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Abstract:

Understanding the propagation of acoustic waves through a-jguidsed porous

solid framework such as cancellous bone is an importantegrésite to improving

the diagnosis of osteoporosis by ultrasound. In order to elucidate the propagation
dependene upon the material and structural properties of cancellous bone, several
theoretical models have been considered to date, with-bBs#d models
demonstrating greatest potential. This paper describes the fundamental tasse of
models and reviews thgderformance

|. Introduction

Understanding the propagation of acoustic waves through cancellous bone is an ingpertant
requisite to improving the diagnosis of osteoporosis by ultrasound. &ssentially has two

types of structure, both having the sammeralised collagen composition. Cortical bone has
porosity less than 30% and may generally be considered to be solid; cancellobaspoeosity
greater than 30% and consists of a complex -@edlied porous network of reénd plateshaped
elements tened trabeculae. The porosity of human cancellous bone ranges between 70% and
95%, the remaining volume being perfused with bone marrow. In the adult human vertebral body
for example, both horizontal and vertical trabeculae range froai2B0um in thickness, and
spaced at intervals of between 1208000 pm and 700 and 2000 pum respectively (Thomsen et

al 2002).

Osteoporosis leads to nearly 9 million fractures annually worldwide (JomtelKanis 2006),

and over 300,000 patients present with fragility tinees to hospitals in the UK each year (British
Orthopaedic Association 200Direct medical costs from fragility fractures to the UK healthcare
economy were estimated at £1.8 billion in 2000, with the potential to increase to £2.2 lyillion b
2025, and with most of these costs relating to hip fracture care (Burge et al, 2001).

Two mechanisms give rise to the structure of bone, modelling and remodelling. ‘Mgdlli
the process primarily responsible for maintaining bones in their correct shapey agdw and
respond to its biomechanical environment; it also controls thecalothickness and marrow
cavity diameter of bones as they age. ‘Remodelling’ is mainly concernédthvétcontinual
replacing of old cancellous bone and occurs at discrete foci on the surface of tbaeldmabe
During remodelling, osteoclast cells createesorption cavity that is subsequently filled with
new collagen by osteoblast cells. In osteoporosis, there is an asymptomaiicernegzlance in
remodelling, thereby creating a bone loss, particularly at sites @dbmpreantly cancellous bone
such as the spine, hip, wrist, and heel; thisnately leads to skeletal fragility and increased risk
of fracture (Rose2004).
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The conventional method of assessing osteoporosis in the clinical environment isibersé m
density (BMD, g crif), an areal paraeter describing the bone mineral content (BMC) within a
projected area. BMD is generally measured at sites most at risk of osteob@Ecture, the
spine, hip and wrist. BMD is generally measured using the technique of dual eneagy X
absorptiometry (DXA) (Njeh and Shepherd 2004). The body may be considered to consist of
three tissue components: bone, lean and fat. By assuming a certain proportion dftisanéa
overlying a bone, the BMC may be derived by solving simultaneous attenuatioroesuati

two X-ray energies. True volumetric bone density may be derived using queatitathputed
tomography (QCT) utilising a conventional CT scanner, a calibration phameomy scanned

with the subject to convert Hounsfield numbers into g*dirang 2004).QCT is increasingly

being used, particularly at the lumbar spine although there is a higher radiatorodgsared to

DXA. Although generally utilised as a research tool for the measurementcse@xtissue
samples obtained from the pelvis, microCT provides a typical spatial resolution of @.@han
hence replicates the true trabecular structure, compared to resolutipmpsafimately 1 mm for

both DXA and QCT. A technique that is gaining increasing interest is magnsticaree
imaging (MRI) whichessentially measures the water content of tissues. Bone does not therefore
give an MR signal, although its presence may be inferred from a ‘négatage (Pothuaud and
Mujandar 2004).

Quantitative Ultrasound (QUS) generalipvolves measurements of the transmission of
ultrasonic signals, either along a cortical bone surface or through a bone ghehhal and

phalanx (Njehet al 1997). There are two fundamental measurement parameters, velociloy (ms
and attenuation (dB). Velocity is obtained by dividing the propagation distancéheby t
corresponding transit time, with througlansmission measurements recorded at the calcaneus
(heel) and phalanx, and surfatansmission recorded primarily at the tibia. Attenuation is

generally expressed & oadband Ultrasound Attenuation (BUA, dB Mlljzat the calcaneus,
describing the linear increase in attenuation with frequency between 20@nkiH600 kHzlt has
been clinically demonstrated that velocity provides higher precision, expres§ad/a whereas
BUA exhibits higher dynamic range. It is generally accepted thateofQUS options, BUA
measurement at the calcaneus provides the most accurate imdafatisteoporotic fracture risk,
particularly for hip fracture. Due to technical limitations, ultrasound measemts cannot be
performed routinely at the common anatomical sites affected by osteop(sisis, hip and
wrist).

A fundamental relationship exists linking the velocity (v) of a sound wave to theigjadE)

and density ) of a material, namely v ¥(E/p) although the elasticity modulus used in the
relationship is dependent upon the sound propagation mode; for example Bulk modulus + 4/3 of
the Rigidity modulus for the longitudinal wave (), the rigidity modulus for the shaae and the
Young’'s modulus for the bar wave. Young’s modulus is derived from mechanical testing and
longitudinal velocity from ultrasound measurements (Ngelal 1996) A similar fundamental
relationship does not exist for BUA. It has been shown however that BUA follows lopara

type dependence on porosity having a minimum values corresponding to both solid bone (0%
porosity) and marrow (100% porosity) (Hodgskinssral 1996). Hence, similar BUA values

may be obtained for a few marrow pores within a largely solid bone and a few bony @abecul
within a largely marrow sample. A parameter that follows a similar pattéhe isurface area of

the bonemarrow interfaceassociated with this, a linear relationship between BUA and fractal
dimension has been demonstrated (Langt@h 1998).

Even though more than twenty years have passed since BUA was firsbel@gtangtoret al
1984), there remains a lack of a fundamental understanding of the dependence of ultrasound
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propagation, and BUA, in particular, upon the material and structural prgpeftieancellous
bone. In order to elucidate these relationships, a number of theoretical approaché&sdra
considered includg scattering, simple mixtures, idealized microstructures, and Biot. Scattering
is caused by sudden spatial changes in elastic properties, the magnitugedpmpndent on
relative size of ihomogeneities and the ultrasound wavelength. Multiple Scajteray also be
considered, being a combination of the original and previously scattered waves. R00{)

has combined rigigporous theory and scattering to investigate the low frequency scattering of
acoustic wave propagation in heterogeneous media wiade@ and motionless inclusions. It
should be noted however that scattering theories are only valid for low conoestadtisolated
inhomogeneity and are not generally applicable to the study of cancellous ensiniple
mixture theory expresses welty in terms of bone volume fraction, density, and bulk modulus.
Chernov’s theory (1960) combines scattering and simple mixture theory via ydlocitiations

and scatterer size. Simple mixture theories have also had limited starcpesous media sin

as cancellous bone. Two theories that are inherently applicable to the solididranperfused

with a visceelastic fluid are the Schoenberg and Biot theories. Schoenberg'’s theory (1983, 1984,
1986) considers periodically alternating parallel séligd layers but does not consider the
viscous absorption. The theory predicts two compressional waves, often refeaetdast’ and

‘slow’ respectively, when the waves propagating through the solid frame of bone aod e
in-phase and owdf-phase respectively. The angular dependences of phase velocities for the fast
and the slow waves in cancellous bone have been predicted (Haighd®99), along with the
anisotropic behaviour of acoustic wave propagation (Hughed 2007). Biot theory was
specfically developed to describe acoustic wave propagation in-aidrated porous elastic
media (Biot 1956a, 1956b); although originating for geophysical testing of porous rocks, it has
been used extensively to describe the wave motion in cancellous bone. The Biot thewrjoal

an arbitrary microstructure, with separate motions considered for the esadiic framework
(bone) and the interspersed fluid (marrow), induced by the ultrasonic wave, andcalsies
energy loss due to viscous friction between solid (bone) and fluid (marrow). lmoadditthe

two compressional waves predicted by Schoenberg’s theory, the Biot theoryealsxtspa shear
wave. McKelvie and Palmer (1991) were first to apply Biot theory to ultrasamave
propagation in cancellous bone. Hosokawa and Otani (1997) first observed expennibatall
two theoretically predicted compressional waves in cancellous bone abnitréisequencies.

The Biot model has since been used extensively to describe the wave motion inldarabec
(cancellous) bone (Haire and Langton 1999, Feéiahl 2004, Sebaa&t al 2006, Pulauet al

2008). Attenboroughet al. (2005) presented tortuosities deduced from afrdiguency
measurements in afilled cancellous bone replicas and showed that therestk@sg anisotropy.

The Biot theory has been further developed including semralytical approach that allows for
transverse anisotropy in the frame elastic moduli, tortuosity and permedhiligeophysical
applications (Carcione 1996). A modified Biéttenborough (MBA) model has also been
proposed for acoustic wave propagation in a-ngid porous medium with circular cylindrical
pores starting from a formulation for a rigichmed porous material (Robkt al 2003,
Attenborough 1982, Attenborough 1983). The MBA has been used to predict the dependences of
velocity and attenuation on frequency and porosity in bovine cancellous bonet @e2003,

Lee and Yoon 2006). The Biot model has also been modified to include the acoustic anisotropy
of cancellous bom by introducing empirical angl#ependent parameters, and used to predict
both the fast and slow wave velocities as a function of propagation angleesgect to the
trabecular alignment of cancellous bone (eea 2007).

Previous work on the influence of anisotropic pore structure and elasticity iflcaad®one has
been extended by developing an anisotropic-Biltard model allowing for angle dependent
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tortuosity and elasticity byAygun et al. 2009. The extreme angleependence of tortuosity
corresponding to the parallel plate microstructure used by Huejlas2007 has been replaced
by angle dependent tortuosity values based on data for slow wave transnhissigh &ifilled
bone replicas. Audifrequency data obined at audidrequencies in aifilled bone replicas are
used to derive an empirical expression for the angle-and porosity-dependentugosityor

Most recently, Ayguret al. (2010 and 2011have transmitted ultrasonic signals through water
saturated stereolithograpical bone replicas. Predictions of a modifiedrapisoBiotAllard

model, which neglects scattering have been compared to measurements made at wormal an
oblique incidence in a water filled tank at 100 kHz and 1 MHz. Remarkably, it is found that the
expected occurrence of scattering does not cause significant discrepancies betdietons

and data at 100 kHz (which would be equivalent to 1.3 MHz in real bone), perhaps as a
cormsequence of the fact that the samples behave as low pass filters. Scattaridgosheven

more important at 1 MHz (equivalent to 13 MHz in real bone) where the fast and slow
wavelengths are 3 mm and 1.5 mm respectively. Nevertheless the modifiesl| Brolt theory is

found to predict the observed simple relationship between incident and transmittedrma\vegf

1 MHz. Another effect of the structural anisotropy will be variation of perntigalwith
direction.

Il. The Biot Model

The Biot theory predicts the complex velocities of two compressional waves andeassiegr
wave, given by;

V2 3 Ai[A2 —4(PR—Q2)(P11/)22_:0122)]2

fast, dow — 2 (1)
2(P1192— Pr2)

A @

1-¢)p,+ Q-1 a)p,
whereA = Pp,, + Rp,; —2Qp,,, PQR are generalized elastic constants, p»», and p1, are mass
coefficients which take into account the fact that the relative fluid floaugh the pores is not

uniform, ps is the mass density of the solig, is the mass density of the fluid, amdis the
tortuosity of the mediuniThe elastic constants are given by;
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whereKy, K, andKsare the bulk module of skeletal frame, fluid, and solid, respectiMalythe
shear modulus anglis the porosity.

The bulk modulus of the skeletal framg, and the bulk modulus of the solidg are given by;
(- B ko B ©)

31-2v,) 31-2v,)
whereuv, andus are thePoisson’s ratio of the skeletal frame and the solid, respectizgiy the

Young’s modulus of the skeletal frame givenmy= Es(1—¢)", whereEsis the Young’'s modulus
of the solid, andh depends on the alignment of the structure (Gibson 1985).

The total mass of the fluigolid aggregate per unit volume is givendy p11+ 2012+ p22. The
coefficient p, represents a mass coupling parameter &etwfluid and solidp.; represents the
total effective mass of the solid moving in the fluid, amddepends on the geometry of the
frame not on the viscosity of the fluid [Biot 1958he mass coefficients may be written

p11= prtpa (7)
P22= Potpa (8)
p12=—px Ho=1) 9)

wherep, is the inertial coupling term given by = — p12, p1is the mass of solid per unit volume
of aggregate given by, = (1-¢) 05, andp, is the mass of fluid per unit volume of aggregate given

by p2= dpx.
Johnsoret al. (1987) have presented the dynamic tortuosity as;
4a2 2
(o) =a, 1+_’7—¢\/1+ jlatope (10)
Ja)aoolof kO 77A ¢

where a., is the tortuosityA is the viscous characteristic lengtpis the viscosity, ané is the
permeability.

Biot theory considers the material to be isotropic, although tortuosities dedocedaéidio
frequency measurements in -@iled bone replicas, assuming rigmbrous behaviour, have
shown a strong anisoypg Hugheset al. (1999) have stated that there has been a consistent
discrepancy between measured and predicted attenuation. It should be noted Bisot tihedry
does not include thermal effects. When the saturating fluid is air ratherathiguid, hermal
effects become important and a further modification of the Biot theory is aegess

[ll. The Biot -Attenborough Model

The Modified BiotAttenborough (MBA) model was developed to consider acoustic wave
propagation in a nergid porous medium with circular cylindrical pores (Reihal 2003). The
formulation starts from Attenborough’s model (1982) which is concerned with-fragited
media and, therefore, does not include the fast wave of the Biot theory, and treatsotne ansc
thermal effects ira separate manner. A nogid structure is then allowed for by introducing an
additional parameter and boundary condition. A similar formulation to the MBA model has bee
employed (Leest al 2006) with three new phenomenological parameters, namelyotirvedary
condition, phase velocity, and impedance parameters. An idealised microstructussswaed
consisting of circular cylindrical pores and considereddineensional sound propagation along
with the axes of the cylinders.

The continuity equation adnedimensional acoustic wave propagation through a single circular
cylindrical pore filled with fluid is given by;
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=2 11
Pioox ot (1)
where <u>is the averaged particle velocity over the pore crosgosefor propagation in the

direction, which is taken to be the direction normal to the surface of the model porousmedi

The equation of motion is given by;

op 8<u>

- — 7 12
axpC(w) ot (12)
wherep is the acoustic pressurey is the angular frequency, ami(a)) is the frequenc—y

dependent density given by

pe(®) = p [1— 2(/1\5 )71T (ﬂ\ﬁ )T (13)
where
Tavi)- j i‘g (14)

i=+-1, Jo and J; are the cylindrical Bessel functions of the zeroth and the first order,
respectively, andi is the dimensionless parameter related to the thickness of the viscous
boundary layer at a pore wall and given byamy(w/)"? wherea is the radius of theircular
cylindrical pore my is a boundary condition parameter allowing for -migndity of the pore
frame, andvis the kinematic viscosity of the fluid.

The frequencydependent compressibility of the fluid within a pore of arbitrary (but constant)
cross section is given by;

C, (o) = [PLJ(%] ~(p,c? )‘1[1+ 20y ~)x(NZ22 ) T(NZ2AT )} (15)
f

wherey is the specific heat ratio of the fluitp,is the Prandtl number, amdis the equilibrium

sound velocity of the fluid.

When the analysis, based on the sound propagation thragiglgla circular cylindrical pore, is
extended to a bulk nemgid porous medium, the complex propagation constants of the fast and
slow waves are given, respectively, by;

1
i = “wks\/ =+ g (kK ) (16)

1
Ky, =a K : 17

won = J @) 7 (e, T 0
whereks is the propagation constant of the pore frame givelkaw/cs wherecs is the pore frame
velocity, k. is the propagation constant of the fluid in the pore givek:byCq(@) o), ks is the
wave number of a hypothetical fluid with an extremely low wave velocity, nand a phase
velocity fitting parameter.
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The phase velocities and attenuation coefficients of the fast and slow waues @atained from
the real and imaginary part of the complex propagation constant of the fast andeasles/
respectively.

IV. The Schoenberg Model

The Schoenberg model consid periodically alternating parallel schidid layers,assuming that
the viscous skin depth is much less than the fluid layer thickness when the fluids|ajesl.
Schoenberg has expressed acoustic wave propagation in terms of slownesgiwettbr s =
(s1, S, S3). The components of the slowness vector parallel to the lssiel@d normal to the
layers,ss, are related by;

s _V(v;z—qz) . (1—¢)(\/;2—sf)} _0 (18)

whereV is the sound speed of the fluld; is the compressional speed of the satid; is given
by <p> = ¢px + (1- @).ps, Vi is the plate velocity given by;

2 2 V2
VE= 4vsh(1—s—§j (19)

whereVgy is the shear speed of the solid.

The phase velocity can be found from the inverse of the magnitude of the vésiter, (
1/(s1*+s:)?) and the propagation angle with respect to the layetagui’(ss/sy)). Schoenberg’s
theory predicts two compressional waves equivalent to the acoustic waves pngptdgaugh
the solid frame and fluid being iphase and otdf-phase respectively. Inertial coupling varies
with propagation angle relative to the stratification. For propagation paratle layers, inertial
coupling is zero, and waves may propagate in the fluid and solid independently gldughe
1999).

V. The Anisotropic Biot — HughesModel

The Anisotropic Biot model incorporates viscous effects and anisotropic efféctshe Biot
model in a simple and straightforward manner (Hughed 2007), assuming thaheé degree of
inertial coupling within Schoenberg’s layers are equivalent to that oegumi an arbitrary
anisotropic porous medium as described by the Biot’s theory. An angle dependent yontassit
introduced to describe a layered structure in the Biot's theory, from winéchrtgle dependant
tortuosity may be obtained by equating the compressional phase velocity snofesfrom the
Biot's theory [Egs. (1)], with that from Schoenberg’s model in terms of propagation, @gle
[Egs. (18) and (19)]. Ske in the solid is neglected.

(Kp=N = 0 andPR— Q?= 0). The tortuosity was found from

a(@) =1+ { d=9)p, }:ot2 0 (20)
(p)

The angledependent tortuosity given by Eq. (20) should be substituted.feo predict wave
properties that change with orientation. Hugitel. have observed a significant discrepancy, for
predictions of the dependence of the fast wave speed on angle, between the StratifrextiBl
and Schoenberg’s theory, disagreeing by almost 50%.aTt®y have also stated that the
Stratified Biot model gives poorer agreement with slow wave data than the Sclgoerduk,
both quantitatively and in the curvature of its angular variation.
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VI. The Anisotropic Biot- Attenborough Model

Aygun et al. (2009) have combined the heuristic form of ardgeendent elasticity suggested by
Leeet al. (2007) inBiot-Allard theory with a heuristic angle and porosity dependent tortuosity
function based on data obtained at audio frequencies wiilledr (human) bone replicas by
Attenboroughet al. (2005).The heuristic form for porosity and angle dependent tortuosity may
be written:

a, :1—{1—;} + kcog(0) (21)

wherer andk can be considered adjustable.

The assumed angle dependence function is chosen arbitrarily but is simple astticbnsih
the expected variation in fast wave speed with angle. A range of possil#s eéltandk have
been found by comparing predictions of equation (219 for0° and 90 respectively with values
deduced from aifilled replica bones (Attenborougd al. (2005)) of known porosity. Values of
andk are found by solving the resulting simultaneous equations. The vialuis @redicted to
have important influence on the fast wave speed variation with porosity perpendictier t
dominant structural orientation and on the slow wave speed variation with porositglgartike
dominant structural orientation.

Aygun et al. [201Q0 havereported measurements of ultrasonic transmission made through water
saturated bone replicas at 100 kHz and 1 MHz. The resulting data are compared witlopsedict
of a modified BiotAllard model with anisotropic angi@ndporosity dependent tortuosity, and
angledependent elasticity. Transmitted signals for water satursteckolithograpical bone
replicas have been predicted by modified anisotropic -Blieird model, which neglects
scattering, and the results have been compared to meastgenaate in a water filled tank at
100 kHz and 1 MHzThe wavelengths of the slow and fast wave in wa#turated STL bone
replicas at 100 kHz are 15 mm and 30 mm, respectiVelyse wavelengths are comparable with
the dimensions of microstructural elerteenf STL bone replicas. According to Williams (1992),
the pore sizes in cancellous bone vary between 0.5 and 1 mm, so typical trabeculae théths i
replicas vary between 6.5 and 13 mm. Remarkably, scattering seems not to gaifisargi
discrepanciebetween predictions and data at 100 kHz (which would be equivalent to 1.3 MHz in
real bone), perhaps as a consequence of the fact that the samples behave as |ttergass fi
Scattering should be more important at 1 MHz (equivalent to 13 MHz in real Wwheey the fast

and slow wavelengths are 3 mm and 1.5 mm respectively. So the agreement betwegongredi
and data is rather surprisinbhese data and predictions support further use of Biot-based theories
and of STL replicas for studying ultrasonic transmission through bone.

Aygln et al. (2011) haveinvestigate further ultrasonic wave transmission in wagaturated

bone replicas at 1 MHz as a function of angle. The predictions of the anisotropiliBidt

model allowing for anglelependent elasticity and angladporosity dependent tortuosity have
been compared with measurements of pulses centered on 1 MHz transmitted through water
saturated sterelithographical (STL) bone replicas which are thirteen times larger than the
original bone samples at normal and oblique angles. The predictions and data asenabike
agreement despite the expected role of scattering.

VII. Discussion

Although Schoenberg’s theory predicts two compressional waves equivalentwavbef the
first kind and the wave of the second kind of Biot's theory, it does not predictebe \shve of
the Biot’s theory. Schoenberg’s theory does not consider the fluid viscosity, and th&eots,
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and consequently, it is not possible to use Schoenberg’s theory to predict wave attesrutati
make comparisons with the absorption predicted by Biot theory. The anisotropicooehavi
acoustic wave propagation in cancellous bone using the Schoenberg theory has begat@u/est
Hugheset al (1999)stating that the inclusion of viscosity in the Biot's theory gives no significa
advantage irrespect of agreement with experimental findings, trat the omission of the
viscosity in Schoenberg’s model prevents it from accounting for viscous absomudi@oines
its application to Biot's “high” frequency regioRlggheset al (2007).

Both thevelocity and attenuation of sound as predicted by the Biot theory are dependent on
frequency, the elastic properties of the constituent materials, porosityegdality, tortuosity,

and effective stress. The original Biot formulation introduced a frexedependent pore
shape parameter. In a subsequent refinement, the freqdepegpdent viscous effects due to
relative motion of fluid and solid in the porous medium are predicted to depend on a viscous
characteristic length (Johnsenal 1987). This isdominated by the smallest pore cross sections
and is difficult to measure. When the saturating fluid is air rather than a ligarthaheffects
become important and a further modification of the Biot theory is necessaeytsmoriginal
formulation does not include them. Such a modification, which has been used mainly when
modelling the acoustical properties of-flled porous materials, used in building acoustics and
engineering acoustics, introduces a thermal characteristic lengthd(A888).Twice the inverse

of thermal characteristic length represents the pore surface area perwmi¢ visl materials that

are not affected by water saturation, this can be measured by a water suction(irestlaie et

al 1998). For many materials the therrobéracteristic length is approximately twice the viscous
characteristic length. The inclusion of the thermal characteristic lengthvamele comparison

of predictions with high frequency data obtained fromsaiurated bone replicas. During
acousticexcitation (e.g. from a loudspeaker) of anfdied porous solid most of the acoustic
energy travels in the pores and the acoustical properties are described wslirbingghat the

solid frame is rigid. On the other hand intimate mechanical contseee a transducer and a
porous elastic medium excites waves predominantly in the solid frame. &efllali2004) have
presented an analytical model of the reflection and transmission coefficieat stdb of
cancellous bone with an elastic frame basethe Biot theory modified by Johnsenal. (1987)

to describe the viscous interaction between fluid and structure. By comparing ipnsdigith
laboratory data on ultrasonic pulse transmission through ifibéel samples of human
cancellous bone, Feliat al. (2004) have concluded that the modified Biot theory using Johnson
et al. model is suitable for describing the propagation of ultrasonic wave in cancellous bone. A
significant attraction of the Biot theory is that it includes structurally depermbmaimeters
including permeability and tortuosity as well as the elastic constants of tbespsame and
frame material (Allard 1993). An important limitation of the Biot theory is that it requhat the
acoustic wavelengths to be large compared with the microstructural featuoks gores and
trabeculae in cancellous bone). Another difficulty with the Biot theoryh& it requires
knowledge of many parameters, some of which are hard to determine.

The inherent anisotropy of cancellous bone metas the acoustical properties vary with
transmission direction. Tortuosities deduced from afrdiguency measurements in -filed

bone replicas, assuming rigmbrous behaviour, have shown a strong anisotropy (Haire and
Langton 1999)To predict fast wve transmission it is necessary to allow for elastic anisotropy
also. The trabeculae in cancellous bone suggest transverse anisotropy:liaedideasion of
which, for example, is parallel plates (Hugleesl 1999). A method of including the effects of
anisotropy in the Biot theory (Hughetsal 2007) introduces an angle dependent tortuosity, based
on the parallel plate idealization of the microstructure, and a heuristie degéndent Young’s
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modulus. However the approach of Hughatsal. (2007) did ot yield particularly good
predictions of the angle dependence of fast wave speeds.

Leeet al (2007) have stated that the MBA model predicts a slightly negative dispersion of phase
velocity linearly with frequency and the nonlinear relationships of attemuand BUA with
porosity. The experimental results presented by éeal. are in good agreement with the
theoretical results estimated with the MBA model.

The anisotropic pore structure and elasticity of cancellous bone cause wave gspgeds a
attenuation in cancellous bone to vary with angle. ikyg al. (2009) have extendedgvious

work on the influence of anisotropic pore structure and elasticity in cancellous bone by
developing an anisotropic Bidtllard model allowing for anglelependentlasticity, and angle
andporosity dependent tortuosity. The extreme angle dependence of tortuosgpoording to

the parallel plate microstructure used by Hugéteal. (2007) has been replaced by arghet
porosity dependent tortuosity values basedlata for slow wave transmission throughfdied
stereolithography (STL) bone replicas Ayget al. (2010) It has been suggested that the
anisotropic BiotAllard model could be used to give further insight into the factors that have the
most importaninfluence on the angle dependency of wave speeds and attenuation in cancellous
bone. Nevertheless the applicability of Bo#sed theories to ultrasonic propagation in bone
remains in question given the expected role of scattering which is neglectedhesth¢heories.

Predictions of a modified anisotropic Biatlard theory by Aydgin et al. (2011) have been
compared with measurements of pulses centered on 1 MHz transmitted througbhatatded
sterealithographical (STL) bone replicas which are thertietimes larger than the original bone
samples at normal and oblique angles. The predictions and data are in reaspreserat
despite the expected role of scattering.

The likely ranges of validity for Biot modelling approaches can be discussathsdéthe ratio

(e = 1/L) of a characteristic inhomogeneity sizggnd the reduced sound wavelengtk 12n

(1). Scattering is likely to be significant for valuessfireater than 1 whereas Biot theory was
derived for values of that are significantly less than 1. At 1 MHz the fast and slow wavelengths
are 3 mm and 1.5 mm respectively. For the fast waves the values of thegatoBRA and
CAB replicas are 0.1257 and 0.3142 respectively, and for the slow waves the vald&$aBe
and 0.6283. These indicate clearly that scattering should be signdatn® agreemertietween
Biot-based predictions and data at 1 Mblzather surprising.

VIII. Conclusions and Further Work

Several models being used for acoustic wave propagation in cancellous bone have beexd present
and reviewed. Of these, the various forms of Biot theory have shown some promise. That by
Fellah et al. (2004), has been found to give excellent agreement with data obtained from
transmitting ultrasonic pulses tugh wateffilled samples of human cancellous bone. Using
another version of Biot theory, Le#t al. (2007) have observed that the phase velocity is
approximately noftdispersive and the attenuation coefficient linearly increases with freguenc
Lee et al (2003) also stated that the experimental results are in good agreemerthavith
theoretical results estimated with the MBA model which predicts a slightly negatear lin
dispersion of phase velocity with frequency and the nonlinear relationshipsmfaton and

BUA with porosity. On the other hand, Harttal (2008) have stated that scattering effects are
responsible for the negative values of dispersion whereas the frequency dependdrece of t
attenuation coefficient in bone marrow and/or in the tralaedsi shown to induce an increase in

the dispersion. The existence of the trabeculae in cancellous bone means thatahdaerse
anisotropy.The inherent anisotropy of cancellous bone means that the acoustical psogattie
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with transmission direain (Attenboroughet al 2005). To predict fast wave transmission it is
necessary to allow for elastic anisotropy also. AlthoHgigheset al. (2007) have presented a
method of including the effects of anisotropy in Biot theory introducing an anglendent
tortuosity, based on the parallel plate idealization of the microstructurea d&edristic angle
dependent Young's modulus th&pproach did not yield particularly good predictions of the
angle dependence of fast wave speeds and another effect ofuttterat anisotropy will be
variation of permeability with direction

Aygln et al. (2010)has stated that the use of stereolithograpical bone replicas made from resin
has the potential to enable systematic investigations of the influencesarperf and thinning

in cancellous bone on the acoustical and mechanical properties of the bone stiMaugs.
tramrsmitted through STL bone replicas with higher porosity values have higher amplitudes
Osteoporotic bones will have higher porosity values due to bone loss, so greajgrvahide
transmitted through them in comparison with normal bone.

Another consequence of using replica bones which are 13 times the actual size of the bone
microstructureis that scattering should become important at lower frequencies than in
measurements with real bone samples.

The predictions of the anisotropic Biatlard model allowng for angledependent elasticity and
angleandporosity dependent tortuosity have been compared with measurements madedin a flui
(water) filled tank at 1 MHz byygun et al. (2011).It is found that predictions of the variation

of transmitted waveformsvith angle through two types of bone replica are in reasonable
agreement with data despite the fact that scattering is not included in the theory.

A Finite Element Models (FEM), preferably an anisotropic Biased model modified by
Aygun et al, (2010 and 2011 for cancellous bone should be developed. This would enable
modelling of complete bone structures which would be more appropriate to the contaxtafr cli
monitoring. Such models of the acoustical properties of complex arrangementsaifognt
porous and elastic media are used increasingly in engineering studiesarfgsl@xhose related

to the acoustical design of vehidigeriors @Atalla et al (1997) Goroget al (1997) Horlin et al
(2001), and Panneta al (1998).

Boutin (2007)has discussed a general multiptaale approach that allows for scattering and
viscothermal effects in a rigipporous medium and has considered a specific application to a
parallel plate medium. However, the development of model capable of covering both vistous a
scattering regimes and applicable to an anisotropic poroelastic medium gesmBonmidable
challenge.
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