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Abstract

Natural loading of the calcanei of deer, elk, sheep and horses produces marked regional differences in

prevalent ⁄ predominant strain modes: compression in the dorsal cortex, shear in medial–lateral cortices, and

tension ⁄ shear in the plantar cortex. This consistent non-uniform strain distribution is useful for investigating

mechanisms that mediate the development of the remarkable regional material variations of these bones (e.g.

collagen orientation, mineralization, remodeling rates and secondary osteon morphotypes, size and population

density). Regional differences in strain-mode-specific microdamage prevalence and ⁄ or morphology might evoke

and sustain the remodeling that produces this material heterogeneity in accordance with local strain characteris-

tics. Adult calcanei from 11 animals of each species (deer, elk, sheep and horses) were transversely sectioned and

examined using light and confocal microscopy. With light microscopy, 20 linear microcracks were identified (deer:

10; elk: six; horse: four; sheep: none), and with confocal microscopy substantially more microdamage with typically

non-linear morphology was identified (deer: 45; elk: 24; horse: 15; sheep: none). No clear regional patterns of

strain-mode-specific microdamage were found in the three species with microdamage. In these species, the high-

est overall concentrations occurred in the plantar cortex. This might reflect increased susceptibility of microdam-

age in habitual tension ⁄ shear. Absence of detectable microdamage in sheep calcanei may represent the

(presumably) relatively greater physical activity of deer, elk and horses. Absence of differences in microdamage

prevalence ⁄ morphology between dorsal, medial and lateral cortices of these bones, and the general absence of

spatial patterns of strain-mode-specific microdamage, might reflect the prior emergence of non-uniform

osteon-mediated adaptations that reduce deleterious concentrations of microdamage by the adult stage of bone

development.
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Introduction

In vivo strain measurements from limb bones of various

mammalian species show that many1 are typically loaded

in directionally consistent bending during controlled

ambulation, which produces a habitual distribution of

prevalent ⁄ predominant tension, compression and shear

strains in regions that are quasi-mutually exclusive

(Biewener & Bertram, 1993; Lanyon et al. 1979; Fritton &

Rubin, 2001; Lieberman et al. 2003; Moreno et al. 2008).

Experimental studies have also demonstrated that the mor-

phology and incidence of matrix microdamage in fatigue-

and monotonically loaded bone are highly dependent on

these strain modes (Boyce et al. 1998; Reilly & Currey, 1999;

Colopy et al. 2004; George & Vashishth, 2005; Robling et al.

2006; Wang & Niebur, 2006; Ebacher et al. 2007). Conse-

quently, many bones are faced with the dilemma of incur-

ring microdamage as a potentially deleterious byproduct of

non-uniform strain distributions.

Experimental studies that have provided insight into how

bones might adapt to avoid or accommodate microdamage

have often focused on ex vivo loading tests of machined

bone specimens (Martin et al. 1998; Currey, 2002; Donahue
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& Galley, 2006). The prevalence and morphology of in vivo

microdamage in whole bones from natural conditions (i.e.

not subjected to fatigue or monotonic testing) have been

relatively understudied, especially in wild animals. Experi-

mental studies by Reilly and co-workers (Reilly & Currey,

1999; Reilly, 2000) of bovine, equine and human bone have

shown that cortical bone microdamage can occur, albeit at

low levels, during physiological loading that does not

exceed yield strains. Skedros et al. (2003) also found few mi-

crocracks in bones of adult wild deer that were evaluated

using light microscopy (rib, humerus, radius, principal meta-

carpal and proximal phalanx). It is possible that the paucity

of microdamage in natural conditions is correlated with the

ability of bone to accommodate microdamage by ‘toughen-

ing’ a cortical region through histomorphological features,

such as secondary osteon interfaces (e.g. cement lines and

interlamellar seams) or variations in predominant collagen

fiber orientation, which can decrease microdamage propa-

gation and enable their efficient repair (Reilly et al. 1997;

Hiller et al. 2003; Vashishth, 2004;Gibson et al. 2006). This

hypothesis is supported by studies suggesting that although

secondary osteonal bone is poor at minimizing microcrack

formation, it is proficient at attenuating the distance and

rate of microcrack propagation (Reilly et al. 1997; Martin

et al. 1998; Reilly & Currey, 1999; O’Brien et al. 2003). In

turn, the formation of microdamage, as long as it is not

excessive, can absorb energy that might otherwise lead to

fracture (Reilly et al. 1997; Donahue et al. 2000; Donahue &

Galley, 2006). Consequently, in adult limb bones that natu-

rally experience habitual bending, there may be regional

disparities in ‘beneficial’ microdamage prevalence and mor-

phology that are associated with regional microstructural

differences (Martin, 2007; Kennedy et al. 2008).

Artiodactyl (e.g. sheep and deer) and perissodactyl (horse)

calcanei have been described as relatively simply and habitu-

ally loaded ‘tension ⁄ compression’ bones (Skedros et al. 1994,

1997; Su et al. 1999; Fig. 1). In vivo and rigorous ex vivo (with

up to seven stacked-rosette strain gages on the bone, includ-

ing on the plantar cortex) studies have shown that during

physiological weight-bearing activities, the artiodactyl calca-

neal diaphysis behaves like a short-cantilevered beam, with

longitudinal compression and tension strains predominating

on opposing dorsal and plantar cortices, respectively (Lan-

yon, 1974; Su et al. 1999). Unpublished data show that this

strain distribution is highly consistent, even with extremes of

off-axis loading simulating darting and turning during

ambulation (Su, 1998). These experimental results demon-

strate that during > 80% of stance phase there is a highly

consistent distribution of: (i) net compression in the dorsal

cortex and net tension in the plantar cortex; and (ii) shear

strains in the plantar cortex and neutral axis regions (Su et al.

1999). By the adult stage, the material variations between

cortical regions within the same transverse cross-section of

these bones are the most dramatic that have been described

in any other vertebrates. For example, when compared with

the other cortical regions, the plantar ‘tension ⁄ shear’ cortex

has lower overall mineralization, greater mineralization

heterogeneity, more longitudinally oriented collagen fibers

and more ‘hooped’ secondary osteon morphotypes (Skedros

et al. 1994, 2001, 2004, 2006b, 2007, 2009). It is not known if

this remarkable regional material heterogeneity represents

osteon-mediated adaptive responses to a history or ongoing

production of regional differences of microdamage mor-

phology and ⁄ or prevalence.

The purpose of this study is to examine cross-sections of

adult sheep, deer, elk and horse calcanei for the distribution

and morphology of in vivo ‘natural’ microdamage in cortical

regions representing their highly non-uniform strain envi-

ronments. We hypothesized that the distribution and mor-

phology of microdamage will differ between dorsal, plantar,

medial and lateral cortices in accordance with their

prevalent ⁄ predominant strain differences: (i) short transverse

linear microcracks and debonded secondary osteons in a

habitual tension environment (plantar cortex); (ii) relatively

longer and more numerous linear ⁄ longitudinal microcracks

in a habitual compression environment (dorsal cortex); (iii)

complex ⁄ multiplanar microdamage entities in shear environ-

ments (medial and lateral cortices = neutral axis); and (iv)

diverse microdamage morphologies (e.g. wispy, diffuse and

complex linear) in ‘tension ⁄ shear’ environments (plantar

Fig. 1 Lateral view of a calcaneus of an adult mule deer showing

associated bones, ligaments and tendons. The cross-section shows the

neutral axis (N.A.), the location of which was estimated in an ex vivo

study using four rosette strain gages at the same cross-section (Su

et al. 1999). It is speculated that the neutral axis is similarly oblique in

the other calcanei. Also shown are the dorsal, plantar, medial and

lateral cortical locations where the analyses were performed, with

oblique lines distinguishing these main areas. ‘C’ and ‘T’ indicate that

these cortices receive predominant compression or tension,

respectively. Ex vivo analyses have also shown that shear strains are

prevalent across the section, dominating in the medial and lateral

cortices, and with relatively high levels in the plantar cortex. The

distance from 0 to 100% represents what we have previously defined

as the biomechanical shaft ‘length’, with 0% representing the distal

end of the shaft and 100% representing the central aspect of the

articular surface.
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cortex, and also likely in the neutral axis; Boyce et al. 1998;

Reilly & Currey, 1999; George & Vashishth, 2005). Addition-

ally, to estimate regional differences in remodeling activity,

which might correlate with microdamage morphology, prev-

alence and ⁄ or the effectiveness of their repair, new remodel-

ing events (NREs; population densities of resorption spaces

and newly forming secondary osteons) were also quantified.

Materials and methods

Strain data for the artiodactyl ⁄ perissodactyl

calcaneus models

The in vivo strain data obtained by Lanyon (1973, 1974) are

from varying lateral locations of domesticated sheep calcanei.

The data in deer calcanei are ex vivo, and were obtained from

bones that were loaded in a fixed position simulating mid-

stance (Su et al. 1999). There are no in vivo or ex vivo strain

data for the horse and elk calcanei. These limitations are elabo-

rated upon in the Discussion.

Specimens and specimen preparation

The left calcaneus from each of 11 wild Rocky Mountain mule

deer, 11 wild North American elk, 11 domesticated horses

(mixed breeds) and 11 domesticated sheep were obtained from

adult animals with no evidence of skeletal pathology or

advanced age (i.e. based on antler morphology and ⁄ or dental

wear). The use of these animals was approved by the

Institutional Animal Care and Utilization Committee (IACUC) at

the University of Utah (for the Orthopaedic Bioengineering

Research Laboratory). The mule deer (Odocoileus hemionus

hemionus) and elk (Cervus elaphus) were wild males that were

shot in Utah (USA) in their natural habitat during October hunt-

ing seasons. The deer and elk were 3–4 years old, which is

mature but not elderly in these species. At the time of collec-

tion, the periosteal (‘velvet’) covering of the antlers had been

shed and antler growth was complete, suggesting that the rela-

tively minor amount of appendicular cortical bone that had

been resorbed for antler growth would have been replenished

by this stage (Banks et al. 1968; Hillman et al. 1973). Calcanei

from sheep (Ovis aries; 2 years old; breed is crossed Suf-

folk ⁄ Hampshire and Rambouillet) and horses (2–9 years old)

were obtained from animals that were killed for reasons other

than limb lameness or any other skeletal-related illness, and no

animals were specifically killed for this study. The specific ages

of the horses were uncertain because the carcasses had been

taken to a regional abattoir where identification of the individ-

ual animals was not possible at the time of specimen collection.

None of the horses had a history of racing or race training.

Using a diamond blade saw (Exact Technologies, Oklahoma

City, OK, USA) and continuous water irrigation, one 12–14-mm-

thick transverse section was cut from each calcaneus between

50% and 80% of shaft length (Fig. 2). These sections were bulk

stained in 1% basic fuchsin in absolute ethanol (Burr & Stafford,

1990; Burr & Hooser, 1995). Due to thicker cortices of the bones

used in the present study, the infiltration time for dye penetra-

tion was increased to 96 total hours.

Subsequent to staining, three 125-lm-thick sections were cut

transversely from the middle portion of the larger bulk-stained

sections. Because kerf loss of the saw blade is 0.3 mm, it is unli-

kely that the same microcrack would be observed in two sections

(Taylor & Lee, 1998; Donahue et al. 2000). These thin, unembed-

ded, sections (n = 3 per bone) were ground (600 grit paper) and

buffed on a lapidary wheel to an overall thickness of 100 lm,

and mounted with microscope immersion oil (to enhance resolu-

tion) onto glass slides for examination under the microscope.

Light microscopy

The entire cortical areas of the three fuchsin-dyed slices from

each bone (33 slices from each species; 132 total slices) were

thoroughly examined by two trained investigators (CS; FC) who

worked independently, and were blinded to the objectives and

hypotheses of the study. Using the light microscope, these inves-

tigators counted resorption spaces and newly forming secondary

osteons, and counted and recorded the locations of in vivo

microcracks on a stereological grid superimposed on enlarged

tracings of the sections. Resorption spaces are defined as void

Fig. 2 Medial views of sheep, deer, elk and horse calcanei. At the

right are cross-sections showing the dorsal (D), plantar (P), medial (M)

and lateral (L) cortical locations where the analyses were performed.

The distance from 0 to 100% represents what we have previously

defined as the biomechanical shaft ‘length’, with 0% representing the

distal end of the shaft and 100% representing the central aspect of

the articular surface. ST, sustentaculum talus.
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spaces having crenulated margins with no light-microscopic evi-

dence of mineralized bone within the resorption space. Newly

forming secondary osteons are defined as those osteons with

less than half of their radial closure with mineralized bone in

two or more quadrants (Skedros et al. 2004). To ensure that the

microcracks seen in our bone specimens were consistent with

microcracks described by previous investigators (Lee et al. 1998;

Donahue et al. 2000), we examined in vivo and artifactual mi-

crocracks in several thin slices used by Burr and Stafford (1990;

provided by D.B. Burr). Potential microcracks were examined at

62.5–400 ·.

In addition to exhibiting a distinct increase of fuchsin staining

along its margins (Frost, 1960; Burr & Stafford, 1990), each puta-

tive microcrack was included in the final data set only if a con-

sensus for inclusion was also reached. This final selection process

also included an independent examination of all putative micro-

damage entities by the principal investigator (JS), who was

blinded to species and cortical location.

Using a video camera and monitor (Sony Video Camera Model

DXC-750MD; Sony Trinitron Color Video Monitor Model PVM-

1343MD, Japan) interfaced to an image analysis system (Image

1; Universal Imaging, West Chester, PA, USA), 62.5 · microscopic

fields containing linear-type microcracks were digitized for sub-

sequent quantification of microcrack length. Areas of the corti-

cal locations (dorsal, plantar, medial and lateral) were

determined using scanned tracings of each bone section.

Confocal microscopy

Confocal microscopy was used because of its greater sensitivity

for detecting non-linear forms of microdamage (Boyce et al.

1998; Vashishth et al. 2000), and to verify the presence of micro-

damage found using light microscopy (Diab & Vashishth, 2007).

The entire cortical areas of all sections were examined for mi-

crodamage using confocal microscopy (Nikon PCM-2000, Mel-

ville, NY, USA) with a green HeNe laser (543 nm wavelength

excitation) and a 565 long-pass emission filter (CY3 ⁄ TR). Sections

were viewed at 10 · (1.16 · 1.16 mm) to 400 · (Nikon Eclipse

Microscope, E800).

All sections were thoroughly examined by two trained investi-

gators (CS; WA) who worked independently, and were blinded

to the objectives and hypotheses of the study. Expected micro-

damage morphologies included: (i) linear (as described above;

Burr & Stafford, 1990; George & Vashishth, 2005); (ii) debonded,

which are seen as subtle canalicular disruptions, and are typi-

cally near secondary osteons (Da Costa Gómez et al. 2005; Ha-

zenberg et al. 2006); (iii) wispy (Boyce et al. 1998); (iv) diffuse

(Boyce et al. 1998); and (v) complex ⁄ multiplanar (George & Vas-

hishth, 2005). All other entities that might be manifestations of

in vivo microdamage were also recorded on enlarged drawings.

All possible forms of microdamage were viewed through the

full thickness of the section to determine if they were consistent

with the forms of microdamage described by previous investiga-

tors (Zioupos & Currey, 1994; Boyce et al. 1998; Lee et al. 1998;

Reilly & Currey, 1999; Donahue et al. 2000; Da Costa Gómez

et al. 2005; George & Vashishth, 2005).

Final microdamage inclusion by consensus

Following light and confocal microscopy, each microdamage

entity was included only if a consensus was reached (JS; CS;

WA). This final selection process also included an independent

examination of all putative microdamage entities by the princi-

pal investigator, who was blinded to species and cortical loca-

tion. In the consensus process approximately 50% of microcracks

were discarded, primarily because under polarized light they

appeared to have adjacent bone matrix patterns typical of vas-

cular structures. Microcracks produced by sectioning and tissue

processing did not have fuchsin staining, and therefore were

not counted. Because information about microcrack initiation,

propagation and arrest can be inferred from local histomorpho-

logical features (Norman & Wang, 1997; Donahue et al. 2000),

detailed drawings were made of the local microstructure sur-

rounding each microdamage entity, including: mature second-

ary osteons; osteon cement lines; primary and secondary

interstitial bone; newly forming secondary osteons; resorption

spaces; primary osteons; and vascular spaces.

Statistical analysis

In order to identify statistical differences in NREs and the micro-

damage parameters, a three-factor analysis of variance (ANOVA)

was conducted using species, cortical region (dorsal, plantar,

medial, lateral) and section (n = 3 per bone). Age was not used

as a covariate primarily because the age range was only known

for the horses, and all other animals within each of the other

species were of similar age. Differences between cortical regions

within each species were then assessed for statistical significance

using a Kruskal–Wallis multiple-comparison Z-test (Sokal &

Rohlf, 1995; Number Cruncher Statistical Systems, 2004 version;

J. Hintze, Kaysville, UT, USA). An alpha level of £ 0.01 was con-

sidered statistically significant for paired comparisons, and this

represented a correction for multiple comparisons. Spearman

correlation coefficients (r values) were determined for compari-

sons between microdamage prevalence and NREs.

Results

There are significant effects of species on the density of

NREs and overall microdamage (includes all sizes, lengths

and types of microdamage; no. per mm2). Post hoc analy-

sis of NRE data showed significant differences (P £ 0.01) in

the density of NREs between the deer, elk, equine and

sheep calcanei in most comparisons (deer 0.156 mm)2; elk

0.234 mm)2; horse 0.144 mm)2; sheep 0.385 mm)2), except

between elk and deer (P = 0.7). Excluding sheep calcanei

(where no microdamage was found), analysis of micro-

damage density data showed significant differences

(P £ 0.03) in the density of microdamage between the

deer, elk and equine calcanei in all possible comparisons

(deer 0.017 mm)2; elk 0.007 mm)2; horse 0.002 mm)2).

Within each species, there were no significant effects of

section (n = 3 ⁄ bone) on overall microdamage density and

NREs.

As shown in Table 1 and Fig. 3, significant differences

(P £ 0.01) were found between cortical regions for NRE

density for each species and for overall microdamage den-

sity in the cortical regions of deer, elk and equine

calcanei.
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NREs

In all species, the plantar ‘tension ⁄ shear’ cortex exhibited

the greatest density of NREs, which was statistically greater

than all other cortices (P < 0.0001 in deer and elk; P < 0.01

in horse and sheep; Fig. 3). This was most prominent in the

wild animals (deer and elk), which showed substantially

greater concentrations of NREs in the plantar cortex than in

the dorsal cortex (7.7–14.1 times higher in deer and elk,

respectively, vs. 1.5–1.6 times higher in sheep and horses,

respectively). Correlation analyses showed little if any

relationship between NREs and the prevalence of total mi-

crodamage (deer r = 0.28, P < 0.01; elk r = 0.25, P < 0.01;

horses r = 0.10, P = 0.3).

Light microscopy: linear microcracks

Using light microscopy, a total of 20 linear microcracks were

identified in the 132 sections (i.e. all bones in all four spe-

cies; Table 1; Figs 4 and 5). Of the 20 microcracks observed,

10 were found in the deer (four bones), six in the elk (two

bones) and four in the horse (three bones). No linear micro-

cracks were observed in the sheep calcanei. Microcrack

lengths ranged from 31.7 to 106.2 lm (mean: 52.0 lm).

Representative microcracks viewed in the light microscope

are shown in Fig. 5. Only two microcracks did not touch or

enter a secondary osteon or cement line, but all microcracks

were within 100 lm of a secondary osteon.

Table 1 Microdamage*.

Total number (density, no. per mm2)

Dorsal ‘compression’ Plantar ‘tension’ Medial Lateral All cortices

Deer

Light microscopy

Linear –P 8 (0.011)D,M,L 2 (0.002)P –P 10 (0.003)

Confocal microscopy

Debonded 12 (0.008)P 20 (0.028)D,M,L 9 (0.011)P –P 41 (0.012)

Wispy – 1 (0.002) – – 1 (0.001)

Diffuse – 3 (0.005) – – 3 (0.001)

Total 12 (0.008) 32 (0.046) 11 (0.013) – 55 (0.017)

Elk

Light microscopy

Linear – 6 (0.008) – – 6 (0.002)

Confocal microscopy

Debonded 6 (0.003)P 14 (0.016)D,M,L 3 (0.002)P –P 23 (0.005)

Wispy – – – – –

Diffuse – 1 (0.001) – – 1 (0.000)

Total 6 (0.003) 21 (0.025) 3 (0.002) – 30 (0.007)

Horse

Light microscopy

Linear 1 (0.000) 1 (0.001) 1 (0.000) 1 (0.000) 4 (0.000)

Confocal microscopy

Debonded 5 (0.001) 8 (0.003)M,L 1 (0.000)P 1 (0.000)P 15 (0.001)

Wispy – – – – –

Diffuse – – – – –

Total 6 (0.001) 9 (0.004) 2 (0.001) 2 (0.001) 19 (0.002)

Data shown represent: total number of microdamage entities (microdamage density, no. per mm2). Significantly different (P < 0.01)

from cortical region indicated by superscripted letter. D, dorsal; L, lateral; M, medial; P, plantar.

*No microdamage was found in the specimens from sheep.

Fig. 3 Bar graphs of new remodeling events (NREs; no. per mm2) in

dorsal, plantar, medial and lateral cortices. NREs = resorption spaces

plus newly forming secondary osteons. Significant differences

(P £ 0.01) between cortical regions are indicated for each region by

using the letter that corresponds to the region that is significantly

different: D, dorsal; P, plantar; M, medial; L, lateral. Error bars

represent standard deviations.
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Confocal microscopy: non-linear forms of

microdamage

The presence of each of the 20 linear microcracks observed

in the light microscope was also confirmed using confocal

microscopy (Table 1; Figs 4 and 6). Confocal microscopy also

revealed a significantly greater prevalence of more subtle

forms of microdamage. In Fig. 6 are representative exam-

ples of microdamage entities that were found only with the

confocal microscope: debonded; wispy; and diffuse. All of

these forms of microdamage were associated with cement

lines of secondary osteons and are not readily discernible

with light microscopy.

Additional microdamage entities were observed with the

confocal microscope in deer (n = 45, 11 bones), elk (n = 24,

11 bones) and horse (n = 15, nine bones) calcanei. In these

three species, microdamage was concentrated in the

plantar cortex (Table 1; Fig. 4). No additional microdamage

entities were found in the confocal microscopic analysis of

sheep calcanei. In the other species, the expected regional

differences in microdamage entities with strain-mode-

specific morphologies were not found.

Additional (non-linear) microdamage was found both

alone (i.e. independently in different sections) and in bones

that had linear microcracks. For example, in the deer, four

bones had linear microcracks, but all 11 bones had some

type of non-linear microdamage. In the elk, two bones had

linear microcracks, and all 11 bones had non-linear micro-

damage. In the horse, three bones had linear microcracks,

and nine bones had non-linear microdamage (which

included the three bones with linear microcracks). Linear

microcracks were never detected without some non-linear

form of microdamage somewhere else in the bone sections.

Using confocal microscopy (Z-stack images), attempts

were made to measure each microdamage entity in three

dimensions and to determine its orientation with respect to

the long axis of the bone. In contrast to data dealing with

microdamage detection, ‘type’ identification and length in

two dimensions (see above), these three-dimensional mea-

surements proved to be unreliable (especially for the linear

microdamage entities) because of large variance in intra-

observer measurements. Nevertheless, it is clear that the

debonded and diffuse microdamage entities generally fol-

lowed the orientation of osteonal cement lines in three

dimensions. Debonded, diffuse and wispy microdamage

entities did not traverse the full thickness of the specimen,

being limited to 5–40 lm in the longitudinal direction.

These microdamage entities also represented a zone of

injury, compared with the more distinct linear microcracks.

Discussion

Compared with the other cortical locations, the plantar

‘tension ⁄ shear’ cortices of deer, elk and equine calcanei had

the greatest diversity and prevalence of microdamage

(percentage of all microdamage: 91% in deer; 73% in elk;

and 55% in horses). These results in three of the four spe-

cies seem to support our hypothesis that there would be

regional differences in the prevalence of microdamage

(including all sizes, lengths and types). However, absence of

Fig. 4 Composite drawings of cross-sections of each bone with

locations of each microdamage entity observed (i.e. the total amount

of microdamage observed): linear (s); debonded (X); wispy (h); and

diffuse ( ). The sections are from 50% of shaft length.

Fig. 5 Representative linear microcracks associated with secondary

osteons in deer, elk and horse calcanei. The images were taken in the

light microscope of the undemineralized fuchsin-stained bone

specimens.
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predicted differences in microdamage prevalence ⁄ morphol-

ogy between dorsal and medial ⁄ lateral cortices of these

bones, and the general absence of spatial patterns of strain-

mode-specific microdamage do not support our hypotheses

that these regional patterns in diversity and prevalence

would be present.

Microdamage was not detected in calcanei from sheep

using either confocal or light microscopy. Furthermore,

microdamage prevalence in the equine calcanei was lower

than the deer and elk bones. The absence, or reduced prev-

alence, of microdamage in these domesticated animals

could reflect their generally reduced activity when com-

pared with the wild deer and elk used in this study. Results

of our previous study (Skedros et al. 1997) support this

explanation in sheep calcanei by showing, in contrast to

findings of the present study, a lack of significant differ-

ences in dorsal–plantar remodeling rates (estimated from

differences in newly forming osteons and resorption

spaces). This lack of a dorsal–plantar difference in the sheep

calcanei from our previous study might reflect the fact that

these animals were kept in pastures that were smaller than

those that contained the sheep used in the present study.

Relatively increased ambulatory activities that could occur

in larger pastures might explain the significant differences

in regional remodeling activity (i.e. higher in the plantar

cortex) that was observed in the present study. Compara-

tively lower physical activity of our sheep and horses could

result in strains that are not sufficient for evoking the more

marked remodeling differences shown between the dorsal

and plantar cortices of wild elk and deer (McMahon et al.

1995; Skedros et al. 1997). Differences in the general physi-

cal activity between individual animals at the time of

specimen collection could also account for the absence or

scarcity of microdamage in some bones, even in some of

Fig. 6 Representative forms of microdamage seen in the confocal microscope: diffuse; debonded; and wispy. As shown here, the debonded

damage is detected by a separation at the osteonal periphery with disruption of all canaliculi. Osteons without debonding do not show this

separation, and have evidence of some canaliculi traversing across cement lines. The images are from the undemineralized fuchsin-stained bone

specimens.
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the wild animals. Comparatively less intense loading, espe-

cially of the sheep calcanei, could produce peak strains that

are also too low to evoke microdamage that can be

detected using confocal microscopy. However, this does not

rule out the possibility that more subtle damage (e.g. at the

nanoscale) is responsible for activating some of the remod-

eling in the plantar region of the sheep calcanei and in the

other bones used in the present study (Martin, 2002; Launey

et al. 2010).

It must be emphasized, however, that the explanation

that the lack of microdamage in sheep and horse relative

to deer and elk reflects some inherent activity difference

is an assumption. We know of no studies that have shown

that the strain history experienced by an animal in the

wild is any more or less sufficient for evoking remodeling

and microdamage than what would be experienced by an

animal in an enclosed paddock. To address this issue, stud-

ies are needed to determine the relative differences of

the activity levels of wild vs. domesticated artiodactyls and

horses.

It is also possible that the increased remodeling activity in

the plantar cortices of sheep calcanei reflects a basal rate

that is independent of microdamage repair. This interpreta-

tion, however, is weakened by the observation that concen-

trations of NREs in the plantar cortex of sheep are higher

than concentrations in the plantar cortices of deer and

horses – which would be expected to exhibit a basal rate

plus remodeling events that are targeted at microdamage

repair. It is also possible that the incidence of microdamage

is similar in all but the plantar cortex. The generally higher

basal remodeling rates in the sheep calcanei could be

responsible for the absence of microdamage observed in

these bones. Ontogenetic studies of microdamage inci-

dence and remodeling activities (targeted and non-targeted

at microdamage repair) are needed to answer these

questions.

Some investigators speculate that only �30% or less of

remodeling activity in most bones under normal conditions

is targeted at microdamage repair (Burr, 2002; Parfitt,

2002). In this perspective, the remodeling activity shown in

our sheep calcanei, and a large majority of remodeling

activity of the other three species, might be associated with

lower ambient strains in the plantar cortex – because this

region is stress shielded by the plantar ligament and tendon

of the superficial digital flexor muscle (Su et al. 1999). This

interpretation is consistent with the non-microdamage-

mediated activation of remodeling below a minimum effect

strain threshold for remodeling activity as suggested by

H.M. Frost (Skedros et al. 2001). Remodeling below this

hypothesized threshold could be mediated by osteocyte

apoptosis or by other mechanisms that can be independent

of microdamage (Hughes & Petit, 2010).

An alternative explanation of higher prevalence of micro-

damage in plantar calcaneal cortices is that this region is

more susceptible to microdamage accumulation. This might

be related to the relatively deleterious habitual strain envi-

ronment of this region when compared with the other

regions (at least in our deer, elk and equine calcanei). In an

ex vivo study of cortical strains on adult deer calcanei, Su

et al. (1999) showed that the plantar cortex has relatively

greater magnitudes of tension and shear than the other

regions. The possibility that habitual tension ⁄ shear is more

prone to microdamage is supported by data showing that:

(i) predominant tension causes a rapid initial stiffness loss

that lowers the microcrack initiation threshold compared

with predominant compression or shear; (ii) mixed strain

modes, similar to the ‘tension ⁄ shear’ environment of the

plantar cortex can produce comparatively more extensive

damage along shear sites, lamellar interfaces and cement

lines; (iii) fatigue behavior and strength of cortical bone sig-

nificantly differs in tension, compression and shear strain

modes – being most notably deficient in shear and tension;

and (iv) shear displacements could lead to more subtle

forms of damage (e.g. injury to osteocyte dendrites) that

can evoke the remodeling response by causing osteocytic

apoptosis (Pattin et al. 1996; Reilly & Currey, 1999; George

& Vashishth, 2005; Hazenberg et al. 2006; Cardoso et al.

2009).

Consequently, there are two conflicting hypotheses at

work here: (i) greater metabolic-related remodeling in the

plantar cortex due to a low strain environment where

material resorption might not be so detrimental; and (ii)

greater remodeling due to greater shear strains and

damage accumulation. This reflects the complexity of the

relationships between microdamage formation ⁄ propaga-

tion, microstructure and mechanical properties. The

increased remodeling activity of the plantar cortices of the

four species examined not only increases osteonal porosity

and osteon population density, but also decreases the bulk

tissue mineralization by decreasing the mean age of the

osteons. While this would appear to jeopardize the mate-

rial’s integrity by reducing elastic modulus and increasing

fatigue microdamage, there are data showing that this is

well compensated by the toughening effect of the younger

osteons (Kennedy et al. 2008), which are highly concen-

trated in the plantar cortex.

Alternatively, it may be that the lack of microdamage in

the sheep calcanei reflects allometric relationships between

cross-sectional and second moment of area parameters, and

physiological cross-sectional areas of the gastrocnemius

muscle, which result in relatively lower forces on the sheep

calcaneus with respect to body size. In other words, for

example, the deer calcanei (which have the overall highest

concentration of microdamage), may have relatively greater

muscle cross-sectional area for their size than do sheep, and

hence relatively greater forces on the calcaneus relative to

body mass and ⁄ or geometrical ⁄ structural properties of the

bones. Further study is warranted of these possible allomet-

ric relationships among the four species examined in this

study.
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Comparisons with data from human metatarsals

Using only light microscopy, Donahue et al. (2000) exam-

ined potential in vivo strain-mode-specific microdamage in

the second and fifth metatarsals of 15 human feet ranging

in age from 41–86 years (mean 72 years). These investiga-

tors reported that the density of linear microdamage ran-

ged from 0.43 mm)2 (standard deviation: 0.41) in the

plantar–lateral quadrant to 0.26 mm)2 (SD: 0.26) in the dor-

sal–lateral quadrant (lowest P-value for quadrant compari-

sons = 0.14). If their sample size was insufficient for

detecting a significant difference, then it would be impor-

tant to re-evaluate this comparison because this statistical

tendency reflects a potential strain-mode-related effect as

revealed by ex vivo strain gage analyses (i.e. habitual com-

pression in the dorsal–lateral cortex and habitual tension in

the plantar–lateral cortex; Goodwin & Sharkey, 2002).

Microdamage and cortical ‘toughening’

Our results suggest that the prevalence of non-linear micro-

damage entities was fourfold greater than linear micro-

damage. This difference might reflect the preferential

repair of linear microcracks because they may be the most

severe manifestations of fatigue microdamage. This is

because linear microcracks are believed to be able to propa-

gate and coalesce to cause stress fractures (Martin et al.

1998), and this behavior is more likely with larger linear

microcracks (O’Brien et al. 2005; Martin, 2007). Studies using

the rat ulna model have shown that linear microcracks

are preferentially repaired over other kinds of damage

(Bentolila et al. 1998; Herman et al. 2010). We know of

no studies that have shown that this also occurs in mam-

mals that have the natural capacity for extensive osteonal

remodeling. Until these studies are done, equal consider-

ation must be given to the possibility that linear micro-

cracks may simply occur much less commonly than other

kinds of damage and that is why they are less abundant.

It has been suggested that the remarkable differences in

material organization of the dorsal, plantar, medial and lat-

eral cortices of sheep and deer calcanei that emerge during

normal development represent non-uniform remodeling

activities that differentially ‘toughen’ the material for local

differences in ambient strain characteristics (Skedros et al.

2004, 2006a, 2007; Fig. 7). In the perspective of our data

showing the absence of regional heterogeneity in micro-

damage morphology, the remarkable material ⁄ remodeling

heterogeneity among the main cortical regions could be

adaptations that avoid potentially deleterious amounts of

strain-mode-specific and non-specific microdamage, espe-

cially longer linear microcracks. Consequently, the emer-

gence of regionally ‘specific’ material adaptations

(including differences in remodeling activity, predominant

collagen fiber orientation and osteonal morphotypes)

during normal development may restrict the subsequent

formation of these forms of microdamage. We speculate

that these material variations minimize deleterious

increases and regional disparities in microdamage accumu-

lation and ⁄ or propagation even though the bone is subject

to a highly non-uniform strain distribution. However, the

production of non-specific microdamage (including the pre-

sumed nanoscale damage) that still occurs is beneficial

because it can dissipate energy that could otherwise lead to

fracture of the bone (Reilly et al. 1997; Donahue et al.

2000; Launey et al. 2010).

A limitation of the present investigation is that there are

only two studies that have measured in vivo strains on

calcanei from any of the species used herein, and both were

in the sheep calcaneus (Lanyon, 1973, 1974). These studies,

Fig. 7 Circularly polarized images from the same population of adult

sheep used in the present study. The images are from a previous

study (Skedros et al. 2007), and they show regional variations in

secondary osteon population density and morphology (including cross-

sectional size, shape and patterns of predominant collagen

orientation). The dorsal ‘compression’ cortex has prevalent ‘bright’

and ‘alternating’ osteons (i.e. with patterns of alternating

birefringence). ‘Hoop’ ⁄ parallel-fibered osteons seen in the plantar

cortex contain relatively more longitudinal collagen and correspond to

a history of tension loads. These osteonal characteristics can modify

microdamage formation, propagation and arrest in their respective

strain environments (Hiller et al. 2003; Gibson et al. 2006). Important

hypotheses are: (i) regional differences in the morphology and ⁄ or

prevalence of specific microdamage entities evoke differences in

remodeling activities that ultimately produce the highly adapted

microstructural heterogeneity between regions of the same cross-

section; and (ii) this heterogeneity is primarily aimed at optimizing

regional toughness for variations in predominant strain

mode ⁄ magnitude. The specimens were embedded undemineralized

and unstained in polymethyl methacrylate, sectioned transversely at

70% length (Fig. 2), and ultramilled to 100 lm. The images were

taken at the same magnification and illumination; in all images dorsal

is toward the top edge of the image and lateral is toward the right

edge of the image. The scale bar represents 200 lm.
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however, did not include extreme loading conditions (e.g.

running and darting), and did not attempt to place a strain

gage on the plantar cortex (i.e. beneath the plantar liga-

ment). These studies also only measured strains on the

lateral cortex. Other studies that less directly support the

relatively simple load history described in the present study

include: (i) an ex vivo study of deer calcanei that used up to

seven stacked-rosette gages on the same bone, normal and

extreme load conditions, and strain gages on the plantar

cortex (Su et al. 1999); and (ii) biomechanical analyses of

horse calcanei that did not use in vivo strain data (Badoux,

1987; Vander Sloten & Van der Perre, 1989). However, the

deer calcaneus data were obtained from a fixed limb posi-

tion. Lanyon’s data for the lateral sheep calcaneus showed

that peak shear strains on the lateral surface do not occur

at midstance, which is the time point modeled in Su et al.

(1999). Clearly, additional in vivo studies are needed to bet-

ter characterize the strain distribution of the calcanei from

the wild and domesticated animals used herein in order to

more rigorously define the limitations of considering them

as relatively simply loaded cantilevered beams.

In summary, although targeted remodeling may have

removed evidence of the expected regional differences in

strain-mode-specific microdamage in the bones that exhib-

ited microdamage (deer, elk, horse), the highest overall

concentrations occurred in the plantar cortex. This might

reflect increased susceptibility of non-specific microdamage

in habitual tension ⁄ shear and ⁄ or could be related to rela-

tively greater physical activity of the deer, elk and horses

relative to that of sheep. Absence of differences in micro-

damage prevalence ⁄ morphology between dorsal, medial

and lateral cortices of these bones might also reflect the

prior remodeling activity that subsequently reduces the like-

lihood of incurring potentially deleterious concentrations

of strain-mode-specific microdamage. By contrast, it is possi-

ble that either the generally higher basal remodeling rates

in the sheep calcanei could be responsible for the absence

of microdamage observed in these bones, or these bones

are from animals in smaller pastures that preclude the phys-

ical activity required for producing microdamage. Addi-

tional biomechanical and ontogenetic studies of these

models are needed to explore the putative relationships

between naturally occurring microdamage, non-uniform

strain distribution, and the developmental emergence and

subsequent maintenance of their remarkable regional

material heterogeneity. It is likely that the mechanistic

bases of these relationships are broadly applicable to all

limb bones that undergo osteonal remodeling during their

normal development.
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