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From the measurement of a low frequen®@—-150 Hz shear wave speed, transient elastography
evaluates the Young’s modulus in isotropic soft tissues. In this paper, it is shown that a rod source
can generate a low frequency polarized shear strain waves. Consequently this technique allows to
study anisotropic medium such as muscle. The evidence of the polarization of low frequency shear
strain waves is supported by both numeric simulations and experiments. The numeric simulations
are based on theoretical Green’s functions in isotropic and anisotropic rthediagonal system

The experiment vitro led on beef muscle proves the pertinent of this simple anisotropic pattern.
Resultsin vivo on man biceps shows the existence of slow and fast shear waves as predicted by
theory. © 2003 Acoustical Society of AmericdaDOI: 10.1121/1.1579008

PACS numbers: 43.80.Qf, 43.80.Vj, 43.80.F8D]

I. INTRODUCTION idea is that the low frequency vibrations generated by a pis-
ton source(in this case the transducer itgeihduce a low
frequency motion of the scatterers inside the media. This

nondestructive testing with ultrasoufdiin biological media . ;
. . motion can be detected and measured with a cross correla-
ex vivg Hoffmeiste? and Kud on tendon, Yoohon bone or . : ) .
tion algorithm on successiv&-scans. Such a method gives

Levmsoﬁ‘ and Anderse%on muscle_quannfy_the anisotropic the displacement along the axis of the ultrasound beam with

elastic moduli. Now elastographic techniques, using the
: an accuracy of Jum.

propagation of a low frequency shear wiE can measure

the Young’s modulus of soft tissues. In this paper, we de-

scribe how these methods can be adapted to study the anig®- Displacement induced by an acoustic pulse

tropic shear moduli of simple musclésvitro andin vivo. In

Anisotropy has long been studied in geophysfosr in

the first part. the t ont elast hy techrigii When a pulse is applied on a semi-infinite, isotropic and
€ first part, the transient elastograpny tec S pre- homogeneous solid, two kinds of waves are generated: a

sented. In the second part, theoretical considerations from @Ompressional and a shear waves. Typical speeds in soft tis-
hexagonal anisotropic mediuftransverse isotropic system sues are, respectively/,= 1500 m.§1 and V.=5ms !
. I p— s .

predict the existence of a slow and a fast shear wave. It $hese speeds are connected to the elastic’ Leoeéicients
shown that the use of a rod as a low frequency wave source 4 in isotropic elastic media,

polarizes the shear strain wave on the first 50 mm and thus
enables one to select either of the shear wave. These results IN+2u
follows numerical simulations based on theoretical Green’s P p
function in isotropic and transversely isotropic medium. In

@

the third section we present some experimental resmuts M
. L . Ve=1\/—. (2
vivo on beef muscle anth vivo on human biceps. p
p is the density. In order to describe soft tissues elasticity, the
[l. TRANSIENT ELASTOGRAPHY usual parameter is the Young’'s modulEs
A. Experimental setup _ w(3\+2u) @
An ultrasonic transducel5 MHz) is applied at the sur- N+ u

face of a homogeneous Agar-gelatin phant@¥ Agar and
5% gelatin (Fig. 1). The transducerm 7 mmdiameter and a
35 mm focal depth, is set up on a vibrat@ruel & Kjeer,
type 4810. An ultrasonic pulse echo system is used with a ~ E=3p. (4)
2 kHz recurrence frequency. The ultrasonic signals arginally,
sampled at 50 MHz and stored using a 9-bit digitizer with
2 Mbytes memory. The low frequency pul&g0 to 150 Hz

is obtained with a conventional function generator. The basic E=3pVz. )

In soft mediax is 1° times bigger thanu, thus a good
approximation ofE is

we can write the Young's modulus as function of the
shear wave speed

The measurement of the speed is deduced from the ex-
dElectronic mail: jeanluc.gennisson@loa.espci.fr perimental displacements of Fig. 2 using a spectral analysis
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FIG. 3. Simple model of muscle. The fibers have the same orientation

%m
< » Agar gelatin

(along they axis) and are randomly distributed on the planez). The
300 mm phantom

equivalent crystallographic model is the hexagonal sy<teamsverse isot-

ropy).
FIG. 1. Experimental setup. A 5 MHz ultrasonic transducer is set up on a Py

vibrator. The acoustic impul9600 H2 is generated by the front face of the
transducer while it works as a pulse echo system. The displacement field Nlevertheless, we are only interested in wave propagation

c_alculated With_ a cross correlation technique on successive backscatter%ﬂong the axis perpendicular to the muscle fideﬂengx or
signals stored in memory. 2) since the direction parallel to the fibers is not easily acces-
siblein vivo for the specific setup considered in this analysis.
at the central frequency. A linear fit on the phase as functionyoreover the weak backscattered signal for an ultrasonic
of depth gives an accurate estimation of the phase velocityheam parallel to this latter direction makes the use of tran-
The error is obtained from the standard deviation of the meagjent elastography difficult. Therefore, in the direction per-

surements from the linear fit. The values arependicular to the fiber& direction the speeds of the three

+0.14 kPa(the value ofp is found in the literature to be

1100 kg m 3). Thus one can determine precisely the Young'’s _ [t ©®)
modulus in isotropic media. Now if we consider anisotropic P p’

medla s_uch as muscles, what kln_d of elaspcny does this tecrlbr the compressional wave,
nigue give? To answer this question we will use the theory o

anisotropic elastic media. c
P Vi= 2 ™

for the shear wave with a polarization perpendicular to the

fibers,
The muscle model considered in this paper presents a

c
Vi= V= ®
random distribution of fibers oriented in the same directionf the sh ith larizati llel to the fib
Fig. 3. This consideration entails the existence of a symmetr)f)r € shear wave with a polarization paraliel to the TIbers.
It clearly appears in Eq97) and (8) that the elastic

axis along the fibers. It is prov@that this kind of symmetry duli d be obtained if is abl
corresponds to a hexagonal systéransverse isotropyThe MOduli C44 aNCICes CaN DE 0 tained It one Is able to measure
the speed of polarized shear waves. So how can one control

Christoffel's matrixc;j, of such a system contains 5 inde- h larizati f the low f h | th
pendent elastic constants. The eigenvectors of the Christof'€ Polarization of the low frequency shear wave along the
axis of a piston source?

fel's tensor(implied in the wave equatigrare associated to

eigenvalues which are the speeds of waves in all directions.
B. The polarization of shear strain waves

IIl. THEORY OF ELASTIC WAVES IN TRANVERSE
ISOTROPIC SOLID

A. General case

In the simple case of an isotropic medium, since the
displacements preserve the symmetry of the initial boundary
conditions, the shear strain field induced by a piston source is
axial symmetric. Now the use of a rod source break this
symmetry. Then the shear wave induces a shear strain field in
a preferential directiofiperpendicularly to the rgdWe have
first verify this hypothesis theoretically with the calculation
of the exact Green’s functions in an isotropic semi-infinite
solid given by Gakenheimer and Miklowit?. The param-
eters of the numerical simulation arg=1100 kgm 3,
V,=1500ms*?, V=5ms!, a sampling frequency of 2
kHz, and a 80 mm rod length. Considering the rechdl mm
grid of point sources, we obtain the impulse response by
FIG. 2. Experimental displacement field obtained for an acoustic pulseSummlng th.e Green's .fun?tlon of all the.se individual pqlnt
(100 H2. One can observe the displacements of a compressional (ave SOUrces. This summation is the expression of the Rayleigh—
and of a shear waves) in an Agar-gelatin based phantom. Sommerfeld integral. Finally, a simple convolution of this
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FIG. 6. Top view of an experimental setup. A r¢@) mm long is used as
a shear wave source. The speed is measured along #xés for angle

FIG. 4. Amplitude of the displacement gradient in the direction parallel ) .
P P 9 P between the rod and the fibers ranging frem0° to 180°.

(Ay) and perpendicularXx) to the rod versus depth. This simulation shows
that the rod as a shear wave source favors the shear strain perpendicular to

its main axis at least within the first centimeters of the isotropic solid m°de"placements. The speed parameters used in this numerical
simulation are chosen to be as close as possible to the ex-
impulse response with the source excitatiarone-cycle si- Periment presented in the next sectioi;=1500ms™*,
nusoid with a 100 Hz central frequenayives the theoretical Vs=10ms', V(=28 ms*. The agreement between these
displacement fields,. Figure 4 represents the amplitude of values and the measured speeds is good especially for the
the gradient of the displacemeftihe shear strain fie)dn the ~ two extreme positiong0° and 90j: they are, respectively,
direction para||e| Ay: |auy/ay|) and perpendicu|ar 29 m S_l and 10 m §1. The intermediate Speeds are a com-
(Ax=|du,/ax|) to the rod as function of depth. The axes arebination of both shear speeds. Consequently these simulation
defined in Fig. 5. The strain field is smaller along thaxis ~ results confirm the assumption that speed measurements with
than along thex axis until 40 mm depth. If we transpose this & rod as a shear wave source are very close to the values of
result to an anisotropic medium such as muscle, we caRolarized plane waves. The crucial point of this paragraph is
make the assumption that any speed measurement within tH.]Bat the use of a rod favors the strain field in the direction
distance gives the speed of the shear wave with a polariza-
tion perpendicular to the fiber&/¢) when the rod is parallel
to the fibers. Equally, if the rod is set perpendicular to the
fibers, the speed of the shear wave with a polarization paral-
lel to the fibers vg) is obtained. We used a second numerical
simulation in order to verify this latter assumption. The the-
oretical Green’s function in an infinite transverse isotropic
media are calculated by Vaviyk'® (see the Appendix As
shown by Sandrif® Green’s functions in isotropic infinite
or semi-infinite soft media are very similar along the axis
of the source. Thus the same assumption is made for aniso-
tropic media. Again, by summing the Green’s function from
secondary point sources distributed on the surface of the E 1
rod, we get its impulse response. Then, the displacement 0 5 10 1520 25 30 35 40 45 50

field is computed for each angle of rotation of the rod as (b) Time (ms)
regard to the fibers fromp=0° to 180° with a 10° step 35
(Fig. 6. For each angle, the shear wave spéEd). 7) 30
is deduced from a spectral analysis of the simulated dis- - }/;\K
225 \
NG b {
AAX g %0 / \
ke
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] >
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FIG. 7. An acoustic pulse given by a rod on an transverse isotropic media is
FIG. 5. 3D representation of the amplitude of the displacement gradientsimulated using the Vavryk's theoretical model(a) Displacement field
The black and the gray arrows represent the gradient amplitude nahe along depth versus time far=90° between the rod and the muscle fibers
y direction, respectively. model.(b) The shear wave speed as function of the angle of rotation
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© Wi B. In vivo experiment

_8 15 ’/@/E/‘

> 109*@“‘ = The in vivo experiment presented here are done on the

human biceps. One reason is that this muscle has a simple
5 structure, the fibers are aligned in the same direction. A sec-
0 ond reason is that it is often used as a reference in the litera-
0 20 40 60&%@8%)20140160180 ture. A volunteer lift at 6 kg charge. On the contracted

muscle the rod systerffrig. 9) is applied. As in the previous
FIG. 8. An acoustic pulse is given by a rod on a beef muggiteps femoris ~ €xperiments the shear wave speed is measured for various
semi-tendinosys (a) Experimental displacement field along depth versus angles between the rod and the fibers. On the experimental
time for 0=90°_between the rod and the muscle fibébs. The shear wave curve of Fig. 10 the speed reaches a maximum when the rod
speed as function of the angle of rotatién . A ] _ .

is perpendicular to the flberytz 12 ms 1) and a minimum
when the rod is parallel to the fiber¥{=3 mst). These
in vivo measurements are not surprising given the results of
e simulation(Fig. 7) and of thein vitro experiments
(Fig. 8). They confirm the idea that soft tissues like muscles
are very anisotropic. As a comparison, in crystals or rocks,
the ratio of the speed of waves in different direction of
A. In vitro experiment on beef muscle propagation rarely exceeds 2. It can be noted thairtivivo

In the experimental setup on beef mustiéceps femo- Measurements are not as smooth asrthetro experiment. A

ris semi-tendinosusthe fibers are clearly visible on the pic- réason is that one cannot avoid tissue motions during the
ture (Fig. 6) and well aligned. The ultrasonic equipment is €xperiment. Moreover the speed is not measured on a long

described in the first part. The transducer is set in the middiéistance due to the finite size of the bicepsically 2 cm
of the rod(80 mm long and allows to measure the longitu- Which increases the experimental error. Finally, in the case
low frequency pulse at 100 Hz central frequency is generated

with the rod applied on the surface of the sample. The speeds

rod with regard to the fibers ranging frow=0° to 180°

with a 10° stepas in the numerical experimegnihe results

when the rod is perpendicular to the fiber@=90°) and // \”K\

minimum (V5 =10 ms 1) when the rod is parallel to the ] N

ment with rheology studies on the same kind of mugéles

since we findcgg (110 kP, the shear elasticity perpendicular 00 20 40 60 80 100120140160180

elasticity parallel to the fibers. Moreover, the experimental _ _

results are in good quantitative agreement with the simula'—:'G' 10. In vivo measurements of the shear wave speed as function of the
tion (Fig-_ 7) although t_he viscosity has not been taken intofong between the fast and the slow shear wave which characterizes a strong
account in our theoretical model. anisotropy.

perpendiculafx direction (Fig. 5]. Nevertheless the polar-
ization of the shear wave in the axis of the source remaingl
longitudinal (z axis).

IV. EXPERIMENTAL RESULTS

e
(&)

-
o

Velocity (m/s)

Y
\

dinal component of the displacement field along zlais. A
of the shear wave are measured for angles of rotation of the /}\
(Fig. 8 show that the speed is maximum'i(z 28ms?t)
fibers (9=0° and#=180°). It is in good qualitative agree-
to the fibers, to be smaller thacy, (862 kPa, the shear Degree (°)
angle of rotationd between the rod and the biceps fibers. A ratio of 4 is
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where the dimensions of the propagation medium are com-

parable to the shear wavelength, the boundary conditions;=—, (A3)
may influence the measurements. VCi1

r
V. CONCLUSION = (A4)

To= \/C_44,

Since anisotropy in soft tissues is a rule more than an
exception, elastographic techniques have to take into account  r Ces r Ces
this property in the measurement of the elasticity. We havers=—== \/ Ni+ —N3, 73=—="/ Ni+N3+— N3.
shown in this paper that the use of a low frequency rod Ces Caa \/0_66 Cas
source in transient elastography enables one to study a (AS)
simple transverse isotropic medium: the biceps. The validaR= \x>+y? is the distance to the receiver from the vertical
tion of this technique is supported by numerical simulationsaxis, r = \/x>+y2+ 22 is the distance from the source to the
based on Green’s function in isotropic and hexagonal anisoeceiver. The polarization vectors are given by the following

tropic solids (transverse isotropy A strong anisotropy is equations:
found on the in vitro beef muscle Ys=10ms?,

Vi=28ms?') and in the in vivo human biceps 91=[N1,N2.Ns], (A6)
(Ve=3ms?t Vi=12ms?). These results gave birth to a -1
research program with the myology institute of the hospital 92=W[— NNz, — N2N3,Nf+ N%], (A7)
“La Pitie Salpetriee” in Paris. 17772
ACKNOWLEDGMENT g3=\/ﬁ[N2 ,—Ng,0], (A8)
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=—=5—>[N1,Np,0], (A9)

J3=
JNZ+ N2
APPENDIX: THE GREEN’'S FUNCTION IN A ! 2 o . .
HEXAGONAL ANISOTROPIC MEDIUM whereN,,=X,/r is the unit direction vector to the receiver.
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