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ABSTRACT Studies of secondary osteons in ribs have
provided a great deal of what is known about remodeling
dynamics. Compared with limb bones, ribs are metabol-
ically more active and sensitive to hormonal changes, and
receive frequent low-strain loading. Optimization for cal-
cium exchange in rib osteons might be achieved without
incurring a significant reduction in safety factor by dis-
proportionally increasing central canal size with
increased osteon size (positive allometry). By contrast,
greater mechanical loads on limb bones might favor
reducing deleterious consequences of intracortical poros-
ity by decreasing osteon canal size with increased osteon
size (negative allometry). Evidence of this metabolic/
mechanical dichotomy between ribs and limb bones was
sought by examining relationships between Haversian
canal surface area (BS, osteon Haversian canal perimeter,

HC.Pm) and bone volume (BV, osteonal wall area, B.Ar)
in a broad size range of mature (quiescent) osteons from
adult human limb bones and ribs (modern and medieval)
and various adult and subadult non-human limb bones
and ribs. Reduced major axis (RMA) and least-squares
(LS) regressions of HC.Pm/B.Ar data show that rib and
limb osteons cannot be distinguished by dimensional
allometry of these parameters. Although four of the five
rib groups showed positive allometry in terms of the RMA
slopes, nearly 50% of the adult limb bone groups also
showed positive allometry when negative allometry was
expected. Consequently, our results fail to provide clear
evidence that BS/BV scaling reflects a rib versus limb
bone dichotomy whereby calcium exchange might be pref-
erentially enhanced in rib osteons. Am J Phys Anthropol
151:230–244, 2013. VC 2013 Wiley Periodicals, Inc.

In many mammalian species, bones of the appendicu-
lar skeleton achieve and maintain adequate tissue
mechanical properties through the process of remodel-
ing, which is mediated by the formation of secondary
osteons (Haversian systems) (Currey, 2002; Lieberman
et al., 2003; Martin, 2003). These osteons are formed by
basic multicellular units (BMUs) that include the actions
of osteoclasts and osteoblasts. In the perspective of the
interplay between these functional units and bone organ
homeostasis, parallels have been drawn between basic
functional units in other organ systems; for example,
nephron units and kidneys (Frost, 2003). To some inves-
tigators, this analogy may seem appropriate when
osteons are viewed as metabolic entities that principally
function to maintain calcium balance. This analogy, how-
ever, seems less appropriate when osteons are viewed as
mechanical entities—with relatively greater importance
being placed on their role in attenuating the growth
and/or accumulation of microdamage (Martin et al.,
1998; Currey, 2002; Skedros et al., 2011b). In view of
this metabolic/mechanical dichotomy, much remains to be
learned about how the relative importance of these differ-
ent osteon functions might be at work in specific bone
types, where metabolic functions might predominate over

mechanical functions (e.g., ribs vs. weight-bearing bones,
respectively) (Raab et al., 1991; Tommerup et al., 1993;
Robling and Stout, 2003; Pfeiffer et al., 2006). This is an
important consideration because anthropological studies
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of secondary osteons in ribs have provided a great deal of
what is now known about osteonal remodeling dynamics
in general. However, it is unclear to what extent the physi-
ological functions of rib osteons can be generalized to
osteons that are found in limb bones.

As a working hypothesis, we expected differences in scal-
ing relationships of osteon bone surface versus bone volume
that differentiate ribs and limb bones because of their nota-
bly different mechanical, physiologic, and metabolic func-
tions. This hypothesis is based on data showing that ribs
and limb bones can be distinguished by their different: 1)
morphogenetic field development, 2) metabolic activities,
which correlate with different basal, stress, and/or
hormone induced bone remodeling rates, 3) mechanosensi-
tivity, and 4) habitual loading frequency and strain magni-
tudes. For example, during development the majority of a
mammalian rib develops from the sclerotomes of the
somites, in contrast to limb bones, which arise from lateral
plate mesoderm (Huang et al., 2000; Hall, 2005). Ribs are
phylogenetically primitive, appearing as elements of the
axial skeleton in the fossil record well before limb bones,
likely enabling differential evolution in physiology (Shear-
man and Burke, 2009; Schilling, 2011). Ribs are also meta-
bolically more active and sensitive to hormonal fluctuations
and changes such as occurs during lactation and metabolic
stress (Banks et al., 1968; Hillman et al., 1973; Wilson
et al., 1998; Baxter et al., 1999; Ott et al., 1999; Vajda et al.,
1999), but less responsive than limb bones to increased
exercise-related loading (Raab et al., 1991; Tommerup
et al., 1993). Basal bone remodeling rates are relatively
greater in ribs than in limb bones of the same animal
(Amprino and Marotti, 1964; Wilson et al., 1998; Vajda
et al., 1999; Mulhern, 2000; Skedros et al., 2003), and there
are significant differences in mechanosensitivity between
osteocytes/osteoblasts of the axial versus appendicular skel-
eton (Raab et al., 1991; Tommerup et al., 1993; Rawlinson
et al., 1995; Vatsa et al., 2008). Finally, ribs receive fre-
quent, usually stereotypical (Bellemare et al., 2003), and of-
ten low-strain loading (at least in humans); for example,
during respiratory movements even when the animal is re-
cumbent (Jordanoglou, 1969; Andriacchi et al., 1974; Crow-
der and Rosella, 2007; Cagle, 2011).

As an initial step in investigating the metabolic/
mechanical dichotomy that may exist between osteons of
ribs and limb bones, we explored simple scaling relation-
ships between the area of the bone surface (BS) of osteon
central canals (Haversian canals) and bone volumes (BV)
of osteon walls. In two dimensions (2D), Haversian canal
surface area scales as perimeter (length, l; or HC.Pm) and
the osteon wall volume scales as area (l2; or B.Ar).1 We
tested the hypothesis that HC.Pm/B.Ar (BS/BV) scaling
relationships in fully formed (i.e., mature) osteons of rib
bones would exhibit positive allometry in order to keep
osteon central canal size (HC.Pm) large enough for: 1) effi-
cient calcium exchange from the osteon wall (B.Ar) to the
systemic circulation (Qiu et al., 2003; Qiu et al., 2010),
and 2) to avoid placing some osteocytes at risk of ischemia
(Ham, 1952; Martin, 2000; Metz et al., 2003) (Fig. 1).
However, increasing the size of Haversian canals could
result in deleterious strength reductions as the result of
the increased porosity (Donahue and Galley, 2006). Avoid-
ing this is especially important in the limb bones where
peak strain magnitudes are probably habitually greater

than in ribs, and where regional heterogeneity in osteon
size (diameter) is likely mechanically beneficial (Hiller
et al., 2003; van Oers et al., 2008; Skedros et al., 2013). In
this perspective we predicted negative HC.Pm/B.Ar allom-
etry in osteons of limb bones. Hence, HC.Pm/B.Ar in limb-
bone osteons will increase at a comparatively lower rate
with respect to absolute increases in osteon size (i.e.,
osteonal porosity will remain relatively low in limb bone
osteons; Fig. 1). In general, these predictions are based on
the pervasive view that convective nutrient delivery and
calcium exchange to and from osteocytes across the
Haversian canal surface will be optimized differently in
ribs versus limb bones primarily because mechanical
requirements outweigh metabolic demands in the appen-
dicular skeleton (Parfitt, 1983; Tommerup et al., 1993;
Robling and Stout, 2003; Pfeiffer et al., 2006).

MATERIALS AND METHODS

Using light or electron microscopy, images were
obtained from human ribs (Mulhern, 2000; Qiu et al.,
2003; Crowder, 2005), femora (Kerley, 1965; Ericksen,
1991; Busse et al., 2010a,b; Skedros et al., 2012), and
metatarsals (Donahue et al., 2000), in addition to non-
human ribs (deer and dog) (Morris, 2007; Dominguez
and Crowder, 2012) and limb bones. The non-human
limb bones include calcanei (sheep, deer, elk, and horse)
(Skedros et al., 2011a), radii (horse) (Skedros et al.,
2011a), humeri (deer and dog) (Morris, 2007; Dominguez
and Crowder, 2012), femora (deer, cow, horse, dog, and
black bear) (Morris, 2007; Zedda et al., 2008; Dominguez
and Crowder, 2012; Gray et al., 2012), metacarpals
(black bear and horse) (Hulsey et al., 2009; Skedros
et al., 2011a), and metatarsals (black bear) (Hulsey
et al., 2009). The skeletal maturity, specimen prepara-
tion, and histomorphometric methods used to obtain and
analyze the digitized images of complete and fully
formed secondary osteons from these bones are summar-
ized in Table 1. Slides from Morris (2007), Kerley (1965),

Fig. 1. Regression plots showing three predicted osteon
Haversian canal surface area (BS or HC.Pm) to osteon bone vol-
ume (BV or B.Ar) relationships. The top regression line illus-
trates the positive allometry predicted in rib osteons. The
middle regression line illustrates isometric scaling, which was
not predicted to occur in any of the bones. The bottom regres-
sion line illustrates the negative allometry predicted in limb
bone osteons. The data used for these graphics included HC.Pm
measured in mm and B.Ar measured in mm2.

1For the purposes of this study, osteon BS is expressed as
HC.Pm and osteon BV is expressed as B.Ar. The rationale
for this is described in the Methods section.
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and Ericksen (1991) were re-analyzed for the present
study. Some of the deer samples included immature ani-
mals, which are designated as “sub-adults” because they
were within one year of skeletal maturity (written com-
munication, Zoe Morris, March 2012). The black bear
samples were separated as immature (�5 years old) and
mature (�6 years old). These bones were included in
order to determine if the osteonal HC.Pm/B.Ar (BS/BV)
analysis might be influenced when fully formed osteons
are obtained from animals that are still growing.

Mature osteons were selected, and the criteria for this
selection included the lack of poorly mineralized (i.e.,
younger) bone (BSE images) or osteoid (light microscopy)
(Skedros et al., 2011a). The osteons were also examined to
ensure that the margins of the Haversian canals did not
appear to have regional staining variations (light micros-
copy) or regional mineralization variations (BSE images)
that are inconsistent with a resting surface (Skedros
et al., 2005). The osteons that were quantified were typi-
cally quasi circular with shape factors greater than 0.8
(1.0 5 perfect circle). However, some of the investigators
did not make this measurement, but confirmed that atypi-
cal osteons, as described by Skedros et al. (2007), were
excluded from their analysis. Using digitized images, the
outer perimeter (cement line) of each complete/mature
osteon was traced using the following image analysis pro-
grams: 1) most authors used NIH Image, U.S. National
Institutes of Health; available at: http://rsb.info.nih.gov/
nih-image/, 2) Donahue used BIOQUANT OSTEO, Nash-
ville, Tennessee, USA, and 3) Hulsey used Image-Pro
Express, version 4.5.1.3, Media Cybernetics, Inc., Silver
Spring, Maryland, USA. The osteon area (On.Ar) was
then determined. The perimeter of each Haversian (cen-
tral) canal (HC.Pm) was also traced and the area (HC.Ar)
was then determined. Assuming that the Haversian canal
was circular, the HC.Pm was calculated for some of the
bone samples from HC.Ar (see asterisks in Table 1; in
some cases the HC.Pm was directly measured). Osteon
bone area (B.Ar) was calculated as On.Ar minus HC.Ar.

Allometric analyses of relationships of bone
surface (HC.Pm) and bone volume (B.Ar)

For the regression analyses, the following parameters
were used: osteon area (On.Ar), osteon diameter
(On.Dm), osteon bone area (B.Ar), and Haversian canal
perimeter (HC.Pm), diameter (HC.Dm), and area
(HC.Ar). According to the ASBMR Histomorphometry
Nomenclature Committee (Parfitt et al., 1987), the two-
dimensional (2D) parameters of HC.Pm and B.Ar in
osteons can be expressed in three-dimensional (3D)
parameters as bone surface and bone volume, respec-
tively. Thus HC.Pm/B.Ar can be regarded as the bone
surface to bone volume (BS/BV) ratio (Qiu et al., 2003).
For the purposes of this study, BS/BV is expressed as
HC.Pm/B.Ar. The rationale for using these expressions,
rather than Haversian canal and osteon wall areas, is
that HC.Pm and B.Ar more closely correspond to the
actual surface and volume involved in the dynamics of
trans-canal and trans-osteonal nutrient and molecular
transport and exchange. The use of HC.Pm and B.Ar
also provide data in a fashion that will facilitate compar-
isons with future studies where high resolution micro-
computed tomography will be used to analyze BS and
BV of entire osteons (discussed further below).

Allometric scaling relationships between HC.Pm and
B.Ar for all osteons in each species, and within specific

regions within some non-human limb bones, were exam-
ined using the exponential equation (Huxley and Tessier,
1936; Schmidt-Nielsen, 1984):

y5a � xb

This was log-transformed in order to convert it to a
linear function:

log yð Þ5log að Þ1 bð Þlog � x

In this equation, log a represents the y intercept, and
the exponent b represents the slope of the best-fit line
that was obtained using least-squares and reduced
major axis (RMA) regression analyses, as described
below (Schmidt-Nielsen, 1984; Swartz and Biewener,
1992). The log10-transformed HC.Pm (BS) data were
plotted on the y-axis (ordinate), and the log10-trans-
formed B.Ar (BV) data were plotted on the x-axis
(abscissa). This regression analysis yielded the linear
slope of the HC.Pm/B.Ar relationship. In the context of
conventional scaling analyses (Schmidt-Nielsen, 1984),
isometry is seen when the proportionality in logged
HC.Pm/B.Ar data scale with a slope of 0.5 (i.e., 1:2). In
contrast, a slope of <0.5 represents negative allometry,
and a slope of >0.5 represents positive allometry (Fig.
1). We considered a slope to be negatively or positively
allometric if the 95% confidence interval surrounding
the slope did not contain 0.5.

Allometric relationships of the osteons were assessed for
some non-human limb bones (sheep, deer, elk, and equine
calcanei, and equine radii) in the contexts of habitual re-
gional strain modes (tension, compression) and magnitudes
(highest in “compression” regions), and osteonal remodel-
ing rates (highest in plantar “tension” cortices of the calca-
nei) (Mason et al., 1995; Su et al., 1999; Skedros et al.,
2011c). Additionally, the collagen/lamellar organization of
the osteons (“osteon morphotypes”) in these regions differ
as adaptations for these strain mode differences (Skedros
et al., 2009; Skedros, 2012). If differences in “osteon
morphotypes” affect the efficiency of calcium exchange
across quiescent HC surfaces (perhaps because of differen-
ces in their lacunar-canalicular geometries (Mishra and
Knothe Tate, 2003; Kerschnitzki et al., 2011)), then a dif-
ference in HC.Pm/B.Ar scaling might be detected between
these morphotypes. We also expected that while HC.Pm/
B.Ar relationships would generally show negative allome-
try in limb bones when compared with ribs, this relation-
ship would be more strongly negative in the more highly
strained “compression” regions. In contrast, because the
plantar cortices of these bones exhibit increased remodel-
ing rates suggesting increased metabolism, it was antici-
pated that proportionally larger canals would be seen in
the fully formed osteons in these regions.

Ordinary least squares regression models assume that
all observations, or measurements on osteons, are inde-
pendent, which would be the case if one osteon per bone
specimen was used. Our data represented nested (clus-
tered) data, with measurements made on multiple osteons
from the same bone specimen. In nested data, the osteons
from the same bone specimen are more alike than they
are between bone specimens, and so the measurements
made on the osteons are not all independent. To account
for this lack of independence, mixed effects linear regres-
sion models were used (also known as multi-level models)
(Stata 12.1 software, StataCorp, College Station, TX).
Mixed effects models provide correct standard errors, and
hence correct P values and confidence intervals; whereas,
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ordinary models under-estimate the standard error, pro-
ducing P values that are too small and confidence inter-
vals that are too narrow.

Another advocated approach for allometric data is
reduced major axis (RMA) regression. RMA regression is
proposed as preferable in the contexts of: 1) correlations
that are moderate or strong (r >0.5), 2) there is potential
error in both the dependent and independent variables,
and 3) the variables modeled, HC.Pm and B.Ar in this
study, do not naturally correspond to the usual depend-
ent and independent variable sense, where one depends
on or is a function of the other (Smith, 2009). The RMA
model, however, can yield erroneous results in bivariate
comparisons with low correlations (Seim and Saether,
1983; Swartz and Biewener, 1992).

We fitted both mixed effects models and RMA models
to our data. However, the software used for the RMA
models (PAST Version 2.16, Øyvind Hammer, University
of Oslo, 2012) (Hammer et al., 2001) could not account
for nesting/clustering of osteons within bone specimens,
instead requiring the use of all individual osteon meas-
urements, thus violating the assumption of independ-
ence. Although the proposed advantage of RMA is its
ability to fit a line to a bivariate relationship when there
are no conventional dependent and independent varia-
bles, the way it is computed posed a problem because the
software is not designed for nested data. Because RMA is
currently not an appropriate statistical test for nested
data, RMA slopes, correlation coefficients, P values, and
95% confidence intervals are provided for only the un-
nested data (i.e., considering all osteons as independent
observations). The 95% confidence intervals for the RMA
slopes were obtained using a bootstrapping method (Hof-
man, 1988; Plotnick, 1989). In the context of the least-
squares analyses, the slopes, or effect estimates, were
nearly identical in both the linear and mixed effects mod-
els, but differed in P values and confidence intervals.
Therefore, least-squares slopes, correlation coefficients, P
values, and 95% confidence intervals are provided for the
nested and un-nested data. Providing these nested and
un-nested data allow for the consideration of the HC.Pm/
B.Ar relationships in some bones that might seem less
clear when evaluated in terms of only the nested data
(e.g., human metatarsals and equine radii).

In the mixed effects model as well as the RMA and
least-squared models, log10-transformations were used to
make the relationship more linear, thus providing a bet-
ter model fit. That is, both the outcome variable
(HC.Pm) and the predictor variable (B.Ar) were first
transformed to log10 measurements, which resulted in
fitting the data to the “allometric” function y 5 10bxa,
where the b is the slope and a is the y-intercept (Ham-
mer et al., 2001). When both the outcome and predictor
variables are log10-transformed, applying the following
formula to the slope, 100(10Blog

10
(1.01) 2 1), where B is

the regression slope, the slope can be interpreted as the
percentage increase in the average value of the outcome
for each 1% increase in the predictor (Vittinghoff et al.,
2005). However, the formula only affects the decimal pla-
ces past the third decimal, which are not shown in our
tables, so this interpretation can be made to our
reported slopes without applying the formula.

With clustered data, ordinary correlation coefficients
are not appropriate (Bland and Altman, 1994). For the
clustered data, the correlation has both a within subjects
component (Bland and Altman, 1995a) (do osteons with
increasing B.Ar have increasing HC.Pm in the same

bone specimen?) and a between subjects component
(Bland and Altman, 1995b) (do bone specimens with
increasing B.Ar have increasing HC.Pm?). We fitted the
between subjects clustered Pearson correlation coeffi-
cient (Bland and Altman 1995b), which is closer to how
researchers normally think about correlation.

Data from mature and subadult bones in the deer rib
and humerus groups were each combined for the regres-
sion and correlation analyses because of sample sizes of
only one or two sub-adult animals in each of these
groups. Data from the black bear metatarsals and meta-
carpals were analyzed in terms of three groups: 1)
immature bones, 2) mature bones, and 3) immature and
mature bones combined. Consideration of the results of
this analysis also focused on the combined data because
the small samples (n 5 3) in the immature groups were
likely spuriously inflated correlation coefficients due to
overfitting. Overfitting occurs when too few observations
are available for the two variables used in the analysis,
where the correlation becomes artificially high as the fit
begins to approach a straight line through two points
(perfect fit, or r 5 1.0) regardless of the true association
in the sample population.

A mixed effects linear regression model was also used
to detect significant differences in HC.Pm/B.Ar between
bones, and between smaller and larger osteons within
each bone sample (the small/large cutoff was the mean
osteon diameter for each sample). In these models, the
data were limited to two groups, so the models were anal-
ogous to independent sample and paired t-tests, while
accounting for the lack of independence due to nesting of
the data. Since a large number of comparisons were
made, the significance level was set at P< 0.001, provid-
ing some protection against an inflated alpha from multi-
ple comparisons. The number of comparisons was too
many to practically apply a formal multiple comparison
adjustment. All P values are for a two-sided comparison.
These additional statistical analyses were conducted with
the Stata software. All other statistical analyses not using
Stata or PAST software were conducted with StatView
software (version 5, SAS Institute Inc., Cary, NC).

RESULTS

Osteon diameters (On.Dm) varied greatly in all bones,
and this was the dominant factor governing On.Ar (total
osteon area) and B.Ar (osteon wall area) because the
range of Haversian canal diameters (HC.Dm) was much
less (Fig. 2). This observation refers to absolute meas-
ures of size. Remodeling rates of Haversian canals and
osteons are likely more similar with respect to surface
area if the osteons are relatively symmetric. Conse-
quently, in terms of remodeling rates per surface area, it
is probable that the parameters shown in Figure 2 are
more similar. Unfortunately, this possibility could not be
fully evaluated in the present study.

For all samples with more than three bones, the
nested least-squares correlation coefficients (r) are 0.95
or greater for the comparison between On.Ar and B.Ar,
and for the comparison between On.Dm and B.Ar. These
results are consistent with the strong relationships that
would be expected when osteons are highly circular.

Regressions and potential allometric
relationships

Results of regression analyses of HC.Pm versus B.Ar
(indicated here as “HC.Pm/B.Ar”) relationships for the
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osteons in each bone type are shown in Table 2. Because
the RMA analysis is currently not an appropriate test
for the nested data, RMA slopes are only shown and dis-
cussed as they relate to the un-nested data.

Although four of the five rib groups showed positive
allometry in terms of the RMA slopes, nearly 50% of the
adult limb bone groups also showed positive allometry
when negative allometry was expected (Table 2). Hence,
regardless of the statistical method (LS showed negative
allometry for nearly all specimens for the nested and
un-nested analyses), it is not possible to distinguish ribs
from limb bones based on the hypothesized allometric
scaling relationships (Fig. 1). For example, the predicted
positive allometry was shown in the RMA slopes of the
modern and Spitalfields human ribs, but negative allom-
etry was shown in the Nubian ribs. Furthermore, the
RMA slopes of the human femora and metatarsal sam-
ples showed positive allometry and not the predicted
negative allometry for these limb bones. The least-
squares slopes obtained in the nested analysis (Table 2,
left side) and un-nested analysis (Table 2, right side)
also did not distinguish osteons from these samples of
human ribs and limb bones.

The correlation coefficients reported in Table 2 in
terms of the nested analysis show that over one-half of

the samples with �5 specimens have moderate to high
positive (r� 0.45) relationships between HC.Pm and
B.Ar. Regression data in the sheep calcanei are a notable
exception in this context—none of the regression analy-
ses in this bone were statistically significant.

Figure 3 shows regression plots of HC.Pm/B.Ar (using
un-nested data) for selected samples of human ribs and
human femora. When considering the least-squares slopes,
these plots demonstrate various degrees of negative scaling
relationships (slopes<0.5), which are shown as solid lines.

Examination of data displayed in Figures 2 and 4
shows that the rib osteons do not extend to the extremes
of the ranges of BS/BV dimensions shown by all the data
of the other bone samples. However, the modern rib
osteons tend to be generally larger and tend to span a
broader size range than the most of the samples of limb
bone osteons (Fig. 2a). By contrast, the size ranges of
Haversian canals of rib osteons are not generally
broader than the other non-rib samples, and the rib
Haversian canals are not generally larger than the
Haversian canals of limb bone osteons (Fig. 2b). This rel-
ative constraint in HC.Dm helps explain why the
HC.Pm/B.Ar relationships are negatively allometric in
nearly all bones when considered in terms of the least-
squares regression coefficients.

Fig. 2. (a1–2) Line plots of the range of osteon diameters (i.e., cement line diameters) in all bones. (b1–2) Line plots of the
range of Haversian canal diameters in all bones. The bone samples were separated in a quasi-arbitrary fashion into two groups for
the purpose of facilitating the viewing of the different curves. Modern human ribs are shown in both groups for comparison. Sam-
ples with mature and immature bones are shown with one curve that displays these combined data.
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Correlations among additional osteonal
dimensions

Table 3 shows various additional osteon dimensional
relationships using least-squares analysis of non-trans-
formed data that are nested within each bone. These
results illustrate relationships of osteon size with respect
to HC.Pm (BS), B.Ar (BV), and HC.Pm/B.Ar (BS/BV)
data. These results demonstrate that these parameters
are not consistently correlated and, notably, osteon size
is not consistently correlated with the HC.Pm/B.Ar ratio.

Comparisons in cases of low versus high strain,
and when there are different osteon morphotypes

It was also predicted that the rib osteons would have
proportionally larger Haversian canals (i.e., greater
HC.Ar/On.Ar 5 % canal area) than the osteons in the
dorsal (“compression”; high strain) cortices of the sheep,
deer, elk, and equine calcanei. By contrast, Haversian
canals that are proportionally more similar in size were
also anticipated in the osteons of the ribs and in these
plantar (“tension”; low strain) calcaneal cortices. How-
ever, as shown by data summarized in Figure 5, none of
these possibilities appear to be supported. In other

words, proportionally larger HC size is not a distinguish-
ing characteristic of rib osteons. In fact, and also con-
trary to our predictions, Figure 5b shows that compared
with ribs there is a relatively greater percentage of
osteons (we predicted smaller percentages) with propor-
tionally larger canals in the highly strained dorsal corti-
ces of the calcanei (P<0.05 in all comparisons with
modern human ribs). Similar results are found when rib
osteons are compared with the samples of human femora
(data not shown).

Differences in allometric scaling of HC.Pm with B.Ar
were also not evident when osteons from habitual
“tension” and “compression” cortices were compared in
the sheep, deer, elk and equine calcanei and equine radii
(data not shown). These results diminish the possibility
that dimensional allometry is influenced by the presence
of differences in osteon morphotypes that occur between
these regions.

HC.Pm/B.Ar data and paired comparisons
between and within samples

Table 4 shows means and standard deviations of the
HC.Pm/B.Ar ratio for all bone samples. Results of these
paired comparisons (data nested for each bone)

Fig. 3. Least-squares (LS, solid lines) and reduced major axis (RMA, dashed lines) trend lines of HC.Pm versus B.Ar (BS/BV)
using log10-transformed data from: a. modern human ribs, b. human Nubian ribs, c. human femora (JS), and d. human femora
(CC). These plots show all of the data from the individual osteons from each specimen (i.e., un-nested analysis). Note that in these
four graphs the intervals that sub-divide the axes are asymmetric and the axes are also not equivalent between groups; some were
adjusted to enhance the display of the data.
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demonstrate that in most cases these mean data differ
between the groups. A separate nested analysis of small
versus large osteons (cutoff 5 mean diameter) in each
sample shows that HC.Pm/B.Ar was significantly greater
(P< 0.01) in small osteons than in large osteons for all
comparisons. This result again is consistent with the
negative allometries of nearly all of the least-squares
regressions.

Potential growth and age influences

In non-human bones, the sample of black bear femora
is the most robust in terms of sample size and greatest
accuracy of animal ages. HC.Pm/B.Ar regressions from
the nested data from skeletally immature black bear
femora (i.e., 5 years and younger) showed a moderate
correlation (r 5 0.5) that was negatively allometric (LS
slope 5 0.07). This correlation was weaker in the mature
black bear femora (r 5 0.19), where it was also nega-
tively allometric (LS slope 5 0.09) (Table 2). This sug-
gests no important age or growth effects in BS/BV in
this non-human limb bone. Finally, the analyses con-
ducted in some of the human samples also did not reveal
any clear or consistent effect of aging (Table 5).

DISCUSSION

We expected differences in osteon BS/BV scaling rela-
tionships (expressed here as HC.Pm vs. B.Ar) between
osteons of ribs and limb bones because of the different
mechanical, physiological, and metabolic functions of
these bones. Contrary to our prediction, however, the
samples of rib osteons could not be distinguished from
the samples of limb bone osteons based on the predicted
allometric scaling relationships. This is clear when con-
sidering that even though 80% (four of five) of the rib
groups showed positive allometry in terms of the RMA
slopes, only �50% of the adult limb bone groups showed
the expected negative allometry. In the rib groups, the
Nubians are the exception because they showed negative
allometry of their HC.Pm/B.Ar relationships in terms of

the RMA analysis. It is unclear if the relatively poor
health of the Nubian sample (Mulhern, 2000), or per-
haps their relatively increased physical activity, contrib-
uted in distinguishing this group from the other human
rib samples. Nevertheless, limb and rib bones are indis-
tinguishable based on the hypothesized osteon BS/BV
scaling relationships. Growth, sex, and aging also did
not appear to have a clear effect in changing HC.Pm/
B.Ar relationships in the cases where these factors could
be evaluated.

Limitations of this study include the different tissue
processing and microscope imaging methods that were
used (e.g., light microscopy vs. backscattered electron
imaging; Table 1). The tissue preservation prior to imag-
ing (e.g., dry vs. moist/fresh) was also not consistent.
Furthermore, we made no attempt to systematically and
independently re-evaluate any of the images in order to
assess error among the various samples and investiga-
tors. Load histories of the bones also differ and in most
cases are not well characterized (the calcanei and equine
radii are exceptions). Although we used approved
ASBMR nomenclature and methods when estimating
BS/BV from 2D osteon data (HC.Pm/B.Ar), these 2D
parameters are only surrogates for BS/BV data from
entire secondary osteons. A logical future study would
be to examine the hypothesis of different scaling rela-
tionships in a three-dimensional analysis of entire
osteons from ribs and limb bones using high resolution
microcomputed tomography (Carter et al., 2013) within
the same subjects of known age. However, these limita-
tions of the present study are typical in investigations
that consider and assemble histomorphological data
from various studies for comparative analyses of anthro-
poid and non-anthropoid bones (Mulhern and Ubelaker,
2012). Therefore, we consider our data to be useful
because in the various anthropoid and non-anthropoid
bones the results are generally consistent—dimensional
allometry of HC.Pm/B.Ar does not distinguish osteons
from rib and limb bones. The overall conclusions that
are drawn from these data therefore do not seem to be
confounded by these limitations or by species differences
in any obvious way.

Another limitation is that we did not examine ribs
and limb bones from the same individuals. Stronger evi-
dence for allometry of osteon size and canal size might
be observed in ribs and long bones when bones from the
same individual are compared. This is because inter-
skeletal variability might be overwhelming intra-skeletal
differences (Jepsen et al., 2011). Additional studies are
needed in this context.

In terms of un-nested data, nearly all adult bones (10
of 12 groups) with moderate or stronger correlations
(r�0.45) showed negative allometries based on their
least-squares slopes (Table 2, right side). This finding
can be explained by data showing that intra- and inter-
species variability in the size of Haversian canals is
generally constrained (Fig. 2b) even though there is com-
paratively substantial intra- and inter-species variability
in osteon size (Fig. 2a). Consequently, even when overall
osteon size (diameter) variations are likely mechanically
advantageous, the apparent importance of keeping
porosity low may be why negative allometry or weak
positive allometry is shown by the least-squares slopes
in most bones with correlations that are �0.45. This
mechanical priority is supported by data showing that
small changes in porosity lead to disproportionately
large reductions in bone strength and stiffness. Hence,

Fig. 4. Line plots of the range of HC.Pm/B.Ar (BS/BV) data
in all bones. The fact that the rib osteons do not have relatively
larger values when compared with the limb-bone osteons was
not expected in the context of the hypotheses (Fig. 1). Each
sample with mature and immature bones is shown with one
curve that displays these combined data.
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porosity generally has a deleterious effect on mechanical
properties of bone (Currey, 1988; Martin and Boardman,
1993; Turner, 2002; Currey et al., 2004). However, this
interpretation seems less palatable when considering the
fact that six of these 10 groups had RMA slopes that
were positively allometric (Table 2, right side). This dem-
onstrates that biomechanical interpretations can be dra-
matically different when considering the least-squares
versus RMA slopes. For example, the RMA slopes do not
consistently show negative allometry in the non-human
rib osteons even though their rib loading is likely more
substantial than in humans (Simons, 1999).

Several investigators have favored the hypothesis that
bone lining cells (BLCs), not osteocytes, manipulate

TABLE 3. Additional osteon dimensional relationships using
nontransformed data

On.Dm
vs. HC.Dm

On.Dm vs.
HC.Pm/B.Ar

HC.Dm
vs. B.Ar

Human Ribs
Modern NS 20.86(0.13) NS
Spitalfields 0.61 20.81 0.55
Nubian 0.78 20.70 0.77

Nonhuman ribs
Deer NS NS 0.76 (0.08)
Dog 0.78 (0.07) NS 0.76 (0.08)

Human limb bones
Femur (JS) 0.70 20.57(0.15) 0.62
Femur (CC) 0.68 20.49 0.67
Femur (BB) NS 20.73 NS
Metatarsal NS 20.62(0.09) NS

Nonhuman limb bones
Calcaneus

Sheep NS NS NS
Deer NS NS NS
Elk NS NS NS
Horse 0.87 NS 0.85

Radius
Horse NS 20.68(0.15) NS

Humerus
Deer NS NS NS
Dog NS NS NS

Femur
Deer 0.96 NS 0.93
Cow NS 20.83 NS
Horse 0.71 NS 0.75
Dog 0.90 NS 0.90
Black Bear
(immature)

0.47 20.85 0.44

Black Bear
(mature)

NS 20.69 NS

Metacarpal
Black Bear
(immature)

NS NS NS

Black Bear
(mature)

0.95 NS 0.93(0.07)

Black Bear (all) NS NS NS
Horse 20.98(0.08) 20.92(0.09) 20.98(0.08)

Metatarsal
Black Bear
(immature)

NS NS NS

Black Bear
(mature)

0.87 NS 0.89

Black Bear
(all)

0.89 20.75(0.15) 0.88

Correlation coefficients shown with P values in parentheses are
trends or tendencies (0.05<P�0.15); otherwise the P values of
the significant correlations are all P�0.05.
NS 5 nonsignificant.

Fig. 5. (a) Frequencies of %HC.Ar (HC.Ar/On.Ar) for each
of the calcanei and modern human ribs. These data also repre-
sent the percent of osteon in-filling (re-filling). (b) The frequen-
cies of %HC.Ar (HC.Ar/On.Ar) for the dorsal (“compression”)
cortex of all calcanei compared with the frequency of %HC.Ar
(HC.Ar/On.Ar) of the modern human ribs. Compared with the
plantar regions, remodeling in the dorsal region occurs at a
lower rate in adults (Skedros et al. 1997, 2001, 2004). (c) The
frequencies of %HC.Ar (HC.Ar/On.Ar) for the plantar (“tension”)
cortex of all calcanei compared with the frequency of %HC.Ar
(HC.Ar/On.Ar) of the modern human ribs. In the plantar cortex
of mature bones, and presumably also in the rib, the rate of
active remodeling is higher than in the dorsal (“compression”)
cortex of the calcanei (Skedros et al. 1997, 2001, 2004). For A–
C: The number above each bone data set indicates the mean
osteon diameter (On.Dm) in microns (mm).
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calcium solubility on quiescent surfaces in response to
calcium-regulating hormones (Staub et al., 1989; Parfitt,
1987, 1993; Talmage et al., 2000; Qiu et al., 2002). A
plausible mechanism whereby modification of the

osteonal in-filling process is coupled to BLC-mediated
calcium exchange involves variations in osteocyte pro-
duction of sclerostin—a glycoprotein that appears to be
the strongest regulator of the extent of osteonal in-filling

TABLE 4. Comparisons of HC.Pm/B.Ar data between groups

Mean Std. dev.
Statistically significant

(P � 0.001) from:

Human ribs
Modern 4.01 1.55 2–6, 8, 10–13, 15–20, 23–25
Spitalfields 5.91 3.05 1, 3–10, 14–24
Nubian 3.84 1.63 1–2, 4–18, 20–24

Nonhuman ribs
Deer 3.94 2.28 1–3, 5–14, 18–19, 21–25
Dog 6.60 4.14 1–4, 6–15, 18–19, 21–25

Human limb bones
Femur (JS) 5.43 2.72 1–5, 10–25
Femur (CC) 4.53 2.24 2–5, 10–21, 23–25
Femur (BB) 5.49 3.32 1–5, 10–25
Metatarsal 5.13 1.60 2–5, 10–21, 23–25

Nonhuman limb bones
Calcaneus

Sheep 6.51 4.24 1–9, 11–17, 20–22, 24–25
Deer 8.49 5.77 1, 3–10, 14–18, 20–24
Elk 7.35 3.86 1, 3–10, 14–25
Horse 6.03 3.25 1, 3–10, 14–25

Radius
Horse 7.35 4.68 2–13, 15–20, 22–23, 25

Humerus
Deer (all) 4.10 2.61 1–3, 5–14, 17–25
Dog 5.94 3.58 1–3, 6–14, 18–19, 21–25

Femur
Deer 3.22 0.97 1–3, 6–15, 18–19, 21–25
Cow 6.22 4.73 1–9, 11–17, 19–22, 24–25
Horse 5.34 2.88 1–2, 4–9, 12–18, 20–22, 24
Dog 6.00 3.42 1–3, 6–15, 18–19, 21–25
Black Bear (immature) 5.48 4.47 2–13, 15–20, 22–23, 25
Black Bear (mature) 6.38 5.82 2–6, 8, 10–21, 23–25

Metacarpal
Black Bear (all) 3.46 1.74 1–9, 11–17, 20–22, 24–25
Horse 10.62 9.71 1–13, 15–20, 22–23, 25

Metatarsal
Black Bear (all) 3.35 2.83 1, 4–10, 13–18, 20–24

The numbers at the far right refer to the bones in the list in ascending order from top to bottom (where #1 is modern human rib
and #25 is black bear metatarsal).

TABLE 5. Age analyses of HC.Pm/B.Ar (BS/BV) relationships using logged data from human rib (Spitalfields) and
human femora (JS; CC)

No. osteons LS slopea r P 95% CI RMA slopea

Human rib (Spitalfields)
<50 years (n 5 68) 1,479 0.33b 0.55 <0.01 0.31–0.36 0.61b

�50 years (n 5 152) 3,615 0.34 0.70 <0.01 0.33–0.36 0.49
<70 years (n 5 158) 3,624 0.34b 0.57 <0.01 0.32–0.36 0.60b

�70 years (n 5 62) 1,470 0.33 0.70 <0.01 0.30–0.36 0.47
Human femur (JS)c

<60 years (n 5 5) 762 0.39b 0.67 <0.01 0.33–0.45 0.58b

�60 years (n 5 7) 1,022 0.37b 0.57 <0.01 0.33–0.42 0.65b

Human femur (CC)
<50 years (n 5 25) 1,185 0.45 0.44 <0.01 0.40–0.50 1.02
�50 years (n 5 188) 8,756 0.42b 0.66 <0.01 0.40–0.44 0.66b

<70 years (n 5 117) 5,604 0.40b 0.53 <0.01 0.38–0.43 0.66b

�70 years (n 5 96) 4,337 0.44b 0.67 <0.01 0.41–0.47 0.66b

a Allometric relationships are shown by these slopes: 1) isometry is equal to 0.5, 2) negative allometry is <0.5, and 3) positive
allometry is >0.5. Positive and negative allometry do not contain 0.5 in the 95% CIs.
b Cases where the LS slope shows negative allometry but the RMA slope shows positive allometry.
CI 5 95% confidence intervals; n 5 the number of individuals in each subset. For other abbreviations see legend of Table 2.
c The Human Femur (JS) is analyzed as <60 and >60 years because: 1) when using the 50 year cut-off the <50-year-old group had
only three individuals, and 2) when using the 70-year cut-off only one individual was >70 (71 years old).
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(Skedros et al., 2011a; Power et al., 2012). In this per-
spective we initially suspected that, compared with limb
bone osteons, rib osteons would have enhanced efficiency
of non-remodeling calcium exchange mechanisms (e.g.,
isoionic and heterionic exchange; see Appendix) (Heaney,
2003) that would be detected in 2D by their compara-
tively proportionally larger Haversian canal areas with
increased osteon size. But the failure of our data to dis-
tinguish rib versus limb bone osteons in this context is
consistent with the conclusion that, when needed, the
mobilization of calcium across the quiescent osteonal
surfaces is sufficient for short-term needs (e.g., on the
scale of hours, such as between meals) without differen-
tially modifying osteonal porosity between ribs and limb
bones. Conventional wisdom is that greater calcium
demands are primarily satisfied by resorption of trabecu-
lar (cancellous) bone surfaces, which is accomplished by
hemi-osteonal remodeling (Parfitt, 2010; Qiu et al.,
2010). However, a recent study suggests that the main-
tenance of bone balance is more efficient for intra-corti-
cal remodeling in the rib than for endo-cortical or
cancellous remodeling at any other site (Qiu et al.,
2010). Nevertheless, in situations when cortical bone of
ribs and limb bones might be an important calcium
source, the activation of osteonal remodeling appears to
be an important means for mobilizing relatively large
amounts of calcium for greater demands or long-term
needs (e.g., lactation, pregnancy, and dietary deficiency)
(Hillman et al., 1973; Vajda et al., 1999; Bowman and
Miller, 2001; Heaney, 2003; Parfitt, 2010). But there is
evidence that during the reproductive cycle significant
amounts of calcium can be reversibly removed from the
bone matrix via osteocytic osteolysis (i.e., independent of
osteoclastic resorption) of the perilacunar and pericana-
licular spaces (Qing et al., 2012). However, this has been
definitively shown to occur in mice where, to our knowl-
edge, osteonal remodeling does not occur in natural con-
ditions. Consequently it remains unclear what the
relative importance of osteon-mediated remodeling ver-
sus osteocytic osteolysis might be in species that have
the capacity for extensive osteonal remodeling.

Our assumption that optimization for calcium
exchange in ribs would be seen as positive allometry in
their osteonal BS/BV relationships is also likely funda-
mentally flawed in the context of potential variations in
osteonal histomorphological characteristics. For example,
we based our main predictions on the idea that fluid flux
across the osteonal wall can be viewed as a convective-
based process that is relatively simple and similar for all
osteons that we studied. There are aspects of osteon
microporosity and other matrix characteristics that
could exhibit phenotypic plasticity and, in turn, could
influence trans-osteonal fluid-flow dynamics and calcium
exchange across the osteon canal surface (see Appendix).
These include variations in the number of dendrites per
osteocyte (which is reflected in canalicular density), the
trans-osteonal arrangement of osteocytes and their den-
drites, and intercellular gap junction connectivity (Ferre-
tti et al., 1999; Okada et al., 2002; Mishra and Knothe
Tate, 2003; Ascenzi et al., 2004; Palumbo et al., 2004;
Kerschnitzki et al., 2011). The blood-bone barrier formed
by BLCs is also not simple (Wang et al., 2000). It is pos-
sible that these morphologic characteristics are non-
equivalent in osteons from different cortical regions,
bones, and/or species. The existence of this osteonal non-
equivalence would invalidate the use of BS/BV data as
the sole criterion for determining if there might be

differences in calcium exchange in rib versus limb-bone
osteons.

We postulate that non-equivalent osteon matrix micro-
porosities, which might be associated with different
osteon morphotypes (Skedros et al., 2009, 2011b), could
be present in some of the osteons that were evaluated in
the present study. This could include species or load-
related differences in lacuna-canalicular geometries. We
could not distinguish these putative differences because
none of the osteons were analyzed at the high magnifica-
tions and imaging conditions (e.g., confocal microscopy)
that are required for this analysis. Nevertheless, these
possibilities raise a cautionary flag—non-uniformities in
characteristics of matrix microporosities between osteons
in different bones or between different regions of the
same bone could confound attempts to identify relation-
ships between HC.Pm and B.Ar and the trans-canal and
trans-osteonal fluid flow dynamics that effect molecular
and nutrient transport and exchange.

Although the data shown in Table 2 generally show
statistically significant correlations of HC.Pm with B.Ar
across broad ranges of osteon size, the sheep calcanei are
a glaring exception because of their lack of a HC.Pm/B.Ar
relationship. Additionally, the correlations of HC.Pm and
B.Ar in many of the other limb bones are weak. These
data suggest that a functional relationship between
HC.Pm and B.Ar is not consistent and, if present, is typi-
cally not strong. With respect to data in sheep calcanei, it
is possible that the less rigorous ambulatory activities of
the domesticated sheep used in this study does not evoke
a frequency of osteonal remodeling that is sufficient for
detecting relationships between the degree of osteon
in-filling and osteon size. This contrasts with the higher
rate of osteonal renewal that has been previously reported
in the calcanei of the wild animals (elk and deer) and
domesticated horses that were also examined in the present
investigation (Skedros et al., 2011c). This explanation is
discussed further in prior studies (Skedros et al., 2011a,c).

Finally, in Figure 2a,b there appears to be bimodal
distributions of Haversian canal size that reflect animal
size. It is possible, given the fact that the larger species
in our samples also tend to live longer, that an associa-
tion or even minor relation between either body size or
animal longevity could be made with osteon size and
could potentially affect osteon surface-volume scaling
relationships. However, we could not fully evaluate this
possibility because the mass and age data were not
available for all animals.

In summary, the results of this study do not provide
evidence that BS/BV scaling, expressed as HC.Pm/B.Ar
in a 2D analysis, reflects a rib versus limb bone dichot-
omy whereby calcium exchange might be preferentially
enhanced across quiescent canal surfaces of rib osteons.
Non-remodeling calcium-exchange mechanisms (e.g., iso-
ionic and heterionic; and possibly osteocytic osteolysis)
must therefore be sufficient in terms of the role that ribs
and limb bones might have in satisfying calcium
demands of typical daily living. Consequently, while our
data show that the use of dimensional allometry in
HC.Pm/B.Ar relationships does not support a dichotomy
in the capacity for calcium exchange across quiescent
canals of mature osteons in ribs versus limb bones, this
possibility cannot be summarily ruled out if osteons are
not equivalent in other matrix characteristics that could
influence non-remodeling calcium exchange. Additional
studies using data from entire secondary osteons are
now needed to more rigorously test these hypotheses.
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APPENDIX: NUTRIENT/MOLECULAR EXCHANGE/
DELIVERY ACROSS THE HAVERSIAN CANAL
SURFACE AND WITHIN THE OSTEON WALL

Trans-osteonal calcium exchange and nutrient delivery
could be affected by: 1) Haversian canal size, 2) osteon size,
3) capillary number, 4) capillary diameter, 5) size of red
blood cell (nucleated vs. non-nucleated in some species), 6)
osteon “morphotype” (i.e., distinctive collagen/lamellar pat-
terns) (Skedros et al., 2009), 7) lacuna-canalicular morphol-
ogies, 8) osteocyte density, 9) viability of osteocytes and
bone lining cells (BLCs), and other aging effects, 10) habit-
ual loading of the specific bone or bone region (e.g., low
strain with increased cycles vs. high strain with decreased
cycles; or tension vs. compression), and 11) the possibility
that the cement line might not be a complete barrier to
nutrient delivery via interstitial fluid flow (Haines et al.,
1983; Curtis et al., 1985).

Metz et al. (2003) considered two mechanisms to explain
the regulation of osteonal in-filling, and both involved a
possible role for the density of osteocytes in forming the
osteon wall. Similar to a basic assumption of the present
study, these mechanisms assume unidirectional nutrient
transfer from the Haversian canal into the osteon wall.
Because the cement line is generally considered an effec-
tive barrier to significant nutrient transport, all osteocytes
within an osteon must receive nutrients from the Haver-
sian canal (Qin et al., 1999; Wang et al., 2000). The first
mechanism involves transport across the Haversian canal
surface. The second mechanism involves transport within
the osteon wall. Both mechanisms can be modified in ways
that are independent of in-filling and can influence BS/BV
relationships; but these potential modifications (e.g.,
adjustments in lacuna-canalicular conduit geometries and
densities) were not analyzed in the present study.

As summarized by Metz et al. (2003), nutrient flow
through the blood vessel in the Haversian canal and
transport out of the vessel and across the Haversian
canal surface (i.e., the nutrient transport surface) must
be adequate to support the viability of all osteocytes in
the osteon wall. This is important because if osteocyte
signals (e.g., the osteocyte-mediated production of sclero-
stin (Power et al., 2012)) could be modified to provide a
larger Haversian canal, then this could allow for a larger
blood vessel (or more than one blood vessel). This results
in greater blood flow and greater surface area for nutri-
ent transport into the osteon wall. If the radius of the
Haversian canal doubles, then the nutrient transfer sur-
face also doubles, but the flow rate through the larger
blood vessel increases substantially more. In fact, for an
idealized case, these investigators pointed out that flow
rate through this hypothetically larger blood vessel could

increase by a factor of 16 because, to the extent that
Poiseuille’s Law applies, fluid flow increases in propor-
tion to (radius)4 of the tube (vessel). This is an impor-
tant issue because it is another potential osteonal
morphological characteristic that can confound simple
interpretations of the physiology of BS/BV scaling rela-
tionships. In fact, there are data showing that progres-
sive age-related remodeling of a bone’s cortex can
influence bone vascularity. In a study of the vascular
network of an ontogenetic series of canine tibiae, Marotti
and Zallone (1980) noted that as secondary osteons are
formed and their canals narrow, there is a progressive
reduction in the number of vessels in each canal. We
know of no evidence that there are differences in the
number of capillaries in Haversian canals of osteons
from human ribs and limb bones examined in the pres-
ent study. The only other reported observation that we
are aware of that suggests that this might occur, but is
unusual, is the mention by Chinsamy-Turan (2005). Fur-
thermore we know of no data regarding the relationship
between vessel diameter and Haversian canal diameter.
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