N

N

Ultrasonic propagation of reflected waves in cancellous
bone: Application of Biot theory.
M Sadouki, M Fellah, Z.E.A Fellah, Erick Ogam, Claude L. Depollier

» To cite this version:

M Sadouki, M Fellah, Z.E.A Fellah, Erick Ogam, Claude L. Depollier. Ultrasonic propagation of re-
flected waves in cancellous bone: Application of Biot theory.. 6th European Symposium on Ultrasonic
Characterization of Bone (ESUCB 2015), Jun 2015, Corfou, Greece. 10.1109/ESUCB.2015.7169900 .
hal-01309349

HAL Id: hal-01309349
https://hal.science/hal-01309349
Submitted on 29 Apr 2016

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01309349
https://hal.archives-ouvertes.fr

ResearchGate

See discussions, stats, and author profiles for this publication at:

Ultrasonic propagation of reflected waves in
cancellous bone: Application of Biot theory

Conference Paper - June 2015

DOI: 10.1109/ESUCB.2015.7169900

READS
44

5 authors, including:
University of Science and Technology Houa...@ Laboratoire de Mécanique et d’Acoustique

126 PUBLICATIONS 750 CITATIONS 120 PUBLICATIONS 1,208 CITATIONS

SEE PROFILE SEE PROFILE

French National Centre for Scientific Resea... @ Université du Maine

74 PUBLICATIONS 370 CITATIONS 179 PUBLICATIONS 1,919 CITATIONS
SEE PROFILE SEE PROFILE
Allin-text references are linked to publications on ResearchGate, Available from: Erick Ogam

letting you access and read them immediately. Retrieved on: 29 April 2016


https://www.researchgate.net/publication/280684213_Ultrasonic_propagation_of_reflected_waves_in_cancellous_bone_Application_of_Biot_theory?enrichId=rgreq-2ba63be4-e1d2-4e3d-8b6c-daa67053a5ac&enrichSource=Y292ZXJQYWdlOzI4MDY4NDIxMztBUzoyODQxNzI1MTA4NzU2NDhAMTQ0NDc2MzQxNDEzNA%3D%3D&el=1_x_2
https://www.researchgate.net/publication/280684213_Ultrasonic_propagation_of_reflected_waves_in_cancellous_bone_Application_of_Biot_theory?enrichId=rgreq-2ba63be4-e1d2-4e3d-8b6c-daa67053a5ac&enrichSource=Y292ZXJQYWdlOzI4MDY4NDIxMztBUzoyODQxNzI1MTA4NzU2NDhAMTQ0NDc2MzQxNDEzNA%3D%3D&el=1_x_3
https://www.researchgate.net/?enrichId=rgreq-2ba63be4-e1d2-4e3d-8b6c-daa67053a5ac&enrichSource=Y292ZXJQYWdlOzI4MDY4NDIxMztBUzoyODQxNzI1MTA4NzU2NDhAMTQ0NDc2MzQxNDEzNA%3D%3D&el=1_x_1
https://www.researchgate.net/profile/Mohamed_Fellah?enrichId=rgreq-2ba63be4-e1d2-4e3d-8b6c-daa67053a5ac&enrichSource=Y292ZXJQYWdlOzI4MDY4NDIxMztBUzoyODQxNzI1MTA4NzU2NDhAMTQ0NDc2MzQxNDEzNA%3D%3D&el=1_x_4
https://www.researchgate.net/profile/Mohamed_Fellah?enrichId=rgreq-2ba63be4-e1d2-4e3d-8b6c-daa67053a5ac&enrichSource=Y292ZXJQYWdlOzI4MDY4NDIxMztBUzoyODQxNzI1MTA4NzU2NDhAMTQ0NDc2MzQxNDEzNA%3D%3D&el=1_x_5
https://www.researchgate.net/institution/University_of_Science_and_Technology_Houari_Boumediene?enrichId=rgreq-2ba63be4-e1d2-4e3d-8b6c-daa67053a5ac&enrichSource=Y292ZXJQYWdlOzI4MDY4NDIxMztBUzoyODQxNzI1MTA4NzU2NDhAMTQ0NDc2MzQxNDEzNA%3D%3D&el=1_x_6
https://www.researchgate.net/profile/Mohamed_Fellah?enrichId=rgreq-2ba63be4-e1d2-4e3d-8b6c-daa67053a5ac&enrichSource=Y292ZXJQYWdlOzI4MDY4NDIxMztBUzoyODQxNzI1MTA4NzU2NDhAMTQ0NDc2MzQxNDEzNA%3D%3D&el=1_x_7
https://www.researchgate.net/profile/Zea_Fellah?enrichId=rgreq-2ba63be4-e1d2-4e3d-8b6c-daa67053a5ac&enrichSource=Y292ZXJQYWdlOzI4MDY4NDIxMztBUzoyODQxNzI1MTA4NzU2NDhAMTQ0NDc2MzQxNDEzNA%3D%3D&el=1_x_4
https://www.researchgate.net/profile/Zea_Fellah?enrichId=rgreq-2ba63be4-e1d2-4e3d-8b6c-daa67053a5ac&enrichSource=Y292ZXJQYWdlOzI4MDY4NDIxMztBUzoyODQxNzI1MTA4NzU2NDhAMTQ0NDc2MzQxNDEzNA%3D%3D&el=1_x_5
https://www.researchgate.net/institution/Laboratoire_de_Mecanique_et_dAcoustique?enrichId=rgreq-2ba63be4-e1d2-4e3d-8b6c-daa67053a5ac&enrichSource=Y292ZXJQYWdlOzI4MDY4NDIxMztBUzoyODQxNzI1MTA4NzU2NDhAMTQ0NDc2MzQxNDEzNA%3D%3D&el=1_x_6
https://www.researchgate.net/profile/Zea_Fellah?enrichId=rgreq-2ba63be4-e1d2-4e3d-8b6c-daa67053a5ac&enrichSource=Y292ZXJQYWdlOzI4MDY4NDIxMztBUzoyODQxNzI1MTA4NzU2NDhAMTQ0NDc2MzQxNDEzNA%3D%3D&el=1_x_7
https://www.researchgate.net/profile/Erick_Ogam?enrichId=rgreq-2ba63be4-e1d2-4e3d-8b6c-daa67053a5ac&enrichSource=Y292ZXJQYWdlOzI4MDY4NDIxMztBUzoyODQxNzI1MTA4NzU2NDhAMTQ0NDc2MzQxNDEzNA%3D%3D&el=1_x_4
https://www.researchgate.net/profile/Erick_Ogam?enrichId=rgreq-2ba63be4-e1d2-4e3d-8b6c-daa67053a5ac&enrichSource=Y292ZXJQYWdlOzI4MDY4NDIxMztBUzoyODQxNzI1MTA4NzU2NDhAMTQ0NDc2MzQxNDEzNA%3D%3D&el=1_x_5
https://www.researchgate.net/institution/French_National_Centre_for_Scientific_Research?enrichId=rgreq-2ba63be4-e1d2-4e3d-8b6c-daa67053a5ac&enrichSource=Y292ZXJQYWdlOzI4MDY4NDIxMztBUzoyODQxNzI1MTA4NzU2NDhAMTQ0NDc2MzQxNDEzNA%3D%3D&el=1_x_6
https://www.researchgate.net/profile/Erick_Ogam?enrichId=rgreq-2ba63be4-e1d2-4e3d-8b6c-daa67053a5ac&enrichSource=Y292ZXJQYWdlOzI4MDY4NDIxMztBUzoyODQxNzI1MTA4NzU2NDhAMTQ0NDc2MzQxNDEzNA%3D%3D&el=1_x_7
https://www.researchgate.net/profile/Claude_Depollier2?enrichId=rgreq-2ba63be4-e1d2-4e3d-8b6c-daa67053a5ac&enrichSource=Y292ZXJQYWdlOzI4MDY4NDIxMztBUzoyODQxNzI1MTA4NzU2NDhAMTQ0NDc2MzQxNDEzNA%3D%3D&el=1_x_4
https://www.researchgate.net/profile/Claude_Depollier2?enrichId=rgreq-2ba63be4-e1d2-4e3d-8b6c-daa67053a5ac&enrichSource=Y292ZXJQYWdlOzI4MDY4NDIxMztBUzoyODQxNzI1MTA4NzU2NDhAMTQ0NDc2MzQxNDEzNA%3D%3D&el=1_x_5
https://www.researchgate.net/institution/Universite_du_Maine?enrichId=rgreq-2ba63be4-e1d2-4e3d-8b6c-daa67053a5ac&enrichSource=Y292ZXJQYWdlOzI4MDY4NDIxMztBUzoyODQxNzI1MTA4NzU2NDhAMTQ0NDc2MzQxNDEzNA%3D%3D&el=1_x_6
https://www.researchgate.net/profile/Claude_Depollier2?enrichId=rgreq-2ba63be4-e1d2-4e3d-8b6c-daa67053a5ac&enrichSource=Y292ZXJQYWdlOzI4MDY4NDIxMztBUzoyODQxNzI1MTA4NzU2NDhAMTQ0NDc2MzQxNDEzNA%3D%3D&el=1_x_7

Ultrasonic propagation of reflected waves in
cancellous bone: Application of Biot theory.
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Abstract— An ultrasonic propagation in cancellous bone is
considered using the Biot theory modified by the Johnson et al.
Numerical simulations of reflected waves in the time domain are
worked out by varying the modified Biot parameters. The sensitivity
of different mechanical parameters: Young modulus and the Poisson
ratio of the skeletal frame and physical parameters, porosity,
tortuosity and viscous characteristic length are studied showing their
effect on the reflected ultrasonic waves of the bone sample. The
sensitivity of the modified Biot parameters with respect to the
reflected wave depends strongly on the coupling between the solid
and fluid phases of the cancellous bone. We show from these
simulations that some parameters such as porosity and tortuosity
play an important role on reflected wave; the remaining parameters
have low sensitivity compared with the porosity and tortuosity.
Experimental results for reflected waves by human cancellous bone
samples are given and compared with theoretical predictions.

Keywords—UlItrasonic; Reflected waves; Bone concellous

l. INTRODUCTION

Ultrasound can be used to characterize the elastic
properties of cortical and cancellous bone. Fry and Barger [1]
considered both types of bone when investigating the human
skull while Ashman et al. [2] used ultrasound to measure the
elastic properties of cancellous bone. Since trabecular bone is
an inhomogeneous porous medium, the interaction between
ultrasound and bone will be highly complex. Modeling
ultrasonic propagation through trabecular tissue has been
considered using porous media theories, such as Biot’s
theory[3,4,6]. The Biot model treats both individual and
coupled behavior of the frame and pore fluid. Energy loss is
considered to be caused by the viscosity of the pore fluid as it
moves relative to the frame. The model predicts that sound
velocity and attenuation in a two phase media will depend on
frequency[7,8], the elastic properties of the constituting
materials, porosity, permeability, tortuosity, and effective
stress. This method should allow us to relate the physical
parameters of our phantom to ultrasonic velocity and
attenuation.
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The purpose of this article is to study the ultrasonic
reflected waves by a cancellous bone samples using Biot’s
theory modified by Johnson et al.[10]. Numerical simulations
of reflective waves in the time domain of the bone sample are
worked out by means of a variation in the parameters of a
porous medium and the sensitivity of each parameter is
studied. Experimental results for reflected waves through
samples of human cancellous bone are given and a comparison
with theoretical predictions is made

Il. MODEL
The equations of motion of the frame and fluid are given
by the Euler equations applied to the Lagrangian density. Here

i and U are the displacements of the solid and fluid phases.
The equations of motion are [9,10]

az—» 62_’ s - —
p11ﬁ+p12# = PV(V.u) +QV(V-U) —NVA(VAY) (1)
9% 220 _ = 73
P25z + P22 P2 QV(V.4) + RV(V' U)' )

wherein p;; (i=1,2 and j=1,2) are the “mass coefficients”
which are related to the densities of solid ps and fluid p,

phases by p;; = (1 — @)ps — p12, and p,, = Ppy — Py, The
coefficient p,, represents the mass coupling parameter
between the fluid and solid phases and is always negative
p12 = —ps(a(w) — 1), a(w) function of frequency, called the
dynamic tortuosity [10,11,12,]. To express the viscous
exchanges between the fluid and the structure which play an
important role in damping the acoustic wave in porous
material. The parts of the fluid affected by this exchange can
be estimated by the ratio of a microscopic characteristic length
of the medium, for example pore size, to the viscous skin
depth thickness § = \/2n/wp; (m: fluid viscosity, o: angular
frequency). At high frequencies, the viscous skin thickness is
very thin near the radius of the pore r. The viscous effects are
concentrated in a small volume near the surface of the frame
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6/r < 1. In this case, the expression of the dynamic tortuosity
a(w) is given by[11]

a(w) = a,, (1 +12_\($)1/2> -

wherein a., is the tortuosity and A is the viscous characteristic
length[11]. P, Q, and R are generalized elastic constants which
are related to other, measurable quantities, namely ¢
(porosity), Kf (bulk modulus of the pore fluid), Ks (bulk
modulus of the elastic solid), and Kb (bulk modulus of the
porous skeletal frame). N is the shear modulus of the
composite as well as that of the skeletal frame. The equations
which relate P, Q, and R to ¢, Kf, Ks, Kb, and N are given by

_ (1—(#)(1—(#—%)1(5"'4’;;_;1(1; 0= (1—(,0—%)4)1(5
T R )
R=—2% (4)

({5

The Young modulus and the Poisson ratio of the solid Es, vs
and of the skeletal frame Eb, vb depend on the generalized
elastic constant P, Q, and R via the relations

Es

Ep Ep

s T 3(-z0g)’ BT 3(1-2vp,) and N = 2(1+2vp)’ (%)
p
—> Pt
< >
x=0 x=L

Fig 1. Geometry of the problem

For a slab of cancellous bone occupying the region 0 <x <L
(Fig. 1), the general expression of reflected coefficient R(w)
is given by [5,10]:

2 2
FZ—1-F}
F2—(1-F4)2

F, =ZFL- ch;, F =ZFL-,

7 i
— 2k | =
F, = m (1 -1 - yi))pfsz, (=12 (7)

R(w) = (6)

with,

In these equations, k is the propagation constant in the
medium (1) and (IIl) with k = ® / ¢y (co is the sound
propagation velocity in these areas (I) and (111)).

k; are the constants of propagation of the two waves fast and
slow, where:

2 .
7= 2(#_02) [(szz + Rpy; — 2Qp1,) + (—1)1‘/KL (8)
with,
A= (Ppy; + Rp1; — 2Qp13)* — 4(PR — Q*)(p11p22 — p12)

©)

ul and p2 are the ratios of amplitudes of the displacements for
each of these waves fast and slow given by

2 _ 2 2 _ 2
and,
V1 =92, — (L —@)zs, Y, =1 —@)z; — 9z
Y = 2(z,24 — 2,23) (11)
with,

z; = (P + 1,Q) k7, z, = (P + Q) k3,
z3 = (Q + 14 R) k2, z, = (Q + uzR) k3 (12)

The incident pi(t) and reflected p7(t) fields are related in
time domain by the reflection scattering operator R(t),

p (. t) = [{R@)p (t—7+Z)dr

0

=R(®)*p'(0) +6 (¢ +2) (13)
In (13) ¢y is the velocity outside the porous material, * denotes
the time convolution operation, and §(t) is the delta function.
The temporal operator kernel R(t) is independent of the
incident field used in the scattering experiment, its expression
is calculated by taking the inverse Fourier transform of the
reflection coefficient (6) for slab of cancellous bone. The
scattering operator R(t) is then calculated numerically from
R(w) and its convolution with the incident signal gives us the
reflected signal in the time domain.

1. SENSITIVITY OF PHYSICAL AND MECANICAL
PARAMETERS ON THE REFLECTED WAVES

Numerical simulations of reflected waves (13) are run by
varying the parameters of a cancellous bone described
acoustically using the modified Biot’s theory. The variation is
applied to the governing parameters and is between +10% and
+20%. The numerical values chosen for the physical
parameters are those taken from sample M1 (table 1.). The
incident signal is given in figure 3.

Among the important parameter that appears in theory of
sound propagation in porous materials is porosity. Porosity ¢
is the relative fraction, by volume, of the fluid contained
within the material. According to the figure 2(a), a strong
influence of variation of porosity on the reflected signal is
observed. For a 10% increase of this parameter, the amplitude
decreases to about 70%, and for a decrease of 10%, the
amplitude increases by approximately 78.6%. Therefore
influence of the porosity ¢ is marked over the entire
waveform. So, porosity plays a very important role in the
reflected signal.

Another important parameter in describing ultrasonic
propagation in a porous medium is the tortuosity o, The
tortuosity expresses the sinuosity and change in diameter of
the pores. The reader can see the sensitivity of tortuosity in
reflected mode for a +10% change. An important change
occurs at the amplitudes of the wave. From figure 2(b), a 10%
increase tortuosity produces an 80.10% increase in the
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amplitude of the reflected wave and a decrease of 10%
produces an attenuation of about 24.9% on the amplitude of
reflected wave. It is deduced that the effect of tortuosity is also
important on the reflected waves.

Figure 2(c) shows the sensitivity of viscous characteristic
length A introduced by Johnson et al.[11] to describe viscous
exchanges between fluid and structure. According to this
figure, we see that this parameter has little influence on the
reflected signal, we note that for a variation of 50%, we get an
increase of 3.10% of the amplitude of the wave reflected, and
as the numerical simulation shows, A plays a less important
role in reflection than does porosity ¢ and tortuosity ..

Figures 2(d), (e), (f) and (g) show a comparison between
simulated reflected signals corresponding to mechanical
parameters; the Young modulus and the Poisson ratio of the
solid Es, vs and of the skeletal frame Eb, vb. No major
changes were observed in wave amplitude. In this case the
sensitivity of mechanical parameters is not very important for
a £20% change in amplitude of reflected waves.

—
———¢ - 10%
— = + 10%
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1 1ls 2 2's 3 3's
Time (s) -~ !

10°°
Fig.2 (a) - Influence of the porosity ¢ on the reflected signal
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Fig. 2(g) - Influence of the ratio modulus of the fluid 1 on the reflected
signal

As an application of this model, some numerical simulations
are compared with experimental results. Experiments are
performed in water using two broadband Panametrics A 306S
piezoelectric transducers with a central frequency of 2.25
MHz in water. 400 V pulses are provided by a 5058PR
Panametrics pulser/receiver. The signals received are
amplified to 90 dB and filtered above 10 MHz to avoid high
frequency noise (energy is totally filtered by the sample in this
upper frequency domain). Electronic interference is removed
by 1000 acquisition averages. The parallel-faced cubic
samples M1 and M2 of thickness L1= 0.7 cm and L2 = 0.9cm
were machined from human cancellous bone in femoral heads.
Samples characteristics are measured using standard Methods
[11,12] and given in Table I. Fig. 3 shows the incident and
reflected signals (at left) (pulse wave form traveling in water),
and their spectrums (at right) of the two samples M1 and M2.
Figures 4(a) and (b) show the comparison between
experimental reflected signal (solid line) and simulated signal
(dashed line) given by (13) for both bone samples M1 and M2.
The experimental data and theoretical prediction are seen to
match closely, which allowed us to conclude that the modified
Biot theory using the Johnson et al. model is quite suitable for



describing the propagation of ultrasonic wave in cancellous
bone.

TABLEL. VALUES OF THE PHYSICAL AND MECHANICLA
PARAMETERS OF THE SAMPLE M1 AND M2

Sample | @ o | AQum) | E(GPa) | Ex(GPa) | vy, vy | ps(kg.m?)
M1 0.9 1.03 90.0 20.0 1.1 0.3 1990
M2 09 | 1.01 15.5 20.0 8.5 0.3 1990
Fluid | Ps(Kg.m?® K (GPa) n (Pas)
1000 2.3 0.001
i ‘ S o, ‘
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Fig. 3 — Incident (dashed blue line) and reflected waves (solid green line)
of the sample bone M1 and M2 (at right) and their spectrums (at left).
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IV. CONCLUSION

In this paper, experimental validation of Biot’s theory
modified by the Johnson et al. using reflected waves by
samples of human cancellous bone was performed. Numerical
simulations of reflected waves in the time domain were run by
varying the parameters of a porous medium. The variation
applied to the governing parameters was between +10% and
+20%, the sensitivity of each parameter was studied, showing
the importance of the values of these parameters in reflected
wave forms. Finally, experimental validation of this model
using reflected waves by samples of human cancellous bone
was performed and found to produce excellent agreement

between theory and experiment. This leads to the conclusion
that the expressions of scattering operators obtained are
correct. One future hope is to solve the inverse problem and
return to the physical parameters, porosity and tortuosity of
the medium, from reflected experimental data.
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