Computers and Mathematics with Applications 66 (2013) 943-964

Contents lists available at ScienceDirect '%5

withapplicationa

Computers and Mathematics with Applications

journal homepage: www.elsevier.com/locate/camwa

—

A viscoelastic model for random ultrasound propagation in @Cmmm
cancellous bone

Robert P. Gilbert, Philippe Guyenne *, Jing Li

Department of Mathematical Sciences, University of Delaware, Newark, DE 19716, USA

ARTICLE INFO ABSTRACT

Article history: In this paper, we perform time-domain simulations of ultrasound interrogations on cancel-
Received 14 December 2012 lous bone. We are interested in describing the attenuation of displacement as a function of
Received in revised form 24 June 2013 frequency as well as of bone porosity. A representative volume element for the cancellous
Accepted 29 June 2013 bone is constructed using a two-dimensional random distribution of fluid and solid par-
Keywords: ticles, via the turning bands method. Our numerical results compare favorably with those

obtained from homogenization methods.
Cancellous bone

Random waves
Ultrasound
Viscoelastic material

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Ultrasound has been considered as a means to characterize the elastic properties of cortical and cancellous bone for some
time [1-32].

One experiment involves computing the spectrum of the phase velocity c(f.) and that of the attenuation rate «(f?),
where f. is the frequency of the sound wave. Many investigations report that attenuation depends linearly on frequency
from 200 to 600 kHz and in the range of 600 kHz to 1 MHz [22,24,33]. We emulate some of these experiments in our
computer simulations described below. We observe this increase in attenuation as frequency increases; however, not
enough frequencies were computed to suggest a functional relationship for a(f.).

Prior numerical work on this subject is usually divided into frequency-domain (e.g. [34]) and time-domain models (e.g.
[3,4,17,35-38]). In particular, Hosokawa [36] performed three-dimensional simulations but with interrogations in the main
trabecular direction. Bossy et al. [35] also considered three-dimensional simulations with quasi-plane waves using a variant
of the Graves method [39].

In this paper, we introduce a composite viscoelastic model for ultrasound propagation through cancellous bone in the
time domain. We restrict ourselves to the two-dimensional case. In view of applications to quantitative ultrasound tech-
niques for the diagnosis of such bone diseases as osteoporosis, we pay particular attention to bone samples of high porosity.
Compared to the mixture approach of Gilbert et al. [40], the present model presents a number of new features:

(i) Inview of more realistic simulations, the domain is specified to be a random distribution of points that are either fluid or
solid. This is motivated by CT-scans of bone that usually show a very irregular microstructure. The turning bands method
is adapted and used to produce two-dimensional isotropic random fields from which random spatial distributions of
fluid-solid points can be generated for a given porosity. To our knowledge, this is the first time that the turning bands
method is applied to a bone problem.
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(ii) Both the fluid and solid parts include viscosity to closely account for ultrasound attenuation through cancellous bone, as
observed in many laboratory experiments [11,22,30,41,42]. A parametric analysis is conducted to determine physically
relevant values for the viscosity coefficients. The resulting equations can be cast into a stress-velocity formulation that
lends itself well to discretization by a staggered-grid finite difference method.

In reality, bone tissue is not isotropic and the fluid-solid constituents are not truly randomly distributed. As a conse-
quence, the proposed methods do not apply directly to bone tissues. In the present paper, we explore the possibility to
describe bone microstructure by using a flexible and efficient random model. This is motivated in part by previous numer-
ical studies such as [35] which suggest that ultrasound attenuation through cancellous bone is mainly due to scattering by
the complex trabecular network.

The remainder of the paper is organized as follows. We introduce the viscoelastic model for ultrasound propagation
through cancellous bone in Section 2, and reformulate the equations in terms of the stress and velocity variables in Section 3.
We recall the staggered-grid finite difference scheme to discretize these equations in Section 4 and present the turning bands
method to generate two-dimensional random fields in Section 5. Finally, we perform a number of numerical simulations to
verify the model in Section 6.

2. Viscoelastic model
If we account for dissipation in the solid part of cancellous bone, i.e. the trabeculae, the constitutive equations may be
written as
¥ = A%(u) + BYe(v),
for the stress tensor, where
(l.l) 1 Bui n d uj (V) 1/0 Vi + 0 Vj (2 1)
ewi==-{—+—), ewi==-—4+—]), .
v 2 8Xj 3X,‘ v 2 8Xj 8)(,'

and u and v are the displacement and velocity fields, respectively.
These constitutive equations may be written in the generalized form

7 = Ale(w)y + Bie(v)u, (22)
where the Ag-s,z, are the elasticity coefficients for the solid and are assumed to have the classical symmetry and positivity
properties, i.e.

(s) ) _ a0 _ A _ 409
Ajeeijeis = 0 and Ajir = Aig = Ajit = Ajjies

while the ijsk), would correspond to instantaneous viscosity terms and we assume that these are also isotropic. In the isotropic

elastic case, we have
A;ﬁ?zekl = (AV8;8 + 2.V 8585) e = 2V S + 2 Ve,

where {A(V, 1™} are the Lamé parameters, and

Bf(f:?zem = (AP8;8u + 2. 8383) e = 12 S + 21 Pey, (2.3)

where {1®, 1 ®} are the viscosity parameters, or more compactly
79 = AV1e(u) + 2uPe() + 1PTew) + 2uPe(v), (2.4)

where e is the dilatation, e is the strain tensor and I is the identity tensor. A plane-strain situation is considered here. The
equations of motion for the solid part are given by

v = bdiv[A®e(u) + B®e(v)], (2.5)

in £2, x [0, T], where b® = 1/p® and p'® are the solid buoyancy and density respectively. In the case where the material
is isotropic, these equations take the form

] ]
av =b® [ax (A Ve ) + 21 Vey(w)) + o (A @ s (v) + 2M<2>eij(v))] ) (2.6)
) J
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In the fluid part §2r x [0, T], by using the small compressibility approximation, the constitutive equations are also of the
form (2.2), namely

= A(f)e(u) + B(f)e(v),
with
AP = 2p0, BY =251,

where c is the speed of sound in the fluid and 7 is the fluid viscosity.
The equations of motion for this Stokes system read

dv =b"div[c?pdiv(ul) +2new)], (2.7)

in 2 x [0, T], where b¥) = 1/p") and p are the fluid buoyancy and density respectively.
In both fluid and solid parts, the system of equations for 7, v and u is completed by

ou =v. (2.8)
Free-surface conditions are imposed at the boundary of the full domain £2; U §2; [40]. Continuity of displacements, velocities

and forces is assumed at the fluid-solid interface.

3. Graves-like scheme

Since the trabeculae is considered to be viscoelastic and isotropic, this leads to a system of equations similar to that in
Graves [39] for seismic waves. Restricting our attention to the two-dimensional case in Cartesian coordinates (x, y), the
stresses in the trabeculae may be written as

79 = (AD +21D) date + 2Dy + (A? +2u?) v + 2Py,
Ty(;) - (M” + ZM“)) Ay + AV, + (A(Z) + ZM(Z)) 3yvy + 2@y, (3.1)
2 = 1D (3tty + Byue) + 1 (3hvy + vy
and their evolution obeys
3t = (MY +2uD) dyve + 2 Vv, + (AP +2u@) 30y + 229y,
3{1;;) - (A(‘) + ZM(“) vy + AV, + ()\(2) + ZM(Z)) 8,0y + AP 8,0y, (32)
) = M (dvy + dyve) + @ (acdy + 3y .
where the dot represents differentiation with respect to t (e.g. vy = 0;vy). In (3.2), the acceleration field is given by
O ve = b0 [ oty + 8y
devy = b [dzy) + 97 (3.3)
In the interstitial fluid, the evolution equations for the stress field are
3D = c?pP (Bevy + dyvy) + 2ndyiy,
dr D) = p D (Bevy + dyvy) + 200y, (34)
atr;;) =7 (axi)y + ayi)x) ,
combined with
vy =b" [0, + 9y,
vy =b" [0t +8,]. (3.5)
We note that both the fluid and solid phases are described by a general system of the form
79 = (A® 4+ 2u®) deu, + 2V dyu, + (A4 + 25D) Bv, + 2% Vo0,
.6,(;1) — (k(") + zﬂ(k)) 3ylly + )\(k)axux + (AG‘H) + ZM(kH)) Byvy + k<k+])3xvx, (3.6)
rﬁ;’) =p® (3xlly + 8yux) + p D (8xvy + Byvx) ,
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together with the evolution equations
Bt = (A® +2uP) a0, + 20w, + (A 4+ 2% ) di, + 26V,
gty = (MY +2u®) dyvy + 2P0, + (WD 4205 8y, + 26TV, (3.7)
oty = (dvy + dyve) + Y (B + By i)

where (a, k) = {(s, 1), (f, 3)}, A® = c2pD, 1@ =0, u® = 0and u® = 7. The acceleration field also has the same form
for both phases,

3 vy = b@ [axt(”) + 0 r(“)] ,

vy =b [0z +0o,1]. (3.8)
This is completed by

O Uy = Uy, O Uy = vy, (3.9)

which yields the displacements in both phases as well.

4. Discretized systems

We use a staggered-grid finite difference scheme to discretize the system (3.6)-(3.9) in each phase, where the different
components of displacement, velocity and stress are defined at different grid points in the computational domain and the
variables are also staggered temporally. In our notation, the subscripts refer to the spatial indices while the superscripts
refer to the time index. For example, the expression

n+3
V.o
Xit5.j

represents the x-component of the velocity at point X; 1/, = (i+1/2) Ax,y; = jAy and at time t 1/, = (n+1/2) At, where
Ax, Ay are the mesh sizes in the two spatial directions and At is the time step. To avoid overly cumbersome expressions, D;
denotes the difference operator for the discretization of the partial derivative 9; in space. The superscript (a) refers to fluid
or solid depending on which phase the grid point is in. We briefly present the discretized equations below and refer the
reader to [39,40] for further details.

The discretization of (3.7) reads

1
‘L'(a) n+1 _ — (a)n + At [()\(k) + ZM(k)) Dyvy + )»(k)DyUy + ()»(k+1) + ZM(kJrl)) Dxi)x + }»(kJr])Dyi)y]:.H._z ,

xxi, j xxz]
1

T = 90 4 At [(A% 4+ 2u®) Dyvy + APD, + (A% + 2 4Y) Dy, + 2% D, ]

AN yyl]

(a) n+1 (a)n (k) (k+1) . . n+§
Txyi+%,j+% = Txyl+2 j+; + At [M (vay + Dyvx) +un (vay + Dyvx)]H_%,H_% s (4.1)

and the discretized form of (3.8) is

nty ooy @ @ @

xi+%,j - UXH'Z +bho At [D T +D Tx ]1+ 7’

A L @ @ L@
Uit = Vi + b At [Dyr + Dy1)y ], 1 (4.2)

In the present formulation, Egs. (4.1) and (4.2) form a closed system of equations for the stress and velocity fields. Free-
surface conditions are imposed at the boundaries of the domain. An auxiliary computation determines the displacements
from the velocities at every time step, assuming their respective components are defined at the same grid points but
staggered temporally. Using centered finite differences in time, the discretization of (3.9) is given by

1
+,
un.+l1 .= + At v 21 .y
Xito5,j xH— J x1+7,j
+1 nty
n 2
uzroq = + A T 43
Vij+y yu+1 yu+% (4.3)

The overall scheme is (formally) second-order in both space and time. Because this scheme is explicit in time, it is thus con-
ditionally stable. A von Neumann stability analysis providing an upper bound for the time step is performed in Appendix A.
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5. Turning bands method

In this paper, we assume the domain is a random distribution of fluid and solid points. For this purpose, we adopt the
efficient and accurate ‘turning bands’ method of Mantoglou and Wilson [43] (see also [44]) to simulate multidimensional
stationary random fields with a prescribed covariance structure. Because it is a key component of our numerical model, we
review this approach in the present section and explain how we adapt it to our bone problem.

Given a point X = (x1,X2,...,X,) in R", the random function z(x) is called a random field. The mean of z(x) is
defined as

m(x) = E[z(x)],
where E is the expectation, and the covariance function is defined as
C(xq, X1) = E[(z(x1) — m(x1))(z(X2) — m(X2))],
for all x4, X, € R". Here we focus our attention on second-order stationary random fields which require that:
1. The mean is independent of the position of each point,
E[zxX)] =m((Xx) =m, VxeR",
2. The covariance function only depends on the difference between two points,

C(le x2) = C(X] - XZ) = C(h)a VX], X; € an

where h is the difference vector. Furthermore, if the covariance function only depends on the distance between two
points, i.e.

C(h) =C(r),

where r = |h|, then it is called isotropic. In the turning bands method, instead of generating a high-dimensional field
directly, several independent one-dimensional processes (evenly distributed in the higher dimension) are simulated and
superimposed. Because we restrict ourselves to two-dimensional numerical experiments in the present case, we will only
discuss the generation of two-dimensional second-order stationary isotropic random fields.

Assuming the field to be simulated is second-order stationary and isotropic, its value at each point is normally distributed
and has zero mean. The covariance function C(r) of the random field is assumed to be known. Fig. 1 shows a schematic
representation of the method. Let D denote this two-dimensional field with grid points in both x- and y-directions. First,
choose an arbitrary point as the origin O, generate L lines through O such that the directional vectors u; of each line are
uniformly distributed over the unit circle, with 6; being the angle between line i and the positive x-axis. Along each line, we
simulate a discrete one-dimensional second-order stationary process with zero mean and covariance C; (£). The relationship
between C;(&) and C(r) will be discussed later. More specifically, along each line, we define small intervals with length
AE. If we draw a perpendicular line at the end of each interval, we will see a set of bands, as depicted in Fig. 1, hence the
terminology ‘turning bands’ for this method. The one-dimensional process generates a set of discrete values, with each band
having a unique value. Let Xy denote the position vector of point N in the domain, then the projection of Xy onto line i is
&Envi = Xy - w; and the assigned value z;(&y;) depends on which band the projection falls into. For the L lines, we generate
independent one-dimensional processes with the same covariance C;(&). For every point N in the domain, there are thus L
assigned values z;(&y;) and the final assignment is given by the sum

L
2(ky) = % ;Zi(xw ). (5.1)

Note each line should have a minimum length depending on the domain size so that it can cover the projections of all points
in the domain.

Next let us show that the generated field has the desired property. It is clear that the field given by (5.1) has zero mean
because each one-dimensional process has zero mean. The question remains as to whether the random field has the imposed
covariance structure. By definition of the covariance together with (5.1), we have

C(x1,X2) = E[(z(xq) — E[z(X1)])(z(X2) — E[z(X2)])]
= E[z(X1)z(X2)]

1 L L
L Z Z E[zi(x1 - upzj(x; - u))]

i=1 j=1

1 L
72 Gihw), (5:2)
i=1
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where h = X; — X,. In (5.2), we have used the fact that the one-dimensional process is second-order stationary and that
alli # j terms vanish because the processes on two different lines are independent. Since the directional vectors u; are
uniformly distributed over the unit circle, C; is only a function of r for large L, which implies that the two-dimensional
process is stationary and isotropic, and we can write

C(x1, %) = Gs(h) = G(r) = ziXL;Q(h ).
Therefore, by the law of large numbers,
1 L
C(r) = lim L ;cl(h-ui)}
E[Ci(h - w)]
/C1(h-u)f(u) du

c

i/C](h-u) du, (5.3)
2 J.

where c represents the unit circle and f(u) is the probability density function of u which equals 1/(27) in the two-
dimensional case. Furthermore, if the origin is taken to be at x; and the vector h points in the vertical direction, then
& =h-u=rsinf as depicted in Fig. 2, and

2 /2
C(r) = ;/ Cy(rsin®) do, (5.4)
0

given that C; is an even function. The above integral equation relates the one-dimensional covariance C;(£) to the two-
dimensional covariance C(r). Although it is difficult to find an explicit analytical expression in most cases, the one-
dimensional process can be easily simulated by a spectral method.

Suppose S(w) is the spectral density function of the covariance C(h) of a two-dimensional process, where w is a vector
of frequencies. The Fourier transform relates these two functions in the following way,

C(h) = / e"S(w) do,
= (5.5)
S(w) = / e ™C(h) dh.
R2
If the field is isotropic, then S(w) = S(w) where @ = ||, and we can define the radial spectral density function of the
two-dimensional isotropic process as
1 27 wS(w)
flw) = 7/ S(w)dw = —
o o o

where c,, is a circle of radius w and o2 is the variance of the process. Eq. (5.5) becomes

o0
C(r) =o? / f(w)Jo(wr) do,
" . (5.6)
fl@) == / C(r)o(wr) dr,
0% Jo
where J is the first-kind Bessel function of order zero. From (5.6), if the covariance C(r) of a two-dimensional isotropic
process is known, then we can find the corresponding radial spectral density function.

For the one-dimensional process with covariance C; (£), its spectral density function S; (w) is real, symmetric and positive.
Therefore, the Fourier representation of C;(§) is

oo

Ci(8) = f ” €8Sy (w) dow = 2 f ” cos(w€)S; (w) dw. (5.7)
- 0

Substituting (5.7) into (5.4), we obtain
4 00 /2
Cry=— / S1(w) [f cos(wr sin @) de] dw
T Jo 0

2 / ~ S1@)olwr) do,
0
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and by the Hankel transform,

&wﬁzg/mfamwnMn (5.8)
0

Comparing (5.8) and the second equation of (5.6), we find

2
mwz%ﬂw, (5.9)

which implies that the spectral density function of the one-dimensional process can be easily determined if the radial
spectral density function of the two-dimensional process is known.

In the present model, each point in the domain is either ‘fluid’ or ‘solid’. Therefore we also need to come up with a
procedure to select which values of the generated two-dimensional field correspond to fluid or solid points for the prescribed
porosity 8. Since the field value at each point is normally distributed, this categorization can be achieved by using the error
function

2 z 2
erf(z) = ﬁ e dt,
0

which is related to the cumulative density function of a standard normal distribution by

1 1 z

Suppose zj is the critical point such that the probability
P(—z0 <z < z9) = P(20) — P(—20) = B,

then zq can be found by using (5.10) as
20 = V2erf ' (B).

Therefore a point in the domain is fluid if its field value is in [—zp, z], otherwise it is a solid point. By this selection, we can
guarantee that a proportion of 8 points out of the total number is fluid. If the normal probability distribution is not standard,
then we can always make it so by a change of variables. Numerical illustrations will be provided in the next section.

6. Numerical experiments

In this section, we perform a number of two-dimensional simulations to verify our numerical model and illustrate key
features such as dissipative, elastic and random properties. Typical values for physical parameters in the model are listed in
Table 1. The Lamé parameter AV for the solid phase is defined by

VE
(1+v)(1—=2v)

Because of the large disparity in orders of magnitude between the various parameters, we find it convenient to non-
dimensionalize the equations by using a characteristic length scale .£ related to the size of the bone sample and a char-
acteristic time scale 7 in the ultrasonic range.

M _

6.1. Comparison with exact solution

Let us consider a purely solid material (all points are solid points). In the one-dimensional case, Egs. (3.7)-(3.9) for (a, k)
= (s, 1) reduce to the damped wave equation

_ AL 42, , AP +2u®@

2
ofuy = P  Ux T xxt Ux s (6.1)

for the displacement u,, with reflecting boundary condition dyu, = 0 at both endpoints x = 0 and x = L,. The corresponding
stress and velocity are determined by

o= O 21D+ 0P + 2Py, vy = By,
Given initial conditions

Uy =f(X), 8tux =0,
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Table 1

Values of physical parameters for cancellous bone as given in [7,17,34].
Parameter Symbol Value
Solid bulk modulus K® 2.04 x 10" pa
Solid shear modulus u® 0.833 x 10'" Pa
Solid Young's modulus E 2.2 x 10° pa
Poisson’s ratio v 0.32
Fluid bulk modulus K® 2 x 10° Pa
Frame material density p® 1960 kg m—3
Pore fluid density p 950 kgm—3

the exact solution can be expressed in terms of a Fourier cosine series,

> (e Jra _ 2 nmwx
Uy(x, t) = ag + Z [ane (C” v G 4D")t/2 + bpe (Cﬁv G 4D")t/2} cos (%) . (6.2)

n=1 X

Details on the derivation of (6.2) and on the expressions of the Fourier coefficients are given in Appendix B. Following [6],
the viscosity coefficients are taken as

1@ — ék(l) M(Z) — EM(U (6.3)
T T

using the logarithmic decrement 6 = 0.01 s. To compare with this exact solution, we perform numerical simulations of
(3.7)-(3.9) using initial conditions

h(x,y,0) = f(x) = 0.01e”0/2"  y(xy,0) =0,
and
T, 3. 0) = (.7 + 200 () = =0+ 20V 2x — Ly 710,

which are invariant in the y-direction. The computational domain is a square with side lengths Ly = L, = 3.

Fig. 3 plots the relative L™ and L? errors between the exact and numerical solutions at t = 0.5, for different values of Ny
with a fixed At = 10, A number of 50 terms is used in the series (6.2) for the exact solution. Given the smoothness of
the solution being considered, this number of terms is more than sufficient for the series solution to be reliable. The good
agreement (on all three variables uy, vy, Txy) With the —2 slope confirms the second-order accuracy in space of our numerical
scheme.

Figs. 4-6 show the comparison between exact and numerical profiles of uy, vx and 7y in the cross-sectiony = L,/2 at
various times. The spatial resolution is Ny x N, = 100 x 100 and the time step is At = 5 x 10~*, where N, and N, denote
the number of grid points in the x- and y-directions respectively. This simulation reproduces well the splitting of the initial
condition into left- and right-moving components, as well as their propagation to and bouncing off the boundaries of the
domain. It also shows the damping of the solution with time. For all three variables, the shape of the profile, the propagation
speed, the damping and the reflecting boundary condition, as well as the (anti)symmetry of the solution with respect to
X = Ly/2, are well reproduced numerically. A better agreement can be obtained by increasing the spatial resolution.

6.2. Random domain generation

The random distribution of fluid and solid points in the domain is specified by the turning bands method described
previously. For a covariance C;(£) and spectral density S (w) as given by (5.9), the one-dimensional second-order stationary
process can be generated by

M
zi(&) =2 ) _[Si(w) Aw]'? cos(wign + i) (6.4)
k=1

where oy = (k — 1/2)$2, o}, = wi + 8, £2 is the maximum frequency so that the spectral density function S;(w) is well
supported within [0, £2], Aw = £2/M, and M is the number of harmonics chosen large enough to ensure a fine resolution
Aw [45]. The phase shift ¢y is taken to be a random variable distributed uniformly on [0, 27]. The small perturbation §,, is
introduced to avoid periodicity. Ideally, as 2 — oo, M — oo and Aw — 0, the process given by (6.4) should have zero
mean and the desired covariance C;(§).

After generating the L independent one-dimensional processes, we use (5.1) to assemble the two-dimensional field.
The number L of lines is another factor which may cause inaccuracy. Fig. 7 shows a comparison between the simulated
two-dimensional covariance and the theoretical one for various values of L. The covariance being simulated is a simple
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exponential function C(r) = o2e™" with 6> = 1. By integrating C(r) through (5.6), it can be shown that the corresponding
radial spectral density function is

w
flw) = TRV
as given in [43]. The spectral density function S; (@) required in (6.4) is then determined from f (w) by virtue of (5.9).

We use 2 = 50 and M = 500 for the one-dimensional process. We observe a fast convergence as L increases, with
L = 16 yielding an excellent agreement (at least to graphical accuracy). Fig. 8 depicts a realization of the two-dimensional
random field z(x) corresponding to this covariance structure. The domain is a 1 x 1 cm? square. Since each point in the
field obeys a standard normal distribution, most values fall within the range of standard deviation [—3, 3]. Based on the
field realization of Fig. 8, we show examples of random spatial distributions of fluid-solid points for 8 = 0.6, 0.7, 0.8, 0.9
in Fig. 9, using the categorization described in Section 5. As expected, the proportion of fluid points increases with 8. More
specifically, patches of solid points shrink as § is increased, which is consistent with the disappearance of the trabecular
matrix in the osteoporosis process.

6.3. Calculation of elastic coefficients and effective material parameters

To ensure that the random field effectively represents the composite material that we want to simulate, we now examine
the elastic coefficients and material parameters in a plane-strain situation. In Voigt notation,

_Txx Tl Cxx €1
T=|Ty|=|T2], e=|€ey|=|€].
L Txy T6 Exy €6

The elasticity (or stiffness) tensor C can be expressed as

Ci1 C2 Cs
C=(C1 Cn Gy, (6.5)
[ Ge1 Co2  Ges
and the relation between stress and strain is
T=C-e. (6.6)
Therefore, the elasticity tensor can be calculated as the first derivative of the stress tensor with respect to the strain tensor,
ot
C=—, 6.7
Se (6.7)
which can be translated numerically to
7i(e’) — ti(e
(Gl 0} 65)

p

where e€”i is the perturbed strain tensor such that efj = e; fori #j, efj = e; + p fori = j, and p is a small perturbation.
The simulation domain is considered here to be a thin slice cut from a long bone and assuming isotropy, the elasticity
tensor C reduces to

Chi G2 O
C=|Co Gy 0],
0 0 Gg

with only three parameters measuring deformations in the (x, y)-plane. To calculate these elastic coefficients, we perturb
the strain tensor as indicated in (6.8) and use (3.6) to evaluate the corresponding stress at each point. We then spatially
average over the whole domain, for a given random field and porosity, and also average over 10 realizations of the random
field for a given porosity. Fig. 10 plots the variation of C1; and Cq, with increasing porosity. These coefficients are measures
of the material stiffness and, as expected, their values decrease as g increases (i.e. as the material becomes more porous). In
the limit 8 — 1 (purely fluid case), both coefficients tend to 2000 N/mm?.

Effective material parameters are another point of interest. They are given by the compliance matrix which is the inverse
of the elasticity matrix. In the present plane-strain case, the compliance tensor reads

1—v —v 0

1

S= tv —V 1—v 0|=cCc1,
E 0 0 1

Therefore, once the elasticity coefficients are known, Young’s modulus E and Poisson’s ratio v of the composite material can
be determined by inverting C. The shear modulus is then obtained from

N
T 21+’

G
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Table 2

Attenuation coefficients at f. = 1 MHz and corresponding viscosity coefficients for the solid phase.
Source: «; is taken from [48], ot is taken from [49], n1; and neg are evaluated from (6.9) and (6.10)
while 7y, is calculated from (6.11).

oL or N M2 TNe6
(dBcm™) (dBcm™) (Pas) (Pas) (Pas)
4.2 4 267 197 35

Fig. 11 plots the variation of these effective parameters as a function of porosity. We see that both E and G decrease
linearly as § increases, while v shows an opposite tendency. Figs. 10 and 11 also compare our results with those found
by Ilic et al. [34] using a homogenized model for ultrasound propagation through cancellous bone. These authors performed
numerical simulations with a similar pressure source and similar rectangular bone samples. Our values are overall higher
than theirs but they remain comparable and show a similar trend as 8 varies. Moreover, in the limit 8 — 0, our curve of E
consistently tends to the value 2.2 x 10'° Pa used for the solid phase (see Table 1).

6.4. Ultrasound attenuation test

It is well known that ultrasound propagation through cancellous bone experiences attenuation [34,41,42]. This atten-
uation is more pronounced at higher frequencies and also increases with bone volume fraction (i.e. bone density). In this
section, we check numerically that these features of ultrasound attenuation are reproduced well in the present model. For
the purpose of this experiment, we choose physically relevant values for the viscosity coefficients, (A, ‘®) in the solid
phase and 7 in the fluid phase, following [46,47].

For the solid phase, let @y and o7 be the attenuation rates associated with the longitudinal and transverse modes,
respectively. A relation between attenuation rate and viscosity coefficient for the longitudinal mode is given by

2
nw

L — 6.9
26,00 42 M) (69

(273

provided w > a;c;, where ¢; = /(A +2uM)/p® is the speed of sound in the longitudinal direction. A similar relation
for the transverse mode can be written as

2

Nee @
S L ity 6.10
"= 20 ™ (6.10)

provided w > arcr, where c; = /M /p® is the speed of sound in the transverse direction. Using parameter values listed
in Table 1 together with values of «; and a7 reported in [48,49], we find ¢, = 1.68 x 10° s~! and aircr = 8.25 x 10%s~!
while w = 6.3 x 10° s~ for a characteristic ultrasonic frequency f. = 1 MHz, so the conditions for (6.9) and (6.10) are met
here. From (6.9) to (6.10) and the fact that

N12 = N11 — 27ses, (6.11)
in the isotropic case, we can evaluate the viscosity coefficients 113, 711, 766 (See Table 2) and, accordingly,
A = N2, IL(Z) = Te66-
Similarly, for the fluid phase, a relation between attenuation rate and viscosity coefficient reads
nw’
= 2K’

af (6.12)
provided w > agc, where ¢ = /K /p® and KU is the fluid bulk modulus. Again, using parameter values from Table 1
and o from [50], we can check that apc = 1.45 x 10* s™! < o for a frequency f, = 1 MHz. Recall that A® = ¢2p®,
A® =0, u® = 0and u® = 7 for the fluid phase. Table 3 lists the value of 1 obtained from (6.12), which is close to the
value n = 1.5 Pasused in[17].

Following [34], the bone sample is assumed to be rectangular, 15 mm long in the x-direction and 30 mm wide in the
y-direction. The incoming wave is generated by a localized pressure source, centrally located on the left side of the domain
(x = 0) and defined by

70,9, t) = —P cos(2nf.t)e” 30-b/D",
where f. denotes the prescribed temporal frequency, and the mollifier

6715@7@/2)2 )
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Table 3

Attenuation coefficient at f, = 1 MHz and corresponding
viscosity coefficient for the fluid phase.

Source: ay is taken from [50] and 7 is evaluated from (6.12).

of C n
(dBcm™) (ms™1) (Pass)
1 1451 1.46

is used to avoid discontinuities which may lead to spurious waves propagating in the y-direction. The pressure is applied
over a length of about 10 mm on the left side of the bone sample. Its amplitude is set to be P = 8 kPa and the choice of
porosity will determine the random distribution of fluid-solid points. The spatial resolution Ny x N, = 500 x 500 and time
step At = 10~* are selected sufficiently fine so they can resolve well the excitation wavelength and period. Since we expect
the excitation to be primarily longitudinal, propagating from left to right in the x-direction, we focus our attention on u,. For
clarity, the dimensionless values in all the following figures are magnified by a factor of 10°. Therefore, given £ = 0.01 m
and 7 = 107 s as used in our non-dimensionalization, the actual values of u, are of order of 10~1° m, which is consistent
with previous results [34,40]. The transverse displacement u,, (not shown here) is typically of an order of magnitude smaller
than u.

We first examine ultrasound attenuation caused by the randomness. The random inhomogeneities in the domain are
expected to promote scattering of the incoming signal [29,30]. For this purpose, all the viscosity coefficients (in both fluid
and solid phases) are set to zero. Fig. 12b shows a two-dimensional color plot of u, at t = 1 for a fixed frequency f. = 1.1
MHz but three different porosities § = 0.72, 0.82, 0.92. The corresponding distributions of fluid-solid points are depicted in
Fig. 12a. For 8 = 0.72, the incoming wave is so strongly scattered and attenuated that it barely leaves the close neighborhood
of the source. As 8 increases (i.e. as bone density decreases), the material becomes more fluid and homogeneous. Therefore,
the wave tends to be more focused in the longitudinal direction and is able to reach the right side of the domain without
much attenuation.

Due to random inhomogeneity, wave attenuation also depends on frequency. Keeping the viscosities ‘turned off’, Fig. 13
shows u, at t = 1 for a fixed porosity § = 0.82 but four different frequencies f, = 0.9, 1.1, 1.4, 1.7 MHz. As expected, the
higher the excitation frequency, the stronger the wave attenuation. This is because higher-frequency waves have smaller
wavelengths and thus are more subject to scattering by the random array of solid patches.

We now include viscosity in both phases (as given by Tables 2 and 3) and repeat the two previous experiments, to
investigate the viscous effects (in addition to randomness) on ultrasound propagation. We can see in Figs. 14 and 15 that
the amplitude of u, is further damped by viscosity, in comparison with Figs. 12 and 13. However, these viscous effects are
relatively weak and the random patterns with viscosity are overall similar to those without viscosity. For 8 = 0.82 and
fe = 1.7 MHz, the excitation is so strongly scattered and damped that it is barely noticeable.

7. Conclusions

We have introduced a composite viscoelastic model for ultrasound propagation through cancellous bone, in which the
domain is a random distribution of points that are either fluid or solid. To accomplish this, we have adapted and used the
turning bands method to produce two-dimensional random fields from which random spatial distributions of fluid-solid
points can be generated given a porosity. The resulting equations expressed in the stress-velocity formulation were solved
numerically by a second-order staggered-grid finite difference method.

We have performed a number of two-dimensional plane-strain simulations in the time domain to verify the numerical
model and illustrate key features such as dissipative, elastic and random properties. In particular, we have examined the
dependence of effective parameters of this composite material (e.g. the shear modulus, Young’s modulus and Poisson’s ratio)
on porosity. Our results show that ultrasound is attenuated by viscosity but even more so by the random inhomogeneity
of the domain, which promotes scattering. The lower the porosity or the higher the excitation frequency, the stronger the
wave attenuation.
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Appendix A. von Neumann stability analysis

Through a von Neumann stability analysis, we derive a condition on At that ensures stability of the numerical scheme.
We restrict the analysis to the two-dimensional case as in our numerical simulations. Assuming a displacement field of the
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domain D

«

Fig. 1. Schematic representation of the turning bands method.

form
u(x, t) = (Uy, Uy)e'®*, (A1)

and substituting v = 0o;u together with (3.6) into the general system (3.8), yield a closed system of equations for the
displacement field. The corresponding discretized equations, set up in matrix form, read

|:(0513Dxx + ﬂnyy) + a/%_HDxxt + ,B/?_HDyyt — Dy (0[1% - ﬁ;f)ny + (aI%-H - ,B/§+1)nyt :| u=0
(0[13 - ﬁl?)ny + (alirl - ,B]§+1)nyt (alszy + ,BlfDxx) + a]3+1Dyyt + ,8)3+1Dxxt — Dy ’
where

p@ p@
and
Ak+1) + zlu(k+1) M(k+l)
akﬂ:"T’ ﬁk+1=‘lw,

given that (a, k) = {(s, 1), (f, 3)} for solid and fluid points, respectively.
This linear system admits a non-trivial solution if and only if the determinant of the coefficient matrix is zero, which
implies

1 ‘ 1 ‘
Du = 5 [0 + B} — (@, + AL)] D+ D) £ 5 [0 — B — i@y — BE0)] (O — Dyy)? + 403,

2
and hence
LwAt 1 (At .
sin” — = — | — | |[of + Bf —iw(agy; + Biiy)]
2 2\ h
, kb kh
+ [of — B — (e, — BEy)] ‘ (sm2 —; + sin? %) , (A2)

after substituting (A.1), where k = (ky, k) and, for simplicity, we assume that Ax = Ay = h. Details on the difference
operators can be found in [39,40]. By requiring that the right-hand side of (A.2) be less than or equal to 1, we arrive at the
stability condition

h h
\/2(‘11‘(l + o )2 \/2(’3,‘(1 + B )

Note that (o, k1) represent speeds of longitudinal (or compressional) waves while (B, Brt+1) represent speeds of
transverse (or shear) waves. Since longitudinal waves usually travel faster than transverse waves, i.e. o, > Sy and

At < min

(A3)
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Fig. 2. Definition sketch for the two-dimensional coordinate system with the unit circle as used in the turning bands method.
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X

Fig. 3. Relative L[> and L? errors vs. N, between the exact and numerical solutions at t = 0.5. The displacement u, is represented in circles, the velocity
vy in diamonds and the stress ty, in squares. For reference, the dashed line represents the curve N,j2 which has a —2 slope in log-log plot.

k1 > Py, therefore (A.3) simplifies to
h

< 9
\/Z(O‘Iil + @il )12

which generalizes the stability condition derived in [40] to a viscoelastic material.

At
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t=0

0.5 1 15 2 25

t=0.35
T

t=0.6

Fig. 4. Profile of displacement uy in the cross-sectiony = L,/2 att = 0, 0.15, 0.35, 0.6. The solid line corresponds to the numerical solution while the
dashed line corresponds to the exact solution.

Appendix B. Exact solution of the damped wave equation

Consider the damped wave equation

with reflecting boundary conditions

Oxux (0, t) =0,

and initial conditions

u(x, 0) = f(x),

Oxlix(Ly, t) = 0,

Jelux(x,0) = 0.

The corresponding stress and velocity are determined by

Tax = ()\(1) + zﬂ(l))axux + ()”(2) + 2/‘«(2))8xe» Uy = Orly.

This problem can be solved analytically by separation of variables. Let uy(x, t) = X(x)T(t), then (B.1) becomes

X A + Z'u(l)

X7 =

,O(S)

(

T A@ +2u® TN 1
)t e \1T) T e

(B.1)

(B.2)

(B.3)
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t=0
0.1 T

0 0.5 1 1.5 2 25 3

0.5 1 1.5 2 25 3

Fig. 5. Profile of velocity vy in the cross-sectiony = L,/2 at t = 0, 0.15, 0.35, 0.6. The solid line corresponds to the numerical solution while the dashed
line corresponds to the exact solution.

where « is a real constant. This leads to solving the boundary value problem

X" +KkX =0,
, , (B.4)
X'(0)=X'(L) =0,
by virtue of (B.2), together with the initial value problem
2D L2, M 1@ 1L 24@
T+« +2u +2u ') =0,
0 0 (B.5)
T'(0) =0,
by virtue of (B.3).

To solve (B.4), we consider three cases:
1. x = 0 implies X (x) = Ax + B and thus
X(X) = B = constant,

according to the boundary conditions.
2. k < 0implies

X(x) = Acosh(+/—kx) + Bsinh(v/—kX),

but A = B = 0 according to the boundary conditions.
3. k > 0 implies

X(x) = Acos(y/kx) + Bsin(y/kx),
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Fig. 6. Profile of stress 7y in the cross-sectiony = L,/2 att = 0, 0.15, 0.35, 0.6. The solid line corresponds to the numerical solution while the dashed
line corresponds to the exact solution.
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Fig. 7. Exponential covariance function C(r) of the two-dimensional random field. The solid line represents the theoretical covariance. The simulated
covariances correspond to L = 4 (squares), 8 (crosses) and 16 (circles).

where B = 0 and

2
n
K = <l> ., nenNT, (B6)

X

so that there are non-trivial solutions, according to the boundary conditions.
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X

Fig. 8. Simulated two-dimensional random field z(x) for an exponential covariance function with L = 16.
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Fig. 9. Random spatial distributions of fluid and solid points for 8 = 0.6, 0.7, 0.8 and 0.9, generated from the two-dimensional field in Fig. 8. The black
area is solid while the gray area is fluid.
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Fig. 10. Elasticity coefficients Cy; (solid line) and C;, (dashed line) vs. porosity . Our numerical results are in black (stars) while those of Ilic et al. [34]
are in red (squares).

Therefore (B.4) admits an infinite number of solutions in the form

nwx
X, (x) = A, cos ( L

X

) , neN. (B.7)

Then substituting (B.6) (for n € N) into (B.5), we obtain

T" + C,T' + D,T = 0, (B.8)
where
AW +2puMyn?x? A2 +2uP)n?x?
n= P12 ’ n= P12

Solutions to (B.8) are of the form

T, (t) = anef(c,,ﬂ/c,%fwn)r/z + bne—(cnﬂ/c,%fmn)r/z’ (B.9)
with
JC?—4D, + C
=y __—T _ Tp (B.10)

- n»
J/C> = 4D, — G,

according to the initial condition T'(0) = 0.
By the superposition principle, the general solution of (B.1)-(B.3) can be written as

o0
uy(x, t) = ap + Z [ane(c” v C’%%D")[/z + bne*(c’1+ v C%4D“)t/2:| cos (?) .

n=1 X

Using the remaining initial condition u(x, 0) = f(x), we have

Us(x, 0) = do + 3 _(ay + by) cos (”f") = f ().

n=1 X
which is a Fourier cosine series for f (x). Accordingly, the Fourier coefficients are defined by

Lx
dpg = —

f(x) dx,

_on

2 nmwx
a, + b, = T f(x) cos L dx.
0

X X
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Fig. 11. Effective material parameters: (a) Young’s modulus E, (b) Poisson’s ratio v and (c) shear modulus G vs. porosity 8. Our numerical results are in
black (stars) while those of Ilic et al. [34] are in red (squares).

Recalling the relation (B.10) between a, and b,,, we finally find

JC2 —4D, +C, [ nmwx
A\ B f(x) cos (—) dx,
Ly/C2 — 4D, Jo L
VC>—4D, — G, [k nmwx
=Y 1 " f(x) cos (%) dx.

Ly/C? — 4D, Jo

ap, =
X

X
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Fig. 12. (a) Random spatial distributions of fluid-solid points for 8 = 0.72, 0.82, 0.92. (b) Two-dimensional color plot of displacement u, att = 1 for
f: = 1.1 MHz and g = 0.72, 0.82, 0.92 in the absence of viscosity. The values of u, are magnified by a factor of 10>,

f,=09 MHz f,=11 MHz f,=14MHz f,=17MHz

Fig. 13. Two-dimensional color plot of displacement u, att = 1for § = 0.82 and f. = 0.9, 1.1, 1.4, 1.7 MHz in the absence of viscosity. The values of u,
are magnified by a factor of 10°.
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Fig. 14. Two-dimensional color plot of displacement uy att = 1 for f, = 1.1 MHz and 8 = 0.72, 0.82, 0.92 with viscosity. The values of u, are magnified
by a factor of 10,
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Fig. 15. Two-dimensional color plot of displacement u, att = 1for 8 = 0.82 and f. = 0.9, 1.1, 1.4, 1.7 MHz with viscosity. The values of u, are magnified
by a factor of 103,
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