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Tissue level density and elastic modulus are intrinsic properties that can be used to quantify bonematerial and
analyses incorporating those quantities have been used to evaluate bone on a macroscopic scale. Micro-
computed tomography (microCT) technology has been used to construct tissue level finite element models to
simulate macroscopic fracture strength, however, a single method for assigning voxel-specific tissue density
and elastic modulus based on those data has not been universally accepted. One method prevalent in the
literature utilizes an empirical relationship that derives tissue stiffness as a function of bone calcium content
weight fraction. To derive calcium content weight fraction from microCT scans, a measure of tissue density is
required and a constant value is traditionally used. However, experimental data suggest a non-trivial amount
of tissue heterogeneity suggesting a constant tissue density may not be appropriate. A theoretical derivation
for determining the relationship between voxel-specific tissue density and microCT scan data (i.e., microCT
derived tissue mineral density (TMD), mgHA/cm3) and bone constituent properties is proposed. Constant
model parameters used in the derivation include the density of water, ash, and organics (i.e., bone
constituents) and the volume fraction of the organics constituent. The effect of incorporating the theoretically
derived tissue density (instead of a constant value) in determining voxel-specific elastic modulus resulted in a
maximum observed increase of 12 GPa (5.9 GPa versus 17.9 GPa, for the constant value and derived tissue
density formulations, respectively) for a measured TMD of 1.02 gHA/cm3. Average and bounding quantities
for the four constant model parameters were defined from the literature and the influence of those values on
the derived tissue density and elastic modulus relationships were also evaluated. The theoretical relationships
of tissue density and elastic modulus, with the average constant model parameters applied, were consistent
with previously published empirical relationships derived from experimental data. Tissue density as a
function of microCT TMDwas formulated as a linear relationship and the density of water and ash was shown
to solely influence the proportionality (i.e., slope) between those values. The density of water and organics
(i.e., collagen) and the volume fraction of the organics constituent were shown to influence the constant offset
(intercept) between tissue density and TMD with no influence from ash density. Incorporating tissue density
heterogeneity into the derivation of elastic modulus resulted in a significant increase in predicted modulus
(for microCT TMD ranges observed for healthy tissue) as compared to when a constant tissue density was
used. The presented approach provides a novel method for deriving tissue-level bone material properties and
quantifies the effect of assuming tissue homogeneity when calculating elastic modulus (when using a
prevalent method in the literature) from microCT scan data.

Published by Elsevier Inc.

Introduction

Micro-computed tomography (microCT) has become a popular
method for quantifying and analyzing bone structure [1–4] and degree
of bone mineralization [5,6]. Although well suited for quantifying bone
structure, CT-based technology is limited to only providing information
related to bone mineral content. This limitation is best exemplified in

how bone density is traditionally reported, as an equivalent tissue
mineral density (TMD), usually defined in relation to a calibration
phantom of similar material (e.g., mg-Hydroxyapaptite per cm3). A
common implementation of this technique defines a linear relationship
between microCT-derived linear attenuation and known hydroxyapa-
tite contents from a calibration phantom [1,3,6,7]. Hydroxyapatite
equivalent tissue mineral density is then assigned during in-vivo scans
on a voxel-by-voxel basis using the attenuation to hydroxyapatite
content relationship derived for that particular CT scanner. The true
tissue density of the scanned bone tissue is traditionally not calculated
nor reported.

Tissue density is an intrinsic material property and quantifying that
value using an in-vivo CT scan would help integrate previous density-
derived experimental relationships with image-based analysis measures
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using consistent metrics. Although tissue mineral density has been
used to quantify changes in bone tissue as related to a variety of factors
[5,6,8–11], TMD represents only one constituent of bone (i.e., themineral
phase) and ignores the contributions of the organic and water phases.
This omission leads to a discrepancy in the numerical scales when
comparing tissue mineral density and other defined densities (e.g.,
apparent density, which is hypothetically equivalent to TMD for dense
cortical bone [12])making direct comparisons between image CT derived
density and gravimetric derived densities extremely difficult. Only
recently has the relationship between TMD and apparent density begun
to be examined experimentally [12]. To confuse the issue further, it is
possible to calculate a microCT apparent density based on the tissue
mineral density by incorporating segmented structures (e.g., Scanco (IPL
v1.12, Scanco Medical AG) reports this metric as “Mean1” in units of
mgHA/cm3). However this microCT apparent density suffers from the
same limitation as previously described and cannot be directly compared
to gravimetrically derived apparent densities even though they share the
samename.Amethod for calculating tissue density directly frommicroCT
TMDwould bridge this gap and allow for apparent densities derived from
microCT scans to be in the same units and directly comparable to
gravimetrically determined apparent densities.

A natural extension of the microCT technology has been the
application of micro-finite element models, in which element sizes are
less than 100 μm, as predictive tools for estimating bone stiffness and
strength [13,14]. These ‘tissue-level’ models, named because the tissue
structure of the trabecular bone can be modeled, have been used to
evaluate the contribution of trabecular structure and properties to
overall bone strength. The application of these microFE models have
traditionally been performed with homogenous material properties
[13,15], however several articles have suggested the importance of
incorporatingmaterial heterogeneity [11,16–18]. Severalmethods have
been proposed for including heterogeneity in the material property
assignment of tissue level models [7,11,16,18]. Unfortunately, a single
protocol for assigning an isotropic elastic modulus on a voxel by voxel
basis has not been universally accepted, although several are prevalent.

One particular method that has been used in several recent papers
[6,18–21] assigns the elasticmodulusof individual voxel elements based
on the linear attenuation for that voxel. Such a method addresses an
important need of how to appropriately assign material heterogeneity
from microCT derived hydroxyapatite (HA) density. One crucial step
involved in this method is that the microCT derived HA density is
converted into a mass fraction by assuming a constant tissue density of
the underlying bone (potentially in part because no viable method was
available for deriving tissue density from the microCT scan). However,
using gravimetric methods, Day [22] reported a range of tissue densities
from 35 donors (age 38 to 85 years) for dried, defatted specimens taken
from 15 samples from each cadaveric proximal tibiae, with the specimen
averages ranging from 2.11 to 2.33 g/cm3 and an average standard
deviation across the donors of 0.036 g/cm3. Hernandez et al. [23] found
tissue densities ranging from 1.634 to 2.26 g/cm3 for vertebral and
femoral bone samples. The actual range of tissue densities observed on a
voxel by voxel basis with microCT is potentially much larger, as the
reported values above are derived from mature bone, and will not
accurately represent unmineralized tissue (i.e., osteoid) or bone in the
early phases ofmineralization. This observation is supported by the large
range (varyingbyover a factor of 3) of reported synchrotron andmicroCT
derived HA densities of bone [3] within a single specimen. Using contact
microradiography, Boivin andMeunier [24]measured the degree of bone
mineralization from iliac bone samples and showed ranges of measure-
ments varying by a factor of 2. Wagner and Beaupre [25] found that the
ratio of hydroxyapatite (HA) density to tissue density is critical to the
derived magnitude of elastic modulus in the procedure described above,
raising a concernas to thevalidityof assuminga constant tissuedensity as
well as the appropriateness of the selected constant value.

A theoretical method for determining voxel-specific tissue density
derived from microCT scan data has yet to be defined. The purpose of

the present study is to propose such a method based on the known
constituents of bone, evaluate the assumptions inherent to the
method, and quantify the robustness of the predicted tissue-density
and elastic modulus to perturbations of parameters assumed during
the model derivation.

Methods

Voxel-based tissue density derivation

The primary output from a microCT scan is a voxel-based gray
scale or attenuation value that is typically converted to an equivalent
hydroxyapatite density, based on the use of a manufacturer-specific
calibration curve. The true bone tissue density, however, is not
directly measured during a microCT scan. Although an equivalent HA
density is calculated for each voxel, it should be made clear that this
value is not equivalent to the true tissue density (i.e., mass of bone
material/volume of bone material), but is the density of a material
with an equivalent mineral content as the scanned voxel [26]. This
value may be more appropriately named the “equivalent mineral”
density, or as referred to in some microCT-based studies [9,10,27],
tissue mineral density (TMD). A method for deriving the true tissue
density (on a voxel scale level) from microCT scan derived equivalent
density is proposed followed by incorporating those results to yield a
derived elastic modulus. The calculation of true tissue density from
mineral density begins with the following assumptions and defini-
tions regarding the constituents of bone.

Assumption 1. The underlying constituents of bone at the microCT
voxel level are water, organics, and ash.

We define Vx to be the volume of a constituent (x=w (water), o
(organics), a (ash)) or the tissue (x=t). We define mx to be the mass
of a constituent (x=w, o, a) or the tissue (x=t).

Based on the bone composition, the following equations can be
defined:

Vt = Vw + Vo + Va; ð1aÞ

and

mt = mw + mo + ma: ð1bÞ

Martin [28] reported a similar equation to Eq. (1a) that included an
additional constituent term of Vv, representing the void volume
contribution to the overall tissue volume. Martin [28] used Vv in the
context of bone porosity, probably in relation to bone specimens on a
scale larger than100 μm.However in the contextofmicroCTwith a voxel
of thresholdedbonewith a scale on theorder of 10 to100 μm,weassume
here that the contribution of void volume is negligible and that the ‘Vv’
term can be excluded from the derivation. Our analysis also does not
consider surface voxels with potential partial volume errors. Typically
such voxels are removed by a “peeling” procedure prior to performing
anymicroCT analyses that are sensitive to partial volume errors [29,30].

Based on the previous definitions, the following relationship can
be defined:

mx = ρx ⋅Vx; ð2Þ

where ρx represents the density of each constituent. Tissue density
(ρt) will be calculated as:

ρt = mt = Vt = mw + mo + mað Þ= Vt; ð3Þ

where Vt is the tissue volume and is defined here as the microCT scan
voxel volume. The next sections derive equations for each of the
constituent masses, ma, mo, and mw.
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The mass of the ash constituent (ma) in the voxel volume, Vt, is
calculated from the microCT equivalent HA density (ρHA) for the same
voxel [31]. From Eq. (2) and knowledge that ρHA is themineral density
of an equivalent material (i.e., calibration HA phantom),

ma = ρHA ⋅Vt: ð4Þ

Calculation of the organics mass component (mo) requires the
following assumption.

Assumption 2. The volume fraction (Ro) of the organics constituent
of bone is constant.

The volume of the organics component can be calculated as:

Vo = Ro ⋅Vt: ð5Þ

Therefore, the mass of the organics component can be calculated
as:

mo = ρo ⋅Vo = ρo ⋅Ro ⋅Vt: ð6Þ

The mass of the water constituent (mw) is calculated by first
identifying a significant implication related to Assumption 2. That is, if
Vo is constant and Eq. (1a) defines the relationship between the
constant total volume of the scanned voxel and the underlying
constituents, then the sum of Va and Vw must also be constant. This
relationship can be restated as changes in the volume of the ash
constituent (Va) are compensated by equivalent changes in the
volume of the water constituent (Vw), and vice versa [28,32,33].

Combining Eqs. (1a) and (5) yields the following relationship:

Vw = 1−Roð Þ⋅Vt−Va: ð7Þ

Combining Eqs. (2) and (7) results in:

mw = ρw ⋅ 1−Roð Þ⋅Vt−Vað Þ:

Substituting Va for the relationship defined when Eqs. (4) and (2)
are combined yields:

mw = ρw ⋅ 1−Roð Þ⋅Vt− ρHA ⋅Vtð Þ= ρað Þ: ð8Þ

The relationships for mw, mo, and ma can be used with Eq. (3) to
define the following tissue density relationship:

ρt = mw + mo + mað Þ =Vt;
ρt = ρw ⋅ 1−Roð Þ⋅Vt− ρHA ⋅Vtð Þ = ρaÞ + ρo ⋅Ro ⋅Vtð Þ + ρHA ⋅Vtð Þð Þ = Vt:ð

Simplifying this equation and grouping the terms to be consistent
with the formula of a straight line (y=mx+b), where ρt is ‘y’ and ρHA
is ‘x’, yield:

ρt = 1− ρw = ρað Þ½ $⋅ρHA + Ro ⋅ ρo−ρwð Þ + ρw½ $: ð9Þ

Voxel-based elastic modulus derivation

The relationship for the tissue density defined by Eq. (9) can be
incorporated into the procedure presented by Renders et al. [18] to
compute the elastic modulus from the microCT mineral density. One
step in the procedure presented by Renders et al. [18] is the
calculation of the calcium content within the microCT voxel, which
is given as:

Ca½ $ = 0:4 ⋅ρHA ⋅1000= ρtð Þ⋅B; ð10Þ

where [Ca] is the calcium content in mg Calcium/g-dry defatted bone
within the microCT voxel. The quantity, 0.4, is the fraction of calcium

in hydroxyapatite [34]. The number 1000 is a factor to convert ρHA
from units gHA/cm3 into the units of mgHA/cm3. The parameter, B, is a
conversion factor to convert the calcium content from the units of mg
Ca/g-wet defatted bone to mg Ca/g-dry defatted bone and acts on the
value of ρt in the denominator of the calcium content weight ratio. In
the context of microCT, B is a factor that scales the weight of wet bone
to the weight of dry bone in a scanned voxel. O'Flaherty [35] reported
an average value of 1.208 as the weight fraction of wet bone to dry
bone, however B can also be defined using the bone constituents as:

B = wet weight= dry weight = ma + mo + mwð Þ= ma + moð Þ:

Incorporating the relationships previously defined for the individ-
ual constituent masses,

B = ρHA⋅ 1− ρw = ρað Þð Þ + Ro⋅ ρo−ρwð Þ + ρwð Þ= ρHA + ρo⋅ Roð Þ: ð11Þ

It should be noted that B is a function of ρHA and is therefore not
constant, as implied by the single average value reported by O'Flaherty
[35]. The equation from Currey [36] relating calcium content, [Ca], to
elastic modulus is:

log10 Etð Þ = −8:58 + 4:05⋅ log10 Ca½ $: ð12Þ

Combining Eqs. (9), (10), (11), and (12) and simplifying the result
yield the direct relationship between voxel-level elastic modulus,
microCT-derived HA density, bone constituent densities, and the
organics volume fraction:

log10 Etð Þ = −8:58 + 4:05⋅ log10 400⋅ρHA = ρHA + ρo ⋅Roð Þð Þ: ð13Þ

Defining average and bounds to the baseline model parameters

Martin [28] suggested constituent and organics volume fraction
values (used later as baseline model parameters) of:

Ro = 0:36;
ρw = 1:0 g= cm3;

ρo = 1:4 g= cm3;

ρa = 3:0 g= cm3:

Using those values for ρo and Ro, Eq. (13) becomes:

log10 Etð Þ = −8:58 + 4:05⋅ log10 400= 1 + 0:504= ρHAð Þð Þð Þ; ð14Þ

where ρHA is in gHA/cm3 and Et is in GPa. Eqs. (13) and (14) apply to
wet bone.

The derived relationship between microCT and tissue density
utilizes four parameters: the density of the three bone constituents
(water, ash, and organics) and the volume fraction of the organics
constituent. The density of water is known (1.0 g/cm3) and the effects
related to perturbations to this value are not discussed.

The selection of the constant ratio representing the percent organic
constituent volume (Ro) is critical to the derivation above and the
presented results. From Eq. (9), the percent organic constituent volume
(Ro) can be seen to be proportional to the intercept of the defined linear
relationship between themineral and tissue density, although it should
be noted that the direct effect of Ro is confounded by the magnitude of
the difference between the density of the organics constituent and the
density of water. Elliott and Robinson [37] suggested a value of 32% for
the volume of the organic constituent of whole dog bones. Gong et al.
[38] reported similar average organic volume fractions for cortical and
trabecular bone specimens of four different species (Table 1). Robinson
[32] reported values of 35.56% and 38.18% for dog bone samples
classified with two different “osteoid” patterns. A nominal value of 36%
[28] was selected as a baseline value. Based on the ranges and standard
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deviations in Table 1, a conservative estimate on the range of plausible
values for the organic constituentvolumewas selected tobe from30% to
40% (used in the subsequent analysis).

The value of the ash constituent density (ρa) is proportionally
related to the slope of the relationship between mineral and tissue
density (Eq. (9)). Currey [39] suggested a value of 3.2 g/cm3 for
the ash density and Gong et al. [40] used a value of 3.18. Robinson
[32] identified a range of bone apatite densities between 2.85 and
3.15 g/cm3. The effects of two different ash densities of 3.2 and
2.85 g/cm3 are compared with the baseline model value of 3.0 g/cm3

on the derivations above.
The value of the organics constituent density (ρo), similar to

the organics constituent volume fraction, affects the intercept of the
linear relationship between the mineral and tissue density. Currey
[39] suggested a value of 1.1 g/cm3 for the density of the organic
constituents while Bear [41], Elliott and Robinson [37], and Gong
et al. [40] reported values of 1.41, 1.45, and 1.426 g/cm3, respectively.
The effects of two different organics density of 1.1 and 1.45 g/cm3

are compared with the baseline model value of 1.4 g/cm3 on the
derivations above.

Results

Mineral density versus tissue density and elastic modulus relationships
with the baseline model parameters

Tissue density as a function of microCT density is plotted in Fig. 1
for the baseline parameter values defined in the previous derivation.
The microCT density values in Fig. 1 are plotted over the range of 0 to
1.920 gHA/cm3, defined by the physical limits (i.e., mass of mineral
≥0 and mass of water≥0) implicit in Eq. (9) and the selected baseline
model parameters. For the microCT densities of 0.4 and 1.2 gHA/cm3

(HA densities in microCT bone scans are often found in this range),
the corresponding tissue density values are 1.41 and 1.94 g/cm3,
respectively.

Elasticmoduli derived frommicroCT density and the baselinemodel
parameters previously listed (Eq. (14)) are plotted in Fig. 2. The effect of
utilizing a constant tissue density in Eq. (10) (ρt=2.0 g/cm3) is also
plotted for two conditions, when B is set to a value of 1.0, and when B is
derived using Eq. (11). When a value of 1.0 is used for B, the calcium
content is defined as a proportion of the wet bone weight [18]. When B
is applied using Eq. (11), the calcium content is defined as a proportion
of the dry bone weight (as required by Eq. (12) and originally defined

by Currey [36]). This analysis is included because the value of B has
been neglected (i.e., implicitly defining B=1.0) in previous implemen-
tations of this method and the corresponding effects have not been
quantified. For the nominal range of microCT density values (0.4–
1.2 gHA/cm3), using a constant tissue density of 2.0 g/cm3 in Eq. (10)
results in a lower estimate of elastic modulus when compared to the
baseline model. When B is applied using Eq. (11), the maximum
underestimation of the baseline model occurs at a microCT density of
0.85 gHA/cm3 and results in a difference of 6.5 GPa (13.8 GPa vs.
7.3 GPa). When B is set to a value of 1.0 (as implemented in Renders
et al. [18]), themaximumunderestimation of the baselinemodel occurs
at a microCT density of 1.02 gHA/cm3 and results in a difference of
12.0 GPa (17.9 GPa vs. 5.9 GPa).

Effects of model parameter perturbations on the mineral density versus
tissue density and elastic modulus relationships

Theeffects of perturbing thebaselinemodel parameters based on the
ranges defined in the previous section, Defining average and bounds to
the baseline model parameters, are presented. The effects on the linear
relationship relating mineral and tissue density (Eq. (9)) from the
selected model parameter deviations previously described are

Table 1
Summary of organic constituent volume fraction reported in the literature, grouped by
species and ordered by magnitude.

Study Percent organic
constituent volume
(Ro±std dev.)a

Species Bone type

Elliott and Robinson [37] 32 Dog Whole bone
(find this out)

Gong et al. [38]a 34.5±0.011 Dog Trabecular
Robinson [32] 35.56 Dog Tibial cortex, osteoid

pattern ‘B’
Gong et al. [38] 36.3±0.006 Dog Cortical
Robinson [32] 38.18 Dog Tibial cortex, osteoid

pattern ‘A’
Gong et al. [38] 33.8±0.005 Human Cortical
Gong et al. [38] 34.9±0.005 Human Trabecular
Gong et al. [38] 33.7±0.011 Monkey Cortical
Gong et al. [38] 36.1±0.013 Monkey Trabecular
Gong et al. [38] 33.6±0.008 Steer Cortical
Gong et al. [38] 34.2±0.006 Steer Trabecular
a Standard deviations were only available for Gong et al. [38]. Each standard

deviation was calculated using the same method described by Gong et al. [38] for
deriving the percent organic volume averages by dividing the reported measured
weight per volume of the organics by an assumed organic density of 1.426 g/cm3. Fig. 1. MicroCT (mineral) density versus tissue density, defined by Eq. (9), for ash

constituentdensity=3.0 g/cm3, organics constituentdensity=1.4 g/cm3, and anorganics
constituent volume fraction of 0.36.

Fig. 2. MicroCT (mineral) density versus elastic modulus. Three relationships are plotted:
1) derived tissue density (baseline model using Eq. (14)), 2) constant tissue density with
B defined by Eq. (11), and 3) constant tissue density with B set to a value of 1.0.
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summarized in Table 2. The effect of themodel parameter perturbations
on the tissue density and elastic modulus for two values of microCT
Density (0.4 and 1.2 gHA/cm3) is also included in Table 2. As previously
described, ash density is the only parameter that affects the slope
of the tissue versus mineral density equation. A 10.9% decrease in ash
density resulted in a corresponding 5.6% decrease in the slope of the
linear equation relating mineral and tissue density. For Ro=0.3,
ρo=1.10 g/cm3, and a tissuemineral density of 1.2 gHA/cm3, a decrease
in ash density from 3.2 to 2.85 g/cm3 resulted in a decrease in calculated
tissue density from 1.855 to 1.809 g/cm3, or 2.5%.

The perturbation of the model parameters presented in Table 2
demonstrates that the elasticmoduluswas influenced by the density and
volume fraction of the organics constituent. The organics constituent
density (ρo) inversely influenced the predicted elastic modulus with the
maximum elastic modulus decrease of 42% (7.9 to 4.6 GPa) being
observed for a 32% increase in organics density (1.1 to 1.45) for the low
TMD value of 0.4 gHA/cm3. The corresponding elastic modulus decrease
at 1.2 gHA/cm3 decreased by 24% (34.0 to 26.0 GPa). A similar inverse
relationship was observed for the organics volume fraction (Ro) with an
elastic modulus decrease of 43% (7.9 to 4.5 GPa) resulting from a 33%
increase in organics volume fraction (0.3 to 0.4). Interestingly, ash
density does not have an effect on the predicted elastic modulus. This is
also supported by direct examination of Eq. (13), which does not include
the ash density (ρa) parameter. This is a direct result of the constituent
approach used here and how Eq. (12) was originally defined by Currey
[36], which was to use as input the calcium content per g-dry defatted
bone. Presented another way, the numerator of [Ca] is the calcium
content (mgCa)of a bonevoxel,which is dependent on the tissuemineral
density (ρHA) and voxel volume in the derivation presented and not the
ash density. The denominator, or the equivalent weight of dry defatted
bone for that same voxel volume, can be defined as the calcium content
(i.e., mineral weight) plus the weight of the organics constituent (water
hasbeen removed). Combining those twovalues results in the theoretical
derivation of [Ca], which is observed in Eq. (13) as ρHA/(ρHA+ρo·Ro).

Discussion

A theoretical relationship relating microCT mineral density to tissue
density and elastic modulus was defined. The derivation utilizes prior
knowledge of the bone constituents' volume fractions and individual
constituent densities to calculate the volume and mass of each
constituent within a microCT scanned bone voxel. Perturbations to the
assumed constituent densitieswere applied to evaluate the sensitivity on
the derived tissue density and subsequently calculated elastic modulus.

The theoretical tissue versusmineral density relationshipdepicted in
Fig. 1 is similar to a previously reported relationship derived using a
combinationof empirical and constitutive assumptions. Raumet al. [31],
using tissue mineral density (TMD) values measured with synchrotron
microCTdata fromthediaphysis of 10 human radii, derived anempirical
relationship between the ratio of organics to water volume fraction as a

function of the volume fraction of the mineral to develop the following
polynomial relationship relating TMD and tissue density:

ρt = 1:12 g= cm3
! "

+ 0:73⋅TMD−0:033 cm3
= g

! "
⋅TMD2

:

Similar to our derivation, Raum et al. [31] utilized the contributions
of individual bone constituents (assuming ash and organic densities of
ρa=3.0 g/cm3 and ρo=1.41 g/cm3, respectively) and assumed that
TMD (ρHA) is an equivalent measure of the ash content per voxel
volume. The polynomial equation fits the previously collected datawith
an R2=0.999 and RMSE=0.009. The intercept of the polynomial
equation (1.12 g/cm3) is very similar to the theoretically derived
intercept presented here of 1.144 g/cm3 for the baselinemodel and falls
within the range of intercepts presented in Table 2. For TMD values of
0.4 and 1.2 gHA/cm3, the polynomial derived by Raum et al. [31] yields
tissue densities of 1.41 and 1.94 g/cm3, which match the theoretically
derived values of the baselinemodel (Table 2). Although thepolynomial
equation is non-linear by definition, the response is nearly linear over
the range plotted in Fig. 1 (0 to 1.92 gHA/cm3) and very closelymatches
the theoretical derivation with baseline model parameters of Eq. (9).
The maximum absolute difference between Eq. (9) (with the baseline
model parameters) and the polynomial equation (over the 0 to
1.92 gHA/cm3 mineral density range) occurred at a tissue mineral
density of 1.92 gHA/cm3with a difference of 0.034 g/cm3, or 1.4% of the
predicted tissue density of 2.42 g/cm3 using Eq. (9).

The relationship between elastic modulus and microCT density
presented in Eq. (14) is similar to previously published results from
several nanoindentation experiments. Turner et al. [42] determined the
elastic modulus for dehydrated cortical and cancellous bone using
nanoindentation applied to two specimens taken from the femur of a
single human donor. The average elastic modulus for trabecular and
cortical bonewas18.14 and20.02 GPa, respectively. FromEq. (14), those
average elastic moduli correspond to microCT densities of 1.03 and
1.11 gHA/cm3, which are in the nominal range of bone and close to the
value of 1.2 gHA/cm3 many use as the microCT density for fully
mineralized bone. Mulder et al. [11] performed a combined nanoinden-
tation andmicroCT experiment and correlated the tissue stiffness (GPa)
and tissue mineral density (gHA/cm3) for corresponding locations of
trabecular bone sites from dehydrated mandibular condyles of four
newborn pig specimens.Mulder et al. [11] presented the linear equation
basedon the sampleddata relating the twovariables for the approximate
range of 0.4 to 0.8 gHA/cm3 of:

Elastic Modulus GPað Þ = 25⋅TMD gHA= cm3
! "

−5:83:

For the same range of 0.4 to 0.8 gHA/cm3, the baseline model
(Eq. (14)) predicts elasticmoduli of 3.34 and 12.55 GPa,which are similar
to those predicted by Mulder et al. [11] of 4.17 and 14.17 GPa,
respectively. In a separate experiment with a similar protocol and

Table 2
Effects of baseline model parameter perturbations on the derived relationship between mineral density, tissue density (Eq. (9)), and elastic modulus (Eq. (13)).

Ash density,
ρa (g/cm3)

Organics volume
fraction (Ro )

Organics density,
ρo (g/cm3)

Tissue v. mineral density
equation constants (Eq. (9))

Tissue density (g/cm3) Elastic modulus (GPa)

Slope (m) Intercept (b) @ 0.4 gHA/cm3 @ 1.2 gHA/cm3 @ 0.4 gHA/cm3 @ 1.2 gHA/cm3

2.85 0.30 1.10 0.649 1.030 1.29 1.81 7.9 34.0
2.85 0.40 1.10 0.649 1.040 1.30 1.82 4.5 25.6
2.85 0.30 1.45 0.649 1.135 1.39 1.91 4.6 26.0
2.85 0.40 1.45 0.649 1.180 1.44 1.96 2.4 18.4
3.20 0.30 1.10 0.688 1.030 1.31 1.86 7.9 34.0
3.20 0.40 1.10 0.688 1.040 1.32 1.87 4.5 25.6
3.20 0.30 1.45 0.688 1.135 1.41 1.96 4.6 26.0
3.20 0.40 1.45 0.688 1.180 1.46 2.01 2.4 18.4
3.0a 0.36 1.40 0.667 1.144 1.41 1.94 3.3 22.0
a The values in this row correspond to the baseline model (Fig. 1).
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specimens, Mulder et al. [6] fit a polynomial relationship from data with
an approximate range of 0.6 to 0.9 gHA/cm3. The baseline equation
presented here predicts the elastic modulus for the tissue mineral
densities of 0.6 and 0.9 gHA/cm3 as 7.68 and 15 GPa, and similar to the
linear equation [11], the polynomial equation [6] slightly overestimates
the values predicted here with values of 9.28 and 16.7 GPa, respectively.

Two assumptions were made in the derivation of the theoretical
relationship between tissue and tissue mineral density. The first
assumption was that the underlying constituents of bone are composed
of water, organics, and ash and that those constituent densities are
defined as 1.0, 1.4 g/cm3, and 3.0 g/cm3, respectively. It is accepted that
bone can be modeled as a composition of water, organics, and ash [43],
however the constituent densities of those components are not
universally accepted, which prompted the evaluation of the derived
relationship for different constituent densities. Ash constituent density
(ρa) was shown to only affect the slope of the theoretical relationship
between tissuemineral and tissuedensity. This is conceptually consistent
with thephysicalmakeupof bone. For example, if ashdensity affected the
intercept of the tissue mineral versus tissue density relationship, this
would imply that the density of osteoid (when no ash is present) is
affected by the density of amaterial (ash) that is not present,which is not
consistent. A change in ash density from 3.2 to 2.85 g/cm3 (10.9%
difference) was evaluated for a constant tissue mineral density of
1.2 gHA/cm3 and resulted in approximately a 2.7% change in calculated
tissue density. The sensitivity of tissue density to the range of tested ash
densities was small for commonly observed bone tissue mineral
densities. The effect of the organics constituent density on tissue density
is confounded by the assumed volume fraction of the organics
constituent and is discussed in conjunction with that assumption.

The second assumption was that the volume fraction (Ro) of the
organic constituent of bone is constant, which implies that any changes
in the ash constituent volume are directly proportional to equivalent
changes in the water constituent volume [35]. Robinson [32] raised this
same question when he asked “…as to what moieties of the matrix
constituents did leave the matrix during the mineralization process.”
Robinson [32] goes on to describe the biological process of mineraliza-
tion and states that “in all the bone observed from regions where bone
was being deposited thematrix appeared before the apatite crystals and
the collagen fibrils at least were not apparently replaced or displaced by
the apatite crystals.” Collagen is the primary component of the organics
constituent (89% as defined in Martin et al. [43]), which bounds the
potential error of the stated assumption to potentially 11% of the
remainingorganics constituent aspossiblybeingdisplaced.Deakins [33]
similarly observed that the mineral being deposited in the incisor
enamelmatrix of certain rodents displaced an equivalent water volume
and that most of the organic matrix was left behind. Parfitt [44] stated
“mineralization increases thedensityof thenewly formedbonebutdoes
not alter the volume, since water is displaced by solid mineral”. The
assumption that the volume fraction of the organics constituent is
constant (and that mineral displaces only water) is therefore consistent
with the literature.

The value of the organics constituent volume fraction (Ro) and
density (ρo) affects the intercept of the linear relationship between
tissue and tissue mineral density. The values of reported organics
constituent density in the literature range from 1.1 to 1.45 g/cm3,
with themajority of reported values being close to 1.4 g/cm3. A value of
1.4 g/cm3 was selected for the baseline model to use consistent density
and organic constituent volume fractionmeasures from one source [28].
Thevariations in volume fraction (0.3–0.4) anddensity (1.1–1.45 g/cm3)
of the organics constituent, evaluated together, resulted in a change of
0.15 g/cm3 in the intercept location relating tissue and tissue mineral
density. For the worst-case situation in which the organic constituent
variation would have the most effect (i.e., when tissue mineral
density=0 gHA/cm3), the corresponding change in tissue density was
approximately 15%. The percent difference decreases as tissue mineral
density increases and at a tissue mineral density of 1.2 gHA/cm3, the

difference in computed tissue density decreases to approximately 8%. If
all the parameter variations (ρa, ρo, and Ro) are taken together, the span
of calculated tissue densities for the tissue mineral density values of 0.4
and 1.2 gHA/cm3 are 0.165 and 0.196 g/cm3, respectively, or approxi-
mately 13% and11% of theminimumtissue densities calculated for those
tissue mineral density values.

One limitation to the method described above is related to the
assumption that a complete bone voxel is used as input (i.e., partial
volumeeffects and/or substantial voids, e.g., Haversian canals, have been
removed). Therefore, pre-processing of the scanned image to segment
out the bone material appropriately is required. The application of this
method without proper segmentation could result in the misidentifica-
tion of non-bone material as bone tissue. For example, if the method
described previously were applied to a voxel of non-bone material (i.e.,
fat or marrow)with amicroCT density value of 0 gHA/cm3, that voxel of
materialwould bemisinterpreted as bonewith nomineral (i.e., osteoid)
and assigned a tissue density (1.144 g/cm3 for the baseline model
described by Fig. 1) based on the assumed density of the organics and
water constituents and the assumed organics constituent volume
fraction. The constituent based derivation also assumes that any non-
bone material in the bone voxel is appropriately modeled as having a
density equivalent towater and that the contribution of those entities to
the volume of a given bone voxel is negligible.

Another limitation of the derivation is related to the inherent
assumption that the equivalent density measured from the microCT
scanner can be directly used to calculate ash content. Raum et al. [31]
utilized a similar assumptionwhen developing a polynomial relationship
between microCT measured density and tissue density. However,
Nazarian et al. [45] measured tissue mineral density (defined as
equivalent density) using a microCT scanner for 21 bovine cortical
specimens and compared that to measured ash density and found an
average difference of 0.185 g/cm3. The difference was partially attributed
to the type of calibration phantom (liquid versus solid) used to calibrate
themicroCT scanner, however, that ameasurabledifference existed raises
several questions related to the proposed derivation. First, the mineral
content computedusing themicroCTmineral density (andvoxel volume)
for each voxelmaynot be equivalent to the ash content of bone contained
within that voxel. Schileo et al. [46] found that the ash and CT derived
densities of grouped trabecular and cortical bone specimens were highly
correlated (R2=0.997), but that the fit line (intercept: −0.09, slope:
1.14) was statistically different than the quadrant bisector. Ash and
microCTmineral densitywere shown to be equivalent at 0.643 g/cm3. For
amicroCTmineral density of 1.2 gHA/cm3, the equivalent ashdensitywas
1.13 g/cm3. Schileo et al. [46] recommendeda correctionbe applied to the
CT derived bone mineral density to yield an accurate estimate of ash
density that did not underestimate for low-density tissue nor over-
estimate for high-density tissue values. Such a correction factor is
potentially machine and calibration phantom dependent and was not
applied in the presented derivation but could easily be implemented by
applying the proposed correction factor in Eq. (4). Second, the microCT
scan parameters, beam-hardening correction, and calibration phantom
may influence the ratio of mineral content (microCT) versus true ash
content. The second issue may be compounded with the recent finding
that there exists a non-linear relationship between linear attenuation and
hydroxyapatite (HA) density [47]. This effect has largely been ignored in
the literature due to the limited availability of microCT calibration
phantoms with a maximum HA density over 0.8 gHA/cm3, even though
normal bone can have HA density values over 50% higher than that
maximum.

The effect of ignoring the wet/dry weight correction factor (B) and
utilizing a constant tissue density for deriving the calcium content
weight fraction had significant effects on the calculated elastic
modulus when compared with the baseline model. For a represen-
tative TMD value of 1.0 gHA/cm3, the baseline model resulted in a
calculated elastic modulus of 17.4 GPa. Assuming a constant tissue
density of 2.0 g/cm3 resulted in a calculated modulus decrease to
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11.6 GPa. When the calcium content weight fraction was not applied
(i.e., Ca/g-wet defatted bone was used instead of Ca/g-dry defatted
bone) the calculatedmodulus decreased further to 5.5 GPa. Due to the
non-linear difference between the three stiffness versus microCT
density relationships (Fig. 2), the stress/strain gradients, in addition to
the overall magnitudes, produced from a microFE model with applied
stiffness heterogeneity from the different cases would result in
substantially different results. Validation of the proposed relation-
ships to experimental testing remains necessary, yet the potential 68%
decrease in assigned elastic modulus for a single TMD value illustrates
the importance of the assumptions applied and that assigning tissue
stiffness heterogeneity derived from microCT TMD data is not trivial.

The efficacy of utilizing the equation developed by Currey [36] for
definingmicroCT scale voxel basedmaterial propertiesmust be evaluated
in further detail. The equationwas developedusingdata from23different
species and included tissue (i.e., elephant tusk) not traditionally classified
as ‘bone.’ Currey [36] clearly showed that the calcium content in bone is
proportional to measured elastic modulus. However, Currey [36] also
stated that thedata showeda large rangeof elasticmoduli, “particularly in
the regionbetween230and280 mg calcium g−1 bone,”which includes a
large rangeof thedata presented.One limitationof this implementation is
that the anisotropic nature of bone is ignored. The influence of the
collagencontent andstructure is also ignoredeven though theyhavebeen
suggested to affect fracture strength and the ability of the bone to absorb
energy [48]. Additionally, themechanical bending test used to determine
the elastic modulus was performed on bone specimens with a size of
30×2×3.5 mm, substantially larger than the microCT voxel size (10 to
80 μm)towhich themoduli arebeing assignedhere. Asbone is inherently
hierarchical in structure, the elastic modulus should vary as the length
scale changes, however, the magnitude of this effect is not known. The
implementation of Currey's equation proposed here assumes that the
porosity of the thresholded bone in eachmicroCT voxel is negligible. For a
subset of the data in which porosity was calculated, Currey showed that
incorporating porosity in the regression (in addition to calcium content
alone) improved the prediction of elastic modulus. This suggests that a
subset of samples (i.e., the specimens with low porosity) may be more
appropriate in developing an equation for usewithmicroCT data. In spite
of these limitations, the combined implementation (Eq. (14)) that
incorporates Currey's equation matches well with previous experiments
[6,11,42].

This study presents a method for estimating voxel-based tissue
density and isotropic elastic modulus from microCT derived tissue
mineral density (gHA/cm3). The approach relies on three parameters
well studied in the literature, the density of the ash constituent in
bone, the density of the organics constituent in bone, and the volume
fraction of the organics constituent. In addition to providing a
means for quantifying the tissue density of bone on a voxel by
voxel basis from microCT scan data, this approach defines a more
accurate application of previously published methods used to assign
heterogeneous material properties (elastic modulus) to micro finite
element models.
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