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The nonlinearity parameter B/A of several soft tissues was measured
using two independent methods. The B/4 values of most soft tissues were found
to be between 7 and 8, with the exception of fat which has a B/A value close
to 11. It is proposed that structural hierarchy contributes to the B/A values
of tissues.

1. Introduction

Ultrasound has been used extensively in the diagnosis of diseases and in
therapeutic applications and its employment continues to increase. However,
evidence is accumulating to indicate that ultrasonic propagation associated
with biomedical applications may not always be considered linear [3,4,10].
The effects of the nonlinear propagation, which include harmonic generation, ad-
ditional attenuation over that expected from the fundamental frequency com-
ponent alone, increased heat development, and change in beam profile, can
have important consequences on both the diagnostic and therapeutic applica-
tions. It is believed that detailed understanding of these nonlinear phenomena
should lead to improved accuracy and increased information from procedures
using diagnostic instruments. With regard to the therapeutic application, addi-
tional understanding should lead to more sophisticated control of heat deposi-
tion in the selected tissue volumes.

In order to predict accurately the effect of nonlinear propagation of ultra-
sound in biological media, it is necessary first to determine the degree of nonli-
nearity that the medium itself exhibits. Two independent methods of measur-
ing the nonlinearity parameter in biological materials have been developed
for this purpose. The first method, the finite amplitude technique, determines
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the nonlinearity parameter in a medium by measuring the magnitude of the
second harmonie generated. This method has the potential for use in making
in vivo measurements. The second method, the thermodynamic technique,
involves determination of the change of sound speed with hydrostatic pressure
and temperature. The accuracy of the thermodynamic technique is superior
to that of the finite amplitude technique, though it is limited to in vitro measu-
rements only. This paper is a report on the in vitro measurement of the nonlinea-
rity parameter in soft tissues by both’ techniques. Based on the present tissue
observation, and previously reported observations with tissue models, it is
proposed that the B/A value (the nonlinearity parameter) for biological mate-
rials reflects structural hierarchy.

2. Methods of measurement
For a nonlinear fluid medium, the relation between p, the pressure of the
Tliquid, and p, the density, is nonlinear and can be expressed in a Taylor’s series

expansion of p about the point of equilibrium density and entropy (g, ), [2]
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From (1) and from the definition of sound speed,
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it is possible to express the ratio of the coefficient of the quadratic term to that
of the linear term, B[A, as
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Equation (3) is the basis for the thermodynamic method for determining
B|A, the nonlinear parameter, since gy, ¢,, and (de¢/dp), o are quantities that
can be determined experimentally. However, for experimental ecase, it is desi-
rable to transform equation (3) using thermodynamic relations and to deal

with conditions of constant temperature and pressure, instead of constant
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entropy. The new expression [1] is
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where T is temperature in degrees Kelvin, p is the pressure, (), is the heat capa-
city per unit mass at constant pressure and f is the volume coefficient of thermal
expansion. For the materials of interest in this study, the second term in equa-
tion (4) is less than b per cent as compared to the first term so that the preci-
sion required in determining g and C, is not very stringent. By measuring the
change of sound speed with pressure and temperature, together with a knowledge
of the density and sound speed and an estimation of the values for § and C,,
the parameter B/A can be determined. Details of the instrumentation and proce-
dures of the technique are described in Ref. [9].

The finite amplitude method involves measurement of the magnitude
of the second harmonic component at several distances from the sound source
and then extrapolation to the source to eliminate the effect of absorption in
the medium. For a medium with near linear frequency dependence of absor-
ption, specifically (a, —2a,) < 1/2, where o, and a, are, respectively, the absor-
ption coefficients at the fundamental and second harmonic frequencies, the
magnitude of the second harmonic component, averaged over a phase sensitive
receiver the same size as the source, can be written as

(4)
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where 2 is the axial distance from the sound source, f is the frequency of the
fundamental, p, is the average source pressure at the fundamental frequency,
and F(z) is a correction term for the diffraction effect of the finite aperture
gound source [5, 6]. Over the range of distances between one and three centi-
- meters from the source, F(z) is an exponentially decreasing function. When
P2(2)/p;(2) is extrapolated exponentially to the source, one may write
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For a 1/2"" diameter sound source resonating at 4 MHz, F(z)|,, is 0.91. The

value of B/A can then be caleulated using equation (6) when p,(2)/ps(2)|s0

and ¢, are measured. Details of the instrumentation for the finite amplitude
technique and for sample preparation are described in Ref. [6].
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3. Results and discussion

Results of B/A measurements in soft tissues are shown in Table 1. The
finite amplitude technique was emphasized in these measurements because
of the possibility of extending it to in vive measurements in the future. Tissue
samples were obtained from different animals for each of the measurements.
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Table 1. B/A value in soft tigsues meagured by the thermody-
namic and the finite amplitude methods

Material Thermodynamic Finite amplitude
method method
water 5.31 5.5 4+0.5%
beef liver 7.23: 7.0 7.740,9%*
pig fat 10.9 TV.0, 2138
beef heart 6.75, 7.4
pig muscle 7.53, 8.1
beef brain 7.6
Entries represent single measurements, except those otherwise
labelled.

* Average of seven samples, ** average of five samples

It is observed that B/A values of soft tissues range from about 7 to 8, with
the exception of fatty tissues, which have a B/A value of approximately 11.
The variations in B/A value for samples of the same tissue type can be as high
as +10 per cent. It is not eclear whether such variation results from differences
in B/A values of different specimens, or is caused by artifacts arising from tissue
preparation, e.g., phase cancellation induced by inhomogeneities in the tissues,
or air bubbles resulting from autolysis after exeision.

The typical B/A value of a soft tissue is greater than that of a protein solu-
tion of the same dry weight content [8], and yet with the exception of fatty
tissues, 70 per cent of the dry weight content of the tissues measured are pro-
teins [7]. This observation suggests that besides the protein concentration,
other factors exist to contribute to the B/4 value of tissues. Based on obser-
vations reported previously [6, 8, 9], the structural hierarchy of the material
being measured is believed to be one of these factors. The B/A value of blood,
which has higher structural hierarchy than a simple protein solution because
the hemoglobin solution is contained within a membranous enclosure, has a slight-
ly greater B/A value than a protein solution of the same dry weight content.
Whole liver, which is much more complex in structure than blood, has a cor-
respondingly greater B/A value. Homogenization of the liver, which destroys
an ungpecified portion of the structure, decreases the B/A value.

4. Concluding remarks

It is felt that the knowledge of the nonlinearity of the medium provides
information for better understanding of the propagation details of ultrasound
in tissues. Further, this should lead to improvements of present diagnostic
and therapeutic applications of ultrasound, and may actually provide informa-
tion about the structure of these media not available through existing means
of tissue characterization.
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