al., 2011), it has not been tested
in large samples of osteons from habitual bending environments

the NA, the medial cortex is in habitual compression (C) and the lateral cortex is
(80% diaphysis), PD = proximal diaphysis (70% diaphysis).

and various species. We tested this hypothesis of size/hoop syner-
gism by determining if there are significant correlations between
osteon diameters and “hooped” morphotypes in “tension regions”
vs. “compression regions” vs. “neutral axis regions” in a variety of
limb bones.

2. Methods

The specimens and tissue preparation methods used in this
study have been described in detail in previous studies (Skedros
et al.,, 2009, 2011b). Briefly, circular polarized light (CPL) micro-
scopic images were obtained at 50x from thin (100 pm) transverse
sections from the following samples of adult primate and non-
primate bones: (1) deer and equine calcanei, and sheep and equine
radii (n=7 of each bone type) (Skedros et al., 2009); (2) adult
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chimpanzee femora (n=8; mean age 25years; age range: 18-
31 years; 3 males; 4 females; one unknown sex) (Skedros et al.,
2011b), and (3) modern adult human femora (n=12; mean age:
53; age range: 22-71 years; 3 males; 9 females) (Skedros et al.,
1999, 2012). All individuals were healthy prior to death and had
no evidence of musculoskeletal disease, and they had not taken
medications that could alter bone metabolism or remodeling
activity.

CPL images in all of the bones were obtained in regions that cor-
responded to their typical mutually exclusive “tension”, “compres-
sion”, and “neutral axis” areas, as defined in previous studies
(Skedros, 2012) (Fig. 4). In the non-primate bones, these locations
were from the mid-shaft. In the human and chimpanzee femora
these locations were from the proximal shaft where the bending
moment is considered greatest (Skedros and Baucom, 2007).

The protocol was designed to select five complete osteons from
each CPL image using a randomly oriented grid. However, there
were instances where five osteons could not be selected using
the grid because these images had relatively low osteon population
density. This occurred in each species, and the frequency ranged
from <0.1% in the equine calcanei (one osteon less than the maxi-
mum 385 osteons) to 8% in the human femora (81 less than the
maximum 960 osteons). The mean area of each quantified osteon
was directly measured from the digitized CPL image (Image] v.
1.43, National Institutes of Health, USA (Rasband, 1997-2009)).
To facilitate consistency with published studies, osteon diameter
is expressed as the mean of the maximum and minimum osteon
diameters. This was sufficient for the purposes of this study be-
cause >95% of the osteons are quasi-circular. The “morphotype
score” (MTS) of each complete osteon from non-human and chim-
panzee bones had already been measured in the prior studies
(where only the mean MTS of the entire image was previously re-
ported). The MTSs for the human femur osteons were obtained for
this study following the method described in the legend of Fig. 1.

The population densities of complete secondary osteons and the
percent area of secondary osteonal bone had also been obtained for
all images from each bone. Osteon population density was quanti-
fied as the number of complete secondary osteons in each image
and divided by the area of each image (On.N/T.Ar; T.Ar = total im-
age area including vascular spaces and osteocyte lacunae). The per-
cent area of secondary bone ((On.B/T.Ar)-100); which includes
complete and fragmentary osteons) was also quantified in each im-
age. With the exception of the human femora, these data were ob-
tained in our prior studies. Human femur data were collected
according to our methods from previous studies, and inter- and in-
tra-observer reliability was consistent with our previous studies
(Skedros et al., 2009, 2011b).

2.1. Statistical analysis

A three-way analysis of covariance (ANCOVA) with Fisher’s
PLSD post hoc tests was used to evaluate the data in terms of:
(1) morphotype score (MTS), (2) loading mode (i.e., habitual “ten-
sion”, “compression”, and “neutral axis/shear” regions), and (3)
species (Table 1). The MTS score, which is actually an ordered cat-
egorical variable, was treated as a continuous variable in the AN-
COVA, which results in a p-value that is interpreted as a linear
trend test (Woodward, 2004). The ‘species’ distinction allowed
for distinguishing between all bones, including equine radii and
equine calcanei. Analyses then focused on osteon size (On.Dm)
for all osteons (MTSs 0, 1, 2, 3, 4, and 5) and hooped osteons (MTSs
1, 2, 3, and 4) in terms of the three regions within each species. The
osteon size cut-offs were defined as: (1) lower one-half and upper
one-half of the range of osteon diameters within each bone type
(size cut-off defined by mean value), and (2) <160, 161-209, and
>210 pm. This latter grouping is based on data showing a bimodal

Table 1
ANCOVA table.

Degrees
Factors of F Value P value
Freedom
M°"°h(°|;|’;pse) Score 1 14.1 0.0002
Loading Mode 2 0.64 0.5
Species 5 3.35 0.005
MTS - Loading Mode 2 1.03 0.4
MTS « Species 5 1.66 0.14
MTS « Species * Loading 10 113 03

Mode

Grayed cells represent statistical significance (p < 0.05).

distribution in the propensity for beneficial osteonal debonding
and pullout in human and canine bone as suggested by the data
of Moyle and co-workers (Moyle and Bowden, 1984; Moyle et al.,
1978). In these studies, the energy absorption was higher when
osteons are <160 and >210 pm diameter. In one case (deer calca-
neus) where the number of osteons in each group was possibly
insufficient for statistical analysis (15-47 osteons per group), the
upper range was adjusted to >200 pm. Pearson correlations were
used to assess potential relationships between osteon population
density, diameter and MTS. Results of descriptive statistics of the
osteon data are reported as means and standard deviations, which
are based on values obtained from each image. The numbers of
images and osteons quantified in each bone are indicated in data
tables, as reported below. One-way ANOVA comparisons were
used to determine if there are significant differences in osteon den-
sity and diameter between “tension regions” and “compression
regions”.

3. Results

Results of the three-way ANCOVA showed significant effects of
MTS and species (Table 1). There were statistically significant dif-
ferences between most species comparisons (p < 0.05). Post-hoc
analysis showed that osteon diameter tended to be greater in the
hooped morphotypes 3 and 4 when compared to the hooped mor-
photypes 1 and 2. However, when considering all of the hooped
osteons (MTSs 1-4) the results of paired comparisons based on
small vs. large osteons showed that the hypothesized difference
is suggested in only four of the six bone types (Fig. 5). Additionally,
there was no case in either group where the expected difference
was found in terms of the bimodal osteon-size relationship shown
by Moyle and colleagues (Fig. 6). In other words, intermediate-size
osteons did not have hooped MTSs that consistently differed from
the small and large osteon groups (Fig. 6A).

The main hypothesis is also rejected by the results of the corre-
lation analyses (Table 2) showing either weak or no relationships
between osteon size and MTS. This is the case even when the anal-
ysis focused on the hooped osteons in the “tension” cortices of the
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Fig.5. Results of paired comparisons based on the small vs. large osteon cut-off criterion. Results are shown for hooped osteons (A) and all osteons (B).

bones where the effect was expected to be most obvious
(Table 2A). Examination of the variations in osteon size in each
bone type revealed that they were sufficient to detect an effect of
“hoopedness” had it been present in these analyses (Table 3A).
Contrary to our expectations, the osteons are not consistently lar-
ger in the “tension regions” of all the bones (Table 3B).

Tables 3 and 4 also list data from each bone in terms of: (1) pop-
ulation density of complete osteons (On.N/T.Ar), (2) percent of
each “hooped” morphotype, and (3) percent “hooped” morpho-
types 1-2, and 1-3. Notably osteon morphotype 4 are relatively
infrequent. Table 5 lists: (1) results of correlation analyses between
On.N/T.Ar and osteon size (expressed as mean diameter, On.Dm),
and (2) the area of secondary bone (On.B/T.Ar) data. Notably, not
all of the On.N/T.Ar vs. On.Dm correlations are significant.

4. Discussion

The capacity of bones to undergo osteonal remodeling that re-
sults in regional differences in microstructural organization, which
in turn produces corresponding differences in toughness of cortical
bone, is an expected and common occurrence because the shafts of

many limb bones are stereotypically loaded in bending during con-
trolled ambulation (Skedros, 2012). In other words, these bones are
loaded in such a way that one cortex is almost always loaded in
compression while another cortex is almost always loaded in ten-
sion. The biomechanical importance of these regional microstruc-
tural adaptations can be understood by first considering the
beneficial consequences of habitual bending. Bending produces a
predictable strain distribution that is linked to predictable nutrient
delivery and the production of other beneficial signals. These are
essential for regional cell and tissue adaptation and homeostasis
(e.g., strain gradients and fluid flux) (Bertram and Biewener,
1988; Robling, 2012; Skedros, 2012; Skedros et al., 1996). How-
ever, predictable bending also produces regional variations in
strain history that are potentially deleterious because of the mark-
edly non-equivalent mechanical properties and propensity for
microfailure of cortical bone in the regions that receive preva-
lent/predominant compression, tension, and shear. For example,
cortical bone is substantially stronger, tougher, and more fatigue
resistant in compression than in tension or shear, and there is a
propensity for the formation of longer microcracks in tension and
smaller microcracks in compression (Boyce et al., 1998; Diab and
Vashishth, 2007; Reilly and Currey, 1999; Reilly et al., 1997;
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A Hooped Osteons: Comparison of Osteon MTS
Using Bimodal Diameter Cutoff Criteria
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Fig.6. Results of comparisons using the three osteon-diameter groups. These are based on the bimodal distribution of osteon diameters that were found to enhance toughness
in the studies of Moyle and colleagues (Moyle and Bowden, 1984; Moyle et al., 1978). See Section 2 for further description. Results are shown for hooped osteons (A) and all
osteons (B).

Table 2
Results of correlation analyses in hooped osteons (A) and all osteons (B).
A "Compression" "Tension"

Bone All Regions Cortex Cortex "Neutral Axis"
Deer Calcaneus -0.120 -0.535 0.132 -0.131
Equine Calcaneus 0.045 0.053 0.209 0.357
Equine Radius 0.274* -0.212 0.242* 0.251*
Sheep Radius 0.303* 0.213 -0.052 0.442*
Chimp Femur 0.129 0.295* 0.175 0.067
Human Femur 0.224* 0.351* 0.159 0.179*
* p<0.05
B "Compression" "Tension"
Bone All Regions Cortex Cortex "Neutral Axis"
Deer Calcaneus -0.225* -0.223 0.014 -0.111
Equine Calcaneus 0.109 0.108 0.164 0.314*
Equine Radius 0.134 -0.029 0.232* 0.147*
Sheep Radius 0.296 0.217 -0.021 0.403*
Chimp Femur 0.003 0.117 0.046 -0.006
Human Femur 0.021 -0.011 -0.109 0.088

* p<0.05
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Table 3

Osteon numbers, osteon population densities, and osteon diameters in hooped osteons (A) and all osteons (B). The Moyle classification is based on results of studies of human and

canine bone (Moyle and Bowden, 1984; Moyle et al., 1978).

Deer Equine Equine Sheep Chimp Human

Calcaneus Calcaneus Radius Radius Femur Femur
Number of Specimens 7 7 7 7 8 12
Number of Images 56 77 112 56 64 192
A. Hooped Osteons
Size cutoff
(mean of each bone) 158um 204um 174um 164um 206um 218um
Standard deviation (42.2) (48.2) (40.2) (41.8) (65.8) (52.3)
Range 80 - 339 115 - 336 97 - 283 79 - 271 68 - 453 99 - 358
No. Small (< mean) 77 78 169 116 117 257
No. Large (> mean) 70 70 177 95 101 236
Moyle Classification
Small (€160 pm) 84 26 134 109 58 53
Intermediate (161-209) 49 (43)* 60 154 72 61 134
Large (2210 pm) 14 (20)* 61 58 29 99 306
B. All Osteons
Size cutoff
(mean of each bone) 151um 210um 174um 168um 201um 212um
Standard deviation (40.9) (48.0) (40.9) (42.5) (63.0) (51.9)
Range 76 - 339 109 - 372 93 - 283 75 - 304 65 - 453 99 - 390
No. Small (< mean) 156 201 271 144 175 474
No. Large (> mean) 113 183 278 128 145 405
Are osteons smaller in 1 t
"compresson" vs. "tension" Yi Yi N Yi Yi N
regions?* (C>T) (C>T)
Is osteon population density
greater in "compression" vs. YI YI Yi YI N N
"tension" regions? (C=T) (C=T)
Moyle Classification
Small (€160 um) 176 50 211 130 92 106
Intermediate (161-209) 76 (67)* 151 236 103 97 261
Large (2210 um) 18 (27)* 183 102 39 131 512

C = Compression; T = Tension; Y = Yes; N = No.
“These comparisons are statistically significant (p < 0.05).

“In these cases the number in parentheses was used, which was based on large osteons defined as >200 pum.

Skedros et al., 2006). It has been argued that these disparities ex-
plain why strain-mode-related variations in regional histomor-
phology are produced in bones loaded in habitual bending (Reilly
and Currey, 1999; Skedros et al., 2007b, 2011b), especially in view
of data showing that longer microcracks are relatively more dele-
terious than shorter microcracks (Mohsin et al.,, 2006; O’Brien
et al., 2005) (Fig. 7). Consequently, we predicted that a coupling
of osteon size and morphotype would occur as an adaptation that
ultimately curbs and/or accommodates the propensity to incur re-
gional variations in the amounts and types of microdamage that
can be an untoward consequence of regionally non-uniform
strains. As discussed below, while the results of this study do not
support this hypothesis, the data reveal other potentially impor-
tant relationships between specific osteon morphological charac-
teristics and strain history. van Oers et al. (2008) and other
investigators have argued that small resorption spaces and the
small osteons that are subsequently produced are adaptations that

are most ideal in highly strained areas, which are usually the “com-
pression regions” in directionally consistent (habitual) bending
environments (Britz et al., 2009; Lieberman et al., 2003; Martin
et al., 1996; Skedros et al., 2001, 2007b, 2009; van Oers et al.,
2008). However, van Oers et al. (2008) did not distinguish between
osteon-based microfailure mechanisms in cases where there are
clear regional differences in habitual strain mode, which exposes
a problem in their arguments. They discuss how osteon diameter
can affect debonding/pullout in terms of tension-based microfai-
lure events even though their data are derived from a computa-
tional model of osteon formation in compression environments.
In compression, the relevance of pullout is relatively less impor-
tant. In fact, previous experimental studies have shown that: (1)
shear deformation (cross hatched microcracks) is the major mech-
anism of the post-yield deformation of human cortical bone in
compression, and (2) the local shear deformation in oblique orien-
tations may actually dominate the microdamage accumulation and
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Table 4
Percentages of hooped osteon morphotypes in “tension regions”.
1 2 3 4 1-2 1-3

A. Hooped Osteons Only
Deer Calcaneus (Plantar) 72% 16% 11% 1% 88% 99%
Equine Calcaneus (Plantar) 70% 18% 7% 5% 87% 95%
Equine Radius (Cranial) 29% 54% 4% 12% 84% 88%
Sheep Radius (Cranial) 27% 28% 26% 19% 55% 81%
Chimpanzee Femur (Lateral) 32% 26% 28% 15% 58% 85%
Human Femur (Lateral) 24% 22% 39% 15% 46% 85%
B. All Osteons
Deer Calcaneus (Plantar) 51% 1% 8% >1% 62% 70%
Equine Calcaneus (Plantar) 60% 15% 6% 5% 75% 81%
Equine Radius (Cranial) 25% 46% 3% 11% 72% 75%
Sheep Radius (Cranial) 20% 20% 19% 14% 40% 59%
Chimpanzee Femur (Lateral) 23% 18% 20% 10% 42% 62%
Human Femur (Lateral) 13% 12% 22% 8% 25% 47%

Grayed cells show percentage of hooped morphotype scores 1-3 out of all hooped osteons. Note, these are substantially larger than the percentage of the hooped morphotype
score 4.

Table 5
Correlations of osteon population density (On.N/T.Ar) vs. osteon size (expressed here as osteon diameter, On.Dm) for all osteon morphotypes. Also shown are descriptive data for

On.N/T.Ar, On.Dm, and the fractional area of secondary bone expressed as a percentage ((On.B/T.Ar) x 100). The majority of these data used for these correlation analyses are from
Skedros et al. (2009).

Correlation of On.N/T.Ar vs. On.Dm On.N/T.Ar (no./mm?) ON.Dm (pm) (On.B/T.Ar)«100
r p
Deer calcaneus (n=7) -0.34 0.03
No. images = 56
No. osteons = 269
Mean 251 151 39%
Std dev 19.9 40.9 28%
Range 0.-56.9 76-339 1-85%
Equine calcaneus (n=7) -0.56 <0.001
No. images = 77
No. osteons = 384
Mean 17.6 210 73%
Std dev 49 48.0 9%
Range 9.8-31.1 109-372 39-92%
Equine radius (n=7) -0.15 0.2
No. images =112
No. osteons = 549
Mean 12.6 174 35%
Std dev 6.1 40.9 20%
Range 2.0-24.2 93-283 5-75%
Sheep radius (n=7) -0.20 0.2
No. images = 56
No. osteons = 272
Mean 19.6 168 44%
Std dev 8.6 42.5 21%
Range 0.7-36.0 75-304 2-91%
Chimp femur (n = 8) -0.43 <0.001
No. images = 64
No. osteons = 320
Mean 15.8 201 71%
Std dev 3.6 63.0 23%
Range 7.5-26.4 65-453 11-100%
Human femur (n=12) -0.60 <0.001
No. images = 192
No. osteons = 879
Mean 15.6 212 NA
Std dev 45 51.9
Range 5.6-28.9 99-390

NA = data not available; Std dev = standard deviation; No. = number.
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Fig.7. A diagrammatic representation of a region (A) within the tension (T) side of a bone shaft (B) cyclically loaded in bending in a directionally consistent manner. The
V-shaped crack on the top in A and B (exaggerated in size) corresponds to the region with the longer microcracks in the grayed damage zone in C. The osteons that
subsequently form are larger and are adapted for the ambient tension (i.e., consistent with our hypothesis they are large, have predominantly longitudinal collagen and
strong/complete hoops). On the opposite (compression) side of the bone, the smaller microcracks in compression are formed (D), and these are repaired by smaller osteons
that are also adapted for the ambient compression (i.e., they are distributed/alternating morphotypes).

Fig.8. Cross-hatching (shear-type) microdamage entities (also known as “slip” failure lines) that formed during compression loading. Shown is a lateral view of an individual
secondary osteon (Haversian system, H) visualized under epi-fluorescense mode (A) and the corresponding backscattered electron image (B). Compressive stress was applied
along top/right to bottom/left axis of the images. The arrows indicate two of the shear-type microcracks. (Re-produced by Ebacher et al. (2007) with permission of Elsevier).

post-yield behavior of bone in compression (Ebacher et al., 2007;
Leng et al., 2009) (Fig. 8). This starkly contrasts with the debond-
ing/pullout mechanisms that occur in tension microfailure (Figs. 3
and 9). Consequently, it is essential that the distribution of strain
mode is considered when interpreting the potential adaptive rele-
vance of regional variations in osteon prevalence, size, and matrix

lamellar/collagen organization. This is important when considering
the differences in the mechanically adaptive toughening mecha-
nisms conferred by hooped (i.e., “tension adapted”) morphotypes
(scores 1, 2, 3, 4) vs. the bright/alternating (“compression
adapted”) morphotype (score 5) (Bigley et al., 2006; Hiller et al.,
2003; Skedros et al., 2011b). It has been speculated that increased
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Fig.9. (A) A diagram of a magnified block of bone showing tension-adapted osteons (i.e., hooped/parallel-fibered) exhibiting pull-out in tension failure. (B) A diagram of a
magnified block of bone showing compression-adapted osteons with oblique “slip” failure lines that represent the shear-type microdamage seen in compression failure.

These “slip” failure lines are seen in lateral view in an actual osteon in Fig. 7.

Fig.10. Diagram of a magnified block of bone showing various osteon morphotypes,
including “hybrids” (see columns 2 and 3 in Fig. 1) that are believed to be well
suited for accommodating heterogeneous strains produced by variable/complex
loading environments. The arrows pointing toward each other represent compres-
sion, the arrows pointing away from each other represent tension, and the curved
arrows represent twisting/torsion.

morphotype heterogeneity and/or morphotypes that are “hybrids”
of hooped and bright/alternating (Skedros et al., 2011b) might be
mechanically advantageous in complex load environments where
it has been argued that the differential movement of the osteon
and its matrix in the direction of the load increases shear stresses
in the cement line region (Bigley et al., 2006; Martin et al., 1998)
(Figs. 3 and 10).

Although several studies suggest that there is an inverse rela-
tionship between osteon size (diameter) and strain magnitude,
there are notable exceptions. For example, the more highly
strained caudal “compression” cortex of our equine radii have ost-
eons that are significantly larger than those in the cranial “tension”
cortex where strains are also relatively lower (B). In a different
sample of horse radii, Mason et al. (1995) also showed that the ost-
eons in the caudal “compression” cortex are not significantly smal-
ler than those in the opposing cranial “tension” cortex. A study of

equine MC3s also did not find a significant difference in osteon size
between the medial and lateral regions (Skedros et al., 2009),
which are also high and low strain environments, respectively
(Skedros et al., 1996). These regions can also be distinguished by
relatively habitual compression medially vs. tension laterally, and
regional differences in the prevalence of osteon morphotypes do
correspond to this strain history (Martin et al., 1996; Skedros
et al., 2006, 2009).

In some cases our data seem to suggest a fairly strong relation-
ship between osteon density and loading mode, and possibly even
between osteon population density (On.N/T.Ar) and size (Tables 3
and 5). While consistent with some prior studies, these are not uni-
versal findings. For example, in a study of human femora from el-
derly cadavers, Yeni et al. (1997) found that osteon size is
negatively related to fracture toughness while osteon population
density has a positive relationship with this property. While this
suggests that an effect of osteon size is possibly a function of os-
teon population density, this relationship was not found in their
sample of adult human tibiae. Data in our Tables 3 and 5 show that
osteon population density is not consistently associated with os-
teon size or habitual strain mode. In fact, the correlations between
osteon population density and mean diameter (On.Dm) from the
present study showed weak-to-moderate correlations in some
bones and no correlations in others (Table 5). In contrast with
our analysis, Yeni and co-workers did not consider the possibility
that osteon morphotypes played a role in this context or the possi-
bility that there could be regional strain-mode-related microstruc-
tural adaptations. If we assume that different osteon morphotypes
had no effect on Yeni and co-workers’ conclusions in their femur
sample, then it is likely that smaller osteons improve fatigue prop-
erties by being strongly linked to increased osteon population den-
sity in the cortical regions that they studied. In other words, their
data suggest that a large number of smaller osteons will be more
efficient than a small number of larger osteons in reducing the
effect of damage accumulation (Donahue and Galley, 2006;
Mohsin et al.,, 2006; Norman and Wang, 1997; O’Brien et al,,
2005; Wasserman et al., 2008; Zimmermann et al., 2009). This is
probably because cement lines effectively serve as a barrier to
crack propagation, and the smaller microcracks that ultimately
form are mechanically less deleterious than long microcracks
(Mohsin et al., 2006; O’Brien et al., 2005).

While the present (Table 3) and past studies show that osteon
size is not consistently related to ambient strain magnitude, there
are data suggesting that regional variations in predominant CFO
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(often produced by osteon morphotypes) are more strongly corre-
lated with strain mode (Mason et al., 1995; Riggs et al., 1993a;
Skedros et al., 2009, 2011b). In fact, the association of regional
variations in predominant CFO and/or osteon morphotypes with
the distribution of net tension and compression strains of habitual
bending has been shown to be much more consistent than either
osteon size or population density (Skedros, 2012; Skedros et al.,
2009). When considering evidence that predominant CFO is caus-
ally related to strain mode and not strain magnitude (Takano
et al,, 1999), and the fact that our results do not support our
hypothesis that osteon diameter is coupled with osteon morpho-
type, it is clear that further research is needed to address some
of the additional hypotheses raised by our study. For example, it
is not known if the higher prevalence of osteon morphotypes 1,
2, and 3 than morphotype 4 (Table 4) is mechanically adaptive in
some load environments. In other words, it is not known if the de-
gree of “hoopedness” plays a mechanically important role. Addi-
tional research should determine if osteon size and MTS are
mediated by different stimuli.

Limitations of our study include the designation of habitual
strain-mode regions in some bones where this distinction is less
clear than in others because of their differences in loading variabil-
ity/complexity. This is the case in the proximal shaft locations of
the primate bones when compared to the mid-shaft locations of
non-primate bones used in this study (Skedros, 2012). Neverthe-
less, as reported in previous studies, the predominant CFO patterns
in all bones examined in the present study show significant differ-
ences that are consistent with habitual bending (i.e., more oblique-
to-transverse CFO in “compression regions” and more longitudinal
CFO in “tension” regions) (Boyde and Riggs, 1990; Riggs et al.,
1993a; Skedros et al, 1999, 2009, 2011b). Additionally, the
hypothesis that osteon size and hoopedness are coupled was still
rejected even in the more simply loaded calcanei and radii. An-
other limitation of this study is that it cannot determine causal
relationships between osteon morphological characteristics; it
can only address associations.

In summary, the results of this study show that osteon size and
morphotype are not coupled in the bones and regions that we
examined. But some of the results of the present and prior studies
suggest that these osteon characteristics have the potential for
independent adaptations for locally prevalent/predominant strain
mode or magnitude. However, among the various bone types stud-
ied, the associations of osteon size with strain magnitude and os-
teon population density are inconsistent. This contrasts with the
more consistent association of osteon morphotypes with a region-
ally prevalent/predominant strain mode. Consequently, osteon
MTSs and the predominant CFO variations that they produce are
comparatively stronger correlates of spatially non-uniform
strain-mode histories produced by habitual bending, which is a
common load history in many limb bones. It is also clear that oste-
onal adaptations for microfailure mechanisms cannot be generic in
non-uniform load environments because marked differences
would be expected for the locally prevalent/predominant strain
modes that are produced.
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