
criterion for all subjects). According to the model, the mean 
signal threshold for a notch width of 0.0 should be equal to 
the sum of the noise spectrum level (45 dB), 101og(ERB) 
(24.9 dB), and K ( -- 0.7 dB), i.e., 69.2 dB. The obtained 
mean value was 68.5 dB (standard deviation 2.0 dB). This is 
in reasonable agreement, but confirms the tendency of the 
roex(p) model to overestimate thresholds for a notch width 
of 0.0 (Glasberg et al., 1984). Notice that, because of the 
variability of the threshold for a notch width of 0.0, filter 
ERBs estimated indirectly from critical ratios would be con- 
siderably more variable than those estimated directly; the 
standard deviation would be about 150 Hz instead of 32 Hz. 
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Investigations of the ultrasonic nonlinearity parameter B/,4 have been restricted previously to 
in vitro preparations. The parameter B/A has now been determined in oioo in eat liver and 
found to have the same value as in vitro determinations. The finite amplitude method was used, 
with a substitutional procedure to improve accuracy. 

PACS numbers: 43.80.Cs, 43.80.Ev, 43.25.Ba, 43.25.Zx 

INTRODUCTION 

The extensive use of ultrasound in medical diagnosis 
and therapy has increased the need for better understanding 
of ultrasonic wave propagation in biological media. The as- 
sumption of the linear state equation of biological media, 
while analytically simple and practically appealing, may in- 
troduce significant error in describing ultrasonic propaga- 
tion in biological media.'-3 Details of the acoustic nonlinear- 
ity of biological media, in addition to providing significant 
information for accurate modeling of ultrasonic propaga- 
tion, provide for improved treatment planning of ultrasonic 
therapeutic applications, for correct interpretation of medi- 
cal diagnostic information results, and provides a parameter 
for tissue characterization. For all these cases, it is important 
to determine the nonlinearity parameter B/A in different 
tissues and for different tissue states. 

Much work has been done on the in vitro determination 
of B/.4 in a few mammalian tissues *-7 and it has been found 

that B/A ranges from 6.5 to 11. Since a major medical appli- 
cation of the B/.4 values will be for in vioo applications, it is 
considered essential to have available in oivo values, or at 
least to know the relation of in vitro measurements to in vioo 

applications. That is, it is presently not known how the vas- 
cular system influences the B/A value. In this letter, a set of 
results of in vioo and in vitroB/,4 values in cat liver is present- 
ed. 

I. MEASUREMENT METHOD 

The finite amplitude method was employed and modi- 
fied for the in oivo B/A determination. The technique has 
been described in detail previously. s'9 The method evaluates 
the magnitude ofB/A by measuring second harmonic gener- 
ation as a function of distance from the source, as 

B P•(x) 2poCo • e(•, + ---F2---- -- , 
A xP•(O) DIFF (x) •rf 

where x is the axial distance between the receiving trans- 
ducer and the sound transmitter, P2(x) is the second har- 
monic acoustic pressure averaged over the surface of the re- 
ceiving transducer, P•(0) is the fundamental acoustic 
pressure output of the transmitter, DIFF(x) is the diffrac- 
tion correction that is a function of the geometry of the trans- 
mitter and the receiver, Po is the equilibrium density of the 
medium, and c o is the infinitesimal wave velocity. Figure I 
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FIG. 1. Transducer-caliper assembly used in in vivo B/.4 measurement. The digital readout gives the separation distance between the transmitter and the 
receiver. 

illustrates the measurement system. The 3-MHz gated cw 
signal, 10 ps on and I ms off, is amplified and fed to the 
transmitter. Both transmitter and receiver are calibrated at 

the frequencies of 3 and 6 MHz at 30 *C. An HP 8557 A 
spectrum analyzer was used in the determination of both the 
fundamental and the second harmonic ultrasonic pressure 
amplitudes. Here, a• and a2, the absorption coefficients of 
the fundamental and second harmonic components, respec- 
tively, can be calculated from 

1 P, (x) 
ai = -- -- In (i = 1,2) . 

x Pi (0) DIFFi (x) 

The following method was employed to determine the speed 
of sound Co. The transmitted signal was fed into one channel 
of a Tektronix 2445 oscilloscope and the received signal into 
the other channel. The oscilloscope was operated in the de- 
lay mode and, by aligning the leading edges of the two sig- 
nals, the delay time could be obtained directly from the 
screen digital readout. The system was calibrated against 
degassed, distilled water, for which the speed of ultrasound 
is known, to determine the inherent delay of the system. 

A special caliper-transducer assembly was fabricated to 
provide convenient in vioo measurement lø (see Fig. 1 ). The 
two transducers are adjusted to be acoustically coaxial in the 
transmitting medium, viz., saline. A digital readout gives the 
separation distance of the two transducers. 

Cats of 6 to 9 lb were injected i.p. with sodium pentobar- 
bital (Nembutal, Abott Laboratories) at the dose of 0.3 ml/ 
lb body weight. The liver was exteriorized so that the caliper 
assembly could be positioned about the specimen to be ex- 
amined. The body fluid on the liver surface served as the 
acoustic coupling fluid. The velocity, attenuation, and sec- 
ond harmonic ultrasound pressure amplitude were mea- 
sured without moving the transducers from their original 
positioning and the in vivo B/A value was calculated from 
these measurements. 

The cat was sacrificed by injecting T-61 euthanasia solu- 
tion. The blood in the liver was partially drained by a cut in 

the liver near the observation point. During all these opera- 
tions, the relative position of the transducer assembly with 
respect to the liver specimen was maintained unchanged. 
Determination of the in vitro B/.4 value followed. Although 
the B/.4 determination procedure was the same herein, for 
both the in vivo and in vitro states of specimens, some earlier 
reports described a slightly different procedure in which the 
specimens and the transducers were submerged in saline? 7 

II. RESULTS 

Table I shows the results of in vi•o and in vitro B/A 

values measured in five cats, as described above. It is seen 
that blood circulation and blood content seem not to contrib- 

ute to the tissue B/A, within the experimental error. Al- 
though the uncertainty of the absolute determination of B/.4 
is estimated to be 8%, 7 it should be much less for the relative 
measurement. The in vitro B/A values of cat liver from this 

study, and those of mammalian liver from other studies, are 
given in Table II for completeness. 

IlL DISCUSSION 

These preliminary results are a first reporting of the re- 
lation of in vivo and in vitro B/.4 values of a mammalian 

organ. The finding of a lack of significant difference of in vivo 
and in vitro B/`4 values in cat liver may not necessarily mean 
that similar results will obtain for other organs of the cat or 

TABLE I. The B/.4 values of cat liver. 

Cat # In vi•o In vitro A(B/.4) 

I 6.9 6.9 0 
2 7.0 6.9 +0. I 
3 6.5 6.4 +0.1 
4 6.6 6.6 0 
5 7.0 6.9 
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TABLE II. Comparison of in vitro B//1 with literature values. 

Cat liver Beef liver Dog liver Human 
Animals (this study) Reft 7 Ref. 5 Ref. 6 

B/A 6.9, 6.9 7.5, 7.9 7.6, 7.9 7.6, 6.54 
6.6, 6.8 6.2, 8.0 
6.4 

for different pathological conditions of cat liver. Indeed, as- 
sumptions should not be extended even to normal liver of 
other animals, as supported by the entries of Table II. How- 
ever, it is implied that blood circulation in the normal cat 
liver has little influence upon the B/.4 value. More studies 
are needed to draw more general conclusions. Should the 
results hold in more complete studies, it may suggest that B / 
.4 values obtained in vitro are sufficient for treatment plan- 
ning and for interpretation of diagnostic results. 

ACKNOWLEDGMENTS 

The authors gratefully acknowledge the partial support 
for this research by the National Science Foundation and the 
National Institutes of Health. The authors also acknowledge 
helpful discussions with Professor L. A. Frizzell, assistance 

in surgery from K. Cames, and fabrication of the transducer 
caliper assembly by B. McNeill. 

•E. L. Carstensen, W. K. Law, N. D. McKay, and T. O. Muir, "Demon- 
stration of nonlinear acoustical effects at biomedical frequencies and in- 
tensities," Ultrasound Med. Biol. 6, 359 (1980). 

2S. A. Goss and F. J. Fry, "Nonlinear acoustic behavior in focused ultra- 
sonic fields: Observation of intensity dependent absorption in biological 
tissue," IEEE Trans. S0nics Ultrason. SU-28, 21 ( 1981 ). 

3W. K. Law, L. A. Frizzell, and F. Dunn, "Ultrasonic determination of the 
nonlinearity parameter B/A for biological media," J. Acoust. Sec. Am. 69, 
1210 (1981). 

4X. Gong, R. Feng, C. Zhu, and T. $hi, "Ultrasonic investigation of the 
nonlinear parameter B/.4 in biological media," J. Aeoust. Soc. Am. 76, 
949 (1984). 

sW. N. Cobb, "Measurement of the acoustic nonlinear parameter for bio- 
logical media," Ph.D. thesis, Yale University (1982), p. 83. 

6C. M, Sehgai, R. C. Bahn, and J. F. Grecnleaf, "Measurement of the 
acoustic nonlineadty parameter B/A in human tissue by a thermodynamic 
method," J. Acoust. Soc. Am. 76, 1023 (1984). 

?W. K. Law, L. A. Frizzell, and F. Dunn, "Determination of the nonlinear- 
ity parameter B/A of biological media," Ultrasound Med. Biol. 11, 307 
(1985). 

8F. Dunn, W. K. Law, and L. A. Frizzell, "Nonlinear ultrasonic wave 
propagation in biological materials," IEEE Ultrasonic Symposium Pro- 
ceedings (IEEE, New York, 1981 ), p. 527. 

*W. K. Law, "Measurement of the nonlinearity parameter B/A in biologi- 
cal material using the finite amplitude method and thermodynamic 
method," Ph.D. thesis, University of Illinois at Urbana-Champaign 
(1984), p. 113. 

mS. Ohtsuki, K. Soetanto, and M. Okujima, "System for measurement of 
ultrasonic speed of a living tissue with a probe of small transducers," Pro- 
ceedings 12th International Congress on Acoustics (Beauregard, Toronto, 
Canada, 1986), VoL II, p. F1-2. 

1637 J. Acoust. Soc. Am., Vol. 81, No. 5, May 1987 Letters to the Editor 1637 


