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Abstract—This experimental study is an extension of a previous investigation of finite amplitude ultrasound
absorption at 1 MHz fundamental frequency in freshly excised rat liver at 37°C (Fry et al. 1989). The work
reported here includes measurements of the absorption as a function of intensity under a variety of conditions
(temperature, pressure, and tissue state). The maximum intensity employed in the investigation (700 W/cm™2%)
corresponds to a shock parameter of approximately 1.7 based on previous characterization of the acoustic field
which established that shock (¢ = 1) occurred in the range 225 W/cm™2 to 275 W/cm ™2 (Fry et al. 1989). Of the
three temperatures chosen for the thermal study (30°C, 37°C, and 41°C), the only statistically significant
differences (p < 0.05) in absorption were between the 30°C and 41°C data in the intensity range just above o = 1
(300-500 W/cm2). The intensity-dependent absorption coefficient was also determined for excised liver under
hyperbaric conditions and for liver in situ at 37°C. At a pressure of 350 psi, the absorption was generally less than
at atmospheric pressure. In situ liver at 37°C had a lower absorption above 200 W/cm2 than freshly excised
liver, but the difference was only significant between 200 and 300 W/cm™2 and between 600 and 700 W/cm™2.
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INTRODUCTION

Numerous investigations of the absorption and atten-
uation of liver for linearly propagating waves have
been published (Frizzell et al. 1979; Bamber and Hill
1979; Goss et al. 1979; Parker 1983; Lyons and
Parker 1988). Previous studies with unfocused (Car-
stensen et al. 1981; Carstensen et al. 1982) and in-
tense focused (Goss and Fry 1981; Fry et al. 1989)
ultrasound at low megahertz frequencies have been
concerned with determination of the absorption and
attenuation coeflicients in liver as a function of in-
tensity at a single temperature. The experimental
work reported here includes measurements of ab-
sorption of linearly and nonlinearly propagating
waves under a variety of conditions (temperature,
pressure, and tissue state). The absorption of tissue at
30°C, 37°C, and 41°C was measured to determine
the effect of temperature. These measurements were
made to compare the linear and nonlinear absorption
at 37°C (normal body temperature) to those under
hyperthermia conditions (41°C). Differences in ab-
sorption could be of significance to the practice of
therapeutic hyperthermia. The measurements at
30°C were made to aid in comparing the absorption
at normal body temperature to that at a much lower
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temperature typical of that used in some in vitro stud-
ies. In addition, the absorption of excised liver under
hyperbaric conditions and of exteriorized liver have
been completed to determine the effect of cavitation
and tissue excision on the measurements. By elevat-
ing ambient pressure, cavitation effects can be greatly
reduced. Knowledge of the presence or absence of
cavitation is important in understanding sound fieid
effects in body tissues subjected to shock waves. Since
the majority of absorption measurements are made
on excised tissue specimens, it is important to know
how such measurements compare to those in which
blood flow is intact. Exteriorizing the liver on the
abdominal wall permits absorption measurements
with intact blood flow.

MATERIALS AND METHODS

All fresh excised rat liver preparations and
acoustic field measurement techniques for absorp-
tion studies have been previously documented (Fry et
al. 1989). In summary, rat livers (approximately 5
mm thick and 1.5 cm in lateral dimension) were
placed in degassed Ringers solution. Ultrasonic ab-
sorption measurements were performed using the
transient thermoelectric technique. These measure-
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ments started within 10 min after excision and were
completed within 2 h. Studies have shown that ab-
sorption measurements remain essentially the same
over this time period. A chromel-constantan thermo-
couple (76 um diameter) was threaded into the liver
so that the depth of the thermocouple junction was
approximately 2 mm to 3 mm from the surface.
Sound field intensity was determined using a 2 mm
diameter steel ball radiometer (Dunn et al. 1977).
Sound field intensity for the temperature study was
based on steel ball calibrations at each temperature.
All intensities quoted are spatial-peak temporal-peak
(SPTP).

The equipment used for absorption measure-
ments at atmospheric pressure was identical to that
used previously (Fry et al. 1989) (Fig. 1). The 1 MHz
spherical disk source had a diameter of 7 cm and a
radius of convergence of 20 cm. The —3 dB focal
region had an axial diameter of 9 cm and a lateral
diameter of 4.65 mm in the linear intensity range
(below 100 W/cm™2). For the hyperbaric study, a
specially constructed pressure tank was filled with
mammalian Ringer’s solution maintained at 37°C.
The transducer housed in the pressure chamber uti-
lized a duplicate of the transducer crystal used at at-
mospheric pressure. The transducer housing was
modified to avoid a pressure drop across the trans-
ducer element which would distort the acoustic field.
The pressure chamber had a thick glass window so
that the steel ball calibration could be performed
under the full pressure conditions. Freshly excised
liver was suspended in the pressure chamber and at-
tached to a three-axis orthogonal coordinate system.
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The axes of this system were mechanically controlled
from outside the chamber. The liver with embedded
thermocouple was located in the focal center of the 1
MHz sound beam by plotting the three-dimensional
field using the thermocouple output. The absorption
coeflicient as a function of intensity was determined
at atmospheric pressure prior to pressurization. The
pressure was increased to 350 psi by introduction of
nitrogen gas. The focus was relocated (there was a
shift of no more than 0.2 mm in the focal center due
to the increased pressure) and the absorption mea-
surements were repeated. The pressure was then re-
duced to atmospheric pressure, the thermocouple re-
centered in the beam, and a final absorption mea-
surement made.

For the exteriorized liver absorption coeflicient
measurements, the rat was anesthetized by injection
of 10% thiopental and the liver exteriorized on the
ventral side. The thermocouple was inserted in the
liver in a manner similar to that used for the excised
liver (Fry et al. 1989). The rat was partially sub-
merged in the tank filled with 37°C Ringer’s solution
and the liver was positioned at the focus.

The absorption data were statistically analyzed
to determine the relationship between absorption, in-
tensity, and a variety of other factors (i.e., tempera-
ture, pressure, and tissue state) using a two-factor
analysis of variance (ANOVA). The intensity and the
factor of interest in each experiment were the inde-
pendent variables in the ANOVA. In all cases the
ANOVA vyielded a statistically significant (p < .01)
interaction term. This indicated that the intensity-
absorption relationship was not parallel for the factor
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Fig. 2. Pressure absorption coefficient as a function of focal
intensity at 30°C (O) and 37°C (O) with the standard error
of the mean (SEM) shown for each intensity level.

levels (e.g., hyperbaric versus atmospheric pressure).
Therefore, the F-tests for the overall test between the
groups were not helpful in determining if the factors
affected the value of the dependent variable. The data
were divided into 100 W/cm™2 segments (i.e., 0-99
W/cm™2; 100-199 W/cm ™2, etc.). To determine
whether the factor had an effect, mean differences
were examined at each intensity level. Results were
correlated for multiple testing using the Bonferroni
imequality. Variance in the data is reported as the
standard error of the mean (SEM). The data have
been plotted at the mean values of intensity and ab-
sorption for each intensity interval.
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Fig. 3. Pressure absorption coefficient as a function of focal
intensity at 30°C (O) and 41°C (A) with the SEM shown for
each intensity level.
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Fig. 4. Pressure absorption coefficient as a function of focal
intensity at 37°C () and 41°C (A) with the SEM shown for
each intensity level.

RESULTS AND DISCUSSION

For the temperature study, measurements of the
absorption as a function of intensity were performed
at 30°C, 37°C, and 41°C. At linear intensity levels,
the absorption coeflicients at all three temperatures
were 0.034 cm™' t0 0.038 cm™! (Figs. 2-4). In general,
between 100 W/cm™2 and 500 W/cm™2, the absorp-
tion was lower at the lower temperatures. No signifi-
cant differences in absorption were found between
the data at 30°C and 37°C (Fig. 2) and between data
at 37°C and 41°C (Fig. 4). Significant differences (p
< 0.05) were observed at the two intensity levels be-
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Fig. 5. Pressure absorption coeflicient as a function of focal
intensity at atmospheric pressure ({J) and at 350 psi (O) at
37°C.
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tween 300 W/ecm™2 and 500 W/cm ™2 for the data at
30°C and at 41°C (Fig. 3). Absorption differences
above 250 W/cm™2 are particularly of interest since
this is above the ¢ = 1 intensity range (Fry et al.
1989). The mean ratio of the linear absorption coeffi-
cient in rat, bovine, and sheep liver at 25°C to that at
37°C has been reported to be in the range of 1.09 to
1.2 for 1 MHz irradiation (Frizzell 1984; Ibbini and
Frizzell 1985). Our measurement of the ratio of the
linear absorption at 30°C to that at 37°C was 1.12,
although this difference was not found to be signifi-
cant.

Absorption measurements at 37°C and 350 psi
demonstrated a significant difference from measure-
ments taken under atmospheric conditions at four
intensity levels (0-99, 200-299, 400-499, and
500-599 W/cm™?) (Fig. 5). The slightly higher ab-
sorption at atmospheric pressure may be the result of
cavitation activity. Although the major vessels in the
liver were clamped prior to excision and the tissue
was excised and mounted in the holder while sub-
merged in degassed Ringer’s solution (Fry et al.
1989), the introduction of gas and its effect on the
absorption cannot be completely discounted. Auto-
lysis of the tissue during in vitro experimentation may
be an additional source of gas in the tissue (Bamber
and Hill 1979), although as previously stated no ab-
sorption measurements were made after 2 h post-ex-
cision.

The absorption in exteriorized (in situ) and in
freshly excised liver showed significant differences at
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Fig. 6. Pressure absorption coefficient as a function of focal
intensity for freshly excised ([J) and exteriorized (<) liver at
37°C.
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Fig. 7. The composite absorption coefficient as a function

of focal intensity used in Fry et al. (1989) (——) is com-

pared to the absorption coefficients in liver at 37°C from

the temperature study (), at atmospheric pressure from

the hyperbaric study (¢), and for excised tissue from the
tissue state study (+).

three intensity levels (Fig. 6). Between 0-99 W/cm ™2,

the absorption in exteriorized liver was higher, while
from 200-299 W/cm™2 and from 600-699 W/cm ™2
the absorption in excised liver was higher. In general,
above 125 W/cm™2 the absorption was slightly greater
In excised liver.

Over the course of this three-year study, three
sets of absorption data on excised liver at 37°C and
atmospheric pressure were collected. For the temper-
ature study, data on absorption were collected at
37°C (Fig. 2). For the hyperbaric study, data were
coliected at 37°C and atmospheric pressure (14.7 psi)
(Fig. 5). For the exteriorized liver study, data were
also collected on excised liver at 37°C (Fig. 6). The
linear absorption coeflicients from these three studies
ranged from 0.034 cm ™! t0 0.037 cm ™! (Fig. 7). In the
nonlinear intensity range, there was more variation
between the three studies in the absorption values.
The composite data are in general agreement with the
data at 37°C. For thermocouple absorption measure-
ments, the degree of repeatability seen over a three-
year time span was reasonable. Data were gathered
for each of the studies in a shorter time frame so that
any differences in absorption can be attributed to the
specific tissue environmental change.

The experimental absorption data in our pre-
vious investigation (Fry et al. 1989) were a compila-
tion of results from the three aforementioned studies
(temperature, hyperbaric, tissue state).
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CONCLUSION

The absorption coeflicients of liver have been
determined as a function of temperature, pressure,
and tissue state at 1 MHz for intensities up to at least
700 W/cm ™2 (¢ ~ 1.7). The composite absorption
coefficient from the three studies at 37°C was 0.038
+ 0.001 Npcm ™' at linear amplitudes (below 100
W/cm ?). The absorption in liver at 30°C was gener-
ally lower than at 37°C or 41°C. There was no signifi-
cant difference in the absorption at 37°C and 41°C.
These results indicate that differences in temperature
in the 37°C to 41°C for the intensity range studied is
not of importance to hyperthermia. The absorption
of liver at atmospheric pressure was in general slightly
higher than liver under 350 psi of pressure, suggesting
a component of absorption due to air in the tissue.
Cavitation at these intensities if present raises the ab-
sorption by at most some 10%, which might be con-
sidered to be somewhat minimal for therapeutic ap-
plications. The absorption in exteriorized liver with
intact blood supply and excised liver were not greatly
different. At the three intensity levels where the ab-
sorption differed, the excised tissue absorption was
greater than the exteriorized tissue above ¢ shock in-
tensities but less at intensities below 100 W/cm™2,
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