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Determinations of shear wave speeds of sound and attenuation coefficients are reported for soft 
tissues, a silicone rubber reference material, and a gel used in manufacturing ultrasonically tissue- 
mimicking materials. Fresh bovine tissues were investigated, including calfskin, liver, cardiac 
muscle, and striated muscle. Because of the very large shear wave attenuation coefficients, 
reasonably accurate determinations of shear wave properties are difficult to make. The quantity 
measured directly was the complex reflection coefficient for shear waves at a planar interface 
between the sample and fused silica. Measurements weremade at frequencies spanning the range 
2-14 MHz. The shear wave attenuation coefficients increase with frequency and are of the order 
of 104 times the longitudinal wave attenuation coefficients. The shear wave speeds of sound also 
increase with frequency but are only a few percent of the lon•tudinal wave speeds of sound. The 
results are accurate enough to allow frequency dependencies to be proposed. 

PACS numbers: 43.80.Cs, 43.35.Cg 

INTRODUCTION 

At .present, the important clinical means of transmis- 
sion of ultrasonic energy, both for diagnostic and therapeu- 
tic purposes, occurs via compressional, or longitudinal, 
waves. Many aspects of the interaction of ultrasonic waves 
with tissues are not completely understood. For example, it 
appears that a significant fraction of the attenuation of longi- 
tudinal waves in soft tissues involves proteins at the macro- 
molecular scale •-3; just what fraction this is remains open to 
question. 3 

ß Another process which may contribute significantly to 
longitudinal wave attenuation in soft tissues consists of 
mode conversion at interfaces involving abrupt changes in 
density and/or compressibility. Interfaces involved may be 
of the order of a micron in diameter. (This is also referred to 
as "viscous relative motion.") 4'• Theoretical models for this 
attenuation process were developed by Epstein and Carhart 6 
and extended by Allegra and Hawley. 7 These models have 
been applied to a microscopic soft tissue model by O'Donnell 
and Miller? To facilitate computations in the latter tissue 
model, estimates were made by the authors regarding nu- 
merical values of many relevant physical properties includ- 
ing the shear wave properties of the media involved. 

We have measured values for the shear wave speeds of 
sound and attenuation coefficients for bulk tissue parenchy- 
mae. It may develop that knowledge of such values and their 
frequency dependencies will facilitate gaining insight at the 
microscopic level regarding the involvement of shear waves 
in longitudinal wave attenuatio n in soft tissues. 

We have also measured these shear wave properties for 
a water-based, animal-hide gel which is employed in the 
manufacture of ultrasonically tissue-mimicking {TM) mate- 

rials. a In producing these TM materials, microscopic solid 
or liquid particles are suspended in the gel; the longitudinal 
'attenuation coefficients of the resulting materials exhibit a 
proportionality to frequency as is the case for many tissues. 
The slope of the attenuation coefficient plotted versus fre- 
quency increases with the concentration of the particles. 

One motivation for determining the shear wave proper- 
ties of this gel was to obtain information that could be used in 
applying the theory mentioned above 6'7 to see if it can ex- 
plain the longitudinal attenuation properties of the TM ma- 
terials. The comparison of theory with experiment for these 
TM materials is the subject of another paper. 

Extensive investigations of complex shear wave impe- 
dances in viscous nonbiological liquids have been made by 
Lamb and associates. 9-]] Shear wave speeds of sound and 
attenuation coefficients can be calculated from these com- 

plex shear wave impedances. 
Measurements of shear wave speeds of sound and at- 

tenuation coefficients are difficult to make for soft tissues 

and tissuelike media {as well as for viscous liquids) because of 
the extremely large values of the shear wave attenuation co- 
efficients involved. Frizzell •2'•3 has made measurements of 
these properties for a few tissues and reference materials. For 
soft tissues, Frizzell obtained values for shear wave attenu- 
ation coefficients of the order of 10 000 times those for longi- 
tudinal waves. Shear wave speeds of sound were in the area 
of 50 m/s. In some cases the standard deviations were of the 
order of the quantities measured. Also, except for the case of 
homogenized liver, measurements were done at no more 
than two frequencies on any single type of tissue or other 
nonliquid material. For homogenized liver, measurements 
were made at three frequencies, but standard deviations in 
the data were so large that estimations of frequency depen- 
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dencies of shear wave parameters were precluded here also. 
In this report data on shear wave properties are given 

for various bovine soft tissue parenchymae, for tissuelike 
media, and for RTV 615" (also used as a reference material 
by Frizzell). For each material the shear wave speeds of 
sound and attenuation coefficients were determined at about 

ten different frequencies between 2.5 and 14.0 MHz. The 
tissuelike materials included the water-based gel used in 
making ultrasonically tissue-mimicking (TM) materials, and 
a version of ultrasonically tissue-mimicking liver. s 

The quantity measured, from which the two shear wave 
properties can be determined, is the complex reflection coef- 
ficient R, for shear waves at the interface between the materi- 
al of concern and an optically flat fused silica surface. The 
precision of our measurements appears to be about the same 
as Frizzelrs at any one frequency; however, because of the 
large number of frequencies used in the present study, state- 
ments regarding frequency dependencies of the shear wave 
properties can be made. 

I. THEORETICAL REVIEW CONNECTING THE 
COMPLEX REFLECTION COEFFICIENT WITH SHEAR 
WAVE PROPERTIES 

A brief review of relevant theoretical relationships are 
given below. The Voigt model of a viscoelastic material is 
employed. 

k. The one-dimensional shear wave equation with a 
complex shear modulua 

For a lossless isotropic medium, and neglecting higher 
order terms, the one-dimensional wave equation for shear 
wave propagation in the x direction is 

a2y_ 

Herey is the particle displacement (perpendicular to the di- 
rection of propagation), t is the time, and p is the density of 
the medium. The constant/• •is the (static) shear modulus of 
the mediumiS; it equals (F/.4)/(Ay/Ax), where Fis the mag- 
nitude of each force forming 'a shearing couple applied tan- 
gentially to parallel surfaces of area .4 and separation Ax• 
while Ay is the tangential displacement from equilibrium of 
these surfaces relative to one another in response to applica- 
tion of the couple. A dynamic component of the shear modu- 
lus can be defined as 

= (Fl.4)l(aplax), 

where quantities are defined above except Ay has been re- 
placed by Ap which is the change in particle velocity over the 
distance A x. The constant/•2 is more commonly referred to 
as the coefficient of viscosity. In the derivation of the linear- 
ized shear wave equation the relation 

is employed on one side of the equation. We have 
A j, = -- kozly for a sinusoidal time dependence of the shear 
waves embodied in the factor e- •,o,; therefore, a complex 
shear modulus can be defined as/•=/• - ito2, and the wave 

equation remains in the usual form 

(1) /• ax--T =P &2 ß 
An analogous discussion appears in Reft 12. Notice that this 
discussion applies for a time factor ore - io, t, not for the alter- 
native, e + •t 

B. The complex reflection coefficient and its relation to 
the ahear wave apeed of sound and attenuation 
coefliclent 

Consider a plane sinusoidal shear wave normally inci- 
dent on a planar interface between two different homogen- 
eous media (see Fig. 1). Let .40, .4r, and .4r be the (real, 
positive) displacement amplitudes of the incident, reflected, 
and transmitted plane waves. Also, let x = 0 at the planar 
interface. 

Define 

Yo • .40 ei(k• - •ot 1, 
for the incident wave, 

Yr • .4 rei( - kax -- •ot • •b,) ' 
for the reflected wave, and 

YT • .4 Tei(k•x -- •ot + •rt, 
for the transmitted wave. Here •r and •r are phase con- 
stants determined by the boundary conditions, and k s and 
k, are the (complex) wavenumbers in media a and b, respec- 
tively. Each ofyo, y• and Yr must satisfy the wave equation 
given in Eq. (1) above. 

This means that 

and 

= (2) 

m = ,op/k 13) 

where •u• and •u• are the complex shear moduli in media a 
and b, respectively, andp• andp• are the simple (real) mass 
densities of media a and b. These densities are constant for 

the small amplitude shear waves considered. 
The boundary conditions to be satisfied are that the net 

amplitude and shear stress are each continuous across the 

A o 

medium a 

y 

AT,, 

medium b 

0 x 

FIG. 1. Diagram to aid in the discussion of the relation between the complex 
reflection coefficient and shear wave properties. The arrows describe direc- 
tions of propagation of plane sinusoidal shear waves; these directions are 
perpendicular to the planar interface between media a and b. 

1347 J. Acoust. Sec. Am., Vol. 74, No. 5, November 1983 Madsen ota/.: Ultrasonic shear wave properties o! tissues 1347 



interface. This assumes that no sliding occurs between the 
two media precisely at the interface. 

Thus 

Yo +Y,=Yr atx=0 

and 

and 

as 

3 (.Vo + Y,) I Izo Ox = Izb Ox 
Thus we have at x = 0, 

A o +`4rei•'=Are i•r (4) 

I•o {,4oik o - A,ikae •' } = pb,4 rikb e •ø• . (5) 
The complex amplitude reflection coefficient is defined 

R •_ yr _ /Ire 
Yo x=o '40 

Thus the modulus of R is given by 

IIR II ='4,/'4o 

and its phase angle is 
Equations (4) and (5) can now be solved for R: 

r = aka -mkb)/uL 

Using relations (2) and (3), we have 

r = - k.)4o. kb + L). (6) 
If medium a is a solid and medium b is a vacuum (or a near 
approximation such as air), the right-hand side of Eq. (5) is 
zero since medium b cannot support a shear stress. Thus, the 
quantity in curly braces on the left side is zero which requires 
R to be 1 for this case. 

The complex wavenumber k, contains the shear wave 
speed of sound c, and attenuation coefficient a, in the form 

k = ro/c + ia. 

IfR,pa ,p•, and k• a•e known, Eq. (6) can be solved for 
c• and a,. The solution for c, is 

c, = 2,4ro/[ -- B + (B 2 _ 4.4C),/2], (7) 
where 

,4----1 +(I+RJ) 2 -- tan2•r, . 
I R 

B•=_ 2P•k• (• + R 'R) p• --R•RR (1 + tan• •b,), 
and 

C• (pbka/pa) • (1 Jr- tan2 (br). 

R * refers to the complex conjugate 6fR. The solution for ao 
can be expressed in terms of co as follows: 

a• = c• + 2 -- -- -- p• R *RJc• 

_(P•k• •2] '/2 
\-•] I (8) 

Thus knowing the densities of media a and b and the shear 
wave speed of sound and attenuation coefficient for material 

a (determining ka), then determination of the modulus, 
H R [I = (R *R )•/2, and phase angle 4[•, of the complex reflec- 
tion coefficient allows calculation of the shear wave speed of 
sound and attenuation coefficient for material b at angular 
frequency •0. 

II. METHODS OF MEASUREMENT OF THE COMPLEX 
REFLECTION COEFFICIENT R 

A. The main concepts 

A diagram of the experimental apparatus is shown in 
Fig. 2. Longitudinal narrowband pulses, also referred to as 
continuous wave (cw) bursts, are generated by transducer A. 
This transducer is coupled via petroleum jelly to one of the 
flat surfaces of a mode conversion block. The geometry of 
the block is such that the angle between the transducer axis 
and the first reflecting surface r, equals the angle of incidence 
such that incident longitudinal waves are converted com- 
pletely into shear waves within the fused silica assuming no 
sound energy is transmitted into the air at this surface. •a The 
137.3 ø angle shown on the mode conversion block is the sup- 
plementary angle for this angle of incidence. The surface S of 
the mode conversion block at which the reflection coefficient 

is measured is that horizontal surface immediately beneath 
the "sample" in the figure. The orientation of the surface S is 
such that the shear waves emerging from surface r have a 90' 
angle of incidence relative to that surface. 

This surface is also referred to as the "stage" in this 
article. The cw pulse reflected at surface S returns to surface 
r where it is converted back into the longitudinal mode upon 
reflection. This longitudinal ew pulse then returns to the 
surface of the block to which transducer A is applied, an 
echo is observed through that transducer, and part of the 
returning wave is reflected. The longitudinal ew wave re- 

TRANSDUCER A 

DIODE .• ARULAB P]•. PREAMP 

• •DE CONVERSION BLOCK 

I TRANSDUCER C T•NSDUCER• m 
TEKTRONIX 

7904 •E•LLY A• MECHANICALLY 
OSCILLOSCOPE ISO•TED WATER DELAY LINE 
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fleeted at the surface to which transducer A is applied then 
initiates a second cycle consisting of the same four steps. 
This process repeats again and again, the echo signals at 
transducer A becoming continually weaker primarily be- 
cause of energy being delivered to the transducer during re- 
fleetion at its surface. A reasonably strong echo still exists 
for the tenth echo and beyond, however. 

At the same time that the initial pulse is introduced into 
the block by transducer A, a time reference pulse is emitted 
by transducer B in a thermally and mechanically isolated 
delay line. The oscilloscope is externally triggered by the 
time delayed signal delivered by receiving transducer C in 
the water path delay line. The distance between transducers 
B and C is adjusted so that part of the tenth echo received by 
receiver A is displayed on the oscilloscope. 

When a sample, the shear wave properties of which are 
to be measured, is pressed onto the stage (or surface S) of the 
mode conversion block, the air is displaced by the sample 
and the reflection coefficient at S changes. A decrease in 
amplitude of the •choes occurs and also the phases shift 
slightly. The phase shift observed for the tenth echo is ten 
times that for a single reflection. In terms of time shifts, the 
total phase shifts observed were of the order of a nanosecond. 
The smallness of this shift is one reason for observing the 
tenth echo rather than, say, the second. The ratio of the am- 
plitude of tenth echo with the sample in contact with the 
stage to the amplitude in its absence is the tenth power of that 
when only, one reflection occurs at the surface S. Knowledge 
of the phase shift and amplitude ratio allows calculation of 
the shear wave ultrasonic properties consisting of the speed 
of sound and attenuation coefficient. Details of this proce- 
dure are given in Sec. I. 

B. Details Involving data acquisition 

As implied in the last paragraph, there were two direct- 
ly measured quantities for each material and each frequency 
considered. All measurements were made involving the 
tenth echo received by transducer A, and all were made by 
direct observation of the echo voltage wave form displayed 
on the oscilloscope. First, the ratio of the echo voltage ampli- 
tude with the sample impressed on the stage to that in the 
absence of the sample ,was determined. About five measure- 
ments of this ratio were made for each sample and each fre- 
quency. The sample was reapplied to the stage for each of 
these measurements. Second, the phase shift occurring when 
the air above the stage was displaced by the sample was mea- 
sured. For both cases, data were recorded first using the 
wave form when air only existed above the stage Isurface S in 
Fig. 2} and then with the sample impressed onto the stage. 
The reason for this ordering was to aid in minimizing ther- 
mal effects at the stage. (The speed of sound in fused silica 
varies significantly with temperature.) Before each measure- 
ment, the stage was cleaned with ethyl 'alcohol, dried, and 
allowed to reach thermal equilibrium the latter being deter- 
mined by •he stability of the wave form on the oscilloscope. 
For each sample and frequency, measurements for six to ten 
applications were recorded to determine the phase shift. Ex- 
cept for a calfskin sample, each sample was a rectangular 

parallelpiped about 1.5 cm thick having two opposite sides 
with areas slightly less than the area of the stage. The calf- 
skin consisted of a rectangular layer which was wrapped 
onto an appropriately shaped piece of Lucite. •? All samples 
were kept between two stainless steel slabs between succes- 
sive impressments onto the stage so that they remained at 
room temperature (23 ø C + 1 ø C). 

C. Key components of the measurement apparatus 

I. The water pat/• ½/e/ay //n• 

A major factor in producing adequate precision for the 
measurements is the high degree of stability of the water path 
delay line. For this apparatus the water path length required 
was about 41cm. For a speed of sound in water at 22 ø C of 
1489 m/s and a temperature coefficient (Sm/s)/'C, a tem- 
perature shift of m•ooø C can produce a shift in the trigger 
delay time of • ns. This shift is of the order of the time shifts 
that must be measured in determining the reflection coeffi- 
cient. This same shift in delay time occurs if the distance 
between the transmitter B and receiver C changes by 0.75/• 
due to some external mechanical disturbance such as might 
be caused by a nearby motor. Therefore, considerable effort 
was devoted to producing thermal and mechanical isolation. 
A water tank was surrounded by 2.5-era-thick layers of Styr- 
ofoam, •a and a Saran Wrap layer was applied to the top of 
the water tank to reduce air convection currents. The water 

tank sat in a large box of sand weighing several hundred 
pounds, and the box was supported by four inflated inner 
tubes. 

2. Material for reducti øn of spudous echoes 
Of the eight planar surfaces forming the shape of the 

mode conversation block, all but three were coated with an 
ultrasound absorbing material, the acoustic impedance of 
which must be reasonably close to that of the fused silica. 
This absorbing material consisted of a mixture of tungsten 
carbide powder in petroleum jelly. The concentration of 
powder was a maximum such that the mixture remained air- 
free (as observed with the naked eye) and would adhere to the 
appropriate surfaces of the mode conversion block when ap- 
plied with a spatula. Spurious interfering echoes involving 
reflections from surfaces of the block other than r, S, or that 
to which the transducer was applied, all but disappeared 
following application of this absorbing material. 

$. Tile transducers 

Nine different nonfocused transducers were used. 

These ranged from a 2.54-cm-diam nominal 2.25-mHz 
transducer to a 0.635-cm-diam nominal 10-MHz trans- 
ducer. 

III. DATA REDUCTION 

The changes in net amplitude and phase observed for 
the tenth echo are due only to the change in complex reflec- 
tjori coefficient at the stage when air is displaced by the sam-- 
pie. The reflection coefficient when air only exists above the 
stage is 1 (unity) as shown in Sec. IB. When the sample is in 
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TABLE I. Choices of shear modulus (/z•) and coefficients of viscosity ( 
giving a best fit to the data employing the Voigt model. The dashed curves in 
Figs• 3-14 correspond to the Voight model using these values for the various 
types of materials. Mass densities for the various materials are also given. 

Material p,\ cm 2 / /z• • •-•-m• ) 
RTV 615 4.31 X 10 ? 1.49 1.02 
calfskin 4.04 X 10 ? 1.31 1.07 a 
striated muscle 0.242 X 10 ? 0.141 1.08 
cardiac muscle 0.124 X 107 0.159 1.08 
liver 0.0023 X 107 0.127 1.07 
animal-hide gel 

(no particles} 0.190 X 107 0.186 1.02 
tissue-mimicking 

liver (with 
graphite ...... 1.06 

Value for bovine liver used as an estimate. 

place, it is R •IIR lie '•', wherel[R II=(R *R )•/2. The ratio of 
observed amplitudes, with and without the sample im- 
pressed, is then I[R ][ •o and the observed phase shift is 10 •r. 
Calculation of the shear wave speed of sound and attenu- 
ation coefficient can be done using Eqs. (7) and (8) of Sec. II. 
For these measurements, medium a in Eqs. (7) and (8) is fused 
silica and medium b is the sample material. The density of 
fused silica is Pa = 2.2g/cm3. ,9 The wavenumber for fused 
silica can be taken to be real (see Ref. 12, p. 45); i.e., the shear 
wave attenuation coefficient is negligible in these measure- 
ments. Thus ka = a•/ca, where ca -- 3764 m/s is the shear 
wave speed of sound at room temperature in fused silica? 
The frequency dependence of the shear wave speed of sound 
in fused silica is negligible? The density Pb is that for the 
sample material measured. pb for the various materials are 
listed in Table I. These sample densities were determined in a 
direct way by measurements of mass and corresponding wa- 
ter volume displacement? • 

120 
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• •0 

z8o 

o 

h 
O 

4C 

JANUARY 
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I I I 

O SPEED 
ß ATTENUATION 

5000 

3oooZ 

2000• 

•ooo 

I I I I I I I I O 
6 8 IO 12 

FREQUENCY (MHz) 

FIG. 3. Shear wave speeds of sound for RTV 615 (open circles O, and one 
open square, [3) and attenuation coefficients (closed circles •,and one closed 
square •) for various frequencies. The data were obtained during the first 
period ofmeasurement• The squares correspond to a repeat measurement at 
4.80 MHz to test reproducibility; the closed square is superimposed on a 
closed circle. The dashed lines correspond to the Voigt model forp• andpe 
given in Table I. 

HO 

o 
o3 

o 9o 

7o 

MARCH RTV 615 
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FIG. 4. Shear wave speeds of sound for RTV 615 (open circles, O) for var- 
ious frequencies determined during the second period ofmeasurement. The 
points in the triangles are from Frizzell, 9 the highest value (A) having been 
obtained using RTV 615 which had solidified while on the measurement 
stage. The dashed line corresponds to the Voigt model forp• andp• given in 
Table I. 

IV. RESULTS AND ERROR ANALYSIS 

The results of this study are shown in Figs. 3-15. In 
each of these figures, mean values for shear wave speeds of 
sound c•, and/or shear wave attenuation coefficients a•, are 
plotted for frequencies spanning the range 2-14 MHz. The 
mean values of attenuation coefficients are plotted as filled- 
in circles (and in one case a filled-in square), and mean values 
for speeds of sound are shown in open circles (and in one case 
an open square). Each mean value was determined by first 
calculating the mean values of the amplitude ratio and phase 
shift (see Sec. IIB) and then using these to determine c• and 
a• via Eqs. {7) and (8) of Sec. IB. 

Each set of data was obtained during one of two mea- 
surement periods, each period lasting a few days. One mea- 
surement period followed the other by about two months, Of 
importance regarding reproducibility considerations, mea- 
surements on the reference material RTV 615 were done 

during both measurement periods, and the results are shown 

•'- 4ooo 

<• IOOC 
Z 
bJ 
I-- 

<[ 00 2 

RTV 6[5 MARCH 

I I I I I I I I I I I I 
4 6 8 I0 12 14 

FREQUENCY (MHz) 

FIG. 5. Shear wave attenuation coefficients for RTV 615 (closed circles, •) 
for various frequencies determined during the second period of measure- 
ment. The points in triangles are from Frizzell, one of them (A) correspond- 
ing to RTV 615 which solidified while on the measurement stage. The 
dashed line corresponds to the Voigt model forp• andp2 given in Table I. 
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o 

CALFSKIN 

J 

IllIll 

FREQUENCY (MHz) 

FIG. 6. Shear wave speeds of sound for c. alfskin (open circles, O) for various 
frequencies. The point in the square (E]) resulted from a repeat measurement 
at 4.80 MHz. The dashed curve corresponds to•the Voigt model for values of 
p• andp2 given in Table I. 

in Figs. 3-5. Measurements on calfskin (Figs. 6 and 7) and 
gelatin-based tissuelike materials (Figs. 14 and 15) were done 
during the earlier period, and measurements on bovine liver, 
cardiac muscle, and striated muscle were done during the 
later period; results of the latter are shown in Figs. 8-13. 

The error bar associated with any plotted mean value 
corresponds to the standard deviation. Error bars were de- 
termined by the usual propagation of error analysis.22 First, 
for a given frequency and material under study, the standard 
deviations of the magnitude of the reflection coefficient [[R H, 
and of the phase shift •,, were found; call these CllR II and •.. 
Then, using Eqs. (4) and (5), gas /8 II R 11,8•s/0•,,•cs/011R 
and {/c s/gq•, were computed where the subscript b has been 
replaced with s everywhere. The standard deviations of cs 
and a a are then given by 

and 

z 

I- 

% 

CALFSKIN 

I I I I I 
6 8 

FREQUENCY (MHz) 

FIG. 7. Shear wave attenuation coefficients for calfskin {closed circles, O) 
for various frequencies. The point in the closed square (•) resulted from a 
repeat measurement at 4.80 MHz. The dashed curve corresponds to the 
Voigt model for values ofp• and/•= given in Table I. 

•4½ 

-• $c 
o 

o 

o• 

STRIATED MUSCLE 

! I I I I I I I I I I I I I 
2 4 6 8 I0 12 14 
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FIG. 8. Shear wave speeds of sound for bovine striated muscle (open circles, 
O) for various frequencies. The points in triangles (A) are from Frizzell for 
canine striated muscle. The dashed curve corresponds to the Voigt model 
for values ofp, and P2 given in Table I. 

V. DISCUSSION 

A. Reproduclblllty of measurements 

Figure 3 shows measurements for speeds of sound and 
attenuation coefficients made on RTV 615 during the first 
measurement period. Figures 4 and 5 show measurmcnts of 
speeds of sound and attenuation coefficients, respectively, 
made on RTV 615 during the second period of measure- 
ments (two months later). Excellent reproducibility is dem- 
oustrated; allowing for the degree of scatter of data points, 
the results for one period of measurement arc indistinguish- 
able from those for the other period. 

Each data point represents a mean value corresponding 
to many separate applications of the interrogated material 
onto the "stage." These are highly reproducible measure- 
ments; the error bars in Figs. 3-15 represent simple standard 
deviations of the measured values. Error bars corresponding 
to the standard deviations of the mean• • would be about 

half the lengths displayed in the figures. Thus the scatter in 
the data points shown in the figures, particularly for speeds 
of sound, does not appear to be primarily dependent on the 
method of application to the stage of the samples. 

Z 15OOO 

u. 

• ioooo 
z 

• 5000 
z 
uJ 
I- 

•- 

STRIATED MUSCLE 

I I I I I 
I0 12 14 

I I I I I 
6 8 

FREQUENCY {MHz) 

FIG. 9. Shear wave attenuation coefficients for bovine striated muscle 

(closed circles, •) for various frequencies. The points in trianges (A) are 
from Frizzell • for canine striated muscle. The dashed curve correspond to 
the Voigt model for values of/rs andp• given in Table I. 
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FIG. 10. Shear wave speeds of sound for bovine cardiac muscle (open cir- 
cles, O) for various frequencies. The dashed curve corresponds to the Voigt 
model for values ofp• andp2 given in Table I. 

To gain more insight into the causes of the scatter in the 
data, two sets of measurements at the frequency 4.80 MHz 
were made on RTV 615, calfskin, and the tissuelike media 
during the first measurement period; in the repeated set the 
source transducer (transmitter A in Fig. 1) was removed 
from the mode conversion block and then reapplied. The 
mean value of the speed of sound in RTV 615 obtained in the 
repeated set of measurements is shown in Fig. 3 in the open 
square. The data point from the repeated measurement is 
about 7 m/s lower than that from the previous measure- 
ment. The mean value for the attenuation coefficient ob- 

tained in the repeated measurements was slightly lower 
than--but almost identical to--the formerly obtained value; 
it is plotted as a closed (filled-in) square superimposed on the 
closed circle in Fig. 3. 

Without moving transducer A following the repeat 
measurements on RTV 615, repeat measurements were also 
done at 4.80 MHz on calfskin and on the tissuelike materials. 

The repeat values are shown in Figs. 6, 7, 14, and 15; again 
the speeds of sound resulting from the repeat measurements 
are shown as open squares in these figures, and the corre- 
sponding attenuation coefficients are shown as closed, or 
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FIG. 11. Shear wave attenuation coefficients for bovine cardiac muscle 

(closed circles, O) for various frequencies. The dashed curve corresponds to 
the Voigt model for values of/• and/•2 given in Table I. 
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FIG. 12. Shear wave speeds of sound for bovine liver (open circles, O) for 
various frequencies. The points in triangles are from Frizzell, ø that at 14 
MHz corresponding to rat liver and those at 2.2 and 6.5 MHz to canine 
liver. The dashed curve corresponds to the Voigt model for values of/z• and 
/•2 given in Table I. 

filled-in, squares. The positions of the various repeat data 
points can be seen to be consistent with the scatter of data 
points over the various frequencies. In Table II the values for 
speeds of sound and attenuation coefficients for the repeated 
measurements and the original measurements are displayed. 
The percent changes in Table II do not demonstrate a consis- 
tent rise or fall for either speeds of sound or attenuation 
coefficients. For some reason, however, there is a tendency 
for both the speeds of sound and attenuation coefficients to 
be higher in the repeat set. 

B. Comparison with Frizzell's results 

Both we and Frizzell made measurements on RTV 615. 

In the case of soft tissues, however, our measurements were 
made on bovine tissues and Frizzell's on canine or rat tissues. 

Nevertheless, the extent of agreement is still very good for 
tissues as well as for RTV 615. 

Mean values for the real and imaginary parts of the 
shear acoustic impedance for RTV 615 are given for 14 MHz 

LIVER 

FREQUENCY (MHz) 

FIG. 13. Shear wave attenuation coefficients for bovine liver (closed circles, 
O) for various frequencies. The points in triangles (A) are from Frizzell, that 
at 14 MHz corresponding to rat liver and those at 2.2 and 6.5 MHz to canine 
liver. The dashed curve corresponds to the Voigt model for values of/t• and 
/•2 given in Table I. 
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FIG. 14. Shear wave speeds of sound (open circles. O) and attenuation coef- 
ficients (closed circles, O} for the plain animal-hide gel used in the manufac- 
ture of ultrasonically tissue-mimicking materials. The point in the open 
square {cq} corresponds to a repeat measurement of speed of sound and the 
points in the closed square {1) corresponds to a repeat measurement of at- 
tenuation coefficient. The dashed curve• correspond to the Voigt model for 
values of/z I and/• 2 given in Table I. 

by Frizzell. (See Ref. 12, p. 61.) Values for shear wave speeds 
of sound and attenuation coefficients can be calculated from 
these. Frizzell made measurements for three forms of RTV 

615:(1) the c. ase in which the fresh mixture of resin and har- 
dener was still in liquid form on the fused silica stage; (2) the 
case in which this mixture had hardened on the stage; (3) the 
case in which a block of previously formed solid RTV 615 
was pressed onto the stage. Since our measurements only 
involved the solid material, only the latter two cases are con- 
sidered here. 

In Fig. 4 Frizzell's values are plotted, the point corre- 
sponding to case 2 in which the RTV 615 was hardened on 
the stage having the form A, and the point corresponding to 
case 3 in which the RTV 615 was pressed onto the stage 
having th.e form •. The hardened-on case agrees best with 
our results although the standard deviations are of the order 
of 15 or 20 m/s meaning that both agree rather well. (Esti- 
mates of standard deviations in speeds of sound and attenu- 
ation coefficients were done crudely using Frizzell's values 
for the standard deviations in the real and imaginary parts of 
the acoustic impedance and propagating errors ignoring 
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FIG. 15. Shear wave speeds of sound (open circles. O} and attenuation coef- 
ficients (dosed circles, O) for tissue-mimicking liver. The points in the open 
square (•} and the clo•ed square (I} correspond to repeat measurements of 
the speed of sound and attenuation coefficient, respectively, at 4.80 MHz. 

cross correlations.) In our experiment considerable pressure 
(by hand) was applied during application of the RTV and it 
may be that we had better coupling to the fused silica result- 
ing in better agreement with the (perhaps optimal) case of 
hardening the RTV onto the stage. 

In Fig. 5 Frizzell's attenuation coefficients for RTV 615 
are plotted for the hardened-on case (A) and for the pressed- 
on case (•). Excellent agreement with our results exists. The 
standard deviations in Frizzell's values were estimated to be 

1350 cm-L (See discussion in the paragraph immediately 
preceeding this one.) 

For the cases of the tissues for which measurements are 

reported by Frizzell, mean values of speeds of sound and 
attenuation coefficients are given in Table 4.2 in Ref. 12, p. 
65; in most cases standard deviations are also given in the 
table. In Figs. 8 and 9, Frizzell's values for dog muscle are 
plotted in triangles (A) and smdard deviantions given. Re- 
markably good agreement is found not only with respect to 
mean values but with respect to standard deviations. An ex- 
ception is our estimate of Frizzel!'s standard deviation of 
14 000 cm-1 of the attenuation coefficient at 14 MH_z; a 
value of 1400 em-l for this standard deviation would be 

consistent with our standard deviations in this frequency 
range. The present authors thought the value 14 000 cm -i 

TABLE II. Mean values for shear wave speeds of sound and attenuation coefficients for various materials for two different sets of measurements at 4.80 MHz• 
The rei•at set of measurements were obtained following the first set after the source transducer A (see Fig. 1) had been removed and replaced on the mode 
conversion block. This was a reproducibility test. 

Mean value of shear 

wave speed of sound (m/s} 
Mean value of shear wave 

attenuation coefficient (cm- '} 

First set of Repeat set of % First set of Repeat set of % 
Material measurements measurements change measurements measurements change 

RTV 615 91.4 85.1 -- 7 1580 1600 + 1 
calfskin 60.9 67.3 + 5 2200 1830 -- 18 

animal hide gel 
without particles 25.4 27.3 + 7 7130 9390 + 27 
TM liver 

(animal hide gel 
with particles} 19.6 24.5 + 22 5960 7160 •- 18 
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might have resulted from a typographical error in Ref. 12; 
thus corresponding error bars were not introduced into Fig. 
9. 

In Figs. 12 and 13, Frizzell's mean values are given in 
triangles again. The points at 2.2 and 6.5 MHz are for dog 
liver and standard deviation bars are included. The point at 
14 MHz corresponds to rat liver and no standard deviations 
were given by Frizzeli. Again, the agreement between Friz- 
zell's data and ours is very good. Notice particularly again 
the agreement of standard deviation ranges from relatively 
large values at the lower frequencies for the attenuation coef- 
ficients to very small values for the lower frequency range for 
speeds of sound. 

C. Frequency dependenclee 

An overall perusal of the data in Figs. 3-15 shows the 
consistent tendency for both speeds of sound and attenu- 
ation coefficients to increase with frequency for all materials 
tested. 

Using the relationp = co2p/k 2 and the fact that 
c, + ia•, one can solve for c, and ct• in terms ofp•,/z2,p, and 
co. These relations also appear on p. 40 of Ref. 12: 

and 

(9) 

(lO) 

As •hown in Sec. IA, the real part, p i, of the complex shear 
modulus is the usual {static) shear modulus and the imagi- 
nary part is the negative of the product of the frequency, co, 
and the coefficient of viscosity, p2. The coefficients # • and pz 
may depend on the frequency; however, it is interesting to 
take pl and P2 to be independent of frequency and look for 
values ofp• and p2 giving an optimized fit to the data. What 
results is rather good agreement with the data over the whole 
range of frequencies. The dashed curves in Figs. 3-14 corre- 
spond to relations (9) and (10) above for c• and a, for the 
values of# • andp• given in Table I. An analysis forp • and/•2 
values for the graphite-in-gelatin TM liver were not done 
because the data for this material were not significantly dif- 
ferent from the case of plain gel. 

Note in the table that the data for RTV 615 and calfskin 

produced similar values for p• and/tl whereas data for the 
other tissues and the gel produced values ofp• which are an 
order of magnitude lower and ofp• which are more than an 
order of magnitude lower. Regarding It,, that for liver is 
essentially zero in distinction to the case for other tissues. 
Values ofp• and p• for plain gel are both quite comparable to 
those for the muscle tissues. 

Perhaps the best test of the idea that the shear wave 
properties of these materials can be described in terms of the 
constant values ofp • and p2 lies in the extent to which agree- 
ment between theory and experiment exists for RT.V 615. 
(See Figs. 3-5.) Measurements on RTV 615 showed a rela- 
tively high degree ofreproducibility. Considering Figs. 5 and 
6 for speeds of sound, good agreement with the constant/• 
andpz model occurs for frequencies below about 7 MHz, but 

considerable disagreement exists above this frequency. Con- 
trary to the situation for speeds of sound, disagreement 
dominates at the lower frequencies for the attenuation coeffi- 
cients, the experimental values tending to be 50%-100% 
higher than the theoretical for frequencies below about 4 
MHz. 

VI. CONCLUSIONS 

The cxtent of agreement between Frizzell's results and 
ours and the demonstrated reproducibility of our measure- 
ments constitutes strong evidence that these measurements 
are accurate within the limitations of the scatter in the data. 

The data promote the idea that the shear wave properties of 
the materials studied can be described in terms of relatively 

frequency-independent shear moduli •l) and coefficients of 
viscosity •2). However, the data also suggest that a degree of 
frequency dependence of the latter parameters does exist. 
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