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In order to evaluate the properties of ultrasonic nonlinear scattering, the ultrasonic attenuation characteristics using the second
harmonic component of the transmitted ultrasonic signal through normal and fatty hen liver as well as the fundamental
component were measured. In The experiment, a 50MHz transducer was by reflection method and its frequency dependency was
analyzed. The second harmonic component was detected by using pulse inversion detection technique. The experimental results
showed that the attenuation coefficient was almost constant around second harmonic frequency dependence can identify the

property of normal and fatty hen liver.
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1. Introduction

Ultrasonic tissue characterization®®, which is a relatively
mature technique, has been a very important procedure in medical
diagnoses. Acoustic parameters of tissue change according to their
physical and chemical properties. Ultrasonic attenuation is one of
the most significant indices used to estimate tissue characteristics.

Ultrasonic attenuation characteristics of many biomedical
tissues, such as liver tissue and myocardium, have been measured
and discussed over the last forty years, however, ultrasonic
attenuation characteristics in the frequency range higher than
10MHz have hardly been reported. In the frequency range lower
than - 10MHz, ultrasonic attenuation of tissues, which are
composed of macromolecules, is caused by the hydrolysis of
amino acids, as well as, the relaxation process of the protein's side
chain. Measuring ultrasonic attenuation in this high frequency
range is important in estimating the micro-physical structure of
biomedical tissue. Based on this concept, the ultrasonic
attenuation' characteristics and attenuation coefficient of the
protein in the high frequency range between 30MHz and 70MHz
were measured using 50 MHz ultrasonic transducer™®,

In this paper, ultrasonic attenuation of the second harmonic
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component is also measured, which is caused by nonlinear
scattering of tissue to explore further possibilities in ultrasonic
tissue characterization. In order to obtain the second harmonic
component of the echo, a pulse inversion detection technique(1) is
used that has been developed for detecting nonlinear scattering. In
this technique, two pulses are transmitted, one of which is an
inverted copy of the other. For nonlinear scattering, the two
received echoes contain, not only, the fundamental component but
also its harmonic components. The fundamental components of
the two echoes are inverted with respect to each other-but the
second harmonic components are inphase. Based on this principle,
the pulse inversion detection technique uses the sum signal of the
two echoes, which cancels the fundamental component and, thus,
contains only harmonic components, in which the second
harmonic component is typically dominant. Therefore, the pulse
inversion detection technique can detect the harmonic component
without filtering. As a result, it largely overcomes
contrast/resolution tradeoffs inherent in harmonic imaging
techniques. In the experiment, ultrasonic attenuation is measured
at the second harmonic frequency on fatty and normal hen liver.

2. Measurement of Ultrasonic Attenuation

In this section, the method used to measure the ultrasonic
attenuation of the fundamental and the second harmonic
components of the ultrasonic signal is described. The conventional
reflection method for measuring ultrasonic attenuation was used.
To detect the second harmonic component of the ultrasonic signal,
a proposed technique called “pulse inversion detection technique”,
which detects the second harmonic component, eliminating the
fundamental component was used.

21 Principle of Measuring the Frequency-Dependent
Ultrasonic Attenuation by Reflection Method and its
Frequency Dependence Analysis Ultrasonic attenuation of
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Ultrasonic atienuation measurement system by reflection method. The difference of the power spectrum

of the reflecied ultrasonic signals in the water and the specimen is normalized by propagation distance 2d.

the specimen was measured using the reflection method. This
method requires a transducer that can transmit and receive.
Experimental setup is described in section 3. Figure 1 illustrates a
block diagram of the attenuation measurement system. The
ultrasound signal transmitted and reflected through the specimen
was received by the transducer and its power spectrum was
calculated. The procedure to determine the attenuation of the
specimen is as follows: .

(1) Measure the power spectrum of the ultrasonic signal
propagated in the specimen and that of the ulirasonic signal
propagated in distilled water. ‘

(2) Subtract the. power spectrum of the specimen from that of
the distilled water.

(3) Normalize this power spectrum difference by twice the
focus distance that the ultrasound propagated.

Thus, the attenuation «(f) is.evaluated by the following

equation:

a(f)=2D L)

-y (1)

where, P,,(f), ahd P,(f) are the measured power spectrum of the
water and that of the specimen, respectively, and d is the distance
between the transducer and the reflector.

Ultrasonic attenuation depends on the frequency of the
ultrasonic signal. The dependency can be evaluated by the
constant & which is defined as the coefficient in the following
equation: ‘

based on the linear relationship between the attenuation and
frequency. The coefficient &, which is one of the indices often used
for characterizing tissue, can be determined by the proportion
coefficient of the logarithm of ¢(f) to that of frequency f.

2.2 Principle of Pulse Inversion Detection Technique™

Let. us explain the principle of pulse inversion detection
technique in brief. The developed technique for detecting
nonlinear scattering, that is; pulse inversion detection, has been
proposed(l). In this method, two pulses are used, which are
inverted with respect to each other as follows: -

pz(t) = _p1(t“T)

where pi(t) and p,(f) represent the acoustic pressure of the first
and the second pulse at time ¢, and 7 is delay time. Letting
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Fig. 2. Principle of pulse inversion detection®: (a) an incident

Incident Pulse

pulse and echoes from linear and nonlinear scattering; (b) the
inverted incident pulse of the same pulse and the echoes; (c) the
sum signal of two echoes. For linear scattering, the sum is Zero.

For nonlinear scattering, the sum is nonzero.

Echo{p,(f)} be the received echoes produced by the incident pulse
p(®) for i=1, 2, we form the pulse inversion detection as the
summation of these two echoes:

s(t) = Echo{p,(t - T)} + Echo{p,(£)}

For linear  scattering, (/) will be zero, since
Echo{-p(f)}=—Echo{—p,(?)}, under the condition that there is no
relative motion between the transducer and scatter. For nonlinear
scattering, s(#) will be not zero, as shown in fig. 2. Assuming a
simple model of nonlinear scattering where echo is represented as
(more than three order term is supposed to be ignored for easy
explanation)

Echo{p,()}=a,p,(t =0) +@p(t=17) »wovvvvorssseess )
for i=1,2
where 7 is a time delay, we obtain:
s(t) = ZaZﬁ,Z (F—T) oo 6)

The sum signal. s(f), contains only the second order of p(t—12),
which gives rise to the second harmonic of the transmitted signal.
As a result, the harmonic caused by nonlinear scattering can be
detected.

2.3  Principle of Measuring Frequency-Dependent
Ultrasonic Attenuation of the Second Harmonic Component

A reflection method is also used for measuring ultrasonic
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attenuation of the second harmonic component. Firstly, the first
pulse, pi(?), is transmitted through the specimen and the reflected
signal is received and memorized. Next , the second pulse, p(?),
which is an inverted version of py(#), is transmitted into the
specimen and the reflected signal is received. These two reflected
signals are summed to obtain the signal s(f), and then its power
spectrum, P',(f) , is calculated. The power spectrum, P',(f) , for
water instead of the specimen is also calculated in the same
procedure. Ultrasonic attenuation of the second harmonic
component, &'(f), is obtained by

BUD PO oo @

a(f)= 57

where 2d is the two-way path of the transmitting signal.
Ultrasonic attenuation, o/(f) ,will represent the attenuation of the
harmonic component caused by nonlinear scattering of the
specimen.

3. Experiments and Discussion

3.1 Experimental Setup Figure 3 shows the
measurement system used in the experiment. A transducer
(caliber: 0.257, focal distance: 12mm) with a center frequency of
50MHz was used for both transmitting and receiving a ultrasonic
signal that is controlled by an ultrasonic analyzer
(PANAMETRICS MODEL 5600T). The transducer was located
perpendicular to the plane of the reflector in the tank filled with
the specimen or water (see fig. 3). The distance. between the
reflector and the transducer was 12mm, which is equal to the focal
distance of the transducer. Power spectrum of the received
ultrasonic signal was calculated by a digital signal processor
(PHLIPS PM3323), which was connected to computer with GPIP.

In our experiment, homogenized fatty (the rate of fat is more
than 12%) and normal (the rate of fat is less than 3%) hen liver,
each mixed with physiological salt solution, were used as the
specimens. It was reported that the attenuation coefficient was
hardly affected by the homogenization®®. And also, haw the
coefficient k is changed by the concentration and temperature of
protein was evaluated.

3.2 Experimental Results on Fundamental Component
and Discussion The attenuation of .the protein (gelatin
solution) with concentration of 4% and 8% was measured when
the temperature was decreased from 50°C to 25°C. To evaluate
how attenuation depends on the frequency, attenuation as a
function of the frequency was analyzed and the regression
coefficient between the logarithm of the attenuation and that of the

50MHz Transducer

12mm

Fig. 3. Measurement system for experiment using reflection
method. 50MHz transducer and ultrasonic analyzer are used
to transmit and receive ultrasonic signal.
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frequency was calculated. In tissue characterization, both the
attenuation value and this coefficient are important indices.

Figure 4 shows the power spectrum of the ultrasonic signal
propagated in water at 25°C and in the 4% and 8% concentration
gelatin at 25°C. The magnitude of the power spectrum of the
protein is smaller and its center frequency is lower than that of the
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Fig. 4. Power spectrum of the ultrasonic signal propagated through
the water, 4% and 8% concentrated gelatin solution at 25°C.
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Fig. 5. Power spectrum of ihe ultrasonic signal propagaled through
the 8% concentrated gelatin solution at 30°C, 40°C and 50°C.
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Fig. 6. Ultrasonic attenuation of the 4% and 8% concentrated
gelatin at 35°C plotted on log-log axes. Constant 4 indicates
the proportion of logarithm of attenuation to that of frequency.
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Fig. 7. Ultrasonic attenuation of the normal and fatty hen liver
at 40°C.
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Fig. 8. Ultrasonic attenuation of the normal and fatty hen liver
at 40°C for second harmonic component.

water. The attenuation of 8% concentration gelatin in the
30-70MHz range when the temperature is decreased from 50 to
30°C is shown in Fig.5. This results clearly shows that attenuation
increases with frequency and decreases with temperature. At
50MHz, the attenuation of gelatin at 30°C is 4.85 dB/cm, which is
larger than that' of the same gelatin at 50°C by 2.1 dB/cm. The
.large attenuation at low temperature may be due to gelatin
coagulation.

Figure 6 shows the attenuation characteristics of the gelatin at
30°C plotted on log-log axes. Constant k denotes the regression
coefficient’ and was around 1.1 for both concentrations. The
relationship between the logarithm of the attenuation and that of
frequency was almost proportional to frequency to the 1.1th power.
It also suggests that attenuation depends on the concentration of
protein, but the coefficient % is independent of the concentration.

Figure 7 shows the attenuation characteristics of the normal and
fatty hen liver at 40°C plotted on log-log axes. It can be seen that
the relationship between the logarithm of the attenuation and that
of frequency is almost linear and its slop, i.e. the coefficient &, for
normal liver differs from that for fatty liver. Thus, the property of
the tissue, normal of fatty, can be characterized by the difference
of the coefficient .

‘
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3.3 Experimental Results at Second Harmonic Component
and Discussion Figure 3.3 shows the measured ultrasonic
attenuation characteristics of normal and fatty hen liver at second
harmonic component at 40°C plotted on log-log axes. The pulse
inversion pulse s(f) contains harmonic components of 100MHz,
because The center frequency of the incident ultrasound pulse is
50MHz. In fig. 8, the ultrasonic attenuation in the frequency band
from 80MHz to 120MHz was measured. The second harmonic
component was seemed to be the most dominant component in the
detected pulse s(7) and the other higher order components were not
able to be correctly measured due to noise. From fig. 8, it can be
seen that the relationship between the logarithm of a(f) and that
of frequency is approximately linear. In Fig. 8, the slope was
almost constant for both normal and fatty hen livers. In this
experiment, there is a difference of the slope which characterize
the tissue property between normal and fatty livers. In the case of
the second harmonic component, the slop for fatty liver is larger
than that for normal liver. This is inverse to the result for the
fundamental component (Fig. 7).

4, . Conclusion

In this paper the ultrasonic attenuation of normal and fatty liver
was measured, using both the fundamental and the second
harmonic echo signal using 50MHz.ultrasonic pulse. The slope of
the ultrasonic attenuation and discussed the difference between
normal and fatty hen liver was analyzed. From the experiment's
results, the follows are concluded:

(1) Attenuation of the protein increase as temperature falls.

(2) Regression coefficient between the attenuation and

- frequency is independent of the concentration of the protein.

(3) The coefficient is different between normal and fatty hen
liver for both the fundamental and the second harmonic
component. In the case using the fundamental component,
the coefficient for normal liver is larger than for fatty liver,
On the other hand, in the case using the second harmonic
component, coefficient for normal liver is smaller than for
fatty liver.

The 3rd conclusion suggests that the difference of frequency
dependence can identify the property of normal and fatty hen liver,
leading to the possibility of new tissue characterization using
second harmonic component.

(Manuscript received April 25, 2002, revised Feb. 25, 2003)
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