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ABSTERACT  Background: Examination of a simple skeletal cantilevered
boeam-like hone (artiodactyl calcaneus) suggests that regional differences in
strain magnifude and mode (fension vs. compression} reflect regional ad-
apiation in the structural/material organization of bone. The artiodacty}
{e.g., sheep and deer) calcaneus has a predominant loading condition typ-
ified by the unambiguous presence of prevailing compressive and tensile
strains on opposite cortices. Bone habitually loaded in bending may ac¢-
commodate regional disparities in loading conditions through meodifica-
tions of various aspects of its organization. These include overall bone
build {gross size and shape}, cross-sectional shape, cortical thickness, and
mineral content.

Methods & Results: Cross-sections taken along the calcaneal body exhih-
ifed cranial-caudal elongation with the compression {(cranial) cortex
thicker than the tension cortex (P < 0.01). Mineral content (ash fraction)
was significantly greater in the compression cortex (P < 0.01), averaging
6.6% greater than in the tension cortex. Strong positive correlations were
found between mineral content and section location in hoth the tension
(r* = 0.955) and compression (** = 0.812) cortices. These correlations may
reflect functional adaptations to the linear increases in stress that are
known to occur in the distal-to-proximal direction in simple, unidirection-
ally loaded cantilevered beams. According te engineering principles, the
roughly triangular {ransverse cross-sectional geometries and thicker com-
pression cortex are features consistent with a short cantilevered structure
designed to resist unidirectional bending.

Conclusions: Known differences in mechanical properties of bone in ten-
sion vs. compression suggest that these regional differences in cortical
thickness and mineralization may be related to differences in strain mode.
These strucfural/maierial dissimilarities, however, may be relafed to re-
gional variations in strain magnitude, since bending and axially directed
stresses in a simple cantilevered structure produce greafer strain magni-
tudes in the compression domain. it is possible that the superimposed ha-
bitual strain magnitudes enhance strain-mode-specific adaptive responses,
We hypothesize that these structural/material differences reflect the ca-
pacity of bone to process local information and produce a regionally het.
erogeneous organization that is appropriate for prevailing loading
conditions,  © 1994 Wiley-Liss, Ine.®
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Investigators suggest that one or a few strain fea.
tures may be important in mediating bone growth and
adaptation as well as homeostatic processes that main- o
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the following reasons: Cortical bone (1} is two to three
times stronger in compression than in tension (Alex-
ander and Bennet-Clark, 1977; Burstein et al., 1972,
1978; Reilly and Burstein, 1974, 1975); {2} vields at a
higher strain in compression than in tension (Currey,
1970; Reilly and Burstein, 1974, 1975}, (3} fails at the
microstructural level by different mechanisms when
loaded in tension and compression {(Caler and Carter,
1989, Carter, 1982; Carter et al., 1981; Carter and
Haves, 1977; Currey and Brear, 19743 (4} i2 more fa-
tigue-resistant 111 compression than tension {Carter et
al., 1981; Pattin, 1981}; and (5} accumulates fatigue-
related microdamage at different rates in tension and
compression (Caler and Carter, 1989; Carter et al,,
1983%; Carter and Hayes, 1977}, Other aspects of strain
such as strain magnitude (Carter, 1982; Goodship et
al., 1979; Rubin and Lanyen, 1985), strain energy den-
sity (Brown et al., 1990, Carter and Hayes, 1976; Gross
et al., 1991, Huiskes et al., 1987), and strain rate and
distribution (Lanyon, 1987; Lanyon et al., 1882; O’Con-
nor et al., 1982; Schaftler et al., 1989} have each been
singled out as being important in maintaining & bone's
architectural integrity.

In vivo strain magnitudes, strain modes, and other
aspects of strain histories differ between regions of the
same borne, but are all interrelated {Biewener, 1981,
Riewener et al, 1986; Biewener and Taylor, 1986;
Gross et al,, 1991, 1992; Lanyon, 1974; Lanyon, 1984;
Lanyon and Bourn, 1979; Lanyan et al.,, 1879; Rubin
and Lanyeon, 1982; Turner ¢t sl, 1975). Therefore,
there is no clear consensus on whether one or several of
these strain features is actually preeminent in main-
taining skeletal mass and structural/material organi-
zation. Nonetheless, investigators postulate the exis-
tence of regional differences in bone tissue structural
and material properties associated with regional differ-
ences in strain milieus (Beaupré et al., 1990; Biewener
et al., 1986; Biewener and Taylor, 1986; Boyde and
Riggs, 1990, Carter, 1982, 1984; Gross et al,, 1991;
Lanyen, 1981; Rubin, 1988; Bubin and Lanyon, 1985},

A simple loading condition that is thought to be as-
sociated with regional mechanically adaptive struc-
tural or material modifications is that characterized by
a predominance of unidirectional bending stresses and
the associated tension and compression strains pre-
dominating in different cortical regions (Bacon and
Griffiths, 1985; Boyde and Riggs, 1990, Carando et al.,
1989, 1991; Carter et al., 1981, Cowin, 1984; Currey,
1984a; Lanyon, 1980, 1981, Lanyon and Baggott, 1976;
Portighiatti-Barbos et al., 1983; Skedros and Bloebaum,
1991}, The objeetive of this study is o determine
whether regions of cortical bone that sustain different
habitual strain modes and magnitudes manifest corre-
sponding adjustments in sfructural/material organiza-
tion. We hypothesize that bone tissue subject primarily
to compregsive strain may exhibit significantly greater
mineral content and/or increased cortical thickness
when compared to bone tissue subject primarily o ten-
sile strain.

MATERIALS AND METHODS

The artiodactyl (¢.g., sheep, deer, and goats) calca-
neus was selected for study since Lanyon (1973, 1974
showed it to be a simply loaded, natural (in vive) ten-
sion/compression system (Fig. 1) By instrumenting

metatarsug; % refers o percentage of bone “length™ 100% = proximal
or “fixed” end. The stylized trabecular orientations are thought to
approximate principal tension and compression stress trajectaries
{Lanyon 1974, Currey, 19841

sheep calvanei in vive with strain gauges, he showed
that the cranial (dorsal} aspect receives prevailing
compressive strain and the caudal (pilantar} aspect re-
ceives prevailing tensile strains during typical loading.
Lanyon's studies also showed that the magnitude of in
vive compressive strains measured on sheep calcanci
were typically greater than the magnitude of tensile
strains. The deer ankle (Fig. 1), like that of'the sheep,
goat, and other artiodactyls, is a uniaxial joint that
confines flexion and extension movements to the sag-
ittal plane {Alexander and Bennett, 1987, Schaeffer,
19473, Manipulations of partially dissected fresh deer
and sheep ankle specimens with ligaments and tendons
in gitu, and examination of roentgenograms of the an-
kle of these animals in various degrees of flexion, re-
vealed a range of motion that is virtuatly indistin-
guishable from those illustrated in roentgenograms of
a living goat (Schaeffer, 1947} and described in living
sheep (Getty, 1975; Lanyon, 1974} Therefore the deer
calcaneus, which wag available to us in large numbers,
served as an appropriate model for this study.

Fifteen pairs of skeletally mature caleanei were pro-
cured from large wild male Rocky Mountain mule deer
(Odocotleus hemionus hemionus) that had been taken
{0 a game processing facility (Davis County, UT). Ma-
turity was confirmed by the coossification of the distal
calecaneal growth plate (Purdue, 19833, Examination of
growth plates, as a means of determining skeletal ma-
turity, dees not eliminate the effects of age on mineral
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content (Currey, 1984b; Frotter and Hixon, 1974} but
does help to considerably narrow the degree of varia-
tion, At the time of specimen collection, the periosteal
(“velvet”) covering of the antlers had been shed and
antler growth was complete. All specimens were from
freshly killed {(1Z to 72 hours} animals that had been
kept cool. The calcanei were manually cleaned of soft
tissue and frozen at - 20°C. Several weeks prior to fur-
ther processing, one calcaneus from each pair was
thawed and stored in 70% ethyl alcohol at room tem-
perature (20°C).

To facilitate comparisons between ¢aleanei of vary-
ing size, a caleaneai body (shaft) “length” was defined.
Marks were made along the calcaneal body at 20, 30,
40, 86, 60, 70, and 80% of the defined length; the 80%
mark being closest to the joint surface {proximal or
“fixed” end of the cantilever), As illustrated in Figure
1, length was defined as the distance from inflection of
the mid-articular surface {100%: of length} to the point
where the dorssl tubercle merges with the distal por-
tion of the shaft (0% of length). A longitudinal axis was
defined by two points that were marked st one-half the
eranial-caudal distance at the 30 and 80% sections. The
proximal end of each bone was securely fastened in a
vice and cut transversely at each mark using a water-
lubricated rotary saw with a fine-tooth, ¢.8% mm diam-
eter blade. A coring drill bit and a water-cooled drill
press were used to obtain 2.5 mm diameter, cyiindri-
cally shaped cores of cortical {vompact) bone from the
compression {cranial} and tension {caudal) aspects of
each section. Cores were removed at least 1 mm away
from the subperiosteal surface. The immediate sub-
periosteal bone regions were avoided so that fibrous
tissue associated with the plantar ligament insertion,
which would artifactually lower mineral content,
would not be sampled. Cores of compact bone were also
obtained from the medial and lateral cortices of the 30
and 80% sections. Sinee the cortical bone at the 20 and
30% sections was typiecally thin {<2.5 mm), the cores
from these sections consisted mostly of low porosity
cancellous bone tissue. An additional core was removed
from the floor of the pulley-like groove of the susten-
taculum tali, containing the deep tendon of the m.
flexor digitorum profundus. Manipulation of our mor
phologic prosections of deer hind limbs suggests that
the sustentacular groove receives a prevailing re-
straining load from the tendon through s full arc of
flexion and extension. Therefore, we surmise that this
region is subject to prevailing compressive stress.
Thus, bone from this region was used as an “internal
control” for mineral content in compression. The ends
of the cores from the sustentaculum tali were trimmed
to remove cartilage and subehondral bone from the ar-
ticular end, and to remove the thin veneer of cortical
bone and soft tissue from the end forming the floor of
the pulley-like groove. All cores from all of the sampled
regions were between 4 and 6 mm in axial length. The
method used for ashing bone was derived from methods
described by Currey and Hughes (1973). Briefly, the
cored specimens were thoroughly defatted in full
strength chloroform, dried to constant weight (< 0.36%
change), and ashed at 600°C for 24 hours. Ash fraction
{mineral content) was caleulated by dividing the
weight of the ashed bone by the weight of the dried,
defatted bone.
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Subperiosteal to endosteal cortical thickness at cra-
nial, caudal, medial, and lateral locations was mea-
sured {0 the nearest 0.01 mm by placing the tips of the
jaws of a vernier caliper at the distal face of the cut
surface of each section. Medial and lateral cortical
thicknesses were measured at the midpeint of the era-
nial-caudal height of the medullary canal (see Fig. 2).
Overall cranial-caudal heights and medial-lateral
widths were measured at each section, the mediai-lat-
aral width being measured at one half of the vranial-
caudal height of the medullary canal. All possible com-
parisons between each of the measured parameters
were made between {ension and conipression cortices,
between locations along one cortex, and between me.
dial and lateral cortices. An alpha level of < (.01 was
considered statistically significant. Statistical signifi-
cance was determined for each paired comparison us-
ing an analysis of variance {ANOVA) design. Least
squares linear regression analyses of cortical thickness
as a function of mineral content, and of each of these
parameters plotted as a function of section location,
were used to assess how these parameters changed
along the calcaneal body. An analysis of covariance
(ANCOVA} design was used to assess differences in
slopes and intercepts of selected linear regressions
{Sokal and Rohlf, 1981).

RESULTS

Corticat/Cancefious Distributions, Cross-Sectional Shape,
and Bone Length

The eross-sectional shapes of sections taken along
the calcaneal body resemble guasi-elliptical forms with
the major axis orlented in the eranial-caudal direction
(Fig. 2). Examination showed that the cortex of all but
the compression aspect of the 80% section had some
adherent cancellous bone tissue. The sections nearest
the free (distal) end (i.e., 20 and 30% sections) were
primarily of cancellous bone contained within a thin
shell of cortical bone. The volume fraction of cancellous
bone decreases as the articular surface is approached
{Fig. 2). Ratlos of mean cranial-caudal height to me-
dial-lateral width progressively increased from the free
end (30% section) toward the joint {fixed) end (76% sec-
tion} {Fig. 3). The average calcaneal body length of the
sample was 6.51 = 0.28 cm,

Cortical Thickness

The 30 to 80% sections all displayed a significantly
thicker compression ¢ortex than the corresponding ten-
sion cortex (P < 4,001}, The 20% section was the only
exception, where the thickness of the compression and
tension cortives was not significantly different (P >
0.05). The compression cortex progressively increases
in thickness from the 30 to 80% section {(Fig. 4). The
thickness of the tension cortex exhibits a much smaller
degree of increase from the free end {0 the joint (Fig. 4).
Linear regression analyses of cortical thickness as a
function of section location are highly correlated in
both tension (r* = §.890, P < 0.002} and compression
(r? = 0.969, P < 0.001) cortices. There were no signif-
icant differences between medial and lateral cortical
thickness from the 20 to 70% sections (P = {.05). Only
at the 80% section is the medial cortex significantly
thicker than the lateral cortex (P < §.041), The amall
differences between medial and lateral cortical thick-
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Fig. 2, Representative cross-sections of a skeletally mature left mule
deer calcaneus, The subpertosteal contour of the compression cortex is
reflatively narrowed along most of the calcaneal body, whereas the
contour of the caudal {tension) cortex is rounded to nearly flat. The
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Fig. 3. Ratios of eranial-caudal height 1o medial-lateral width plot-
ted as & function of section location show that the mule deer ealeaneus
progressively increases in eranial-caudal height from near the free
end {20% section) fo the 70% location.

ness in this region near the joint end of the calcaneal
body can be partially attributed to geometric changes
required for accommedation of the articular surface.
The 80% section is therefore near the region where the
cantilevered beam portion of the calcaneus begins to
merge with the proximal articular end (Figs. 1,3).

Mineral Content

The mineral content of the compression cortex is sig-
nificantly greater than the mineral content of the ten-
gion vortical bone at nearly all section locations (at 24,
30, 40, and 50% sections P < (0.001; at 80 and 70%
sections P < §.01; at 86% section PP < 0.05) (Table 1),
Along the compression cortex there are, with few ex-
ceptions, no significant mineral content differences be-
fween all possible pairings (p > 0.05). However, the
209 section, which is mostly trabecular bone, had sig-
nificantly lower mineral content than each of the fol-
lowing sections: 58, 60, and 70% (P < {1.01}. Similarly,

tension cortex g associated with a substantial mass of firmiy adher
ent ligamentous and tendinous tissue, including the plantar ligament
and tendon of the m. flexer digitorum superficialis,
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Fig. 4. Least square linear repressions of mean compression and
mean tension cortical thickness vs. section location. ANCOVA shows
that the slopes of these vegressions are significantly different (P <
0.0608).

along the tension cortex there are, with few exceptions,
no significant mineral content differences between all
possible pairings (p > (.05). Again, the 20% section
shows significantly lower mineral content than the 50,
66, 70, and 80% sections (P < 0.61).

No significant differences are found between the
mineral contents of the medial, lateral, and tension
cortices of the 30% sections and the 60% sections (P =
€.05). However, as described above, there are signifi-
cant mineral content differences between the compres-
gion and tension cortices at the 306 (P < 4.001) and 60%
{P < 6.01) sections. In summary, these results show
that at each section the compression cortey attains a
significantly greater level of mineralization, averaging
6.6% greater, than the level of mineralization in the
tension cortex {Table 1). Additionally, the medial, lat-
eral, and tension cortices at the 30 and 60% sections
exhibit a similar level of mineralization which is sub-
stantially less than the corresponding compression
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TABLE 1. Ash fraction (mineral contents) at each section location; means and
{standard deviations)!

Section Tension Compression % Difference Medial Lateral % Difference
20 62.403¢3.7 67.04 (8.45) + 7.4

30 64.51 14,29} 89.50 {2.57: o+ T 67.46 (4.21y 6621283 -~ 1.8

40 65.32 {4.29) 7011 {2.54) +7.3

59 66.54 {4.56) 72,28 {2.04} +8.6

60 67.15{3.68) 7156 (2,93 + 136 69,56 (3.68) 68893557 - .8

T4 66.80{4.14} 7G.96 (2601 +6.1

80 66.75 (4.55} 69,87 {1.76} + 4.7

5T £7.36 (2.778) 8786 (278

‘Percontages were caleulated us u percent inereuse or decrease with referdnce to the tension or medial cortices,
respectively. Compression—Tension/Tension x 100 or Medial - Latersl/Lateral w 160; 8T = sustentaculum tali

specimen.

cortex at these sections. Linear regression analyses of
mineral content as a function of section location show
wrreiated distal-to-proximal increases in both the ten-
5101‘!. af = 0776, P < 0.01) and compression
(% = 0.340, P = §.17) cortices (Fig. 5A}. The correla-
tiong improve sabstantlaliy if the analysis is restricted
to the more “beam-like” 20 to 60% sections (com-
pressmn cortux r? = 0.812, P < 0.04; tension cortex

tenthy subject t,{) more complex loading conditionz
{Fig. 6B). ANCOVA showed that the slopes of these
beam-like regions are not significantly different (P =

95). Highest correlation ecefficients were seen when
all data points were fit to third order polynomial equa-
tions (Fig. 6). The maximum tension/compression min-
eral content differences occur at the 60% locatien and a
convergence of the extrapolated curves is seen as the
joint surface is approached. These findings support the
possibility that the functional base of the “pure” can-
tilevered beam ig near the 60% location. Linear regres-
sion analyses between tension and ¢ompression min-
eral contents at each seczl{m location also show a

TA) The correiatlon again 1mpro\«eb substantlaily
when the 70 and 80% sections are excluded (r* = 0,922,
P <001} (Fig. 7B). As discussed below, this implies a
funciional coupling between the two cortices.

The mineral content of the sustentaculum tali, a re-
gion which we surmise is primarily loaded in compres-
sion, is typically midway between the levels of mineral
content in most of the compression and tension cortical
locations (¥ig. 6, Table 1). The cores taken from be-
neath the floor of the pulley-like groove of the susten-
taculum tali consisted of low-porosity cancellous bone,
which is typical of the bone near the subchondral re-
gions of expanded joint surfaces (Currey, 1984,

DISCUSSION

Although the articdactyl calcaneus can be viewed as
a cantilevered beam (Lanyon, 1973, 1974), its mechan-
ical behavior is undoubtedly more complex. A simple
cantilever beam subjected to a concentrated load at its
distal end will sustain maximum bending stress and
strain at the base where if joins its support. In the
artiodacty} calcanens, however, both anatomical rela.
tion and material properties sugpgest that only the
cuter 60% or so operates as a simple cantilever expe-
riencing prevailing unidirectional bending loads. The

most proximal region is unguestionably subjected to a
more complex, directionally variable loading environ-
ment due to its close association with ligaments, ten.
dons, the sustentaculum tali, and a specialized sliding
articulation with the astragalas. We suggest that the
linear changes in sectional geometry and mineral con-
tent from the 60% section (Figs. 3.58B,78) to the free
end of the calcaneus are related to the regional differ-
ences in strain mode and magnitude that would be ex-
pected {o be present in a simple cantilevered beam.
The difference in cortical thickness and mineral con-
tent of the tension and compression cortices of the mule
deer calvaneus, although suggestive of regional adap-
tation, is at variance with findings in other tension/
compression bones. Lanvon and his co-workers showed
in sheep tibiae that there are no differences in either
peak principal straing or cortical thickness hetween the
tension {cranial) and compression (caudal} cortices de-
spite differences in prevailing strain mode (Lanyon and
Bourn, 1979). In sheep radii, Lanyon and Baggott
(1976) report that straing on the compressed (caudal)
cortex are nearly twice the magnitude of these on ten-
sile {¢ranial) cortex even though there is no difference
in the thicknesses of these two cortices. Based on these
findings they conclude that bone remodels to achieve a
level of uniform stress, rather than strain, throughout
the cortex (Lanyon, 1992 Lanyon et al., 1979). In sheep
radii, they subsequentiy showed that, the elastic mod-
ulus {)f the compressed cortex, in which strains are
greater, 15 less than that of the tensile cortex and at-
tribute this to a greater rate of remodeling, hence lower
mineral content. The mineral content was 72.4 = 0.27
ash fraction in the tension cortex and 76.8 = 0.03 in the
compression cortex in their sample of adult animals
(P < 0.01} This finding i% in contrast to the compressed
cortex of the mule deer calcaneus which has both a
thicker cortex and higher mineral content {hence lower
rate of remodeling} than the {ension cortex. Using
horse radii, which have been shown in vive to be ten-
sionfcompression bones, Riggs et al. {1983a.b) demon-
strated that the tension and compression cortices are
not different in ferms of mineral content. The differ-
ences between mineralization of {ension and compres-
sion cortices of sheep radii and deer caleanei, and the
iack of mineralization differences in sheep tibiae and
horse radii, make interpretation of this data difficult.
However, elastic modulus reflects the eumulative in-
fluences of several physical characteristics, including
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Fig. 5. Regressions of mean mineral content versus section location
for both tension and compression cortices. A: all sections; B: excluding
the 70% and 80% sections. Note the substantial improvement in the
correlation coefficients when the more proximal sections are excluded.
Regression eguations are boxed. ANCOVA shows that the slopes are
not signifieantly different (P = {.976; where P« LO0O shows no
differencel.

mineral conteni, porosity, collagen cross-linking, and
collagen orientation. It is possible that differeni re-
gions of bone ¢an have similar elastic moduli even
though these components are present in different pro-
portions. In theory, bones from various anatomical lo-
cales may still achieve regional uniformity in some
atregs- or strain-related property by maintaining re-
gional differences in cortical thickness, cross-sectional
shape, mineral content, or in various other aspects of
structural/material constitution.

it is important fo note that the sheep tibia and sheep
and horse radil do not have a tension member similar
te the plantar ligament of the deer calcaneus. As dis-
cussed below, the presence of this structure may ac
count for, or strongly influence, loading conditions, and
thus the differences in mineral conteni, cortical thick-
ness, and other aspects of the siructural/material orga-
nization of the tension/compression cortices. If, how-
ever, the differences in mineral content in the tension/
compression cortices of mule deer calcanei are actually
strain-mode-specific, then the findings of Lanyon and
co-workers in sheep iibiae and radil, and Riggs and
co-workers In horse radil, may represent alternative
structural/material adaptations for regional disparities
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Figg. 6. Mineral content and section location duta from all sections fit
t¢ third order polynemial equations. The double headed arrow indi-
cates the distunice between the horizontal tungents of each curve. This
is the predicted difference in peak mineral content. These curvilinear
fits show the highest correlations in both tension (r* = .989, P <
6.01) and compression (v = 0.884, P < 0.01) cortices. 5T = minersa}
content of sustentaculum tali samples.

in strain mode and/or strain magnitude. it is unclear
whether direet comparisons between short cantilevered
hones and long limb bones are entirely appropriate at
all levels of their hierarchical organization since bones
from different regions of the same animal may also be
sensitive to different levels (e.g., strain magnitudes or
strain energy density) or qualities (e.g., strain mode or
strain distribution) of stimuli (Beaupré ef al., 1990;
Bertram and Schwarty, 1991).

Funictional Morphology and Biomechanical Roles of Bone
Build, Shape, Cortical Thickness, and Mineral Content

Currey (1984a,b} suggests that the deformation at
the free end of a short cantilevered bone depends much
more on the strains near the fixed end than on those
near the free end. 1t is also well known that simple
plane straight cantilevers deformed by bending expe-
rience the greatest stress at the fixed end (Gere and
Timoshenko, 1984). Therefore, from a biomechanical
perspective, it is reasonable that natural skeletal can-
tilevers be designed o reduce stress near the fixed end
{Currey, 1984a,b). This suggests that the tapered shape
of the calcaneal body (Fig. 1), and the associated in-
crease in corfical thickness and cranial-caudal heighi
as the articular surface is approached may function as
dual mechanisms for reducing deformation along the
caleaneal shaft. The quasi-elliptical shape of the ma-
jority of the sections of the caleaneal body (Fig. 2! can
be interpreted as an optimization of bone geometry for
resisting both axial compression and heading stresses
in the cranial-caudal plane. in a simple beam made of
a homogeneous material and subject to axially directed
loads, the magnitude of load which can be supported in
compression is a function of the eress-sectional area
and 15 unaffecied by cross-sectional shape. In contrast,
if this simple beam received an ecceniric axial load
resulting in bending deformation, then resistance {o
bending is strongly dependent upon cross-sectional
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Fig. 7. Regressions of mean mineral content of the tension cortex vs.
mean mineral content of the compression cortex at each section loca-
tion. A: all sections; B excluding the T4 and BO% sections. Note the
substantial improvement in the corvelation coefficients when the
proximal two sections are eliminated. These proximal sections are
from regions of presumably more complex loading conditions.

shape (Beriram and Biewener, 1988). The restricted
degrees of freedom in the artiodactyl ankle complex
lismits these bending loads to a single plane. For beams
50 loaded, the optimal configuration ig that which max-
imizes the second moment of ares (I). Since I = bh¥12,
the material will be arranged to maximize the rigidity
in the direction of the major axis of bending (h}, hence
an elliptical cross-section {(Rubin, 1984; Wainwright et
al., 1982).

The relatively thicker compression cortex may rep-
resent a mechanism {or preferentially augmenting the
cortical mass aleng the surface where it would be most
effective in regulating bending deformation across the
entire calcaneal body. Currey (1984a) suggests that it
is advantageous for a simple cantilevered bone to have
a lower habitual strain on the tensile side than on the
compressive side. Furthermore, Currey {1884ab} ar-
gues that in & beam-like bone, a guasi-elliptical or
roughly triangular cross-section, with the apex of the
triangle on the compression side, reduces strain on the
tengion side. Examination of representative ¢ross-sec-
tions in Figure 2 shows that the essential {eatures of
this morphology are displayed by the mule deer calca-
neus. Therefore, the quasi-elliptical cross sectional
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shape and the relatively thicker compression cortex
may be an example of how cross-sectional shape and
cortical mass function as dual mechanisms for limiting
the degree of bending. However, the broad base of the
tension cortex may also be related to the surface area
needed for the attachment of the plantar ligament. A
relaiive increase in medial-lateral width is especially
notable at the distal end {(e.g., 20 and 30% sections)
where the gastro-soleus tendon forms a broad aftach-
ment. Increased complexities of loading conditions at
both the proximal and distal ends of the calcaneal shaft
may aceount for the deviation from the structural or-
ganization expected in a pure heam.

The possibility that the thicker cortex on the com-
pression side may be adaptive is also supported by
Burstein et al. (1972). They showed that when bone ig
sublect to bending, it is possible to load to a higher
stress on the compressive side than on the tension side.
Thus, the thicker, more highly mineralized compres-
sion region of the deer calcaneus appears to have a
greater capacity £o accommodate this increased stress,
In conirast, the medial and lateral cortices, which are
not subject to a similar prevailing bending stress, show
no differences in cortical thickness or mineral content.
¥vidence of mineral content adaptation hetween these
cortices was not found, and would not be expected.
However, mineral c¢ontents of the medial and lateral
cortices, which lie in the low strains near the neutral
axis, are not different from the minersl content at the
tension cortices. How can this be reconciled? A plausi-
ble explanation, as suggested by Frost (1980) is that
different sirain thresholds for remodeling activity may
exist in different cortical regions. Therefore, the medial
and lateral cortices, although subjeet to lower strain
magnitudes, may receive “regionally adequate” strains
for the maintenance of their structural and material
organization. H iz possible that the higher mineral con-
tent in the compressive eortex is a refleetion of adap-
tation enhanced by prevailing strain mode snperim-
pozed on markedly higher strain magnitudes.

The marked difference in mineral content between
the tension and compression cortices may have sub-
stantial mechanical relevance. t is well established
that small c¢hanges in bone mineral content can result
in dramatic changes in mechanical properties, includ-
ing “breaking” {fracture} stress (Vose and Kubala,
1959}, bending strength (Currey, 1969), impact stress
(Currey, 1969}, fatigue life {Carier and Hayes, 1976,
Schaffler and Burr, 1988}, and elastic modutus (Schaf-
fler and Burr, 1988). Extrapelating from these studies
to the present work suggests that the greater level of
mineral content of the compression cortex should make
it two to three times stiffer and stronger than the ten-
sion cortex.

The strong positive correlations betweer mineral
content, cortical thickness, and section location in the
distal-to-proximal direction in hoth tension and com-
pression cortices (Figs. 4,5) are suggestive of functional
adaptation. We hypothesize that these changes in the
“pure” beam portion of the calcaneus (Fig. 8) are re-
lated to the linear inereases in prevailing stress which
are known fo occur in the distal-to-proximal direction
in simple, unidirectionally loaded cantilevered beams
{Gere and Timoshenko, 1984}, Bone within the more
proximal mixed beam region is presumably subjecied
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to much more complex and directionally variable bend-
ing loads. It iz also noted that the mineral content of
the compression and fension cortices at corresponding
sections is well correlated along the beam-like portion
of the calcaneal shaft (Fig. 7). These correlations imply
a functional coupling between the opposing cortices. A
plausible eoupling mechanism may be related to the
common relative strain magnitude that the material of
the same section will have in 4 cantilevered beam sub-
jected to a simple bending load. Alternatively, this cou-
piing may reflect an arrangement aimed al keeping
habitual tensile and compressive strains at the same
proportion of their yvield point (Currey, 19844a). The lat-
ter suggests that a uniform safety factor to failure may
be the obiective, or byproduct, of local differences in
mineral content.

Biomechanical Holes of Associated Soft Tissue Structures

Various soft tissue structures associated with the ar-
tiodacty] caleaneus are probably also important in the
biomechanical functioning of this system. These strue-
tures, the planiar ligament and the fendon of the m.
flexor digitorum superficialis, are likely to carry sub-
stantial tensile loads and thereby reduce bone defor-
mation. The thick fibrous tissue mass along the tension
cortex can readily be appreciafed by examining the see-
tions in Figure 2. Although the main function of the
plantar ligament is {o limit excessive joint excursion, it
probably also stores elastic strain energy during loco-
motion {Alexander, 1982; Alexander and Bennet-
Clark, 1977; Alexander and Dimery, 1985; Currey,
1984b; Dimery et al., 1986; Ker, 198%; Morgan et al.,
1978). Since the plantar ligament and the associated
flexor tendon are intimately and firmly attached to the
tension cortex, the latter is best considered a “fibro-
ogseus cortex.” Because this fibro-osseus constitution
may medify local and regional leading conditions, the
foregoing biomechanical and elastornechanical inter-
pretations must be considered provisional since only
the osseus component of the tension cortex was empha-
sized. Additionally, inclusion of these {ension menbers
is likely to displace the neutral axis of bending toward
the tension cortex and away from the compression cor-
tex. A direct eonsequence of such a shift would be a
magnification of the compressional stress on the oppo-
site cortex, and attenuation of the tensional stress on
the cortex adjzcent to the tension members.

In the mule deer calecaneus, the tapered shafi, ellip-
tical to roughly triangular cross-sectional shapes,
thicker compression cortex, differences in mineraliza.
tion between the compression and tension cortices, and
associated sofi tissue fension members, all interact to
contribute to the functional organization of this bone.
According to engineering principles, this organization
is expected to reduce bending in a short cantilever.
Mineral content and cortical thickness differences may
reflect remodeling differences in a bone that, although
designed to be a stiff cantilever, must simultaneously
accommodate habitual regional differences in strain
mode, magnitude, and possibly other strain-related
feaiures.

ACKNOWLEDGMENTS

We thank Hussel Howard for suggesting to us Lo fur-
ther investigate his nunpublished findings dealing with

403

mineral content differences between eranial and caun-
dal cortices of antelope caleanei. We thank John P
Mantas and Mark T. Nielsen for their assistance in
completing this manuscript. We are grateful for the
technical assistance of Angel Skedros, Gwenevere
Shaw, and Cathy Sanderson. Support for this project
was provided by the Department of Veterans Affairs
Medical Research Funds, Salt Lake Cily, U'T, and the
University of Utah School of Medicine Dean's Research

LITERATURE CITED

Adexander, RM, 1982 Locomotion of Anhmmals. Chapman and Hall
Publishers, New York, pp. 1163,

Alexander, RM., and H.C. Bennet-Clark 1877 Storage of elastic
strain energy it muscie and other {issues, Nature, 265:114 -117.

Alexander, R.M., and M.B. Bernett 1987 Some principies of ligament
furiction, with examples from the tarsal joints of the sheep (Quiy
artesy, J. Zool. (Lond), 211487504,

Alexander, RM., and NJ. Dimery 1985 Elastic properties of the fore
foot of the donkey, Equus asinus. J. Zool. {Lond}, 205:511-524.

Bacon, G.E., and RK. Griffiths 1985 Texture, stresy and age in the
human fernur, . Anat,, F43.87-101.

Beaupre, 0.8, T.E. Orr, and D.R. Carter 199¢ An approach for time-
dependent bone modeling and remodeling theoretical develop
went. d. Crthop. Res., 5:651-861,

Bertram, 4 £.A., and A.A. Biewener 1988 Bone curvature: Sacrificing
strength for load predictability? J, Theor, Brol., 131:75..92.
Bertram, J.E.A., and S.M. Schwartz 1991 The “law of bone transfor-

matim™ A case of erying Wolff? Biel. Rev., 66:245-273.

Biewener, A, 1991 Muscnloskeletal design in relation to body size.
. Biomech., 24:18..29.

Biewener, A A, and C.R. Tavior 19686 Boue strain A determinant of

Biewener, A A, S.M. Swartz, and J A, Bertram 1986 Bone model-
ing during growth: Dypamic strain equifibrium in the chick tib-
totarsus, Caleif. Tigs. Int., 39:380-385.

Boyde, &, and CM. Riggs 1996 The quantitative study of the orien-
tation of coilagen in compact bone slices. Bone, 17:35.-39.

Brown, T.D., D.R. Pedersen, M.L. Gray, R.A. Brand, and C'7. Rubin
1980 Toward an identification of mechanical parameters initiat-
ing pericstes} remodeling: A cornbined experimental and anaiytic

Burstein, A.H., J.D. Currey, V.}. Frankel, and DT, Retlly 1972 The
ultimate properties of bone tissue: The effects of yielding. J. Bi-

Burstein, A H., DT Reilly, and V.H. Frankel 1973 Failure charae
teristics of bone and bone tissue, In: Perspectives in Biochemical
Egngingering, Kenedi, R.M,, ed. Univ. Park Press, London, pp.
131--134.

Caler, WE., and DLR. Carter 1989 Bone creep fatigne damage accuw
mulation. J. Biomech., 22625635,

Carando, 8., M.P. Barbos, A, Ascenzi. and A. Boyde 1989 Orientation
of collagen in human tibial and {ibular shaft and possible corre-
iation with mechanical properties. Bone, J{:138..748,

Carande, §., M. Portighatti Barbos, A. Ascenzi, and A. Boyde 199}
Macroscopic shape of, and lamellar distribution within, the upper
limb shafts, allowing inferences about mechanical properties.
Bone, 12265269,

Carter, DR, 1982 The relationships betweern in vivo bone stresses and
cortical bone remedeling. In: CRC Critical Reviews in Bioengi-
neering, Vol. 8, Bourne, J.R., ed. CRC Press, Boca Raton, FL, pp.
1.5,

Carter. DR, 1884 Mechanical loading histories and cortical bone re-
modeling. Caleifl Tiss. Int., 36:815..824,

Carter, D.R., and W.C. Hayes 1976 Fatigue life of compact bone- L.
Effects of stress ampiitude, temperature and density. J. Biomech.,
9:97-.34.

Carter, D.R., and W.C. Hayes 1977 Compact bone fatipue damage: A
microscopie examination. Clin, Orthop,, 127265274,

Carter, DR, W.E. Caler, .M. Spengler, and V.H. Frankel 1881 Fa-
tigue behavior of adult cortical bone: The influence of mean
strain and strain range. Acta Orthop. Scand., 52:481-490.

Cowin, 5.C. 1984 Mechanical meodeling of the stress adaptation pro-
cexs in bone, Caleif Tiss, Int, 36:898.5103,

Currey, J.1. 1962 The mechanical consequences of variation in the
mineral content of bone, d. Blomech,, 2:3-11.



404

Currey, 4.0, 1870 The mechanical properties of bone. Tlin, Crthop.,
73.210-232.

Currey, 4.0, 18984a Can strains give adequate infornation for adap
tive bone remodelling? Caleif. Tiss. Int., 36:8118-5122,

Currey, 4.1 1984b The Mechanical Adaptations of Bones, Princeton
University Press, Princeton, NdJ, 284 pp.

Currey, J.D, and K. Brear 1874 Tensile vield in bone. Caleif Tissue
Bes., 15:173..179.

Currey, 4.0, and 3M. Hughes 1973 The effects of pregnancy and
lactation on soine mechanical properties of the feinora of the rat,
Caleif. Tissue Res., 711:112.323.

Dimery, N.J., BF. Ker, and R M. Alexander 1936 Elastic properties of
the feet of deer {Cervidae). J. Zool. Lond., 208:161-189.

Frost, H M. 1990 Skeletal structural adapiations to mechanical usage
(SATMUY 2. Redefining Welff's Law: The remodeling problem.
Anat. Bee,, 226:414..422.

Gere, J.M., and S.P. Timoashenke 1984 Mechanies of Materials. PWS.
Kent Publishing Co., Boston, pp. 318,

Getty. R. 1975 Sisson and Grossman's “The Anatomy of the Domestic
Animals” W.B. Baunders, Philadeiphia.

Goodship, AR, L.E. Lanyon, and B. McFie 1978 Functional adapta-
tion of bone to increased stress. An experimenta! study. . Bone
Joint Surg., 678539546,

Gross, T.8., K.J. MecLeod, and C.T. Rubin 1991 Strain energy density
as a function of time: Characterizing the skeleton’s functional
strain history. Trans. Orthopaed. Res. Soc., 16:420.

Grosg, T8, K.J. McLeod, and €T Rubin 1992 Characterizing bone
strain distributions in vive using three tripie rosetie strain gages.
4. Biomech,, 25:1081--1087.

Huiskes, R, H. Weinans, H.J. Grootenboer, M. Dalstra, B, Fadala,
and T.J, Sioof 1987 Adaptive bone remodeling theory applied to
prosthetic design analysis. . Blomech., 20:1135-1150.

Ker, RE. 1981 Dynamic tensile properties of the plantaris tendon of
sheep (Ouis aries), J. Exp. Biol,, $3.283-302.

Lanyon, L.E. 1873 Analysis of surface bone sirain in the caleaneus of
sheep during normal lecomeotion. 4. Biomech., 6:41..48.

Lanyon, L.E. 1974 Expearimental support for the trajectorial theary of
bone structize. J. Bone Joint Surg., 56-8:160--166,

Lanyon, LE. 1880 The influence of function on the development of
bone curvature, An experimental study on the rat tibia. J. Zoal,,
Lond., 192:457-468.

Lanyon, L.E. 1881 The measurement and biological significance of
bone strain in vive. In: Mechanical Properties of Bene, Cowin,
5.C. ed. Am. Soc. Mech. Eng., Vol. 45, pp. 83-106.

Lanyen, L.E. 1984 Function strain as a determinant for bone remod
eling. Caleif, Tiss, Int,, 36.556 561,

Lanyoen, LE. 1987 Funetional strain in bone tissue ag an objective,
and coniroiling stirmulus for adaptive bone remedelling. 4. Bio-
nech., 26,1683 -1093.

Lanvon, L.E. 1992 Control of bone architesture ty functiosal load
bearing. J. Bone Miner. Res., 7:836%..8375.

Lanyen, L.E., and D.C. Baggott 1876 Mechanical function as 2n in-
fluence on the structure and form of bone, J. Bone Joint Surg.,
B1A4.539--546.

Lanyon, LE., and 8. Bourn 1979 The influence of mechanieal fune
iion on the development and remodeling of the tibia: An experi
mental study in sheep. J. Bone Joint Surg., 61-4:263-273,

Lanyon, L.E., P.T. Magee, and DG, Baggott 1972 The relationship of
fiinctional stress and strain to the processes of bone remodeiling,
J. Blomeeh,, 125836030,

J.G. SKEDROS ET AL

Lanyou, L.E., AE Goodship, C.d Pye, and L.H, MacFie 1982 Mechan.
ieally adaptive bone remodelling. J. Riomech., 15:141..154.
Morgan, D.L., U, Progke, and D. Warren 1978 Messurements of mns.
cle stiffness and the mechanism of elastic storage of energy in

hopping kangaroos. J. Physiol. {Lend), 282:253_261.

GConrer, A, LE. Lauyen, and H., MacFie 1982 The infiuence of
sg&in rate on adaptive bone remodelling. J. Biomech,, J5:767-
Ta1.

Pattin, C.A.G. 1991 Cyclic nechanical property degradation in bone
during fatigue loading, Ph.D. Thesis, Stanford University, Pale
Alte, CA.

Portigiiatti- Barbos, M., P. Biance, and A. Asceuzi 1983 Distribution of
osteonic and interstitial components in the human femoral shaft
with reference to structure, caleification and mechanical proper-
ties. Acta Anat., 715:178.188,

Purdue, J.R. 1983 Epiphyeeal dlosure in white tailed deer. J. Wildl
Manage., 4712071215,

Reilly, DT, and AH. Burstein 1874 The mechanical properties of
cortical bone. J. Bone Joint Surg., S6A.:1001-1022,

Reilly, BT, and AH. Burstein 1875 The elastic and ultimate prop.
erties of compact hone tissue. J. Biomech., §:393.-4085,

Riggs, C.M., L.E. Lanyon, and A. Boyde 19%3a Functional associa-
tiens between collagen fibre orientation and locomotor strain di-
rection in cortical hone of the equine radius. Anat, Embryol,
187:231-238.

Riggs, C.M., L.C. Vaughan, G.P. Evans, L.E. Lanyon, and A. Boyde
1993h Mechanical implications of collagen fibre orientation in
cortical bone of the equine radius. Anat. Embryol., 187:239-248.

Rubin, C.T. 19584 Skeletal strain and the functional significance of
hone architecture. Caleif. Tiss. Int, 36:811-818.

Rubin, C.7T. 1988 Hesponse of bone to mechanical stimulation. [
Principles of Orthopasdic Practice, Dee, K., M. Enrico, L.C.
Horst, ed. MeGraw-Hill, New York, pp. 72-89.

Rubin, C.T.,, and L..E. Lanyon 1982 Limb mechanics as a finction of
speed and gait: A study of functional strains in the radius and
tibia of horse and dog. J. Exp. Biol,, 181:187-21L

Rubin, C.T., ard 1.E. Lanyon 1985 Regulation of bone mass by me-
chanieal strain magnitude. Caldlf. Tiss, Int., 37:411-417.

Schaeffer, B. 1047 Notes on the origin and function of the artiodactyl
tarsus. Ar. Museurn Novitates, 1356:1.24.

Sehaffler, M.B,, and D.B. Burr 1988 Btiffness of cornpact bone: Effects
of porosity and density. J. Biomech., 21:13..16.

SAchalfler, MLB., F.1. Radin, aud D.B. Burr 1989 Mechanical and mor
phological effects of strain rate on fatigue of compact bone. Bone,
T3:207-214, :

Skedros, J.G., and R.D. Bloebaum 1991 Geonetric analysis of a ten-
sioufenmpression system: Implications for femoral ieck modeling.
Trans. Orthopaed. Res. Soc., 16:421.

Sokal, R.R., and F.J. Rohlf 1981 Biometry. The Principies and Prac
tice of Statistics in Bislogical Researeh. Wiklson, J., 8. Cotter, eds.
W. H. Freeman & Co., New York, pp. 858

‘Frotter, M., and B.B. Hixon 1974 Sequential changes in weight, den.
sity, and percentage ash weight of human skeletons from an early
fetal period through oid age. Anat. Rec., 179:1-18.

Turner, A5, EJ Mills, and A A Gabel 1975 In vive measurement of
bone strain in the horse. Aiwn. J. Vet. Res., 36:1573- 1579,

Vose, G.P., and A.L.J. Kubala 1959 Bone strength—its relationship to
X.ray determined ash content. Hurn. Biol., 57:261-270.

Wainwright, 8.A., W.D. Biggs, J.1. Currey, and J.M. Gosline 1982
Mechanical Desigr in Organisms. Princeton University Press,

' Princeton, N, pp. 473,





