CHAPTER 3

ABSORPTION AND DISPERSION OF
ULTRASOUND IN BIOLOGICAL MEDIA

Floyd Dunn, Peter D. Edmonds, and William J. Fryti

1. INTRODUCUTION

After the introduction of the piezoelectric element into acoustics by
Langevin [1918] and the subsequent rapid development of electronics in
the next 30 years, it became feasible to construct instruments for precise
measurement of the velocity of propagation and the absorption coefficient
of ultrasonic waves. A notable advance occurred after 1945 when the
adaptation of radar techniques yielded pulsed ultrasonic equipment operating
in the multimegahertz range. Since that time numerous techniques have
been developed which permit utilization of ultrasound in the frequency
range from about 2 X 10 Hz (the arbitrary boundary with the “sonic” range)
to 10° Hz. The extension of the effective range to 10'* Hz can be foreseen
with the further development of Brillouin scattering techniques (Chiao and
Stoicheff, 1964; Benedek et al., 1964).

Two distinct groups of investigators pursuing their individual research
interests have employed ultrasonic methods in biologically oriented studies.
On the one hand, these techniques have been employed as a means of
studying fast physical and chemical reactions, with the objective of obtaining
detailed information about the time course of overall and intermediate
reactions for the complete kinetic description of reaction mechanisms (Eigen
and de Maeyer, 1963; Eigen and Hammes, 1963). Ultrasound offers access
to the determination of time constants, ranging from 10~2 to 10~° s, for the
approach to equilibrium by physical-chemical reactions for which both
reactants and products are present in comparable concentrations. It is of
interest to note that the fastest rate constant for a diffusion-controlled reac-
tion is 10 I/(mole)(s) for H* recombining with OH~ in water. In combina-
tion with stopped flow, pressure—and temperature—jump, and pulsed

T The authors gratefully acknowledge the support of the foilowing organizations for
portions of the work, described in this chapter, accomplished in the laboratories with which
the authors are affiliated: Aero-Medical Laboratory of the Wright-Patterson Air Force Base,
American Thoracic Society, Office of Naval Research, National Institutes of Health,
National Science Foundation, University of Illinois, and University of Pennsylvania.

1 Deceased July 21, 1968.
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206 BIOLOGICAL ENGINEERING

electric field methods, ultrasound and Brillouin scattering methods bridge
the considerable gap in time constants which cannot be determined by the
more conventional mixing procedures (7, > 10~® s) and the spectroscopic
techniques (7, < 1072 s).¥

Biochemical reactions involving macromolecules are remarkable for their
high degree of specificity. In the presence of a large variety of available
chemical substances, only a single one may be selected for a specific chemical
reaction in the course of a biochemical sequence. This behavior is distinctly
different from the variation in chemical reactivity observed for reactions of
simpler chemical species. Therefore, much attention is centered on “active
sites,” i.e., regions of the exterior of macromolecules where specific recogni-
tion of molecular species and subsequent reactions are envisaged to take
place. Such sites and generally the entire exterior of a macromolecule will
be hydrated, since by binding a layer of relatively immobile water to its
exterior, a macromolecule becomes a soluble entity in an aqueous environ-
ment. Thus the exteriors of biological macromolecules tend to be hydro-
philic, while hydrophobic regions tend to be buried in the interior, thereby
achieving remoteness from the aqueous environment.

As a result of hydration, reaction at an active site will require initial dis-
turbance of, or reaction with, water molecules and may involve any ionic
species that may be present in the vicinity. Such disturbance or reaction
may be involved in one or more of the intermediate steps in the overall

" reaction scheme at the site in question. It is within the realm of profitable
investigation to consider the details of these and other intermediate steps
in certain reactions (Eigen and Hammes, 1963). As examples we may cite
enzyme-substrate reactions, which include those responsible for the feedback
control of important metabolic cycles; the interaction of small molecules
such as O,, CO, H,0 with hemoglobin, which is a constituent part of the
heme-heme interaction problem concerning the transport of oxygen by the
blood; the conformational changes concerned in the denaturation of pro-
teins and the transport of hydrated ions through membranes.

On the other hand, the second group of investigators who have required
ultrasonic velocity and absorption measurements have been those concerned
with the use of ultrasound for fundamental studies in cellular organization
(Fry et al., 1966) and as tools in medical practice. In medical diagnosis, a
pulse-echo technique is employed to obtain information regarding the static
and dynamic state of gross tissue structures (Franklin, Schlegel, and Rush-
mer, 1961; Howry, 1957; Holmes, 1964; Reid and Joyner, 1965). As a
therapeutic agent, ultrasound is utilized in two distinct ways: first, as a deep
heating agent wherein low intensities (about 1 W/cm? or less) are employed

t A list of symbols is given in Appendix A.
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(Aldes, 1957) and secondly, as a selective tissue-modifying agent, wherein
very high intensities (approximately 10*° W/cm®) are used in the form of
pulses of short duration (about 1 s) (Fry and Meyers, 1962). For the
successful employment of all these techniques it is essential to have available
detailed information on the bulk acoustic properties of specific tissues. More
detailed information relating to the modes of interaction of ultrasonic energy
with tissue structures is continually being sought.

Although this chapter is not intended to be a comprehensive treatment,
the authors have attempted to produce a survey of the pertinent data on
ultrasonic velocity and absorption, which bears on the entire spectrum of
biological interest. This ranges from the acoustic properties of water to
those of discrete tissue structures. The chapter is organized as follows:
First, in Sec. 2 ultrasonic fields are described in terms of the basic physics
necessary to relate the physical parameters to the propagation parameters;
special emphasis is placed here on absorption mechanisms. Also included
in this section are brief discussions of effects at large acoustic amplitudes.
Section 3 is devoted to selected methods of measuring acoustic velocity and
absorption for liquid and liquidlike media. It includes discussions of preci-
sion and limitations of the methods and a brief account of the technology
of transducers. Section 4 summarizes available acoustic data on aqueous
solutions of amino acids, peptides, polypeptides, proteins, and nucleic acids,
on liquid media during phase transitions between states, and on tissues. It
includes interpretations, where possible, in terms of specific mechanisms of
absorption, and distributions of relaxation spectra, etc. The brief concluding
remarks indicate deficiencies in our present knowledge with a view to suggest-
ing future directions for fruitful research.

2. PHYSICAL DESCRIPTION OF ULTRASONIC FIELDS
Development of Propagation Relations

The propagation of an acoustic disturbance or the presence of an acoustic
field in an elastic medium is characterized by changes in a number of the
physical variables that describe the state of the system or medium. Examples
of these variables are the pressure, temperature, and density. Fora traveling,
sinusoidal plane wave propagating in the positive direction of the x axis
(when no attenuation of the waves occurs because absorption of energy by
the medium is absent), the changes in the physical variables can each be
expressed in the form of Eq. (1), provided that the medium responds linearly
to the stresses imposed upon it.

g = Q cos w(t — ;) or g = Re (Qefott==/) 1)
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In this equation g designates any one of the variables that undergoes
sinusoidal change owing to the presence of the disturbance in the medium,
and Q designates the amplitude of the cyclic changes in that variable; ¢ and
x are the time and space coordinates, w is the angular frequency (w = 2xf),
JSis the frequency, and v is the free-field velocity, i.e., the propagation velocity
of a plane wave traveling through a liquid medium of infinite extent.
Equation (1) is one solution, namely, that representing a wave traveling in
the positive x direction, of the one-dimensional elastic wave equation as it
applies to an ideal, linear, homogeneous, perfectly elastic (dissipationless),
liquid medium:

2 2
o _ 1o .
t poBs 0x* :

In this equation £ is the instantaneous displacement of an element of volume
of the medium, fg is the adiabatic compressibility of the medium, and p,
is the mean density of the medium. This approximation to the more general
hydrodynamical equation is valid under conditions that permit linearization,
that is, when the velocity amplitude, & = (9£/0¢),,,,, of the elementary
volume element is small in comparison with the velocity of sound propaga-
tion, and when the adiabatic compressibility, which is the reciprocal of the
adiabatic elastic bulk modulus X, is not significantly dependent upon pressure
over the range of pressure variations present in the acoustic field. Since
sound propagation is very close to an adiabatic process at all frequencies
of interest, the adiabatic compressibility is a significant parameter in the
description of sound propagation. It is related to the free-field sound
propagation velocity for compressional waves as follows:

1 y GG,

=792 = = =
Poﬁs poBr PoBr

1

3)

The velocity of propagation can be expressed, as indicated in Eq. (3), in
terms of the isothermal compressibility f, by introducing the ratio of specific
heats. Clearly a measurement of the velocity of propagation of a plane
compressional wave can be interpreted immediately to yield the adiabatic
compressibility of the medium if the density is known; and if the value of
v is also known, the isothermal compressibility can be determined.

Equation (2) is a special case of the more general wave equation which is
applicable to three-dimensional propagation:

P 1
ot* PoBs

Solutions of Eq. (4) include not only waves propagating in the positive r
direction, away from the origin, but also those propagating in the negative
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r direction, i.e., toward the origin. All are represented when the 4 sign is
placed in the exponent for one-dimensional propagation, e.g., '

& = B (r)eftor=kn )

The wave vector k which appears in the solution is related to the angular
frequency and the propagation velocity as follows:

w 2
k =k k=—=— = fA 6
" v A b=/ ®)
Equation (4) is itself a specialization, applicable to fluids of the type
indicated, of the following wave equation describing propagation of dis-
turbances in a dissipationless, isotropic, elastic solid:
0? K+ 456
P K+ ¥0gy. e guxvxe ™
o Po
The specialization for fluids is obtained when the modulus of shear rigidity
G is set equal to zero which is true for lossless fluids, since the latter are
characterized by an inability to support an elastic shear strain.
It is possible to express the displacement vector as the sum of terms
involving a scalar potential ¢ and a vector potential ¢:

E=V4+Vxd @®)

For irrotational motion, such as in a plane compressional wave of infinite
lateral extent, the vector potential ¢ = 0, and only the scalar displacement
potential ¢ remains; that is,

E=V¢ (92)

The time derivative of the displacement potential is obviously the velocity
potential ¥, i.e., 3
a7
These potentials are fundamental functions (analogous to electric field
potentials) in terms of which acoustic field parameters may be expressed.
Returning to a consideration of the simple plane wave propagating in an
ideal isotropic elastic medium in the positive x direction, we can express the

sinusoidally varying acoustic parameters in terms of the displacement
potential or velocity potential and in terms of one another.

(9b)

¢ )
P=—ps &= (Ty), (10)
s=L"P_pop @1
. Po /3
T s
pOC;P y—1 o P (12)
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TABLE 1. RELATIONS BETWEEN AMPLITUDES

Parameter | Amplitude P
Parameter symbol, symbol, S
dyn/cm?®
p 0 (dyn/em?)
Pressure P P — — pv?
Condensation S s + —l—z —
— pov
+ 1 +o
Particle displacement £ = ey o
0
Particle velocity & B 1 iu
— pov
. . " = + jo + .
Particle acceleration & ) s 4 Jo?
— Po
+1 1 + pov® 1
Temperature B ® +0 Br — t) | =6 Br — ot?

t Multiply expression in table by column heading to obtain relations equal to the
relations given apply to plane waves traveling in either direction. The upper sign applies to
negative direction (see Eq. 5). The amplitude of the change in any one physical parameter
value of the appropriate quantity in the table. One self-consistent set of units is used in

where s is the condensation or the fractional change in density, p is the
instantaneous density, ¥ is the instantaneous temperature increment resulting
from adiabatic compression of the medium, 6 is the isobaric thermal expan-
sion coefficient, and C; is the heat capacity at constant pressure per gram.
The interrelation of the acoustic field parameters is shown in Table 1. The
method of detection and description of the field, in any specific case, may
depend on the measurement of one or several of these parameters. The
quantity pyv, the product of density and sound velocity, which appears in
many relations in the table, is known as the characteristic acoustic impedance
of the medium, Z,; that is,

Zy = pgv (13)

For plane traveling waves it is numerically equal to the specific acoustic
impedance, which is defined as the ratio of the pressure p to the particle
velocity v at any point in the field. For other field configurations, including
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OF THE VARIOUS PHYSICAL PARAMETERST

E B B 0
(cm) (cm/s) (cm/s?) (4]
+ pov + 0
+ijOD +PoU —_ ’]720 1
— - +Br — -
po?
—l-j_w +1 + 1 + 0
jeov 1
+ v +v +jwv —po*( s — —
po¥
+1 —1 + 6
+jow —? . 1
—Jw pev (ﬂzv — ;00—2)
* 0 _ +1 + o
+ o 1
K I e
_ jwl
w? + Jjw — + J2
— -+ 1
—‘Ptﬂ’(ﬁr - o vz)
0
+jwp°”5__i +’B’_’,3__1_ +_P‘1’.’,3 b _
— 6 T pov? — 6\ pov® —jeb r pov*®

amplitude quantities tabulated in the Amplitude Symbol column. Note: j = v 1. The
waves traveling in the positive direction and the lower sign applies to waves traveling in the
is simply equal to the amplitude of the change in any other parameter times the absolute
the table.

plane standing waves, the specific acoustic impedance differs numerically
from py and is, in general, a function of position. It should be noted also
that the characteristic acoustic impedance is dependent on the type of wave
that is propagating, since the velocity of shear waves is different from that
of compressional waves.

The intensity I of the sound wave is defined as the time average of the rate
of propagation of energy through unit area normal to the direction of

_propagation, and it is related to field-parameter amplitudes as follows for

plane traveling waves

I=—=— =—— (14)

The energy density of the wave motion at a specific position in the field
is the sum of the kinetic energy, per unit volume, of the moving volume
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element and the potential energy, per unit volume, of compression (or
expansion) of the element. For plane traveling waves it is equal to the ratio
of the intensity to the velocity of propagation, i.e.,

E,= = (15)

It may be remarked that rms quantities are not employed in the majority
of publications in acoustics, and consequently the symbols in Egs. (14) and
(15) are the amplitudes of the acoustic field parameters. If rms values had
been used, the factors 2 would have been eliminated from the equations.

As stated previously, linearizing of the hydrodynamical equations depends
upon two assumptions which can now be expressed symbolically:

(B)pyrr — (Bs)py-
(Bs)p,

where P, represents the ambient pressure in the absence of a sound wave.
Nonlinear or second-order effects still may be of importance for values of
=/v smaller, for example, than 0.01, but the linearized equations constitute
a good first approximation for calculating values of the physical parameters
when this numerical limit is placed on the interpretation of the symbol <1.

Table 2 shows values of the numerical magnitudes of the acoustic field
parameters for a plane traveling wave, when the propagation medium is
water, for representative intensity values of the wave spanning four orders
of magnijtude. It may be noted particularly that the temperature excursion
in water is small, and that this parameter is entirely unrelated to the mono-
tonic rise in temperature of the specimen, which occurs only when energy
is absorbed by the specimen. However, even for low-amplitude ultrasonic
waves which may be used as a probe to measure the tesponse of a system
to an extremely small perturbation, the pressure amplitude may be compar-
able to one atmosphere, and the amplitude of the particle acceleration can
be exceedingly high.

Table 3 lists values for the various characteristic constants of a number of
materials of general utility or otherwise important in biological investigations
employing ultrasound. These data may be used in connection with the
relations appearing in Table 1 to obtain numerical values of field parameters
such as those listed in Table 2. It is usually convenient to express the inten-
sity in watts per square centimeter and the acoustic pressure amplitude in
atmospheres. However, for calculations using the expressions of Table 1
the intensity should be expressed in ergs per square centimeter per second
and the pressure amplitude in dynes per square centimeter if the other
parameters are expressed in the indicated units.

_'z:<1 P<1 (16)
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Reflection and Refraction

Reflection and refraction of acoustic waves occur in a manner analogous
to that for electromagnetic waves, and many of the concepts that arise in
the theory of transmission lines are applicable in “one-dimensional” situa-

tions.

The formulas listed in Table 4 are for media within which no acoustic

absorption occurs and for which the normals to the planar wave fronts and
the normals to the interfaces lie in the same plane. _
Case 1. Reflection and transmission occur at a single interface between

two media.

The reflection coefficient &%,, the transmission coefficient .7,

and the standing-wave ratio (SWR), for waves incident on the interface from

TABLE 4. PRESSURE AMPLITUDE OF REFLECTED AND TRANSMITTED WAVES FOR VARIOUS
COMBINATIONS OF MEDIAT

Case 1. Wave in medium 1 at normal incidence on boundary between medium 1 and
medium 2. No energy returned to interface in medium 2. No absorption within media.

Configuration Definition Formulas
P11 | pale rog = Pl &, = {_Ji: - 1 —ry
—_—> P10 Py 1+ ry
Py | Poy
<~ | 7= | Pl | 2
Pi_ | P, ¢ Py, 1+ ry
rz; when raq > 1
(SWR), = “ “
>+ 1/rs; when rg; < 1

Case 2. Wave in medium 1 at normal incidence.

Slab of medium 3 interposed between

medium 1 and medium 2. No energy returned to interface in medium 2. No absorption

within media.

Configuration Definitions Formulas
I N N P S by ¥
piv1 Py 2 5 X3
Py, P, (r34+1)% cos®? —
— —_— s
ps¥s + (rag+r3g)* sin® 2%8
ra = " Vg
Py P, =0 Pt . g
= | P 4y :
a
P wx,
“—Xg—> p2?s 14 (r% + 1)% cos? s
Fyg = v,
psta wx,
_ >+ + (ryg + rag)® sin® —
3
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.
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4rsy %
.
¢+-1)% cos? s
U3
(r3q+r34)? sin® WXs

Vs
2 1
4ray 23

wxs
- 1)? cos? —
Uy

., WXg
-+ r%)2 sin? -
3
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TasLE 4 (continued)

Case 3. Wave in medium 1 incident at angle 6, with respect to normal on boundary
between medium 1 and medium 2. No energy returned to interface in medium 2. No

absorption within media.

Configuration Definition Formulas
cos 0,
22
¥ paVs palz Py, cos 0, U
r% = — .@a = — | =
. P11 Py; cos 0, .
. — 2
Y cosf, A
Py 2ry4 cos 0y
T, = | = A
g, Py; cos b, + ryy
8 b
' sinf, v,
Pay sinf, v,
Pir
- +

Case 4. Longitudinal or shear wave in medium 1 incident at angle 6;. Solid or visco-
elastic media. Mode conversion with generation of shear waves in media 1 and 2. No
energy returned to interface in medium 2. Absorption within media sufficiently small for
impedance to be approximated by real parts.

Configuration Definitions Formulas

v sin 0 v
PiVpiVsy PaViaVs2 ry = Pt - r_n
Pl sinf, v

Py;
i P2la2 sinf, vy
b = - =1
ol Vs sin 0; vy
8, < 8,
! . 9’ » p1¥s1 sinf; vy
. 1 2 P 1 = - = —
Pir 8, ﬁ) 2 Pi¥n sinf; vy
Pay
Ay
—_—_— 1

+ Note: Only the ratios of the magnitudes of the pressure amplitudes are listed; i.e., the

phase factors are not included.
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medium 1 are functions only of the ratio of the characteristic acoustic
impedances of the two media, r,, = pyvs/pw;. For partial reflection at
normal incidence, the complete expression for the pressure variation for a
sinusoidal disturbance of infinite extent can be represented by the summation
of two waves, one traveling in the positive and the second in the negative
x direction:

p= P+ea'w(7‘r—w/v) + P_glott+e/v) (17)
where P, is the amplitude of the pressure wave traveling in the positive
direction, and P_ is the amplitude of a similar wave traveling in the negative
direction. The standing-wave ratio in either medium may be defined as
_ ‘Pmaxl _ 1 + IP—/P—}-l (18)

leinI 1 - |P—/P+l

where P, is the maximum value of the pressure amplitude in the field of
interference of the incident and reflected waves, and P, is the minimum
value of the pressure amplitude. A distinction is required between reflection
and transmission coefficients referring to the amplitude of the disturbance
and those referring to the power carried by the acoustic waves. The coeffi-
cients are defined respectively as the ratios of the amplitudes or the intensities
of the reflected and transmitted waves to the amplitude or intensity of the
incident wave, i.e.,

SWR

a-b-_%"% g Pu_ 22 (19)
TPy ZiAZ " Py ZitZy
I P\ L, Z
,@:kz(_l—)zgz Tr="2_11 g 20
I Il+ P1+ a I Il+ 22 a ( )

In these expressions subscript a designates amplitude coefficients and sub-
script I designates power or intensity coefficients. Conservation of energy
requires that the sum of the power reflection and transmission coefficients
should always equal unity whereas the sum of the amplitude coefficients is
not in general equal to unity.

A+ I7=1 @D

The coefficients described here as transmission coefficients are frequently
described as absorption coefficients in experiments involving irradiation of a
specimen. This difference in viewpoint arises from the fact that in irradia-
tion experiments, interest is confined to measuring the standing-wave ratio
in the medium situated in front of the specimen. Any energy trans-
mitted into the specimen is therefore effectively lost or appears to be absorbed.
From the point of view of the properties of the interface between two media,
this “lost’ energy is merely transmitted into the second medium. The term
absorption coefficient will be reserved for later use when a study is made of
the attenuation of the transmitted wave-amplitude mechanisms which are
operative within the second medium.
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Case 2. A slab of a third medium of thickness x; is interposed between
two media. The reflection coefficient %, and the transmission coefficient
7, are functions of the ratios of the characteristic impedances and of the
quantity wxs/vs (equal to 2mxs/Ag), which is determined by the ratio of the
thickness of medium 3 and the wavelength in it. If the characteristic
impedance of medium 3 is intermediate between those of media 1 and 2,
then the transmission coefficient can be maximized by choosing the thickness
x5 to satisfy the relation

xg 2n—1
== =1,2,3,... 22
W 4 " 22
The amplitude transmission coefficient then becomes
o= | H ©3)
Ty + Iy

That is, the best choice of thickness that can be made for any interposed
material (if its characteristic acoustic impedance is any value between those
of the other media) is one-quarter wave or odd multiples thereof. In
addition, if one is free to choose the interposed material so that its charac-
teristic acoustic impedance is optimum for transmitting the acoustic energy,
then the reflected wave in medium 1 can be completely eliminated by choosing
the intermediate material so that

(psvs)* = (prv1)(pav2) (24)
If the characteristic acoustic impedance of medium 3 is not between those
of the other two media, then the optimum choice of thickness for the slab
to obtain the maximum value of the transmission coefficient is an integral
multiple of a half-wavelength, i.e.,

x3/As = n(15) n=1,2,3,... (25)

The transmission coefficient then becomes identical with Eq. (19). If
media 1 and 2 have nearly equal characteristic acoustic impedances less than
that of medium 3, and if the thickness of the interposed slab satisfies the
relation ry (wxs/vs) < 4o, then the transmission coefficient does not differ
from that of case 1 by more than 1 percent. If the characteristic acoustic
impedance of medium 3 is less than that of media 1 and 2, then ry, should
be used in place of r;; in the foregoing inequality.

Case 3. A plane wave is incident at any angle 6, on the plane interface
between two fluid media. The angle of refraction 0, is a function of the
angle of incidence and the ratio of the velocities of sound in the two media.
The pressure transmission and reflection coefficients also involve the ratio
of characteristic impedances. If sin 6; > v,/vy, then the incident wave is
totally reflected, and there is no propagation of a refracted wave in medium
2. Tt should also be observed from the form of the reflection coefficient that
there is no reflected wave if the ratio of velocities satisfies either of the
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relations py/py > v1/vs > 101 pofpy < vfve < 1, and if the angle of incidence
satisfies the relation \ .
. LY
sin 0, r—————,;,A o) (26)
Case 4. 'When the waves are incident obliquely and both media are solids
or viscoelastic, the effects of shear rigidity are exhibited. The boundary
conditions to be satisfied are continuity of pressure and of the normal and
parallel components of particle displacement. The condition on the parallel
component is satisfied by the occurrence of shear waves in one or both media.
In the configuration of Table 4, the direction of polarization of the shear
waves is in the plane of the diagram. An obliquely incident longitudinal
wave generates reflected and refracted longitudinal waves, and in addition
reflected and refracted shear waves. An incident shear wave polarized in
the plane of the diagram generates a similar set of four waves. A shear
wave obliquely incident as indicated and polarized perpendicularly to the
diagram, that is, parallel to the interface, will generate only refracted and
reflected shear waves of the same polarization since there is no component
of motion perpendicular to the interface (Redwood, 1960). If either medium
behaves as an ideal fluid, then it does not support shear-wave propagation
(Mayer, 1964). Muskat and Meres [1940] derived expressions for the ratios
of the components of displacements perpendicular to an interface between
two perfectly elastic solids; their results are given below, and they may be
used not only for perfectly elastic solids but also, with caution, for those
viscoelastic solids exhibiting small absorption of energy. Absorption will
be regarded then as the result of independent processes influencing the wave
amplitudes during propagation toward and away from the interface. The
following definitions apply in this paragraph only:

v, Gy . o
asi[l—z(l—é)smwl]

2

Go [V v
d* = (—;—2(—12 cos 0, cos 6, 4 U—Zl cos 0, cos 6;)

1\s, S

. . vy Us 2
et = b%sin 6, sin 0, £ J(b + —3) cos 0, cos 0;

sy s1
) 402, (Ge ° .
f*=—cosbycos by|a® £ —*| = —1 sin? 0; cos 6, cos 6;}
vs, 05,03, \G1
g =@+ e+
The ratios of the perpendicular components of the displacements are as

follows. Ratios of total displacement amplitudes are obtained by multiplying
by appropriate trigonometric functions of the angles 6, , and 0 ,.
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1. For reflection of a longitudinal wave:

() =g —e =1

14

2. For conversion of an incident longitudinal wave into a reflected shear
wave:

! G,
) — —2¢sin 6 sin0|:( -+ )—I—2 sl(——l)cos@ cosﬂ}
(flz‘)J_ £ ! 2 s1 UZZ Gl *

3. For reflection of a shear wave:
() = —s@— e 1
1/
4. For conversion of an incident shear wave into a reflected longitudinal
wave:
(E—fr) = cot 6] cot 01<—§-1f)
é:12' 1 Elz‘ L

5. For refraction of a longitudinal wave:

(%) = 2g 1 cos 02|:(b + 32) %2 cos 6 + a cos 6, :|
511’ vs1 vsl vsl

6. For conversion of an incident longitudinal wave into a refracted shear
wave:

o Us G,
By — 29 "%gin 6, 6]: (——l) 0 6’—b:|
( fu) g 0 sin 6, sin 0, n \G, cos 0, cos 0,
7. For refraction of a shear wave:

( ,) =2g Pl oo 0 [—acos@ + (b—{—z)—s-?) cos@{l
& . Usl Uy, Us,

8. For conversion of an incident shear wave into a refracted longitudinal
wave:

G,

1

’
17

(5_“) =2g 2 o cot 0] sin 0, cos 0 [b — 2v ( 1) cos 0, cos eé:I
n 12

$1

The formulas given in this section (cases 1 to 4) are important, for example,
in calculating, at least approximately, the amplitude of the waves reflected
at tissue interfaces, the accuracy of geometric placement or localization of a
beam focus deep in tissue, the acoustic velocity values from standing-wave
data, the magnitude of the effect of the reflected acoustic energy on driving
transducers, etc. The formulas are also useful in the design of ultrasonic
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instruments where considerations of energy transfer from the transducer to
the material of interest arise. More complicated configurations of materials
and interfaces may arise in practice. The effects on the field of absorption
within a medium will be considered in the section dealing with the physical
mechanisms of absorption.

Absorption

When an ultrasonic wave propagates through any real liquid, energy is
absorbed from the wave and converted into heat. The rate of heat produc-
tion in a selected volume of a medium in which such a field exists is deter-
mined by the amplitude, frequency, and spatial distribution of the field
parameters. A variety of different mechanisms may play a role in the
conversion of sonic energy into heat, and these will be discussed.

The occurrence of absorption modifies the phenomenological description
of lossless plane-wave propagation by the introduction of an absorption
coefficient, i.e.,

qg= Qe—aac Re (e:iw(t_:c/v)) (27)

where o is the amplitude absorption coefficient per unit distance. The
intensity absorption coefficient per unit distance, u, is equal to 2«. The
fractional energy loss per unit volume per cycle is

SE, 1 1/f
F" = EJ«; (Po+ p) dV = 24l (28)
0 0

where E, is the energy stored per unit volume. This quantity may also be
expressed in terms of a quality factor Q,, or the logarithmic decrement A’ of
a field parameter per cycle, defined by Eq. (29), both of which are commonly
used to describe the behavior of acoustic or electrical resonators.

1 ol w
27nE, Q, T ane aftp 7w ora < v (29)

where @ is the angle of lag between a perturbation applied to the medium
and an appropriate response parameter, and ?5, is the decay constant of a
field-amplitude parameter. Absorption occurs in a homogeneous liquid
when the changes in density are not in time phase with the changes in
pressure, i.e., when the time at which the maximum pressure occurs differs
from the time at which maximum density occurs. This type of behavior
is produced by a variety of mechanisms classified under two general cate-
gories, relaxation and hysteresis.
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Relaxation processes

It will be convenient to discuss relaxation phenomena first of all in terms
of a specific example. The relaxation mechanism which is related to the
shear viscosity of the medium is chosen for this purpose. If viscosity is
the only mechanism responsible for absorption of a traveling, plane com-
pressional wave, then the absorption coefficient is given by

27%f% 4

oA
o 3 n=Bft for - <1 (30)

d’l)
where 7 is the shear-viscosity coefficient of the medium, and B = 87%7/3pev 2
is the classical absorption parameter related to viscosity. In many non-
metallic liquids, particularly those which are associated and which exhibit
appreciable viscosity, it is found that the measured absorption coefficient
is approximately described by the classical absorption expression (30) within
a factor of about 3. In other cases the classical and measured absorption-
coefficient values differ by orders of magnitude. Consider first a hypothetical
liquid for which Eq. (30) accurately describes the measured absorption coeffi-
cient at lower frequencies. At higher frequencies it appears that the absorp-
tion coefficient should increase in proportion to the square of the frequency,
assuming that the viscosity remains constant while the frequency is allowed
to increase. This prediction is approximately true over only a limited fre-
quency range for which the “effective value” of the viscosity coefficient is
the same as the value at low frequencies, that is, under “static”” conditions.
As the frequency increases, the effective viscosity decreases monotonically
toward zero, owing to the finite time required for the transfer of momentum
between adjacent regions of the liquid.

Under nonequilibrium conditions the shear stress across a planar element
at any position in a medium is not equal to the static value given by the product
of the shear-viscosity coefficient and the space gradient of the particle velocity,
but this product constitutes the value toward which it tends. The simplest
hypothesis to make regarding the approach to the “static” value is to assume
that its rate is proportional to the difference between the instantaneous value
and the “static’ value; i.e.,

oT 1(  0¢ )
== —
ot 71(77 Ox T (3D

where 7, is the proportionality constant which is in the nature of a time
constant, the relaxation time, and #° is the low-frequency viscosity coefficient.

Consider the situation shown in Fig. 1, where a viscous incompressible
liquid is in dynamic equilibrium at time ¢z < 0. A state of laminar flow is
imposed by an applied small velocity #;(x,) at the plane x = x, while the
plane at x = 0 is fixed. The velocity present in the viscous liquid will
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Ug Xo O=d;

j—— | x=0 =0
7=0

Time frozen for strain rate

Frc.1. Viscous fluid medium subjected to step-function and sinusoidal
strain rates.

depend linearly upon x, and the shear stress T, = —#° i;/x, will be inde-
pendent of x and 7. Let the velocity at the plane x = x, be increased
instantaneously to the value #,(x,) so that a small step-function perturbation
is applied to the system. There will be a tendency for the shear stress at
any value of x to increase toward a new value T;, where T, = —n%,/x,.
Since transfer of momentum in the x direction is necessary to achieve this
increase, the shear stress T(¢) will not rise to T, immediately but will tend
asymptotically to this limit. An approximate solution to Eq. (31) is obtained
by supposing that the kinematic viscosity coefficient is large enough so that
inertial forces can be neglected, and by regarding 7° 0£/0x as the time-
independent stress T° to which the instantaneous stress T tends; Eq. (31)
becomes

or 1

% (T°—-T) (32)
yielding the solution

T=T"—(T°—T)e " sinceT=T,att=0

Since also T = T, as  — oo, T° must be identified with T,. Consequently
the shear stress in this hypothetical experiment increases approximately
exponentially toward T, with time constant 7;. A time delay is exhibited
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in the response of the liquid, where “response” refers to the changes in the
time-dependent stress T(¢), after imposition of the step function #; — u;.
It should be noted that there is no “time delay” in our ability to define T, in
an incompressible medium since it is equal to —#°® dit;/dx which is constant
for all £ > 0. The concept of T as a stress toward which the instantaneous
stress in the liquid tends, even though it may never reach it, can be helpful
in visualizing the response of a viscous liquid to a sinusoidal change in the
imposed strain rate. In this case it is evident that a time delay in the response
of the liquid will result in a phase delay between stress and imposed strain
rate. Such a phase delay is characteristic of relaxing systems subjected to
sinusoidal perturbation.

When the ultrasonic perturbation is a sinusoidal change in the rate of
strain, one should make the following substitutions in Eq. (31):

T = Ty(x)el@tHe) & = £(x)el (33)

where ¢ is the phase delay between stress and particle velocity. The substi-
tution of these expressions leads to a description of the response of the
system in terms of a frequency-dependent effective viscosity:

T B Toej‘p B 7°
0&[ox 0 Jox 1+ jor

The effective viscosity obtained here is a complex number and contains a
contribution [the imaginary part of #*(w)] which implies that such a medium
has the property of a dynamic shear modulus, G* = G’ + jG", with a
nonzero real part. The real part of the complex viscosity coefficient at
any frequency decreases uniformly from the low-frequency value #° to zero
as the frequency increases

= n*(w) (34)

,,70
_ 5
n(w) = o (35)
It is appropriate to define the equivalent complex shear modulus G* =
G’ + jG" by
Tee?e  jon®*  G¥(wT)? , G®wn

9Ejox 14 jor 1+ (@) 1+ (om)

where G® = #°/r;. The real part of the complex shear modulus shown in
Fig. 2 varies from zero at zero frequency to an asymptotic value G® at
frequencies very much greater than f; = 1/2wr;. The frequency f; is thus
called the relaxation frequency for the viscous mechanism. The imaginary
part of the complex shear modulus increases from zero at zero frequency
to a maximum at the relaxation frequency and falls again to zero at indefi-
nitely high frequencies. As the frequency increases, the liquid exhibits an
effective nonzero real part of the shear modulus, and this property allows

G*(w) = (36)
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Fic. 2. Variation of the normalized shear modulus and
dynamic viscosity with frequency for a single relaxation
process. (After Barlow and Lamb, 1959.)

the propagation of heavily damped shear waves to occur. The propagation
velocity as well as the absorption coefficient will be strongly dependent
upon frequency:
o — 2mf _ sin (G"2G")
o L4 (@GP

LSS D3
3 s0 cos (GII/ZGI)

(37

where v, = VG’ py, the shear-wave velocity limit as the frequency approaches
zero. We therefore observe a drastic change in the behavior of a liquid
medium of moderate viscosity as the frequency of an applied acoustic
perturbation is varied. At low frequencies it behaves like a viscous liquid
which does not allow the propagation of shear waves. At frequencies
considerably higher than the relaxation frequency, the equations predict
that the absorption coefficient due to viscosity should approach a constant
nonzero value, and that the velocity of propagation of such waves should
approach a constant value which is determined by G®. It is found in the
case of some hydrocarbon oils (Barlow and Lamb, 1959) that G is of the
order of magnitude 10* dyn/cm?, i.e., within two orders of magnitude of
the values characteristic of metals. In other words, the liquid is behaving
much like a glass. The first known example of materials exhibiting behavior
that is determined predominately by a single viscous relaxation mechanism
of the type just described is molten zinc chloride, studied by Gruber and
Litovitz [1964].

The behavior described is characteristic of the simplest form of relaxation
phenomena that can be characterized by a single relaxation time. The
necessary physical features are the existence of a disequilibrium between
two molecular states, and activation energies of appropriate magnitude
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which relate to the transition between these states. In the case of shear
viscosity the initial and final states correspond to different local arrangements
of molecules relative to one another and to vacant lattice sites in the pseudo-
crystalline model of liquids. A transition constitutes the passage of a
molecule from one site to an adjacent vacant site under the influence of shear
stresses in the liquid. The potential barriers that impede transitions between
the states must be low enough so that an appreciable fraction of the popula-
tion in either state can achieve a transition to the other state within a half
period of the sound wave. The presence of the potential barriers results in
the phase lag, @, between the applied perturbation and the resuiting response
of the system if the barriers are not too low. If the barriers are too low,
the phase lag is negligible since the response takes place in a time small
compared with the period of the wave and a negligible fraction of the sound
energy density is converted to heat per cycle. The statements of the preceding
two sentences are the phenomenological equivalent of the conditions that
apply at zero frequency and infinite frequency, respectively.

In terms of absolute reaction-rate theory (Fig. 3) the free energies of
activation for a simple two-state transition scheme can be related to the
transition rate constants as follows:

(38)
I — YikpT —AG-/RT
=T €

where AG™ is the free energy of activation for the forward transition, and
AG- is that for a backward transition, ¥, is a transition probability constant,
and kp and k are Boltzmann’s and Planck’s constants, respectively. The
relaxation time =, is a function of the transition rate constants k, and &,
the concentrations of reacting species, and the stoichiometry of the reaction

Fi16. 3. Energy-level diagram for a system
with two stable states, e.g., X; = X,.

Free energy
—_—
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(Eigen and de Maeyer, 1963). Consequently, a measurement of the relaxa-
tion frequency of a process as a function of temperature is a potential means
of determining energies of activation and rate constants.

As one might expect, the observed behavior of most materials, including
those of biological interest, is by no means so simple that it can be described
adequately by a single relaxation time. It is found that sonic parameter
magnitudes generally vary less drastically with frequency than the predictions
of a single relaxation process require. Such behavior can be encompassed
within the theory of relaxation processes by supposing that a discrete number
of such processes are operative at the same frequency (each process may be
described by a different value of the relaxation time), or alternatively by
supposing that a continuous distribution of relaxation times exists. Since
the latter possibility is more general, attention here will be confined to it.
For the viscosity relaxation mechanism, Eq. (36) would be replaced by

(w7)? dr ot dr
e R g G

where 7, and 7, are the bounds of the distribution of relaxation times. The
distribution function g;(v) bounded by the values zero and one, expresses
the contribution to the complex shear modulus which is derived from proc-
esses having relaxation times between 7 and 7 + dr. An objective of the
experimenter is the determination of the distribution function which then
provides at least an approximate indication of the range of values of the
free energies of activation AG*.

As previously stated, the viscosity mechanism as it relates to shear waves
has been discussed in detail as a specific example of the general class of
relaxation mechanisms. The analysis may be extended readily to predict
a frequency dependence of the bulk modulus and the associated bulk
viscosity. The argument follows similar lines and will not be developed in
detail here. The results for the bulk modulus are (Litovitz and Davis, 1965)

6*0) = 6" [ "a) (39)

AK®(w79)® | . o WTy
K*(w) = K°+ T (or,? + JAK T (or? (40)
for a single relaxation process and
K 0) = K04 AK= [ ) LI e [ LTI
T 1 4+ (w7)? T 1 4 (wr)?

for a multiple process. In these expressions K° is the value of the zero-
frequency bulk modulus and AK® is the increment in the value of the bulk
modulus as the frequency is changed from zero to infinity. The bulk
viscosity coefficient is given in either case by

Im K*

(@) = (42)
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The results (36) and (40) may be combined to show the frequency depend-
ence of the absorption coefficient (per wavelength) and the propagation
velocity of plane, longitudinal (compressional) waves for which the appro-
priate modulus is K* + 44G* from Eq. (7) (Litovitz and Davis, 1965):

AK® w, 4G*3)wr,
1+ (ow7y)? 1 4+ (wry)?

S Ky, APy “3)
1 + (w7y)? 1 + (w7y)?
1T AKP(@r) | (46%3)(r)?
b= po[K RISy e -y e ] 4

Equations (39) and (41) may be combined similarly in the case of a multiple
process. Litovitz and coworkers have found that for a wide variety of
materials ranging from molten metals to associated organic liquids the ratio
N/ = AK®7,/G®7, remains substantially constant and near unity. Con-
sequently, the intermolecular forces that are responsible for both shear and
bulk viscosity appear to have the same origin. '

The fundamental process that underlies the phenomenon of viscosity is
the transfer of momentum. This process is governed by the diffusion
equation, 3y

— 2
= D2y (45)
which also governs the diffusion of thermal energy and of mass. It is
appropriate to inquire whether these processes are also subject to relaxational
behavior.

The process of thermal diffusion or heat conduction makes a small,
usually negligible, contribution to the absorption of ultrasonic waves in
nonmetallic liquids and liquidlike media. Molten metals are exceptions for
which the contribution from thermal conduction, given quantitatively by
the following relation, is comparable to the contribution from viscosity:

. 2n%f2
pov;®

where x is the thermal conductivity coefficient (Kirchhoff, 1868). According
to theory and experiment, relaxation of the thermal conductivity mechanism
occurs in the frequency range well above that presently accessible to experi-
ments except in the case of rarefied gases.

The effect of mass diffusion in liquid mixtures through which an ultrasonic
wave is propagating is even smaller than that of thermal diffusion. In
principle, a contribution to the absorption coefficient arises from the diffu-
sion of mass in response to concentration gradients created by the sound
wave, but the magnitude of such a contribution is entirely negligible.

oy

(y—1) Ci (46)
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The situation is drastically modified if the “diffusion path length” is
considered to be of molecular dimensions instead of being comparable
with the sonic wavelength. Although the concepts of continuum mechanics
are invalid over distances as small as inter- or intramolecular dimensions,
analogies between the processes of thermal and mass diffusion and the proc-
esses of molecular rearrangement which result in a change of molar internal
energy and molar volume, respectively, may be at least suggested. However
poor such analogies are, the processes of molecular rearrangement in response
to a perturbing ultrasonic field can result in substantial contributions to the
absorption coefficient and in behavior that is described in terms of relaxation
processes known as thermal and structural relaxation, respectively.

Inter- or intramolecular reorganization can be expected to involve a change
in the free energy. The elementary two-state concepts of Fig. 3 may be
invoked again—the molar free-energy difference between the two equilibrium
states is AG. Now for a process occurring at virtually constant ambient
pressure and temperature,

AG = AH — TAS = AU + Py AV — TAS (47

where AH, AS, AU, and AV are the associated changes in molar enthalpy,
entropy, internal energy, and volume, respectively. The longitudinal wave
ultrasonic absorption coefficient which is associated with such a transition
can be obtained by lengthy thermodynamic analysis (Lamb, 1965):

S oy

where v,° and v, are the phase velocities at zero and infinite frequency,
respectively. This particular form of the equation, obtained by the method
of Andreae and Lamb [1956], is particularly convenient for showing the
contributions from structural and thermal relaxation processes. However,
since any two of the incremental thermodynamic quantities may be chosen
independently, the general expression is too intractable for analysis of the
experimental results. Successful analyses have been performed in cases
where it has been possible to make either of the two following assumptions:

1. The “structural’ relaxation condition: AV £ 0, AH = 0.
2. The “thermal” relaxation condition: AH £ 0, AV = 0.

In either of these cases, one of the terms in brackets in Eq. (48) is eliminated.
In structural relaxation, the second term is eliminated since the perturbation
by the sound field is assumed to proceed isothermally, so that ° = 1; in
thermal relaxation the incremental isothermal compressibility Af, is zero.
Structural relaxation may be visualized as a process of molecular reorgan-
ization which occurs in response to the pressure fluctuations in an ultrasonic
field. The reorganization involves a change in the molar volume of the
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reacting system with a probable change in the molar entropy, and it proceeds
isothermally. Thermal relaxation may be imagined as a process responding
to the temperature fluctuations in the ultrasonic wave. The process involves
molecular reorganization in such a way that the molar volume change is
zero or essentially zero, but both the internal energy and entropy may change.
The absorption coefficients are then

[+3 Z A‘B T WTy
1. T — structural process 49
™ By 1T (oney P )
AC
2. %A A p__ 0o thermal process (50)
w

0 ___ P —
=1 Co 1T+ (wrsp

where the velocity dispersion factor, v,%/v,%, in Eq. (48) has been approxi-
mated by equating it to unity, since the velocity dispersion Avfo0 =
v,”[v,® — 1 is normally less than 1 percent.

An example of a process that undergoes structural relaxation is the inter-
molecular rearrangement of molecules of an associated liquid, which gives
rise to the frequency-dependent shear and volume viscosities discussed
previously. An example of a process that undergoes thermal relaxation is
the intramolecular rearrangement known as rotational isomerism. Also
the transfer of energy between translational degrees of freedom and internal
vibrational modes of a molecule is characterized by thermal relaxation. The
majority of processes that undergo thermal relaxation require only a single
relaxation time for the description whereas structural relaxation processes
require, in general, a distribution of relaxation times. Thermal relaxation
processes in liquids have been reviewed by Lamb [1965], and structural
relaxation processes by Litovitz and Davis [1965].

Each equation, (49) and (50), may be represented by

o,U wT
I = ah = 2(a, A _— 51
f 0(7 (“T )max 1 + (wT)z ) ( )
where (o,A)max is the maximum value of the relaxational absorption per
wavelength, attained at the relaxation frequency f, = 1/27rr, i.e., when
ot = 1 (Fig. 4a). An alternative formulation of Eq. (51) is

A4 (52)

299 .

VAR S O/ A
where A = 2(c,A)max/Vf,. The advantage of using Eq. (52) is seen in Fig.
4¢, where the relaxational contribution to the absorption is shown added to
the contribution due to viscosity, the latter being given by Eq. (30). The
sum is the measured value of the absorption parameter,

(B = T 2 53
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Fic. 4. (a) Relaxational contribution to the ultrasonic
absorption per wavelength, «,4, for a single relaxation process.
(b) Absorption per wavelength, «.A, for a single relaxation
process added to absorption due to viscosity, o, oc f2
Absorption parameter, a,/f?, for a single relaxation process
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and background absorption due to viscosity.

The occurrence of relaxation is shown by the sigmoid form of «/f? plotted
against frequency. Two measurements of «/f? (for example, at the highest
and lowest frequencies available) are sufficient to show whether at least one
relaxation region lies between the frequencies employed.

The occurrence of relaxation is not only associated with a peak in the
relation between the absorption per wavelength and the frequency, but it is
also accompanied by dispersion of the velocity of sound in the same fre-

quency range, i.e.,

1?2 = (0°)2 4 20° Av

wT
1+ (or)?

(530)
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The amplitude of the absorption peak and the increment of sound dispersion
Av are related as follows:

Ao ()mas .

v m

provided (¢, Dmex/m < 1, which is the case for compressional waves in most
materials of interest. _ N

Since the magnitude of the velocity dispersion is very small (usually less
than 1 percent), very accurate measurement of velocity is required if quantita-
tive deductions are to be made. Carstensen’s technique [1954] yields ade-
quate precision, but simple interferometers do not. Observation of velocity
dispersion in connection with an absorption maximum provides valuable
confirmation that relaxational behavior is being observed. If only part of
the relaxational spectrum is accessible experimentally, the following equation
provides a useful relationship between A and the slope of the velocity
dispersion curve at the same frequency:

oA 1
dvldf 2ot (1 + )

Liquids have been subdivided into various classes on the basis of their
ultrasonic absorption characteristics (Pinkerton, 1949; Markham et al.,
1951 ; Herzfeld and Litovitz, 1959). The first group has ultrasonic absorp-
tion-coefficient values close (within 10 to 20 percent) to those calculated on
the basis of shear viscosity losses. Monatomic liquids such as argon and
mercury are in this group, as well as some diatomic liquids such as oxygen
and nitrogen. At the present time no biologically interesting material is
known to be in this class.

The second group is characterized by a positive temperature coefficient
of absorption and by values of the absorption coefficient from one to three
orders of magnitude times the values calculated on the basis of a shear-
viscosity mechanism alone. Polyatomic, unassociated liquids such as
benzene, carbon tetrachloride, and carbon disulfide are in this group. The
excess absorption of these liquids arises from exchange of energy between

' the external and internal degrees of freedom. To the authors’ knowledge,

the only biological materials for which ultrasonic absorption coefficients
have been determined as a function of temperature are nerve tissue and blood
proteins. The nerve-tissue measurements were made on spinal cords of
one-day-old mice at a frequency of 0.98 MHz. The temperature coefficient
of the absorption coefficient for sonic intensity is positive; the latter increases
from 0.034 Npjcm at 2°C to 0.25 Np/em at 45°C (Dunn, 1965). These
values for spinal cord are comparable in magnitude to the values for the
more highly absorbing liquids of this type, e.g., carbon disulfide. At present,
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it is unwarranted to assume that the absorption mechanisms operative
under the circumstances indicated in tissue are predominately of the thermal
relaxation type. Various relaxation mechanisms may be equally important.

The blood proteins exhibit a negative temperature coefficient of absorption
(Carstensen et al., 1953). The acoustic absorption properties of blood
appear to be largely determined by the protein content, and there is no
apparent connection with the third class of liquids for which a negative
temperature coefficient is characteristic—the associated, polyatomic ones.
Liquids studied of this type, which include water and alcohols, exhibit values
of the absorption coefficient between one and three times that calculated
from the shear viscosity.

From the meager amount of precise data available on the ultrasonic
absorption properties of biological materials, and from the widely different
values reported for presumably the same materials (Goldman and Hueter,
1957), it is apparent that determination of these properties is in an early stage.

The equilibria of chemical reactions may also be perturbed by an ultra-
sonic field through either the influence of the pressure or the temperature
oscillation (Stuehr and Yeager, 1965). In these cases it is more likely that
both AH and AV would be nonzero, so that neither of the simplifying assump-
tions would apply. However, if the reaction takes place in aqueous solution,
then isothermal conditions may be assumed to apply at low concentrations
since y = 1 for water at 4°C and y is not greatly different from unity at
somewhat higher temperatures.

An ultrasonic field can also interact with liquid media by inducing incipient
phase changes. An extremely high rate of absorption of energy from the
field occurs if it is present in a binary liquid mixture which is maintained
close to a critical solution temperature (Fixman, 1962; Anantaraman et al.,
1966). The state of aggregation of the molecules in the mixture is strongly
influenced by the temperature oscillation. A distribution of relaxation times
is required to explain the behavior that is similarly observed for media in the
vicinity of a phase change involving the transition from an isotropic liquid
state to a mesomorphic state or liquid-crystalline structure (Hoyer and Nolle,
1956; Edmonds and Orr, 1966).

All the relaxation processes just discussed may occur simultaneously
under appropriate circumstances, and the relative importance of each is
determined by the structure and the composition of the medium. One type
of relaxation process may predominate over a certain frequency range
whereas another type may constitute the important mechanism in a different

portion of the acoustic spectrum, thus giving rise to the concept of “ultra-

sonic spectroscopy” (Clark and Litovitz, 1960). Quantitative knowledge
of relaxation effects provides a method of considerable potential for deriving
valuable information on the dynamic aspects of structure and energy-transfer
processes of molecular species in biological systems.
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Hysteresis

It has been observed for highly viscous liquids and gases that at frequencies
greater than the viscous relaxation frequencies, the absorption per wavelength
(or per cycle) is at a level greater than the calculated viscous absorption and
is separated from the latter by a constant amount (Mason and McSkimin,
1947; Litovitz and Lyon, 1954). Such constancy of the energy loss per cycle
is characteristic of a hysteresis mechanism, but as yet there is no adequate
explanation for the origin of such a mechanism.

Relative motion

Relative motion produced by an acoustic field between structured elements
and an embedding fluid results in absorption of energy from the field. This
mechanism has been shown to constitute a significant fraction of the absorp-
tion in suspensions of erythrocytes in saline solution (Carstensen and
Schwan, 1959). Whether it is important at the molecular level has not yet
been established, although relative motion has been suggested as the mechan-
ism responsible for the degradation of DNA in solution by intense, non-
cavitating ultrasound (Hawley et al., 1963).

Relative motion results because of differences in density between sus-
pended structures and embedding fiuid. Consequently, frictionlike forces
are produced between the structures and the fluid, which result in loss of
energy from the acoustic field. Rotational motion can occur even if the
mass of the suspended element is equal to that of the displaced fluid since
the density of the suspended element may not be uniform over its volume.

An approximation analysis employing the concepts of frictional force
constants and equivalent masses yields a relaxation-type expression for the
absorption coefficient, Eq. (55) below, with the modification that the “relaxa-
tion frequency” and the amplitude factor are frequency-dependent (Brandt
et al., 1937; Angerer et al., 1954; Fry, 1952). A general analysis of this type
of system is that of Epstein [1941], who considers the problem of absorption
of sound in a medium containing spherical particles with diameters small
compared to the acoustic wavelength. The absorption coefficient calculated
from this treatment yields, to a first approximation, the same expression as
that obtained from the approximation analysis which assumes that the
structural elements are stiff in shear compared with the embedding medium.
The latter analysis indicates that the same form of expression applies in the
case of nonspherical elements, that is, in general,

¢ (1 — po/po)* (wfwe* M
20 polpe DT (wfwor M, 43
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where w, = Ry/M,, v = 2=f, v is the acoustic phase velocity, p, and p, are
the densities of the embedding medium and the structured elements, respec-
tively, and ¢ is the volume concentration of structured elements, i.e., the
volume of fluid displaced by the elements per unit volume of suspension.
The symbols R, and M, designate the frictional force constant and the effec-
tive mass of an element, respectively, and are given by the following relations
for spherical particles (Lamb, 1945):

PO 7 1
R, =6man|1 + | =) a0* (56)
27
Mol 2] o
SR PR TP Py

where 7 is the shear viscosity of the embedding fluid, g, is the radius and A/
the mass of an element, and m is the mass of fluid displaced per particle.
Values for R, and M, for nonspherical elements can be estimated from Egs.
(56) and (57) by inserting an average value for the radius if the element does
not deviate greatly from a spherical shape. The ratio w, = R,/M, has the
dimension of an attenuation factor.

The frequency dependence of the absorption coefficient due to relative
motion as described by Eq. (55), (56), and (57) and that due to relaxation
as described by Eq. (51) are compared in Fig. 5a where the absorption coeffi-
cient per wavelength is shown as a function of frequency. It is seen that,
compared with a single relaxation process, a marked broadening of the
absorption curve occurs when relative motion is present. Experimental
results obtained on suspensions of bovine erythrocytes in saline, after correc-
tion for absorption by protein components, and values calculated from Eq.
(55), are shown in Fig. 5b (Carstensen and Schwan, 1959).

F16. 5. (a) Comparison of the frequency dependence of «4 due to relative motion and
relaxational absorption. (b) Comparison of experimentally determined nonprotein
absorption in bovine erythrocytes in saline (points) with absorption computed for relative
motion (lines) using p, = 1.084 g/cm?, = 0.01 poise, and @, = 2.3 um. (After Carstensen
and Schwan, 195%9a.)
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Bubble mechanisms

Gas bubbles present in a liquid exert a marked influence on the propaga-
tion characteristics of ultrasound in the medium. Since some biological
components normally contain gas “bubbles,” e.g., lung, and since bubbles
can be introduced either by design of the investigator or inadvertently, it is
necessary to consider quantitatively the effects of gaseous inclusions on the
propagation of ultrasound (see Sec. 4 under “Tissues’’). When the bubble
dimensions are small compared with the acoustic wavelength, several physical
processes become important in contributing to the dissipation of acoustic
energy (Devin, 1959; Fry and Dunn, 1962). The time rate of dissipation
of acoustic energy by a bubble is greatest when the resonant frequency of
the acoustic field is equal to that of the bubble. The radius of a resonant

bubble Ry is given by
¥
re= g ()] &
g Po €

where
20 1
=14+ {1 — = 59
gr=1+ PORR(I 3h1) (39)
B 3(y, — 1)[ 3(y, — 1)}
<=1+ %%, I+ =g, (60)
1g
O = (Mz) (61)
A

g

and wp, is the resonant angular frequency of the bubble, y, is the ratio of
the specific heats of the gas in the bubble (y, = 1.4 for O,, N, air), P, is
the static pressure, Ry is the mean radius of the bubble, p, is the density
of the liquid, p, is the density of the gas, o is the surface tension, hy = v,/
¢, is the heat capacity of the gas at constant pressure, and x is the thermal
conductivity coefficient of the gas. The quantity A, lies between unity
(isothermal case) and y, (adiabatic case); consequently g, is always positive.
As an example of the magnitudes of the quantities involved, a resonant
frequency of 1 MHz for an air bubble in water corresponds to a bubble
radius of approximately 3 wm.

The total dissipation parameter b is equal to the sum of the thermal,
radiation, and viscous dissipation parameters, respectively, b;, b,, and b,,
and when a population of bubbles of uniform size is present, the acoustic
pressure-absorption coefficient o per unit path length is related to b as
follows:
b_r_lﬁl_) 3y,Pol Rg? + 0?po _ (62)

z [ i (Powz - 3gRngoﬂ s
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where ng is the number of bubbles of radius Rp per unit volume. At the
resonant frequency, Eq. (62) becomes

) (Bngo
o= ——f =
4ba)R2 RR2

+ szpo) (63)
The radiation dissipation parameter is given by

0 pe
b=0E (64)

and the viscous dissipation parameter by

7 (65)

? ‘IT.IQ_R3

where 7 is the coefficient of shear viscosity of the liquid. The complete
expression for the thermal dissipation parameter is quite complex. However,
when 20Ry, < 2,

7s — 1 QORgY)?

b,~ B
t t yg 30 (66)
where
3’}/ POgR
B — Yol 05R
' 4rRpPwge : 7

Further, when 20R, > 5,

N 1 — 1/®Rg
by= B, [1 + 2ORR[3(y, — 1)} (68)

Equations (62) and (63) apply to the case where all bubbles are of equal
radius. When this is not so, a summation over all radii is necessary and
can be accomplished by numerical integration of the right-hand side of Eq.
(62) over the appropriate range of Rg.

Large-amplitude Effects

The previous sections have been concerned with acoustic fields which can
be quantitatively described in terms of a “linear” analysis. That is, it is
assumed that the change in the density of the medium is linearly proportional
to the change in the pressure (waves are of infinitesimal amplitude). For
waves of finite amplitude, the linear analysis is not adequate to describe
the acoustic field when appreciable deviation occurs from the linear approxi-
mation to the relation between the incremental changes in density and pressure
determined by the equation of state for the medium. The interest here is
in the intermediate range between waves of infinitesimally small amplitude
and strong shock waves. A number of distinct phenomena, not readily
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observed for low-amplitude acoustic waves, become apparent as the wave
amplitude is increased. Some of the more important phenomena are
discussed briefly, and quantitative relations are presented which are useful
for determining their importance in experimental situations.

Radiation pressure

If structures possessing acoustic properties different from that of an
embedding medium are subjected to high-level acoustic radiation, steady or
unidirectional forces exerted on them are readily observed. Such a force
results when the acoustic energy density changes abruptly with position in
the medium, e.g., at an interface between media of different acoustic proper-
ties; such a force also results when acoustic energy is absorbed within a
homogeneous medium.

Radiation pressure at interfaces. Radiation pressure can exert steady
forces on interfaces between media having different values of acoustic
velocity and/or density. The force of radiation pressure at a plane interface
is dependent on the relative amounts of incident energy reflected and trans-
mitted or absorbed and is quantitatively equal to the difference in the energy
densities in the two media. The energy density, or average energy per
unit volume, E,, of a plane traveling wave is given by Eq. (15). The radia-
tion pressure P, or force per unit area F,/A4 exerted at an interface can be
expressed as

I
P,=§’=DE0=D— (69)

(%]

where D is given in Table 5 for a variety of physical configurations (Hueter
and Bolt, 1955; Fry and Dunn, 1962), I is the acoustic intensity, and v, is
the acoustic velocity in the medium from which the sound waves are incident.
It is possible to compute the total acoustic power or average intensity of a
sound beam using relations (15) and (69) by measuring the force exerted
by an ultrasonic beam on a reflector or absorber of large size. In order to
accomplish this, it is essential, if a reflector is used, that none of the energy
reflected at the interface be allowed to return to the source to modify its
acoustic output. This condition can be realized by using a deflecting
reflector and absorbing the reflected energy (Hueter and Bolt, 1955). It
should be noted that in some cases the direction of the radiation force is
opposite to the direction of propagation, for example, at the nonreflecting
interface between two media of equal characteristic impedances where the
acoustic velocity of medium 1 is greater than that of medium 2.

Radiation pressure on spheres. The radiation force exerted on a “soft”
sphere (i.e., one such that the pressure amplitude is zero over its surface)
suspended in a traveling-wave ultrasonic field is a function of the ratio of
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TABLE 5. Tur CoNSTANT D oF EqQ. (69) FOor VARIOUS PHYSICAL CONFIGURATIONS

Physical configuration D
Perfect absorber, normal incidence, re = 1 1
Perfect reflector, normal incidence, rz; = 0 or ryq = o0 2

Perfect reflector, incidence at angle 6, to sound beam,

Ty =00rry =ow® 2
Nonreflecting interface, normal incidence, ry; =1
V5 U, Uy
e . . 1 -2
For v; < v,, force in direction of propagation v,

For v, > v,, force opposite to direction of propagation

o g — 1+ 2ry(1 — vy/vy)

Partially reflecting interface, normal incidence, r 1
y 4 e rog + 102

v,
Note: ry; = ik

P

the diameter of the sphere to the wavelength of the sound. For a “rigid”
sphere, i.c., one whose surface does not deform, the radiation force is
dependent, in addition, upon the relative densities of the sphere and the
embedding medium. Both types of spheres are useful in the calibration of
ultrasonic fields. In order to obtain precise values for the acoustic field
variables at a specific location in a beam, it is desirable to employ a method
of radiation-pressure measurement in which the volume of the region is
small enough so that the variation in the values of the variables is small.
Thus radiation force measured with spheres of appropriate size permits
accurate determinations of acoustic field parameters at specific sites in a
field. One radiation-pressure method utilizes a small stainless steel sphere
(14 to 1 wavelength in diameter) suspended by a bifilar arrangement in the
sound field (Fox and Griffing, 1949). The radiation force F, deflects the
sphere, and the magnitude of this deflection d, (measured by a cathetometer)
permits accurate evaluation of the force exerted by the radiation field. For
small angular deflections of the suspension from the vertical,

F,
7 Lw

where L, is the length of the suspension, m, is the mass of the sphere, m
is the mass of the displaced liquid, and g is the gravitational constant. In
practice, the sound level is varied, for example, by changing the voltage
across the transducer, and the deflection of the sphere is plotted as a function
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of the square of the driving voltage since the latter is proportional to the
intensity and consequently directly proportional to the energy density.

The radiation force is expressed in terms of the energy density and radius
of the “rigid” sphere as

F, = [ f(kas, &) + d(kas, &)}mson (71)
Po Peo

where k = 2/ is the wave number, a, is the radius of the sphere, p; is

the density of the sphere, and p, is the undisturbed density of the liquid

medium. For the “soft” sphere case, the radiation force can be expressed as

F, = f(ka)malE, (72)

Numerical values for the functions d(kas,p,/po), f(kas,ps/pe) and f(ka,) are
tabulated and plotted elsewhere (Maidanik, 1957; Maidanik and Westervelt,
1957; Fry and Dunn, 1962). Measurements with “soft”’ spheres have not
been extensively employed except in a preliminary fashion for the absolute
calibration of ultrasonic fields. The use of soft spheres has the advantage
that the force exerted on the sphere in the sound field is a monotonic function
of ka, and thus a higher degree of absolute accuracy might conceivably
be attained in this case.

Stokes and Oseen forces

The ““average Stokes force” on a structure suspended in a high-intensity
ultrasonic field arises from the temperature dependence of the viscosity of
the medium. The viscosity is greater during a rarefaction (lower tempera-
ture) than during a compression (higher temperature), and, consequently,
the time average of the product of the viscosity and particle velocity is not
zero. The force exerted on a stationary sphere of radius a, in a fluid medium
having a shear viscosity # and moving with a velocity & is

F = 6mané (73)

which results in a unidirectional force exerted on the structure. In the case
of a liquid, since the viscosity is decreased during compression and increased
during rarefaction, the average force is oriented in a direction opposite to
the direction of propagation of the acoustic field (Hueter and Bolt, 1955;
Westervelt, 1951).

The Oseen steady force, which is independent of the temperature varia-
tions of the sound field, arises as the result of wave distortion and can be
derived by extending Eq. (73) to include a term of second order in the
velocity (Westervelt, 1951), i.e.,

F = 6mamé(l + hyé) (74)
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where ki, is an appropriate coefficient. If the ratio of the amplitude of the
second harmonic to that of the fundamental is designated by s, and the
phase angle by ¢, then

£ — B [sin of + Sy 8in ot + @) (75)

and if h, is approximated as 3p,a,/87, the steady force exerted on the sphere
is given approximately by

F~ —3a2pys, £2 sin @y, (76)

It is seen from Eq. (76) that the direction of the force can be either toward
or away from the source, depending on the magnitude of the phase angle ..
The average Stokes and Oseen forces will not be considered further in this
chapter since, in liquids subjected to ultrasonic fields, other steady forces
are of greater importance over the range of values of the field parameters of
interest here.

Streaming

In the case of an absorbing medium the space gradient of the radiation
pressure P, is related to the absorption coefficient as follows:

dP,
2~ _2uE, (17
dx

where E, is the energy density. In general, this pressure gradient produces
streaming of the medium.

It is desirable to present an expression for approximately estimating
streaming speeds from a knowledge of the values of the pressure-absorption
coefficient per unit path length, the beam and vessel diameter, the shear-
viscosity coefficient, and the sound level (Nyborg, 1953 and 1965; Lieber-
mann, 1949; Eckart, 1948). Although a well-founded basic theory exists
from which acoustic streaming values for specific cases can be calculated
in principle, the computations to obtain flow-velocity relations involve
approximations to realize tractability. Calculations by different investiga-
tors indicate that computed values are in the range of the experimentally
measured values. The following formula for obtaining at least an order-of-
magnitude estimate of the streaming speed is useful when the magnitude of
the absorption coefficient is such that 2aL, < 3, where « is the amplitude
absorption coefficient per unit path length, and L, is the “length’’ of the beam.
If the streaming speed is designated by v, then (Nyborg, 1953)

252
14TV k=]
Pl =

v, o (78)
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where E is the acoustic particle velocity amplitude, a is the beam radius, and
po and 7 are the density and the shear-viscosity coefficient of the medium,
respectively. As a specific example consider a 1-MHz beam in water at
room temperature. If @ = 0.2 cm, po = 1.0 g/em®, « = 2 X 10~* Np/cm,
7 = 0.01 poise, and E — 300 cm/s, then v, =36 cm/s. The reader is
referred to the review by Nyborg [1965] for details on acoustic streaming
phenomena.

Finite-amplitude waves

An acoustic wave of finite amplitude, initially monochromatic, becomes
distorted as it propagates. That is, harmonics are generated by transfer
of energy from the fundamental. As the original monochromatic form of
the wave takes on a spectral character, the waveform becomes stabilized at
that distance from the source where the time rate of energy transfer to the
harmonics equals the time rate of energy dissipated through absorption.
A region of stabilization exists for each harmonic—defined for the second
harmonic, for example, as that region in which the ratio of the amplitude
of the second harmonic to that of the fundamental is “maximum.” Near a
sound source that radiates monochromatic waves, the absorption coefficient
is nearly that for waves of infinitesimal amplitude. In the region of stabiliza-
tion, the absorption coefficient is maximal, and at great distances from the
source, where the wave returns to the original sinusoidal form, the absorp-
tion coefficient again approaches that for waves of small amplitude. Thus,
the absorption coefficient of finite-amplitude waves leads to nonexponential
attenuation. The amount of energy transferred to the harmonics per unit
path length is a function of the nonlinearity of the equation of state of the
medium and the pressure amplitude of the acoustic disturbance. The reader
is referred to the review by Beyer [1965] for details on nonlinear acoustics,

Interacting particles

The hydrodynamic flow pattern produced by an acoustic field in a region
containing closely neighboring suspended particles results in a Bernouilli
attraction (Hueter and Bolt, 1955). This situation obtains if the amplitude
of the periodic displacement of the particles is only a small fraction of the
amplitude of the periodic displacement of the fluid. It is assumed here that
laminar flow obtains. This is ensured in the case of a liquid if the Reynolds
number (Re = 2a,v:po/n) is less than 1,000. In this expression vy is the
flow velocity in the constriction between the particles, a; the particle radius,
po the density of the embedding liquid, and 7 the shear-viscosity coefficient.
The force of attraction between the particles can be expressed in terms of
the acoustic intensity and a factor that depends on the geometry of the flow
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pattern. For two spherical particles of radii a, and a, spaced a distance d;
between centers in a medium of acoustic velocity v, the force of attraction is

. 3mala® 1
Todt v
If the particles are free to move, the speed of coalescence is determined by
the viscous forces acting upon them, in addition to the Bernouilli attraction.

If the particles are elastically fastened to other structures, a stretching of these
elastic bonds occurs.

(79)

Cavitation

The term cavitation refers to the phenomena associated with the growth
and collapse of bubbles or vapor-filled cavities in liquid media. Such
phenomena are produced in a liquid subjected to an ultrasonic disturbance
when the acoustic pressure amplitude during rarefaction reduces the hydro-
static pressure to some “threshold” value, which depends upon the physical
parameters describing the state of the medium. The destructive forces
attending cavitation produce physical, chemical, and biological effects
(El'piner, 1964) which alter the medium being irradiated and can lead to
erroneous results for acoustic velocity and absorption measurements. A
comprehensive review of the physics of cavitation has been prepared by
Flynn [1964]. Brief remarks on the way cavitation threshold depends on
frequency, temperature, pressure, pulse length, and viscosity follow.

It is first noted that the types of cavitation phenomena observed can be
classified into two categories: (1) quiet degassing of a liquid containing
dissolved or entrained gas; and (2) catastrophic collapse of cavities accom-
panied by a broadband noise spectrum. The following discussion considers
the latter phenomenon only, which is initiated only if the medium experiences
a tensile stress greater than a threshold value during a portion of the rare-
faction phase of the ultrasonic disturbance. No single investigator has
studied all aspects of ultrasonically induced cavitation, and considerably
more information is available on water than on any other material. The
method of preparation of the liquid is most important, and, since many
techniques have been employed in cavitation studies, the results on cavitation
thresholds by different investigators do not always agree. The frequency
dependence of the minimum acoustic pressure amplitude required for the
production of cavitation (detected by the broadband noise spectrum pro-
duced) for both degassed and air-saturated water at room temperature, is
constant at approximately 2 atm and approximately 14 atm, respectively,
from approximately 10 to 10* Hz and increases rapidly in the range from
102 kHz to 1 MHz, where the threshold at the latter frequency is greater
than 50 atm (Esche, 1952; Flynn, 1964; Fry and Dunn, 1962). . In the
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temperature range 10 to 50°C, at 60 kHz, it has been shown that the threshold
value of the acoustic pressure amplitude required for the production of
cavitation in water increases monotonically with increasing hydrostatic
pressure (Blake, 1949; Fry and Dunn, 1962). The same data can be inter-
preted to show that for water, at 60 kHz, the cavitation threshold, at constant
pressure, decreases linearly with increasing temperature. Strasberg [1959]
has shown that the acoustic pressure amplitude required for the initiation
of cavitation decreases with increasing gas content, at 25 kHz and 20 to 24°C.
The minimum acoustic pressure amplitude for the production of cavitation
increases with decreasing pulse length of the acoustic disturbance (Hueter
and Bolt, 1955), and the particular range of pulse-length values over which
this increase becomes marked is a function of frequency. For example, for
air-saturated water, this marked increase occurs for pulse lengths in the range
of 300 to 500 ms at a frequency of about 400 kHz. For degassed castor oil,
the sharp trend to higher threshold values occurs in the range of pulse lengths
30 to 40 ms at a frequency of 25 kHz. High-viscosity liquids such as oils
and solutions of high polymers impede the growth of bubbles, and thereby
possess relatively high cavitation thresholds (Hueter and Bolt, 1955).

Since there are many techniques available for the determination of acoustic
velocity and absorption in liquid media, requiring different acoustical con-
ditions, it is essential in such work that the investigator choose those experi-
mental conditions which ensure that cavitation is not present in order that
the resulting data may be meaningful.

3. MEASUREMENT METHODS

The utilization of ultrasonic energy for biomedical or biophysical purposes
requires, in general, a knowledge of the acoustic velocity and absorption of
the biological media under all conditions of interest. These parameters,
together with the density or compressibility, are sufficient and necessary to
characterize the propagation of low-amplitude plane unreflected ultrasonic
waves represented by Eq. (27). The velocity and absorption-coefficient
values are functions of the frequency and the ambient temperature; they
are also functions of the ambient pressure, but this dependence will not be
considered further since atmospheric pressure is usually applicable. Under
nonlinear conditions of moderate or high amplitudes, it is also necessary to
consider the amplitude dependence of velocity and absorption, and therefore
the absolute intensity of the sound wave must be measured. In Table 6
a brief summary is given of various techniques applicable in different fre-
quency ranges for measurement of the velocities and absorption coefficients
of compressional and shear waves and also the sonic intensity in liquids and
in viscoelastic solids. No attempt will be made to give an exhaustive descrip-
tion of all the listed techniques, but a few will be selected for further comment.
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; Hunter and Dardy [1964]
™ Fleury and Chiao [1966]; Benedek and Greytak [1966]

# Qestreicher [1951]

? McSkimin [1951]
¢ Nolle and Mifsud [1953]; Schneider and Burton [1949]

7 Litovitz, Lyon, and Peselnick [1954]

® Tamm, Kurtze, and Kaiser [1954]
¢ Lamb and Richter [1966]

i Fox and Griffing [1949]
! Dunn and Hawley [1965]

¢ Pellam and Galt [1946]; Andreae, Bass, Heasell, and Lamb [1958]

¢ Hubbard [1931]; Del Grosso, Smura, and Fougere [1954]
® Dunn and Fry [1957]

¢ Greenspan and Tschiegg [1957]

7 Carstensen [1954]; Siegert [1963]
i Mason, Baker, McSkimin, and Heiss [1949]

% Leonard [1948]; Tamm and Kurtze [1951]

¢ McSkimin [1964]
¢ Mason [1948]
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It is notable that no single technique is universally applicable, and, in fact,
the majority are restricted to a frequency range of about two decades. Such
limitation on the applicability of a single technique is primarily due to the
strong frequency dependence of the absorption coefficient, as shown in
Eq. (30). ’

An additional limitation relates to the size of available specimens in
comparison with the wavelengths. Fairly large volumes of liquid, typically
10 to 1,000 ml, are required by many of the techniques. In the case of
biological materials this quantity is frequently not available. The develop-
ment of experimental techniques requiring only small volumes of liquid is
extremely desirable for further progress. A review of measurement tech-
niques has been given by McSkimin [1964], and references to other papers
are included in reference a of Table 6.

Velocity Measuring Methods

Interferometric method

The most convenient instrument for measuring the propagation velocity
of compressional waves in nonviscous liquids at frequencies around 1 MHz
is the continuous-wave interferometer. Hubbard [1931] has given a detailed
account of the theory of operation, and Del Grosso et al. [1954] have reviewed
numerous considerations in design and use. The attainable accuracy
without undue complication is approximately 0.1 percent. For comparison
with this accuracy figure, variations in velocity with frequency and tempera-
ture over the ranges of interest may be at most as great as 1 percent. In
the interferometer, which is illustrated schematically in Fig. 6, a transducer
generates plane compressional waves in the liquid specimen. These propa-
gate until they are reflected from a plane-parallel movable reflector. A
standing-wave pattern is set up between the parallel faces of the transducer
and reflector, and this standing-wave field reacts on the transducer and
influences the electrical impedance which is presented to the electronic
driving circuit. With neglect of absorption, equivalent states of reinforce-
ment of the standing-wave pattern occur when the reflector is moved co-
axially relative to the transducer, and these positions are separated by distances
equal to one half-wavelength of the sound in the liquid at the frequency of
operation. If the transducer is connected in a parallel resonant circuit,
then the voltage developed across this circuit exhibits sharp minima at
successive half-wavelength positions. In practice, to achieve the desired
accuracy, the reflector is displaced through a measured distance equal to at
least 100 half-wavelengths, and the average measured wavelength is calcu-
lated. The velocity of propagation is immediately obtained as the product
of the wavelength and the frequency of oscillation of the transducer. The
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Liguid

[0

Fi6. 6. Schematic dia-
gram of an ultrasonic

interferometer.  (After
Andreae and Edmonds,
1961.)

latter can be measured with appropriate accuracy by a crystal-controlled
frequency calibrator.

A particularly simple method of operation, which permits measurements
with an accuracy of 0.5 percent, has been described (Andreae and Edmonds,
1961). In this instrument the oscillator driving the transducer is over-
coupled so that its frequency of operation is sensitive to the radiation
resistance of the transducer. An audio-frequency beat note between the
driving oscillator and a crystal-controlled oscillator in a frequency meter is
monitored by the observer. Successive half-wavelength positions of the
reflector are identified as positions of minimum or zero beat.

For appropriate operation of an interferometer it is particularly important
that the reflector and transducer be accurately parallel, preferably within
1400 wavelength at the highest frequency of operation. Control of the
temperature in the sample is essential and should be maintained to better
than 0.1°C. It should be noted that undesired modes of propagation,
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associated with reflection of ultrasonic waves from the sides of the container,
have been a cause for erroneous results in some cases (Del Grosso et al., 1954).

At high frequencies when absorption in the specimen is high, it is not
practicable to set up a standing-wave field. Under these circumstances it
is possible to observe electrical interference between the electric signal from
an ultrasonic pulse which has been transmitted once through the liquid
sample and a continuous-wave signal which is introduced into the receiving
amplifier and which is derived from the oscillator driving the transducer
(McSkimin, 1964). In this case it is necessary to replace the reflector by a
receiving transducer which can pick up the ultrasonic signal passing once
through the specimen. The continuous-wave signal provides a reference
phase with which the phase of the signal transmitted through the specimen
can be compared. Successive positions of destructive interference serve to
identify positions of the receiving transducer which are separated by one
wavelength. Both types of pulse equipment described on pages 252-255
may be used in this manner.

Sing-around method

This system, which was originated by Hiedemann [1947] and developed
to a point of practical utility by Greenspan and Tschiegg [1957], makes use
of pulse propagation in the liquid specimen. A simplified diagram is shown
in Fig. 7. To initiate operation, the transmitting transducer is shock-
excited, and it generates an ultrasonic pulse. ~Arrival of the ultrasonic pulse
at the receiving transducer initiates a new cycle of events by providing a
trigger for the driver which excites the transmitting transducer. Conse-
quently the transmitting transducer is excited at regular intervals equal to
the time of travel for signals around the entire circuit comprising the ultra-
sonic path and the return path in the electric circuitry. The delay time in
the electric system is very small in comparison with the travel time along the
ultrasonic path, and consequently the repetition rate of the pulses is a measure
of the velocity of propagation in the liquid sample. The frequency of
recycling can be measured by a digital counter. The method is capable of
extreme accuracy in measurement of velocity if extensive precautions are
taken to ensure that the electric delay time is constant in operation. These
precautions involve wave shaping and control of the amplitude of signals
at numerous locations in the circuit. The instrument developed by Forgacs
[1960], which is more suitable for the measurement of relative than absolute
velocity, is capable of detecting a velocity change of one part in 10°. This
performance was obtained by using 10 MHz resonant-frequency transducers
and crystal-controlled electronic counters to measure the elapsed time for
the occurrence of between 10 and 10° cycles of the sing-around system.
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Fic. 7. Schematic diagram of the “sing-around” system for velocity measure-
ments. (After Greenspan and Tschiegg, 1957.)

A simplified version of the sing-around system was described by Ficken
and Hiedemann in 1956. They were not concerned at that time with attempts
to control the shape or amplitude of the electric signals, but they claimed an
accuracy of better than 1 percent for their measurements of velocity.

Blackstock [1966] has suggested that inaccurate results may be obtained
with the sing-around method if it is used with viscous liquids. His analysis
of the transient solution of the viscous wave equation shows the possible
occurrence of transient signals of greater amplitude than the steady-state
signals. In these circumstances the transient signal would be effective in
triggering the electric system, and the measured velocity would refer to the
transient rather than to the steady-state solution.

Velocity difference method

A method of making comparative measurements of velocity has been
described by Carstensen [1954]. This instrument, illustrated in Fig. 8,
incorporates a sample chamber which is divided into two parts separated
by a thin, acoustically transparent diaphragm. A reference liquid of acoustic
impedance similar to that of the sample is placed on one side of the dia-
phragm, and the unknown sample on the other. One of a pair of trans-
ducers, matched in frequency and mounted with fixed separation on the
carriage, dips into each liquid. Motion of the carriage causes a given path
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Fic. 8. Schematic diagram of a fixed-
path apparatus for velocity and absorption
measurements. (After Schwan and Car-
stensen, 1952.)

length of the reference liquid to be replaced in the path of propagation of
an ultrasonic pulse between the transducers by the same path length of the
liquid to be measured. The phase of the continuous-wave signal arriving
at the receiving transducer depends on the difference of the sound velocities
in the two liquids. This difference can be measured with an accuracy of
1 part in 10%, and so the method is preferred for the detection of velocity
dispersion in the sample. Since the absolute velocity in water, the most
common reference liquid, is known with an accuracy of only 1 part in 3,000
(McSkimin, 1965), the final accuracy of measurement of the velocity in the
sample is limited to this figure also.

Optical method

Debye and Sears [1932] and Lucas and Biquard [1932] showed that the
alternating compressions and rarefactions of a sound wave, propagating
in a liquid medium, correspond to an optical diffraction grating and thereby
make possible the determination of the speed of sound and the absorption
coefficient in transparent media by several methods. The most commonly
employed experimental method utilizes the arrangement shown in Fig. 9.
A plane traveling sound beam is produced by a transducer, usually quartz,
at one end of the sound chamber, and provision for absorbing all incident
acoustic energy is present at the distant end of the cell (to ensure that no
standing waves are produced). Collimated monochromatic light is made
to pass through the ultrasonic cell normal to the direction of sound propaga-
tion. The image of the slit is then focused on a photographic plate, along
with the various diffracted orders. The diffraction angle 6, for order , is
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FiG. 9. Schematic diagram of an optical technique.

given by the Raman and Nath [1935] theory as

sinf =n & (80)
As
where 1, is the wavelength of the incident light, and 4; is the wavelength of
the propagating sound wave, from which the speed of sound is readily
computed.

The acoustic absorption coefficient in the liquid is determined by employing
a photodetector (in place of the photographic plate) and measuring the
intensity of one of the diffracted orders as a function of the distance from
the sound source.

The reader is urged to examine Willard’s publication of 1941 for further
details of the optical method. However, it is appropriate to mention here
a major disadvantage of the optical method, i.e., the uncertainty of the length
of the light path through the sound beam.

Absorption Measuring Methods

Pulse transmission methods

Pulse transmissions systems for the measurement of absorption coefficient
and velocity in the same apparatus may be divided into two classes: those
using a fixed path and those using a variable path. The variable-path
instrument, illustrated schematically in Fig. 10, was originated by Pellam
and Galt [1946] and further developed by Litovitz and coworkers [1954]
and by Lamb and collaborators [1958].1 The method is particularly suitable
for absolute measurements of absorption coefficient in the 5 to 500 MHz
frequency range. The amplitude of a short ultrasonic pulse transmitted

1 See Andreae et al. [1958].
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Fic. 10. Schematic diagram of a variable-path pulse appa-
ratus for absorption measurements. (After Heasell and
Lamb, 1956a.)

through the liquid sample is compared with the amplitude of a pulse derived
from a reference oscillator and passed through the same amplifying system.
Alteration of the amplitude of the received signal, which is caused by altera-
tion in the ultrasonic path length, is matched by a corresponding alteration
in the amplitude of the comparison signal, produced by adjusting an electrical
attenuator in the comparison channel. This attenuator provides the reference
for the attenuation measurement and should be either a highly accurate
resistive attenuator or a piston attenuator consisting of a waveguide operating
below cutoff. In the latter case the standard of attenuation depends only
on the geometry of the waveguide and the mode of propagation within it,
and these can be accurately determined. This technique has been used to
measure the absorption coefficient of a large number of liquids in the fre-
quency range from 0.5 to 500 MHz (Lamb, 1965; Litovitz and Davis, 1965;
Hunter and Dardy, 1964; Edmonds, Pearce, and Andreae, 1962; Andreae
and Joyce, 1962; Heasell and Lamb, 1956; Tamm, Kurtze, and Kaiser,
1954). Three different instruments operating on the same principle are
generally needed to cover this range of frequency. The range of absorption-
coefficient values which may be thus measured extends from 0.1 to 120,000
dB/cm. Extensive precautions must be taken to ensure parallelism of the
surfaces of sending and receiving transducers and accurate displacement
along the direction of pulse propagation, if absolute measurements are
required. Relative measurements are not so critical. It is assumed in
interpreting the measurements that plane waves are propagated in the liquid
sample. This is unlikely to be strictly true, however, since it is known that
transducers having a diameter that is only a small multiple of the wavelength
of sound in the transducer materials (which is usually the case especially at
the lower frequencies) vibrdate in a number of different modes involving
nonuniform displacement of the faces in contact with a liquid sample. This
possible source of difficulty appears to be of no great practical significance

e
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because the receiving transducer integrates over the cross-sectional area of
the beam. However, the diffraction pattern of a piston source must be taken
into account at lower frequencies (Carome and Witting, 1961), e.g., at less
than 10 MHz when the absorption coefficient is small. Divergence of the
beam causes an apparent increase in the absorption coefficient, for which
correction must be made. At the far boundary of the Fresnel region,
x = r,*2A, this correction can amount to 1.5 dB relative to the amplitude at
the source (Bass, 1958). A given pair of transducers, which are matched
in their fundamental frequencies for thickness vibration, can be operated
at a number of different frequencies which are odd harmonics of the funda-
mental. In this system accuracy of temperature control is also essential
and should be maintained within 4-0.1°C (Andreae et al., 1958; Edmonds,
1966).

The transmission technique that utilizes a fixed path length was developed
by Carstensen [1954] and is shown in Fig. 8. Under pulsed conditions,
it is particularly suitable for making comparative measurements of absorp-
tion coefficients and, under continuous-wave conditions, for measuring
velocity of propagation as described on pages 250-251. The changes in the
received pulse height resulting from motion of the carriage can be measured
by the comparison technique described above and interpreted as relative
absorption. Siegert [1963] has developed this technique further to permit
more accurate control of temperature and concentration of the sample.

This type of instrument is particularly suitable for measurements in the
lower megahertz frequency range, and it has been used to make absorption
measurements down to 0.3 MHz. The method has the disadvantage of
requiring comparatively large sample volumes—typically one-half liter.
However, it has the important advantage of requiring no correction for
diffraction effects which result in apparent absorption. If the reference
liquid is chosen to have nearly the same velocity of propagation as the
sample, then the diffraction pattern of the sending transducer is not changed
significantly when the carriage is moved relative to the diaphragm, and the
receiving transducer remains in the same position in the field. This is not
true of the variable-path instrument described above where at low fre-
quencies it is necessary to make a correction for diffraction effects which can
account for as much as 30 percent of the measured “absorption.” (Under
the latter circumstances the accuracy of determination of the absorption-
coefficient value can be as poor as +50 percent.) With the fixed-path
apparatus it is estimated that the absorption coefficient can be determined
to better than 0.05 dBfcm and in favorable circumstances to 0.02 dB/cm.
Errors in absorption are reported to be less than 5 percent in the frequency
range above 1 MHz and to reach 10 percent only at the lowest frequencies.

The method of pulse transmission listed in Table 6 as suitable for measure-
ment of the acoustic velocity and absorption coefficient of viscoelastic solids
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bears close similarity to the phase comparison and pulse transmission tech-
niques just described. It differs insofar as samples of viscoelastic media
have fixed boundaries, and it is not convenient to change the dimensions of
the sample, or the ultrasonic path length, as it is with a liquid. Under such
circumstances the sample is held between transmission media, which may
be either liquid or solid, but which are characterized by low values of the
absorption coefficient. It is necessary to know the velocities and the attenua-
tion coefficients of the transmission media, and also their acoustic
impedances, in order that an analysis of the phases and amplitudes of the
pulses received may yield the desired information on the absorption and
velocity parameters of the sample.

Transient thermoelectric method

The methods discussed in the previous sections have in common the require-
ment that the sample to be measured be a homogeneous medium (excised
heterogeneous samples of biological material of simple geometry, e.g.,
slabs having plane-parallel sides, are also appropriate if an “average value”
for the absorption coefficient is desired). Thus, these methods are not
suitable for in situ measurements. The transient thermoelectric method
provides a technique wherein a very small thermocouple is embedded in the
tissue of a living organism and the absorption coefficient determined in the
small volume of tissue immediately surrounding the junction (W. J. Fry and
R. B. Fry, 1953; Dunn, 1962). This method is also suitable in those cases
where absorption coefficients of relatively small volumes of liquid media
are to be considered, in particular, at ultrahigh frequencies (Dunn and
Breyer, 1962). The following is a brief description of the transient thermal
electric measuring method (W. J. Fry and R. B. Fry, 1954a, 19545; Dunn
and W. J. Fry, 1957; W. J. Fry and Dunn, 1962). A small calibrated
thermocouple probe (usually uninsulated) is embedded in the tissue to be
studied, and the specimen is exposed to rectangular acoustic pulses of known
intensities. The transient thermoelectric output produced in response to
an acoustic pulse of known amplitude is recorded on a magnetic oscillo-
graph employing a galvanometer having a time constant of the order of
102 s. The rise time of the pulse is of the order of 107®s. The transient
temperature change detected by the thermocouple embedded in the tissue
possesses two distinct phases (see Fig. 11). The first phase, which reaches
an equilibrium value rapidly (in about 10~ s), results from the conversion
of acoustic energy into heat by the viscous forces acting between the wires
of the thermocouple and the immediately surrounding medium. This
phase is, of course, not present in the tissue when the thermocouple is absent.
The second phase exhibits an almost linear characteristic (for pulse durations
of the order of 1 s) and results from acoustic energy converted into heat by
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F1G. 11. Thermoelectric emf produced at the probe ter-
minals in response to a 1.0 s pulse of ultrasound.

1.00s i

absorption in the tissue surrounding the thermocouple junction. If the
thermocouple wires are sufficiently small in diameter, the initial time rate
of change of temperature of the second phase is related to the acoustic
amplitude absorption coefficient per unit path length by the following

relation:
— il 1
* 2I \dt)h 1)

where p,c;, is the heat capacity per unit volume of the tissue in calories per
cubic centimeter per degree Celsius, / is the acoustic intensity in watts per
square centimeter, and J is the mechanical equivalent of heat in joules
per calorie. The acoustic intensity of the plane traveling wave field to which
the tissue sample is exposed must be known and can be determined by a
thermoelectric probe which has been calibrated previously against a radiation-
pressure detector (Dunn and W. J. Fry, 1957). The heat capacity per unit
volume must also be known. The evaluation of the quantity (d7/dt),
follows from the experimentally determined temperature-time relation
utilizing the second phase of the recording only, if certain criteria are satisfied
(W.J. Fry and R. B. Fry, 1954a, 1954b). Let it suffice here to indicate that
for a copper-constantan thermocouple junction 0.0005 in. in diameter,
embedded in a material having absorption properties similar to castor oil
and irradiated with a pulse duration of 1 s by a 1 MHz sound beam having
a width at half-intensity of 4 mm and an intensity level such that the total
temperature rise is not greater than 1°C, the total error introduced by assum-
ing that the time rate of rise of the slow phase of the thermocouple response is
identical with (dT/dt), in the above equation is not more than 1 percent.

In employing this method, it is necessary to recognize that the known
sound intensity used in exposing the sample will be diminished upon propa-
gating from the surface of the sample to the position of the thermocouple
junction. Thus it is necessary to make an appropriate correction in the
computation of the absorption coefficient. In many cases this correction
is relatively small and can be accomplished by using a value of « obtained
by inserting the value of the incident intensity in Eq. (81) (Dunn, 1962).

Knowledge of the anatomic position of the thermocouple junction is
essential since it is generally desired to make a measurement within a specific
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tissue structure. Further, since the acoustic exposing beam is generally
not planar over a very large area, it is essential that a known part of the beam
(i.e., for which the intensity is known) irradiate the region occupied by a
thermocouple junction. The techniques for determining the precise position
of the thermocouple junction within the tissue include optical methods and
even acoustical means during the experiment. There are, however, situations
for which one must delay determining the anatomic position of the junction
until after the experimental animal has been sacrificed when dissection and
histological techniques can be employed (Dunn, 1962).

The transient thermoelectric method also provides a procedure for deter-
mining acoustic absorption-coefficient values of dielectric liquids in the
ultrahigh-frequency region. In this case the piezoelectric sound source, in
contact with the liquid under investigation, is excited electrically, at an odd
harmonic of the fundamental thickness mode, to produce a single acoustic
pulse with rectangular envelope of, for example, 0.1 s duration. Asa result
of this relatively short acoustic pulse, the heating action of the viscous forces,
already described, produces a transient temperature rise in the immediate
neighborhood of the thermocouple junction. The transient thermal emf
produced in the thermocouple circuit, which can be amplified and displayed
by an oscilloscope (see Fig. 12), is a measure of the acoustic intensity ina
plane-wave field in the neighborhood of the junction. The thermocouple
response, which is directly proportional to the acoustic intensity in the neigh-
borhood of the junction, is observed as the deflection of the electron beam
spot from its initial equilibrium position for varying distances between the
sound source and probe. The acoustic intensity absorption coefficient per
unit path length is then readily computed. This method has been employed
to determine acoustic absorption-coefficient values for selected oils in the
frequency range from approximately 10 to 1,000 MHz (Dunn and Breyer,

1962).

Thermocouples are fabricated readily from 0.003-in.-diameter commer-
cially available wires, which are then etched in acid to reduce the diameter
to approximately 0.0005 in. in the vicinity of the junction. Assembly of
the thermocouple can be accomplished by either soldering or welding.
Both lap and butt joints can be used without observed differences in the
ensuing results. A welding technique has been developed especially for
fabrication of miniature junctions by Hawley et al. {1962].

In addition to the advantage already indicated in using the transient
thermoelectric method, i.e., that it enables in situ determinations of acoustic
absorption to be made, it also has the advantage that highly stable measure-
ments can be made, i.e., the thermoelectric probe is insensitive to stray or
f fields, it has a low electrical input impedance, and it can be used as a
primary standard for accurately determining absolute sound levels at ultra-
sonic frequencies [see Eq. (81)]. However, the transient thermoelectric
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method does suffer the following disadvantages: (1) in the low-megahertz
frequency range it is relatively insensitive, requiring acoustic intensities of
the order of 1 W/cm? to obtain a suitable output; (2) it cannot be used to
determine the temporal waveform of the acoustic disturbance.

Interferometric method

Musa [1958] has considered the conditions under which an interferometer
may yield valid measurements of absorption coefficient. Direct measure-
ments can be made when « is very small or very large, but an iterative pro-
cedure is required for intermediate values. Cerf [1963] has generalized this
analysis to include the case of operation at frequencies other than harmonics
of the transducer’s fundamental frequency and has concluded that Musa’s
results remain valid. Subsequent developments have led to the use of this
technique at fixed frequencies close to the harmonics. It has been found
preferable to multiplicate the entire apparatus for operation at each fre-
quency, instead of attempting to change frequency with a single interferom-
eter. When «l/27 < 1072, an absorption coefficient is obtained from a
plot of the relation

U,
tanh—! U_m = oyl + B, (82)
M
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where U,, and U, designate respectively any successive minimum and maxi-
mum in the relation between the voltage at the receiving transducer and the
liquid path length, and / designates the median value of path length for the
minimum-maximum pair; B is a function of the frequency and the acoustic
impedances of the transducers and the liquid sample, and «; is an attenuation
coefficient to be related to the absorption coefficient « of the liquid. In
operation, o, may be as much as 15 percent less than a, owing to diffraction
offects. Therefore, measurement of relative absorption is obtained initially.
However, conditions can be controlled such that for two liquid samples,

Xand Y,
Ae X Xy ¥ (83)

&x Ay

Hence, if o for a standard liquid is known, and o, x and o, p are measured
at the same frequency, xx can be calculated. Adequate control of the
apparatus and experimental conditions calls for selection of the transducer
and mounting so that the graph of the experimental data followed the linear
form of Eq. (82), and also for readjustment of the transducer alignment for
each reading of the maximum received voltage, Uyy.

Early results obtained by using this technique are subject to greater error
than was then realized (see p. 287). Reliable data were first published in
1968. In particular, sudden changes of absorption with change of frequency

were not confirmed.

Transducers

Ultrasound above approximately 100 kHz is most conveniently and
practically produced by using piezoelectric materials as elements to convert
electric to acoustical energy (see, for example, Hueter and Bolt, 1955, for a
review). These elements can also be used to transform energy in the inverse
direction, i.e., acoustical to electric. Such elements are cut with proper
orientation from crystals that possess the piezoelectric property to a suffi-
ciently marked degree or from suitably prepared ceramic materials (Mason,
1950). The problem of choosing the proper orientation is not discussed
here; rather, information concerning particular elements suitable for ultra-

sonic transducers is presented.

Transmitters

The suitability of a material for use in transducers for producing ultrasound
is dependent on a number of factors, the relative importance of which is
determined by the application. These factors include the magnitude of the
piezoelectric coefficients, stability, dielectric properties, electrical breakdown
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strength, and tensile strength of the material. Quartz (the X-cut orientation
is the one used for the plate mode) has high stability, high electric and tensile
strength, but it requires relatively high electric field strengths to obtain high-
power outputs. On the other hand, the polycrystalline ceramics possess
much higher dielectric-constant values and require much lower electric field
strengths for equal power outputs from the same-size radiating area. They

have the disadvantages of lesser stability than quartz, higher internal losses
* and electrical input impedances too low at high frequencies. Consequently,
at the present time, if accurate reproducibility of irradiation conditions is
essential to a study, then quartz is the material of choice for the transducers.
However, if accurate reproducibility is not important, the ceramic materials
may be used.

It is necessary to estimate the acoustic output from transducer elements
as a function of driving voltage in order to assess the feasibility of proposed
ultrasonic studies. Further, it is important to estimate the input electrical
impedance of the transducers so that they can be driven by appropriate elec-
tronic power amplifiers and coupling circuits. Accordingly, the values of
the appropriate constants of a number of transducer materials are presented
in Table 7, and simplified formulas and graphs are included in this discussion.
It should be noted that the relation between the voltage applied to an element
(which is equal to the product of the electric field strength and the distance
between the electroded faces) and the pressure or particle velocity produced .
at its boundary in contact with a medium is linear. The pressure or particle
velocity produced in the medium in contact with the element is also a function
of the acoustic properties of that medium, and the configuration, dimensions,
and acoustic properties of other media to which it in turn is coupled. That
is, these media constitute the load on the element, and they determine, for
example, the magnitude of the acoustic pressure amplitude which is exerted
by the element on the bounding medium under a given electrical driving
situation. ‘

Consider the situation in which a piezoelectric element of radius r, and
thickness L, is electrically excited to vibrate in a plate-thickness mode to
radiate acoustic energy in the z direction into a medium of characteristic
impedance pov, which is in contact with the element over one of the large
faces. It is assumed that the medium in contact with the opposite face has
an extremely low impedance so that virtually no radiation occurs from this
face, i.e., for this medium the terminating impedance may be considered
equal to zero. It is possible to approximate this situation for all practical
purposes if the medium into which the sound is radiated is a liquid and the
element is supported near its periphery and is air-backed. It is also assumed,
for the purpose of obtaining the simplified relations given here, that com-
paratively no losses occur in the holder and that the element is essentially
unrestrained as far as its vibration is concerned, except by the medium into
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which it radiates. Under these conditions the “average” intensity produced
at the face of the crystal operating at the lowest resonant frequency is given

by
2
A (34)
10t \L,/ pe
where E designates the applied voltage, and e is a constant determined by the
type and orientation of the material from which the piezoelectric element is
made (see, for example, Hueter and Bolt, 1955). If, from the formula, one
wishes to obtain the intensity in watts per square centimeter, the value of e
should be expressed as coulombs per square meter, as listed in Table 7. The
units of pew should be kilograms per square meter per second, and that of L,
should be the meter. The value of the intensity given by Eq. (84) is constant
over the area of the vibrating element at the surface of the element. Owing
to Fresnel and Fraunhofer diffraction of the waves in the regions x < r.2/22
and x > 2r,2/A distant from the sound source, the distribution of the acoustic
field variables (pressure, particle velocity, etc.) is not constant over a plane
parallel to the vibrating surface (Fry and Dunn, 1962). Consequently, the
transverse intensity distribution may exhibit one or more maxima and minima,
depending on the axial coordinate position.
The lowest resonant frequency of the element is given by the relation

Uc

fr=75 I, (85
where L, designates the thickness of the element, and v, is the plate velocity
(the speed of sound in the thickness direction). Table 7 lists values of the
constants e, v,, and p,v, for the different materials used as elements for thick-
ness mode operation. In order for Eq. (84) to apply approximately, it is
necessary that essentially no acoustic energy be reflected back to the radiating
face and that the diameter of the vibrating element be greater than about

one wavelength. This implies that the input acoustic impedance P|Z into
the contacting medium approximates a pure resistance (equal to p in this
case). As an example of the use of these formulas, consider a quartz plate
of thickness 0.286 cm (1 MHz fundamental resonant frequency) excited with
50 V and radiating into water at 30°C. Calculation indicates that the
developed acoustic intensity is 25 W/cm?2  The maximum intensity obtain-
able in water, using X-cut quartz transducers radiating directly into the
medium as limited by mechanical failure, is 2,000 W/cm? The correspond-
ing value for barium titanate is 800 W/cm? Since the ceramic materials
are prepolarized by an applied unidirectional field during manufacture, and
since during each half-cycle of operation, the applied electric field is opposite
to the original polarizing field, if the latter is sufficiently great it may cause
partial depolarization, which thus reduces the piezoelectric activity of the

.

ABSORPTION AND DIS]

element. Therefore,
for electric breakdown
breaking stress of the
obtainable with these
The variation of the
(at constant driving v
of Fig. 13. This figur
type of system just dis
characteristic impedan
of values of the freque

Fic,
vers
vary
imp

Relative intensity



ING

average” intensity produced
resonant frequency is given

(84)

L constant determined by the
the piezoelectric element is

If, from the formula, one
e centimeter, the value of e
T, as listed in Table 7. The
r per second, and that of L,
iven by Eq. (84) is constant
ace of the element. Owing
es in the regions x < r,2/22
> distribution of the acoustic
s not constant over a plane
1962). Consequently, the
rmore maxima and minima,

s given by the relation
(85)

and v, is the plate velocity
Table 7 lists values of the
 used as elements for thick-
apply approximately, it is
lected back to the radiating
lent be greater than about
oustic impedance P/Z into
stance (equal to pgv in this
as, consider a quartz plate
ant frequency) excited with
ulation indicates that the
maximum intensity obtain-
radiating directly into the
W/cm?  The correspond-
nce the ceramic materials
1 during manufacture, and
led electric field is opposite
iciently great it may cause
lezoelectric activity of the

ABSORPTION AND DISPERSION OF ULTRASOUND IN BIOLOGICAL MEDIA 263

element. Therefore, under some conditions of operation, the threshold
for electric breakdown of the surfaces between the electrodes rather than the
breaking stress of the piezoelectric unit determines the maximum intensity
obtainable with these materials (Hueter and Bolt, 1955).

The variation of the radiated intensity as one moves off resonant operation
(at constant driving voltage across the element) is illustrated by the graph
of Fig. 13. This figure can be used to compute the output intensity for the
type of system just discussed for a range of values of the ratio p.v,/pev of the
characteristic impedances of the crystal and the medium, and for a wide range
of values of the frequency. The quantity y, is given by the relation

ys = 180 fiR 86)

Fic. 13. Relative acoustic intensity radiated by piezoelectric element
versus frequency, at comstant driving voltage. The parameter
varying from curve to curve is the ratio of the characteristic acoustic
impedance of the piezoelectric element to that of the medium.
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where f'is the operating frequency, f5 is the first resonant frequency, and y,
is expressed in degrees. It should be noted that relative intensity is plotted
along the vertical axis of the graph. The figure thus illustrates the relative
sharpness of resonant operation under different loading conditions, i.e., for
media of different characteristic impedances. The intensity at any off-
resonant frequency is obtained by calculating the product of the result of
Eq. (84) and the value of the relative intensity for the value of y, corre-
sponding to the frequency of interest and for the value of the parameter
po/ pov for the materials under consideration. Since the input electrical
impedance of the element changes with frequency, some adjustment of the
driving generator may be necessary to maintain the constant-voltage con-
dition.

It is necessary to know, at least approximately, the electrical input imped-
ance of the piezoelectric elements in order to be able to specify the charac-
teristics of the electronic generators required to furnish the power. For
elements loaded as just discussed, i.e., no load on one face and terminated
in the characteristic impedance of the bounding medium on the other large
face, the electrical input impedance relation takes the following form at
resonance (see, for example, Fry et al., 1948):

1

Z, = 87
JoCo T @) (AL ®7
where
. ecGOAc
Co = —Lc (88)

in mks units. The first term in the denominator of Eq. (87) arises as a result
of the “static” capacitance of the element and can be calculated from Eq.
(88), where ¢, designates the dielectric constant relative to free space, €,
designates the dielectric permittivity of free space, A4, is the radiating area
of the element, and all other symbols have been defined previously. The
product e.¢, is listed in Table 7 for various piezoelectric materials. The term
pov designates the characteristic impedance of the bounding medium as in
Eq. (84). Equation (87) can be represented as an equivalent electric circuit
of two branches, as illustrated in Fig. 14. One branch of this parallel
circuit represents the static capacitance of the piezoelectric element, and the
other branch represents the “motional” impedance, i.e., the part of the
electrical input impedance which results from the fact that mechanical motion
of the element and bounding medium modify the electric field between the
electrodes. Since Eq. (87) applies to resonant operation, the electrical
impedance of the motional branch is a pure “resistance’’ and is thus repre-
sented as a real number. For off-resonant operation, the motional branch
would contain both a real and an imaginary part. Equation (87) is derived
by neglecting all losses except radiation losses into the bounding medium
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Fic. 14. Equivalent parallel electric
circuit of piezoelectric plate element oper-
ating at resonance and radiating from one
face only. Impedances and admittances
shown. See Eq. (87).

and by assuming that the piezoelectric element holder does not affect appre-
ciably the operation of the element (Fry et al., 1948). These assumptions
are reasonable for calculating approximate values of the electrical input
impedance if the element is radiating into a liquid medium and if the opposite
face is bounded by a gas or by a material of comparatively low characteristic
impedance. If the electric power to the element is supplied by a cable of
capacitance C,, then the quantity C, of Eq. (87) is replaced by C, + C, in
calculating the electrical input impedance at the cable terminals.

Receivers

Piezoelectric elements are also used to measure ultrasonic field charac-
teristics. Employed in this way, an element responds by producing an
electric field between two electrodes, placed on appropriate faces, when
certain specific faces (or the entire element if a hydrostatic response unit is
employed) are subjected to the changing pressure of the sound field. Several
different types of elements are useful. The plate type can be employed when
the energy to be detected is in the form of plane wavefronts of constant phase,
and when it is not necessary to observe amplitude variations in the field,
which occur over areas small compared to the area of the detector.  Obviously
such plate detectors interfere drastically with the field.

Piezoelectric probes other than the plate forms can be employed. The
desired type may be one in which the maximum dimension of the probe is
small compared to one wavelength of the sound in the medium. This goal
is easily attained at frequencies below 100 kHz, but it cannot be achieved
as a practical device at a few hundred kilohertz and higher. Two major
difficulties arise. First, the input impedance becomes so high that it is
difficult to realize a reasonable sensitivity. Second, construction of the
device and the associated electric connections raise major technical problems.
Consequently, in the neighborhood of 1 MHz, the smallest probes of the
piezoelectric types are not less than 14 to one wavelength in maximum
dimension. In general, they are sensitive to the direction of orientation
in the field, and with them precise measurements of sound level are not
possible in the megahertz frequency range. However, such probes are
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necessarily employed in this frequency range for the determination of field
characteristics in which the relative time phase at different positions in the
field is desired. Precision measurements of sound levels in the megahertz
frequency range, combined with the capability of resolving the fine structure
of the fields, can be realized with the thermocouple probes discussed on
page 256.

Consider receivers for which the “maximum diameter” is small compared
to a wavelength of sound in the medium. One such configuration is that of
a rectangular solid element. As already indicated, the usual difficulty that
arises at ultrasonic frequencies, even below 1 MHz, is the realization of small
size. Hence, it is most convenient to use a piezoelectric element that
provides an electric response when it experiences a pressure over all faces
simultaneously. FElements such as lithium sulfate and tourmaline possess
this property, and with these materials it is not necessary to design a
holder that decouples some of the faces from the medium in which the sound
field exists.

When such an element is subjected to an acoustic pressure amplitude P,
a voltage of amplitude E will appear across a load. The relation between
the magnitudes of these quantities is

E wAd
- = d 89
IPI V(1/R2) + (wC)? (89)

where C is the shunt capacitance of the electric load Cy, combined with that,
Co, of the crystal (ie., C = Co + Cr); R, is the resistance of the parallel
combination of the shunt resistance, R,, of the piezoelectric element and that,
R;, of the load [i.e., R = R,R;/(R, + Ryp)l; 4, is the area of an appropriate
electroded face; and d is the piezoelectric coupling parameter listed in Table
7. If R, and 1/wC are expressed in ohms, d in meters per volt, 4, in square
meters, and P in newtons per square meter, then E is in volts. From Eqg.
(89) it is clear that an increase in the shunt capacitance across the element
results in a decrease in sensitivity. In addition, it is apparent that, as the
frequency decreases from high values for any given element, the sensitivity
begins to decrease when the magnitude of the capacitive reactance 1/wC
becomes comparable to and larger than the shunt resistance R,. This is
illustrated in Fig. 15, where the voltage output per unit pressure is shown as
a function of the nondimensional quantity wR,C. The sensitivity is inde-
pendent of the frequency (as long as the maximum diameter of the element is
much smaller than the wavelength) when R, > 1/wC and is given by

Ad
Sy 90
© C0+CL ( )

E
P
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¢1G. 15. Relative sensitivity of probe versus ®R,C. See Eq. (89).

The sensitivity drops to one-half this value for a frequency fi, which satisfies
the relation
fym o
%7 2mv/3 R, (Co + Cp)

The frequency is in hertz if R, is in ohms and C, + Cy, is in farads. Itis
clear that the flat portion of the sensitivity curve can be extended to lower
frequencies by increasing the capacitance of the load, but the sensitivity is
correspondingly decreased over the flat portion of the frequency range.
It is important, therefore, if low-frequency operation at high sensitivity is
required, to use for the piezoelectric element a material of high volume
resistivity. Specific examples are shown in Table 8. The upper end of the
flat response range of sensitivity is limited by the resonant frequency fg»
which can be estimated, for probes of such shape, by a computation employ-
ing Eq. (85) and values of v, from Table 7.

The hollow tubular piezoelectric ceramic probe is also employed extensively
for plotting acoustic field patterns. This receiver is designed so that a
radially oriented electric field appears in response to a pPressure exerted
over the entire outer surface of the cylinder including the end terminations.
The interior of the cylindrical tube can be made compliant by the incorpora-
tion of gas pockets. In order for such a probe to be completely nondirec-
tional in response, it is necessary that its maximum diameter be small
compared to a wavelength. Probes of this type have been constructed with
dimensions as small as ¥e in. in length and 14{¢ in. in outside diameter
(Ackerman and Holak, 1954). They are nondirectional at frequencies up
to about 100 kHz (1 = 1.5 cm in saline). They cannot be used to determine
sound levels quantitatively above about 100 kHz, but are useful in obtaining
some idea of acoustic field configurations at frequencies up to the 1-MHz
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TABLE 8. NUMERICAL EXAMPLES OF NONRESONANT PIEZOELECTRIC PROBES
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range (A = 1.5 mm). A probe of the size just indicated with a wall thickness
of 0.012 in. has an “open-circuit” pressure sensitivity of the order of 10-¢
(V/N)(m?).

A very important consideration in the design of piezoelectric probes is
the decoupling of the piezoelectric element from the supporting structure
which may also be excited to vibrate by virtue of its presence in the sound
field. Ifsufficient sound energy is conducted to the element by the supporting
structure, then the probe can exhibit a voltage across its output terminals
which is related more nearly to the sound distribution along the supporting
structure rather than that at the piezoelectric element.

Consider now receivers that operate at resomance. The piezoelectric
element, in many cases in which the operating frequency is of the order of
one megahertz or above, takes the form of a plate for which the thickness
is chosen to result in resonant operation at the frequency of the acoustic
field. In this case the “diameter” of the plate face may be many wavelengths
across, and, in fact, in some applications the same element may act as
transmitter and receiver.

The relation between element thickness and resonant frequency is given
by Eq. (85) when the vibrating element is backed by a low acoustic impedance,
air for example. The voltage sensitivity can be increased over that obtained
from noncapacitive and/or resistive loading by employing an inductance L
in parallel with the element, and an associated cable of such value as to result
in paralle] resonance at the mechanical resonant frequency of the element.
If, at resonant angular frequency (@ = W) Qes the electrical @ of this
inductance, is equal to or greater than 10, then the impedance of the parallel
circuit is equal to Q,L and is resistive. Then, if the shunt resistance of the
piezoelectric element and associated loss components are designated by
R,, and the resistance of the load is Ry, (the inputimpedanceinto an amplifier),
the sensitivity of the receiver is

(eAc/Lc)

Po?
= 0.04 7 p 7 - T 2Ly (92)
RL Rc QechL AcPov
where P is the pressure amplitude of the acoustic field without the receiver,
and E is the voltage produced across the load. The quantity e is the appro-
priate piezoelectric coupling parameter for the element, as given in Table 7,
and pev is the characteristic acoustic impedance of the medium in which the
receiver is placed. If 4, is expressed in square meters, L, in meters, pov
in kilograms per square meter per second, Ry and R, in ohms, L in henrys,
e in coulombs per square meter, and P in newtons per square meter, then E
is in volts. The form of the denominator of Eq. (92) permits the representa-
tion in terms of electric circuit elements as illustrated in Fig. 16, ie., a

E
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Fic. 16. Equivalent electric circuit of
resonant, plate-type piezoelectric receiver
and associated circuitry. See Eq. 92).

parallel arrangement of the four elements, the reciprocal of the input
impedance being equal to the denominator expression.

If the quantity 1/Ry, is much smaller than the combination of other terms
in the denominator of Eq. (92) and Cz, = 0, then it is possible to rewrite
Eq. (92) as

7~ "M T walere]Q, T 0.0 o,p0)
where the same units as used for Eq. (92) apply, « = 4,R./L;, and v, is in
units of meters per second. Values for the quantities e, €, €, «, and v,
are given in Table 7. Several numerical examples illustrating the magnitudes
of the quantities involved for various types of piezoelectric elements are
shown in Table 9.

E e/ pov (93)

4. ULTRASONIC VELOCITY AND ABSORPTION DATA FOR
BIOLOGICALLY SIGNIFICANT MEDIA

Solvents
Water

The absorption-coefficient value for distilled water is greater than one
would expect from consideration of the viscosity and thermal conductivity
losses [see Eqs. (30) and (46)]. This excess absorption above the “classical”
value has been attributed by Hall [1948] to a structural relaxation mechanism
involving the transition of water molecules from a bonded, “icelike,”” structure
to another “crystalline” structure of smaller specific volume. The relaxation
frequency for the transition is presumably far above the accessible experi-
mental frequency range for ultrasonic techniques, i.e., above 10° Hz, and
only the contribution to the absorption coefficient at “low” frequencies
(f <f,) is observed directly. Litovitz and Carnevale [1955], investigating
the pressure dependence of the ultrasonic absorption, obtained data that
lend support to the model of a two-state structure for water. Although Hall’s
model was based on the concept of a transition between two possible crystal-
line structures of water (following the suggestion of Bernal and Fowler [1933],
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which is no longer favored because of the implied rigidity of the structures),
calculations based on it are equally applicable to more recent models for
water, wherein one of the possible molecular states is an unbonded state,
permitting the water molecule to engage in more or less free rotation. These
models include the flickering cluster model of Frank and Wen [1957] and
Némethy and Scheraga [1962], the “significant structure’ theory of Marchi
and Eyring [1964], the clathrate model of Claussen [1951a, 1951, 1951c],
and Pauling and Marsh [1952], and the vacant-lattice point model of
Samoilov [1946, 1957a, 1957h] and Forslind {1952, 1954]. These theories
treat specific molecular arrangements for which certain water molecules
participate in fewer than four hydrogen bonds. Discrete changes of energy
associated with the formation or rupture of hydrogen bonds are envisaged.
In contrast to this view, Lennard-Jones and Pople [1951] proposed a diffuse-
continuum model in which hydrogen bonds are not broken but are distorted
by increases in the total energy of a lattice of water molecules. Increase of
temperature is considered to destroy the icelike lattice and to establish an
irregular arrangement of molecules at distances greater than a few molecular
diameters. This model conforms particularly well with the results of spec-
troscopic experiments which distinctly favor a continuum of energetic states
to describe the structure of water. Spectroscopic data have been used by
Stevenson [1965] to show that the concentration of monomeric water (having
all hydrogen bonds broken) is much smaller than the value predicted by
Némethy and Scheraga. No current theory of the structure of water is able
to account satisfactorily for all available experimental data, and a likely
compromise appears to be a model comprising several “smeared-out” energy
levels, i.e., a continuum exhibiting several maxima in populations at certain
energies. A review of theories of the structure of ice, liquid water, and ionic
solutions has been published by Kavanau [1964].

Increasing the temperature of water from 0°C causes breakdown of the
open, higher-energy, icelike structure to form a greater concentration of more
favored, lower-energy, close-packed water structures. Both structures are,
of course, subject to normal thermal expansion with increasing temperature.
The ultrasonic absorption resulting from the perturbation of the distribution
of water molecules between the allowed structures is shown in Fig. 17 as a
function of temperature. The temperature dependence of the absorption
coefficient is due to a combination of two effects, the relative importance
of which is unknown: firstly, the response by varying the concentration of
water molecules in the different structural states, which is greater at low
temperatures as compared with higher temperatures; and, secondly, the
temperature dependence of the relaxation time for the structural reorganiza-
tion. Dielectric-constant measurements indicate that the relaxation time
of the cluster-forming and dissolution process of the model due to Frank and
Wen would have a mean value of 1071° to 107! s (Collie, Hasted, and Ritson,
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801

?)

(20/f2)%x10", (Np/cm)is

Fic.17. Absorption parameter 2«/f2for water as a function
of temperature. Curve I: Hall's theory for structural
absorption. CurveIl: contribution B due to shear viscosity.
Points are experimental absorption values less the magnitude
B due to shear viscosity. (After Hall, 1948.)

1948). 'This is at least consistent with the observation that the relaxation
frequency is much higher than the ultrasonic range presently accessible to
measurement.

One consequence of the competing processes of structural change and
thermal expansion is the minimum in the specific volume of water at 4°C.
Since change of temperature is not accompanied by change of volume at
this temperature, it follows conversely that change of pressure will not be
accompanied by change of temperature, and therefore that sound waves
propagate isothermally in water at 4°C (also, y =1 and fr = fs). At
higher temperatures isothermal conditions will be maintained approxi-
mately in water and dilute aqueous solutions up to normal room temperatures
and beyond, the usefulness of this simplification depending on the degree of
approximation that is acceptable in specific cases. Consequently, the
interpretation of ultrasonic absorption data on aqueous solutions may
frequently be testricted to consideration of structural relaxation processes
responding to the pressure perturbation only. However Andreae et al.
[1965] have argued that this simplification is not always permissible.

Another feature of the properties of water is the existence of a minimum
in the product of density and adiabatic compressibility at approximately
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74°C. The velocity of sound propagation in pure water therefore exhibits
a maximum at this temperature (Willard, 1947). Similar behavior is
exhibited by dilute aqueous solutions although the temperature of maximum
velocity may be reduced by the presence of the solutes, since the latter assist
in the structural breakdown of water. Figure 18 shows the data of Willard
and comparable data obtained by Barrett [1966] on water and eight solutions
of amino acids in water. The velocity in water has been measured most
precisely by McSkimin [1965], Greenspan and Tshiegg [1957], and Del
Grosso et al. [1954].

Organic Solvents

Although solutions in water or saline will serve as models for biological
macromolecules in some physiological situations, they are not adequate to
represent those parts of the macromolecules which are hydrophobic and
which tend to assume conformations permitting the exclusion of water from
their immediate environment. A model solvent for such hydrophobic
groups would be a nonpolar organic solvent such as hexane. Mention must
therefore be made of the behavior to be expected from the use of organic
solvents in ultrasonic absorption experiments. Unassociated liquids, such
as carbon tetrachloride, benzene, the halogen derivatives of these two

FiG. 18. Propagation velocity in water and aqueous solutions of amino acids at 45 MHz
as a function of temperature. (After Barrett, 1966.)
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compounds and carbon disulfide, exhibit very high absorption coeffi-
cients for ultrasound—tiwo or three orders of magnitude larger than that
expected for classical (viscous) absorption. They are therefore particularly
unsuitable as solvents in liquid systems for which comparatively small
changes in the absorption coefficient must be detected, measured, and inter-
preted in terms of the properties of asolute species. However, some measure-
ments on solutions of polypeptides in chloroform have been carried out by
Zana, Candau, and Cerf [1963].

The cause of the high absorption coefficient for the unassociated liquids
is the mechanism of energy transfer between translational states and internal
vibrational modes of the molecules (Xneser, 1947b). Transitions between
states of rotational isomerism may also cause significant contributions to
the absorption coefficient of organic solvents (de Groot and Lamb, 1957).
Good agreement is found between the vibrational specific heat and the magni-
tude of the absorption below the relaxation frequency, and also between the
magnitudes of barrier heights to rotation calculated from ultrasonic and other
techniques.

Hexane and similarly saturated hydrocarbons exhibit free rotation and
correspondingly small values of absorption.

Acetic and propionic acids also exhibit extremely high absorption-coeffi-
cient values at frequencies below about 50 MHz. In this case the mechanism
responsible is thought to be the dissociation of the dimer species which is
present in the liquid state (Freedman, 1953; Lamb, 1965).

The absorption coefficients of many organic solvents are tabulated by
Heasell and Lamb [1956a] and Schaafs [1967].

Solutions
Nonelectrolytes

Alcohols can associate with water by hydrogen bonding, and therefore
a small mole fraction of alcohol in water causes serious disruption of the
water structure, with consequent influence on the value of the absorption
coefficient. The concentration dependence of the absorption of a mixture
of water and ethyl alcohol displays a peak at 0.25 mole fraction alcohol
(Storey, 1952). Evidently a solution of this composition yields a maximum
concentration of a reacting species such as that resulting from the association
of one ethyl alcohol molecule with four water molecules. The absorption
parameter off? increases in magnitude on approaching 0°C from higher

temperatures, and as the frequency decreases in the frequency range 10 to-

100 MHz. Similar results have been found for methyl, propyl, isopropyl,
and tertiary butyl alcohols in water (Burton, 1948) and in aqueous solutions
of amines (Andreae, Edmonds, and McKellar, 1965). A maximum value
is also found in the concentration dependence of the velocity of propagation.
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This maximum occurs at lower concentrations of the solute species than the
maximum in absorption, and is caused by the rapid breakdown in water
structure and consequent minimum value in the product of density and
compressibility caused by introduction of the solute. Association by
hydrogen bonding between solute and water at unpaired electron sites on
nitrogen and oxygen atoms is believed to produce a mechanism for the
relaxational absorption observed in all these cases.

Hammes and Knoche [1966] studied mixtures of water and dioxane over
the entire composition range at 10 to 25°C, and over the frequency range
10 to 200 MHz. The data were consistent with the supposition that hydro-
gen-bonded complexes of dioxane and water were participating in the
equilibria perturbed by the ultrasonic wave. The two-step mechanism,
2W + D<= DW,, D + DW, = D,W,, where D = dioxane and W = water,
was analyzed and yielded standard volume and enthalpy changes for both
reactions of approximately 41 cm?®/mole and +1 kcal/mole.

Hammes and Lewis [1966] have performed measurements on aqueous
solutions of polyethylene glycol (molecular weight 20,000) and have observed
absorption attributed to hydrogen bonding and conforming to a single
relaxation process located at 21 MHz for a 1.20 m solution at 10°C.  Further
work by Hammes and Schimmel [1966] disclosed that the relaxation time
decreases sharply if urea is added to the solution in concentrations between
2.0 and 4.0 m. The change is attributed to cooperative breakdown in the
local water structure around the polymer molecules, probably accompanied
by increased solvation. Aqueous solutions of urea alone show no relaxa-
tional behavior at concentrations up to 8.0 m. -

The hydrogen bond energies associated with such reactions are smaller
than the often-quoted value of about 5 kcal/mole (Pauling, 1940), since in
the cases under consideration the solvent and the solute species are competing
for the formation of hydrogen bonds (Klotz, 1960, 1962). Schellman [1955]
deduced a value of 1.5 kcal/mole for the net enthalpy of formation of the
hydrogen bond in the backbone of proteins in an environment of water.
This value has been used by Némethy, Steinberg, and Scheraga [1963] in
their study of hydrogen-bonding interactions of side chains of proteins.

Nonagqueous miscible liquids

Nonaqueous mixed solvent systems have occasionally been used. The
behavior of the mixture in an ultrasonic absorption experiment depends
primarily on the tendency of the liquid species to associate. Mixtures of
two unassociating liquids exhibit an absorption coefficient at all intermediate
concentrations which is less than the linearly interpolated value between the
absorption coefficients of the pure constituent liquids. This reduction in
absorption is due to the increased efficiency of transferring energy between
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translational and vibrational modes, which is characteristic of collisions
between unlike molecules in comparison with collisions between like mole-
cules. Therefore the very high absorption coefficient of pure unassociated
liquids may sometimes be reduced by adding an appreciable fraction of a
second liquid with which it is miscible in all proportions, e.g., toluene to
benzene, acetone to chloroform. '

Some mixtures of associated liquids with highly absorbing unassociated
liquids exhibit an initial increase in the value of the absorption coefficient
with increased concentration of the associated liquid, a peak in the absorption
value, and then a decrease with further addition of the associated liquid, e.g.,
phenol in carbon tetrachloride or cyclohexane.

For liquid mixtures that are not completely miscible in all proportions,
phase separation is possible, and exceedingly high absorption is observed in
the vicinity of the transition point (see page 297).

Some mixtures of highly associated liquids exhibit a minimum in the
absorption coefficient as a function of concentration. These are probably
systems for which the ultrasonic wave is perturbing a structural relaxation
mechanism in one or both liquids, and the presence of a second molecular
species increases the transition probabilities.

A comprehensive review of absorption in liquids and liquid mixtures has
been presented by Sette [1961]. See also Schaafs [1967].

Agueous electrolytes /

Very extensive measurements of ultrasonic absorption and velocity of
propagation have been made on electrolytic solutions, and the reader is
referred to three reviews on the subject for detailed information (Stuehr and
Yeager, 1965; Figen and de Maeyer, 1963; Tamm, 1961). A qualitative
summary of possible relaxational processes in electrolytes is called for,
however, since these are fundamental for consideration of processes that
may occur at charged sites on macromolecules. Introduction of simple
ionic solutes into water causes disruption of the water structure and formation
around the ions of hydration shells composed of water molecules experiencing
electrostriction. The velocity of sound propagation normally increases with
increasing concentration of ionic solute, but in exceptional cases of heavy
metal salts, it may show an initial decrease and subsequent increase after
passing through a minimum. The temperature dependence of the sound
velocity shows a maximum that can be depressed as much as 25° below the
value of 74°C characteristic of pure water. Measurement of the compres-
sibility by a determination of sound velocity is one of several methods of
estimating the number of water molecules that are bound to ions to form the
hydrated structure (Conway and Bockris, 1954). The number of hydrating
molecules thus determined depends rather critically upon the model and
assumptions used. The lack of agreement among various methods is an
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unsatisfactory feature of such calculations, making it desirable to restrict
quantitative considerations to the primary hydration shell.

The absorption coefficient of electrolytic solutions is not significantly
different from that of the solvent, water, in the cases of uni-univalent (1-1-)
electrolytes of high ionic charge density. Electrolytes for which at least
one of the ions is singly charged show negligible excess absorption at fre-
quencies below 10 MHz. Electrolytes for which both the ions are multiply
charged show excess absorption by as much as three orders of magnitude
in the frequency range from 10 kHz to 100 MHz, and apparently continue
to exhibit high absorption at higher and lower frequencies also. 2-2-
Electrolytes have been most extensively investigated in connection with the
cause of the high absorption of seawater, for which the magnesium sulfate
content is primarily responsible. Tamm [1961] has also discussed the
probable mechanism of the dissociation of nonhydrolyzing salts, associated
with relaxation frequencies above 300 MHz. Figure 19 shows a summary
of the extensive data obtained by Tamm and coworkers.

Reactions between ions are responsible for all the significant absorption
processes in electrolytes, in contrast to reactions involving ions and the water
molecules individually. This is the case since the process of simple hydration
of a single ion proceeds too rapidly and would be common to all electrolytes,
including those 1-1-electrolytes for which negligible excess absorption has
been observed. Also, relaxation of the ionic atmosphere (Debye and
Hiickel, 1923) may be excluded since the contribution to the absorption
was shown to be negligibly small by Eigen [1957].

The reactions occurring between ions, which are responsible for the
absorption, have been classified as follows:

1. Proton transfer processes. (a) Hydrolysis, involving ionization of water
and then association of either the hydrogen or hydroxyl ion, or both,
with the solute species, with consequent partial or complete charge
neutralization; (b) ionization, involving ionization of uncharged solute
species or of charged ionic solute species to a higher degree of ionization.

Such ionization and hydrolysis reactions are exhibited by solutions
of weak acids and of salts of weak acids, respectively, and the reactions
are coupled so that the equilibrium constants are related (Stuehr and
Yeager, 1965). If K; is the equilibrium constant for the hydrolysis
reaction (I), K;; is the dissociation constant for water, and Kiy; is the
dissociation constant for the weak acid HB, then

K; = Kyy/Kin (94)

m
HOH + B~ — OH- 1+ HB

an \ // aIm

OH-+  H* + B-

-

oy




—\é\(o

278 BIOLOGICAL ENGINEERING
10°
10-30m3
————— 1-2 Valent
————— 1-3
2-2: P
102 —mm——- —~2-1 Pl
—_— 3_1 R4 /—\
e 32 / // /2
o ,-
1 v s y
o . %/é 7 7O

)4

~<
QX
5_ Zq
g >
4 _%OD‘ OO s \ ,‘ s
o
g |G KV 2 el &
: X p >< Py N
s Sy Oyk ; 7 M AL i
2 o SE s/ 47, .
g /// v / 4 s
8 oA /ST ] Lk
« < | J/ o o» 7 //// ..
g /] &5 $ 23504 /4
s 1 0,5‘/ $r;)’b,/ 7 4 Riid
c S i /
2 o™ N Y 17Ys .
= ) Qo A
S oo 254, -
2 ) Ny A4
g ) 17 72/ V.2
10 V4 o™ A A
A O / 74 .
o \/\’!/ Ve
Q% ‘ ™ A 1) n f (J\,L
WV l ’?Q_’/ o V\O @03
Sl ||
104 108 10® 107 108 Hz 10°

Frequency, f

Fic. 19. Absorption cross section per wavelength for electrolytes. The ordinate is
the intensity absorption coefficient per molecule Q4 = 2(x,A) X (M/10¢’N;), where
M, is molecular weight and N is Avogadro’s number, (After Tamm, Kurize, and
Kaiser, 1954.)

Fi. 20. Diagrammatic representation of complex jon formation in 2-2-electrolytes.
(a) Complex of hydrated iron. (b) Intermediate structure. (c) Hydrated complexion.
(After Eigen.)
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have been investigated by Eigen [1963] and Maass [1962].

Tonic association-dissociation processes. On ionic association, inter-
vening water molecules must be displaced with disruption of hydration
shells but with retention of the identity of individual charged species
in the formation of a complex ion pair. This process is responsible for
the double relaxation observed in solutions of 2-2-electrolytes. It is
illustrated symbolically by Eq. (95) and diagrammatically in Fig. 20
(Tamm, 1961). Additional experimental results for aqueous magnesium
sulfate solutions, showing more detail than is apparent in Fig. 19, have
been obtained by Smithson and Litovitz [1956] and by Atkinson and
Kor [1965]. Their data exhibit relaxation frequencies at approximately
3 and 30 MHz, while Fig. 19 shows a third relaxation process to be
operative at frequencies above 200 MHz. These results support the
three-step mechanism shown in Eq. (95):

(M3, + (45 === [M*(OHp)(OH) A,

21

ka3 34
== [M**(OHp) A% ],, 2 (M2 A%),, (95)
kas

a2

| Before reaction, the ions M2+ and 4% are present as hydrated species,
a state represented by the subscript ag. Water molecules beyond the
first hydration shell will be associated comparatively loosely with the
ions and will be displaced easily from the region between the approach-
ing hydrated ions. This represents the diffusion-controlled first step,
probably associated with the high-frequency relaxation in the neigh-
borhood of 200 to 300 MHz, shown in Fig. 19 as an anticipated peak
in the data at frequencies above 100 MHz. The second step involves
the displacement of one of the water molecules from the primary hydra-
tion sheath of one ion with the production of a structure in which one
water molecule is common to the primary sheaths of both anion and
cation. The water molecule displaced would be expected to come from
the hydration sheath of the anion since the interaction of the cation with
surrounding water molecules is usually stronger than that of the anion.
In magnesium sulfate solutions this reaction displacing the penultimate
water molecule is almost certainly associated with the relaxation process
exhibited at a frequency of about 30 MHz. The final stage in formation
of the complex ion comprises removal of the last water molecule from
the region of the primary sheath between the ions, and this step is related
most probably to the low-frequency relaxation exhibited by 2-2-electro-
lytes, occurring in the frequency range near 3 MHz.

Other systems involving complex ion formation by means of chelation

s S e s

T
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In interpreting multistep relaxation processes of the type just described,
it is important to note that the number of relaxation times corresponds to
the number of steps, but each relaxation time does not necessarily correspond
to a particular step. One-to-one correspondence between a step and a
relaxation time can only be expected where the relaxation times are separated
by two or more orders of magnitude. Association of one relaxation time
with the fastest step in a sequential reaction scheme may be possible, but,
in general, the relaxation times are related in a complex manner to the rate
constants for individual steps. For example, in the general two-step case
(Stuehr and Yeager, 1965),

k1o kas
Xi—=X.~— X,
ka1 k32

the relaxation times are given by

)=l @ — e ©96)

where
(=l + koy + Koy + ks

A = Kiokos + kioksy + koikss

and the k’s ay{ individual rate constants.
Extensive data on rate constants have been tabulated by Eigen et al. [1964]
for many reactions of fundamental importance.

Amino acids and peptides

Amino acids will be considered first since they are elementary organic
solute molecules of biological significance. When dissolved in water without
additional ionic constituents to influence the state of charge of the amino
acid, the solution exhibits a magnitude of the absorption parameter, o/f?2,
which varies only slightly with frequency in the megahertz range, and differs
only slightly from that of the solvent water (Barrett, 1966) (Fig. 21). Ifa
a 0.5 M solution of glycine is brought to pH 10 by addition of sodium
hydroxide, then the relaxational behavior which is observed can be described
by a single relaxation frequency in the vicinity of 25 MHz. Figure 22 shows
data taken at a temperature of 22°C (Maass, 1962; Eigen and Hammes,
1963). Table 10 shows numerical data for overall rate constants of associa-
tion and dissociation taken from the review by Eigen et al. {1964]. The
mechanism of relaxation in the solutions of glycine, dimethylglycine, and
sarcosine (N-methylglycine) is attributed to the hydrolysis equilibrium,
mentioned on page 277.

HRCOO~ + OH~ = RCOO~ 4+ H;0 (C0))]

ABSORPTION AN

Such equilibria

may be effective
cated macromol
composed of am
in hydrolysis rea

Fig. 22. Molar a
and derivatives at

concentration. for
and Hammes. 1963.

18103

2

oy

b=y

g 12

]

[=]

z

g NP
5 &
‘5 6 Q@
> X

2 jo¥

o

3

[=3

= 3



1e type just described,
1 times corresponds to
necessarily correspond
setween a step and a
ion times are separated
of one relaxation time
may be possible, but,
lex manner to the rate
- general two-step case

(96)

d by Eigen et al. [1964]

re elementary organic
solved in water without
f charge of the amino
ption parameter, o/f2,
hertz range, and differs
. 1966) (Fig. 21). Ifa
)y addition of sodium
served can be described
AHz. Figure 22 shows
; Eigen and Hammes,
te constants of associa-
en et al. [1964]. The
, dimethylglycine, and
\ydrolysis equilibrium,

+ H,0 7

ABSORPTION AND DISPERSION OF ULTRASOUND IN BIOLOGICAL MEDIA 281

/

H

F 0
+ H=N—C—Cc7 -
[
50 Mﬁwi&
& &
2 aof 10°---~
©
~
> - — A, JaY A
,_;Z’ 30 A — AL
o 200 -
k3
% 20 e g e X X =X =X
8 35°
104+
0 i ] | |
25 50 100 150

Frequency, MHz

Fic. 21. Absorption parameter «/f* for glycine solutions
(ionic strength = 0) as a function of frequency and tem-
perature. 2.0 m: 10°C O, 20°C A (after Barrett, 1966);
and 1.0m: 35°C x (Edmonds, unpublished). The
estimate of the uncertainty for each point is shown at the
right. Dashed lines show the frequency-independent
value for water at each temperature.

Such equilibria .therefore constitute one of a number of mechanisms that
may be effective in accounting for the ultrasonic absorption of more compli-
cated macromolecules in aqueous solution when such macromolecules are
composed of amino acid residues with side chains capable of participating
in hydrolysis reactions. See also Parker et al. [1968].

Fic. 22. Molar absorption per wavelength of solutions of glycine
and derivatives at 22°C. The parameter on the curves is the molar
concentration. Ionic strength is 0.5. (After Maass, 1962, and Eigen

and Hammes. 1963.)
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TaBLE 10. RATE CONSTANTS OF HYDROLYSIS REACTIONS, 22°C (AFTER EIGEN et al., 1964
AND Maass, 1962)

Tonic 1010 &, 10-%k,

Moaterial strength® (mole ~1 s 1) (s~
Glycine 0.5 1.4 8.4
Sarcosine (N-methylglycine) 0.25 1.1 18.0
Dimethylglycine 0.25 0.73 6.5

@ Jonic strength = % 2 ¢;z;%, ¢; = molar concentration of /th ion, z; = valency of ith jon
® k, = overall rate constant of association
¢ k, = overall rate constant of dissociation

Amino acids in water solution may be considered also according to
their action of structure making or breaking in the solvent. In neutral
solution the amino acids are present as doubly charged molecules (zwitter-
ions) and are susceptible to dissociation and recombination reactions on
change of the environment. Hydrogen-bonding sites are located on both
the amino and carboxyl groups, while the side chain may be acidic, nonpolar,
or basic. The/potentialities for breaking or making water structure in the
vicinity of the solute molecules are therefore considerable.

Breaking the water structure will result in an increase in the concentration
of less-bonded water molecules which form a closer-packed and less compres-
sible structure, recognized by an increase in the velocity of sound propaga-
tion. Such an effect is observed for all the amino acids studied by Barrett,
namely, glycine, alanine, serine, valine, glycine ethyl ester hydrochloride,
lycine hydrochloride, and glutamic acid (Fig. 18). Other measurements of
the velocity of propagation and, hence, of the compressibility, of aqueous
solutions of amino acids have been made by Passynsky [1947], Gucker and
Haag [1953], Goto and Isemura [1964], and Barrett [1966]. The presence
of predominantly hydrogen-bonding solute species, for example, glycine,
may increase the concentration of relatively unbonded water molecules in
secondary hydration regions, and such molecules would become available
to participate in the transition between icelike (bonded) and unbonded water:

(HZO)bonded = (HZO) unbonded (98)

This mechanism suggested by Barrett could result in an increase in the
measured absorption (supposedly due to the above transition), on the assump-
tion that the presence of the glycine does not increase the transition proba-
bilities of this reaction. An alternative approach is to consider that the
transition probabilities and hence the rate constants of the reaction (Eq. 98)
are affected by the presence of solutes (Stuehr and Yeager, 1965). If the
transition probabilities were substantially influenced and reduced, then the
relaxation frequency for the transition between bonded and unbonded water
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would be increased with a consequent reduction in the absorption measured
at much lower frequencies. Depression of the absorption coefficient below
the value for water has been observed in aqueous solutions of potassium and
sodium acetates, bromides, and iodides (Barrett, Beyer, and McNamara,
1954; Kurtze and Tamm, 1953) and in glycine ethyl ester hydrochloride
(Barrett, 1966). The effect is evidently produced by the presence of anions
of low charge density which have a small electrostrictive action on the
surrounding water molecules.

These results for solutions that depress the value of the absorption coeffi-
cient at higher frequencies disclose the possibility of significant errors’ arising
in the interpretation of ultrasonic absorption data for other solutions. It
is not justified to assume without qualification that the absorption attribut-
able to the solvent phase of a solution is the same as that of the pure solvent,
nor to derive under such assumption the “absorption coefficient” of the
solute from a simple mixing formula. The potential error in ascribing the
difference, (A)omtion — (“Asorvens» t0 absorption by the solute becomes
progressively greater as the frequency increases. The preferred procedure,
tli\ough more exacting experimentally, is to make measurements at suffi-
ciently high frequencies so that («/f*). for the solution may be determined.
Then the effective solute absorption at any lower frequency will be given by
«[f? — (#/f?) . This is discussed further on page 291.

Polypeptides

Ultrasonic absorption by an aqueous solution of a polypeptide may be
related to any or all of four possible mechanisms: proton transfer, helix-coil
transition, solvation, and relaxation of the shear viscosity. Major interest
has tended to be focused on the helix-coil transition because of its significance
as a constituent process in protein denaturation.

Accurate and comprehensive measurements of ultrasonic attenuation in
polyglutamic acid solutions have been made by Burke, Hammes, and Lewis
[1965]. Their measurements extend over the frequency range of 6 to 175
MHz and the pH range of 5.4 to 9.0 for a mixed solvent of aqueous sodium
chloride and dioxane. Their data refer to 25°C and exhibit a distribution
of relaxation times under all conditions, with a tendency to approach a single
relaxation time at the highest value of pH. The molecular weight of their
sample was 75,000, and the concentrations employed were 3 and 1.5 percent,
corresponding to molalities of the monomer of 0.24 and 0.12, respectively
(3.53 and 1.77 g monomer/100 ml). The accuracy of individual measure-
ments of absorption was 42 percent, except at lower frequencies where it
was Worse.

Typical data of ultrasonic absorption as a function of frequency in 3.53 g
polyglutamic acid/100 mli solution in 2 parts 0.2 M NaCl (aqueous) - 1 part
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dioxane at 25°C and various pH values are shown in Fig. 23, where they are
compared with the dashed line based on a single relaxation time. The
absorption values were smaller than the classical absorption calculated from
shear viscosity at zero frequency, indicating that shear-viscosity relaxation
had occurred at lower frequencies. A single value of the sound velocity,
1.59 X 10° cm/s, was reported for all values of pH and both concentrations.
In this regard it should be noted that resolution of the very small velocity
dispersion would not be expected.

The mechanism preferred by Burke, Hammes, and Lewis to account for
the distribution of relaxation times is the interaction of solvent and polymer
involving a breakdown of the water structure around the polypeptide and
solvation of the latter by the water. Subsidiary experiments indicated that
the solvating species was more probably water than dioxane. The alterna-
tive mechanisms of interest in this system, namely, helix-coil transition and
protolytic reactions, were regarded as contributing only to a minor extent
in the response to ultrasonic perturbation.

According to Schwarz [1965], the mean relaxation frequency for the helix-
coil transition in polyglutamic acid might be expected to lie around 2 MHz,
and so a broad spectrum of relaxation times centering around the value
8 X 107% s would be anticipated. However, a single relaxation function
with mean relaxation time 7* will approximate the behavior as long as the

Fic. 23. Absorption parameter «/f* as a function of frequency for
0.24 m poly-L-glutamic acid solutions at 25°C and various pH. The
dashed curve corresponds to a single relaxation curve. (After Burke,
Hammes, and Lewis, 1965.)
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period of the perturbation is small compared to 7*, e.g., for frequencies higher
than about 20 MHz. The helix-coil transition is known to occur in the
regionpH ~ 6 (Doty, Wada, Yang, and Blout, 1957). Zanaetal. [1963,1966]
have claimed its detection by an unorthodox ultrasonic technique at frequen-
cies below 10 MHz. Wada, Sasabe, and Tomono [1967] have measured the
complex shear viscosity, at 50 kHz, of polyglutamic acid in the same solvent
as Burke, Hammes, and Lewis. Their results, shown in Fig. 24, indicate a
substantial variation of the imaginary part of the shear viscosity near pH 6,
which was attributed to the helix-coil transition. Their estimate of the
maximum relaxation time was about 107¢ s, in rough agreement with a result
calculated from Schwarz’ theory. These authors consider compressional
wave experiments in the megahertz frequency range to be inappropriate for
investigation of the helix-coil transition mechanism, since they have observed
solutions of polyglutamic acid and glutamic acid to behave similarly in such
experiments. Glutamic acid can form neither helix nor coil configurations.

Ievertheless, Parker, Slutsky, and Applegate [1966, 1968] have obtained
compressional wave data which they attribute to the helix-coil transition.
Their measurements were made on solutions of poly-L-lysine of weight-
average molecular weight 86,300 in 0.6 M sodium chloride (aqueous).
Figure 25 shows their data at 35.8°C and at a polymer concentration of
2.0 g/100 ml. The data were fitted satisfactorily to curves described by
single relaxation times. Each possible mechanism was examined for its
ability to account for the observed absorption. The principal difference
between solutions of polylysine and polyglutamic acid is the greater likelihood
that proton transfer reactions would be significant in the former. The volume
change for protonation of an amino group —NH, is considerably larger than

FIG. 24. Real and imaginary parts of com-
plex shear viscosity at 50 kHz for a solution
of polyglutamic acid at 22°C. Solvent vis-
cosity = 2.6 x 107% poise. (After Wada,
Sasabe, and Tomono, 1967.)
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F1G. 25. Ultrasonic absorption as a func-
tion of frequency in 0.156 M (moles of
monomer per liter) poly-L-lysine solutions
in 0.6 M NaCl at 35.8°C and various values
of pH. Solid lines are least-square fits to
thesinglerelaxationequation. Theclassical
value of «ff? is 16.1 x 10~*" (Np/cm)(s?).
(After Parker, Applegate, and Slutsky, 1966.)

that for a carboxyl group COO~. Nevertheless, this mechanism could be
rejected because an unreasonably large volume change, associated with too
small a backward rate constant, would have been required. The solvation
mechanism could not be so conclusively eliminated, but evidence was
presented to show that it was less satisfactory than the helix-coil mechanism.
The volume changes deduced for the latter are given in Table 11. Figure 26
shows the fraction f of polymer present in the helical form as deduced from
measurement of the optical rotation.

Measurements of absorption of polypeptides in nonaqueous solution have
been carried out by Zana, Candau, and Cerf [1963] in the range of 1.7 to
20 MHz by the interferometric technique on solutions of poly-L-benzyl
glutamate, poly-DL-benzyl glutamate and poly-L-benzyl aspartate in chloro-
form or a mixture of chloroform and dichloroacetic acid as solvents. Their

TABLE 11. ULTRASONIC ABSORPTION PARAMETERS FOR THE HELIX-COIL TRANSITION OF
POLYLYSINE (AFTER PARKER et al., 1966)

108 4/+ 108 7 AV
pH (s/cm) (s) (cm®/mole) fa
9.60 8.82 3.39 6.2 0.146
9.22 6.90 3.21 7.6 0.068
7.20 2.27 5.66 <0.03
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FIG. 26. Degree of dissociation () and fraction
of polymer present in helical form (f3) for poly-
L-lysine in 0.6 M sodium chloride solution at
25°C. (After Parker, Slutsky, and Applegate,
1968.)

data must be regarded as preliminary; the rapid decrease in absorption in
the range 1.7 to 4 MHz is now subject to correction and reinterpretation as a
normal relaxation process. Bauer and Haessler [1968] have attempted to
verify similar effects reported by the same authors for solutions of polystyrene
in benzene and have found orthodox relaxational behavior.

Proteins, particularly hemoglobin

Measurements of the acoustic properties of hemoglobin solutions have
been more comprehensive than those on any other solution of biological
significance. The most accurate data are those obtained by Carstensen and
Schwan [1959b] in the frequency range of 0.3 to 10 MHz. At lower fre-
quencies, data have been obtained by Gramberg [1956] at 35 and 82 kHz
and at higher frequencies by Edmonds [1962] in the range of 32 to 232 MHz.
More recent unpublished data are also included on Fig. 30. In the case
of hemoglobin solutions there is therefore some hope that the major portion
of the frequency range of relaxational absorption may have been covered
by experimental measurement. However, it will be seen that ambiguities
in interpreting the data still exist.

Carstensen and Schwan [19595] reported data obtalned by the use of their
fixed-path pulse transmission apparatus which has been described briefly
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on page 254. Their measurements of the absorption and velocity of sound
were performed under a variety of conditions which enabled them to study
the effects of temperature, concentration, PH, and the presence of neutral
salts. The data relate to solutions of oxyhemoglobin with a possible impurity
amounting to no more than 20 percent methemoglobin. A specific experi-
ment designed to show any difference in the absorption by these two forms
of the protein exhibited none. Samples were obtained originally from blood
specimens of horse, cattle, sheep, and human beings, from which the
hemoglobin was liberated by treatment with toluene followed by centri-
fugation. Slight differences in the absolute magnitude of the absorption
and its temperature dependence were observed for hemoglobins derived from
the different mammalian species. Where specific data are given in the
following figures and text, they refer to bovine hemoglobin unless otherwise
stated.

Figures 27 and 28 show respectively the absorption per wavelength and
the velocity of propagation as a function of frequency at 25°C as measured
by Carstgr[lysen and Schwan [19595]. The concentration of hemoglobin in
the solution is shown as the parameter on the curves, A correction has
been applied to the absorption data by assuming a simple mixing formula
and subtracting from the measured data a contribution that is attributed

Fic. 27. Absorption per wavelength for bovine hemoglobin
solutions in water at 25°C as a function of frequency and concentra-
tion. Dashed curves show the residual absorption after correcting
for the presence of the solvent by a simple mixing formula.
(After Carstensen and Schwan, 19595.)
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Fic. 28. Dispersion of the velocity in solutions of bovine
hemoglobin in water at 25°C. (After Carstensen and Schwan,
1959b.)

to the water alone. The mixture is presumed to consist of the species
“simple water”” and the species “hydrated macromolecules.” The result
of applying this correction is to indicate that the frequency dependence of
the absorption attributable to the hydrated macromolecule is the same at all
concentrations. Furthermore, a reduced form of the data shows absorption
to be proportional to concentration of hemoglobin up to 15 g/100 ml. At
higher concentrations the absorption increases faster than linearly with
concentration, showing a 20 percent excess at a concentration of 30 g
Hb/100 ml solution. Therefore, to the limit of the linear proportionality,
it is reasonable to discuss the absorption coefficient of the hydrated macro-
molecular species as though one were dealing with a dilute solution of the
species in water. The dispersion of the velocity of propagation is consistent
with the hypothesis that the excess absorption of the hydrated macromolecule
may be described in terms of relaxation processes.
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Since the solubility of hemoglobin in water is influenced by changes of pH,
it was anticipated that the absorption should depend upon pH. However,
no detectable effect was observed in the pH range from 6 to 9.4. Similarly,
no detectable change in absorption was observed when the environment was
a molar solution of NaCl or (NH,),SO,, neutral salts in which the solubility
of hemoglobin is affected; these observations are similar to the behavior
reported for glycine on page 280. Effects greater than the estimated experi-
mental error of 5 percent would have been detectable, as is exemplified by
the observed temperature dependence of absorption of hemoglobin solutions.

Figure 29 shows data obtained on human hemoglobin in a concentration
of 16.5 g Hb/100 ml where the temperature varies from 7 to 35°C. It is
apparent that the level of the plateau in .absorption is shifted slightly to
higher frequencies and lowered slightly on increase of temperature. Such a
variation /(Vith temperature is consistent with the concept of a redistribution
of relaxational processes, each exhibiting a temperature dependence deter-
mined by its energy of activation.

Two alternative procedures (instead of the application of a simple mixing
formula) may be adopted in an attempt to isolate the relaxational contribu-
tions to the total measured absorption. One may either calculate the classical
absorption coefficient from the static viscosity and the measured velocity
of propagation, according to Eq. (30), and consider the classical absorption
to be identical with the high-frequency absorption; or one may actually
attempt to measure the absorption at sufficiently high frequencies to identify
an asymptotic value. The former procedure assumes that relaxation of
the viscous mechanism does not occur in the frequency range of interest,
and at least in the case of polyglutamic acid, this assumption is invalid

Fic. 29. Influence of temperature change on solutions of
human hemoglobin in water at concentration 16.5 g Hb/100
ml. (After Carstensen and Schwan, 1959b.)
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Fic. 30. Absorption parameter «/f* for an aqueous solition of bovine hemoglobin at
concentration 15 g Hb/100 ml and 25°C. The superscript refers to the asymptotic
measured value at high frequencies and subscript » to Eq. (30).

2| ®
Gramberg (1956), 20°C

Carstensen & Schwan (1959)

Edmonds {1962), revised ‘.
Edmonds & Bauld (1965), crystalline Hb
Hunter & Ourdel (1966), crystalline Hb
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(Burke, Hammes, and Lewis, 1965). The latter procedure was adopted by
Edmonds [1962] who obtained an asymptotic value of «/f? = 38 X 107
(Np/cm)(s?), applicable to a solution of bovine hemoglobin in water at a
concentration of 15 g/100 ml at a temperature of 25°C (Fig. 30).f This
value of «/f? has been confirmed subsequently by measurements at 270 and
470 MHz.? These data are also shown in Fig. 30. Use of the asymptotic
value (by subtraction from measured values of «/f* at lower frequencies)
was made to determine the alleged relaxational contribution to the measured
absorption. After conversion to absorption per wavelength, curve 1 of
Fig. 31 results, where the data have also been reduced to become independent
of concentration. Curve 1 shows a decreasing absorption per wavelength
at high frequencies, and indicates an upper-frequency limit to the relaxation
spectrum at approximately 300 MHz. However, curve 1 depends critically
on the magnitude of the asymptotic high-frequency absorption that is chosen.
It must be borne in mind that absorption due to any hysteresis mechanisms
may possibly contribute at the highest frequencies, leading to additional
difficulties in the determination of the upper limit of the relaxation spectrum.

+ Subsequent analysis indicates that the concentration reported by Edmonds [1962] as
nominally 15 g Hb/100 ml should have been 12 g Hb/100 ml. Other concentrations reported

in that communication are changed in proportion.
t The authors are grateful to Dr. J. L. Hunter and Mr. Paul Durdel, John Carroll

University, Cleveland, for carrying out these measurements.
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Fic. 31. Relaxational contribution to specific absorption
per wavelength for bovine hemoglobin at 25°C. Com-
puted from: (1) the value of (x[f®)* obtained by extrap-
olating from experimental data; (2) a simple mixing
formula based on relative volumes; (3) («/f*), = B, cal-
culated from the static viscosity 7°. The superscript oo
refers to the asymptotic measured value at high frequen-
cies and subscript » to Eq. (30).

Curve 2 on Fig. 31 shows the result of correcting measured data by means
of the simple mixing formula adopted by Carstensen and Schwan [19595].
One would conclude from this curve that the distribution of shorter relaxation
times was radically different from that predicted by curve 1. The third
possibility is shown by curve 3 which' was obtained by correcting measured
data by subtracting the classical absorption due to viscosity. At low fre-
quencies the differences in these possible interpretations are insignificant,
and the results of Gramberg [1956] indicate that relaxation frequencies as
low as 20 or 30 kHz are important.}

The absorption coefficient of a 12.5 g/100 ml solution of human serum
albumin in water has been found to be indistinguishable from that of human
hemoglobin in the same concentration (Carstensen, Li, and Schwan, 1953).
These conclusions apply within the frequency range 0.8 to 3 MHz and the
temperature range 10° to 40°C. The absorption data in these ranges were
also coincident with the absorption values of red blood cells, when compared
on the basis of reduced concentration, «fc’.}

+ Some further measurements on a solution of equine methemoglobin in water at
approximately 6.7 g Hb/100 ml have been reported by Mayer and Vogel [1965]. Their
data in the frequency range from 0.3 to 6 MHz are incompatible with Carstensen and
Schwan’s, and, furthermore, they report finding no dependence of the absorption on tempera-
ture and no dispersion of the propagation velocity. The experimental error reported by
Mayer and Vogel at low frequencies is approximately 30 percent, whereas that of Car-
stensen was only 10 percent. We conclude that these data are less reliable than those that
have been discussed above.

I See also Kessler [1968] for a study of bovine serum albumin solutions in water,
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The absorption in gelatin solutions is approximately half that in hemo-
globin and albumin and shows a similar frequency dependence in the fre-
quency range 0.7 to 10 MHz. The absorption coefficient of a 20 g gelatin/
100 ml solution in water shows a marked dependence on the state of charge
of the protein (Fig. 32), indicating that solvation is a significant mechanism
in determining the absorption coefficient (Pauly, 1957, Passynsky, 1947).

Carbohydrates

Hawley, Kessler, and Dunn [1965a, 1965b] have reported absorption
data on aqueous solutions of dextran, a linear a(l — 6) anhydroglucose
polysaccharide by-product of bacterial metabolism, which is commercially
available in crystalline form. The molecular weights of the dextrans were
73,000, 186,000, 370,000, and 2,000,000. The absorption data for these
polysaccharides—in the frequency range 3 to 69 MHz and concentration
range 2.2 to 11.4 g/100 ml—have been compared with those for hemoglobin
(molecular weight 68,000) in an endeavor to identify differences of ultrasonic
absorption characteristics which might be due to differences in the molecular
structure of proteins and polysaccharides, for example, the presence or
absence of tertiary structure. The polysaccharide is primarily a linear
structure with 5 to 10 percent glucose residues existing as branching elements,
and it assumes random coil configurations in aqueous solution. In contrast,
hemoglobin is a globular protein displaying a specifically folded structure,
which is probably stabilized by hydrogen bonds and van der Waals forces
(Kendrew, 1962; Braunitzer, Hilse, Rudloff, and Hilschmann, 1964).

Fic. 32. Absorption parameter (a/f?)
of a 20 percent solution of gelatin in
water at 35°C and S MHz as a function
of pH. (After Pauly, 1957.)
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Fic. 33. Partial specific absorption parameter &/f for aqueous
solutions of bovine hemoglobin and polysaccharides.
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In view of the uncertainties in interpretation of data that were discussed
on page 292, a simplified procedure for comparing the polysaccharides and
hemoglobin is adopted. The partial specific absorption coefficient is defined
as &, = (0/0n,),,, 1, p,;» and the partial specific absorption per wavelength
as @y|f. These quantities are defined to be analogous to the partial specific
volume ¥, = (0¥/0n,),,  r,p Where n; = concentration of solvent, and
n, = ¢’ = concentration of solute. Therefore &, represents the incremental
absorption at frequency f resulting from the addition of a small amount of
solute to a solution. At lower concentrations (less than 10 g/100 ml approxi-
mately), the measured absorption coefficients are proportional to concentra-
tion for both polysaccharides and hemoglobin, indicating no interaction
between solute molecules. At higher concentrations, &, increases, probably
owing to interactions between the macromolecules (Carstensen and Schwan,
19595).

The comparison of partial specific absorption per wavelength is shown on
Fig. 33.1 The data for polysaccharides lie below those for hemoglobin in
all instances, although not by more than a factor 0.4. Therefore it is possible
that the tertiary structure might be responsible for the excess incremental
absorption of hemoglobin, as suggested by Hawley, Kessler, and Dunn
[19654]. The suggestion is supported by the absorption data for another
protein, gelatin, which does not exhibit tertiary structure; a/c’ is about half
as great as that of hemoglobin at pH 6 to 7, although the dependence on
pH indicates that solvation processes are of importance in determining the
absorption in this case (Pauly, 1957). However, it is unlikely that this is
the only cause of differences in the magnitudes of &,, since protolytic reactions
may also contribute to the excess absorption of hemoglobin.

t This figure supersedes that previously published by Hawley, Kessler, and Dunn
[1965b].
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Nucleic acids

Measurements of the absorption coefficient of calf thymus DNA have been
reported by Lang and Cerf [1969]. They were obtained mainly by the
interferometric method described briefly on page 258. The measurements
were performed in the frequency interval of 3 to 58 MHz on samples of
molecular weight 4.7 — 7.0 X 10¢ at concentrations 0.5-0.6 g/100 ml in an
aqueous solution of 0.18 M sodium chloride and 0.02 M sodium citrate. The
temperature was maintained at 5° and 25°C and the pH range was 6 to 12.5.
The data at frequencies less than 27 MHz (Fig. 34) exhibit incipient relaxation
and maxima at pH 11.9 attributable to alkaline denaturation. Thermal
denaturation, followed by addition of formaldehyde to prevent renaturation,
produced no change in specific absorption coefficient, «,/c’, a quantity
which is simply related to the partial specific absorption coefficient in cases
where « is linearly related to concentration ¢’ (= ny):

Uep & — UKo Ay G[f? 99)

!

¢ wgl’ 0 &g otlf?

FiG. 34. Dependence of «/f? upon pH and frequency during alkaline denaturation of calf-
thymus DNA in solution at 25°C and 0.3 g DNA/100 ml. (After Lang and Cerf, 1969.)
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This work supersedes previous papers from the same laboratory, reporting
a maximum in «/f?as a function of frequency for native DNA. A monotonic
decrease with increasing frequency is now found under all conditions. The
authors suggested that relaxation processes characterized by at least three
states may account for this more reliable data. Consequently, it may not be
necessary to utilize the theory of “stochastic resonance,” developed by Cerf
to .include both relaxational and resonance behavior (Cerf, Candau, and
Zana, 1962; Cerf, 1965a, 1965b). It is of interest to note here that Zana
and Cerf [1964] have calculated the absorption to be assigned to viscosity
in a solution of rigid ellipsoidal particles, representing DNA molecules.

Synthetic polymer solutions

The dynamic mechanical properties of solutions of synthetic polymers
have been investigated extensively and have been reviewed by Philippoff
[1965]. The molecular transitions involved in the response of long-chain
polymers to mechanical stresses include those involving only a change of
entropy AS with related change in free energy, AG = —T AS. The recovery
of a state of ordering of lower free energy upon release of stress leads to the
description of the rigidity modulus in terms of an “entropy elasticity.”
Rouse [1953] has developed expressions for G'(w) and G"(w)—see Eq. (36)—
for a model of a solution of isolated random-coil polymer molecules of N
segments, each of which is permitted free rotation about a carbon-carbon
bond. The hydrodynamical interactions between these segments are
neglected in this model which therefore refers to a “free-draining” coiled
molecule. For a concentration of n, molecules per unit volume, Rouse

obtains

24 2
Wy

N
(@) = ngkg TS ——2
G (0)) n2 B pgl 1 _l_ wz”_pg
(100)
N
G () = ngk TS — 222

pzl—————l T ot + wn

where 7, is the pth relaxation time, and 7, is the viscosity of the solvent.
When N is large, the generalization of the summation yields a continuous
distribution of relaxation times, extending from 7; to 7.

The model has been refined by Zimm [1956] to include the effect of hydro-
dynamic interactions between the segments of the polymer molecule. Experi-
mental data have shown that Zimm’s theory describes the observed behavior
of molecules of moderately high molecular weight (= 100,000) in viscous
solvents, while even higher molecular weights (~ 10°) lead to intermediate
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results approaching the predictions of Rouse’s theory (Ferry, Holmes, Lamb,
and Matheson, 1966).

Lipids

No ultrasonic data relating specifically to lipids in isotropic liquid form
are known to the authors. However, reference is made to cholesteryl
benzoate on page 300.

Phase Transitions

Critical mixtures

An additional class of phenomena for which a distribution of relaxation
times would be required to describe observed behavior is that of phase
transitions. In the liquid state, phase transitions can occur in binary liquid
mixtures when the constituent species are not mutually soluble in all propor-
tions. The maximum or minimum temperature at which the phase transition
occurs is the upper or lower critical solution temperature, and the necessary
composition is the critical composition. Departures from simple behavior
are most marked at the critical composition and temperature and are recog-
nized by phenomena such as light scattering (turbidity, critical opalescence),
anomalously high viscosity, and ultrasonic absorption. The variations of
absorption and sound velocity at the critical composition with change of
temperature display a cusplike maximum and branch point, respectively.
Anomalous behavior may be observed at least 10°C on either side of the
transition temperature in the case of triethylamine and water (Chynoweth
and Schneider, 1951).

At temperatures within a few degrees of the transition temperature, the
state of association of the liquid mixture is critically dependent on the
temperature, and may therefore be perturbed by the temperature fluctuation
in the sound wave. Response of the system necessitates diffusion of mole-
cules in order for them to associate with one another to form a submicroscopic
agglomerate. The reactions are therefore most probably diffusion-con-
trolled. Their effect on the ultrasonic absorption coeflicient is observable
at low megahertz frequencies and below; but as yet no case has been studied
over a sufficiently large frequency range to define a relaxation spectrum.
The most comprehensive data available, on the system nitrobenzene-
isobctane by Anantaraman, Walters, Edmonds and Pings [1966], and on
nitrobenzene-n-hexane by Singh, Darbari, and Verma [1966] are insufficient
for this purpose. However, the results of the latter studies are in quite
encouraging agreement with the theoretical predictions of Fixman [1962b].

The behavior of binary liquid mixtures at phase separation may be
regarded as a model system which may help in the understanding of phase
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transitions in solution from which micellar or liquid crystalline (meso-
morphic) structures result. The latter are important in biological systems.

Micelles

Very few data are available on the ultrasonic behavior of micelle-forming
systems. Mikhailov and Tarutina [1950] have reported some data obtained
on the system gelatin in water at 25°C and at frequencies of 8.2 and 10.4 MHz
over the concentration range 0 to 7 percent. Their data show a linear rise
of the absorption coefficient to a concentration of 3 percent by weight,
followed by a flattening and approximately constant absorption coefficient
up to 7 percent. The similarity of their values of «/f? at the two frequencies
indicates that their measurements were taken outside a relaxational region.

McKellar and Andreae [19625] carried out more extensive measurements
on the micelle-forming system n-octylamine and water. Their measurements
of absorption extend over the range of 1.5 to 230 MHz, and the sound
velocity was measured at 2 MHz. Their data show single relaxational
frequency behavior in a region of isotropic solution at concentrations up to
0.3 mole fraction amine. The concentration-dependent relaxation frequency
was found to lie in the range 15 to 27 MHz in this concentration interval.
Figure 35 shows their comparison of data obtained on s-octylamine and
n-amylamine at 20°C, expressed as the variation of the maximum absorption
per wavelength with concentration. The data on the micelle-forming
octylamine fall well below those for the non-micelle-forming amylamine
and exhibit the approach to constancy. McKellar and Andreae [19625]
suggest that they may be observing the absorption due to hydrogen bonding
between the water and unassociated octylamine, and that the reduction
which they observe in the rate of increase of absorption per wavelength may
be due to the progressive scavenging of single solute molecules by the forma-
tion of micellar structures. Relaxation associated with molecules in the
micelle was imagined to occur at lower frequency. In the amylamine it
has been proposed that the absorption is due to hydrogen-bonding mecha-
nisms between the solute and water at the site of amino group (McKellar
and Andreae, 1962b; Andreae, Edmonds, and McKellar, 1965). However,
it is concluded in the latter paper that the hydrogen-bonding process is not
always an isothermal process in aqueous solution, but becomes instead a
thermal process, dominated by the enthalpy change AH rather than by the
volume change AV, near concentrations for which «,4 achieves maximum
values. The argument is based on numerical calculations for three amine-
water systems and the acetone-water system. See also Hammes and Knoche
[1966].

An alternative explanation of the measurements on n-octylamine in water
can then be developed in terms of a thermal relaxation. By forming micelles,
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F1G. 35. Dependence of («,A)max ON amine concentration
for solutions of amylamine (4) and octylamine (O) in
water at 20°C. [M]and [S] = presumed concentrations of
micelles and single molecules, respectively. Single relaxa-
tion analysis. (After McKellar and Andreae, 1962b.)

the solute might causea smaller specific disturbance (per molecule) to the
water structure than as single molecules, and the propagation of the sound
wave might proceed nearly isothermally to appreciable concentrations of
solute instead of only at low concentrations. This picture is favored by the
absence of a peak in the curve of sound velocity versus concentration. The
formation of micelles would therefore limit the absorption due to thermal
processes and could lead to the observed flattening of the sound absorption
curve. The explanation depends upon the formation of micelles, as before,
but it avoids the postulate of a separate, lower-frequency relaxation process
for solute molecules participating in the micelle. Data are at present
inadequate to distinguish between these proposed interpretations.

Liquid crystals

At the transition temperature between a pure isotropic liquid phase and
a liquid-crystalline (mesomorphic liquid) phase, the absorption increases
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greatly to a cuspid maximum, and the velocity decreases to a cuspid mini-
mum. Figure 36 shows the data obtained by Hoyer and Nolle [1956] for
cholesteryl benzoate measured at 0.5 MHz. Below the transition tempera-~
ture, the stable phase is the optically active cholesteric mesophase charac-
terized by parallel alignment of molecules in sheets and helical stacking of
the sheets (Fergason, 1964). Similar but less pronounced variations at the
same transition region have been observed in the range of 2 to 15 MHz by
Zvereva and Kapustin [1964] and Zvereva and Kapustin [1965] for cholesteryl
caprate and cholesteryl caprinate, respectively. However, their data show
a smooth transition from the cholesteric to the smectic mesophase which is
stable at lower temperatures. One may speculate that relaxational effects
associated with the latter transition may occur at lower frequency.

Mesomorphic phases in aqueous solution are exhibited in certain concen-
tration ranges by such solutes as soaps and detergents, and phospholipids,
e.g., lecithin (phosphatidylcholine) and cephelin (a mixture of phosphatidyl-
serine and phosphatidylethanolamine). No ultrasonic measurements on
such lyotropic mesophases are known to the authors.

The experimental and theoretical aspects of this topic have been reviewed
by Edmonds and Orr [1966]. Further knowledge of the kinetic behavior
of phospholipids in solution is necessary to permit more precise definition
of the molecular interactions involved, and thereby to assist investigators
studying such macromolecules in other situations, e.g., as structural compo-
nents of biological membranes.

FiG. 36. Dependence of absorption coefficient « and velocity v on

temperature near the isotropic-cholesteric transition in cholesteryl
benzoate at 0.5 MHz. (dfter Hoyer and Nolle, 1956.)
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Gels

Gels correspond to a state of high concentration of solutions of hydrated
particles or randomly coiled long-chain polymer molecules, such that forces
of interaction between the solute predominate and impart a finite rigidity
modulus to the material at zero frequency. The solvent no longer functions
as a suspending fluid medium but is dispersed throughout the semisolid
material. Local ordering in a gel follows a statistical distribution as in
rubbers and glasses rather than pseudocrystalline distribution as in the
mesomorphic, liquid-crystalline phases. Sporadic attention has been given
to ultrasonic measurements in gels. Passynsky [1947] has reported measure-
ments of the compressibility and solvation numbers of gelatin at concen-
trations ranging from 0.2 to 9 g/100 ml.  Gelation occurred at concentrations
greater than 2 g/100 m! and did not influence the compressibility. Koinito
[1951] has reported that the absorption coefficient at | MHz remains constant
as the temperature of 1.2 to 4 g gelatin/100 ml solutions is varied from 12
to 50°C, i.e., during passage through the gelation region. Solutions of
starch (20 to 40 g/100 ml) showed a slight reduction of the magnitude of
the absorption coefficient on gelation.

Tissues

In this section the experimental data concerned with the dependence of
the ultrasonic absorption coefficient of tissues on the acoustic field variables,
frequency and wave amplitude, and the state variables, temperature and
concentration, are reviewed. Several tissues, namely, refractive media of
the eye, and lung, which exhibit absorption properties greatly different from
most soft tissues, that is, fat, muscle, liver, nerve, etc., are discussed
separately. The absorption properties of bone are also briefly described.
No formal theory is presented for explaining the observed dependencies of
the ultrasonic absorption coefficient; however, an interpretation of the
unusual acoustic absorption properties of lung is mentioned briefly. Allu-
sion is made to several of the dependencies of the absorption coefficient
upon specific physical variables where they appear to resemble those of
known mechanisms arising from the interaction of ultrasound and non-
biological materials.

Soft tissues

Frequency dependence. The literature is replete with data regarding
the dependence of the ultrasonic absorption coefficient upon the acoustic
frequency. A tabulation of the ultrasonic absorption and velocity data
has been compiled by Goldman and Hueter [1956]. Figure 37, taken from
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their paper, is a graphical representation of the acoustic amplitude absorption
coefficient per wavelength for several mammalian tissues in the frequency
range of approximately 200 kHz to 10 MHz. The scatter of the data,
exhibited by the bands or broad shaded regions, results from the attempt to
include all measurements (available at that time) by numerous investigators
employing different experimental techniques. The appearance of the bands
in Fig. 37 is not wholly surprising since many investigators neglect to give
complete specifications of their experimental procedure and/or a description
of the state of the specimen used. For example, it is known that the
measurements represented in Fig. 37 were performed at different temperatures.
However, it is not possible to determine from the literature the temperatures
employed by the investigators reporting the data. (The influence of tem-
perature on the absorption coefficient is discussed below.) It is, however,
possible to discern several relatively simple relationships. For example, the
absorption per cycle, «/f, is generally constant over the frequency range
considered. For fat, o/f, increases slightly in the frequency range from
1 to 10 MHz. The experimental results for striated muscle and liver appear
to exhibit a minimum in the neighborhood of 2 MHz. Fry [1952] has
considered a viscous mechanism for the absorption of ultrasound in tissue,
in which it is shown that the viscous forces acting between a suitable chosen
distribution of suspended particles (or structural elements) and a suspending
liquid can account for the experimentally observed linear relationship
between acoustic absorption coefficient and ultrasonic frequency. The
frequency band over which linearity obtains (in the model) is determined by
the limits of the distribution of values for the parameters chosen to describe

Fic. 37. Acoustic amplitude absorption coefficient (in decibels per centi-
meter) per wavelength versus frequency for several mammalian tissues. (After
Goldman and Hueter, 1956.)
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the structural elements. Below the linear range the theory predicts a quad-
ratic dependence, in agreement with experiment.

Another way of presenting absorption data, prepared by Hueter [1958],
which may be suggestive for the elucidation of mechanisms, is illustrated
in Fig. 38. Here, the logarithm of the absorption coefficient is plotted as
a function of the logarithm of the sound frequency, and the slopes of the
resulting curves are examined (the slope is the exponent on frequency upon
which the magnitude of the absorption coefficient depends). Figure 38
shows data for several materials of increasing biological complexity, and
they exhibit corresponding graded complexity in absorptive behavior. The
10 M urea solution exhibits a slope of 2, indicative of classical viscous
absorption for which o/f? = constant. Homogenized milk, a suspension
of fat particles and hydrated casein complexes, exhibits a slope of nearly
unity from approximately 1 to 40 MHz. Behavior of this type cannot be
explained in terms of simple viscosity or scattering theories. The curves
for the absorption coefficients of egg albumin, brain tissue, liver, and striated
muscle (not shown in Fig. 38) exhibit slopes between 1 and 2 in the neighbor-
hood of 1 MHz and approach a slope of 2 at higher frequencies. Hueter
[1958] has suggested that this type of frequency dependence can be described
for specific muscle preparations by a double relaxation process in which the
bulk (volume) viscosity of the tissue possesses a relaxation frequency near

Fic. 38. Acoustic amplitude absorption coefficient versus
frequency for materials of different biological complexity.
(After Hueter, 1958.)
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40 kHz, and the shear viscosity possesses a relaxation near 400 kHz.
Although it is conceded that this is an oversimplification of a complicated
process, it will be shown below that the temperature dependence of the
acoustic absorption coefficient lends support to this view. '

The dependence of the ultrasonic absorption coefficient upon the concen-
tration of tissue components in solution is mentioned briefly below, and it
is interesting to compare, as Hueter [1958] has done, the absorption in brain
tissue, reported by numerous investigators, with the absorption of concen-
trated solutions of red cells, as shown in Fig. 39. The curve through the
nerve-tissue data is drawn with a slope found for concentrated red cells
(Carstensen et al., 1953). The figure suggests that nerve tissue behaves very
much like a concentrated aggregate of protein with the absorption increased
by approximately a factor of 2, perhaps due to the protein-protein interactions
associated with the formation of tissue structure,

A study by Schwan et al. [1957] on liver and solutions of liver fractions
has shown that tissue cell nuclei do not contribute significantly to tissue

FiG. 39. Ultrasonic absorption versus frequency for ner-
vous tissue and solution of 85 percent red cells from human
blood (protein curve). (After Hueter, 1958.)
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absorption. The fractions exhibit absorption spectra similar to those of
tissues shown in Fig. 38. The study suggested that tissue absorption arises
on a molecular level and is largely independent of architectural features.
It was found that individual molecular constituents display somewhat
different absorption coefficients which depend upon pH and molecular
integrity. It is suggested that the tissue proteins may account for nearly
80 percent of the observed tissue absorption.

Temperature dependence. Only two studies dealing with the dependence
of the ultrasonic absorption coefficient of biological materials upon tempera-
ture have been reported. The absorption coefficient of the spinal cord of
young mice (approximately 24 hours after birth) has been measured in vivo
by Dunn [1962, 1965] at the sound frequency of 1 MHz by employing the
transient thermoelectric method (page 255). Figure 40 shows the acoustic
intensity absorption coefficient versus temperature where it is seen to increase
from 0.034 cm™ at 2°C to 0.25 cm™ at 45°C. The positive temperature
coefficient of absorption eliminates shear viscosity as a possible mechanism.
However, this variation does resemble the temperature dependence of the
absorption coefficient of high-viscosity liquids above the main relaxation
frequencies in the liquid (Litovitz and Lyon, 1954). Thus, the monotonic
increase in the absorption coefficient as a function of temperature (at 1 MHz)
of the spinal cord of young mice is considered to lend support to Hueter’s
[1958] suggestion, discussed above, that a double-relaxation process occurs,
wherein both the bulk viscosity and the shear viscosity relax at fre-
quencies well below the frequency of measurement.

Carstensen, Schwan, and coworkers [1953] have carried out an extensive
study on the ultrasonic properties of blood and its components. In this
work it was shown that the absorption properties of blood are determined
largely by the protein content, and the value of the absorption coefficient
was shown to be directly proportional to the protein concentration up to

FiG. 40. Acoustic intensity absorption
coefficient versus temperature at 1 MHz
for spinal cord of young mice. (After
Dunn, 1962, 1965.)
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15 g Hb/100 ml in solution. Figure 41 shows their ultrasonic absorption
data for hemoglobin solutions as a function of temperature at three acoustic
frequencies. The negative temperature coefficient suggests that shear vis-
cosity might play a role in the absorption mechanism, but the magnitude
of the absorption coefficient shows that this mechanism alone is entirely
inadequate.

The temperature dependence of the absorption coefficient, particularly
that for young mouse spinal cord, illustrates the necessity for complete
specification of the state of specimens when reporting experimental results.
The data for the young mouse cord shows that a sevenfold increase in the
absorption coefficient occurs in the temperature range from 0 to 45°C.
Although the rate of change of the positive temperature coefficient appears
to exhibit a marked decrease in the neighborhood of the normal temperature
of adult mammals, namely, 37°C, it must be recalled that these measure-
ments represent only one species and one tissue structure. Others may
exhibit more or less pronounced temperature dependencies.

Amplitude dependence. The transient thermoelectric method (page 255)
employed in obtaining the value of the absorption coefficient as a function
of temperature of the young mouse spinal cord included exposure of each
specimen to different acoustic intensity levels of incident sound energy
(Dunn, 1962). Thus, the method made data available on the dependence
of the acoustic absorption coefficient upon the sound amplitude. Equation
(81), page 256, states that if the quantity 2«/p,c, is constant, the initial
time rate of change of temperature, (d7/dt),, is a linear function of the
acoustic intensity. Figure 42 shows that, in the range of incident acoustic
intensities from a few watts per square centimeter to nearly 200 W/cm?* and
at three base temperatures of the animals, such linear relationships indeed
obtain. On the assumption that the heat capacity per unit volume, p,c,, is
not dependent on the sonic intensity, it can be concluded that in the range

FiG. 41. Ultrasonic absorption versus
temperature for hemoglobin solutions
at three frequencies. (After Carstensen

et al., 1953.)
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Fic. 42. Time rate of change of temperature in spinal cord of young mice
produced by absorption of 1 MHz sound versus incident acoustic intensity
at three temperatures. (After Dunn, 1962.)

of intensities employed here, the absorption coefficient is independent of the
intensity of the radiation for the preparations employed in the study discussed
here.

The following comments are of interest relative to the lack of variation
of the value of the absorption coefficient of nerve tissue with the sound
intensity (for the range of values indicated). The propagation distance from
sound source via degassed mammalian saline to the tissue was approximately
5 cm in the experimental work of reference. This distance is sufficiently
short in the saline so that initially monochromatic waves produced by the
vibrating element (X-cut quartz plate) remain virtually monochromatic
during propagation to the specimen; that is, the energy transferred from the
fundamental to the harmonics, which results from the nonlinear equation
of state of the liquid medium (see for example Fry and Dunn, 1962), is
negligible in this path length at the highest intensities employed. Thus, the
wave incident on the tissue is essentially undistorted from the initial single-
frequency form. On the assumption that the coefficients in the equation of
state of tissue are approximately the same as those of water, and since the
propagation distance in the tissue is relatively short (approximately 0.5 mm),
the transfer of energy from the incident fundamental wave to its harmonics
is negligible within the specimen.

Absorption in bone

Bone s a tissue possessing acoustic propagation properties greatly different
from those of the soft tissues discussed in the previous section. Hueter
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[1952] has measured the acoustic absorption coefficient of specimens of
fresh human skull in the frequency range of 0.6 to 3.5 MHz at temperatures
between 25 and 30°C. These measurements show that the absorption
coefficient of bone exhibits a quadratic dependence upon frequency (the
classical viscous type) to approximately 2 MHz, followed by a transition to
a lower power dependence at higher frequencies. The acoustic amplitude
absorption coefficient per unit path length in bone is of the order of 1 Np/cm
at 1 MHz, approximately an order of magnitude greater than that of most
soft tissues at the same temperature and frequency.

Absorption in the refractive media of the eye

Begui [1954] has studied the acoustic properties of the refractive media
of the eye in vitro. He determined the ultrasonic absorption coefficients
of the aqueous and vitreous humors at 30 MHz and that of the lens at 3 MHz.
The specimens were obtained from excised fresh calf eyes. At 30 MHz and
27.5°C, the aqueous and vitreous humors both exhibit an acoustic amplitude
absorption coefficient of 0.35 Np/cm. Since this is approximately 50 percent
greater than the absorption coefficient of dilute salt solutions, it suggests that
the absorption coefficients of the humoral media of the calf eye possess a
viscous-type dependence upon frequency; that is, the absorption coefficient
probably increases as the square of the frequency.

The lens of the calf eye exhibits a value of 0.7 Np/cm for the acoustic
amplitude absorption coefficient at 3 MHz and 28°C. Since the lens con-
tains a relatively high concentration of protein, it is not unreasonable to
assume, in the absence of further information, that the frequency dependence
of the absorption coefficient of the lens resembles that of other soft tissue
for which the absorption appears to be dominated by the protein content;
i.e., it is probable that the absorption coefficient per unit path length of the
Jens varies approximately with the first power of the frequency.

Some investigators currently using ultrasonic methods for diagnosing
disorders of the human eye feel that the lens absorption value given by Begui
is larger than that for the human lens (in vivo). The possible discrepancy
may result because of species differences. Indeed, Begui observed that the
viscosity of the intraocular fluid of calf eyes is greater than the values nor-
mally stated for the fluid media of human eyes. Further, the specimens
used by Begui were first stored (at temperatures in the neighborhood of 0 to
5°C) and were used for measurement purposes within a time interval of 10
days. Diagnostic procedures are, of course, performed in vivo. Some
autolysis of the stored specimens may have occurred, although it is not
immediately apparent that under such conditions the absorption coefficient

should increase.
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Lung tissue

The acoustic properties of excised dog lung have been investigated in two
independent studies. The transient thermoelectric probe (page 255) was
employed to determine the standing-wave pattern established between the
lung sample and the acoustic source, due to the difference in acoustic
impedance between lung tissue and the sound transmission fluid (saline), and
to detect the amplitude of the sound waves propagating through the sample
(Dunn and Fry, 1961). From the observed standing-wave ratio, the experi-
mentally determined density of the lung samples (0.4 g/cm?) and the acoustic
impedance of the transmitting liquid (1.53 x 10° g/(cm?)(s)), the speed of
sound in lung tissue was found to be 6.5 x 10¢ cm/s. The frequency at
which these measurements were made was 0.98 MHz, the temperature was
35°C, and the lung samples were excised in such a manner that the amount
of gas remaining was considered to be somewhat in excess of the residual
volume. The acoustic amplitude attenuation coefficient per unit path length
was determined under the same conditions from a knowledge of the fraction
of incident energy reflected at the two lung-saline interfaces, the thickness
of the sample, and the relative acoustic intensity detected by the probe.
The absorption value calculated from the data is 4.7 Np/em.

In order to explain the unusually high absorption exhibited by lung tissue
(more than an order of magnitude greater than that found for dry oxygen
or nitrogen), an acoustic model based on the gross structure was postulated
(Dunn and Fry, 1961). The very large number of spheroidal and cylindrical
gaseous elements with dimensions comparable to the wavelength of sound in
the lung at the frequency of measurement (0.98 MHz) suggests a model
composed of a uniform distribution of spherical gas bubbles embedded in a
liquidlike medium of high viscosity. It is considered that sound energy
excites the bubbles to pulsate and that the bubbles dissipate their energy by
radiating spherical sound waves. Dissipation attributed to viscous forces
acting at the gas-liquid interface and to thermal conduction is negligible for
the chosen numerical values of the parameters and for the frequency of

1 MHz. Tt is assumed that the embedding fluid has properties similar to
those of water, except for viscosity, and that the gas has properties similar
to those of air. The bubble radius chosen, 0.3 mm, is consistent with the
dimensions of the gaseous elements of lung, and the bubble population
consistent with the experimentally determined density is then 5.3 x 10?
bubbles/cm?®. The relations presented on page 238, together with the
numerical data presented in Table 12, yield a value for the absorption coeffi-
cient at 1 MHz of approximately 6 Np/cm. This value is in sufficiently
good agreement with the experimental result to lend support to the view
that the mechanism of ultrasonic attenuation in lung tissue is primarily
the result of radiation of sound waves by pulsating gaseous inclusions.

e
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TABLE 12, QUANTITIES FOR COMPUTATION OF ULTRASONIC ABSORPTION IN LUNG TISSUE

Quantity Definition Numerical value

) Angular frequency of sound field 6.28 x 10° rad/s

v Acoustic velocity in liquid 1.5 x 10° cm/s

Vo Ratio of specific heats of gas 14

P,y Static pressure 10° dyn/cm?

p Density of liquid 1.0 g/cm®

Po Density of gas 1.29 x 1072 g/cm®

G Surface tension 75 dyn/cm

hy Vol 1 <hi <y,

¢y Heat capacity at constant pressure of gas 0.24 cal/g

g Thermal conductivity coefficient of gas 5.6 x 10¢ (cal/em)(s)(°C)

7 Viscosity of liquidlike medium 1.5 x 10% poise (von Gierke
et al., 1952)

More recently, a pulse transmission method has been employed to study
the ultrasonic propagation properties of lung tissue (Reid, 1965). Excised
dog lung was employed at a density of 0.26 gfcm?; it contained therefore
normal expiratory air, probably corresponding in amount to approximately
the functional residual capacity. The speed of sound in lung tissue was
determined by observing the change in time delay of the received pulse
relative to that with the lung sample replaced by a transmitting fluid of
known velocity. The method yielded only approximate values since the
acoustic pulses emerging from the lung sample were distorted appreciably.
The value of 5.8 x 10* cm/s was obtained at 1 MHz, which is considered
to be in good agreement with that of the previous study. (A value of
3 x 10* cm/s was obtained at 390 kHz.) The insertion loss of the lung
sample was determined by the change in attenuation required at the receiver-
amplifier to produce a received signal with the sample in position equal to
that observed when the sample was replaced with an acoustically transmitting
liquid. Distortion of the received pulse and broadening of the beam shape
are interpreted as evidence for scattering of the sound waves by the lung
structures. Though it was not possible to determine a unique value for the
attenuation coefficient of lung tissue, it is concluded that the attenuation is
much greater than that of other nonosseous biological media, and in this
regard the two studies are in agreement.

Analysis of Relaxation Spectra
Analytical procedures

Most of the specimens discussed on pages 283 to 310 exhibit relaxational
absorption curves, «,4 versus f, which do not conform to a single relaxation
process. It is therefore necessary to consider the possible combinations of
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two or more discrete relaxation processes, or the distribution function g(r)
in Egs. (39) and (41), which could give rise to the observed behavior. Such
attempts at analysis reveal considerable difficulties. In the first place, the
distinction between discrete relaxation times and a continuous distribution
of relaxation times can only be made.if the discrete times differ by at least
an order of magpitude. Recourse may be made to considering the probable
mechanisms involved—slower chemical reactions will be associated with
discrete times, while structural changes or diffusion-controlled reactions will
sometimes be associated with continuous spectral distributions. In the case
of discrete spectra with relaxation times differing by less than an order of
magnitude, the validity of assuming superposition must be verified. In
the second place, the observed dependence of the absorption coefficient on
frequency is comparatively insensitive to the form of distribution function
g(7) chosen to describe it (Hiedemann and Spence, 1952). Hence, deter-
mination of the form of the distribution function is attended by such con-
siderable uncertainty that the final function is of questionable value.

If a spectrum of discrete time constants is inadequate or implausible in
any given case, then certain gross features of an adequate distribution
function may be determined directly. For example, Schwan, Smith, and
Kam Li [1957], and Carstensen and Schwan [1959], considered distributions
represented by simple power functions—g" (1) = d,7,, where a, is a constant
independent of time or frequency. The equivalent distribution function for
relaxation frequencies will be a similar power function g(fy) = a, ™12, where
the exponent n -+ 2 results from 7 = gnf, and df, oc 72 dr. The correspond-
ing distribution of activation energies is derived from Eq. (38) and the ap-
proximation k, = 1/7, (k; <k,). Thus, d(AG™) «c 71 dr and g'(AGT) =
a7+, where d, and a, are appropriate constants. Several power functions
were tested for their ability to reproduce the gently rising portion of the curve
of a,A versus log f for hemoglobin solutions in the frequency range 0.3to 10
MHz. Only the functions with n = —1 and a range of = of at least 7,/7, =
1,000 yielded adequately flat frequency dependence of the calculated «,4, as
shown in Fig. 43 for various ratios of the spectral limits, 7 and 7;. Functions
with 7 = 0 or —2 yielded curves which were too sharply peaked. Extension
of the experimental range confirmed this prediction of wide limits =, and 7,
and showed that the spectral range extended from 7, <8 X 108 s to
7, = 5% 107 s, ie., 74/7, > 10* (Gramberg, 1956; Edmonds, 1962). An
alternative method of predicting a constant value of o, in a given frequency
range is to use the “logarithmic box™ function (Andrews, 1952). Edmonds
[1962] carried out a forced fit to the hemoglobin data with a distorted
“logarithmic box” function shown in revised form in Fig. 30, but the pro-
cedure appears to yield little of significance.

The similar problem of analyzing dielectric relaxation data has been con-
sidered in terms of other distribution functions (Davidson and Cole, 1950,




BIOLOGICAL ENGINEERING

T 1T 1117

n
T
p
Al
l >
G\I

100

(EEE] 1 [N 1 Pt iy ¢ [
6 2 4 6 2 4 & 2 4
o2} 1 10

1 L

i R §
0.01 2 4 6 2 4

0.0001 0.001 0.01

f/ 1

A

FiG. 43. Relative absorption per wavelength as a function of frequency for the power-
function distribution g(r) « 7. The parameter on the curve is the ratio of the spectral
limits 4/7,. (After Schwan, Smith, and Kam Li, 1957.)

1951). Burke, Hammes, and Lewis [1965] analyzed their ultrasonic data
on poly-L-glutamic acid solutions in terms of the asymmetric distribution
function of Davidson and Cole.

1 B
epo(r) dr = = p ”(_1/—79—) d(ln i) for = < 7o
O

7 \l— 7/t To
=0 forT>17o (101)
where the average relaxation time is given by
7= JngDO(T) dr (102)
and ’
%4 ® gpo(r) dr (103)

f o 1+ (w7)?

Values of the amplitude factor 4, the asymmetry parameter B, and the
average relaxation time 7 are given in Table 13. The values of § and 7
were found to be comparatively insensitive to changes in temperature while
the magnitude A/c’ decreased appreciably with increasing temperature. The
insensitivity of relaxation time to temperature changes indicates a process
involving negligible enthalpy changes. Thermodynamic analysis of the
data on the assumption that only structural changes were involved led to an
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TasLE 13.

ULTRASONIC ABSORPTION PARAMETERS* FOR
PoLYGLUTAMIC ACID (AFTER BURKE, HAMMES, AND Lewis, 1965)

10%5 Afc’ 10%
H
P $%/(cm)(m) 4 s
54 2.80 0.48 0.7
5.6 2.90 0.58 0.9
5.8 3.10 0.68 1.1
6.0 3.25 0.70 1o (0240 m
6.2 3.25 0.70 12
9.0 3.25 0.73 1.8
54 3.15 0.65 1.0
5.8 3.35 0.78 12
6.2 3.45 0.80 1.4 10.120 m
9.0 3.55 0.82 14
9.0° 3.45 0.73 1.4

¢ 2:1 0.2 M NaCl (ag)-dioxane, 25°C; B = 31.0 x 107" s*/cm.

5 2:1 4 M NaCl (ag)-dioxane, 25°C.

estimate of minimum volume change AV® of approximately -3 cm®/mole
of monomer. This estimate comprises supporting evidence for the postu-
lated relaxational mechanism, i.e., solvation of the macromolecule by water.
The magnitude of AV is as expected, and is smaller by a factor of 3 than
the volume change accompanying ionization of acetic acid and larger by a
factor of 3 than that for the helix-coil transition (Burke, Hammes, and

Lewis, 1965).

Considerable attention has been given to the analysis of relaxation spectra
in the study of the rheological properties of polymers and polymer solutions
(Ferry, 1961; Gotlib and Salikhov, 1964). Among these extensively
developed techniques of analysis is a numerical method of successive approxi-
mation which will be the subject of the next section. When materials are
sufficiently viscoelastic to allow measurement of the complex shear modulus
G* to be performed in a separate experiment, then the procedure of analysis
is facilitated. Shear-wave data may be interpreted without introduction of
the complicating effects of the bulk viscoelastic properties, and with the valid
consideration of only one distribution function g:(7) in Eq. (39). Conse-
quently, experimental work should be designed to yield ultrasonic shear-wave
and compressional-wave data on the same specimen over the same frequency
range, whenever this can possibly be achieved (see Litovitz and Davis, 1965).

Numerical procedures

An approximate distribution function may be determined directly from
the dependence of oA on frequency. An expression equivalent to Eq. (37)
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but referring to longitudinal compressional waves is

wh _ad  op  K'(0) + 456" (w) )

7  w  af K(o)+ %G () ™
where it is assumed that the total absorption is due to relaxational processes.
If it is also assumed that the magnitude of the velocity dispersion is negligible,
then K’(w) and G’(w) can be considered independent of frequency.  If,
furthermore, the distribution functions, g,(7) and gu(r), which are used in
the imaginary parts of Egs. (39) and (41) to represent G"(w) and K"(w),
respectively, are assumed to be the same and are written as g(7), then the
absorption per wavelength («,4) will have the same functional dependence
on frequency as gs(f;), defined by the equation

gs(f) df, = g(7) dr (105)

Hence, «,4 plotted as a function of frequency can be regarded as a first
approximation to a distribution function. If both shear and compressional
wave-absorption - data are available, then both g,(7) and gy(v) may be
determined independently.

Exact expressions for evaluating a distribution function from experimental
data have been given by Gross [1953], and approximate methods have been
described by Alfrey [1948]. Barlow and Lamb [1959] have extended the
technique to allow successive refinement of a distribution function. In the
case of shear waves, they use the gradient of an experimental curve of

" G'(log f) to obtain a first approximation:

G (log /) o
Bhozf) G®gy(log p,) (106)

where g,(logp,) d(log p,) = gi(r)dr and p,=7/7, is a dimensionless
parameter, defined in terms of relaxation times 7, normalized with respect
to an arbitrarily chosen relaxation time 7,. The curve G'(logf) is recalcu-
lated from g,(log p,); the difference between calculated and experimental
curves, 6G'(log f), represents an incremental modulus which may be used in
the same manner as G'(log f) in Eq. (106). The procedure is repeated until

<1 (104)

the reconstituted curve of G'(logf) agrees with the measured curve within -

experimental accuracy.
A similar procedure may be used if, instead of G', experimental curves of
o, or o,/f? are available as functions of frequency.

5. CQONCLUDING REMARKS

It can be concluded from the previous sections that current understanding
of ultrasonic absorption processes in solutions of biologically interesting
molecules and in tissues is unsatisfactory. Basic to such an understanding
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is some knowledge of the fundamental steps involved in the chemical reac-
tions that can and do occur. At present such knowledge regarding chemical
reactions involving comparatively small molecules in solution is accumulating.
A comprehensive theoretical treatment of chemical relaxational behavior for
complex mechanisms has been published recently by Hammes and Schimmel
[1966].

The unsatisfactory status of the field is due in part to an insufficiency of
reliable data; in part to the complexity of the systems under consideration;
and in part to the limitations imposed by the precision, volumetric require-
ments, and frequency range of current-measuring techniques. With the
advent of Brillouin scattering methods, the available frequency range may
be extended by two decades at the high-frequency end of the spectrum.
However, normal Tyndall scattering of light by macromolecules in solution
(which is employed to estimate molecular weights) may represent a restriction
on the applicability of Brillouin techniques to specimens of high molecular
weight. Additional exploitation of the thermoelectric method of measuring
absorption-coefficient values of extremely small volumes of tissue promises

. to yield the essential information on individual tissue components. Further

development of ultrasonic techniques capable of extending the study of small
volumes of solutions at the low-frequency end of the spectrum is desirable,
but presents considerable difficulties. Improvement in precision and
accuracy can also be aided with the use of increasingly sophisticated electronic
instrumentation and control circuitry. _

Much of the earlier work dealing with the acoustic properties of tissues
cannot be considered seriously because of the lack of adequate knowledge
and control of the conditions under which the measurements were made.
The necessity for comprehensive control and reporting of experimental
conditions cannot be overemphasized. Knowledge is required of the
temperature, density, viscosity, pH, and ionic strengths of solutions; the
chemical purity, molecular weight, molecular weight distribution, and
concentration of solutes; the source, age, preparative procedure, and physio-
logical condition of tissue “samples” in vivo; and, in addition, the details
of any preservative treatment employed for in vitro specimens.

Use of extensive computational facilities can be expected to allow investi-
gators to compare their experimental data with predictions based on models
of progressively increasing complexity. In this regard it is pertinent to
observe that the analysis of ultrasonic absorption coefficient data [via Eq.
(48)] offers a critical test of molecular models of liquids. Not only is a,4
functionally related to the compressibility ;- and heat capacity C,, which are
second derivatives of the free energy G, but it is also explicitly related to the
relaxational increments A, and AC,, in these quantities via the difference
between functions of these increments. Thus, a “liquid” model which
adequately predicts the behavior of the ultrasonic absorption coefficient, as




uoneipAy [enusIojaIg

UOIJBZIUOI pue SISA[OIPAH
[opow SuruIeip-231y
K3J1SODSIA PIYIPOIN
uoneIpAH

uoneIpAY

spnyudew 21q18115aN

uorjeurroy uor xapdwod Surpnidoug

uonezuawi( g9

utazoxd Jo uoneIniBus(y 89

(e1qiddou

Kiqeqoxd) 10BjUr UrRwar spuoq

Arenioy o[iym spuoq AIepuooas jo

wondnisip “8'0 ‘sppAs] AIepuooss
pue Arewrrd 18 SWSIUBYOIUI [BUIISY T,

S[9A3]

Kreusyenb pue ‘A1ents) ‘A1epuoses
‘frewrrd e swISTUBYOIWI [RULIDYJ,

BIOLOGICAL ENGINEERING

(erqi8yBau Ajqrqoid)

1 wox] jusragp Apueoyuds

sow092q A Jt 21mjos Jo sduasaid £q

Poreasal,, A[qissod ‘swstueyosur
[BULISY] -} WSIURTYISUW [RINJONIIS

[EUO[1B10I PUB [RUOIB[SUBI],
: uondiosqe ut
synsar ‘uomowouayd uopdrIgIQ

opnjugew o[qiSdaN

uwondiosqe , jedIsse[D,,

[1961] BmesedeN pue 201y
[£96 1] 100 A op pue uafig
[g€561] asnoy
[9s61] wutz
[ps61] uetuznes
[gs61] z101d]
(L5611 wedig
[£261] [93O0H pue 2499
[¢s61]
wwef, pue 9z ‘usdrg

[£961] ualdry

[s561] uaL1g,0 pPUe pRIg
[5961] 3320

[6s61] 83v1g pue wuwirz
[s961] zremyog
[£961] "j& 10 vURZ
rURy7

[so611 'f ‘que

[Lp61] Jasaud]
[2s61] uysie pue Suineq
[9v61] aoprowreg

[+961] Suukg pue ryorey
[7961] e8eiayog pue AyreuwaN
[LS61] uapm pue Juelg

[8v61] ITBH.

[1v61] disda
‘H ‘quey

ySrorhey

[8981] youyorrsy
[sv81] sajoig

areydsoune ooy (»)

sayts Jurjorrauy (11)

sayis quapuadapur (1)
euswouayd osnkjoridsekiod (2)
Isysuely uojoly (p)

K1150081A 1220 (2)
Surpuoq siqoydorpAH (9)
Suipuoq uafoIpAH (»)

a1oydsowe oruoy (q)

UOIBIO0SSE JIUO] (V)

UOIIBID0SSIP-UOIIRIDOSSY (2)
AOUBUOSAI J1)SBYD01S,, (11)

uonisuelt [10-x19H (1)
euswouayd aaneiadoo) (p)
Fuipuoq uafoipAy jeurdiuy (9)

wisprawosy jeuoneIoy (4)

uoneBIqIA TRUIIUY (V)
sareIqIe)D (9)
211s a0n1%] Juede (9)

s191sn(o SunedIg (7)

uonow aAneRY (9)

Suuenedg (v)

uotsnyip pue uonepey (q)
uorPnpuod

189y pue ANSOdSIA  IBAUS (V)

AN e, N e W W2 L e Ie )] <% Py
o S o8 aEzZgwE g 2 “
Z C% oo ms 5.8 @ ® §
o O+ =g o 7= LR o & -
=S pp— 8 o = © — H S @ s » w NS
=W a0 o899 R S $
h o g8288 0 B88Z3EE W 5 .
o SesSL8_.388328EE @ . A £ s
2 BEFE§s208T5es5 g3 8 5 2w s & = A0 CHT Zaood
< B3 EgE3 85 &S 38368 < wl aFdFITITCT e S AR 0w gOUO Q&0 S
[es61] z101Y suof [jpws jo Surpurg (g) UOIORIDIUI 21A[01I09[0

JUS[QWE-3[NIIOWOIIBIA (£)

uonorIdUl
J91BM-3[OS[OWOIIRIA ()

91410110919 JwA1qULY (])

SUWIS[UBYDSUWE JB[NOSJOULIDIU] AT

9INOA[OWOINBIN ()

1rem (1)

SUISIUBYOIW IB[NI[OWRNU]  [If

pmnbr snosusBowoyuy  If

wnnuiuod pinbiy snosusfowoy

316

SAHADWIY

RPRIEACIEN S

SWUSIUDYIDPN

wosds

STINDTTOWOUDIVIA] 40 SNOILNTOS SNOINDY NI SWSINVHOIJA NOLLIYOSEY IT4ISSOJ 40 NOILYOMISSYID) “p] T18v],




iv

]
<]
E=
o
g
=]
& g
g K] =]
23 b o
3 5
B = 260 5
@ kel
E‘ o oE'U >
O o E <]
8 g Zgd -
00 L gg2E2 2
£ =2 Z3S3E% 5
T 2 EEETE 5
= T YoV IY Gt
9 & >\>»°3'§~. [
= Z InEwmm -9
T
o
o
& o fago)]
= o =
o = B
SR =2
s g 5
I F S @
(3] ~
8 8z & =¢
—5 TZn—-2pmod —_
o] O\ o L2
B2 gZRTVNRTZ by
Al a—agafd =
- AT R ea—m d gD —
SERSe=gnuEE =
ERR2BNSER S o N
SU-gHeRES e =
m A MMN&LM 4
o
-]
£
=4 ]
£ £8, 2
%00 L= 0o
o Sg DB 2
o L =5 [ 7 IR ]
o o o5 oo s [ ]
=] = 802 S58¥Pog
] s, o09% GEUETLE
5 @ 558 g8 o
o Q oo “oogou
2 E §28 EESEEC
a S HasF “8Y88Sw
© 8 For g2EgSe
I 0o EExwm Q9daog
= 2 998 52 2
5 g 236 E8me5E
- = EIA ARATTSeM
~~ ~_ TN TN~ Lo~ N
= ERCEIORICIO) )
@ =
£ b 2
2 g 5§
g3 S g2
<5 ES s 9
5 I3 ]
Oh W =
[ =t 5 =58
ES 153 [a =)
ot 8. §=
S o [ER-) [
ER= g3 g2
Qo o o0
25 a0 s [
o) Q ks Qo
£ < Y EB
& = L)
5{ =B =35
-~ ~—~ —
3 o) )

ABSORPTION AND DISPERSION OF ULTRASOUND IN BIOLOGICAL MEDIA 317

well as the behavior of less demanding parameters, may be regarded with
some degree of confidence.

Table 14 constitutes a tentative classification and selection of mechanisms
which may prove relevant to the prediction of ultrasonic absorption coeffi-
cients from models of solutions of macromolecules. This table is no more
than a provisional list compiled by the authors, and comprising topics that
should be considered in attempts to postulate physical models. There is no
intent to suggest that a comprehensive scheme of classification is presented.
In assessing the probable significance of specific reaction mechanisms in any
particular case, it is necessary to consider not only the energy of activation for
the reaction but also the energy differences which determine the relative
concentrations of the participating species. Obviously a reaction will not
contribute appreciably to the measured absorption coefficient if one of the
reacting species is present in negligible proportions.

APPENDIX A

List of Symbols

Egs.
a = radius of sound beam 78
a;, a, = radii of spherical particles or bubbles 79
ay, a,, a;; = constants in power functions 311
as = radius of sphere 56
A = area (general) 69
A = relaxational absorption parameter 52
A, = radiating area of transducer 87
b = total dissipation parameter 62
b;, by, by = thermal, radiative, and viscous dissipation param-
eters 64, 65, 66
B, = coefficient 67
B = classical absorption parameter 30
c = concentration by volume of structured elements 55
¢ = concentration by weight of solute (g/100 ml) 295
Cp = heat capacity of gas at constant pressure 61
Cp = heat capacity of liquid at constant pressure} per 3
Cy = heat capacity of liquid at constant volume mole 3
c, = heat capacity of liquid at constant pressure, per gram 12
(o = heat capacity of liquid at constant pressure, zero
frequency 48
AC, = molar increment in C, (relaxational, f = 0 — ) 48
c; = molar concentration of ith ion Table 10
C =C,+ Cyp, 89
Co = static capacitance of transducer 88
Cy, = Joad capacitance 90
89

= piezoelectric coupling parameter
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d; = distance between particles

d(kag,ps/py) = function

d = deflection of sphere

D = function in Table 5

9 = diffusion coefficient

e = base of Naperian logarithms

e = piezoelectric constant

E = voltage applied to or developed across transducer

E, = energy density
OE, = energy loss per unit volume per cycle
f = frequency
Sr = relaxation frequency (general)
fr = fundamental resonant frequency of transducer
S = frequency of half-sensitivity
S = relaxation frequency (shear viscosity)

flkas,ps/py) = function
F = force (general)

F, = radiation force

g = gravitational constant

£1(7) = distribution function (shear)

o) = distribution function (bulk)

g3(f) = modified distribution function

gallog p,) = modified distribution function

Efole] = Davidson-Cole distribution function

G = shear modulus of elasticity

G = Gibbs free energy

G* = shear modulus (complex)

G = shear modulus (infinite frequency)

G = shear modulus (real part)

G" = shear modulus (imaginary part)

R = coefficient

Gy, Gy = molar free energies of states 1 and 2

AG = molar change in free energy

AG=E = free energies of activation

h = Planck’s constant

2 = Yqle

hy = coefficient

AH = molar change in enthalpy

H = molar enthalpy

Im = imaginary part

1 = intensity

L = intensity of waves traveling in +ve and —ve direc-
tions

L, L, = intensities of incident and reflected waves in medium 1

I, = intensity of transmitted wave in medium 2

L os = intensity of waves traveling in =+ directions in media

1and 2
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k
ky
ks

=V

= mechanical equivalent of heat

= Boltzmann’s constant

= propagation constant

= propagation vector, wave number
= backward reaction-rate constant
= forward reaction-rate constant

k12, ko, etc. = reaction-rate constants

Plz" P].T

PZt

Py, Poy

P,

r

9
Q

Q.
Om

max’

= bulk modulus of elasticity

= bulk modulus of elasticity (complex)

= bulk modulus of elasticity (zero frequency)

= molar change in bulk modulus (relaxational)

= equilibrium constants

= path length in interferometer

= parallel tuning inductance

= length of beam

= thickness of transducer

= length of suspension

= mass of fluid of equal volume as embedded element;
molal (as unit)

= mass of sphere

= mass of embedded element; molar (as unit)

= effective mass of embedded element

= molecular weight

= integer

= number of bubbles of radius Rz per unit volume

= concentration of solvent and solute

= unit propagation vector

= number of segments in chain polymer molecule

= Avogadro’s number

= instantaneous acoustic pressure

= normalized relaxation time

= amplitude of acoustic pressure

= ambient pressure

= pressure amplitudes for waves traveling in +ve and
—ve directions

= pressure amplitudes of incident and reflected waves
in medium 1

= pressure amplitude of transmitted wave in medium 2

= pressure amplitudes of waves traveling in +ve direc-
tions in media 1, 2

= maximum and minimum pressure in standing wave

= radiation pressure

= dummy acoustic field variable

= amplitude of dummy acoustic field variable

= electrical Q

= mechanical Q

81
38
6
5
38
38
96
40
40
40
40
94
82
Fig. 16
78
84
70
57

70

57

55

Fig. 19
22

62

page 294
6

100
Fig. 19
10

106
Table 1
16
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Table 4
Table 4

19
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page 269
29
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= absorption cross section

= general radial coordinate

= radius of transducer

== ratios of impedances of media 1, 2, 3
= gas constant

= equivalent resistance of transducer
= frictional force constant

= amplitude-reflection coefficient

= intensity-reflection coefficient

= parallel resistance of Ry, and R,
= load resistance

= radius of resonant bubble

= real part

= instantaneous condensation

= ratio of second harmonic to fundamental amplitudes
= amplitude of condensation

= entropy

= molar change in entropy

= standing-wave ratio

= standing-wave ratio (case 1)

= general time coordinate

= amplitude transmission coefficient
= intensity transmission coefficient
= ambient temperature (absolute)
= decay time

= instantaneous stress

= initial stress

= final stress

= molar internal energy

= shear strain rate (initial)

= shear strain rate (final)

= molar change in internal energy
= voltage minima and maxima

= phase velocity

= phase velocity in transducer

= phase velocity in media 1, 2, 3

= phase velocity (longitudinal wave)
= phase velocity (shear wave)

= phase velocity (zero frequency)

= phase velocity (infinite frequency)
=™ — %, velocity dispersion

= streaming flow velocity

= molar volume

= molar volume change

standard molar volume change
general spatial coordinate

= thickness of medium 3
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Xi0.3 = reacting species

y = general variable in diffusion equation

Y, = electric input admittance

Z; = valency of /th ion

Zy = characteristic acoustic impedance

AR — characteristic acoustic impedances of media 1 and 2
Z, = electrical input impedance of transducer

o = amplitude absorption coefficient (general)

oy = amplitude absorption coefficient (longitudinal waves)
o = amplitude absorption coefficient (shear waves)
oty = amplitude absorption coefficient (relaxational)
oy = amplitude absorption coefficient (thermal conduction)
oy = amplitude absorption coefficient (viscosity)

sy = amplitude absorption coefficient (specific)

ax, Ly = amplitude absorption coefficient (liquids X and Y)
o = amplitude absorption coefficient (solvent)

a9,y x40p, = attenuation coefficient (liquids X and Y)

Gy = partial specific absorption coefficient

B ‘ = Davidson-Cole distribution parameter

Bg = adiabatic compressibility

Br = isothermal compressibility

/3%, = adiabatic compressibility (zero frequency)

ABp = molar change in isothermal compressibility

Bs = function

Y = ratio of specific heats of liquid

$° = ratio of specific heats of liquid (zero frequency)
Ye = parameter on Fig. 13

Ve = ratio of specific heats of gas

A = logarithmic decrement

€ = coefficient

€ = relative dielectric constant of transducer material
o = dielectric constant of free space

] = shear viscosity

M = viscosity of solvent

Ny = bulk viscosity

n* = shear viscosity (complex)

7° = shear viscosity (zero frequency)

6 = thermal expansion coefficient

D) = instantaneous acoustic temperature

(] = instantaneous acoustic temperature amplitude
01,5 = angles of incidence and refraction

% = thermal conductivity of liquid

%, = thermal conductivity of gas

K = AcRc/ L,

A = wavelength

A3 = wavelength in third medium

u = intensity absorption coefficient
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= instantaneous particle displacement
= instantaneous particle velocity

= local fluid velocity

= instantaneous particle acceleration

= component of & in direction x

= amplitude of particle displacement

= amplitude of particle velocity

amplitude of particle acceleration

= amplitude of particle displacement in +ve directions
= instantaneous density

= mean density of liquid

= densities of media 1, 2, 3

= density of embedded elements

= density of gas

= density of sphere

= density of tissue

= surface tension

= relaxation time (general)

= normalizing relaxation time (arbitrary)

= relaxation time (shear modulus)

= relaxation time (bulk modulus)

= relaxation time (general thermodynamic)

= relaxation time (structural)

= relaxation time (thermal)

= limits of relaxation-time spectrum

= pth relaxation time for a segmented, coiled polymer

Tp
molecule

<, 7 = relaxation times

T* = mean relaxation time

7 = average relaxation time

é = scalar displacement potential

@ = angle of lag of response to perturbation

oy = phase angle of second harmonic relative to funda-
mental

@ = coefficient

$ = vector displacement potential

) = scalar velocity potential

v, = transition probability factor

™ = angular frequency

g = Ry/M,

wg = resonant angular frequency of bubble

©ep = resonant angular frequency of transducer
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