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An apparatus and method of experimentation for measuring frequency-dependent angle 
scattering from in vitro tissue samples and tissue-like scattering media have been developed. 
Distinguishing features of this method are that data collection is rapid, data reduction is simple, 
and results, given in the form of the differential scattering cross section per unit volume, are 
accurate and absolute. Reported are the results of tests to determine the overall accuracy of the 
method. Also, results of the differential scattering i:ross section per unit volume from female 
human breast tissue are presented. 

PACS numbers: 43.35.Yb, 43,80.Cs, 43.80.Qf 

INTRODUCTION 

In clinical ultrasonic B-mode imaging, scattering of 
sound by tissues plays an important role in visualizing nor- 
mal and abnormal structures. Current diagnostic ultrasound 
studies involve transmitting brief pulses of ultrasonic energy 
into the body and detecting and displaying signals due to 
acoustic scattering by soft tissues. In most cases only waves 
scattered back towards the sound source are detected be- 
cause the same transducer serves as both transmitter and 

receiver. Gray scale B-mode images are formed by intensity 
modulating a display according to the amplitude of the scat- 
tered signals. 

Although ultrasonic scattering is largely responsible for 
characteristics found in clinical ultrasound images, knowl- 
edge of the scattering properties of soft tissues and of the 
exact scattering sites is still sparse. At present, clinical im- 
ages fail to provide quantitative information on scattering 
properties because instrument related factors, operator de- 
pendencies, and pulse propagation in tissue all have a sub- 
stantial effect on the signal obtained. Measurements of the 
intrinsic ultrasonic scattering properties of human tissue 
parenchyma, underway in a number of laboratories, may 
lead to more accurate diagnosis and more specific tissue dif- 
ferentiation than is currently available in clinical images. •-6 
In addition, a catalog of the scattering properties of human 
tissues would be useful in the construction of phantoms con- 
taining tissue-mimicking materials. These phantoms could 
be used for testing or as an aid to designing ultrasound imag- 
ing instruments. 

Complete description of the intrinsic scattering proper- 
ties of soft tissues requires measurements of both frequency- 
dependent and angle-dependent scattering. Up until now, 
scattering as a function of angle has been studied by only a 
few workers. Shung et al. have measured frequency-depen- 
dent angle scattering from a dilute suspension of red blood 
cells and compared their results to relative theoretical pre- 
dictions. 7 Good agreement between their experimental re- 
sults and theoretical results was observed. Campbell and 
Waag have measured frequency-dependent angle scattering 

of ultrasound by calf liver? They developed a normalization 
method to obtain absolute average differential scattering 
cross sections for tissues. 9 Qualitative correlations were 
made between collagen-containing structures and variations 
of the scatter amplitude as a function of angle.•ø Other relat- 
ed work by Campbell and Waag includes measuring the con- 
tribution to attenuation due to scattering and simulating dif- 
ferent liver morphologies through the use of random media 
with varying structural properties. • 

Frequency-dependent ultrasonic scattering as a func- 
tion of angle was measured earlier in this laboratory by 
Burke. •2'•3 This method involved insonifying, with nearly 
monofrequency tone bursts, a spherical sample, 19 mm in 
diameter, positioned well into the farfield of an unfocused 
transmitting transducer. The differential scattering cross 
section per unit volume was obtained from the ratio of the 
scattered intensity to the incident intensity using a straight- 
forward data reduction technique. It was shown that the 
contribution to the total scattered power from coherent scat- 
tering from the surface of the sample was negligible com- 
pared to the power scattered due to incoherent scattering. 
Also, quantitatively accurate results were obtained for the 
case of a discrete spherical target whose diameter was 635 
pm and whose physical properties were known. •2 In addi- 
tion, preliminary results were obtained on scattering for hu- 
man and other mammalian tissues. 

In the work reported here ultrasonic scattering from 
human breast tissue and tissue-mimicking materials is mea- 
sured as a function of scattering angle and frequency. The 
technique described in this paper is essentially the same used 
by Burke; however, the apparatus and data acquisition 
scheme have been improved and more extensive tests using 
phantoms have been carried out. The improved apparatus is 
capable of rapid data acquisition, thereby minimizing effects 
of tissue decay that could alter the results of scatter measure- 
ments. •2'•4 A significant advantage of the technique to be 
described is that it provides results on intrinsic scattering 
properties of tissues, while utilizing a simple method of data 
reduction. 

This paper has two goals. The first is to describe the 
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FIG. 1. Schematic representation of a generalized scattering experiment. 
Shown above are a scattering volume and receiving transducer. The angle 0 
is defined as the scattering angle and is the angle between the positive z axis 
and the receiver's beam axis. The distance r is measured from the center of 

the scattering volume to the face of the receiver. Incident wave fronts are 
represented by the vertical parallel lines and are defined to have an intensity 
Zo. 

apparatus and experimental methods for rapid measure- 
nients of frequency-dependent angular scattering from tis- 
sue and tissue-like media. The second goal is to report on 
quantitative tests of the measurement technique. Also, pre- 
liminary results of absolute measurements done on in vitro 
female human breast tissue samples will be presented. 

I. THE DIFFERENTIAL SCATTERING CROSS SECTION 
PER UNIT VOLUME 

The differential scattering cross section is generally used 
for specifying quantitatively the scattering properties of ma- 
terials including the dependence on the direction of propaga- 
tion of the scattered waves relative to the direction of propa- 
gation of the incident primary beam? Let plane acoustic 
waves having frequency f and traveling in the + z direction 
be incident on a scattering region whose volume is V (Fig. 
1 ). If a spherical polar coordinate system is employed and if 
the scatterers are all close to the origin, compared to the 
distance to the point of observation, then 0 (shown in Fig. 
1 ), and • (the azimuthal angle), identify the direction of 
scattered waves. The differential scattering cross section, 
d•/dll, is defined as 

, (1) 
o 

where Pa (8,•) i s the acoustic power scattered per unit solid 
angle in the direction (0,•) and Io is the incident wave inten- 
sity. 

The power scattered is not by itself an intrinsic property 
of the material since it depends on the volume V. However, if 
•coherent scattering is not significant and if the scatterers are 
macroscopically homogeneously distributed over V, then 
the quantity ( 1/• (d•/dll) is independent of V. The differ- 
ential scattering cross section per unit volume is represented 
by (l/V) (d$/dll), and under the above conditions, it is an 
intrinsic property of the scattering material. 

Coherent scattering of ultrasound waves could result 
from two phenomena. First, if the scattering volume is 
bounded, either due to physical boundaries or to the time- 
gating of scattered signals, coherent effects associated with 

'these boundaries are present. t When measuring scattering 
from tissues and tissue-mimicking materials, it is necessary 
to assure that this type of surface coherent scattering is negli- 
gible or can be properly accounted for computationallyJ 2 
Second, a volumetric coherent effect might be present, due, 
for example, to spatial ordering or to dense packing of dis- 
crete scatterers. TM However, in general, macroscopically 
homogeneous volumes of tissue parenchymae ar•e assumed 
to exhibit little volumetric coherent scattering2 Previous 
studies, 12 as well as data presented in this report, indicate the 
same is true for tissue-mimicking materials studied in this 
laboratory. ls Thus the differential scattering cross section 
per unit volume is assumed to be an intrinsic property of 
materials of interest in this report. 

In Fig. 1, the scattered intensity is given by Is (r,8,•), 
where r is the distance to the center of the scattering volume; 
r is assumed to be much greater than the dimensions of V. 
Since Is (r,O,•) is essentially independent of the azimuthal 
angle •, we will write it as I• (r,O) from here on. If the scat- 
tered wave intensity is measured by a detector whose area is 
A and ira •r 2, the solid angle it subtends may be approximat- 
ed by A/r 2. Then, for the differential scattering cross section 
per unit volume, rr(O), we have 

1 d• r•I• (r,0) 
a(O)---- -- - (2) 

v an Vro 
Thus tr(0) has dimensions (length) - 1 (solid angle) - •. 

One aspect of the incoherently scattered waves has been 
omitted from the above discussion. Incoherent scattering in- 
volves fluctuations in intensity with changes in orientation 
of the volume containing the scatterers. 17 For incoherent 
scattering it is the mean value of the scattered intensity I, 
which is proportional to the volume. Suppose this mean in- 
tensity is determined by averaging over N orientations of the 
sample volume and Ii (r,O) refers to the scattered intensity 
for the ith orientation. Then the expression for the differen- 
tial scattering cross section per unit volume should be cor- 
rected to read 

r • • (r, 0) 
c(O) = (3) 

v Zo 
or 

rr(O) = r2 • I• (r,O). 
VNIo i• • 

It is this quantity which is determined experimentally. 

(4) 

II. METHOD OF MEASUREMENT 

The measurement apparatus, depicted schematically in 
Fig. 2, is intended to enable rapid data acquisition as well as a 
high degree of reproducibility while conforming as closely as 
possible to assumptions made in the definition of •r(0). All 
experiments are conducted in a semicircular water tank that 
has a radius of 1.2 m and a depth of 25 cm. The water was 
maintained at a temperature of 22 øC plus or minus one-half 
of a degree by insulating exposed surfaces of the tank and by 
using a constant temperature heater/refrigerator unit. 

Five matched narrow-band, unfocused transducer pairs 
(KB Aerotech Delta Series) are used as sources and receiv- 
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FIG. 2. Top view diagram of the experimental apparatus. 

ers. These transducers cover the frequency range of 2-10 
MHz. The characteristics of each transducer are summar- 

ized in Table I. Each source transducer is placed 60 cm from 
the center of the scattering target and is supported by a 
mount that permits the transducer to be rotated in both a 
horizontal and a vertical plane. The matched receiving 
transducer is suspended by a computer-controlled radial 
arm assembly centered on the target sample's vertical axis. 
The receiver can be stationed up to 95 cm from the scattering 
volume; its face can be rotated about a vertical and horizon- 
tal axis. The intersection of these axes is located at the center 
of the receiver's face. A computer-controlled stepper motor 
positions the receiver at the scattering angie of interest. 

The sample holder is designed to hold a soft tissue sam- 
ple of a well-defined volume without distorting its shape and 
to isolate the scattering sample from any other materials that 
might cause unwanted scattering. The sample holder is cast 
from an agar and water mix in the shape illustrated in Fig. 3. 
The sample holder is supported by a Lucite cup that is direct- 
ly connected to a second computer-controlled stepper mo- 
tor, allowing the sample to be rotated during data gathering. 

The source transducer is driven using a waveform gen- 
erator (Wavetek model 191 ) and a power amplifier (ENI 
model 240L/15P). Typically, the waveform generator is set 
to produce nearly monofrequency tone bursts approximate- 
ly 40ps in duration at a burst rate of 100 Hz. 

Signals from the receiver transducer pass through a 
variable attenuator (Kay model 432D) and are routed to a 
tuned preamplifier (Matec model 252) and a tuned receiver 
amplifier (Matec model 605). A segment of the envelope 

TABLE I. Column 1 lists the center frequency in MHz of each transducer. 
Column 2 indicates whether each transducer is used as a receiver (R) or a 
source (S). Column 3 lists the diameter of each transducer's face. 

Frequency (MHz) S/R Diameter (cm) 

2.25 $ 2.540 

2.25 R 0.635 

3.50 S 1.905 

3.50 R 0.635 
5.00 S 1.270 
5.00 R 0.635 
7.00 S 1.270 

7.00 R 0.635 
10.0 S 0.635 
10.0 R 0.635 

4.2cm 

,3.0 cm•.5 crr4.3.0 c m• 

removable 

plug 

•agar cylinder 

scattering 
volume 

FIO. 3. A cro•cut side view of a sample holder cylinder. This drawing is the 
plan for a 0.95-cm-diam spherical target holder. 

detected output signal from the receiver amplifier is selected 
by delayed triggering and digitized with a 12-bit, 32-kHz 
analog-to-digital converter (ADAC model 1012). To avoid 
contamination from the scattering sphere-to-agar interface, 
the segment selected is in the middle of the waveform origi- 
nating from the scattering target as seen in Fig. 4. 

Considerable flexibility exists in the choice of experi- 
mental parameters that can be used during data acquisition. 
For 180 orientations of the target per receiver position and 
using a total of 26 •eceiver positions, data acquisition takes 
approximately 20 min. Parameters that are user-selectable 
include the initial and final receiver-arm angie, the angular 
increment between successive receiver arm positions, the 
number of orientations of the target volume per receiver-arm 
position, and the angular increment between successive tar- 
get volume orientations. On termination of the master con- 
trol program for data acquisition, raw data, in the form of 
analog-to-digital converter numbers, are written to a data 
file that is stored on a hard disk. 

FIG. 4. Timing diagram for the angle scattering expefi. ment. Trace number 
1 represents the radio-frequency output of the receiver amplifier as a func- 
tion of time. Shown are scattered signals originating from the proximal wall 
of the sample holder, the sample itself, and the distal wall of the sample 
holder. Trace 2 represents the envelope of trace I after rectification. Trace 3 
represents a time line from the output of the delayed trigger generator. The 
analog-to-digital converter is activated 5/•s after the falling edge of the de- 
layed trigger output. Trace 4 represents the activation time of the analog-to- 
digital converter, shown schematically by a rectangular pulse in the time 
line. The analog to digital converter is actively connected to the envelope 
detected signal (trace 2) for 5/•s. 
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III. CALIBRATION OF THE EQUIPMENT 

Calibration of the equipment is a straightforward pro- 
cess. Because the diameter of each of the receiving trans- 
ducers and the diameter of the scattering volume are small 
compared to the distance from the scattering target to the 
face of the receiving transducer, it can be shown that phase 
cancellation is negligible at the face of the receiving trans- 
ducer for target diameters equal to or less than 1.9 cm. It is 
assumed that each receiving transducer converts acoustic 
pressure to induced voltage in a linear fashion; that is, 

A, =kS,(O), (5) 

where Ai is the amplitude of the received scattered wave, Si 
is the resultant induced-voltage amplitude from the receiv- 
ing transducer, and k is a proportionality constant unique to 
each receiver. Each value of i corresponds to one of N angu- 
lar orientations of the target volume, all other parameters, 
including 0, being held fixed. 

The actual process of calibrating the system involves 
aiming the receiving transducer directly towards the source 
transducer's face and separating them by a distance equal to 
the distance between the source and the center of the scatter- 

ing volume. This arrangement of transducers corresponds to 
the position where the incident acoustic intensity Io must be 
determined in order to calculate the differential scattering 
cross section per unit volume. As in the case of the scattered 
pressure waves, the conversion of the incident acoustic pres- 
sure to induced voltage done by the receiving transducer can 
be expressed using an equation with the same form as Eq. 
( 5 ), but substituting A o for A • and So for S•. Thus the ratio of 
the scattered-to-incident wave amplitudes is equal to the ra- 
tio of the corresponding signal amplitudes at the receiving 
transducer, 

AT - so' (a) 
To account for attenuation caused by the presence of the 

agar target-holder cylinder, a uniform agar cylinder is 
placed between the source transducer and the receiving 
transducer. The variable attenuator is then adjusted so that 
the peak-to-peak voltage at the input to the receiver amplifi- 
er is within acceptable limits of that device and the delayed 
trigger is adjusted so that the signal at the receiving trans- 
ducer is digitized. A calibration data table of analog-to-digi- 
tal converter numbers versus ratios of scattered signal vol- 
tage amplitude to incident signal voltage amplitude is 
created by varying the setting on the attenuator. The calibra- 
tion data are fit to a third-order polynomial whose coeffi- 
cients are used later in the data reduction scheme. 

IV. DATA ANALYSIS 

The data analysis scheme can be broken down into two 
steps. The first step entails calculating a correction factor 
that accounts for attenuation within the scattering volume 
and for any known nonuniformity of the intensity of the 
incident ultrasonic beam. The correction factor C is depen- 
dent on the scattering sample radius a, the attenuation coef- 
ficient of the sample a, the relative intensity beam profile of 
the incident beam I(x, y), and the scattering angle 0. Here 

receiver 

incident waves 

FIG. 5. A top view of the scattering volume illustrating factors used to cor- 
rect for attenuation within the scattering volume. The parameter di repre- 
sents the distance an incoming wave must travel before it scatters off of a 
particle located position (x,y,z) and do is the distance a scattered wave must 
travel before exiting the scattering volume. Both di and do are either con- 
tained in or parallel to the y-z plane. The angle 0 is the scattering angle. 

I(x,y) was determined with a hydrophone and the data 
were normalized to unity at x = 0, y = 0. The correction 
factor C is computed using Eq. (7) 

C= I(x,y) e dzdydx 
a a a 

X (4•ra3/3) - •, (7) 
where di= z 4- (a 2 -- x 2 _ y2)O.•, 

d o = - z cos(O) 4-y sin(O) 

4- [a 2 -- x 2 -- ( y cos 0 4- z sin 0)2] ø'•, 

and dz dy dx represents a volume element. Only points 
(x, y, z) such that x • 4- y• 4- ff < a• are included' in the cal- 
culation of C. 

The distance the incident wave must travel within the 
spherical sample before it interacts with a scatterer located 
at Cartesian coordinates (x, y, z) is d•; the direction of travel 
is parallel to the beam axis of the source transducer. The 
distance the scattered wave must travel before exiting the 
spherical sample is do; the direction of travel is parallel to the 
receiving transducer's "beam axis." These two distances are 
illustrated in Fig. 5. 

Using Eq. (6), and recalling the relationship between 
acoustic pressure (A) and intensity (I), the differential scat- 
tering cross section per unit •olume •r (0) can be expressed as 

(¬y, NCV • • 

where e "• accounts for attenuation in the water path from 
the target cylinder holder surface to the receiving transducer 
face, a•, being the attenuation coefficient of water. 

V. PREPARATION OF TISSUE-LIKE TARGETS 

Two well-characterized scattering targets were con- 
structed for the purpose of testing the accuracy of the appa- 
ratus and data reduction method. These targets consist of 
microscopic solid glass beads that are spatially randomly 
distributed in a scatter-free gel? ,•9 The targets were cast 
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FIG. 6. Histogram of the diameter distribution of glass beads having a no- 
minal diameter of (a) 4Oltre and (b) 58 pro. The bin width for each histo- 
gram is 1/•m. 

into 1.9-cm-diam spheres. Each spherical target is imbedded 
in its own scatter-free agar cylinder. The speed of sound of 
these targets is 1500 m/s and the density of the targets is 1.0 
g/cm 3. 

Theoretical predictions of the differential scattering 
cross section per unit volume were calculated using expres- 
sions derived by Faran.2ø These expressions predict the scat- 
tered pressure from a single solid sphere insonified by plane 
waves. The asymptotic form of the equation used to calcu- 
late the scattered pressure 2ø was used to compute the ratio of 
the scattered-to-incident intensity; this is valid in the present 
study since the distance to the point of observation is much 
greater than the diameter of the sphere doing the scattering. 
Since the scatterers are spatially randomly distributed and 
the mean distance between scatterers is large compared to 
the diameter of a scatterer, the differential .scattering cross 
section for the target is taken as n times the differential scat- 
tering cross section per scatterer, where n is the total number 
of scatterers in the sphere. 

To ut'dize Faran's theory, the longitudinal wave speed of 
sound, density, and Poisson's ratio must be known for the 
glass beads. These quantities were specified by the manufac- 
turer of the glass beads (Potters Industries, Hasbrouck, New 
Jersey). Also, the glass bead diameter distributions for each 

of the samples must be known; these were determined opti- 
cally. This entailed taking a thin slab of each of the target 
materials and measuring bead diameters usixxg a calibrated 
microscope with a movable vernier scale eyepiece. Several 
hundred beads from each target sample were sized and 
grouped into size bins, each bin consisting of a narrow range 
of diameters. Figure 6(a) and (b) represents the diameter 
distributions of the glass beads used. To compute the theo- 
retical differential scattering cross section it was assumed 
that all beads in any given bin were of one diameter, that 
being the mean diameter of that particular bin. For the mate- 
rial shown in Fig. 6(a), there are 39 beads/mm 3 and for the 
material shown in Fig. 6(b) there are 7.7 beads/mm 3. 

To test the method's ability to adequately account for 
attenuation in the scattering volume, two other samples were 
constructed. As before, these samples, consisted of solid 
glass beads spatially randomly distributed in a scatter-free 
gel. Each target was cast into a 1.27-cm-diam sphere and 
each was embedded in its own scatter-free agar cylinder. 
Both samples contained exactly the same concentration and 
diameter distribution of glass beads and therefore were as- 
sumed to have the same scattering strength. These two sam- 
pies differed only in their attenuation coefficient, one being 
low attenuation (0.13 +0.04 dB cm-tMHz -•) and the 
other having tissue-like attenuation (0.64 + 0.01 dB cm-• 
MHz- • ) through the addition of 60 g/liter of graphite pow- 
der.•S The graphite powder is fine grain and yields negligible 
scattering by itself. Attenuation coefficients were measured 
using a narrow-band substitution technique. 2• 

VI. HUMAN TISSUE HANDLING 

Female human breast tissue samples used in this study 
were obtained from surgical breast reduction procedures. 
Once a breast tissue sample has been removed from a patient 
it is placed in an airtight container and refrigerated until it is 
delivered from the University of Wisconsin Hospital to the 
ultrasound laboratory, approximately 2 miles away. Typi- 
cally, tissue is no more than 3 h old before it is delivered to 
the ultrasound lab. When tissue is received, it is examined 
visually to locate a region approximately 0.5 cm 3 in volume 
that is free of large fat globules. When such a region is locat- 
ed it is removed from the bulk sample, carved into a roughly 
spherical shape, and loaded under water into a sample hold- 
er cylinder illustrated in Fig. 3. At the conclusion of any 
experiments performed on tissue samples, the sample's den- 
sity and mass are measured and its volume is calculated. In 
addition, the attenuation coefficient of the bulk sample is 
measured using a narrow-band substitution technique. 2• 

VII. RESULTS AND DISCUSSION 

The data illustrated in Fig. 7 are results from experi- 
ments to test the overall accuracy of the measurement tech- 
nique. Results' are presented for ultrasonic frequencies of 
2.5, 3.0, 3.5, 4.0, 6.0, and 7.0 MHz. In each case the attenu- 
ation coefficient of the target was identical to the attenuation 
coefficient of the uniform agar cylinder used in the calibra- 
tion procedure. Thus the net attenuation coefficient used in 
the calculation of the correction factor C given by Eq. (7) 
was zero. In the plots illustrated in Fig. 7, experimental re- 
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FIG. 7. Experimental (dots) and theoretical (smooth curve) •r(0) for targets consisting of glass beads in gel. Units for a(O) are cm -I sr -I. (a) Radial 
increments are times 10 -•, the ultrasonic frequency used was 2.25 MHz, and the nominal particle diameter for the distribution is 40/•m. (b) Radial 
increments are times 10 - s, the ultrasonic frequency used was 3.0 MHz, and the nominal particle diameter for the distribution is 58 #m. ( c ) Radial increments 
are times 10 -s, the ultrasonic frequency used was 3.5 MHz, and the nominal particle diameter for the distribution is 40/am. (d) Radial increments are times 
10 -5, the ultrasonic frequency used was 4.0 MHz, and the nominal particle diameter for the distribution is 58#m. (e) Radial increments are times 10 -•, the 
ultrasonic frequency used was 6.0 MHz, and the nominal particle diameter for the distribution is 58/am. (f) Radial increments are times 10 -•, the ultrasonic 
frequency used was 7.0 MHz, and the nominal particle diameter for the distribution is 40/am. 

sults are represented by data points and the theoretical pre- 
diction is represented by a solid line. It can be seen that for all 
frequencies investigated, experimental results and theoreti- 
cal predictions are in excellent agreement for all scattering 
angles. One possible exception is 0 < 70* and f< 7.0 MHz. 
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This could be due to the fact that at frequencies less than 7.0 
MHz and scattering angles less than 70*, unwanted signals 
due to the incident ultrasonic beam are being picked up by 
the receiver. 

The data illustrated in Fig. 8 indicate that the data re- 
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FIG. 8. Experimental •r(O) for 
the low attenuation sample are 
plotted as triangles (A) and 
perimental e(0) for the tissue- 
like attenuation sample are plot- 
ted as circles (O). As in Fig. 5, 
•(0) is plotted in units of 
cm-•sr -•. (a) Radial incre- 
ments are times 10 -2, and the ul- 
trasonic frequency used was 2.25 
MHz. (b) Radial increments are 
times 10 -4 , and the ultrasonic 
frequency used was 3.5 MHz. 
(c) Radial increments are times 

10-4, and the ultrasonic frequen- 
cy used was 7.0 MHz. 

duction method correctly accounts for attenuation in the 
scattering volume when the attenuation coefficient is 
known. In Fig. 8, the triangles represent data collected from 
the target whose net attenuation (attenuation coefficient of 
the target minus the attenuation coefficient of the calibration 
cylinder) was 0.0 dB era-• MHz-•; the solid circles repre- 
sent data collected from the target whose net attenuation 
coefficient was 0.51 _+ .01 dB em -• MHz -• with respect to 
the calibration cylinder. From Fig. 8 it can be seen that the 
method of accounting for attenuation in the volume doing 
scattering appears to be adequate for the ultrasonic frequen- 
cies investigated. Any differences noted are most likely due 
to precision errors in the position of the sample and the align- 
ment of the transducers. The later error could occur either 

when the receiver signal was being maximized prior to the 
data collection process or when the receiver signal was being 
maximized during the calibration procedure. 

Preliminary results of a(0) have been obtained from 
samples of female human breast tissue from four individuals. 
In each of the experiments, scattered echo signals were re- 
corded for 180 unique sample orientations, separated by two 
degrees for each scattering angle 0. The total time for data 
collection from one experiment, comprised of 24 scattering 
angles and 180 sample positions per scattering angle, was 20 
min. 

Figure 9(a) and (b) shows representative results from 
these experiments. In each case the tissue was approximately 
3 h old and studies were conducted at 3.5 MHz. Figure 10 
presents mean data at 3.5 MHz from the breast tissue of four 
individuals. The error bars shown in Fig. 10 represent plus 
and minus one standard deviation, centered at the mean val- 
ue of tr for each value of O investigated. It is interesting to 
note that for the breast tissue samples studied thus far, there 
seems to be little dependence of scattering on 0 for scattering 
angles between 170ø-85 ø. Also, these samples exhibited a sig- 
nificant amount of forward scattering. Similar results on the 

angular dependence have been observed in other tissues as 
well. 8 

VIII. SUMMARY AND CONCLUSION 

A method has been developed for measuring frequency- 
and angle-dependent scattering of ultrasound by tissues. Ex- 
tensive tests of the accuracy of the apparatus and method 
were done on samples whose. physical properties were 
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FIG. 9. Experimental results of a(0) from female human breast tissue; (a) 
and (b) are results from the samples of two individuals. Radial increments 
are times 10 -4 era- t sr- • and the ultrasonic frequency used was 3.5 MHz. 
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FIG. 10. Plotted is the average a(•9) from four samples of human breast 
tissue from four individuals. Error bars represent plus and minus one stan- 
dard deviation. As before, •r(0) has units of cm - ' sr - •. Radial increments 
are times 10 -4, and the ultrasonic frequency used was 3.5 MHz. 

known and whose scattering characteristics were predicted 
by theory. In these tests, experimental data were in excellent 
agreement with theoretical predictions. These tests were 
conducted over a range of frequencies often used in clinical 
diagnostic ultrasound imaging. Additional tests, using scat- 
tering volumes with identical scattering properties but dif- 
ferent attenuation coefficients, demonstrate that the data re- 
duction scheme does adequately account for attenuation in 
the volume doing the scattering. 

Preliminary results of the average differential scattering 
cross section per unit volume from four samples of human 
breast tissue, each from a different individual, were present- 
ed. Sample-to-sample variability of a(0) was small, averag- 
ing 20% over the scattering angles at which measurements 
were taken. For scattering angles from 180ø-90 ', the average 
differential scattering cross section per unit volume exhibit- 
ed very little dependence on 0; for angles less than 9IT pro- 
nounced forward scattering was noted. Obviously, many 
more breast tissue samples will need to be measured before 
definitive conclusions on the angular and frequency depen- 
dence of scattering from female human breast tissue can be 
drawn from experimental data. 

The method and apparatus described in this report dis- 
play promising prospects as a way to measure absolute scat- 
tering from small volumes of tissue accurately and rapidly. 
This technique is capable of rapid data acquisition, thus min- 
imizing unwanted effects due to sample degradation. Cur- 
rently, this apparatus and technique are being used as a tool 
in the development of phantom materials having tissue-like 
scattering, and as a means of acquiring data needed to cata- 
log intrinsic scattering from various tissues. 
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