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Although bone strength and modulus are known to be influ-
enced by both volume fraction and mineral content (ash
fraction), the relative influence of these two parameters
remains unknown. Single-parameter power law functions are
used widely to relate bone volume or ash fraction to bone
strength and elastic modulus. In this study we evaluate the
potential for predicting bone mechanical properties with
two-parameter power law functions of bone volume fraction
(BV/TV) and ash fraction () of the form y = a(BV/TV)® a°
(wherey is either ultimate strength or elastic modulus). We
derived an expression for bone volume fraction as a function
of apparent density and ash fraction to perform a new
analysis of data presented by Keller in 1994. Exponentsand
c for the prediction of bone strength were found to be 1.92+
0.02 and 2.79+ 0.09 (mean= SE), respectively, withr? =
0.97. The value ofb was found to be consistent with that
found previously, whereas the value ofc was lower than
values previously reported. For the prediction of elastic
modulus we foundb and c to be 2.58+ 0.02 and 2.74+ 0.13,
respectively, with r> = 0.97. The exponent related to ash
fraction was typically larger than that associated with bone
volume fraction, suggesting that a change in mineral content
will, in general, generate a larger change in bone strength
and stiffness than a similar change in bone volume fraction.
These findings are important for interpreting the results of
antiresorptive drug treatments that can cause changes in
both ash and bone volume fraction. (Bone 29:74-78; 2001)
© 2001 by Elsevier Science Inc. All rights reserved.

Paget’s disease) or treatment with certain antiresorptive 8fugs
(bisphosphonates). Meunier and Boitfimecently indicated that
variation in ash fraction may explain how small increases in areal
bone mineral density (BMD; measured by dual-energy X-ray
absorptiometry) are correlated with unexpectedly large decreases
in fracture incidence in patients taking bisphosphonates. Further
understanding of the relative influences of ash fraction and bone
volume fraction on bone mechanical properties could help in
evaluating this possibility.

Mechanical testing of bone samples has identified the appar-
ent density (mineralized bone mass/bulk volume) and the ash
apparent density (ash mass/bulk volume) as effective predictors
of bone strength and stiffne$®.These parameters are used to
predict bone material properties with power law functions of the
form?:

y=ax @
wherey is the strength or elastic modulusis a parameter value
(e.g., apparent density or ash apparent density),aaandb are
empirical constants derived from experimental data. Bone vol-
ume and ash fraction influence both apparent density and ash
apparent density. One limitation of models based on apparent
density or ash apparent density is that they do not separate the
influence of bone volume fraction from that of ash fraction.
Single-parameter power law models using bone volume fraction
or ash fraction can predict bone mechanical properties, but they
are typically not as effective predictors as apparent density or ash
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Introduction

both bone volume fraction and ash fraction could be effective at
predicting bone mechanical properties while separating the in-
fluence of the two parameters.

Currey has suggested a two-parameter power law function to

Bone volume fraction (BV/TV; bone volume/bulk volume) and differentiate the influences of bone volume and ash fraction on
ash fraction ¢; ash mass/dry bone mass) each have a significanthe elastic modulus of cortical bone. Currey’s model used two
influence on the mechanical properties of b6rfé The relative  independent parameters, bone volume fraction and calcium con-
influence of these parameters, however, is not well known. Asttent (milligrams calcium per gram total). Currey found that this
fraction, in particular, is rarely presented in studies, but hasmodel explained>80% of the variance in the data from a sample
recently received increased attention in the literature. Variationget that included bone from 18 different species with a wide
in ash fraction can be caused by bone diseds@steomalacia, range in ash fraction. Because elastic modulus is closely corre-
lated with bone strengthit is likely that the same mathematical
Address for correspondence and reprinGhristopher J. Hernandez, form used to predict §tr§ngth can also predilct modulus. We
M.S., Rehabilitation Research and Development Center, VA Palo Altotheérefore suggest predictive laws of the following form:
Health Care System, 3801 Miranda Avenue/153, Palo Alto, CA 94304-
1200. E-mail: hernandez96@post.harvard.edu

y = a(BVITV)" a® 2)
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wherea, b, andc are constants, and BV/TV is the bone volume 0.7

fraction,« is the ash fraction, anglis either ultimate strength or 5 . . o e gt

elastic modulus. 0.6 m&‘ . ot :{*‘:}‘f’*‘# "
The objective of this work is to determine the relative influ- LR SN e

a
aa
a

ences of bone volume fraction and ash fraction on the ultimate _ 0.5 s, " s
strength and elastic modulus of cancellous and cortical human.g , , . n
bone with a large variation in ash fraction. Specifically, this g . N
involves analyzing or determining the values wfand ¢ (see IL g3 o

equation 2) that have been found in previous studies. Becauseg

there are few studies that have reported both bone volume< 0.2 Lot eap

fraction and ash fraction we derive an equation to determine the E

bone volume fraction given ash fraction and apparent density.  0-1 + Spinal Cancellous Bone

This allows us to include data from a previous study that did not + Femoral Diaphyseal/Metaphyseal Bone
report bone volume fraction directly but did measure mechanical 00 01 02 03 04 05 06 07 08 09
properties for a wide range of ash and apparent deh3ithe Bone Volume Fraction

values of the exponents associated with bone volume fraction

and ash fraction are used to assess the relative importance fgure 1. Distribution of bone volume and ash fraction. Samples marked

these two parameters in determining bone material properties.with crosses are taken from the lumbar spine, and those marked with
triangles are taken from the femur. The distribution in bone volume
fraction and ash fraction is larger than that in previous studies (see Table

Methods 1). Bone volume fraction and ash fraction are poorly correlatd=(

. . 0.01), suggesting the two are independent parameters.
The specimens tested by Keftléshowed a range in dry apparent ). sugg 9 P P

density of 0.048 g/crh(cancellous bone) to 1.885g/érfcortical
bone), and a range in ash fraction from 0.174 to 0.662. Becausg, 422 Bone area fraction is numerically equivalent to bone
Keller's data span such wide ranges in dry apparent density an

X . olume fractiont® The distribution of both bone volume and ash
ash fraction they are well suited to a two-parameter power law4ction is then quantitatively described.

model (equation 2). Because bone volume fraction was not The two-parameter power law model is achieved by linear-
measured directly in Ke_llers_ study we derive an expression forizing Equation 2 using a logarithmic transform as follows:
the bone volume fraction in terms of parameters that were

measured (apparent density and ash fraction). The apparent _

density,p, can be expressed as: log (v) = log (8) + b log (BV/TV) + ¢ log () @)
Two-parameter multiple linear regression analyses were per-

p = (BVITV)p, (3)  formed with ExceL (Microsoft Corp., Redmond, WA) to deter-

mine the constants in Equation 7. The strength of the power law

regressions was determined by analysis of the coefficient of

determinationt®) and the percent deviation from the model (PD)

as shown by Kellet? A review of studies having reported ash

fraction was also performed to determine the approximate range

BV/TV = 13 4) of values of model exponents indicated in the literature.

Pt

where BV/TV is the bone volume fraction apdis the true tissue
density of the boné? By rearranging Equation 3, we express the
bone volume fraction as:

We now use the underlying constituents of bone tissue to deriv&esults

gghe;(rg::etisnion for the true tissue denstyas a function of the Keller's data showed large variations in both bone volume and
The ash ?r.action of osteoick(= 0) and fully mineralized ash fraction Figure 1). The equation derived for bone volume
N y . fraction (Equation 6) was a good predictaf (= 0.67) of the

Eanmeafb:ng.?I%)eSdprarlisssrzgsée?wi?ti;?gg?:]egagz?jisnOtt)setqu\éesde g%cl)ne volume fraction calculated from area fraction measure-
) y p 9 ents in a subset of Keller's datd&igure 2). Bone volume

Iraf‘}vlg&l\l/:?)lllljsvsvinanla\/lalr-t?r}l“%(zzasr:edthze-sgel gl/r?@ rOeSlpZEI:_tIV/%m fraction and ash fraction were found to be poorly correlatée(

y- 9 _ points (0, 1.41 g/cn 0.01). The two-parameter best-fit power law models for Keller's
and 0.7, 2.31 g/cr) to approximate the true tissue density, with data were found to be:

a linear relationship between ash fraction and tissue density: '

log (oyr) = 794.33 + (1.92 = 0.02

X log (BVITV) + (2.79 = 0.09

p: (glen?) ~ 1.41+1.2% (5)

Using Equations 4 and 5 we obtain an expression for the bone

volume fraction as a function of dry apparent density and ash X log () r*=0.97 8)
fraction:
log (E) = 84.37+ (2.58+ 0.02 log (BV/TV)
BV/TV ~ P ) + (2.74+ 0.13) log @) r?=0.97 9)
141+ 1.2%

whereo, 1 is the compressive ultimate strength (MPa) &nid
Equation (6) is applied to Keller’'s original data to determine thethe elastic modulus (GPa), and the exponents are given as
bone volume fraction for each specimen tested. To validate thisnean = SE. Transformed back to original coordinates these
method, a comparison is made between the bone volume fractioaquations are:
predicted by Equation 6 and that derived from two-dimensional
area fraction measurements obtained from a subset of Keller's our = 794.33(BV/TV)192:0.02 2792009 (10)
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0.9 - bone volume fraction than previous studies (see Table 1), a
08 | condition known to improve the strength of statistical model®
g The new two-parameter functions explain more of the variance in
5 0.7 | the data than single-parameter functions using either ash fraction
o 806 or bone volume fractionHigure 3).
S Previous studies have used a number of loading conditions as
o} g e well as samples from multiple species and different ranges of
3 504 - bone volume and ash fraction (Table 1). Power law models based
- G) 0.3 . on bone volume fraction or apparent density are comparable due
o 3 02 to the direct relationship between the two parameters (Equation
g : 3). The model for the prediction of bone strength showed an
m 0.1 - exponent value for bone volume fraction (1.820.02) that was
0 ' . ‘ ' - consistent with other studies analyzed (Table 1). A particularly
0 02 0.4 0.6 0.8 1 large range of values for the ash fraction exponent was found in

the literature (2.79-10.27). This range may be due, in part, to
differences in loading conditions in the studies (tensile, compres-
Figure 2. Bone volume fraction calculated using equation 6 is comparedsive and bending) and is also influenced by the variation in bone
with that calculated from area fraction measurements taken from a subsetolume and ash fraction between studies. With the exception of
of Keller's data** The strong correlationrf = 0.67) suggests that the current study, the only studies that have reported the ash
equation 6 is a good predictor of bone volume fraction for Keller's data. fy5ction exponent used single-parameter power law models for
the prediction of cortical bone strengt&* The current study is
E = 84.37(BV/TV)258:002 ;274:013 (11)  different in that it used a two-parameter model to describe the
strength of both cortical and cancellous bone. To better compare

The percent deviation rates for these two models are 29.7%he current study with the previous studies we created a single-
(strength) and 43.4% (elastic modulus). A summary of the resultparameter power law model using a cortical bone subset of
from a reanalysis of Keller's data is givenTrable 1along with  Keller's data (where bone volume fractiorD.60). The resulting
a summary of previous studies that have correlated ash fractioash fraction exponent value was larger than that found with all of
with either strength or elastic modulus. Keller's data (3.54 instead of 2.79). It is possible that the ash
fraction exponents in the other studies (7.70 and 10.27) are also
slightly larger than they would have been if generated using both
cortical and cancellous bone or data sets that had a larger range
The primary objective of this work was to evaluate the relativeof ash fraction values. This is in agreement with previous
influence of volume and ash fraction on bone strength and elastiobservations that the range of the independent parameters used to
modulus over a broad range of volume and ash fraction valuegievelop a power law model can significantly influence the values
The exponent values related to ash fraction were in both casedf the exponents:*® The current data, however, prevent us from
larger than those related to bone volume fraction. This suggestsiaking further conclusions regarding the value of the ash frac-
that a change in the ash fraction will generate a greater (antion exponent.
possibly much greater) change in bone strength and modulus The model for the prediction of elastic modulus had an ash
than an identical change in bone volume fraction. The functiondraction exponent (2.74 0.13) that was well within the range of
derived here (Equations 8 and 9) contributed to this analysis asalues found by other studies (from 2.55 to 4.80). The bone
they were developed from data with more variation in ash andvolume fraction exponent (2.58& 0.02) was also within the

Observed Bone Volume Fraction

Discussion

Table 1. Power law constants (exponents) for bone volume fraction (BV/TV) and ash fracfjcaré presented for this study and for other studies

Strength exponent Modulus exponent
Source Loading condition  « range BVI/TV range BV/TV « BV/TV a
Carter and Haye$Gibsor? Compression; NR NR (cortical and 2.07 NR 2.0-3.06 NR
human cancellous)
Current study? Compression; 0.174-0.662 0.022-0.843 1.92(0.02) 2.79(0.093) 2.58(0.022) 2.74(0.129)
human (cortical and
cancellous)
Currey Tension; bovine 0.603-0.678 NR (cortical) NR 7.7 NR 4.8
Currey’ Tension; Mammal, NR® NR (cortical) NR NR 3.52 3.17
birds, reptiles
Schaffler and Bui® Tension; bovine 0.664-0.723  0.922-0.971 NR NR 10.92 (1.64) 3.9 (1.11)
(cortical)
Vose and Kubaf Bending; human 0.633-0.709 NR (cortical) NR 10.27.652) NR NR
Currey? Bending; mammal; NR® NR (cortical) NR NR 3.13 2.55
birds, reptile

When available the standard error is reported in parentheses. The model citing the work of Vose antf Kalsaigenerated from a digitized plot of
their data.

NR, not reported.

#Exponent reported for apparent density.

PResults from one-parameter regression model.

“Calcium content measured chemically and not ash fraction.
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range of values found in Table 1 (2.0-10.92). The relativelyin ash fraction. For this reason the two-parameter models are
large exponent value found by Schaffler and Bai(10.92) may ~ more informative than the ash density model even though they
be a result of the fact that their cortical bovine specimens all hadire similarly predictive of elastic modulus®(= 0.97, percent
extremely low porosity (0.922 BV/TV = 0.971) and all were deviation 43.4%) and strength?(= 0.97, percent deviation
highly mineralized (0.664= « = 0.709). Because the current 29.7%).

study did not consider bone within these ranges of bone volume There are limitations to our study that must be considered.
and ash fraction our results may not be comparable to th&he first limitation pertains to the assumption that the true tissue
findings of Schaffler and Burr. If we exclude their results from density p,) and the ash fractionn) were related to each other in
our analysis we can conclude that the elastic modulus is propora simple linear fashion (see equation 5). This assumption is based
tional to the bone volume fraction raised to a power of betweeron a study of healthy human boh&lt is possible that future

2.0 and 3.5 for the ranges of ash and bone volume fractiorwork will identify changes to this relationship that occur in
examined in the current study. response to some disease states. The linear model (equation 5)

Several previous studies have suggested that ash fraction may not be as effective under these conditions. Nevertheless, the
correlated with bone volume fraction (i.e., higher in cortical linear model does explair65% of the variance in bone volume
bone)®1%In the present study, we found a poor relationship ( fraction ¢ = 0.67; see Figure 2), suggesting that it is effective
= 0.01) between bone volume fraction and ash fraction. for most bone samples. The models presented in this study did

Given the range in value of ash fraction exponent for thenot consider aspects of trabecular and osteonal architecture and
prediction of bone strength it is difficult to predict definitively orientation that have been known to influence mechanical prop-
the influence of ash fraction on bone strength. Depending on the
exponent value chosen one could conclude that an increase in ash
fraction from 0.65 to 0.68 would cause an increase in strength 5 i M—
ranging from 13.4% to 59.0%F(gure 4). This wide range T Aeh Exponent =70
suggests that further study of the influence of bone volume and -+ -+ Ash Exponent = 10.27
ash fraction is needed. The approximately cubic exponents ob-
tained in the current analysis suggest that small increases in ash
fraction may cause large increases in bone strength.

Keller found one-parameter models using the ash density (ash
mass/bulk volume) to predict elastic modulué£ 0.97, percent
deviation 46.7%) and strengthr®’(= 0.97, percent deviation
29.9%). He concluded that ash density is the single most effec-
tive parameter for the prediction of bone stiffness or strefgth.

A limitation of models using ash density is that it is unclear
whether an increase in ash density is the result of increased bone
volume fraction or increased ash fraction. This can be important
because a change in bone volume fraction may result in different
bone material properties as compared with a change in ash
fraction, even when the change in ash density is the same. Theq e 4. strength normalized to that at a typical ash fraction vabue: (

two-parameter models presented in the current study make thig,eo) is displayed as a function of ash fraction. The ash fraction exponent
distinction and therefore take into account the mechanical diffrom the current study (2.79) is compared with that found by Cdrrey

ferences between changes in bone volume fraction and chang€s7), and Vose and Kub&(10.27).

Normalized Strength

1 n .
0.60 0.62 0.64 0.66 0.68 0.70

Ash Fraction
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erties?® Last, some aspects of testing methods were not consid-8
ered in this study. For example, the data analyzed herein were
obtained from compression tests of bone placed directly between
metal platens? These methods have been associated with an
underestimation of elastic modulds?® that may influence the
constants in the elastic modulus model (equation 9).

This study illustrates the predictive power of statistical mod- 17

els that use bone volume fraction and ash fraction to predict bone
mechanical properties. We identified ranges for model constants

(b and ¢ from equation 2) and recommended future studies toi2.

define more accurately the values of some of these parameters.

Predictive models of this form (equation 2) may contribute new13:

mechanical perspectives to metabolic bone disease and antire-
sorptive drug treatment by differentiating the mechanical reper
cussions caused by changes in ash fraction from those caused
changes in bone volume fraction. Another advantage of thisg
method is that ash fraction and bone volume fraction lend

themselves to calculation of areal bone mineral density (BMD),16.

which is the standard method by which osteoporosis is assessed
clinically. For this reason future studies may be able to relate ash

fraction, bone volume fraction, mechanical properties, and noni7-

invasive BMD measurements in more effective ways than cur-
rently available.
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