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Abstract

The modified Biot—Attenborough (MBA) model for acoustic wave propagation in porous media has been found useful to predict
wave properties in cancellous bone. The present study is aimed at applying the MBA model to predict the dependence of phase velocity
on porosity in cancellous bone. The MBA model predicts a phase velocity that decreases nonlinearly with porosity. The optimum values
for input parameters of the MBA model, such as compressional speed ¢, of solid bone and phase velocity parameter s,, were determined
by comparing the predictions with previously published measurements in human calcaneus and bovine cancellous bone. The value of the
phase velocity parameter s, = 1.23 was obtained by curve fitting to the experimental data for 53 human calcaneus samples only, assuming
a compressional speed c¢,, = 2500 m/s of solid bone. The root-mean-square error (RMSE) of the curve fit was 15.3 m/s. The optimized
value of s, for all 75 cancellous bone samples including 22 bovine samples was 1.42 with a value of 55 m/s for the RMSE of the curve fit.
The latter fit was obtained by using of a value of ¢,,, = 3200 m/s. Although the MBA model relies on the empirical parameters determined
from experimental data, it is expected that the model can be usefully employed as a practical tool in the field of clinical ultrasonic bone

assessment.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Quantitative ultrasound (QUS) technologies for the
diagnosis of osteoporosis have been developed rapidly for
the last two decades [24,25,35]. This development is attrib-
utable to the wide availability of ultrasonic systems that
provide a fracture risk assessment as an alternative to that
provided by X-ray absorptiometry techniques. Most of the
current clinical QUS devices measure speed of sound (SOS)
and broadband ultrasonic attenuation (BUA) at peripheral
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skeletal sites that contain cancellous bone, such as the cal-
caneus and finger phalanges [35]. SOS and BUA can be
combined linearly into a single index such as stiffness,
which compensates for the temperature variation and offers
better stability than either parameter taken alone [13,47].
However, the ultrasonic parameters are purely empirical
measures and the underlying physics for their variations
in cancellous bone is currently not well understood.

A range of models for wave propagation in cancellous
bone have been proposed. Biot’s theory [5-7] for elastic
wave propagation in porous media has attracted the most
attention with regard to modeling wave propagation in
cancellous bone [9,12,17-21,26,27,30,31,48,49]. This appli-
cation of Biot’s theory has been reviewed by Haire and
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Langton [12]. Recently, Wear et al. [48] have successfully
applied Biot’s theory to predict the dependence of phase
velocity on porosity in human calcaneus samples. One lim-
itation of Biot’s theory is that it depends on a large number
of input parameters that are not necessarily easily mea-
sured. Another limitation is that Biot’s theory predicts
absorption due to the viscous losses at internal interfaces
only. As a result, it consistently underestimates the experi-
mental measurements of attenuation by several orders of
magnitude.

As an alternative propagation model in cancellous bone,
Strelitzki et al. [41] have proposed a scattering model based
on velocity fluctuations in a binary mixture (marrow fat
and cortical matrix) to estimate the ultrasonic attenuation
in cancellous bone. Nicholson et al. [34] have also used this
scattering model in cancellous bone to predict the relation-
ship between BUA and porosity; the model has successfully
predicted similar nonlinear trends to those previously
observed experimentally. They have also demonstrated
that the attenuation depends on scatterer size in addition
to porosity. One of the potential limitations in this
approach is that absorption is not included in the model.

Hughes et al. [20] first adopted the stratified model,
based on a work by Schoenberg [37], to predict the angular
dependence of phase velocities for the fast and the slow
waves in bovine cancellous bone, modeling it as a simple
layered structure of alternating parallel bone-marrow
plates. Wear [44] has successfully applied the stratified
model to predict negative dispersion of phase velocity in
human cancellous bone. Lin et al. [28] have also used the
stratified model to predict measurements of velocity and
attenuation in sheep trabecular bone. An interesting feature
of the stratified model is that it is essentially an anisotropic
model. However, it takes no account of the effect of viscous
absorption of the interstitial fluid on wave propagation.

Roh and Yoon [36] have proposed a modified Biot-
Attenborough (MBA) model for acoustic wave propaga-
tion in fluid-saturated porous media such as cancellous
bone and water-saturated sediments. Lee et al. [26] have
successfully applied the MBA model to predict the depen-
dences of velocity and attenuation on frequency and poro-
sity in bovine cancellous bone. The MBA model is based
on separate treatments of the viscous and the thermal
effects of the fluid, since according to Attenborough, this
simplifies the derivation [3,4,50]. Biot’s theory has the merit
of including the viscous effect of the interstitial fluid, but it
does not take into account the thermal effect. Although
Attenborough’s theory takes into account both the viscous
and the thermal effects, it does not include the fast wave of
the Biot’s theory because it takes the pore frame to be a
rigid material. In contrast, the MBA model includes the
thermal effect specified by an analytic solution and also
allows for an elastic solid and fluid medium by means of
a parametric fit. However, the thermal effect is relatively
small for wave propagation in cancellous bone. One draw-
back of the MBA model is that it relies on the empirical
parameters determined from experimental data. Therefore,

the MBA model needs to be explored in greater depth to
determine optimum values for input parameters in cancel-
lous bone.

The present study is aimed at applying the MBA model
to predict the dependence of phase velocity on porosity in
cancellous bone. The optimum values for input parameters
of the MBA model in cancellous bone are determined by
comparing the predictions with previously published mea-
surements in human calcaneus and bovine cancellous bone
[19,26,48]. The predictions are also compared with those
obtained by Biot’s theory.

2. Theory
2.1. Modified Biot—Attenborough ( MBA) model

In this section, the equations of the MBA model are sum-
marized without repeating the derivations. For rigorous
and complete derivations, see Lee et al. [26] and Roh and
Yoon [36]. In the MBA model, for simplicity, acoustic wave
propagation through a circular cylindrical pore is assumed
to be one-dimensional along the axis of the pore. Care is
taken to treat the boundary condition at a nonrigid pore
frame, which should be different from that at a rigid frame.
The dimensionless parameter A(w) related to the thickness
of the viscous boundary layer at the pore wall is given by

M) = asi ()", (1)

where «a is the radius of the circular cylindrical pore, w is
the angular frequency of the wave, v is the kinematic vis-
cosity of the pore fluid, and s; is the boundary condition
parameter representing the rigidity of the pore frame. If
the frame material is rigid, the value of s is equal to unity;
if it is not rigid, then s; is larger than unity. The effective
radius r.g of the cylindrical pore may be given as as;. This
can be justified because the normal component of the par-
ticle velocity at the boundary r = a becomes zero for a rigid
wall, but it is nonzero at r = a for a nonrigid wall. This sug-
gests that the normal component of the particle velocity for
a nonrigid frame becomes zero at the effective radius
Feff = AdS].

The complex (or frequency-dependent) wavenumber
kp(w) for a nonrigid porous medium with bulk cylindrical
pores may be expressed by using the empirical formula

[ K2k

1/2
kb((,l)) = — S2k2‘| ) (2)

(1= B)%k+ B

where « is the tortuosity, f8 is the porosity, and k,,, = w/c,, is
the wavenumber of the pore frame. The wavenumber k. of
the pore fluid depends on the complex density and the com-
plex compressibility of the pore fluid. The phase velocity
parameter s, represents the form of the phase velocity curve
as a function of porosity. It has a value less than unity if
this curve is convex. Its value is larger than unity if the
phase velocity curve is concave and is equal to unity if it
is linear. The phase velocity can be found as ¢ = w/Re(ky,),
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where Re(ky,) is the real component of the complex wave-
number ky(w) of Eq. (2).

The impedance parameter s3 of the MBA model repre-
sents the form of the effective impedance curve as a func-
tion of porosity. A previous study introduced s; as a
fitting parameter [36]. This was done because knowledge
of the variation of the effective impedance with porosity
is required in order to determine the transmission coeffi-
cient. In the present study, however, s3 is not required
because the phase velocity is here obtained from the com-
plex wavenumber ky(w).

2.2. Input parameters of the MBA model

The intrinsic ultrasonic and physical parameters for can-
cellous bone tissue are assumed to be the same as those for
solid bone (or cortical bone) comprising the skeletal frame.
The parameters for fat are normally used for the pore fluid
because bone marrow is mainly composed of fat with very
little blood and tissue fluid. The common input parameters
of the MBA model in cancellous bone are shown in Table 1.
The pore radius ¢ was assumed to be 0.5 mm, consistent
with typical values for trabecular spacing of human calca-
neus from the literature [11,15,42,48]. As previously applied
to cancellous bone [26,27], the tortuosity o was set equal to
unity based on the assumption that all of the cylindrical
pores in cancellous bone have identical orientation normal
to the surface and are parallel to the wave propagation
direction. Moreover, consideration is restricted to motion
in a single dimension. The density p,,, = 1800 kg/m? of solid
bone was taken from the work of Wear et al. [48]. The den-
sity po = 1000 kg/m?>, compressional speed ¢, = 1483 m/s,
kinematic viscosity v =1x 10"°m?/s, specific heat ratio
y = 1.004, and Prandtl number Np, =7 of the pore fluid
are equal to the values for water because the predictions
are compared with the experimental measurements for
defatted, water-saturated bone samples. The boundary con-
dition parameter s; was fixed in this study at a value of 1.5
based on previous optimal fits for propagation in nonrigid
porous media [26,27,36].

Table 2 summarizes the optimum input parameters of
the MBA model and the root-mean-square error (RMSE)
of curve fits for 53 human samples only and for 75 com-
bined human and bovine samples. In order to obtain a best
fit to the data for the 53 human samples, a value of

Table 1

Common input parameters of the MBA model in cancellous bone
Parameter Value
Density of solid bone (p,,,) 1800 kg/m>
Density of fluid (po) 1000 kg/m>
Compressional speed of fluid (¢g) 1483 m/s

Kinematic viscosity of fluid (v) 1 x 107 m?/s

Specific heat ratio of fluid (y) 1.004
Prandtl number of fluid (Np,) 7

Pore radius (a) 0.5 mm
Tortuosity () 1
Boundary condition parameter (s;) L.5

Table 2

Optimum input parameters of the MBA model and root-mean-square
error (RMSE) of curve fits for 53 human samples only [INPUT A]and for
75 combined human and bovine samples [INPUT B]

Parameter 53 human samples 75 combined human

[INPUT A] and bovine samples
[INPUT B]

Compressional speed of solid 2500 m/s 3200 m/s

bone (¢,,)
Phase velocity parameter (s;) 1.23 1.42
RMSE of curve fits

for 53 human samples 15.3m/s 16.6 m/s

for 22 bovine samples 111 m/s 99 m/s

for all 75 samples 61 m/s 55m/s

¢m = 2500 m/s for the compressional speed of solid bone
was chosen to be consistent with the input parameters used
by Wear et al. [48] in Biot’s theory, evaluated using [39]
1/2
o = E(l1-o0) 7 3)
(1+0)(1-20)p,

where Young’s modulus E = 8.3 GPa, Poisson’s ratio
0 =0.3, and the density p,, = 1800 kg/m> of solid bone
were taken from the work of Wear et al. [48]. We call this
set of input parameters [INPUT A]. In the present study,
we will refer to four sets of input parameters [A,B,C,D]
that can be described in terms of ¢,, and s, (for input to
the MBA model), and Young’s modulus £ and the expo-
nent n of the power law for the elastic moduli (for input
to Biot’s theory) where within a given set the parameters
are consistent in accordance with Eq. (3). A higher value
of ¢,, = 3200 m/s [INPUT B] was given by Williams [49],
and this was used for the later modeling work presented
here. The optimum value for the phase velocity parameter
s, was obtained by observing the minimum RMSE of curve
fits of the MBA model (varying the value of s, as a free
parameter) to the experimental data of phase velocity as
a function of porosity.

3. Results

Fig. 1 shows the experimental and theoretical phase
velocities at 0.5 MHz plotted as a function of porosity for
human cancellous bone. The experimental data for the 53
human calcaneus samples (with porosities from 0.86 to
0.98) were taken from Wear et al. [48]. The 23 circles in
the figure denote the samples for which porosity was directly
measured by using micro computed tomography (micro
CT). The 30 asterisks in the figure denote the samples for
which porosity was estimated from dual energy X-ray
absorptiometry (DEXA) measurements. The relative orien-
tation between the ultrasound beam and the human calca-
nea was the mediolateral (ML) direction, which is the
same as with in vivo measurements performed with commer-
cial bone sonometers [48]. The black solid curve represents
the prediction of the MBA model with c,, = 2500 m/s
[INPUT A] for the direction of propagation perpendicular
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Fig. 1. Experimental and theoretical phase velocities at 0.5 MHz plotted as a function of porosity for human cancellous bone. The experimental data for

the 53 human calcaneus samples were taken from Wear et al. [48].

to the trabeculae. The phase velocity parameter s, obtained
by curve fitting to the data for all 53 samples was 1.23. The
RMSE of the curve fit was 15.3 m/s (Table 2). The grey solid
curve is the phase velocity predicted by Biot’s theory with
Young’s modulus E = 8.3 GPa and the exponent n = 1.75
[INPUT A], which are the same used by Wear et al. [48].
All of the additional input parameters of Biot’s theory are
also taken from Wear et al. [48].

Fig. 2 shows the experimental and theoretical phase
velocities at 0.5 MHz plotted as a function of porosity
for both human (at 0.5 MHz) and bovine (at | MHz) can-
cellous bones. The experimental data for the 53 human cal-
caneus samples (with porosities from 0.86 to 0.98) are as
for Fig. 1. The 10 open triangles in the figure denote the
bovine femur samples (with porosities from 0.69 to 0.93)
taken from Hosokawa and Otani [19], and the 12 solid tri-
angles the bovine tibia samples (with porosities from 0.67
to 0.92) from Lee et al. [26]. The comparison of measure-
ments at two different frequencies is not problematic given
the relatively nondispersive nature of bovine cancellous
bone from 0.5 to 1 MHz [19,26]. The validity of combining
data for two species will be discussed later. The bovine can-
cellous bone samples were also all oriented in the ML
direction in relation to the bone. The black solid curve is
the prediction of the MBA model with ¢, = 2500 m/s
and s, = 1.23 [INPUT A] as shown in Fig. 1. Values for
the RMSE of the curve fit were 111 m/s for the 22 bovine
samples and 61 m/s for all 75 samples (Table 2). The
MBA model of [INPUT A] seems to underestimate the
velocity at low porosities; this may be due to the low value

for the compressional speed ¢, used for the best fit to the
human data of Fig. 1. The black dashed curve is the theo-
retical fit of the MBA model to the data for the 75 com-
bined human and bovine samples [INPUT B]. The
prediction was obtained by using a value of ¢,, = 3200 m/
s and then varying the phase velocity parameter s, to
obtain an optimum fit to the data. The optimized para-
meter s, for all 75 samples was 1.42. Values for the RMSE
of the curve fit were 16.6 m/s for the 53 human samples,
99 m/s for the 22 bovine samples and 55m/s for all 75
samples (Table 2). For comparison, the phase velocities
of Biot’s theory corresponding to those of the MBA model
are also plotted in Fig. 2. The grey solid curve is the predic-
tion of Biot’s theory with EF=8.3GPa and n=1.75
[INPUT A] as shown in Fig. 1. The grey dashed curve is
the prediction of Biot’s theory with E=13.7 GPa and
n=2.10 [INPUT B]. Other input parameters are the same
as used by Wear et al. [48].

4. Discussion

In the present study, the MBA model has been applied
in an attempt to predict the dependence of phase velocity
on porosity in human cancellous bone, by using previously
published measurements in human calcaneus [48]. As Fig. 1
shows, the MBA model with ¢, = 2500 m/s and s, = 1.23
[INPUT A] performs well in predicting the dependence of
phase velocity on porosity for the 53 human calcaneus sam-
ples. Wear et al. [48] have also shown that Biot’s theory
performs well for predicting the dependence of phase velo-



K.I Lee et al. | Ultrasonics 46 (2007) 323-330

327

0 —
i O  Measurement in human calcaneus using micro CT [48] |
X  Measurement in human calcaneus using DEXA [48]
3 A Measurement in bovine femur [19] b
| A Measurement in bovine tibia [26] ]
AN [INPUT A]
2000 —— MBA model with ¢ =2500 m/s and s, = 1.23 —
— i Biot's theory with £ = 8.3 GPa and n = 1.75 ]
K% [INPUT B]
e 3 — — MBA model with ¢, =3200 m/s and s, = 1.42 E
_ — — Biot's theory with E = 13.7 GPa and n = 2.10
Z [~ ’ -
(@)
S 1800
()
>
[O)
(7]
©
c
Q- 1600
1400||||||||||||||||||||||||||||||||||
0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Porosity

Fig. 2. Experimental and theoretical phase velocities at 0.5 MHz plotted as a function of porosity for both human (at 0.5 MHz) and bovine (at 1 MHz)
cancellous bones. The experimental data for the 53 human calcaneus samples are as for Fig. 1, and that for the 22 bovine samples were taken from

Hosokawa and Otani [19] and Lee et al. [26].

city on porosity in the human calcaneus samples. Good
agreement can be found between the predictions of Biot’s
theory and the MBA model as shown in Fig. 1. This may
be attributable to the use of consistent values for the input
parameters required by these two models. One feature of
this range of models is the numerous parameters used as
input or as fitting parameters. For example, Biot’s theory
requires 14 parameters including one fitting parameter, of
which around four are not easy to estimate [49,48]. The
MBA model also requires 14 parameters including three
empirical parameters determined from experimental data
[26,27]. Therefore, the two models can be considered to
be equally efficient in terms of the number of input param-
eters. However, the MBA model uses commonly known
input parameters, at the cost of introducing simplifications
such as an enforced tortuosity of unity.

It is well known that the relationship between attenua-
tion and bone density is essentially nonlinear over a wide
range of densities [1,8,14,16,23,38]. In contrast, significant
linear correlations between velocity and density have been
reported for both human and bovine cancellous bones
[14,32,38]. Recently, Wear [46] has reported that the phase
velocity is linearly proportional to porosity over a porosity
range from 0.88 to 0.98 in trabecular-bone-mimicking
phantoms consisting of parallel nylon wires. Meanwhile,
Strelitzki et al. [40] have suggested that a quadratic model
provides a more appropriate fit for a different bone phan-
tom, which consisted of small cubic gelatin granules ran-
domly distributed in epoxy with porosities from 0.66 to

0.83. It should be noted that the two phantom designs
are not necessarily expected to exhibit the same features
on phase velocity versus porosity, because they used differ-
ent materials and different shapes of inclusions and the
ranges of porosities spanned in each phantom were sub-
stantially different. In human cancellous bone, however,
there is some indication of nonlinearity at very low densi-
ties [14]. As seen in Fig. 1, the nonlinearity of phase veloc-
ity at very high porosities can be observed from the
predictions of both the MBA model and Biot’s theory.
Lin et al. [28] have also demonstrated that the theoretical
relationship between velocity and porosity is not strictly
linear, by using the stratified model.

We have also attempted to compare the MBA model
with measurements of phase velocity made in bovine can-
cellous bone as well as in human calcaneus. As shown in
Fig. 2, a degree of scatter in bovine bone is larger than that
in human calcaneus because of the heterogeneity of the tra-
becular structure of the bovine samples with high density.
A difference is observed between the prediction of the
MBA model with ¢,, =2500 m/s and s, =1.23 [INPUT
A] and the bovine data. This discrepancy at relatively low
porosities may be due to uncertainty associated with input
parameters relating to the elastic property of bone. Indeed,
the value of ¢,, = 2500 m/s for the compressional speed of
solid bone is somewhat lower than the experimental data
from the literature [2,22,45]. Therefore, the MBA model
with ¢,, =2500 m/s and s, =1.23 [INPUT A] may only
have validity in a limited range of porosity for human
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calcaneus. In contrast, the MBA model with ¢,, = 3200 m/s
and s, = 1.42 [INPUT B] performs reasonably well for pre-
dicting the porosity dependence of phase velocity over a
wide range of porosities. However, this refinement does
not significantly reduce the RMSE because of the scatter
in the bovine data. Fig. 2 includes the predictions of Biot’s
theory corresponding to those of the MBA model. The val-
ues for Young’s modulus E of Biot’s theory were chosen to
be consistent with the compressional speed ¢,, of the MBA
model, by using Eq. (3) with Poisson’s ratio ¢ = 0.3 and the
density p,, = 1800 kg/m> of solid bone.

Combining human and bovine data for the prediction of
models based on a single set of input parameters may be
problematic because structural parameters such as phase
velocity parameter s,, exponent n, pore size, and tortuosity
might not be the same for both human and bovine bones.
Furthermore, material parameters such as density, sound
speed, and Young’s modulus for constituents of bone
might not be the same owing to biological differences
between the two species. Indeed, Lee et al. [26] have
obtained a value of s, = 1.5 with a compressional speed
¢m = 3500 m/s of solid bone in bovine cancellous bone.
In the present study, however, the phase velocity parameter
s, = 1.23 was obtained using the human calcaneus samples,
with a compressional speed c,, = 2500 m/s. Williams [49]
has found the exponent n» = 1.23 in bovine cancellous bone
with an oriented columnar structure, and n = 2.35 with a
random structure. Hosokawa and Otani [18,19] have
obtained n = 1.46 in the direction parallel to the trabeculae
of bovine cancellous bone, and n = 2.14 in the perpendicu-
lar direction. In contrast, Wear et al. [48] have made use of
n = 1.75 in human calcaneus. As stated by Wear et al. [48],
this may result from a more complex trabecular structure
of human calcaneus compared to bovine femur and tibia.
However, the variability of the exponent n may also be
attributable to the use of different values for Young’s mod-
ulus E of solid bone. Indeed, the value of E = 8.3 GPa was
chosen by Wear et al. [48], but £ =20 GPa was used by
Hosokawa and Otani [19] and Williams [49].

Bone is considered a highly heterogeneous and aniso-
tropic medium [19,20,29,33,43]. Acoustic anisotropy
implies that the structure affects acoustic properties inde-
pendent of density since the volumetric density of a given
sample is independent of direction. Ultrasonic velocity in
cortical bone is greatest in the axial direction, least in the
radial direction, and intermediate in the tangential direc-
tion. Therefore, it is important to examine the sensitivity
of the theoretical fit to the assumed value for the compres-
sional speed ¢, of solid bone. Fig. 3 shows the minimum
RMSE fits of the MBA model to the 75 data for three differ-
ent assumed values of ¢,, spanning the range of measure-
ments from the literature [2,22,45]. Typical measurements
of velocity in human cortical bone range from 3200 to
4200 m/s. The black solid curve in the figure corresponds
to ¢,, = 3200 m/s [INPUT B], the black dashed curve to
¢, = 3700 m/s [INPUT C], and the black dotted curve to
¢, = 4200 m/s [INPUT D], with each phase velocity param-

eter s, optimized by curve fitting. It is shown that the fit of
the MBA model is sensitive to the value used for the com-
pressional speed ¢, of solid bone. Fig. 3 also illustrates
the phase velocities of Biot’s theory corresponding to those
of the MBA model. The grey solid curve corresponds to
Young’s modulus E=13.7GPa [INPUT B], the grey
dashed curve to E = 18.3 GPa[INPUT C], and the grey dot-
ted curve to £ = 23.6 GPa [INPUT D], with each exponent
n optimized by curve fitting. The values for E consistent
with ¢,, were evaluated using Eq. (3) with Poisson’s ratio
o = 0.3 and the density p,, = 1800 kg/m? of solid bone.
Since the initial suggestion that the inversion of ultra-
sonic measurements might (through use of a suitable
model) be used to infer material parameters of cancellous
bone, and thereby potentially indicate bone health [24], a
range of propagation models have been proposed. There
have been numerous studies comparing the predictions of
one or more of models with measurements of propagation
through cancellous bone and through phantoms [9,12,17—
21,26-28,30,31,34,41,44,48,49]. A key issue is in identifying
whether any observed variations in the predictions of dif-
ferent models are the result of differences in the physics
of the models, or due to inconsistency in the input values
used for each model. In the present study, the use of con-
sistent values for the input parameters of the MBA model
and Biot’s theory leads to good agreement between them,
as shown in Figs. 1-3. The two models equally tell us that
the range of porosities encountered in normal and osteopo-
rotic cancellous bone are particularly unsuited for analysis
using inversion of the sound speed. As can be seen in Fig. 1,
at porosities higher than 0.9, the models tell us the sound
speed will be particularly insensitive to the porosity. Con-
sidering the scatter of the data, if there were no other infor-
mation available (such as on the anisotropy of the
measurement), then measurement of sound speed as a func-
tion of porosity would present significant challenges in dif-
ferentiating between normal and osteoporotic bone. The
more difficult task, of monitoring changes in porosity
(either as a disease progresses, or in response to drug treat-
ment), would seem unapproachable by this technique.
Cancellous bone is a highly porous, anisotropic medium
composed of a cellular network of calcified strands or
plates called trabeculae, filled with fatty bone marrow.
However, neither the MBA model nor Biot’s theory, as
previously applied to cancellous bone, allows for the angu-
lar dependence of acoustic properties with direction. Biot’s
theory can account for acoustic anisotropy in cancellous
bone, by introducing the adjustable exponent n of the
power law for the elastic moduli [10]. Testing along the
direction of trabecular alignment results in a value of n
close to 1. When the structure is more random, i.e., the tra-
beculae are not aligned in any direction, or when the mate-
rial is tested in a direction other than that of the major
alignment of the trabeculae, n falls between 2 and 3. The
value of n can be determined by curve fitting to the exper-
imental data of phase velocity as a function of porosity
[49]. In predicting the phase velocity in cancellous bone,
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Fig. 3. Minimum RMSE fits of the MBA model to the 75 cancellous bone samples for three different assumed values of the compressional speed ¢, of
solid bone with each phase velocity parameter s, optimized by curve fitting. For comparison, the phase velocities of Biot’s theory corresponding to those of

the MBA model are also plotted.

it may be regarded that the phase velocity parameter s, of
the MBA model plays a role equivalent to that of the expo-
nent n of Biot’s theory. The value of s, also depends on the
direction of loading (or the direction of propagation) vary-
ing from 0 to 2 [26,27]. It has a value close to 0 when the
material is loaded along the direction of trabecular align-
ment and has between 1 and 2 in the transverse direction.
As with n, s, can also be optimized by curve fitting to the
experimental data of phase velocity as a function of poros-
ity. Therefore, the parameter s, may have potential for pre-
dicting an anisotropic response of cancellous bone. Further
development is currently underway with the introduction
of an empirical angle-dependent phase velocity parameter
into the MBA model for predicting acoustic anisotropy
in cancellous bone.

5. Conclusions

The MBA model has been applied to predict the depen-
dence of phase velocity on porosity in cancellous bone. The
optimum values for input parameters of the MBA model in
cancellous bone were determined by comparing the predic-
tions with previously published measurements in human
calcaneus and bovine cancellous bone. This modeling effort
is relevant to the use of QUS in the diagnosis of osteoporo-
sis because the relationship between phase velocity and
porosity is closely related to diagnostic measurements in
current use for the assessment of osteoporosis. Although
the MBA model relies on the empirical parameters deter-

mined from experimental data, it is expected that the model
can be usefully employed as a practical tool in the field of
clinical ultrasonic bone assessment.
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