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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 configuration499®
Acoustical Society of AmericfS0001-496€8)00306-3

PACS numbers: 43.20.Fn, 43.20.Ye, 43.80[HEG]|

INTRODUCTION emitter and detector can also be varféd® Such measure-
\péents have previously been undertaken using time-

Normal and diseased tissues have been shown to ha consuming physical translation of single-element transducers
different ultrasonic scattering properties under some 9 Py L 9
circumstanced=® These differences arise because varyin and have also been limited by the beam patterns produced by

tissue morphology results in different spatial-frequency spegt-he transducers _that were utilized. .
In our experiments, a transducer array with narrow ele-

tra, which in turn, can be directly correlated to the averagements arranged in a circle has been used to overcome these
differential scattering cross section per unit volume, i.e., th?k g

. - . Jimitations forin vitro measurements of scattering cross sec-
average power scattered from a unit volume of tissue int 9

some angle relative to the incident beam direction, per uni;:]n'lJshs;t'\?v%:;rzymi?grvzgfggeiltlg\r'vzsssvaer;lng;gbzta&:;?grﬁ%
incident intensity and unit solid angle. The apparent relation- 9 9

ship between tissue morphology and ultrasonic scatterin%smg multi-element apertures. The fixed nature of this array

properties has led many investigators to measure ultrason llows scattermg cross sect|ons' to be ”.‘ea?“red throu.gh en-
scattering properties of different tissue types. semble averaging of many medium realizations, resulting in

measurements with low bias and variance.

Studies concerned with measurements of scattering A commonly used identity in measurements and analysis
cross section have mainly been concentrated on the backscat- y y Y

ter cas& % since this is the most commonly used configura-o weak scattering is that the spatial-frequency spectrum of

tion in clinical practice. However, backscatter measurementghe.medlum yar|at|ons IS p_rop.ort|ongl to the average differ-
are inherently limited in the range of spatial frequencies thaf ntial scattering cross section; that is, that

can be investigated, since the only parameter that can be __ kéw

varied is the temporal frequency. To increase the range of 04(K)= TS«Y(K), (1)
possible spatial frequencies examined, the angle between

where o4(K) is the differential scattering cross section per

aWork performed while at the Ultrasound Research Laboratory, UniversityUNit volume for _the scatt(_ering vect, kg is the wave num-
of Rochester, Rochester, NY. ber, andS,(K) is a spatial-frequency spectrum of the me-
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FIG. 1. Scattering configuration. A transmitting apert(iFX) emits a pulse.  FIG. 2. Geometry for evaluation of scattering integrals. The fixed vectors

The scattered wave is then received by a receive apelX@ The scat-  _ andr , which are directed from the origin to the centers of the emitter

tering angled is defined as the angle between the corresponding vektors anod detecotor, respectively, are indicated by solid lines. The vegtondi-

andO. cated by a dashed line, corresponds to an arbitrary point within the scatter-
ing volumeV,, indicated by shading. The vectars andrp, indicated by

. - 6 . . . dashed lines, are directed from the origin to arbitrary points on the emitter
dium variations’® However, the differential scattering cross gyrface and the detector surface, respectively.

section can only be determined approximately in a practical
measurement situation employing finite apertures and time
gates. Earlier work has shown that these effects can be rivhen the scattered amplitude is sufficiently small that the
moved by normalization of the measured £ although  Born approximation is applicable, the scattered acoustic
the accuracy of the normalization is fundamentally limitedPressure is given by the integral equafion
by blurring effects associated with the finite measurement )
systemt® Dt t)=—i jff 1] yil(ro) 9°pi(ro,t—R/c)

In the present study, a normalization procedure appli- s 4w vo Rl ¢? at?
cable to unfocused linear arrays and phased arrays is devel-
oped. The procedure analytically incorporates beam patterns
of apertures composed of multiple line sources, spatial ef-
fects of the emitter pulse and detector gate lengths, and com-
pensation for absorption in the scattering medium. This prowherec is the background speed of sourik=|r—rg, and
cedure is specifically applied to the ring transducer systenps is the scattered pressure observed at a positiofihe
used in our experiments. integration volumé/, includes the entire support of, and

In Sec. I, an overview of the normalization theory is v, .
given. To verify the validity of the method, measurements  The incident pressurg; associated with a portion of an
were performed on two glass sphere-agar phantoms. Thdtrasonic array can be approximated as the radiated pressure
production of these and the method for data collection isassociated with a vibrating surface in a rigid bafflézor a
presented in Sec. Il. Experimental results are presented arstirfaceAg with a normal velocity component having spatial

+Vo[7’p(ro)vopi(r01t_R/C)]]d3ro, 2

compared with theory in Sec. lll, and a discussion of thedependenceag and temporal dependend®e, such that
applicability of the present methods to practical tissue chary(r,t) =ag(r)Wg(t)e '“o!, where the envelopeWg is
acterization is presented in Sec. IV. slowly varying, the incident pressure is given by
e—iwot
i(ro,t)= WEe(t—|ro—rg|/C

| THEORY Pi(ro,t) 2 e(t—|ro Eol )

The scattering configuration of our ring transducer sys- % ff ag(rg)e’kolro el 42r 3
tem is sketched in Fig. 1. A transmitting aperture emits a Ac [ro—rgl El

wave that propagates in the direction corresponding to the

vectorl, and a receiving aperture records the scattered wav@hererg is a vector from the origin to an arbitrary point on
that propagates in the direction corresponding to the vectdhe emitter surface, anky is the wave numbet,/c. Ex-

O. Both the vectord and O have magnitudes equal to the pression of the emitter time gate effect is simplified in Eq.

wave numbek,. The vectork =1—O describes the spatial- (3) by the approximationjro—re[~[ro—rg |, whererg is
frequency content of the scattered wave at the scatterinthe vector from the origin to the center of the transducer
angle 6, which is equal to the angle betweermandO. surface. The integral term in E@) (i.e., the spatial depen-

The inhomogeneous scattering medium is representedence of the incident pressiireill be denoted g(rg). The
below as a continuous fluid with compressibility and densityvectors employed in Eq.3), as well as corresponding vec-
variationsy, andy, as defined in Ref. 26. For such a fluid, tors defined for the detector, are sketched in Fig. 2.
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Substituting Eq.(3) into Eq. (2), integrating by parts, Next, the emitter and detector beams are each written in
and making use of Green’s theorem vyields an expression fax quasi-plane-wave forft, 1g=pg(l,ro)ekol 0  and

the scattered pressure valid for slowly vary: I5=pp(0,ro)e kol®T0) 5o that Eq(6) can be expressed
20 —iwgt ikoR k§ k(i
Ios(r't):pkL fff = N=7_| A(Oro) ¥(ro) e'oli=9 "o g3, 9)
8m? v, R Vo

where the integral is performed over a three-dimensional vol-
ume V, that contains the entire inhomogeneigy Here the
measurement system beam function given by

XWe(t—R/c—[ro—rg|/c)

X(7K+i'oyp)|E(r0)d3rO- (4)

This expression has employed the approximatiggs-rg| A(1,0,rp)= LT(ro)pE(l,rO)pD(O,rO) (10
~|rg|—=i-rg for [rg/>|ro] and |r—ro/~|r|—0-rq for 2m
[r|>]|ro|, wherei is a unit vector in the propagation direction has been introduced. Thus, the measured siyriala spatial
of the incident wave and is a unit vector in the direction of Fourier transform of the medium inhomogeneity functign
the field pointr. The lengthR is equal to|r —ry|. weighted by the beam functioA.

The received signal is now defined as the Fourier trans-  From the mean square magnitude of B, the average
form of the time dependent scattered wave integrated ovaneasured scattered power is expressed
the surfaceA of a pressure-sensitive detector with a gate

. - . - k4
fungnon Wp(t) anq a .sensmwty functiormp(r). This inte- (|N|2>= Ozf f A(1,0,r) A*(1,0,r7)
gration can be written: 167/ vyl v,
S * iK-(ro—rq) A3 3
N(w):f glot WD(t) X<7(r0)7 (rl)> € - d 81 d Fo, (11)
- whereK =kq(i—0) is the scattering vectdf:?2 The magni-
tude of the scattering vector corresponding to the principal
X jf Ps(rp.t)ap(rp) d?rp| dt, (5) spatial-frequency content of a given measurement is
Ap
K =2k, sin(6/2), 12

wherepg(rg) is given by Eq.(4).
Evaluation of Eq(5) at the frequencw = w yields the
result

where @ is the scattering angle.
For random media that are statistically homogeneous,
(y(rg)y*(ry)) is dependent only on the difference between
pk% ro andr4, so that the autocorrelation function of the inhomo-
N(wo)=— fJL Ip(ro)7(ro) ¥(ro)le(ro)d®g. (6)  geneityy can be written
0

8m?
— *
Here, the functionr represents the spatial effect of emitter B{fo=T1) <Y(r0)_7 (rl)>'_
and detector time gates defined by the winddMsandWp If the. autocorrelation funcno@y decays to zero much
each of which is nominally centered &¢ 0. This function, ~More rapidly than the beam function(l,O,ro) A* (1,0,r4),
which expresses a spatially dependent weighting of effectivé€ if the transducer beam patterns are constant over many
scattering sources caused by the combination of emitter arfgP'relation volumes of the scattering medium, the average

detector gates, is given by the convolution integral scattered power is given by the expression
* <|N|2 _k_g eiK-r'B (rr)d3rr
T(ro): _wWE(t)WD(t+|rD0—I’0|/C+|I’O—rEO|/C >_ 16’7T2 v’ Y
_|rDo|/C_|rEO|/C) dt. (7) X |A(|,O,I’0)|2 d3r0, (13)
Vo

In Eq. (7), the delay|rp |/c+|rg |/c in the argument of the

detector gate accounts for the two-way propagation time of §/N€rer’ =ro—ry. The first integral can be interpreted as the
wave traveling from the emitter center to the origin and back’CWer spectrum of the medium variatio®(K), as defined
to the detector center. in Ref. 25. _

In Egs. (6) and (7), the scattered pressure from Hd) Equation(13) can thus be rewritten
has been used. The inhomogeneity of the medium is repre- kg‘w
sented by y=7y,+i-0y,. The radiusRp is equal to TSY(K):<|N|2>/ f |A(1,0,r0)|? d°r. (14
[rp—rol, the (dimensionlessdetector sensitivity function is Vo
given byap, and the quantitie$Vp andry are defined in  From Eq.(1), under the Born approximation, the left hand
analogy to the emitter case. The detector integgals also  side of Eqg.(14) is equal to the differential scattering cross

defined analogously to the emitter integtal, that is: section per unit volume, . Therefore, under the conditions
ikolfo—Tpl specified in the derivation above, this cross section can be
ap(rp)e'ofo~o . .
I5(ro)= JJ —d%p. (8) obtained as the power spectrum of the measured signal
Ap [ro=rol evaluated at the center frequency, divided by a normalization
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factor that describes measurement system effects. This nosbove is amenable to computation using available subrou-

malization factor can be written tines for evaluation ofC(¢£) andS(€).
Absorption in the scattering object is included by mak-
JA(|,O):J |A(1,0,r0)|? dr. (15  ing the substitutions
Vo pE_>pE>< 10_‘1’|E/20, pD_>pD>< 10_‘1’|D/20, (21)

In the remainder of this section, the details of the evalu—Wh rea is the ultrasonic absorption in dB/em and|
ation of the system function are presented for the specific réa IS the ullrasonic absorptio cm ahd D

case applicable to experiments in which the emitter and dedre distanced(in cm) from emitter/detector center to,

tector apertures are composed of unfocused linear elementgr.ough. the scattgrlng ot_)]_ect. The distances were calculgted
using trigonometric identities and the assumption of a cylin-

and the scattering medium is a cylindrical inhomogeneitydrical scattering volume. Analogous results could also be

with tissue-mimicking ultrasonic scattering properties. Since tained by use of a complex wave number. with the imaai
each linear element in the system used for measuremen?? : yu piex wav ' g

reported here is smaller than a half-wavelength at the syste%ﬁ%rp?%riogﬁﬁ;? ffrré—:'quee:((::y employed determined from the
center frequency, the elements are modelled as line sources. Tr?el above derivgltjion }ilﬁcludes assumed forms of the
Thus, for an aperture consisting i elementsag andap in

the expressions fdr and |, are approximately written as emitter amplitude functiorag and the detector sensitivity
E P functionap . In practice, for an ultrasonic array transducer,

M these functions are specified electronically as a set of ampli-
a<<)=i21 S((y—y)*+(z—z)®) g u(@a—[x|), (16)  tudes and delays, so that the true amplitude and sensitivity
are scaled by unknown multiplicative constants dependent on
where (-) is eitherE or D, andx, y andz represents a three the electromechanical transfer functions of the electronics
dimensional coordinate system with its origin in the center ofand transducer elements employed. For absolute measure-
the ring transducer, with the-y plane defining the plane of ment of differential scattering cross section per unit volume,
the ring andk the elevation direction. The coordinates for the these unknown constants can be removed by the calibration
ith element in the-y plane arez; andy;. The constants; technique noted below.
represent the system-dependent amplitude including any This calibration technique is based on calculation and
apodizationu is the Heaviside step functiofdefined to be measurement of the acoustic power transmitted across the
zero for negative arguments and unity for positive argu-ing transducer with the emitter and detector apertures facing

mentg, anda is half the element height. one another. The theoretical value for the transmitted power
Using Eq.(16), the emitter and detector beams are writ- integrated over the detector surface, with all quantities de-
ten as a summation of finite line sources: fined analogously to those in the above derivation, is

M eiko\/(X*Xo)2+(Y*Yi)2+(Z*Zi)2
l)=2 G dXo.
i—1 7a\/ IVRY _u)2 )2

(X XO) +(y yl) +(Z ZI)

Nr=pe 7(0) [ 1e(ro) ao(ro) dPro. @22

1 The differential scattering cross section per unit volume is
17) then written
The integral in Eq.(17) can be analytically evaluated

under a form of the Fresnel a imati i - |fs(@0,K)|? [N1(wo)|?
pproximation valid for oy(K)= , (23)
(X—X0)?<(y—V;)%2+(z—z)? In this limit, Eq. (17) takes [fr(wg)|? Ja(1,0)
the form wheref is the measured scattering amplitude drds the
1 M elkoRi measured amplitude for a directly transmitted wave.
I<.)=—Ei21 Gi| g {CLB(x—a)]-CLB(x+a)l} To obtain the normalization functions employed here,
= 1

the computational method outlined above was implemented
as follows. The beam functions from E@.8) were numeri-
: (18)  cally computed and spatially weighted by the absorption cor-
rection of Eq.(21) for a cylindrical volume that spanned 50
where Ri=(y—V;)?+(z—z)* and B=\ko/(7R)). The mm in diameter and 30 mm in the axial direction. The re-
functionsC andS are the Fresnel cosine and sine integralssulting beam cross section was then numerically integrated

+{YB(x—a)]-B(x+a)l}

defined as to obtain the normalization factal, . Equation(22) was
¢ - also numerically evaluated for a medium without any ab-
C(g):j Cog(_,ﬁ) du (19)  sorption so that the normalization factdx /|N|%, given by
0 2 Eq. (23), could be obtained.
and
4
S(g):J' sin gﬂz) . (20 M- METHODS
0

Various phantoms consisting of glass spheres in solidi-
While Eq. (18) can also be expressed in terms of complexfied agar were made for the experiments. The phantoms had
Fresnel integrals or complex error functions, the form used cylindrical shape with a diameter of 48 mm and a length of
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about 100 mm. Each was molded on a holder that fit a step- ' ' ' ' '

. . : ; 0.5 Measured Attenuation o
per motor fixture so that different circular cross sections Exponential Fit —- -

along the axis could be scanned. T o4l g
The production of agar phantoms has been described I e
previously?® and a similar method was employed here. A z 03 L )

solution consisting of 40 grams of agdacto-Agar, Difco 5

Laboratories, Detroit, Ml per liter water was heated to g 02 | @ 1

90 °C. After the solution had clarified, 4 grams of glass 8

sphereqtype A2429 glass, Potters Industries, Valley Forge, < 01 L //ZJ 4

PA) per liter were added. The spheres were sieved to have 6,/

diameters between 75 and @0n. The solution was allowed 0 L=21 ! ! ! !

to cool down to 60 °C. Prior to pouring the solution into a 0 1 2 3 4 5 6
(a) Frequency (MHz)

mold, 13.4 ml 37% formaldehyde solutid¢for preservation
was added for each liter of agar solution. To avoid settling of
the glass beads, the mold was rotated while the agar was

1 T T T T T

09 | Measured Attenuation ¢
Exponential Fit ----- /_,

A N . — 08| .
solidifying. “Sparse” phantoms were also constructed in an § o7 L e
analogous manner except for the use of 0.4 grams of glass & é/
spheres per liter. All phantoms were imaged with a commer- ‘2’ 0.6 I~ }
cial ultrasound scanner da 7 MHz probe to check for flaws S 05F ]
. . . . « 04 ol .
and for a uniform sphere distribution. 3
The density of the phantom was determined by direct 2031 P l
. . < L P |
measurements of the weight and the volume of a cylindrical 0.2 o
sample, and was found to be 1.01%50.009 g/cn?. The 0.1 ? 7
average number density of spheres in the phantoms was 0O "1 é ; "1 é s
5.37/mn? for the dense phantom and 0.537/fifor the b) Frequency (MH2)

sparse phantom. These number densities were calculated
from the Weight of glass spheres added to the total volume;IG. 3. Measured attenuation and exponential fits. Attenuation values are
an assumed mean diameter Of,Bﬁl and the density of the plotted as points and the corresponding power-law curve fits are plotted as
! dashed curvesia) Pure agar(b) Agar with 5.34 glass spheres per cubic
glass, 2.489 g/cth millimeter.
The attenuation coefficient for the dense phantom was
measured by radiation force at frequencies 0.5 MHz, 1.0

MHz, 2.25 MHz, 3.5 MHz, 5.0 MHz, and 7.5 MHz. The The measured scattered intensity from a distribution of
exponential attenuation of best fit was found by a leastsmall spheres can be considered to be the sum of the scat-

squares technique to be 0.38* dB/(MHz8%cm) (f in  tered intensity from each sphere if the mean distance be-

MHz, at 17 °Q. To investigate the influence of the glass tween scatterers is sufficiently large that spatial correlation
beads on the attenuation, an analogous measurement weiects are negligible. The theoretical scattered pressure from
also made for a sample without glass beads. The exponenti@isingle small elastic sphere was calculated using the analytic
fit yielded 0.045%3! dB/(MHz'3L. cm) in this case. The cal- formula derived by Faraff. To obtain a theoretical predic-
culated exponential attenuation curves gave attenuation valion of the average differential scattering cross section per
ues at 2.5 MHz of 0.173 dB/cm for the glass sphere mediuntinit volume for the phantom, the size distribution of the
and 0.149 dB/cm for the background material. Plots of thespheres was determined with a Coulter Couhtand the
measured attenuation values and exponential fits are showheoretical scattered pressure amplitude was calculated for
in Fig. 3. The sound speed, measured using a pulse-ect&$ sphere diameters linearly spaced betweeprhland 122
configuration, was 15165) m/s at 30.0 °C. For compari- #M. The radii measured by this counter are accurate to
son, the corresponding values for pure water are 1510 mMithin error bounds of about 10%. Glass parameters em-
and 0.9956 g/crmat 30.0 °C. Attenuation was not measuredployed in this calculation included a compressional wave
for the sparse phantom. speed of 5.572 mruks, a shear wave speed of 3.376 msy/
Using these parameters for speed and density, the plan@nd a density of 2.489 g/cmA weighted average amplitude

wave, normal-incidence, pressure reflection coefficient fotvas then found using the measured distribution of sizes. The
the dense phantom is estimated as diameter distribution employed in this calculation is plotted

in Fig. 4 as a histogram with 28 bins having centers between
41 ym and 122um. The shape of this histogram is consis-
tent with the 75um and 90um sieve sizes used to sort the
pheres, given the limited precision of the counter employed.

The differential scattering cross section per unit volume
Ior the distribution was obtained using the relation

_ PpCp~PoCo

= ~0.0116, (249
P PpCpt PaCo

wherep, andc, are the measured density and sound speea
for the dense phantom angy andc, are the corresponding
values for water at 30.0 °C. Since, therefore, only a smal
fraction of the incident pressure was reflected from the phan- 2

toms, the calculated internal pressure fields used in the nor- ;D:HRz , (25)
malization were not corrected for these reflection effects. Ipil?
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FIG. 4. Histogram of glass sphere diameters measured

Counter with COUItef’:IG. 6. Effect of scattering on transmission loss. The curve shows the power

law of best fit for the dense phantom composed of agar and glass spheres.
The data points show calculated values obtained by adding theoretical

. . scattering-induced attenuation to the agar-medium attenuation.
where|p4| is the weighted average scattered pressure ampli-

tude for the sphere distributiom, is the number density of

glass spheres, ari®lis the measurement radius. Plots of theincreased absorption, attenuation values measured for the
theoretical values forrp are shown in Fig. 5. The corre- @dar background medium were subsequently used for ab-
sponding total scattering cross section, defined as the tot&PTPtion correction in the data analysis.

scattered power for unit incident intensity and unit scatterer A transducer array consisting of 2048 elements arranged
volume. is in a ring with a mean diameter of 150 mhwas used for the
scattering experiments. Each element in the ring array has an
active surface that is 0.23 mm in azimuth and 25 mm in the
elevation direction. Transmit signals were synthesized at a
. . rate of 40 MHz with 8-bit resolution and transmitted on 128
The effect of scattering on transmission loss was calcu-__ _. . . .
contiguous elements, while received signals were sampled at

lated using the assumption that no power is scattered in thfo MHz with 12-bit resolution on 16 contiguous elements.

forward direction by the glass sphere distribution. Inspection]_he 128-element receiver apertures were synthesized using

of Fig. 5 confirms that this assumption is reasonable. Since. .
Signals from eight sub-apertures.

the fractional power loss due to scattering per unit propaga- ch - _—
) . — o . annel-to-channel variations in time delay were com-
tion length is simply I- o, the contribution of scattering 10 pensated using data from a calibration test that employed
the measured attenuation per unit length is given in dB byjngje_element, broadband, pulse-echo signals recorded from
the formula a wire reflector. Variations in channel-to-channel time delay
@eon=10 |0910(1—;), (27) Wwere measured using cross correlation of adjacent signgls
- and were compensated with a channel-to-channel correction
where o is the total scattering cross section. Addition of of the effective ring radius. All signals measured in the scat-
theoretical values ofrg, to measured attenuation for the tering experiments were time shifted according to the delay
agar medium resulted in transmission loss values very closeariations measured in this calibration test.
to those measured for the dense phantom, as shown in Fig. 6. In the scattering experiments, a plane wavefront was
Since this result implies that the increased transmission lossynthesized at the chord of an 128-element wide aperture for
in the phantom is primarily due to scattering rather than tdboth transmit and receive. Thus the wavefront was approxi-
mately 29 mm wide. Gaussian apodizations were used so
that the transmit and receive beams were smoothly tapered in

ey Jow;D(e)sin( 0) do. 26)

g o002 T space. Since the wave space resolution limit, which corre-

= sponds to the minimum spatial-frequency scale characterized

é by a given measurement, is inversely proportional to the sec-

8 ond central moment of the beam intersection functiothe

4 0.0001 - wide beams and smooth apodizations employed ensured that

g high wave space resolution was achieedhe standard

£ deviation of the Gaussian apodization functions used was

S 21.333 elements, or one-sixth the aperture length in azimuth,

@ 0 b . so that the amplitude at the edge elements was 1.19% of the
0 50 100 150 200 250 300 35

peak amplitude.
Directly transmitted waves were measured for a water

FIG. 5. Theoretical differential scattering cross sections per unit volume for, ; ; taeat-
the dense phantom, based on the measured sphere distribution. Cross s g’[h. At each frequency’ the dlreCtIy transmitted w L

tions are shown for five incident-wave frequencies between 1.7 MHz an&_ering angle 0°) was measured for 64 equally Spaced_ _pOSi-
3.3 MHz. tions around the ring. For each of these transmit positions,

Scattering Angle (Degrees)
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FIG. 7. Beam cross sections. Cross sections of the beam intersection function amplitude-ip fii@ne are shown on a logarithmic scale with a 60 dB

dynamic range. Beams were calculated for Gaussian apertures, 2.5 MHz center frequency, Gaussian time gates of duration 30 ms and standard deviation 5 ms
and absorption of the agar background medium. Six scattering angles beAw&ei (120° between transmitter and recejvand = 180° (backscatterare

shown. Each plot spans a distance of 50 mm, or one phantom diameter, in height and in width.

scattering data were collected at 49 different receive posi==17° of the backscatter direction. The factor, which had a

tions, starting at backscatter and using an angular incrementagnitude of 0.5230, was multiplied by the normalized ex-

of 2.11° or eight elements. In addition, five phantom eleva{perimental cross sections for both the dense and sparse phan-

tions separated by about 1 cm were scanned for each temptmms. This approach, which is equivalent to the “reference

ral elevation, so that 645= 320 independent measurements phantom method” described in Ref. 32, removed any dis-

were obtained for each scattering angle at each frequency.crepancies due to inaccuracies in the measured sphere size
Signals from direct-transmission measurements andlistribution and in the measured absorption of the agar back-

scattering measurements were gated using Gaussian temmggpound medium.

ral windows of length 3Qus and standard deviation &s.

This signal length corresponds to 75 cycles of a sinusoidal

wave at the ring transducer center frequency of 2.5 MHZIII RESULTS

The convolution of emitter and detector gates resulted in a

spatial window of about 40 mm for scattering angles close to  Calculated beam pattern cross sections for the center
the backscatter direction. o frequency of 2.5 MHz are plotted in Fig. 7 for six scattering

To calculate the differential scattering cross sectign angles between 60¢an angle of 120° between emitter and
power values for the scattered and transmitted signals wemetectoy and 180°(backscatter The beam patterns are seen
calculated by integrating the signal spectra over a small bantb have significant support only within the scattering object
around each center frequency. All power values correspondso that edge effects are minimized. The large apertures, de-
ing to equal scattering angles were averaged, so that a singlecused beams, long time gates, and smooth apodization re-
average result was obtained for the transmitted power at eactult in slowly varying beams of large spatial extent, so that
frequency and for scattering measurements at each of 48igh wave space resolution is achieved.
scattering angles for each frequency. The scattered signal A comparison between theoretical and measured beam
power was then normalized using E&3) to obtain the dif- profiles is shown in Fig. 8 for a center frequency of 2.44
ferential scattering cross section for each frequency and scatiHz. This figure shows the rms amplitude of the Gaussian
tering angle. transmit beam after direct transmissias-0) through a wa-

For comparison between theoretical and experimentaler path. The theoretical transmit beam profile shown was
differential scattering cross sections, the experimental crossomputed using Eq$17) and(18) with the weightsg; speci-
sections were further normalized by a constant factor deteffied by the plane-wave phase and Gaussian apodization de-
mined to matcHin the least-square senshie experimental scribed above; this profile is equivalent to the magnitude of
and theoretical cross sections for the sparse phantom at thiee functionl ¢(rp) that is integrated in Eq22) to obtain the
center frequency of 2.5 MHz, for scattering angles withintransmitted poweN- .
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and center frequencies between 1.7 MHz and 3.3 MHz. Beam and time gate

FIG. 8. Computed and measured beam profile¢rp)| for a beam center ~ Parameters are as in Fig. 9.
frequency of 2.44 MHz. These profiles were computed and measured for

direct transmission of Gaussian-apodized transmit beams through a water . .
path. intersection sizes were comparable for each of the frequen-

cies used, the decrease in the normalization factor with fre-

The wave space resolution in each of the directisigs quency chiefly reflects the increase in ultrasonic absorption

Ky, K, was quantified using the method of Ref. 25 based orfVith frequency. _ _ _
the calculated second central moments of the beam intersec- =XPerimentally determined average differential scatter-
tion function. The angular-dependent 3 dB wave space resddg Cross sectionsp, for the dense phantom are plotted in
lution limits for the center frequency of 2.5 MHz are plotted Fig. 11 together with the corresponding theoretical values for
in Fig. 9. Limits for the other frequencies employed are verythe measured d|str_|but|on of spheres. The measured and th_e-
close to those for the center frequency, since the beam chapretical cross sections for the sparse phantom are plotted in
acteristics depend only weakly on frequency. These resultsig- 12. Each plot is shown over the range of scattering
indicate that spatial-frequency features having dimensions ofngles for which the scattered field was not noticeably influ-
the order of 0.4-1.0 mrTnl can be resolved in the present enced by the dll’eCt|y transmitted beam. The angular range Is
experiments. The spatial-frequency content of each measurémaller for the sparse phantom because of the smaller scat-
ment was determined from E¢L2). tered power in this case. The experimental values for the
The central spatial frequency interrogated ranged fronflense phantom agree well with theory. Those for the sparse
1.1 to 4.4 mm? for the frequencies and scattering anglesPhantom agree fairly well, although some disagreement is
investigated. The result for the 2.5 MHz measurements i§vident at the lowest and highest frequencies used as well as
plotted in Fig. 9 together with the corresponding wave spacét scattering angles furthest from the backscatter direction
resolution limits. Comparison of these curves indicates that180°).
the wave space resolution limit is substantially smaller than
the overall spatiz_il-frequency range measured, so that resulfy piscuUssION
are not substantially blurred by measurement system effects. _ _ _ _
Normalization factors) , /|N+|? for the agar background The ring transducer configuration employed here is well-
medium, determined using Eq4.5) and(22), are plotted in  suited toin vitro characterization of biological tissues, and

Fig. 10 for the five frequencies employed. Since the beanin@y be applicable tin vivo tissue characterization for or-
gans such as the breast that are accessible for angular scat-

tering measurements. Other organs, such as the liver and
kidney, are accessible for a limited range of anglesifior

5 I T I 1 T
Spatial Frequency Sample ——

Resolution Limit (x) ---- vivo measurements. Such organs could be directly character-

Resolution Limit {y) -----
Resolution Limit (z) -~

0.0001

Spatial Frequency (cycles/mm)

1e-05

60 80 100 120 140 160 180
Scattering Angle (Degrees)

Scattering Cross Section (1/mm)
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FIG. 9. Spatial-frequency content and wave space resolution limits for scat- Scattering Angle (Degrees)

tering measurements using the agar medium. Computed magnitude of the

spatial-frequency vector and 3 dB resolution limits in the directins FIG. 11. Measured average differential scattering cross sections for dense
Ky, andK, are plotted versus scattering angle for a center frequency of 2.glass sphere phantom with theoretical values for random glass sphere dis-
MHz. tribution.
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counts for the frequency-dependent absorption of the me-
dium. Although the experiments reported here were per-
formed using a weakly absorbing background medium, the
employed method of compensation for absorption is also
valid for more strongly absorbing media such as tisSue.
Application of the employed methods to tissue characteriza-
tion requires estimates of tissue absorption for quantitative
accuracy to be achieved. However, since measured data for
] attenuation in human tisstfe®®as well as direct methods of
90 120 150 180 210 240 270 attenuation measuremént® are available, this requirement
Scattering Angle (Degrees) should not greatly limit applicability of the method.
FIG. 12. Measured average differential scattering cross sections for sparse  SOme error in measurements of scattering cross section
g!ass_ sphere phantom with theoretical values for random glass sphere diggn result from inaccurate specification of emitter and detec-
tribution. tor beams. For instance, the true directivity of the elements
employed is not precisely described by the present model of
izedin vitro by the present methods, or could be characterfinite line sources in an infinite baffle. However, the agree-
ized in vivo by a modified measurement configuration em-mMent of the results obtained with theory suggests that the
ploying only backscatter measurements. The methodt€chnique presente_d .here Is insensitive to the deviation of
presented here are fully applicable to backscatter measurglément characteristics from this ideal. Other possible
ments, with the exception that a directly transmitted bean$ources of error in the measurements include uncertainty in
can no longer be employed as a reference. Instead, plaiilg® measured absorption of the agar background medium,
reflectors or reference phantoms of known properties can baeglect of element-response waveform variations in the
employed®3* transducer calibration, and neglect of reflection effects at the
The scattering and absorption properties of the phantom@gar-water boundary. The most important of these factors is
employed here may be compared to measured characteristié estimated background absorption, since errors in the ab-
of liver tissue®® The total scattering cross section for the SOrption contribute exponentially to errors in the measured
dense phantom is comparable to the total scattering crog¥0Ss sections.
section measured in Ref. 35 for calf liver tissue; however, the ~ Although theoretically exact expressions for scattering
absorption of the agar background medium is considerabljfom glass spheres were employed, the scattering cross sec-
less than that for calf liver. Thus, for liver tissue, the relativetions computed for the measured sphere distributions are still
contribution of scattering to attenuation is apparently smallefubject to uncertainty. Errors may arise from uncertainties in
than that for the dense phantom employed in the preserifie electronically counted sphere distribution, which may be
studly. suspected because the measured sphere distribution does not
The sparse phantom, which contained one tenth th@recisely match that expected for the sieves employed. Also,
glass-sphere concentration of the dense phantom, produc#ie density, longitudinal sound speed, and shear wave speed
much smaller total scattering cross sections than calf livepf the glass spheres were estimated from nominal properties
tissue. Near the backscatter direction, however, the differerfor glass that may not precisely match the spheres employed.
tial scattering cross section for the sparse phantom is cordAny error in the estimated density of the glass spheres would
parable to that for calf liver as measured in Ref. 35. For thi¢ause a corresponding error in the estimated number of
phantom, greater disagreement between theoretical and espheres per unit volume within the phantoms.
perimental cross sections occurs for scattering angles far The Born approximation was used in the present paper
from backscatter, where the scattered fields are very smallo relate the spatial-frequency properties of the scattering
Although system noise may be a factor in these errors, thenedium to the measured differential scattering cross section.
tendency of disagreement shown in Fig. 12 is for the scatterfhis approximation is based on the assumption that the inci-
ing cross section to be overestimated, indicating that the trudent beam is unperturbed by the scattering medium, so that
scattering signals are obscured by sidelobes of the maistrong scattering, refraction, and diffraction effects are all
beam. These observations imply that the tissue characterizaeglected. Since human soft tissues have been shown to pos-
tion methods presented here may encounter difficulty fosess ultrasonic scattering properties not fully described by
characterization of very weakly scatteriflgypoechoig tis-  weak scattering approximatiofsworthy of special note is
sue, but that these difficulties may be less important for scathat measurement of scattering properties employing the
tering angles near the backscatter direction. techniques developed here is not fundamentally dependent
Broad, unfocused beams and long time gates were useagh the Born approximation. Although the present normaliza-
here to achieve maximal wave space resolution. In tissudon method was derived using the Born approximation, Eq.
characterization studies, limiting the spatial extent of insoni{23), which expresses a ratio of the total scattered energy to
fication may be desirable so that tissue properties can bthe incident energy, is still valid in the presence of multiple
measured with greater spatial resolution. This trade-off bescattering, diffraction, or refraction. However, in situations
tween wave space resolution and spatial resolution is disvhere the Born approximation does not apply, the relation-
cussed in Ref. 25. ship between the average differential scattering cross section
The normalization method employed in this study ac-per unit volume and the spatial-frequency spectra of medium

16-05 |,

1e-06 |

Scattering Cross Section (1/mm)
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