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Methods employed at the Bicacoustics Research Laboratory of the University.of
[T1inois for the determination of ultrasonic propagation properties of biological
media are described, with attention devoted to attenuation, absorption and veloci-

ty measurements of both Tongitudinal and shear ultrasonic waves.

These include

systems specifically for the ultrasonic characterization of soft tissues and for

solutions of biologically significant macromolecules.

Fach method is presented

in terms of theory, limitations, applicability, and possible sources of error.
Important new techniques from other Taboratories are also discussed.
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1. Introduction

A number of measuring techniques have been
developed, or are otherwise employed, at the
Bioacoustics Research Laboratory of the Uni-
versity of ITlinois in the research efforts as-
sociated with the propagation characteristics of
ultrasound in biological tissue, and toward a
basic understanding of the mechanism(s) re-
sponsible for the acoustic properties exhibited
by those tissues. These include specialized
systems for biological Tiquids and for soft
tissues which are capable of measuring attenua-
tion, absorption, and velocity of Tongitudinal
ultrasonic waves as functions of frequency, tem-
perature and, where appropriate, pH and ambient
pressure. In addition, a system is presently
being developed to measure the shear acoustical
properties of biological materials as a function
of frequency and temperature. These techniques,
thirteen in all, are described in this paper in
terms of parameters measured, theory, applica-
tion, precision/accuracy, frequency, and tempera-
ture range, so that each technique may be as-
sessed separately.

2. Attenuation and Velocity
Measurements in Soft Tissue

Attenuation of longitudinal waves in soft tis-
sue specimens are determined using the radiation
force, pulse transmission, and standing wave
techniques. Velocity measurements in soft tis~
sues can be made by observing the time of flight
of an acoustic pulse through a known path length

of a tissue sample, and by acoustic interferometry.

A. Attenuation: Radiation Force Method

The phenomenon of radiation force provides a
primary method for the measurement of the second
order quantities of intensity and power [1-47%.
Radiation force is a direct result of energy
transport by the sound wave, and is equal to the
time rate of change of momentum of the wave.
Thus a continuous wave incident on a reflecting
or absorbing object will produce a time inde-
pendent force on that object equal to, and in
the direction of, the time rate of change of
momentum. Consequently, a sensitive balance can
be employed to measure the radiation force exert-
ed by an ultrasonic beam incident on a suspended
target. It then follows that force, measured as
a change in tension of the suspending wire, on a
perfectly absorbing target intercepting a verti-
cally directed sound beam is

P (1)

where F is the measured change in tension of the
suspending wire, P is the time average power in-
tercepted by the target, and ¢ is the velocity

of propagation. Thus, in water, 1 milliwatt of
incident power will exert a force equivalent to a
weight of 67 ug, which is measured as an apparent
target weight change. Similarly, a perfectly
reflecting target intercepting a vertically
directed sound beam will produce a measurable
change in suspension tension, given as

Figures in brackets indicate Titerature
references at the end of this paper.



(2) preselected amplitude. The attenuation measure-

F:E 2 .
¢ ©0s°6 ment is repeated for other samples of the same
material, but of varying thicknesses. The mea-

where o is the angle between the beam axis and the sured attenuation values are then plotted versus
normal to the target surface. Consequently in sample thickness, and the slope of the resulting
water, when the target is inclined 45° to the ver- straight Tine yields the attenuation per unit
tical, the sensitivity of the balance is again 67 Tength of the specimen.
ug/m of intercepted power. Thus, a phase insensi-
tive, frequency independent technique for power and C. Velocity: Pulse Transit Time Method
intensity attenuation measurements becomes available
by interposing a tissue sample between the sound Velocity measurements in tissue can be made

source and the sound intercepting target, by deter-  simply by measuring the time of flight of an
mining that power lost or redirected with the tissue acoustic pulse over a known path length of the
sample in place compared with measured power with specimen [9,10]. Differential techniques should
the tissue absent [2,5,6]. Care must be taken to be used to minimize uncertainties in path length
insure that the system's sensitivity is actually that and time delay measurements, such as the uncertain-
that predicted for such idealized cases. The atten- ty of the actual Tocation of the active face of
uation present in the 1iquid media (water or physio- the transducer. If commercial transducers are
logical saline) will inevitably cause acoustic cemployed, additional allowances must be made for
streaming which will lead to systematic errors in ' the quarter-wave impedance matching layer on their
the power estimation. The streaming effect can be surface. Errors may be encountered in time of
minimized by positioning an acoustically transparent flight measurements of the acoustic signal in in-

barrier of, for example, stretched polyethylene, homogeneous media, such as tissues. Since a short
directly in front of the target. duration acoustic pulse contains a broad spectrum
A second possible source of error is due to the of components, the frequency dependent effects of
inherent insensitivity of the measurement system veTocity dispersion, attenuation, and multiple
to horizontal forces. For maximum accuracy, the phase shifts at tissue interfaces, can distort
main lobe of the sound beam should be directed and delay the signal [11]. Techniques which
precisely vertically. Because the beam may con- redy on the detection of the Teading edge of the
tain components of momentum in the plane perpen- received acoustic pulse for timing are prone to
dicular to the main lobe, the radiation force the greatest inaccuracies under such distortions.
balance method does not respond to all the energy
emitted by the source. As the temperature of the D. Velocity: Acoustic Interferometric
target increases due to the fact that energy is Method
being deposited in it, thermal expansion of the
target can introduce an error by virtue of in- Nearly an order of magnitude improvement in ac-
creasing its buoyancy and resulting in an apparent curacy can be realized by the use of acoustic in-
target weight change. The ultimate accuracy of terferometric techniques employing CW excitation
the radiation force balance method is Timited by [12,13]. By sandwiching the tissue sample between
noise associated with mechanical vibrations and transmitting and veceiving transducers, or between
atmospheric perturbations, which can be reduced by a transducer and a reflecting target, a standing
proper design considerations. However, in the wave is created in the tissue sample. It has been
presence of pressure gradients, the target is shown that tissue may be distorted in this manner
acted on by forces proportional to the target up to 25 percent without affecting the measured
volume, making a small target advantageous. velocity [12]. By monitoring the maxima and
minima of the received acoustic signal as the path
B. Attenuation: Pulse Transmission Method length is changed, the standing wave pattern and
the wavelength of sound in the tissue can be mea-
The pulse transmission technique is applicable sured. This information combined with the fre-
to measurements of sound pressure attenuation in quency employed for the measurement yields the
various types of biological specimens [7,8]. The velocity of sound in the sample. Alternatively,
instrumentation consists of a transmitting ultra- the path Tength may be held fixed and the frequen-
sonic transducer immersed in a bath (usually cy of excitation changed. The change in frequency
physiological saline) which serves as the acoustic  necessary to move from one mode in the standing-
coupling medium and aligned axially with either a wave pattern to the next is directly proportional
reflecting surface or a receiving transducer. The to velocity. The accuracy of such interferometric
associated electronic instrumentation provides an techniques, under tight temperature control, can

RF pulse to the transmitting crystal and also trig- reach about 0.1 percent.
gers the sweep of an oscilloscope a variable, but

selected, length of time after the initiation of E. Attenuation and Velocity: Standing

the transmitting pulse. An oscilloscope serves Wave Method

to display the amplified received signal. Measure-

ment of sound attenuation can be performed as fol- While the measuring techniques described above
Tows. First, with no sample in the ultrasonic may be applied to the measurement of the ultra-
path, the gain of the receiving amplifier is ad- sonic absorption and velocity of most biological
justed to give a signal display of a predetermined  tissues, some specimens require specialized
amplitude. Then, with the specimen in place, the techniques.

gain of the system is adjusted, either by increas- Lung, by virtue of its extraordinarily high
ing the receiving amplifier gain or by removing attenuation, presents some problems in determina-
electrical attenuation in the signal path, to com~ tion of its ultrasonic propagation properties.
pensate for the loss of acoustic energy in the The following method has been developed and yields
sample to bring the display trace to the same results in agreement with other similar ones [8].
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Briefly, the lung is suspended in the sound field
between the sound source and an absorption chamber,
to eliminate standing waves beyond the lung. The
transient thermoelectric probe [14] provides a
convenient acoustic detector to investigate (A)
the acoustic field between the specimen and the
source, to determine the axial standing wave pat-
tern, and (B) the acoustic field between the speci-
men and the absorption chamber, to determine the
wave amplitude transmitted beyond the lung speci-
men 15 (see fig. 1). Probing the field in A
yields the fraction of incident energy reflected
at the lung-saline interface. Assuming that in-
finitesimal wave acoustics prevails and that the
attenuation in the lung is sufficiently great that
multiple reflections within the specimen need not
be considered, the speed of sound in the Tung can
be obtained from

1
§WR>

where the p's are the known densities and SWR is the
observed standing wave ratio (between the source and
specimen) and is greater than unity. The attenua-
tion coefficient per unit path length is determined
from a knowledge of the energy reflected at the two
lung-saline interfaces, the thickness of the sample,
and the acoustic intensity detected by the probe in
B in accordance with the relation

(3)

(DV)]ung = (PV)saHne (

(4)

where I, and 1, are, vespectively, the acoustic in-
tensities at the lung-saline interface nearest to
and farthest from the source, 1 is the thickness

of the sample, and o is the attenuation coefficient.

3.

I, = Iye-201

Absorption Measurements
in Soft Tissue

The transient thermoeiectric method is well
suited for determining acoustic absorption in

position of probe
for determination
pC - rubber diaphragm

of absovrbed energy

sures directly absorption rather than attenua-
tion. As such it is invaluable in determining
the portion of attenuation due to absorption vis-
a-vis that portion due to scattering effects
[16,171.  The method requires that a thermocouple
junction of small diameter relative to the wave-
Tength be implanted in the sample. The thermo-
couple and surrounding sampie are then exposed to
a plane traveling wave ultrasonic field having a
temporally rectangular envelope of known intensity.
The typical thermoelectric emf response to a 1
second ultrasonic pulse has an initial fast rise
which results from conversion of acoustic energy
into heat by the viscous forces acting between
the thermocoupte wire and the sample. This por-
tion of the response approaches equilibrium very
quickly with a magnitude that depends mainly upon
the thermocouple wire radius, the viscous proper-
ties of the sample medium, the sound intensity,
and the frequency. The fast rise is followed by
a relatively linear rise (in the absence of
thermal conduction processes) that is a result of
absorption of the ultrasound in the surrounding
medium.  From a determination of the slope of the
Iinear portion of the thermoelectric emf response
as a function of time, the absorption coefficient
can be calculated using the following relation,

(

where o is the absorption coefficient (em™1), o

is the density (g/cm?), Cp is the specific heat at
constant pressure (cal/°C g), K is the mechanical
equivalent of heat (4.18 J/cal), I is the acoustic
intensity (W/cm?), and (dT/dt)y is the initial
time rate of change of temperature due to absorp-
tion in the medium (°C/s). Effects limiting the
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accuracy of the method include any changes of the
thermal properties of the tissue and/or the absorp-
tion itself with temperature. Provided the tem-
perature rise during measurement is on the order
of one degree or less these effects will be
minimal. Dunn [18] has indicated that the total
uncertainty in the determination of (dT/dt), is of
the order of 5 to 10 percent. In application of the
transient thermoelectric method the initial value
of o is determined by using the ultrasonic in-
tensity that would be present at the site of the
junction were the sample absent. The measured
depth of the thermocouple and the initial value of
a are then used to calculate intensity at the site
of the junction by correcting for absorption using
an iterative method [18] until the value of o con-
verges (note that if the value of a and/or the
depth of the thermocouple are too large, the value
of o will not converge).

This technique has been used at frequencies as
Tow as 0.26 MHz [19] and as high as 7 MHz [20] in
tissues, but modifications have been used to 2 GHz
in fluid media [21]. The Tower frequency limit is
determined by the value of the absorption, since
too low an o yields too Tow a temperature rise to
be detected accurately without having to increase
the exposing intensity to unacceptable levels.
Also, at low frequencies and absorptions the ini-
tial viscous heating portion of the transient
thermal emf may become a major portion of the
signal, making the subtraction process a relatively
erroneous one. At higher frequencies the limita-
tions on accuracy of the method, as described for
tissues, are imposed by (1) availability of broad
plane wave ultrasonic fields, (2) the size of the
thermocouple relative to the wavelength so that
the field is affected by scattering from the wire
and thermal conduction along it, and ultimately
by (3) nonconvergence in the iterative method of
depth correction due to high absorption. The lat-
ter two limiting effects have not yet been trouble-
some in the region of application. The method has
been found to be very useful and easily applied to
most tissues over the frequency range from 0.5 to
4.0 MHz.

4. Absorption and Velocity Measurement
in Biological Liquids

The primary mechanism(s) for the absorption of
sound in biological material seems to occur at
the macromolecular level. Carstensen, Li, and
Schwan [22] discovered that the acoustical proper-
ties of blood are determined largely by the
protein content, and that the absorption coeffi-
cient is directly proportional to the protein
concentration, whether in solution or within the
cell. Pauly and Schwan [23] have demonstrated
that nearly two-thirds of the ultrasonic absorp-
tion of beef liver lies at the macromolecular
level, with the remaining one-third due to struc-
tural features of the tissue. Since the primary
mechanism for the absorption of sound in tissue
seems to occur at the macromolecular level, it
has been instructive to investigate the acoustic
properties of simpler systems of macromolecules,
such as solutions of biopolymers, with the hope
that such studies may provide details applicable
to the more complex systems.

Three measurement systems have been used at the
Bioacoustics Research Laboratory to study acoustic
absorption and velocity of solutions and suspen~
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sions of biomacromolecules as functions of mole-
cular characteristics, pH, temperature, concentra-
tion, and frequency to aid in the elucidation of
the mechanisms of interaction between ultrasound
and biological tissues.
A. Absorption: High Frequency Method
(5 MHz to 200 MHz)

The high frequency system applies pulsed ultra-
sound to solutions for the purpose of measuring
absorption and velocity [24-26]. Two advantages
of pulsed ultrasound are that heating effects and
standing waves are virtually eliminated. Heating
is proportional to the mean power. Using a 10 us
pulse at a repetition frequency of 300 pps results
in a signal which is present for only 0.3 percent
of the time. Thus the average intensity is much
less than the peak intensity, and produces a
negligible temperature rise. Since the signal is
on for such a small fraction of the time, standing
waves are not produced. The basic technique was
first described by Pellam and Galt in 1946 [27].
Two transducers, arranged coaxially face each
other at opposite ends of a cylindrical tank. The
receiving transducer has its position fixed while
the sending transducer moves toward or away from
it at a constant speed. Assuming the relation
governing the process is

plo) e X

(6)
where p(x) is the wave pressure amplitude at the
distance x from the transmitting transducer, p(o)
is the pressure amplitude at x = o {i.e., at the
face of the transmitting transducer), and o is the
absorption coefficient, the natural logarithm of
the ultrasonic pressure amplitude is proportional
to the signal path Tength. The proportionality
constant, i.e., the absorption coefficient, can
be found by monitoring the pressure as a function
of intertransducer distance. A block diagram of
the system is shown in fiqgure 2. A pulsed rf
signal is amplified, passed through a variable

p(x)
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TRANSDUCER VOLTMETER
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Fig. 2. Block diagram of instrumentation used for

high frequency (5 to 200 MHz) ultrasonic
absorption measurements in biological
liquids.



attenuator, and impedance-matched to the sending
transducer. Both transducers are aiv backed,
gold-on-nickel plated X-cut quartz with a funda-
mental resonant frequency of, for example, 3 MHz,
and operated at their odd harmonics. The wave
passes through the Tiquid, where it is attenuated,
and impinges upon the receiving transducer. Some
of the ultrasound is then reconverted into an
electric signal, while the remainder is reflected
back through the Tiquid. A pulse height monitor
continually detects the voltage peak of the
primary signal (which is Tinearly proportional
to p(x)) as the transducers are moved toward, ov
away from each other, and converts it to its
natural logarithmic value. An on-line computer
samples the output of the pulse height detector
(a dc voltage proportional to the pulse height)
via a digital voltmeter, calculates the attenua-
tion coefficient, and corvects for diffraction
effects by the method of Del Grosso [28] yielding
the true absorption coefficient. Solute absorp-
tion is obtained by subtracting results of a sol-
vent measurement from a solution measurement.
Approximately one Titer of sample is required for
this technique, with measurement error in absorp~
tion of about 5 percent over the approximate
frequency range 3 to 200 MHz. Greater errors oc-
cur in Tow absorbing Tiquids at Tow frequencies
and are mainly due to relatively large diffraction
effects.
B. Velocity: High Frequency Method

The acoustic velocity can be determined in the
high frequency system to within 0.1 percent by
measuring the period of the wave in the Tiquid.
This is accomplished by superimposing a reference
signal on the received signal, which results in
an interference pattern. [If the acoustic path
length is changed at a constant rate, V,, the
period of this pattern is T = (A/V.) whbre 2 1s
the acoustic wavelength. Since » ® ¢/f, where f
is the excitation frequency, the acoustic velocity

is given as ¢ = TfV,. The period T is measured
using a time 1ntervg1 counter to determine the

time required for the interference signal to go
through a greater number (100) of maxima.

C. Absorption: Low Frequency Method
(0.3 MHz to 20 MHz)

In the frequency range of 0.3 to 20 MHz, a
pulse technique developed by Schwan and Carsten-
sen [29] is employed in order to avoid having to
make unreasonable corrections for effects of dif-
fraction phenomena. A sending and a receiving
transducer face each other; the former is in the
reference liquid and the Tatter in the test liquid
(see fig. 3). An acoustic window separates the
two Tiquids. The distance between the trans-
ducers remains constant while the entire trans-
ducer ensemble is moved horizontally at a constant
speed from a position such that the acoustic path
is primarily in the test Tiquid to a position such
that it is primarily in the reference Tiquid. The
reference Tiquid 1s chosen to be dispersionless
and acoustically well characterized with a sound
velocity as near to that of the unknown as pos-
sible. Water is an appropriate choice for dilute
aqueous solutions. Since the path length is
constant, diffraction effects, due to the in-
equality of the velocities in the two liquids,
are corrected by a computer using the method of
Del Grosso [281. Liquid volumes of 1 to 4 titers
are used in each chamber, depending upon frequency.
As with the high frequency system, measurement
error ranges from 2 to 10 percent. The pressure
amplitude in the receiving transducer is given by

(7)

where p. is the pressure amplitude at the sending
transducer, and the other symbols are described
by figure 3. This equation can be rewritten as

Tn pp = Inpg - o, d + i o, )% (8)
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Figure 3.

Schematic diagram of apparatus used for ultrasonic absorption and velocity measurements

at Tow frequencies (0.3 MHz to 20 MHz) in biological liquids [24].
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aqd a, can be obtained graphically from the slope
since o, is known,

As the acoustic window (polyethylene) reflects
a negligible, but constant amount of the acoustic
energy, it will affect the results only by chang-
ing the intercept, i.e., the slope is not affect-
ed. Signal processing to obtain the desired
absorption coefficient closely resembles that
used in the high frequency system, described
above [14,24].

D. Velocity: Low Frequency Method

Velocity of the acoustic wave can be determined
with the Tow frequency system to 0.01 percent
[30] by superimposing the received and reference
signals in the same fashion as was done for the
high frequency system. If the velocities in the
test and reference liquids are different, moving
the transducer assembly will change the acoustic
path length. By observing the interference pat-
tern on the oscilloscope, one can position the
transducers such that a maximum occurs. If this
is position 1 in figure 3, the number n, of
acoustic wave lengths between the transducers is
given by

d - x
Ay

(9)

n = +_~).(.
)\X

If the transducers are moved a distance, ax, such
that the interference pattern undergoes an inte-
gral number, m, of 2 phase shifts, the above ex-
pression becomes

=4 xt Ax & X X

>\w Ay

(10)

ntm

where the positive sign applies when the velocity
in the test liguid is Targer than that of the re-
ference liquid, as is usually the case. Eliminat-
ing n between these equations, expressing wave-
lengths in terms of velocity and freguency, and a
rearranging of terms yields

C
W

X - c,m
1 J_f__w__
FAX

(11)

Note that some other procedure must be performed
to determine the correct sign.

E. Absorption and Velocity Measurements
in Small Liquid Volumes:
Resonant Cavity Method

The various methods for determining the acoustic
propagation properties of liquids discussed thus
far were devised with 1ittle consideration for the
volume of material necessary for measurement. The
minimum volume required in the high frequency
system is 500 m1, with greater volumes generally
required at lower frequencies to avoid effects due
to diffraction phenomena. The necessity for having
such large volumes available becomes a serious
problem when biological macromolecules are to be
treated in solutions (usually in concentrations of
10 percent by weight), since only a few can be
examined within the bounds of reasonable economics.
It is possible to reduce the specimen volume to
less than 50 ml using a resonance technique origi-
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nally developed by Eggers (31}, which employs two
X-cut quartz disks, with a fundamental frequency
of the order of 2 MHz, separated by a lucite ring,
and forming a cylindrical cavity in which the
specimen solution is placed. One transducer
serves as a transmitter, and the other a receiver.
When the transmitting transducer is excited with a
sinusoidal voltage, standing waves in the specimen
solution result at particular frequencies fn that
obey the resonance equation

'le f
n _ ~tan n 'n

pqCqtan ?a_'" PsCs [;otaé] 2 fg (12)
where o4 and ¢, are the density and speed of
sound in the qﬂartz transducers, and P and ¢
are the corresponding quantities in the solution.
The fundamental frequency of the transducer is
fgqs and of the Tiquid-filled cavity, fg. At the
resonant frequencies f,, the receiving trans-
ducer registers pronounced voltage peaks, whose
frequency separation depends on the sound velo-
city of the specimen solution, and the half-
power (3 dB) bandwidth Af of which is related to
the attenuation per wavelength, ax. Eggers
[31,32] has shown that the velocity of sound v
in an unknown medium may be related to the velo-
city of sound in some reference medium v, by the
expression

1+ 2(Dele = Dplp
fef r

fqlq

r r

<] <
-
juw]
B

(13)

where Z¢ and Z,. are respectively, the acoustic
impedance of tﬁe unknown and reference medium,
and D¢ and D, are the respective separations in
frequency units between adjacent resonances for
the 1iquid and reference media, and f, and Z
respectively, are the frequency of th8 quartg and
its acoustic impedance. Equation 13 may be ap~
proximated by a simpler expression (with a dif-
ference of only a few parts per thousand) as

L (14)
Cf fn

where dcg is the velocity difference between the
unknown and reference media, 8f, is the difference
between corresponding resonances, and c¢ is the
velocity of the reference medium at a frequency
fn. In general, velocity measurements are more
difficult to perform than absorption measurements
due to temperature drift and other instabilities
of the unit. The attenuation of the specimen
solution may be calculated from the examination
of the quality factor Q of the liquid filled
cavity, defined as the frequency f, divided by the
3 dB bandwidth, af,, of the resonance. This quali-
ty factor is a function of the mechanical clamping
and the attenuation per wavelength o) of the ultra-
sonic energy and is expressed as,

= __ﬂ__= ._ﬂ_
Q= A‘Fn oA (15)
The measured Q, however, includes Tlosses associat-
ed with attenuation in the solvent, as well as
those arising from diffraction, wall effects, im-
perfect reflections at the quartz surface, etc.,



in addition to the desired excess attenuation due
to the solute.
are additive [32], the measured quality factor Q
is given by

1
Uneas

1
Qextra

.1

+
Qso]ute

(16)

where Qsolyte is the quality factor due to sound
absorption in the solute, and Qgxtra incliudes sol-
vent and other cell Tosses previously discussed.
The excess solute absorption can be obtained by
means of a reference measurement in the same cell
at the same frequencies with the reference 1iquid,
having equal or very similar sound velocity to in-
sure the same sound field pattern for both mea-
surements. The excess absorption per wavelength
in the specimen solution is then obtained from

afg - afy
(“M)excess =" <““7? >

n

(17)

where 6f¢ and Af,. are the corresponding 3 dB
bandwidtﬁs of the nth resonant peak in the sample
and reference 1iquid, respectively. The applica-
tion of an overpressure (usually about 10 psi)
causes a slight concavity of the transducers,
which reduces diffraction and boundary effects,
and thereby reduces the minimum frequency of
measurement [331. This technique has been used
in our Taboratory over the frequency range from
0.5 to 10 MHz.

5. Absorption and Velocity Measurements
of Shear Waves in Biological Specimens

A system based on a pulse superposition tech-
nique allows measurement of the shear acoustical
properties of biological materials of interest
[34]. The technique involves phase-amplitude
balance to measure the magnitude and phase angle
of the reflection coefficient of a shear wave
impinging on a quartz-sample interface, and using
the known impedance of the quartz, the complex
shear specific impedance of the sample being in-
vestigated is obtained [35]. From the shear im-
pedance and density, it is possible to calculate
the dynamic shear stiffness u,, dynamic shear
viscosity py, shear velocity cg, and shear absorp-
tion coefficient ag as shown in the following
relationships:

2 2
u = Rs - X (18)
P
uy = 2Rsks (19)
wp
2 2
e = Rs + Xg (20)
- pukg (21)
S

wheye p is the density, w is the angular frequency,
Rg 1s the real part of the specific shear acoustic

Assuming all of these energy losses
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impedance and Xs is the imaginary part of the
specific shear acoustic impedance. This method
has been used to measure the shear acoustic prop-
erties of tissues and other biological specimenc
[36-38]. An improved system utilizing a gated
carrier as opposed to a pulsed oscillator approach
and an improved ultrasonic unit of beveled AT
quartz is being developed that will be useful
over the frequency range from 2 to greater than
20 MHz and for temperatures from 10 to 40 °C.
These and additional improvements should provide
accuracies for the real and imaginary parts of the
specific acoustic impedance within + 100 me ch~ohm/cm?
at 10 MHz, allowing more accurate measurement of im-
pedance close to that for water.
6. Concluding Remarks

The measuring techniques for ultrasonic absorp-
tion, attenuation and velocity in biological speci-
mens discussed above have been only those utilized
at the Bioacoustics Research lLaboratory. There
are, however, techniques employed elsewhere which
may provide the same information in a more effi-
cient manner. For example, the above discussed
methods provide information at discrete frequen-
cies and loci, or, for spatial averages. Spec-
trum analysis methods [39-41] have been promoted
to permit measurements over a somewhat broadened
frequency range. The measurement of the spatial
distribution of ultrasonic properties such as at-
tenuation or velocity within a specimen may be
possible using the algebraic reconstruction from
two-dimensional acoustic projections [42,43}, al-
though only velocity reconstruction has been con-
sidered practical so far.

Recent studies have also considered improve-
ments regarding possible error in established
methods of ultrasonic parameter measurements.
Artifacts in acoustic attenuation due to phase
cancellation effects have been described by
Marcus and Carstensen [6], who compared a piezo-
electric receiver (phase-sensitive) with a
radiation-force receiver (phase-insensitive), and
also by Busse et al. [44]1, comparing the piezo-
electric receiver with an acousto-electric re-
ceiver. Both studies found that measurements
using piezoelectric (phase-preserving) receivers
yielded higher apparent attenuation values than
those obtained using phase-insensitive receivers.
Phase cancellation artifacts are thought to be
the source of this error.
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