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The presene saady revealed the significant dependence of displacement magnitude and strain relaxation on phantom
clastiom amd wiscosity. It has been shown that simultaneous analysis of temporal behavior and magnitude of shear
srmm mdlscsd & the radiation force of focused ultrasonic beam gives the necessary data for quantitative estimation
of sssse wscosmy and shear modulus due to the known functional dependencies of displacements on these
parmmetess. As & sesalt the simplest calibration procedure of acoustic radiation force based methods is performed for
wsed onomstom beam. These findings were tested. in particular, using data obtained for specially prepared phantoms
commmmmg cal¥ Dwer and muscle tissue in vitro. The observed complex character of shear strain relaxation in some
tssee phannoess and Bssues in vitro reduces the preciseness of viscoelastic properties estimation.
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INTRODUCTION

Shear Woave Elasncity Imaging (SWEI) [1-3] and Acoustic Remote Palpation (ARP) [1,4,5] methods.
that are besed om e remots generation of shear strain in tissue by radiation force of focused ultrasonic beam,
sugges: comsaderaile clmical potential for diagnostic of soft tissue elasticity as well as some other methods.
Howewer mot & o them are capable to provide the actually local measuring of tissue parameters that results in
applicaton of sether complicated mathematical procedures for spatial reconstruction of tissue elasticity. Besides
thar mer & of Sese methods are potentially capable to submit the identical volume of diagnostically important
informamon M0 sstmmane 2 physiological state of examined tissues and organs.

The peewioushy performed experiments [3,5] show a great importance of viscosity in the process of
exciznon amd sslmaton of shear strains induced by focused pulse of radiation force of the ultrasonic wave
beam Thessfee @ mam aim of the present work was the experimental testing of the algorithm for
simelameoes guennnatwe assessment both of the tissue elasticity and viscosity within the limits of ARP and
SWEI methads. wilich prowide such possibility.

METHODS

The gresen sspenimental research of viscoelastic properties of tissue mimicking phantoms and soft
tissues oe wiew was performed using ultrasound Doppler technique. The experimental schematic and the
peculiarties of e messarement procedure were the same as in [3,5]. The set of used gelatin phantoms and the

Table 1
Tissue phantoms and soft tissues in vitrro

Tkle ¢, mis ¢, m/s a,cm’
24 0.32 1480 0.0228
23.5 0.37 1480 0.030
21 0.87 1480 0.0347
23 0.75 1510 0.0344
22 0.98 1660 0.0366
22 0.76 1540 0.050
22 4.0 1540 0.040
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phantoms containing soft tissues is given in Table 1. The quantity of gelatin in phantom 1 and phantoms 2-
Swere 40 g/l and 50 g/l. respectively. In order to change the viscosity and elasticity characteristics of some
phantoms with the same ratio Cy/Cg of the volume content of water and glycerol the temperature was varied and
the proper values of shear wave speed ¢, , the speed of ultrasound ¢, , and the ultrasound attenuation coefficient

a at used carrier frequency 1MHz are given in the Table 1. The value of ¢, was evaluated by SWEI method

[1,3], as is shown in Fig. 1, using the measured delay time caused by passing of induced shear waves to the
observation points with the different radial coordinates in the focal plane. On particular, the upper curves show

the dependence of delay time on radial coordinate in phantoms 1, 2 and 3. Note that the displacement in the focal
point reaches its maximum value at the time moment approximately equal to 7, = ay "¢, ~r, where ay™' is the
effective radius of the beamwidth in the focal plane, r =2.18 ms is the duration of the excitation pulse. At that
the delay time 1, + r is caused by passing shear waves across the beamwidth [1].
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Fig. 1. Evaluation of ¢, by SWEI method.

RESULTS AND DISCUSSION

Lateral distribution of shear displacement

The typical displacement fields induced by acoustic radiation force are shown in Fig.2 together with the
intensity distribution in the focal plane of focused excitation beam (dotted line). Curves 1 and 2, respectively,
show the distributions of maximum displacement S,,,, in the induced packet of shear waves for the points of

observation with different radial coordinate r and “initial” displacements S, of phantom points,

corresponding to the moment of time ¢,. For the most of used phantoms this time point approximately
contemporizes with the end of the excitation pulse (see Fig.1).

It is clear that the maximum displacements in the propagating shear waves for all observation points are
greater than initial displacements. It is not difficult to see that both distribution of displacement 1 and 2 are wider
than the distribution 3 of acoustic intensity and, consequently, of the distribution of the radiation pressure force.
The same result for the distribution of maximum displacements was obtained by Andreev er al. [2]. The largest

difference of curves 1 and 2 from curve 3 is observed for the points with radial coordinate r = ay ™' / V2. The

latter testifies particularly to the fact, that the forces of viscous friction for points aside the focal area are mainly
accelerating, as it is shown in [6,7], and results in evident displacements outside the region of maximum action
of radiation pressure force.
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Maximum displacement and strain relaxation

Figure 3 shows the difference of maximum displacement value and the relaxation curves in phantoms
1-5_ which are different in shear module and viscosity. At first sight these curves different rather insignificantly

Displacements, um

Fig. 3. Displacement through the time in the focal point in phantoms 1-3
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Fig. 2. Displacement fields in phantom 1.
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and mamnly only in scale. At the same time the difference of maximum displacements in phantoms 1 and 2
cannot be explained only by the difference in shear elastic modules of the material of these phantoms. As it is
seen from Fig | the shear wave velocities and, correspondingly, the shear modules in these phantoms differ
rather msignificantly. Through analysis of curves using functional dependencies for induced displacements
makes it possible 1o determine a great contribution of viscosity in their value.

According to [6,7] the dependence of displacement in the focal point on time in the process of shear
strain relaxation was approximated by the formula

sty=p A g
t+1/

g (6 ,‘ff]))_* i

(1)
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where both dimensional parameters £ and 7, are determined by the parameters of excitation wave beams (the
_ ultrasound intensity, the duration of excitation pulses, the width of the wave beam in the focal region) and the
physical parameters of the soft tissue under study. In the theoretical analysis the dimensionless parameter £,
depends only on the model assumptions made [1,7], for example as to the excitation pulse envelope and the
profile of the beam in the focal region, and therefore must be determined experimentally for every particular
ultrasonic focused wave beam. Finally, the dimensional parameter P has been introduced for taking into
account the possible noise term.

Table 2 shows the results of estimating parameters 2, P, and }33 for phantoms 1-5 with the usage of
marked regions of relaxation curves within the time interval approximately from 3.9 to 30 ms, as it is shown in
Fig.3. The numerical analysis of the form of the obtained relaxation curves and the parameters fitting in
accordance with Eq. (1) was made using the standard packet of data processing programs Origin 6.0. Fig. 3 gives
the result of approximation of relaxation curves by means of Eq. (1). At that the for each phantom the calculated
value of parameter F, and measured by the SWEI method value of ¢, were used (see Fig.1).

Table 2.

Parameters estimated under calibration

2 R P, 2 7 |
1 15.3 18.7 211 0 0.057
2 10.3 15.8 1.24 0 0.070
3 9.46 3.11 2.89 0.91 0.161
4 6.23 4.30 0:357 0 b i
8 7.44 1.81 1.08 0.102 0.263

It is easy to see that the average value of the parameter I_’n =9.74 is one of the adjusting parameters of
the theory [1,7]. So the described above procedure of the estimation of parameter f’n represents the easiest
variant of calibration of ARP and SWEI methods of soft tissue viscosity and elasticity evaluation. Knowing
parameter P, makes it possible to determine values f’, and Pl using the relaxation curve in the observation
point of soft tissue on the analogy with the procedure of calibration. The dependence of values £ and P, on the
viscoelastic parameters of the soft tissue under study is known [8], that gives a principal possibility to determine
the shear modulus and viscosity by solving the combined equations 7 (c,) = P, and A(c,,n) = P .

At the same time the assessed value of parameter 13 given in Table 2 was characterized by a large

spread in values that results in great error in the estimation of viscosity. That is why at the estimation of viscosity
77, the assessed values of which are given in the Table 2, another method has proved to be more reliable. This

method uses additionally the information about the dependence of maximum displacement in the focal point on
the excitation beam parameters and the viscoelastic properties of the examined tissue. The value of maximum
displacement in the focal point can be written in the form:

Siue = BB X1~ Bl(c:m) s ()

where dimensional parameters P and P; on the analogy with P, and P, are determined by physical

characteristics of the examined soft tissue and the parameters of the excitation pulse. Therefore the shear wave
velocity and tissue viscosity can be found by solving the combined equations:

RE)=F | (3)
Ple,m=1-8,_ 1RFc) (4)

Figure 4 shows the relaxation curves in the gelatin phantom 5 and phantoms 6 and 7 containing raw
calf beef (phantom 7) and perfused by physiologic solution liver (phantom 6). At that it was analyzed the sample
of relaxation curve in phantom 5 differing from the calibration one. These phantoms have been chosen for

verifying of proposed method together with the gelatin phantoms 1 and 4 having the assessed values of ﬁ:,
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Fiz 4 Displacement through the time in the focal point in phantoms 5-7.

differme mos sssmficantly from the mean value }_’0 =9.74 (see Table 2). According to the described algorithm
the walues of - =md © were reconstructed for every phantom. These values are given in Table 3 together with
the wallnes of sellocy ¢, measured by SWEI method.

Wome Sar the shear viscosity of the phantoms used for calibration and testing was not measured by
imdepemdens method but obtained values fairly agree with the known typical value for water solutions of gelatin
(s}

Table 3.
Estimated parameters of testing phantoms.

2 | -

- | P, um-ms n,Pa-s é,m-s” ¢, m-s”
B 17z | 294 0.040 0.26 0.32
- 1050 | 275 0.228 0.94 075
5 0% 'l 1.70 0.278 1.10 0.98
6 i # 3 7.84 0.156 0.57 S
7 285 0.91 0.674 2.54 4.0

¥ s se== Tom Table 3 that from three gelatin phantoms the greatest error in the estimation of the shear
wave welaoy as @ was expected, took place for phantoms 1 and 4. However, even for these phantoms it did not
excesd D0-15%, while for phantom 5 the error is about 9%. Relatively low preciseness of the velocity estimation,
which = sgual 0 22 and 36%, respectively, was observed also for phantoms 6 and 7. This is explained by rather
complicanes sanure of shear strain relaxation, which is often observed in soft tissues. Possible reasons of it are
discassed @ pawticular, in Refs. [3,5].

CONCLUSION

= = gemerally accepted that the tissue displacement induced by pulsed acoustic radiation force is
mwverses proportonal to the local stiffness of the tissue. The reasons for this statement are the known
calculamoms (5] for the displacement value under the effect of the localized static loading, which are not
appcabie zemerally speaking, in the case of pulse loading. The experimental data given in the present paper and
the sesus of guantitative estimation of viscoelastic parameters testify that the displacement magnitude of

induced shear sirain is inversely proportional to the shear wave velocity ¢, =+ u/p =~ E/3p . ie. to the square
root of the Young modulus £ .

Moreover, a great contribution into displacement magnitude is made by the tissue shear viscosity. That
s wiy e ome- and two-dimensional images of displacement distribution obtained, for example, by ARP
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method, are not actually a map of space distribution of shear hardness but some integral images of hardness and
viscosity of the tissue. It can be easily seen if we compare the results for phantom 3 and phantoms 4 which have
nearly equal values of the shear modulus. At the same time they are by several times different as to observed
displacement magnitude (see Fig.3) because of different composition and considerably different viscosity.

The present research suggests the easiest procedure of calibration of ARP and SWEI methods necessary
for simultaneous estimation of tissue elasticity and viscosity by experimental data of the shear strain excitation
and relaxation. It is clear that a more precise calibration procedure should use a set of phantoms with the known
and measured by independent method shear modulus and viscosity. It will make possible for every particular
ultrasonic device to specify some adjusting constants, which in theoretical analysis turn out to be dependent on
the introduced model assumptions. The experimental research of the calibration procedure of such kind is the
necessary stage for development a real technology suitable for immediate application in medical ultrasonic
scanners.

However, the preciseness of estimation of shear velocity using the test phantoms after the proposed
simple calibration procedure is quite satisfactory as to our opinion. As known the shear elasticity modulus in the
tissues with pathological changes is often an order of magnitude greater than that of normal tissue, as it has place
for example for breast lesion tissue [10]. Therefore the obtained preciseness of tissue elasticity estimation, which
is not worse 30%, is suitable for the medical applications already now.

This work is supported by the Science and Technology Center in Ukraine under Grant no. 865(C).

REFERENCES

1. A.P. Sarvazyan, O.V. Rudenko, S.D. Swanson, J.B. Fowlkes, S.Y. Emelianov. // Ultrasound Med. Biol..
1998. V.24, P.1419-1435.

2. V. Andreev, V. Dmitriev, Yu. Pischal'nikov, O. Rudenko, O. Sapozhnikov, A. Sarvazyan. // Acoust. Phys.,
1997. V.43, P.123-128.

3. E.A. Barannik, S.A. Girnyk, V.V. Tovstiak, A.l. Marusenko, S.Y. Emelianov, A.P. Sarvazyan. //
Ultrasonics, 2002. V.40, P.849-853.

4. K. Nightingale, M. Palmeri, R. Nightingale, G. Trahey. // JASA, 2001. V.110, P.625-634.

5. E.A. Barannik, S.A. Girnyk, V.V. Tovstiak, A.I. Marusenko, V.A. Volokhov, S.Y. Emelianov, A.P.
Sarvazyan. // JASA, 2003 (be published).

6. E.A.Barannik. // In the 5™ World Congress on Ultrasonics, Paris, France, 7-10 September 2003. P.53.

7. E.A. Barannik. // Biophys. Bul., 2002. V.2(11), P.90-100.

8. K. te Nijenhuis. / Adv. Polym. Sci., 1997. V.130, P.1-267.

9. S. Timoshenko, J. Goodier. Theory of Elasticity. McGraw-Hill, New York, 1987.

10. A.P. Sarvazyan, A.R. Skovoroda, S.Y. Emelianov, J.B. Fowlkes, ].G. Pipe, R.S. Adler, R.B. Buxton, P.L.
Carson. // Acoust. Imaging, 1995. V.21, P223-240.



