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A procedure for the measurement of intrinsic scattering object properties is presented and used to
obtain illustrative results. The procedure is based on the measurement of the scattered acoustic field
as a function of scattering angle and frequency. Measurements are normalized using analytically
determined expressions for emitter and detector beams resulting from a combination of unfocused
linear elements arranged in a circular configuration. The spatial effects of finite emitter pulse length
and detector gate length are represented by a convolution formula valid for narrow-band transmitted
signals and long receiver gates. The normalization includes correction for target absorption as well
as measurement of the directly transmitted acoustic power in the free field and yields the average
differential scattering cross section per unit volume. Under the Born approximation, this quantity is
directly proportional to the spatial-frequency spectrum of the scattering medium inhomogeneities.
Measured results are reported for two phantoms consisting of glass microspheres embedded in a
weakly absorbing agar background medium. For the phantoms employed, scattering effects, rather
than increased absorption, are shown to account for most of the difference in transmission loss
between pure agar and agar with glass spheres. The measured differential scattering cross sections
are compared with theoretical cross sections for distributions of glass spheres measured
experimentally. The measured values show good relative agreement with theory for varying angle,
frequency, and phantom properties. The results are interpreted in terms of wave space resolution and
the potential for tissue characterization using similar fixed transducer configurations. ©1998
Acoustical Society of America.@S0001-4966~98!00306-3#

PACS numbers: 43.20.Fn, 43.20.Ye, 43.80.Ev@JEG#
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INTRODUCTION

Normal and diseased tissues have been shown to
different ultrasonic scattering properties under so
circumstances.1–5 These differences arise because vary
tissue morphology results in different spatial-frequency sp
tra, which in turn, can be directly correlated to the avera
differential scattering cross section per unit volume, i.e.,
average power scattered from a unit volume of tissue
some angle relative to the incident beam direction, per u
incident intensity and unit solid angle. The apparent relati
ship between tissue morphology and ultrasonic scatte
properties has led many investigators to measure ultras
scattering properties of different tissue types.

Studies concerned with measurements of scatte
cross section have mainly been concentrated on the back
ter case6–19 since this is the most commonly used configu
tion in clinical practice. However, backscatter measureme
are inherently limited in the range of spatial frequencies t
can be investigated, since the only parameter that can
varied is the temporal frequency. To increase the range
possible spatial frequencies examined, the angle betw

a!Work performed while at the Ultrasound Research Laboratory, Univer
of Rochester, Rochester, NY.
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emitter and detector can also be varied.20–25 Such measure-
ments have previously been undertaken using tim
consuming physical translation of single-element transduc
and have also been limited by the beam patterns produce
the transducers that were utilized.

In our experiments, a transducer array with narrow e
ments arranged in a circle has been used to overcome t
limitations for in vitro measurements of scattering cross s
tion. The ring array conveniently allows scanning at arbitra
angles between emitter and detector as well as beamform
using multi-element apertures. The fixed nature of this ar
allows scattering cross sections to be measured through
semble averaging of many medium realizations, resulting
measurements with low bias and variance.

A commonly used identity in measurements and analy
of weak scattering is that the spatial-frequency spectrum
the medium variations is proportional to the average diff
ential scattering cross section; that is, that

s̄d~K !5
k0

4p

2
Sg~K !, ~1!

where s̄d(K ) is the differential scattering cross section p
unit volume for the scattering vectorK , k0 is the wave num-
ber, andSg(K ) is a spatial-frequency spectrum of the m

y
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dium variations.26 However, the differential scattering cros
section can only be determined approximately in a pract
measurement situation employing finite apertures and t
gates. Earlier work has shown that these effects can be
moved by normalization of the measured data,20–23although
the accuracy of the normalization is fundamentally limit
by blurring effects associated with the finite measurem
system.25

In the present study, a normalization procedure ap
cable to unfocused linear arrays and phased arrays is d
oped. The procedure analytically incorporates beam patt
of apertures composed of multiple line sources, spatial
fects of the emitter pulse and detector gate lengths, and c
pensation for absorption in the scattering medium. This p
cedure is specifically applied to the ring transducer sys
used in our experiments.

In Sec. I, an overview of the normalization theory
given. To verify the validity of the method, measureme
were performed on two glass sphere-agar phantoms.
production of these and the method for data collection
presented in Sec. II. Experimental results are presented
compared with theory in Sec. III, and a discussion of
applicability of the present methods to practical tissue ch
acterization is presented in Sec. IV.

I. THEORY

The scattering configuration of our ring transducer s
tem is sketched in Fig. 1. A transmitting aperture emits
wave that propagates in the direction corresponding to
vectorI , and a receiving aperture records the scattered w
that propagates in the direction corresponding to the ve
O. Both the vectorsI and O have magnitudes equal to th
wave numberk0. The vectorK5I2O describes the spatial
frequency content of the scattered wave at the scatte
angleu, which is equal to the angle betweenI andO.

The inhomogeneous scattering medium is represe
below as a continuous fluid with compressibility and dens
variationsgk andgr as defined in Ref. 26. For such a flui

FIG. 1. Scattering configuration. A transmitting aperture~TX! emits a pulse.
The scattered wave is then received by a receive aperture~RX!. The scat-
tering angleu is defined as the angle between the corresponding vectoI
andO.
3170 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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when the scattered amplitude is sufficiently small that
Born approximation is applicable, the scattered acou
pressure is given by the integral equation27

ps~r ,t !52
1

4p EEE
V0

1

RH gk~r 0!

c2

]2pi~r0 ,t2R/c!

]t2

1“0@gr~r0!“0pi~r0 ,t2R/c!#J d3r 0 , ~2!

wherec is the background speed of sound,R5ur2r0u, and
ps is the scattered pressure observed at a positionr . The
integration volumeV0 includes the entire support ofgk and
gr .

The incident pressurepi associated with a portion of a
ultrasonic array can be approximated as the radiated pres
associated with a vibrating surface in a rigid baffle.28 For a
surfaceAE with a normal velocity component having spati
dependenceaE and temporal dependenceWE , such that

v̇(r ,t)5aE(r )WE(t)e2 iv0t, where the envelopeWE is
slowly varying, the incident pressure is given by

pi~r0 ,t !5
re2 iv0t

2p
WE~ t2ur02rE0

u/c!

3F EE
AE

aE~rE!eik0ur02rEu

ur02rEu
d2r EG , ~3!

whererE is a vector from the origin to an arbitrary point o
the emitter surface, andk0 is the wave numberv0 /c. Ex-
pression of the emitter time gate effect is simplified in E
~3! by the approximationur02rEu'ur02rE0

u, where rE0
is

the vector from the origin to the center of the transdu
surface. The integral term in Eq.~3! ~i.e., the spatial depen
dence of the incident pressure! will be denotedI E(r0). The
vectors employed in Eq.~3!, as well as corresponding vec
tors defined for the detector, are sketched in Fig. 2.

FIG. 2. Geometry for evaluation of scattering integrals. The fixed vec
rE0

andrD0
, which are directed from the origin to the centers of the emit

and detector, respectively, are indicated by solid lines. The vectorr0, indi-
cated by a dashed line, corresponds to an arbitrary point within the sca
ing volumeV0, indicated by shading. The vectorsrE and rD , indicated by
dashed lines, are directed from the origin to arbitrary points on the em
surface and the detector surface, respectively.
3170Jansson et al.: Scattering using ring transducer
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Substituting Eq.~3! into Eq. ~2!, integrating by parts,
and making use of Green’s theorem yields an expression
the scattered pressure valid for slowly varyingWE:

ps~r ,t !5
rk0

2e2 iv0t

8p2 EEE
V0

eik0R

R

3WE~ t2R/c2ur02rE0
u/c!

3~gk1 i•ogr!I E~r0!d3r 0 . ~4!

This expression has employed the approximationsur02rEu
'urEu2 i•r0 for urEu@ur0u and ur2r0u'ur u2o•r0 for
ur u@ur0u, wherei is a unit vector in the propagation directio
of the incident wave ando is a unit vector in the direction o
the field pointr . The lengthR is equal tour2r0u.

The received signal is now defined as the Fourier tra
form of the time dependent scattered wave integrated o
the surfaceAD of a pressure-sensitive detector with a ga
function WD(t) and a sensitivity functionaD(r ). This inte-
gration can be written:

N~v!5E
2`

`

eivt WD~ t !

3F EE
AD

ps~rD ,t !aD~rD! d2r DG dt, ~5!

whereps(rE) is given by Eq.~4!.
Evaluation of Eq.~5! at the frequencyv5v0 yields the

result

N~v0!5
rk0

2

8p2 EEEV0

I D~r0!t~r 0!g~r0!I E~r0!d3r 0 . ~6!

Here, the functiont represents the spatial effect of emitt
and detector time gates defined by the windowsWE andWD ,
each of which is nominally centered att50. This function,
which expresses a spatially dependent weighting of effec
scattering sources caused by the combination of emitter
detector gates, is given by the convolution integral

t~r 0!5E
2`

`

WE~ t !WD~ t1urD0
2r0u/c1ur02rE0

u/c

2urD0
u/c2urE0

u/c! dt. ~7!

In Eq. ~7!, the delayurD0
u/c1urE0

u/c in the argument of the
detector gate accounts for the two-way propagation time
wave traveling from the emitter center to the origin and ba
to the detector center.

In Eqs. ~6! and ~7!, the scattered pressure from Eq.~4!
has been used. The inhomogeneity of the medium is re
sented by g5gk1 i•o gr . The radius RD is equal to
urD2r0u, the ~dimensionless! detector sensitivity function is
given by aD , and the quantitiesWD and rD are defined in
analogy to the emitter case. The detector integralI D is also
defined analogously to the emitter integralI E , that is:

I D~r0!5 EE
AD

aD~rD!eik0ur02rDu

ur02rDu
d2r D . ~8!
3171 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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Next, the emitter and detector beams are each writte
a quasi-plane-wave form,23 I E5pE(I ,r0)eik0( i•r0) and
I D5pD(O,r0)e2 ik0(o•r0), so that Eq.~6! can be expressed

N5
k0

2

4pEV0

L~ I ,O,r0! g~r0! eik0~ i2o!•r0 d3r 0 , ~9!

where the integral is performed over a three-dimensional v
ume V0 that contains the entire inhomogeneityg. Here the
measurement system beam function given by

L~ I ,O,r0!5
r

2p
t~r0!pE~ I ,r0!pD~O,r0! ~10!

has been introduced. Thus, the measured signalN is a spatial
Fourier transform of the medium inhomogeneity functiong
weighted by the beam functionL.

From the mean square magnitude of Eq.~9!, the average
measured scattered power is expressed

^uNu2&5
k0

4

16p2EV0

E
V1

L~ I ,O,r0!L* ~ I ,O,r1!

3^g~r0!g* ~r1!& eiK•~r02r1! d3r 1 d3r 0 , ~11!

whereK5k0( i2o) is the scattering vector.20,22 The magni-
tude of the scattering vector corresponding to the princi
spatial-frequency content of a given measurement is

K52k0 sin~u/2!, ~12!

whereu is the scattering angle.
For random media that are statistically homogeneo

^g(r0)g* (r1)& is dependent only on the difference betwe
r0 andr1, so that the autocorrelation function of the inhom
geneityg can be written

Bg~r02r1!5^g~r0!g* ~r1!&.

If the autocorrelation functionBg decays to zero much
more rapidly than the beam functionL(I ,O,r0)L* (I ,O,r1),
i.e., if the transducer beam patterns are constant over m
correlation volumes of the scattering medium, the aver
scattered power is given by the expression

^uNu2&5
k0

4

16p2EV8
eiK•r8 Bg~r 8!d3r 8

3E
V0

uL~ I ,O,r0!u2 d3r 0 , ~13!

wherer 85r02r1. The first integral can be interpreted as t
power spectrum of the medium variations,Sg(K ), as defined
in Ref. 25.

Equation~13! can thus be rewritten

k0
4p

2
Sg~K !5^uNu2&Y E

V0

uL~ I ,O,r0!u2 d3r 0 . ~14!

From Eq.~1!, under the Born approximation, the left han
side of Eq.~14! is equal to the differential scattering cros
section per unit volumes̄D . Therefore, under the condition
specified in the derivation above, this cross section can
obtained as the power spectrum of the measured si
evaluated at the center frequency, divided by a normaliza
3171Jansson et al.: Scattering using ring transducer
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factor that describes measurement system effects. This
malization factor can be written

JL~ I ,O!5E
V0

uL~ I ,O,r0!u2 d3r 0 . ~15!

In the remainder of this section, the details of the eva
ation of the system functionL are presented for the specifi
case applicable to experiments in which the emitter and
tector apertures are composed of unfocused linear elem
and the scattering medium is a cylindrical inhomogene
with tissue-mimicking ultrasonic scattering properties. Sin
each linear element in the system used for measurem
reported here is smaller than a half-wavelength at the sys
center frequency, the elements are modelled as line sou
Thus, for an aperture consisting ofM elements,aE andaD in
the expressions forI E and I D are approximately written as

a~• !5(
i 51

M

d„A~y2yi !
21~z2zi !

2
… qi u~a2uxu!, ~16!

where (•) is eitherE or D, andx, y andz represents a thre
dimensional coordinate system with its origin in the center
the ring transducer, with thez-y plane defining the plane o
the ring andx the elevation direction. The coordinates for t
i th element in thez-y plane arezi andyi . The constantsqi

represent the system-dependent amplitude including
apodization,u is the Heaviside step function~defined to be
zero for negative arguments and unity for positive arg
ments!, anda is half the element height.

Using Eq.~16!, the emitter and detector beams are wr
ten as a summation of finite line sources:

I ~• !5(
i 51

M

qiE
2a

a eik0A~x2x0!21~y2yi !
21~z2zi !

2

A~x2x0!21~y2yi !
21~z2zi !

2
dx0 .

~17!

The integral in Eq.~17! can be analytically evaluate
under a form of the Fresnel approximation valid f
(x2x0)2!(y2yi)

21(z2zi)
2. In this limit, Eq. ~17! takes

the form

I ~• !52
1

b (
i 51

M

qiFeik0Ri

Ri
$C@b~x2a!#2C@b~x1a!#%

1 i $S@b~x2a!#2S@b~x1a!#%G , ~18!

where Ri5A(y2yi)
21(z2zi)

2 and b5Ak0 /(pRi). The
functionsC andS are the Fresnel cosine and sine integra
defined as

C~j!5E
0

j

cosS p

2
m2D dm ~19!

and

S~j!5E
0

j

sinS p

2
m2D dm. ~20!

While Eq. ~18! can also be expressed in terms of comp
Fresnel integrals or complex error functions, the form us
3172 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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above is amenable to computation using available sub
tines for evaluation ofC(j) andS(j).

Absorption in the scattering object is included by ma
ing the substitutions

pE→pE3102a l E/20, pD→pD3102a l D/20, ~21!

wherea is the ultrasonic absorption in dB/cm andl E and l D

are distances~in cm! from emitter/detector center tor0

through the scattering object. The distances were calcul
using trigonometric identities and the assumption of a cy
drical scattering volume. Analogous results could also
obtained by use of a complex wave number, with the ima
nary part for each frequency employed determined from
absorption at that frequency.

The above derivation includes assumed forms of
emitter amplitude functionaE and the detector sensitivity
function aD . In practice, for an ultrasonic array transduce
these functions are specified electronically as a set of am
tudes and delays, so that the true amplitude and sensit
are scaled by unknown multiplicative constants dependen
the electromechanical transfer functions of the electron
and transducer elements employed. For absolute meas
ment of differential scattering cross section per unit volum
these unknown constants can be removed by the calibra
technique noted below.

This calibration technique is based on calculation a
measurement of the acoustic power transmitted across
ring transducer with the emitter and detector apertures fac
one another. The theoretical value for the transmitted po
integrated over the detector surface, with all quantities
fined analogously to those in the above derivation, is

NT5
r

2p
t~0!E

AD

I E~rD! aD~rD! d2r D . ~22!

The differential scattering cross section per unit volume
then written

s̄d~K !5
u f s~v0 ,K !u2

u f T~v0!u2

uNT~v0!u2

JL~ I ,O!
, ~23!

where f s is the measured scattering amplitude andf T is the
measured amplitude for a directly transmitted wave.

To obtain the normalization functions employed he
the computational method outlined above was implemen
as follows. The beam functions from Eq.~18! were numeri-
cally computed and spatially weighted by the absorption c
rection of Eq.~21! for a cylindrical volume that spanned 5
mm in diameter and 30 mm in the axial direction. The r
sulting beam cross section was then numerically integra
to obtain the normalization factorJL . Equation ~22! was
also numerically evaluated for a medium without any a
sorption so that the normalization factorJL /uNTu2, given by
Eq. ~23!, could be obtained.

II. METHODS

Various phantoms consisting of glass spheres in sol
fied agar were made for the experiments. The phantoms
a cylindrical shape with a diameter of 48 mm and a length
3172Jansson et al.: Scattering using ring transducer
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about 100 mm. Each was molded on a holder that fit a s
per motor fixture so that different circular cross sectio
along the axis could be scanned.

The production of agar phantoms has been descr
previously,29 and a similar method was employed here.
solution consisting of 40 grams of agar~Bacto-Agar, Difco
Laboratories, Detroit, MI! per liter water was heated t
90 °C. After the solution had clarified, 4 grams of gla
spheres~type A2429 glass, Potters Industries, Valley Forg
PA! per liter were added. The spheres were sieved to h
diameters between 75 and 90mm. The solution was allowed
to cool down to 60 °C. Prior to pouring the solution into
mold, 13.4 ml 37% formaldehyde solution~for preservation!
was added for each liter of agar solution. To avoid settling
the glass beads, the mold was rotated while the agar
solidifying. ‘‘Sparse’’ phantoms were also constructed in
analogous manner except for the use of 0.4 grams of g
spheres per liter. All phantoms were imaged with a comm
cial ultrasound scanner and a 7 MHz probe to check for flaw
and for a uniform sphere distribution.

The density of the phantom was determined by dir
measurements of the weight and the volume of a cylindr
sample, and was found to be 1.015~60.005! g/cm3. The
average number density of spheres in the phantoms
5.37/mm3 for the dense phantom and 0.537/mm3 for the
sparse phantom. These number densities were calcu
from the weight of glass spheres added to the total volu
an assumed mean diameter of 83mm, and the density of the
glass, 2.489 g/cm3.

The attenuation coefficient for the dense phantom w
measured by radiation force at frequencies 0.5 MHz,
MHz, 2.25 MHz, 3.5 MHz, 5.0 MHz, and 7.5 MHz. Th
exponential attenuation of best fit was found by a lea
squares technique to be 0.032f 1.84 dB/~MHz1.84

•cm! ( f in
MHz, at 17 °C!. To investigate the influence of the gla
beads on the attenuation, an analogous measurement
also made for a sample without glass beads. The expone
fit yielded 0.045f 1.31 dB/~MHz1.31

•cm! in this case. The cal-
culated exponential attenuation curves gave attenuation
ues at 2.5 MHz of 0.173 dB/cm for the glass sphere med
and 0.149 dB/cm for the background material. Plots of
measured attenuation values and exponential fits are sh
in Fig. 3. The sound speed, measured using a pulse-e
configuration, was 1516 (65) m/s at 30.0 °C. For compari
son, the corresponding values for pure water are 1510
and 0.9956 g/cm3 at 30.0 °C. Attenuation was not measur
for the sparse phantom.

Using these parameters for speed and density, the pl
wave, normal-incidence, pressure reflection coefficient
the dense phantom is estimated as

Rp5
rpcp2r0c0

rpcp1r0c0
'0.0116, ~24!

whererp andcp are the measured density and sound sp
for the dense phantom andr0 andc0 are the corresponding
values for water at 30.0 °C. Since, therefore, only a sm
fraction of the incident pressure was reflected from the ph
toms, the calculated internal pressure fields used in the
malization were not corrected for these reflection effects
3173 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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The measured scattered intensity from a distribution
small spheres can be considered to be the sum of the
tered intensity from each sphere if the mean distance
tween scatterers is sufficiently large that spatial correlat
effects are negligible. The theoretical scattered pressure f
a single small elastic sphere was calculated using the ana
formula derived by Faran.30 To obtain a theoretical predic
tion of the average differential scattering cross section
unit volume for the phantom, the size distribution of th
spheres was determined with a Coulter Counter® and the
theoretical scattered pressure amplitude was calculated
28 sphere diameters linearly spaced between 41mm and 122
mm. The radii measured by this counter are accurate
within error bounds of about 10%. Glass parameters e
ployed in this calculation included a compressional wa
speed of 5.572 mm/ms, a shear wave speed of 3.376 mm/ms,
and a density of 2.489 g/cm3. A weighted average amplitud
was then found using the measured distribution of sizes.
diameter distribution employed in this calculation is plott
in Fig. 4 as a histogram with 28 bins having centers betw
41 mm and 122mm. The shape of this histogram is consi
tent with the 75mm and 90mm sieve sizes used to sort th
spheres, given the limited precision of the counter employ

The differential scattering cross section per unit volum
for the distribution was obtained using the relation

s̄D5
upsu2

upi u2
R2n, ~25!

FIG. 3. Measured attenuation and exponential fits. Attenuation values
plotted as points and the corresponding power-law curve fits are plotte
dashed curves.~a! Pure agar.~b! Agar with 5.34 glass spheres per cub
millimeter.
3173Jansson et al.: Scattering using ring transducer
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whereupsu is the weighted average scattered pressure am
tude for the sphere distribution,n is the number density o
glass spheres, andR is the measurement radius. Plots of t
theoretical values fors̄D are shown in Fig. 5. The corre
sponding total scattering cross section, defined as the
scattered power for unit incident intensity and unit scatte
volume, is

s̄52pE
0

p

s̄D~u!sin~u! du. ~26!

The effect of scattering on transmission loss was ca
lated using the assumption that no power is scattered in
forward direction by the glass sphere distribution. Inspect
of Fig. 5 confirms that this assumption is reasonable. Si
the fractional power loss due to scattering per unit propa
tion length is simply 12s̄, the contribution of scattering to
the measured attenuation per unit length is given in dB
the formula

ascat510 log10~12s̄ !, ~27!

where s̄ is the total scattering cross section. Addition
theoretical values ofascat to measured attenuation for th
agar medium resulted in transmission loss values very c
to those measured for the dense phantom, as shown in F
Since this result implies that the increased transmission
in the phantom is primarily due to scattering rather than

FIG. 4. Histogram of glass sphere diameters measured with Co
Counter.

FIG. 5. Theoretical differential scattering cross sections per unit volume
the dense phantom, based on the measured sphere distribution. Cros
tions are shown for five incident-wave frequencies between 1.7 MHz
3.3 MHz.
3174 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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increased absorption, attenuation values measured for
agar background medium were subsequently used for
sorption correction in the data analysis.

A transducer array consisting of 2048 elements arran
in a ring with a mean diameter of 150 mm31 was used for the
scattering experiments. Each element in the ring array ha
active surface that is 0.23 mm in azimuth and 25 mm in
elevation direction. Transmit signals were synthesized a
rate of 40 MHz with 8-bit resolution and transmitted on 1
contiguous elements, while received signals were sample
20 MHz with 12-bit resolution on 16 contiguous elemen
The 128-element receiver apertures were synthesized u
signals from eight sub-apertures.

Channel-to-channel variations in time delay were co
pensated using data from a calibration test that emplo
single-element, broadband, pulse-echo signals recorded
a wire reflector. Variations in channel-to-channel time de
were measured using cross correlation of adjacent sig
and were compensated with a channel-to-channel correc
of the effective ring radius. All signals measured in the sc
tering experiments were time shifted according to the de
variations measured in this calibration test.

In the scattering experiments, a plane wavefront w
synthesized at the chord of an 128-element wide aperture
both transmit and receive. Thus the wavefront was appro
mately 29 mm wide. Gaussian apodizations were used
that the transmit and receive beams were smoothly tapere
space. Since the wave space resolution limit, which co
sponds to the minimum spatial-frequency scale character
by a given measurement, is inversely proportional to the s
ond central moment of the beam intersection function,25 the
wide beams and smooth apodizations employed ensured
high wave space resolution was achieved.25 The standard
deviation of the Gaussian apodization functions used w
21.333 elements, or one-sixth the aperture length in azim
so that the amplitude at the edge elements was 1.19% o
peak amplitude.

Directly transmitted waves were measured for a wa
path. At each frequency, the directly transmitted wave~scat-
tering angle 0°) was measured for 64 equally spaced p
tions around the ring. For each of these transmit positio

er

r
sec-
d

FIG. 6. Effect of scattering on transmission loss. The curve shows the po
law of best fit for the dense phantom composed of agar and glass sph
The data points show calculated values obtained by adding theore
scattering-induced attenuation to the agar-medium attenuation.
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B
viation 5 ms,
FIG. 7. Beam cross sections. Cross sections of the beam intersection function amplitude in thex-y plane are shown on a logarithmic scale with a 60 d
dynamic range. Beams were calculated for Gaussian apertures, 2.5 MHz center frequency, Gaussian time gates of duration 30 ms and standard de
and absorption of the agar background medium. Six scattering angles betweenu560° ~120° between transmitter and receiver! andu5180° ~backscatter! are
shown. Each plot spans a distance of 50 mm, or one phantom diameter, in height and in width.
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scattering data were collected at 49 different receive p
tions, starting at backscatter and using an angular increm
of 2.11° or eight elements. In addition, five phantom ele
tions separated by about 1 cm were scanned for each tem
ral elevation, so that 64355320 independent measuremen
were obtained for each scattering angle at each frequen

Signals from direct-transmission measurements
scattering measurements were gated using Gaussian te
ral windows of length 30ms and standard deviation 5ms.
This signal length corresponds to 75 cycles of a sinuso
wave at the ring transducer center frequency of 2.5 M
The convolution of emitter and detector gates resulted i
spatial window of about 40 mm for scattering angles close
the backscatter direction.

To calculate the differential scattering cross sections̄D ,
power values for the scattered and transmitted signals w
calculated by integrating the signal spectra over a small b
around each center frequency. All power values correspo
ing to equal scattering angles were averaged, so that a s
average result was obtained for the transmitted power at e
frequency and for scattering measurements at each o
scattering angles for each frequency. The scattered si
power was then normalized using Eq.~23! to obtain the dif-
ferential scattering cross section for each frequency and s
tering angle.

For comparison between theoretical and experime
differential scattering cross sections, the experimental c
sections were further normalized by a constant factor de
mined to match~in the least-square sense! the experimental
and theoretical cross sections for the sparse phantom a
center frequency of 2.5 MHz, for scattering angles with
3175 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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617° of the backscatter direction. The factor, which had
magnitude of 0.5230, was multiplied by the normalized e
perimental cross sections for both the dense and sparse p
toms. This approach, which is equivalent to the ‘‘referen
phantom method’’ described in Ref. 32, removed any d
crepancies due to inaccuracies in the measured sphere
distribution and in the measured absorption of the agar ba
ground medium.

III. RESULTS

Calculated beam pattern cross sections for the ce
frequency of 2.5 MHz are plotted in Fig. 7 for six scatterin
angles between 60°~an angle of 120° between emitter an
detector! and 180°~backscatter!. The beam patterns are see
to have significant support only within the scattering obje
so that edge effects are minimized. The large apertures,
focused beams, long time gates, and smooth apodization
sult in slowly varying beams of large spatial extent, so th
high wave space resolution is achieved.

A comparison between theoretical and measured be
profiles is shown in Fig. 8 for a center frequency of 2.
MHz. This figure shows the rms amplitude of the Gauss
transmit beam after direct transmission (i5o) through a wa-
ter path. The theoretical transmit beam profile shown w
computed using Eqs.~17! and~18! with the weightsqi speci-
fied by the plane-wave phase and Gaussian apodization
scribed above; this profile is equivalent to the magnitude
the functionI E(rD) that is integrated in Eq.~22! to obtain the
transmitted powerNT .
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The wave space resolution in each of the directionsKx ,
Ky , Kz was quantified using the method of Ref. 25 based
the calculated second central moments of the beam inter
tion function. The angular-dependent 3 dB wave space re
lution limits for the center frequency of 2.5 MHz are plotte
in Fig. 9. Limits for the other frequencies employed are ve
close to those for the center frequency, since the beam c
acteristics depend only weakly on frequency. These res
indicate that spatial-frequency features having dimension
the order of 0.4–1.0 mm21 can be resolved in the prese
experiments. The spatial-frequency content of each meas
ment was determined from Eq.~12!.

The central spatial frequency interrogated ranged fr
1.1 to 4.4 mm21 for the frequencies and scattering ang
investigated. The result for the 2.5 MHz measurement
plotted in Fig. 9 together with the corresponding wave sp
resolution limits. Comparison of these curves indicates t
the wave space resolution limit is substantially smaller th
the overall spatial-frequency range measured, so that re
are not substantially blurred by measurement system effe

Normalization factorsJL /uNTu2 for the agar background
medium, determined using Eqs.~15! and~22!, are plotted in
Fig. 10 for the five frequencies employed. Since the be

FIG. 8. Computed and measured beam profilesuI E(rD)u for a beam center
frequency of 2.44 MHz. These profiles were computed and measured
direct transmission of Gaussian-apodized transmit beams through a
path.

FIG. 9. Spatial-frequency content and wave space resolution limits for s
tering measurements using the agar medium. Computed magnitude o
spatial-frequency vector and 3 dB resolution limits in the directionsKx ,
Ky , andKz are plotted versus scattering angle for a center frequency of
MHz.
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intersection sizes were comparable for each of the frequ
cies used, the decrease in the normalization factor with
quency chiefly reflects the increase in ultrasonic absorp
with frequency.

Experimentally determined average differential scatt
ing cross sectionss̄D for the dense phantom are plotted
Fig. 11 together with the corresponding theoretical values
the measured distribution of spheres. The measured and
oretical cross sections for the sparse phantom are plotte
Fig. 12. Each plot is shown over the range of scatter
angles for which the scattered field was not noticeably in
enced by the directly transmitted beam. The angular rang
smaller for the sparse phantom because of the smaller s
tered power in this case. The experimental values for
dense phantom agree well with theory. Those for the spa
phantom agree fairly well, although some disagreemen
evident at the lowest and highest frequencies used as we
at scattering angles furthest from the backscatter direc
~180°).

IV. DISCUSSION

The ring transducer configuration employed here is w
suited toin vitro characterization of biological tissues, an
may be applicable toin vivo tissue characterization for or
gans such as the breast that are accessible for angular
tering measurements. Other organs, such as the liver
kidney, are accessible for a limited range of angles forin
vivo measurements. Such organs could be directly charac

FIG. 11. Measured average differential scattering cross sections for d
glass sphere phantom with theoretical values for random glass sphere
tribution.

or
ter

t-
the

.5

FIG. 10. Computed normalization factorsJL /uNTu2 for the agar medium
and center frequencies between 1.7 MHz and 3.3 MHz. Beam and time
parameters are as in Fig. 9.
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ized in vitro by the present methods, or could be charac
ized in vivo by a modified measurement configuration e
ploying only backscatter measurements. The meth
presented here are fully applicable to backscatter meas
ments, with the exception that a directly transmitted be
can no longer be employed as a reference. Instead, p
reflectors or reference phantoms of known properties can
employed.32–34

The scattering and absorption properties of the phant
employed here may be compared to measured character
of liver tissue.35 The total scattering cross section for th
dense phantom is comparable to the total scattering c
section measured in Ref. 35 for calf liver tissue; however,
absorption of the agar background medium is considera
less than that for calf liver. Thus, for liver tissue, the relati
contribution of scattering to attenuation is apparently sma
than that for the dense phantom employed in the pre
study.

The sparse phantom, which contained one tenth
glass-sphere concentration of the dense phantom, prod
much smaller total scattering cross sections than calf l
tissue. Near the backscatter direction, however, the diffe
tial scattering cross section for the sparse phantom is c
parable to that for calf liver as measured in Ref. 35. For t
phantom, greater disagreement between theoretical and
perimental cross sections occurs for scattering angles
from backscatter, where the scattered fields are very sm
Although system noise may be a factor in these errors,
tendency of disagreement shown in Fig. 12 is for the scat
ing cross section to be overestimated, indicating that the
scattering signals are obscured by sidelobes of the m
beam. These observations imply that the tissue characte
tion methods presented here may encounter difficulty
characterization of very weakly scattering~hypoechoic! tis-
sue, but that these difficulties may be less important for s
tering angles near the backscatter direction.

Broad, unfocused beams and long time gates were u
here to achieve maximal wave space resolution. In tis
characterization studies, limiting the spatial extent of inso
fication may be desirable so that tissue properties can
measured with greater spatial resolution. This trade-off
tween wave space resolution and spatial resolution is
cussed in Ref. 25.

The normalization method employed in this study a

FIG. 12. Measured average differential scattering cross sections for s
glass sphere phantom with theoretical values for random glass sphere
tribution.
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counts for the frequency-dependent absorption of the
dium. Although the experiments reported here were p
formed using a weakly absorbing background medium,
employed method of compensation for absorption is a
valid for more strongly absorbing media such as tissu20

Application of the employed methods to tissue character
tion requires estimates of tissue absorption for quantita
accuracy to be achieved. However, since measured data
attenuation in human tissue36–38as well as direct methods o
attenuation measurement39,40 are available, this requiremen
should not greatly limit applicability of the method.

Some error in measurements of scattering cross sec
can result from inaccurate specification of emitter and de
tor beams. For instance, the true directivity of the eleme
employed is not precisely described by the present mode
finite line sources in an infinite baffle. However, the agre
ment of the results obtained with theory suggests that
technique presented here is insensitive to the deviation
element characteristics from this ideal. Other possi
sources of error in the measurements include uncertaint
the measured absorption of the agar background med
neglect of element-response waveform variations in
transducer calibration, and neglect of reflection effects at
agar-water boundary. The most important of these factor
the estimated background absorption, since errors in the
sorption contribute exponentially to errors in the measu
cross sections.

Although theoretically exact expressions for scatter
from glass spheres were employed, the scattering cross
tions computed for the measured sphere distributions are
subject to uncertainty. Errors may arise from uncertainties
the electronically counted sphere distribution, which may
suspected because the measured sphere distribution doe
precisely match that expected for the sieves employed. A
the density, longitudinal sound speed, and shear wave s
of the glass spheres were estimated from nominal prope
for glass that may not precisely match the spheres emplo
Any error in the estimated density of the glass spheres wo
cause a corresponding error in the estimated numbe
spheres per unit volume within the phantoms.

The Born approximation was used in the present pa
to relate the spatial-frequency properties of the scatte
medium to the measured differential scattering cross sect
This approximation is based on the assumption that the i
dent beam is unperturbed by the scattering medium, so
strong scattering, refraction, and diffraction effects are
neglected. Since human soft tissues have been shown to
sess ultrasonic scattering properties not fully described
weak scattering approximations,41 worthy of special note is
that measurement of scattering properties employing
techniques developed here is not fundamentally depen
on the Born approximation. Although the present normali
tion method was derived using the Born approximation, E
~23!, which expresses a ratio of the total scattered energ
the incident energy, is still valid in the presence of multip
scattering, diffraction, or refraction. However, in situatio
where the Born approximation does not apply, the relati
ship between the average differential scattering cross sec
per unit volume and the spatial-frequency spectra of med

rse
is-
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properties is no longer linear. Furthermore, perturbation
transmit and receive beams by tissue will cause inaccurac
the estimated beam cross sections required for the nor
ization method. For scattering by human tissues, theref
Eq. ~14! and similar equations that linearly relate scatte
energy to tissue spatial-frequency properties should be
garded as approximations. The utility of these approxim
tions for tissue characterization in strongly inhomogene
media, such as the human breast, requires further study

V. CONCLUSION

A method has been presented for the accurate meas
ment of the angle- and frequency-dependent differential s
tering cross sections of random media. General normal
tion expressions presented were evaluated for the partic
case of ultrasonic beams associated with unfocused li
array or phased array transducers, narrow-band emitter
nals, and long detector gates. Medium absorption was in
porated explicitly in the normalization.

The method has been applied to an experimental c
figuration that uses a fixed ring transducer. Beams and t
gates were designed for the ring transducer to maximize
achieved wave space resolution of the scattering meas
ments and to ensure that scattered fields were sampled
high wave space resolution. Normalization expressions w
evaluated for the ring transducer configuration using anal
expressions for field patterns of individual elements and
merical inclusion of background medium absorption.

Attenuation measurements for a pure agar medium
for an agar-glass sphere phantom indicate that increa
transmission loss in the agar-glass phantom is due to sca
ing effects rather than to increased absorption. Experime
scattering results for two agar-glass sphere phantoms s
good relative agreement with theoretical calculations
measured glass-sphere distributions, although precise c
parison between theory and experiment was limited by
certainties in the background medium absorption, sphere
tribution, and the mechanical properties of the glass sphe

The results show the feasibility for accuratein vitro
measurements of scattering cross sections using a fixed
transducer configuration, and suggest that tissue chara
ization using this method is also feasible.
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