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ABSTRACT
The artiodactyl (mule deer) calcaneus was examined for structural and material features

that represent regional differences in cortical bone modeling and remodeling activities. Cortical
thickness, resorption and formation surfaces, mineral content (percent ash), and microstructure
were quantified between and within skeletally immature and mature bones. These features were
examined to see if they are consistent with predictions of Frost’s Mechanostat paradigm of
mechanically induced bone adaptation in a maturing “tension/compression” bone (Frost, 1990a,b,
Anat Rec 226:403–413, 414–422). Consistent with Frost’s hypothesis that surface modeling
activities differ between the “compression” (cranial) and “tension” (caudal) cortices, the elliptical
cross-section of the calcaneal diaphysis becomes more elongated in the direction of bending as a
result of preferential (. 95%) increase in thickness of the compression cortex. Regional differ-
ences in mineral content and population densities of new remodeling events (NREs 5 resorption
spaces plus newly forming secondary osteons) support Frost’s hypothesis that intracortical
remodeling activities differ between the opposing cortices: 1.) in immature and mature bones, the
compression cortex had attained a level of mineralization averaging 8.9 and 6.8% greater (P ,
0.001), respectively, than that of the tension cortex, and 2.) there are on average 350 to 400%
greater population densities of NREs in the tension cortices of both age groups (P , 0.0003). No
significant differences in cortical thickness, mineral content, porosity, or NREs were found
between medial and lateral cortices of the skeletally mature bones, suggesting that no modeling
or remodeling differences exist along a theoretical neutral axis. However, in mature bones these
cortices differed considerably in secondary osteon cross-sectional area and population density.
Consistent with Frost’s hypothesis, remodeling in the compression cortex produced bone with
microstructural organization that differs from the tension cortex. However, the increased remod-
eling activity of the tension cortex does not appear to be related to a postulated low-strain
environment. Although most findings are consistent with predictions of Frost’s Mechanostat
paradigm, there are several notable inconsistencies. Additional studies are needed to elucidate
the nature of the mechanisms that govern the modeling and remodeling activities that produce
and maintain normal bone. It is proposed that the artiodactyl calcaneus will provide a useful
experimental model for these studies. Anat Rec 263:167–185, 2001. © 2001 Wiley-Liss, Inc.
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In recent studies, the artiodactyl (e.g., sheep and deer)
calcaneus has been described as a simply loaded “tension/
compression” bone (Skedros and Bloebaum, 1991; Skedros
et al., 1993c, 1994a,b, 1997). In vivo and in vitro data
demonstrate that, during physiologic weight-bearing ac-
tivities, the calcaneal diaphysis behaves similar to a can-
tilevered beam with longitudinal compression and tension
strains1 predominating on opposite cranial and caudal
cortices, respectively (Lanyon, 1974; Su et al., 1999).
Skedros and coworkers (1994a,b, 1997) documented sig-
nificant regional differences in cortical thickness, mineral
content (% ash), and microstructure (e.g., secondary os-
teon population densities and osteon morphology) in skel-
etally mature calcanei. They speculated that these unusu-
ally conspicuous structural and material heterogeneities
represent the outcome of adaptive bone modeling and
remodeling responses to a long history of the functional
cranial-caudal compression-tension strain distribution.
They also recognized that these apparent structural and
material adaptations were consistent with predictions of
Frost’s Mechanostat paradigm (i.e., the Mechanostat hy-
pothesis and its corollaries) for mechanically induced bone
adaptations in the specific case of a “tension/compression”
bone (Table 1) (Frost, 1983, 1987, 1988a,b, 1990a,b). The
Mechanostat paradigm is based largely on the idea that
mechanically induced bone strains are important in gov-
erning threshold-related activation and control of bone
modeling and remodeling processes (see Appendix). Al-
though not rigorously tested in controlled experimental
studies, this paradigm is commonly used in current basic
and clinical literature as a modern version of Wolff’s law of
mechanically mediated bone adaptation. Recognizing that
predictions of modeling and remodeling activities in a
developing bone have been largely based on unquantified
observations, indirect inferences, and anecdotal clinical
cases (Frost, 1988a, 1990a,b), Frost has called for quanti-
tative investigations that are designed to examine the
validity of the modeling and remodeling rules of the Mech-
anostat paradigm (Frost, 1983, 1987, 1988a,b, 1990a,b).

Because Skedros et al. (1994a,b, 1997) examined only
skeletally mature bones, they could not evaluate ontoge-
netic changes in the modeling and remodeling responses
in this context. The goal of the present study was to
determine if a selected set of predictions of the Mechanos-
tat paradigm can be supported through quantitative anal-
ysis of skeletally immature and mature artiodactyl calca-
nei. We hypothesize that this analysis will demonstrate
the specific tension- and compression-related regional
variations listed in Table 1. Additionally, in the context of
this analysis, studies that have produced data that sup-
port or challenge the Mechanostat paradigm are briefly
summarized. In view of results of the present investiga-

tion and contradictory findings among some of these pre-
vious studies, it is also suggested that the artiodactyl
calcaneus will be a useful experimental model for clarify-
ing the role of Frost’s Mechanostat paradigm in predicting
bone development, maintenance, and adaptation.

MATERIALS AND METHODS
Model

The diaphyseal region of the mule deer calcaneus (Fig.
1) was selected as the representative model because it is
the most beam-like of common artiodactyl calcanei
(Schmid, 1972). Su et al. (1998, 1999) performed rigorous
in vitro strain analyses on mule deer calcanei using 7
rosette strain gauges on each bone. Their study showed

1In its simplest definition, mechanical strain is the change in
length of a loaded structure as a percentage of its initial (unload-
ed) length. This unit-less ratio is a measure of material or tissue
deformation. In vivo strain data on a variety of animals suggests
that physiologically normal strains are between 200 and 2,500
microstrain (i.e., between 0.02 and 0.25% change in length) in
compression (Biewener et al., 1983a,b, 1986; Rubin and Lanyon,
1985). The upper limit may be only 1,500 microstrain in tension.
Stress and strain are related by Hooke’s law, which says that they
are proportional to one another. Available data favor strain, in-
stead of stress, as the mechanical parameter involved in mediat-
ing bone adaptations (Lanyon, 1987; Rubin and Lanyon, 1984).

TABLE 1. Frost’s predicted outcomes of maturation-
related modeling and remodeling in the diaphysis of

a “tension/compression” bone*

Structure/architecture (regional cortical thickness
differences and cross-sectional shape)

Increase in long axis of elliptical cross section in direction
of bending

Cortical drift by bone apposition primarily on the
compression cortex

Resorption along the endosteal surface of the cranial
cortexa

Equivalent cortical thickness in the medial and lateral
cortices (i.e., along a neutral axis)

Material/tissue-entire cortex
Compression cortex vs. tension cortex

Increased mineralization in the compression cortex
Smaller BMUs (secondary osteons)b in the compression

cortex
Decreased porosity in the compression cortex

Medial cortex vs. lateral cortex (i.e., opposing cortices
along a neutral axis)

Equivalent mineralization in medial and lateral
cortices

Equivalent microstructure and porosity in medial and
lateral corticesa

Compression or tension cortex vs. medial and lateral
cortices

Increased porosity and remodeling activity in the
tension cortexc

Cortical regions-“tension/compression” cortices
(periosteal vs. middle vs. endosteal)

Larger BMUs (secondary osteons) in the endosteal
regions

Increased porosity in the endosteal regions

*Adapted from Frost (1988a,b, 1990a,b).
aThe data reported in the present study are not consistent
with these predictions.
bBMU 5 basic multicellular unit, which is a forming second-
ary osteon. Frost considers a fully formed secondary osteon as
a basic structural unit (BSU). In the present study, no dis-
tinction is made between BMUs and BSUs; they are both
considered as secondary osteons that are either fully formed
or in some state of formation.
cConventional predictions would also include increased re-
modeling (increased porosity and decreased mineral content)
in “neutral axis” (medial and lateral) regions. The predictions
listed above, however, reflect knowledge that such regions
receive significant shear strains and principal strains that are
oblique to the long axis of the bone (i.e., “oblique” in the sense
that they are oriented in a direction that significantly devi-
ates from the longitudinal diaphyseal axis). (Compare Frost
(2000a) and Turner (2000) for further discussion about shear
strains at the neutral axis.)
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that functional loading of the diaphyseal region produces
a strain milieu similar to that of an idealized nonprismatic
cantilevered beam and approximates the strain distribu-
tion in the idealized “tension/compression” bone described
by Frost (1990a,b) (Fig. 2). During simulated midstance
phase of various gaits, the cranial calcaneus exhibits peak
compressive strains on the order of 350 to 1,100 micros-
train (me) (491 to 1962N end load, respectively) and the
caudal calcaneus exhibits estimated peak tensile strains
on the order of 380 to 940 me (491 to 1962N end load,
respectively) (491N and 1962N correspond to approxi-
mately 0.3 and 1.0 times body weight, respectively). At
these loads, strains on the medial and lateral cortices were
also notable (medial: 390 to 1,330 me in compression; lat-
eral: 350 to 1,170 me in tension) even though these regions
are considered to be on a neutral axis where longitudinal

strains are minimal. These results reflect the fact that the
peak strains along these medial and lateral locations are
significantly oblique to the bone’s longitudinal axis. Su et
al. (1999) also showed that caudal cortex strains were
tensile even with an intact plantar ligament. The custom-
ary tension-compression strain milieu of the mule deer
calcaneus also resembles in vivo strain milieus on sheep
and potoroo (a small marsupial) calcanei (Biewener et al.,
1996; Lanyon, 1974; Su et al., 1999).

Specimens
Two calcanei were obtained from each of 34 male Rocky

Mountain mule deer (Odocoileus hemionus hemionus)
that had been taken to a game processing facility (Davis
County, UT) during late October of a Fall hunting season.
At the time of specimen collection, the periosteal (“velvet”)

Fig. 1. Lateral-to-medial view of the ankle region of a skeletally
mature mule deer showing the calcaneus shaft “length: and other asso-
ciated bones, ligaments, and tendons. The trabecular patterns are styl-
ized, and are based on a lateral-to-medial roentgenogram. Comparison
of this drawing to Frost’s idealized “tension/compression” bone in Figure
2 shows that the artiodactyl calcaneus differs in several ways: 1.) its
shaft is relatively straight, 2.) it is cantilevered, 3.) the plantar ligament
forms a firmly adherent “tension member” along its caudal cortex, and
4.) cancellous bone completely fills the medullary canal along approxi-

mately 60% of its shaft length. The dotted line at the tip of the 100%
arrow indicates the projected location of the contour formed by the
talus-calcaneus articular surfaces. The large cranial-directed arrow in-
dicates the direction of force imparted by the Achilles tendon during
mid-stance, loading the cranial cortex in compression (Su et al., 1999).
The cross-section is from the 60% location and shows the relatively
thicker cranial cortex. An approximate location of the “neutral” axis (NA)
is also shown (estimated from measurements of Su, 1998; Su et al.,
1999).
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covering of the antlers had been shed and antler growth
was complete. Studies by Banks et al. (1968) and Hilmann
et al. (1973) have shown that the relatively minor amount
of appendicular cortical bone that had been resorbed for
the demands of antler growth would have been replen-
ished. Since the hunt was 2 to 4 weeks before the mating
season, the animals had not yet participated in aggressive
physical interactions characteristic of the rut (Anderson,
1981; Goss, 1983). These facts diminish the possibility
that current remodeling activities are the result of meta-
bolic demands of antler growth and/or repair of bone mi-
crodamage caused during the rut. Using the presence or
absence of cartilage at the distal growth plate near the
insertion of the Achilles tendon (Purdue, 1983), the paired
calcanei were separated into skeletally mature (n 5 15)

and immature (n 5 19) groups. Although we could not
locate information regarding animal age and epiphyseal
closure in limb bones of male Rocky Mountain mule deer,
comparative data are available in the black-tailed deer
subspecies (Odocoileus hemionus columbianus). Lewall
and Cowan (1963) and Purdue (1983) reported that the
epiphyseal plates at the free (distal) end of calcanei of
white- and black-tailed deer are half-fused by approxi-
mately 20–26 months postpartum. Extrapolating these
data allows a conservative estimate that epiphyseal clo-
sure in the calcaneus of the closely related Rocky Moun-
tain mule deer occurs between 2 and 3 years of age, which
is consistent with an estimated age range of 1.5 to 3 years
for the skeletally immature animals used in the present
study.

Fig. 2. This figure illustrates how the strain magnitudes govern re-
modeling activities in accordance with the Mechanostat hypothesis.
Left: The combined loading (axial compression and bending) of Frost’s
idealized diaphyseal segment of a limb bone. Center: The strain distri-
bution across the horizontal line of the bone segment. Shown are the
anatomic center (AC) of the bone, neutral axis (NA), average minimum
effective strain of remodeling (MESr) values (asterisks and paired vertical
arrows), and MESr ranges (narrow paired parallel horizontal lines with
intervening oblique lines). Note that the customary strains (vertical lines)
on the tension side (left side of drawing) of the strain distribution fall
below the average MESr across the entire breadth of the cortex. In
contrast, the customary strains (vertical lines) across the entire breadth
of the compression cortex typically exceed the average MESr. Accord-
ingly, if the entire tension cortex exists in a state of perceived disuse,
then it would exhibit active osteonal remodeling (see Fig. 8). In contrast,

the entire breadth of the compression cortex would have very little
remodeling activity since its strain milieu is within the interval between its
MESr and the threshold for high-strain or microdamage-mediated re-
modeling. The cross-sections show that during over-loading, the NA
shifts towards the tension cortex, reducing strain magnitudes. Right:
When the functional contributions of the tension-carrying plantar liga-
ment (PL) and tendon of the superficial digital flexor (SDF) of the deer
calcaneus are considered, peak caudal strains are further reduced be-
cause the NA shifts even farther toward the caudal cortical surface. This
illustrates the important mechanical role that associated fibroelastic
tissues have in altering customary strain distributions and magnitudes
during functional end-loading of the calcaneal shaft (Su et al., 1999). NA’
represents the customary oblique orientation of the neutral axis shown in
the in vitro functional loading study of Su et al. (1999). Reproduced, with
revision, from Frost (1990b) with permission of the publisher.
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Shaft Length and Sectioning
After initial storage at 220°C, and subsequent place-

ment in 70% ethyl alcohol at room temperature (20°C), all
calcanei were measured and cut into segments according
to previously described methods (Skedros et al., 1994a).
Briefly, the calcaneal diaphyseal “length” of each bone was
defined and measured using a vernier caliper (Fig. 1).
Transverse cuts were made along the body of the calca-
neus producing 5- to 6-mm-thick segments at 20, 30, 40,
50, 60, 70, and 80% of the defined “length,” the 80%
segment being closest to the joint surface. One calcaneus
from each pair was used for cortical thickness and ash
measurements, and a sample from the paired contralat-
eral calcanei were used for microstructural analysis (de-
scribed below).

Cortices and Cortical Regions: Terminology
The compression cortex is defined as being cranial to,

and the tension cortex caudal to, the medullary canal. In
contrast to past studies, the intracortical “envelopes”
(pericortical, middle, endocortical) will be referred to as
“regions” (periosteal, middle, endosteal) (Skedros et al.,
1994a,b). This nomenclature is consistent with Skedros et
al. (1996, 1997) and reduces confusion with the four mod-
eling/remodeling “envelopes” used in Frost’s Mechanostat
paradigm (i.e., periosteal surface, intracortical, cortical
endosteal surface, and trabecular) (Burr, 1992; Frost,
1990a,b; Martin and Burr, 1989).

Mineral Content (Percent Ash)
A coring drill bit, a high-speed drill press, and continu-

ous water irrigation were used to obtain 2.5-mm diameter,
cylindrically shaped cores of cortical bone from the cranial
and caudal aspects of each segment. Cores were removed
from within 1 to 4 mm of the subperiosteal surface along
the cranial-most and caudal-most margins of each seg-
ment. The immediate subperiosteal and subendosteal
bone regions were avoided so that fibrous tissue associated
with the periosteum (cranial cortex), plantar ligament
insertion (caudal cortex), or endosteum, which would ar-
tifactually lower mineral content, was not sampled. Since
the cortical bone at the 20 and 30% segments was typically
thin (, 2.5 mm), the cores from these segments consisted
mostly of low porosity cancellous bone, which represented
regions of intersection between cranial and caudal trabec-
ular tracts. These cores were meticulously cleaned of soft
tissue. Cores were also obtained from the medial and
lateral cortices of the 30 and 60% segments.

The method used for determining mineral content by
ashing is described in a previous study (Skedros et
al.,1993c). Mineral content is calculated by dividing the
weight of the ashed bone (WAB) by the weight of the dried,
defatted bone (WDB), and multiplying this quotient by 100
[(WAB/WDB) z 100].

Cortical Thickness
Subperiosteal thickness of cranial, caudal, medial, and

lateral cortices was measured with a vernier caliper. Me-
dial and lateral cortical thickness was measured midway
between cranial and caudal medullary surfaces. Subperi-
osteal cranial-caudal heights and medial-lateral widths of
each segment were also measured; medial-lateral width
was measured midway between the cranial and caudal
endosteal margins of the medullary canal.

Microstructure

Microstructural analyses were conducted on the distal
cut surfaces of the 50 and 70% segments (Skedros et al.,
1994a) from each of 10 immature and 10 skeletally mature
bones. These segments were embedded in polymethyl
methacrylate (Emmanual et al., 1987) and prepared for
imaging in the backscattered electron (BSE) mode of a
scanning electron microscope (Skedros et al., 1993b,c).
One non-overlapping 503 image (1.6 3 2.3 mm) and two
1003 (0.8 3 1.1 mm) images were obtained in each peri-
osteal, middle, and endosteal region of each tension and
compression cortex. Similarly, one 503 and two 1003
images were also obtained in each of the medial and lat-
eral cortices midway between the cranial and caudal en-
dosteal margins of the medullary canal. Circumferential
lamellar bone was not included in any of the BSE images.
The thickness of the circumferential lamellar bone, if
present, was recorded using an additional BSE image.

Using conventional point counting techniques and
methods described by Skedros et al. (1994b), fractional
area of secondary osteonal bone (osteonal bone per area,
On.B/Ar) and population densities of new remodeling
events (NREs 5 resorption spaces and newly forming
secondary osteons) were determined in each 503 image.
Newly forming secondary osteons are defined as those
with relatively poorly mineralized bone, seen as relatively
darker gray levels in the BSE images (Skedros et al.,
1993a,b) and less than one-half of complete radial closure
(Skedros et al., 1997). Secondary osteon population den-
sity (number of secondary osteons per area, N.On/Ar; no./
mm2), mean area per secondary osteon (On.Ar, mm2), and
porosity were determined in each 1003 image (Skedros et
al., 1994b).

The On.B/Ar was defined as the total area of secondary
bone (S) divided by the total area of secondary bone plus
interstitial bone (I), [S/(S1I)]. Since the tension and com-
pression cortices are highly remodeled (Skedros et al.,
1994b), the small amount of nonsecondary osteon bone
that could be confidently considered primary (, 5% of the
area of any image) was not considered separately, but was
considered to be part of the interstitium.

Circumferential Lamellae and Resorption
Surfaces

The thickness of regional circumferential lamellar bone
was measured to determine if bone modeling, via subpe-
riosteal apposition, had occurred and remained in situ
unremodeled. The thickness of circumferential lamellar
bone was sampled at 503 magnification at the apical
(cranial-most) portion of the cranial cortex. Measurements
were made on each image using a vernier caliper. Similar
measurements were not made on the tension cortex and
other regions since such subperiosteal circumferential la-
mellae were not seen.

All endosteal and periosteal surfaces were also exam-
ined for evidence of resorption activity. Such activity was
inferred by the presence of scalloped margins that are
indicative of osteoclastic surface resorption. During in-
creases in size of the calcaneal shaft, resorption would be
expected along the endosteal cortices. Endosteal resorp-
tion at the later stage of development, represented by the
sample examined in this study, was predicted (Table 1) to
be occurring only along the cranial cortex.
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Statistical/Data Analysis
Means and percentages are reported with 6 one stan-

dard deviation. Unless otherwise stated, percent differ-
ences were calculated with reference to data sets from the
cranial, lateral, or combined medial and lateral cortices.
For example: [((cranial-caudal)/cranial) z 100], or [((medi-
al-lateral)/lateral) z 100].

Cortical thickness data were evaluated using a one-way
analysis of variance (ANOVA) and Fisher’s LSD post-hoc
test. An alpha level of ,0.05 was considered statistically
significant. Since the mineral content and microstructural
data were not normally distributed, they were examined
using a Kruskal-Wallis test and Dunn’s Multiple Compar-
ison post-hoc test. The alpha level of ,0.05 was adjusted
using the Bonferroni-Dunn correction to alpha levels of
,0.0033 to ,0.0001(as indicated). In a few instances, data
sets were fit to second-order polynomial equations. Sec-
ond-order polynomials were selected since they exhibited
superior goodness-of-fit when compared to other regres-
sion equations (TableCurve™ v4.00, Jandel Scientific, San
Rafael, CA). Regression coefficients and P-values for the
polynomials were obtained using a commercially available
statistical program (StatView Version 5.0, SAS Institute
Inc., Cary, NC).

RESULTS
Gross Bone Form, Cross-Sectional Shape, and
Bone Length

Both mature and immature bones lack gross longitudi-
nal curvature, and their cross-sections resemble ovoid
shapes with the major (elongated) axis oriented in the
cranial-caudal direction (Figs. 1 and 3). Examination of all
segments of each group showed that cancellous bone tis-
sue was adherent to the cortex in all but the cranial aspect
of the 80% segment. The average shaft length of the ma-
ture bones is 0.4 cm longer than the average shaft length
of the skeletally immature bones (6.51 6 0.26 cm vs.
6.14 6 0.29 cm) (P , 0.001). Since this difference is small,
an attempt to use length to normalize the data did not
substantially alter the results.

Height, Width, and Cortical Thickness
At each segment the overall cranial-caudal height of the

skeletally mature group was on average 7 6 2% greater
than the cranial-caudal height of corresponding segments
of the skeletally immature group (range: 4 to 10% greater;
P , 0.05 at 20% segment; P , 0.001 from 30 to 70%
segments; P , 0.01 at 80% segment) (Fig. 4). In the 30 to
80% segments of both mature and immature groups, the
compression cortex is significantly thicker (P , 0.001)
than the corresponding tension cortex (Fig. 5). At the 20%
segments (near the Achilles tendon), the thicknesses of
the compression and tension cortices are not statistically
different (P . 0.05).

Comparisons between mature and immature groups
showed that at each segment from 30 to 80%, the com-
pression cortex of the skeletally mature group was on
average 24 6 10% thicker than the corresponding com-
pression cortex of the immature calcanei (P , 0.001 at
each segment from 30 to 80%; range 11–46%) (Fig. 5). In
contrast, there were no statistically significant inter-
group differences in thickness of the tension cortex (P .
0.05) (Fig. 5). Also, the minor inter-group difference in the
cranial-caudal height of the medullary canal was not sta-
tistically significant (3.5% difference, P . 0.4). These data,

therefore, suggest that overall cranial-to-caudal height
increases during maturation primarily by apposition of
bone on the compression cortex (Fig. 3).

Mean overall medial-lateral width at 50% length was
10.1 6 1.0 mm in immature bones, and 10.1 6 0.9 mm in
mature bones. There were no statistically significant dif-
ferences between the two age groups in terms of overall
medial-lateral widths from the 30 to 80% segments. How-
ever, from the 30 to 70% locations in the mature bones, the
medial cortex increased in thickness by 24% (P , 0.0001)
and the lateral cortex by 20% (P , 0.0001). These data
suggest that medial and lateral cortices increased in
thickness during maturation by endosteal apposition
(Fig. 3).

Mineral Content
In the skeletally immature calcanei, the compression

cortex had a level of mineralization averaging 8.9%
greater than that of the tension cortex (P , 0.001) (Table
2). In the skeletally mature calcanei, the compression
cortex had a level of mineralization averaging 6.8%
greater than in the tension cortex (P , 0.001) (Skedros et
al., 1994a). The compression cortex of mature bones ex-
hibited a 1.3% average increase in mineral content (range:
21.4 to 3.2%) when compared to the compression cortex of
immature bones (Fig. 6). The tension cortex of mature

Fig. 3. A representative transverse cross-section from the 50% lo-
cation of a skeletally mature bone. Arrows and thickened lines indicate
the preferential increase in thickness of the compression cortex by
periosteal bone accretion, and the equivalent amount of accretion of
bone on the endosteal surfaces of the medial and lateral cortices. This
drawing demonstrates that with maturation, the cross-section of the
calcaneal shaft becomes relatively elongated in the cranial-caudal di-
rection, but there is no change in overall medial-lateral width.
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bones exhibited a 3.5% average increase (range: 0.7–4.8%)
when compared to the tension cortex of immature bones.

At the 30 and 60% segments, there were no significant
mineral content differences (P . 0.3) between the medial,
lateral, and tension cortices in each age group. Figure 6
shows that mineral content of the tension and compres-
sion cortices of both groups generally increases from the
20 to 60% segments, and then decreases at the two most
proximal segments. In mature bones, these data show
very high correlations when fit to second-order polynomial
functions.

Microstructure: Tension vs. Compression
Cortices

In immature bones, no significant difference in N.On/Ar
was found between tension and compression cortices (P 5
0.97) (Tables 2 and 3; Fig. 7a–d). However, the compression
cortex of the immature bones has 35.0% lower On.B/Ar (P ,
0.0001) and 51.4% lower porosity (P , 0.0001) than the
tension cortex. The higher On.B/Ar but equivalent N.On/Ar
can be partially attributed to generally larger osteon cross
sectional areas in the tension cortex compared to the com-
pression cortex (Tables 2 and 3, Fig. 7a,b,d). In mature
bones, the compression cortex has 11.4% greater N.On/Ar
(P , 0.01), 14.2% lower On.B/Ar (P , 0.01), and 44.7% lower
porosity (P , 0.01) than the tension cortex. The inter-group
differences for the compression and tension cortices are [ma-
ture vs. immature 5 ((mature-immature)/mature) z 100]: (1)
mature compression vs. immature compression (mature.
immature in all cases): 20.1% N.On/Ar (P 5 0.016), 39.6%
On.B/Ar (P , 0.0001), 13.7% porosity (P 5 0.052), and 4.5%
osteon area (P 5 0.70); (2) mature tension vs. immature
tension (mature.immature in all cases): 11.4% N.On/Ar
(P 5 0.07), 22.8% On.B/Ar (P , 0.0001), 0.75% porosity (P 5
0.91), and 10.7% osteon area (P 5 0.13).

Microstructure: Medial vs. Lateral Cortices
In immature bones, medial vs. lateral differences are

not significantly different (Tables 2 and 3; Fig. 7a–d). In

mature bones some of the medial vs. lateral differences
are significantly different (medial.lateral in N.On/Ar,
On.B/Ar, and porosity): 59.5% N.On/Ar (P 5 0.001), 29.3%
On.B/Ar (P 5 0.052), 7.9% porosity (P 5 0.33), and 228.5%
osteon area (P 5 0.01). The inter-group differences (ma-
ture vs. immature) in the medial and lateral cortices are:
(1) medial vs. medial differences (mature.immature in
N.On/Ar and On.B/Ar): 26.9% N.On/Ar (P 5 0.03), 21.5%
On.B/Ar (P 5 0.07), 229.4% porosity (P 5 0.008), and
211.8% osteon area (P 5 0.18); (2) lateral vs. lateral
differences (mature.immature in N.On/Ar, On.B/Ar, and
osteon area): 3.0% N.On/Ar (P 5 0.86), 16.8% On.B/Ar
(P 5 0.26), 235.3% porosity (P 5 0.002), and 9.1% osteon
area (P 5 0.48).

Microstructure

Intracortical Regions: Tension and Compres-
sion Cortices. Immature and mature calcanei demon-
strated no significant differences between the periosteal
and middle regions in either the tension or compression
cortices (Table 3). In contrast, P-values listed in Table 3
show that the endosteal regions in only the compression
cortex of immature bones and the endosteal regions of the
compression and tension cortices of mature bones gener-
ally have lower N.On/Ar, higher On.B/Ar, and larger os-
teon areas than the adjacent middle and periosteal re-
gions. Further, porosity of endosteal regions tends to be
higher only in the tension cortices of the immature and
mature bones (Fig. 7).

Inter-group differences (mature vs. immature) between
the regions of the compression cortex include: 1.) perios-
teal vs. periosteal differences (mature.immature in all
cases): 22.3% N.On/Ar (P 5 0.002), 32.7% On.B/Ar (P ,
0.0001), 13.4% porosity (P 5 0.55), and 11.8% osteon area
(P 5 0.72); 2.) middle vs. middle differences
(mature.immature in all cases): 11.4% N.On/Ar (P 5
0.14), 37.1% On.B/Ar (P , 0.0001), 6.7% porosity (P 5
0.77), and 33.3% osteon area (P 5 0.14); 3.) endosteal vs.
endosteal differences (mature.immature in all but osteon
area): 33.8% N.On/Ar (P 5 0.047), 51.5% On.B/Ar (P ,
0.0001), 19.2% porosity (P 5 0.40), and 29.1% osteon area
(P 5 0.36).

Inter-group differences (mature vs. immature) in the
regions of the tension cortex include: 1.) periosteal vs.
periosteal differences (mature.immature in N.On/Ar and
On.B/Ar): 25.6% N.On/Ar (P 5 0.01), 30.3% On.B/Ar (P ,
0.0001), 234.5% porosity (P 5 0.11), and 24.3% osteon
area (P 5 0.87); 2.) middle vs. middle differences
(mature.immature in N.On/Ar and On.B/Ar): 12.2%
N.On/Ar (P 5 0.20), 19.7% On.B/Ar (P , 0.0001), 211.7%
porosity (P 5 0.50), and 0.0% osteon area (P 5 0.95); and
3.) endosteal vs. endosteal differences (mature.immature
in all but N.On/Ar): 210.8% N.On/Ar (P 5 0.43), 19.8%
On.B/Ar (P , 0.0001), 24.1% porosity (P 5 0.005), and
28.6% osteon area (P 5 0.01).

New Remodeling Events (NREs 5 Resportion
Spaces Plus Newly Forming Osteons)

Tension cortices in each group had greater numbers of
NREs than the compression cortices (immature 349.1%,
P , 0.0001; mature 409.2%, P 5 0.0003) (Tables 2–3; Fig.
7e). Also, the compression cortices of immature bones had
nearly eightfold more NREs than the compression cortices
of mature bones (P 5 0.0012), and there were nearly
sevenfold more NREs in the tension cortices of immature

Fig. 4. Plots of mean cranial-caudal height vs. segment location
show that in both groups the calcanei progressively elongate in the
cranial-caudal direction as the ankle joint is approached. Inspection of
the regression lines demonstrates that their slopes are similar, suggest-
ing that increases in cranial-caudal height are isometric during this
maturation interval. Bars indicate one standard deviation.
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bones than in the tension cortices of mature bones (P ,
0.0001). Figure 7e shows that in the compression cortices,
there were more NREs in the periosteal regions of imma-
ture bones compared to periosteal regions of mature bones
(P 5 0.0004). Differences in the middle and endosteal
intracortical regions were not statistically significant in
both age groups. In contrast, Figure 7e shows that in the
tension cortices the number of NREs in the immature
bones exceeds that of the respective regions in the mature
bones (P , 0.0001). No significant differences in NREs
were found between the medial and lateral cortices within
(P . 0.75) and between (P . 0.11) the two groups.

Microstructure

Tension and Compression Cortices vs. Medial
1Lateral Data. In each group, N.On/Ar of the compres-
sion cortex is greater than the mean of combined N.On/Ar
data of the medial and lateral cortices (immature 112.2%
P , 0.0001; mature 117.1% P , 0.0001). N.On/Ar data of
the tension cortices is also greater (P , 0.0001) than the
medial plus lateral N.On/Ar of each group (immature
111.2% P , 0.0001; mature 94.8% P , 0.0001).

Similarly, in each group On.B/Ar of the compression
cortex is greater than the mean of combined On.B/Ar data
of the medial and lateral cortices (immature 66.2% P ,
0.0001; mature 129.1% P , 0.0001). The mean of the
combined On.B/Ar data in the tension cortex is greater
than the combined On.B/Ar data of the medial and lateral

cortices in each group (immature 155.9% P , 0.0001;
mature 167.0% P , 0.0001).

In each group, porosity of the compression cortex is
greater than the mean of combined porosity data of the
medial and lateral cortices (immature 46.7% P 5 0.07;
mature 124.4% P 5 0.0002). The porosity of the tension
cortex in each group is greater than the mean of combined
porosity data of the medial and lateral cortices (immature
202.2% P , 0.0001; mature 304.3% P , 0.0001).

Population density of NREs in the compression cortex is
significantly greater than the mean of combined NREs of
the medial and lateral cortices in only the immature group
(immature 38.4% P 5 0.002; mature 116.5% P 5 0.84). In
contrast, the mean of combined NRE data of the tension
cortex is much greater than the mean of combined NREs
of medial and lateral cortices in each group (immature
526.3% P , 0.0001; mature 1,002.6% P 5 0.087).

Circumferential Lamellae and Resorption
Surfaces

Circumferential lamellar bone was detected in the com-
pression cortices of all segments of both groups. No cir-
cumferential lamellar bone was seen in the tension corti-
ces of either group. In the compression cortices, the
thickness of circumferential lamellar bone is 0.43 6 0.13
mm in mature bones and 0.38 6 0.17 mm in immature
bones, and this difference is not statistically significant
(P . 0.4).

Fig. 5. At top are plots showing means of compression cortical
thickness vs. segment location for both groups. These regression lines
demonstrate that the thickness of the compression cortex increases in
this maturation interval. At bottom are plots showing means of tension

cortical thickness vs. segment location for both groups. Inspection of the
regression lines demonstrates that their slopes are similar, showing that
the thickness of the tension cortices remains essentially unchanged in
this maturation interval.
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No evidence of recent resorption activity was detected
on any endosteal or periosteal surfaces.

DISCUSSION
Mechanostat Paradigm: Strengths and
Weaknesses, and Use of a Simple Model for
Rigorous Testing

Although there are some notable exceptions (see aster-
isks in Table 1), the quantitative data presented in this
study are generally consistent with Frost’s predicted out-
comes of modeling and remodeling activities in a maturing
“tension/compression” bone. The main support for these
predictions are the differences between the “tension” (cau-
dal) and “compression” (cranial) cortices, where the com-
pression cortex is thicker and has notably higher mineral
content, lower porosity, higher N.On/Ar, and smaller sec-
ondary osteons. Inconsistencies with these predictions in-
clude: 1.) the microstructural differences between the pre-
sumably similarly loaded medial and lateral cortices, and

2.) the lack of increased porosity and remodeling activity
in the medial and lateral cortices. However, using an in
vitro loading model of the functionally loaded mule deer
calcaneus, Su et al. (1999) concluded that the medial and
lateral cortices are: 1.) subject to markedly different strain
environments as a result of a characteristically oblique
neutral axis, and 2.) subject to relatively high strains that
are oblique to the longitudinal diaphyseal axis. Implica-
tions of these recent strain data, in the context of specific
structural and material variations reported herein, are
discussed below in subsequent sections. Additionally, as
discussed below, the location(s) of surface resorption
activities may be inconsistent with the predictions.
The first portion of the following discussion sum-
marizes selected literature on the Mechanostat paradigm.
This summary is considered in view of a potential
role for the artiodactyl calcaneus as an experimental
model for testing assumptions and mechanisms of this
paradigm.

TABLE 2. Cortical thickness, mineral content, and microstructure*

Ct.Th %ASH N.On/Ar On.B/Ar Po/Ar On.Ar NREs

Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D.

Mature
Compression 6.7 3.0 70.0 3.5 38.1 15.1 69.5 10.5 4.7 2.0 0.022 0.01 0.02 0.04
Tension 3.4 1.6 65.6 4.4 34.2 9.6 83.7 5.9 8.4 5.9 0.028 0.01 0.08 0.13
P-value ,0.0001 ,0.001 0.1 ,0.0001 ,0.0001 0.004 0.0003

Mature
Medial 2.3 0.7 68.5 4.0 21.4 8.1 35.3 12.7 2.2 0.5 0.017 0.01 0.00 0.02
Lateral 2.1 0.5 67.6 4.6 13.4 6.5 27.3 12.6 2.0 0.5 0.022 0.01 0.01 0.05
P-value 0.03 .0.35 0.001 0.1 0.3 0.01 0.91

Immature
Compression 5.5 2.6 69.1 3.4 30.5 18.2 42.0 17.4 4.1 1.4 0.021 0.02 0.14 0.22
Tension 3.5 1.8 63.5 4.6 30.3 12.4 64.6 13.0 8.3 4.2 0.025 0.01 0.65 0.42
P-value ,0.0001 ,0.001 0.97 ,0.0001 ,0.0001 0.32 ,0.0001

Immature
Medial 1.9 0.8 68.0 2.7 15.7 8.8 27.7 12.6 2.8 0.9 0.019 0.01 0.09 0.12
Lateral 1.8 0.6 67.6 3.6 13.0 7.3 22.7 12.2 2.7 0.7 0.020 0.01 0.11 0.16
P-value 0.2 .0.35 0.3 0.2 0.7 0.76 0.75

Compression
Mature 6.7 3.0 70.0 3.5 38.1 15.1 69.5 10.5 4.7 2.0 0.022 0.01 0.02 0.04
Immature 5.5 2.6 69.1 3.4 30.5 18.2 42.0 17.4 4.1 1.4 0.021 0.02 0.14 0.22
P-value 0.001 0.06 0.02 ,0.0001 0.05 0.70 ,0.0001

Tension
Mature 3.4 1.6 65.6 4.4 34.2 9.6 83.7 5.8 8.4 5.9 0.028 0.01 0.08 0.13
Immature 3.5 1.8 63.5 4.6 30.3 12.4 64.6 13.0 8.3 4.2 0.025 0.01 0.65 0.42
P-value .0.4 ,0.001 0.07 ,0.0001 0.9 0.13 ,0.0001

Medial
Mature 2.3 0.7 68.5 4.0 21.4 8.1 35.3 12.7 2.2 0.5 0.017 0.01 0.00 0.02
Immature 1.9 0.8 68.0 2.7 15.7 8.8 27.7 12.6 2.8 0.9 0.019 0.01 0.09 0.12
P-value ,0.0001 .0.4 0.03 0.07 0.008 0.18 0.16

Lateral
Mature 2.1 0.5 67.6 4.6 13.4 6.5 27.3 12.6 2.0 0.5 0.022 0.01 0.01 0.05
Immature 1.8 0.6 67.6 3.6 13.0 7.3 22.7 12.2 2.7 0.7 0.020 0.01 0.11 0.16
P-value ,0.0001 .0.4 0.9 0.3 0.002 0.48 0.11

*Ct.Th 5 cortical thickness (cm); %ASH 5 percent ash; N.On/Ar 5 secondary osteon population density (no./mm2); On.B/Ar 5
fractional area of secondary bone 3 100; Po/Ar 5 fractional area of porous spaces 3 100; On.Ar 5 mean area per secondary
osteon (mm2); NREs 5 new remodeling events (resorption spaces 1 newly forming osteons). The “Compression” (cranial) and
“Tension” (caudal) mean values for the microstructural data include data from all regions within the respective cortex. The
P-value represents the results of the comparison; P , 0.05 is considered statistically significant. Tension/compression cortical
thickness and ash data are from all segments; Medial/lateral cortical thickness data are from all segments; medial and lateral
ash data are from the 30 and 60% segments only. Percent difference in mineral content was calculated according the following
example: If mineral content is 70% in a sample of compression bone and 67% in tension bone, then the difference is reported
as 4.5% greater in the compression bone as compared to the tension bone [((70-67)/67)3100]. Percent differences between
pairwise comparisons of data sets from immature (I) and mature (M) groups are made with reference to mature bones
[((M-I)/M)3100].
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Retrospective (Post-Hoc) Analysis of Bone
Organization as a Means for Deciphering
Strain History

Whether or not the structural/material variations quan-
tified in the mule deer calcaneus are causally related to
specific features of local strain histories can not be deter-
mined from the present retrospective analysis. This ques-
tion must be addressed with in vivo strain data quantified
in controlled studies of musculoskeletal development.
However, numerous studies support the hypothesis that
bone tissue is responsive to its strain history (Burr, 1992;
Carter et al., 1980; Carter, 1984, 1987; Lanyon and Bag-
gott, 1976; Levenston et al., 1994; Reilly et al., 1997; Riggs
et al., 1993a,b; Skedros et al., 1996; van der Meulen et al.,
1996). Thus, the hierarchical organization of bone tissue
may embody a record or “memory” of important aspects of
past and/or current loading conditions (Levenston et al.,
1994; Mason et al., 1995; Riggs et al., 1993a,b; Skerry et
al., 1990; Skedros et al., 1994a,b, 1996, 1998; Takano et
al., 1999). It has been suggested that variations in cortical
morphology would be most evident in diaphyses custom-
arily loaded in bending (Skedros et al., 1996, 1997). This is

because the mechanical properties, and fracture and mi-
crodamage mechanics of cortical bone markedly differ in
tension, compression, and shear (Burr et al., 1998; Bur-
stein et al., 1972, 1976; Carter and Hayes, 1977; Cezay-
irlioglu et al., 1985; Huja et al., 1999; Martin, 1995; Nor-
man et al., 1995, 1996; O’Connor et al., 1982; Pattin et al.,
1996; Reilly and Burstein, 1974, 1975). Consequently, a
compelling case can be made for examining a “tension/
compression” bone for inferring causal relationships be-
tween local strain histories and limb bone organization.
The results of the present study and past studies also
support the use of the artiodactyl calcaneus model for
retrospective and prospective analyses since it: 1.) has
relatively simple and predictable habitual loading envi-
ronments and strain distributions (Lanyon, 1974; Su et
al., 1999), 2.) has unusually heterogeneous material char-
acteristics (mineral content, microstructure, and ultra-
structure) within the same bone section, 3.) has extensive,
and regionally variable, secondary osteon remodeling ac-
tivities and/or characteristics (in contrast to the rat model,
for example, which does not typically exhibit secondary
osteon remodeling until extremely advanced age), and 4.)

Fig. 6. Mean mineral content vs. mean segment location data fit to
second-order polynomial functions: compression mature y 5 61.51 1
0.3433 2 0.00332, r2 5 0.978, P , 0.001; compression immature y 5
64.65 1 0.1903 2 0.00232, r2 50.491, P 5 0.26; tension mature y 5
57.99 1 0.2603 2 0.00232, r2 5 0.954, P 5 0.002; tension immature
y 5 57.68 1 0.2213 2 0.00832, r2 50.834, P 5 0.03. It has been
suggested that these distal-to-proximal curvilinear patterns reflect dis-

tributions of stress/strain magnitudes along the calcaneal diaphysis. If
this interpretation is correct, then the relatively “pure” beam-like portion
of the diaphysis is from the distal sections (20–30%) to the 60% section
(Skedros et al., 1994a). Note: Minor typographical errors were made in
Table 1 of Skedros et al. (1994a). For this reason, the percent differences
reported in Figure 6 show minor disparities when compared to those in
Table 1 of Skedros et al. (1994a).
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is amenable to analyses using multiple rosette strain
gauges.

Martin and Burr (1989) have shown that the Mechanos-
tat paradigm is useful for evaluating correlations between
bone development, structural/material organization, and
strain history. We support this opinion since, in contrast
to other modern algorithms of mechanically induced bone
adaptation, the Mechanostat paradigm predicts site-spe-
cific modeling and intracortical remodeling activities such
as the regional microstructure and mineral content heter-
ogeneity quantified in the mule deer calcanei examined in
this study. Although other extensive algorithms of mech-
anobiologic responses in bone are, in many cases, rela-
tively more experimentally tested and/or mathematically
developed, they emphasize or only consider modeling-re-
lated activities, including changes in bone girth, shape,
cortical thickness, trabecular orientation, and/or apparent
density (Burr, 1992; Carter et al., 1996, 1998; Cowin,
1993; Fyhrie and Schaffler, 1995; Hart and Davy, 1989;
Huiskes and Hollister, 1993; Huiskes et al., 1987; Leven-
ston et al., 1994; Martin and Burr, 1989; McNamara et al.,
1992; Mullender and Huiskes, 1995).2 Consequently,
Frost’s paradigm provides a more useful prospective
framework for interpreting the results of the present

study since it explicitly attempts to link specific bone-cell
activities to biomechanical conditions by clearly distin-
guishing between modeling and remodeling processes,
and thresholds for activating primary lamellar, woven, or
secondary osteonal bone (Duncan and Turner, 1995;
Hoshaw et al., 1994; Martin and Burr, 1989; Martin et al.,
1998; Turner, 1991).

Support for the Mechanostat Paradigm, and Its
Role as a Set of “Working Hypotheses”

Previous studies show examples of bone modeling
and/or remodeling in adult animals that seem consistent
with the Mechanostat paradigm (reviewed by Forwood
and Turner, 1995; Mosley et al., 1997; Rubin and Lanyon,
1985; Turner et al., 1995). Additionally, investigators
have found portions of this paradigm a useful framework
for understanding and evaluating intercellular communi-
cation among bone cells via gap junctions (Donahue, 1998)
and responses of bone to exercise, immobilization, under-
loading, overloading, functional loading, post-menopausal
estrogen deficiency, some pathologic conditions, corrective
osteotomies, and implanted orthopaedic and dental pros-
thetic devices (Aloia, 1993; Bouvier and Hylander, 1996;
Boyle, 1993; Brand, 1997; Burr, 1992; Burr and Martin,
1989; Erben, 1996; Ferretti et al., 1998; Frost, 1997,
1998a; Garetto et al., 1995; Hoshaw et al., 1994; Huiskes
et al., 1992; Isidor, 1997; Jaworski, 1987; Jee and Frost,
1992; Jee et al., 1991; King et al., 1991; Lanyon, 1996a;
Lerner et al., 1998; Marotti, 1996; Martin and Burr, 1989;
Mason et al., 1995; Rodriguez et al., 1988; Skedros et al.,
1994a,1994b, 1997; Snow, 1996; Taylor, 1997; Thomas et
al., 1996; Turner et al., 1995; van Rietbergen et al., 1993).
(See Lanyon, 1996b, for further discussion of the error-
strain hypothesis of bone organ homeostasis.)

Experimental Data Not Consistent With the
Mechanostat Paradigm

Recent experimental studies using an in vivo rat limb
bone model exposed to controlled loads have shown that
the mechanical stimuli involved in lamellar bone forma-
tion are not limited to the peak strain magnitude defined
in the general Mechanostat hypothesis (Forwood and
Turner, 1995; Mosley and Lanyon, 1998). Bouvier and
Hylander (1996) have reported remodeling activities in
facial bones of normal and diet-manipulated macaques
that are not entirely consistent with predictions of Frost’s
paradigm. Additionally, several authors have reviewed
results of studies of adaptive changes in bone that are
mediated by strain features that are not consistent with
this paradigm (Lanyon, 1996a; Martin and Burr, 1989;
Turner, 1998). Ontogenetic studies of strain distributions
and magnitudes on chick limb bones also question the idea
that surface-specific modeling activity is an error-driven
response to high strains (Biewener and Bertram, 1993a).
Although some criticisms (e.g., Turner, 1999) may be spu-
rious (Frost, 2000a), there are many others that can only
be addressed by hypothetical-deductive experimentation.

Clarifying the Limits of the Mechanostat
Paradigm as an Algorithm for Mechanically
Mediated Bone Adaptation: The Role of the
Artiodactyl Calcaneus in Experimental Testing

Additional experimental work will be needed to deter-
mine whether or not the Mechanostat paradigm will be-

2An exception includes Hazelwood, Martin, and coworkers’ (Ha-
zelwood, 1998; Hazelwood et al., 1999) advanced computational
algorithm of trabecular bone hemi-osteon based adaptation,
which includes details of both BMU activity and responses to
mechanical loading (see also Huiskes et al., 2000; Martin, 1995).

TABLE 3. P-values for comparisons of periosteal (P),
middle (M), and endosteal (E) regions

within each cortex*

P vs. M P vs. E M vs. E

Immature
Tension

N.On/Ar 0.48 0.74 0.27
On.B/Ar 0.05 0.31 0.26
Po/Ar 0.61 0.072 0.013
On.Ar 0.72 0.78 0.95
NREs 0.0025 0.0001 0.0002

Compression
N.On/Ar 0.53 0.0001 0.0001
On.B/Ar 0.17 0.0001 0.0001
Po/Ar 0.71 0.98 0.76
On.Ar 0.41 0.0001 0.0001
NREs 0.0075 0.02 0.7

Mature
Tension

N.On/Ar 0.33 0.0001 0.0001
On.B/Ar 0.68 0.15 0.06
Po/Ar 0.48 0.0001 0.0001
On.Ar 0.57 0.0015 0.007
NREs 0.5 0.99 0.5

Compression
N.On/Ar 0.25 0.0001 0.0001
On.B/Ar 0.44 0.0001 0.0001
Po/Ar 0.46 0.95 0.55
On.Ar 0.7 0.0001 0.0001
NREs 0.9 0.7 0.8

*P-value represents one-way ANOVA with Bonferroni Dunn
post-hoc comparisons. P , 0.0004 is considered statistically
significant (bold print). See Table 2 for abbreviations.
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Fig. 7. Microstructural data; means and standard deviations. A: Sec-
ondary Osteon Population Density (N.On/Ar). B: Fractional Area of Second-
ary Bone (On.B/Ar). C: Porosity. D: Mean Area per Secondary Osteon
(On.Ar) (including the central canal). E: New Remodeling Events (NREs).
Cr 5 cranial, Ca 5 caudal, P 5 periosteal region, M 5 middle cortical
region, E 5 endosteal region, Med. 5 medial, Lat. 5 lateral. A,B: No
statistically significant differences were found between any of the mature-
immature data pairs. In contrast, On.B/Ar comparisons show that there are
significant differences (*) in all pairs in both the tension and compression
cortices (statistical significance is P , 0.0001; this Bonferonni-Dunn cor-
rection corresponds to P , 0.01 in uncorrected comparisons). The pres-
ence of differences in On.B/Ar, but not N.On/Ar, suggests that differences
in secondary osteon cross-sectional area and/or number or size of second-

ary osteon fragments may be present and can influence On.B/Ar but not
N.On/Ar. C,D: Porosity and osteon cross-sectional area data show no
statistically significant differences between any of the adjacent mature-
immature data pairs. The observation of apparent differences in osteon size
in some of these immature-mature data pairs, but the lack of statistical
significance, may reflect insufficient statistical power required for showing
statistically significant differences. However, on average, osteon cross-
sectional areas are significantly larger in the tension cortices (vs. compres-
sion cortices) in each age group. E: New remodeling event (NRE) data show
statistically significant differences between compression periosteal regions
(#P , 0.0004, Bonferonni corresponding to P , 0.05) and between all data
pairs in the tension cortices (*P , 0.0001, Bonferonni corresponding to P ,
0.01).
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come an explanatory model, which is based on mecha-
nisms. This work is necessary since accurate prediction of
a model does not mean that the model, or its assumptions,
are correct (Oreskes et al., 1994). However, depending on
its predictive capacity, an algorithm can reveal informa-
tion about the processes it simulates and generate fruitful
hypotheses about underlying mechanisms (Huiskes,
1995). Consequently, inconsistencies between experimen-
tal data and the Mechanostat paradigm are not a fatal
flaw, but they do narrow the scope of its applicability in
skeletal biology. As discussed below, experimental data
reported in the present study suggest that the artiodactyl
calcaneus may be an appropriate experimental model for
examining specific assumptions of this paradigm. The do-
mestic sheep calcaneus may be most useful for compara-
tive studies since it is similar to humans in terms of bone
remodeling (Newman et al., 1995; Pastoureau et al.,
1989).

Modifications of Cross-Sectional Geometry:
Support for Some Predictions of Frost’s
Paradigm

In Frost’s idealized “tension/compression” bone (Fig. 2),
the asymmetric modeling activities and the corresponding
preferential increase in thickness of the compression cor-
tex presumably represent the means for lowering rela-
tively high tissue strains to within a physiologic range

(Fig. 8). Results of the present study demonstrate that
cranial-caudal elongation occurs in the mule deer calca-
neus primarily by accretion of bone on the periosteal sur-
face of the compression cortex (Figs. 3 and 5). In contrast,
there was no evidence of modeling activity on the perios-
teal surface of the tension cortex. Although increases in
the thickness of the tension cortex occur earlier in this
bone’s development, formation of bone on this cortex had
apparently ceased by the stage of maturation represented
by the skeletally immature bones in this study. During
development, resorption occurs on the periosteal surface
of the tension cortex of Frost’s idealized “tension/compres-
sion” bone. This functions to change bone curvature and is
not required in artiodactyl calcanei since their diaphyseal
regions are relatively straight in immature and mature
animals (Schmid, 1972). Additionally, resorption along
the subperiosteal surface of the tension cortex of the ar-
tiodactyl calcaneus, if present during ontogeny, would not
be expected to persist throughout maturation because this
might compromise the anchorage of the plantar ligament,
which firmly attaches along the caudal margin of the
entire tension cortex (Skedros et al., 1994a,b, 1997; Su et
al., 1999) (Fig. 1). In accordance with Frost’s bone model-
ing rules, resorption of the endosteal surface of the cranial
cortex was also predicted. Absence of such resorption is
inconsistent with these predictions. However, the growth-
related modeling activity (i.e., resorption) along the caudal

Fig. 8. The four mechanical usage windows or zones, according to
the Mechanostat hypothesis. This figure emphasizes that there are dif-
ferences between thresholds for modeling and remodeling activities.
Below the minimum effective strain of remodeling (MESr) (low or “trivial”
loading zone), strains are low and bone remodeling is activated. Above
the remodeling MESr but below the modeling MESm (the physiologic
loading zone), remodeling activity is relatively repressed, and is also
under the influence of hormonal and metabolic influences. [This physi-

ologic loading zone is analogous to the “lazy” zone described by Carter
et al. (1996) and “dead” zone described by Huiskes et al. (1992) (see
Burr, 1992).] Above the modeling MESm, lamellar bone is gained through
increased modeling. Above the repair MESp (pathologic overload zone),
new woven bone is added rapidly to bone surfaces; this is neither
modeling nor remodeling, but probably represents a repair reaction.
Reproduced from Burr (1992) with permission of the publisher.
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endosteal surface may have ceased by the stage of growth
represented by the immature bones.

Cortical Drift: A Confounding Variable?
Bone formed on a surface early in the development of a

long bone may eventually be relocated relative to that
surface by cortical drift (coordinated resorption and dep-
osition of bone to effect bone movement through tissue
space) (Biewener and Bertram, 1993b; Enlow, 1962a,
1963). For example, as bone apposition on the periosteal
surface occurs, areas of tissue that were previously “peri-
osteal,” come to lie in the “middle” region. Thus, bone in a
given location of a bone section, if recently translocated by
cortical drift, could retain the microstructural organiza-
tion that it had in the location from which it had drifted
(Bromage 1992; Enlow, 1962b, 1963). The forces acting on
this relocated bone are not necessarily the same forces
that acted on the bone during its original formation. Con-
sequently, a “drifted” region that remains unremodeled
could confound conclusions about the adaptive relevance
of regional variations (Marotti, 1963; Martin and Burr,
1989, pp 53, 158). Results of the present study suggest
that the only region that could have recently drifted in the
cranial-caudal direction is the subperiosteal margin of the
compression cortex. If this is correct, then bone in the
middle region of the cranial cortex was probably once
closer to the subperiosteal surface. Data showing similar
microstructure of the middle and periosteal regions in the
compression cortices of each group suggest that the sec-
ondary bone in the subperiosteal region, although proba-
bly formed and remodeled more recently than the middle
region, had likely been in situ for a sufficient amount of
time for remodeling to create a microstructure that resem-
bles that of the middle region. These data strengthen the
previous suggestions of Skedros et al. (1994a,b) that mi-
crostructural organization of the regions within, and min-
eral content differences between, the tension and com-
pression cortices of mature mule deer calcanei are not
remnants of cortical drift.

Cortical Microstructural Variations, Strain
Mode, and the Remodeling MES

Reticence of Strain Mode in Frost’s Strain-
Threshold-Mediated Remodeling Rules. In order to
better interpret the present data showing intracortical
and surface-related structural/material variations, the
modeling and remodeling “rules” of Frost’s Mechanostat
paradigm must be clarified. More detailed discussion of
these rules can be found in Frost (1990a,b) and Burr
(1992). The modeling rules of the Mechanostat paradigm,
although strongly influenced by strain magnitude, are
also dependent upon strain mode (or polarity 5 tension,
compression, and shear) and changes in relative surface
curvature in accordance with Frost’s Flexural Neutraliza-
tion hypothesis (Burr, 1992; Martin and Burr, 1989). Re-
modeling rules, however, are largely reticent of differ-
ences in strain mode, being couched primarily in terms of
strain magnitudes. According to Frost (Table 1), the acti-
vation of bone remodeling that occurs in a normal,
healthy, skeletally mature animal is governed by thresh-
old levels of tissue strains defined at a lower limit by a
minimum effective strain of remodeling (MESr) and at a
higher limit by relatively large strains associated with an
increased incidence of microdamage (Fig. 8). Below the
MESr, remodeling is activated, and above the MESr, but

below the microdamage strains, remodeling is relatively
repressed and occurs at a relatively low rate (Frost,
1988a,b, 1990a,b, 1997; Martin and Burr, 1989). This “ret-
icence” to mode is not absolute since site-specific differ-
ences in the magnitude of the average MESr may occur;
hence, opposing tension and compression cortices may not
have the same MESr (Biewener and Bertram, 1993a;
Frost, 1990a,b, 2000a) (Fig. 2).

Microstructure and the Theoretical Remodeling
Minimum Effective Strain (MESr)

In mature mule deer calcanei, the different microstruc-
ture of the endosteal regions, compared to the adjacent
middle and periosteal regions, in both tension and com-
pression cortices might be a consequence of increased re-
modeling activity associated with strains existing below a
theoretical MESr (Figs. 2 and 8) (Skedros et al., 1994b).
The similar microstructure of adjacent middle and perios-
teal regions may reflect the repressed remodeling activity
in regions where strains exceed the MESr but fall below
the high strains that produce microdamage. However, in
the compression cortices of immature bones and in the
tension and compression cortices of mature bones (Table
3) no statistical differences were found in the number of
NREs between the periosteal and endosteal regions, and
between middle and endosteal regions. Therefore, the os-
teon microstructural variations between the endosteal re-
gion vs. the periosteal and middle regions are likely better
explained by a mechanism other than active intracortical
renewal (e.g., metabolic influence of nearby marrow)
(Frost, 1998a; Marotti, 1996; Martin and Burr, 1989;
Skedros et al., 1996).

The relatively few NREs per mm2 in compression, me-
dial, and lateral cortices of the mature limb bones sug-
gests that these areas have attained the low frequency of
remodeling typical of normal mature limb bones (Martin
and Burr, 1989). These data are consistent with previous
suggestions that quiescent osteon remodeling in the cra-
nial, medial, and lateral cortices may reflect the custom-
ary prevalence of relatively high strains in accordance
with strain-magnitude-based remodeling rules of the
Mechanostat paradigm (Fig. 8). With respect to the medial
and lateral (neutral axis) regions, this conclusion seems
contradictory since such “neutral axis” regions are consid-
ered to be habitually low-strain environments (with in-
creased porosity and remodeling activity, and decreased
mineral content). However, our conclusion that these data
are not ipso facto contradictory reflects an increased
awareness that “neutral axis” regions in bones that are
habitually loaded in bending actually receive biomechani-
cally important shear strains in addition to principal
strains that are significantly deviate from the diaphyseal
longitudinal axis (Demes, 1998; Su et al., 1999; Turner,
2000). (Compare Frost, 2000a, and Turner, 2000, for fur-
ther discussion about shear strains at the neutral axis.)

In contrast to contradictions in medial-lateral experi-
mental data, the following three findings in the tension
cortex support the hypothesis that this region in mature
bones is actively remodeling and may exist below a ten-
sion remodeling MES: 1.) persistence of relatively lower
mineral content in the mature tension cortex, compared
with the compression, medial, and lateral cortices (Tables
2 and 3), 2.) persistence of relatively increased NREs in
the tension cortex, compared with the other cortices (Ta-
bles 2 and 3; Fig. 7e), and 3.) previously proposed stress-
reducing effect of the adherent plantar ligament and su-
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perficial digital flexor tendon on the tension cortex, which
may further reduce ambient strains, strengthening the
possibility that this region chronically exists in a state of
relative disuse (Skedros et al., 1994a,b, 1997) (Fig. 2).
However, cortical strain data obtained from in vitro func-
tional loading of the mule deer calcaneus suggest that
caudal cortical strains (380 to 940 microstrain) markedly
exceed the characteristically low strains that are typically
suggested for the hypothetical MESr (, 200 microstrain)
(Su et al., 1999). This is not consistent with the Mechanos-
tat hypothesis.3 Further study of the stimuli that govern
these regional remodeling variations is warranted. An
experimental design that may be useful for such investi-
gations has been described for the sheep calcaneus
(Skerry and Lanyon, 1995; Thomas et al., 1996).

Specifics of Strain-Mode-Related Adaptations
Are Not Considered in the Mechanostat
Paradigm

It has been suggested that differences in predominant
collagen fiber orientation between the compression and ten-
sion cortices of calcanei of mule deer and other artiodactyls
represent adaptations that are strongly strain-mode-related
(Skedros, 1994; Skedros et al., 1994b, 1997, 1999). There are
quantitative data showing that the tension cortex has colla-
gen fibers with predominant longitudinal orientation in con-
trast to the opposing compression cortex, which has compar-
atively more oblique-to-transverse fibers (Skedros, 1994;
Skedros et al., 1998). Differences in predominant orientation
of collagen fibers have also been reported between “tension”
and “compression” cortices of other limb bones that are sub-
ject to customary bending including human proximal femo-
ral diaphyses and mid-diaphyses of sheep radii, horse radii,
dog radii, and horse third metacarpals (Lanyon et al., 1979;
Mason et al., 1995; Marotti, 1963; Martin et al., 1996a,b;
Portigliatti Barbos et al., 1983, 1984; Riggs et al., 1993a,b;
Skedros, 1994; Skedros and Kuo, 1999; Skedros et al., 1996,
1999; Takano et al., 1999). If collagen orientation differences
represent strain-mode-related adaptation, then these data
expose an apparent deficiency of the largely strain-magni-
tude-based rules of the Mechanostat paradigm.

However, Martin and Burr (1989) emphasize that the
rules of the Mechanostat paradigm are governed by two
“theories” of bone’s mechanically adaptive mechanisms:

Activation of remodeling BMUs is determined by
strain levels according to the Mechanostat Theory:
disuse increases activation and overstrain reduces it.
Once activated, BMUs function according to the Flex-
ural Neutralization Theory (FNT), producing net for-
mation or resorption according to the polarity of the
streaming potentials produced by strain gradients. In
osteonal remodeling, the latter phenomena comprise
what we have called the osteon alignment theory, but
this is merely an internal form of the FNT. (Martin
and Burr, 1989, pp 211–212.)4

Hence, after woven bone is formed, it is replaced by
secondary bone via modeling and remodeling processes
that are initiated by processes described in the general
Mechanostat hypothesis and controlled (e.g., orientation
of BMU migration) by the processes of the Flexural Neu-
tralization Theory (Martin and Burr, 1989). Since the
customary orientation of stress and strain trajectories in
the artiodactyl calcaneal shaft can be measured (Biewener
et al., 1996; Lanyon, 1974; Su et al., 1999), this bone may
also provide a useful model for examining mechanisms of
osteon construction and orientation.

CONCLUSIONS

● The artiodactyl calcaneus appears useful for examining
the cause-effect mechanisms that mediate bone devel-
opment, maintenance, and adaptation in the context of
comprehensive paradigms/algorithms of mechanically
mediated bone adaptation.

● This model appears useful for exploring the mecha-
nisms of regional osteopenia associated with apparent
rapid osteonal remodeling (i.e., in the caudal calcaneal
cortex).

● This model appears useful for determining if bone re-
sponds to specific epigenetic stimuli of a physiologic
nonuniform strain distribution to create a heteroge-
neous material organization.

● This model is appealing because distinct regional differ-
ences in modeling- and remodeling-mediated character-
istics can be found in the same bone cross-section.
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APPENDIX
Terminology: The Mechanostat Paradigm and
Bone Adaptation

Frost’s Mechanostat hypothesis and its corollaries rep-
resent an extensive formulation of Wolff’s law of mechan-
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ically induced bone adaptation (Burr, 1992; Frost,
1990a,b, 1997, Frost, 2000b; Wolff, 1892;). The term
“Mechanostat paradigm” is used herein to refer to the
general Mechanostat hypothesis and its auxiliary hypoth-
eses and corollaries. The Mechanostat “paradigm” is one
aspect of what Frost calls the “Utah paradigm” of skeletal
physiology (H.M. Frost, personal communication). The
Mechanostat paradigm includes the “three-way rule” of
bone modeling, the “four-way rule” of bone remodeling,
and the Flexion Neutralization Theory.

The three-way rule of bone modeling includes an end-
load operator, a local strain operator, and a cortical drift
operator. The endload operator, alpha, equals 21 for fre-
quent compression or zero endloads and 11 for frequent
tension endloads. The local strain operator, beta, equals
21 for frequent compression or concave-tending bending
strains equal to or exceeding the minimum effective strain
(MES) for modeling; 11 for frequent tension or convex-
tending bending strains equal to or exceeding the MES;
and zero where strains stay below the MES. The drift
operator, gamma, can equal 1 for a resorption drift, zero
for no drift, and 11 for a formation drift (Frost 1990a, p
405–406). Frost provides an arithmetic expression that
incorporates these three operators and allows predictions
of basic modeling activities (resorption, formation, or qui-
escence).

The four-way rule of bone remodeling includes a me-
chanical usage function, the BMU (basic multicellular
unit) activation function, and the two BMU fractions that
signify the amount of bone resorbed and formed by a BMU
(Frost, 1990b). Frost describes arithmetic expressions that
incorporate these four functions. These expressions allow
predictions of some changes in bone formation, resorption,
balance, turnover, and remodeling space that depend on
how BMU remodeling responds to the “vigor” of mechan-
ical usage.

More detailed descriptions of the three-way and four-
way rules and other aspects of the Mechanostat paradigm
and the comprehensive Utah paradigm can be found in
Martin and Burr (1989) and Frost (1990a,b, 1996, 1997,
1998b).

The general Mechanostat hypothesis is primarily based
on the idea that mechanically induced bone strains have
an important role in governing threshold-related activa-
tion and control of bone modeling and remodeling pro-
cesses. Other investigators have also suggested rules of
bone adaptation that generally consider that bone ho-
meostasis is maintained over some range of routine daily
stress/strain stimuli, while departures above or below cer-
tain stimulus thresholds (“setpoints”) initiate formation or
resorption of bone, respectively (Beaupre et al., 1990a,b;
Burr, 1992; Carter, 1982; Carter et al., 1987, 1996; Cowin,
1984; Fisher et al., 1995; Huiskes et al., 1992; Jacobs et
al., 1995; Levenston et al., 1993; Rubin and Lanyon, 1987;
Thompson, 1942; Turner, 1991, 1998; Whalen et al., 1988;
van Rietbergen et al., 1993; Weinans et al., 1992, 1994).

Adaptation, Modeling, and Remodeling
Since the publication of Wolff’s treatise in 1892, The

Law of the Transformation of Bone, there has been an
evolution in the connotations of the rubrics “adaptation,”

“modeling,” and “remodeling,” in bone (Currey, 1984;
Frost, 1987; Hecht, 1992; Martin and Burr, 1989).

Adaptation. Adaptation in cortical bone commonly
refers to either: 1.) changes in bone structure and/or ma-
terial organization in response to loading conditions out-
side a normal physiologic stress/strain range, distribution,
and/or duration (e.g., Biewener and Bertram, 1994; Cur-
rey, 1984; Lanyon et al., 1979; Martin and Burr, 1989;
Schaffler et al., 1985; Woo et al., 1981), or 2.) the presence
of regional differences in structural and/or material orga-
nization that are strongly influenced by normal epigenetic
stimuli occurring during normal development within or
between bones (e.g., Bertram and Swartz, 1991; Currey,
1984; Martin and Burr, 1989; Riggs et al., 1993a,b;
Skedros et al., 1994a,b). In the present investigation, “ad-
aptations” are considered to be mechanically relevant re-
gional variations and temporal changes in cortical bone
structural and material organization that are produced by
the modeling and remodeling processes during normal
skeletal development.

Modeling. Adaptations resulting from modeling activ-
ities include the accretion and/or resorption of secondary
or nonsecondary bone (e.g., circumferential lamellae, and
trabecular bone in some cases) on periosteal or endosteal
surfaces. They are detected as changes and/or differences
in a bone’s curvature, cross-sectional shape, and/or re-
gional cortical thickness. Consequently, modeling is a con-
cept describing a combination of non-proximate, though
coordinated, resorption and formation drifts whose net
result is to change the distribution of bone (Jee et al.,
1991). Such drifts are called macro-modeling in cortical
bone and mini-modeling in cancellous bone (Frost,
1988a,b, 1989). The generic term “modeling” is used
herein to describe growth-related macro-modeling.

Remodeling. Adaptations produced by remodeling ac-
tivities involve the replacement of intracortical bone; this
is achieved through the intracortical activation of basic
multicellular units (BMUs), which create secondary os-
teons (Haversian systems) in cortical bone (Frost, 1986;
Jee et al., 1991; Parfitt et al., 1996). Manifestations of
remodeling adaptations include regional changes and/or
differences in secondary osteon population density (N.On/
Ar), fractional area of secondary bone (On.B/Ar), cross-
sectional area of individual secondary osteons (On.Ar),
and/or porosity. If a bone has increased On.B/Ar, then the
bone is more “remodeled.” In contrast, “remodeling” con-
notes an active renewal process (Parfitt et al., 1996). Re-
modeling rates are the primary determinant of mineral-
ization differences in the bone matrix within the cortices
of many bones (Grynpas, 1993; Martin, 1993). A relatively
increased remodeling rate in a region of bone is detected in
the present investigation as relatively decreased bone ma-
trix mineral content and increased population densities of
resorption spaces and newly forming secondary osteons
(Skedros et al., 1997).

Additional definitions of Mechanostat terminology can
be found in the Discussion.

185MECHANOSTAT PREDICTIONS IN “TENSION/COMPRESSION” BONE


	MATERIALS AND METHODS
	TABLE 1.
	Fig. 1.
	Fig. 2.

	RESULTS
	Fig. 3.
	Fig. 4.
	Fig. 5.
	TABLE 2.

	DISCUSSION
	Fig. 6.
	TABLE 3.
	Fig. 7.
	Fig. 8.

	CONCLUSIONS
	ACKNOWLEDGMENTS
	LITERATURE CITED
	APPENDIX

