Ultrasonic properties of random media under uniaxial loading
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Acoustic properties of two types of soft tissue-like media were measured as a function of
compressive strain. Samples were subjected to uniaxial strains up to 40% along the axis of the
transducer beam. Measurements were analyzed to test a common assumption made when using
pulse-echo waveforms to track motion in soft tissues—that local properties of wave propagation and
scattering are invariant under deformation. Violations of this assumption have implications for
elasticity imaging procedures and could provide new opportunities for identifying the sources of
backscatter in biological media such as breast parenchyma. We measured speeds of sound,
attenuation coefficients, and echo spectra in compressed phantoms containing randomly positioned
scatterers either stiffer or softer than the surrounding gelatin. Only the echo spectra of gel media
with soft scatterers varied significantly during compression. Centroids of the echo spectra were
found to be shifted to higher frequencies in proportion to the applied strain up to 10%, and increased
monotonically up to 40% at a rate depending on the scatterer size. Centroid measurements were
accurately modeled by assuming incoherent scattering from oblate spheroids with an eccentricity
that increases with strain. While spectral shifts can be accurately modeled, recovery of lost echo
coherence does not seem possible. Consequently, spectral variance during compression may
ultimately limit the amount of strain that can be applied between two data fields in heterogeneous
media such as lipid-filled tissues. It also appears to partially explain why strain images often
produce greater echo decorrelation in tissues than in commonly used graphite—gelatin test
phantoms. ©2001 Acoustical Society of AmericaDOI: 10.1121/1.141470Q3

PACS numbers: 43.80.Cs, 43.35[BD]

I. INTRODUCTION scattering structur@sand thus are able to track vivo

The theory of acoustic wave propagation in heteroge-ChangeS in the microvascular diameter below the diffraction

neous mediacan successfully explain many aspects of uI_Iimit for diagnostic waveler.1gth%.lo U_Itimate_ly, similarities
trasonic scattering measurements in soft biological tissueetween matched ultrasonic and histological measurements
when essential material properties are kndwExcept for &€ used to verify the sources of scattering based on size,
blood, we know little about the exact anatomical microstruc-Number density, and collagen content. In this paper we de-
ture that scatters ultrasound. We know that energy is rediscribe another discriminating scattering feature that may be
rected at spatial fluctuations in medium mass densignd ~ useful in defining scattering sources—changes in the cen-
bulk compressibilityx. Furthermore, compressibility fluctua- troid of the backscattered echo spectrum with the amount of
tions Ak=«k—« for collagen and elastin are often applied strain.
substantial with respect to the spatial average whereas The idea for this study originated during early elasticity
the corresponding density fluctuations, e.g., from lipid-filledimaging experiments designed to investigate relationships
structures, are less but significant: values#dip/pAx have  between large- and small-scale viscoelastic properties of
been measured in the range of 0 to 0.5 for blood, liver, andissue-like medid? It is essential that local acoustic proper-
skeletal musclé?® ties be invariant under strain if we are to obtain accurate time
Coupling this information with mathematical analyses delay estimates from echo correlation analysis. Specifically,
that link scatterer size to ultrasonic frequency spettm-  the microscopic spatial distribution of tissue bulk moduli that
vestigators have studied the inverse problem of identifyingjominates scattering properties in soft tissues must be uncor-
related with the macroscopic spatial distribution of tissue
dElectronic mail: mfinsana@ucdavis.edu shear moduli that determines the appearance of strain
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TABLE I. Type | materials: Glass-in-gel suspensions.

Compressor I
Assembly Transducer Glass sphere Sound speed  Atten. coefficient
diameter Mass at 2.5 MHz (dB/cm)
Sample (em) (gl (m/9 at 2.5/5.0/7.5/10.0 MHz
1 35-75 33.3 1590 0.74/1.88/3.83/6.91
2 150-180 6.67 1575 0.47/1.10/1.67/2.71

gest a new method for identifying the anatomical sources of
bioacoustic scattering.

II. MATERIALS AND METHODS

Type | Materials'™® One-hundred twenty grams of animal
hide gelatin(type A, 275 bloom, Fisher Scientific, Hampton,
NH) were mixed into each liter of a 6%propanol-in-water
solution at room temperature. The mixture was placed in a
29 mm Hg vacuum for a few minutes to remove gases. The
beaker of dissolved, degassed gelatin was then heated at
45 °C in a water bath for about 90 min until it became trans-
lucent. The clear gelatin solution was removed from the heat,
glass microspheregPotters Industries, Inc., Valley Forge,
PA) as specified in Table | were added and thoroughly mixed
FIG. 1. The apparatus for measuring acoustic properties of cylindricawith a spoon, and the beaker was cooled to 30°C while
samples is illustratedtop). The force was applied downward against an stirring. The liquid glass—gel mixture was poured into a cy-

immobile Lucite block by the Lexan layer deforming the sam(iettorm). P . . . .
The sound-absorbinGOAB) rubber was included during backscatter mea- lindrical mold 7.5 cm in diameter and 2.5 cm in height,

surements and removed during speed and attenuation measurements. §fe@led, and rotated at 1 rpm overnight. Congealed samples
transducer beam axis was oriented normal to and scanned parallel to twere removed from the molds and stored at room tempera-

Lucite block surface through the Lexan. ture in a sealed container with a small amount of propanol—
water solution to minimize desiccation. Samples 1 and 2 in
Table | are type |. Samples A and Bee Sec. )l are also
images'? Only then can echo correlation provide a reliabletype 1, but have no added scatterers.
method for tracking object motion. Type |l Materials™® More of the clear gelatin solution
In this paper we summarize a series of experiments indescribed above was heated in a water bath to 70 °C. Instead
volving two classes of materials originally developed by of glass microspheres, 250 ml of an oil were emulsified into
Madsenet al. as ultrasound phantom&Type | materials are  each liter of liquid gelatin by vigorous mixing with a spoon.
glass-sphere-in-gelatin suspensions and type Il materials afthe different types of oils used in this study are listed in
oil-droplet-in-gelatin dispersions. The diameter ranges offable Il. Care was taken to prevent introducing air while
glass microspheres in the type | samples are either smathixing. The emulsion was cooled to 30°C before being
(35—75um) or large(150—180um). All glass microspheres poured into the cylindrical molds and rotated in room air
are randomly positioned and much stiffer than the surroundevernight. After congealing and removal from its mold, an
ing gelatin. Type Il materials contain oil spheres dispersednspection microscope was used to measure the average di-
randomly throughout the gelatin. The mean oil sphere diam-
eter varies in different samples between 20 and 460 At TABLE II. #Type Il Materials: Oif-in-gel dispersion§.
room temperature, the oils are liquids, similar to the lipid at
body temperature, and therefore much softer than the sur- Oil  Oil conc. Sound speed Atten. coefficient(dB/crm
. . Sample type (mll)  (m/9 at 2.5 MHz at 2.5/5.0/7.5/10.0 MHz
rounding gelatin.

We measured speeds of sound, attenuation coefficients, 3 corn 250 1557 1.18/3.69/6.90/10.78

and backscattered echo spectra for each sample up to 10% ?eo;slrjt 2255% 11%5661 %%Z%g?;%%’%g
MHz and for applied uniaxial stresses producing strainsupto o .- 55 1567 0.87/2.86/5.03/7 47

0.4. Samples were compressed in a plane normal to the top
planar surface such that all points on the surface were disThe acoustic properties listed in Tables | and Il are for uncompressed
placed the same amount a|OHg(3 (Fig. 1). No attempt was samples. Averaging at.tenuatlon coefficients for samples 3-5 gives the fol-

. - lowing least-squares fit to a second-order polynomial between 0 and 10.0
madc_a_to match the acoustic properties of the gel samples tQH;, where we includea(0)=0 dB/cm: as_o(f) = —0.1253+0.3700
specific body tissues. Instead, we sought to produce samples0.076G2. The fits for samples 1 and 2 yield, respectively;(f)
with sound speed, attenuation, and backscatter features—0-00324*0-065%0-06192, and  ap(f)=-0.14070.192%
within the range of values reported for human soft tissdes. = %:0087".

- o . " PThe motor oil was SAE 10W30.

The results below indicate the reliability of echo tracking N Data from two com-oil samples were obtained. The two samples are re-

a broad range of deformations for tissue-like media, and sugferred to as sample 3 and sampleifs the figures.
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ameter of oil drops visible from the surface of the colloid, may have flexed slightly during compression; a 1-mm flex-
now a dispersion. Samples 3—-6 in Table Il are type II. ure ate'=0.4 corresponds to a10% strain error for 25-
Strain In the following, we report an engineering strain mm-thick samples.

€' =(Lo—L)/Ly as that resulting from the compressive We recorded measurements of echo phasad ampli-
stress applied® L, is the initial sample height along the tudeA near the center of the voltage burst as viewed from a
compression axisx; in Fig. 1, andL is the instantaneous digital oscilloscope display. The phase was estimated from
height. If the stiffness of the sample is uniform throughout itsthe time shift in a zero crossing near the center of the burst.
volume, thene' approximates the spatial derivative of dis- M=10 independent measurement paiis,(¢,), 1<m

placement alongs, i.e., €' =dus/dxs. <M, were obtained after scanning the transducer at 2-mm
Strain for the finite displacements used in this study islateral increments with the sample in place. Only five phase
defined in the Lagrangian frame'as measurements were used to estimate sound speed while all

ten were used to estimate attenuation. One reference mea-
surement pair &g, ¢o) was recorded with the sample re-
1) moved. Wave properties in the latter case are determined
entirely by the distilled water, but, in both situations, the thin
hexan layer used to compress the sample remained in place.
The substitution technique involves an expression for
the speed of sound in a sampt€e’, T) (m/s), as a function

duz 1

_ s auy |2
€337 x| 2

Jdu, 2
0X3

dug 2
X3 '

X3

€33 IS the Lagrangian strain tensor that describes deformatio
of a unit volume along thes axis. If the derivatives are
small, then ezz=dus/dxz, the infinitesimal strain tensor,

which is approximately’ for homogeneous mediaus/dxs of f ,Ilgneaiurenllent temple:rzta:]ngi(°C), s,peed of s:j)und n
is not small in this study. Nevertheless, we wseo specify water™ co(T) (m/s), sample thicknesi(e’) (m), and mean

the strain for convenience. Readers can convert between LiEMPOral phase shift introduc’&d by placing the SamP!e in the
grangian and engineering strains usig=e€'(1+¢€'/2). SO“”OE beam ,A¢ (S),:(Em=l¢m)/M ~ %o- Wrmn_g
Measurement geometry has a large influence on stead \ (e 'T):_Zd(é )[1/e(e’.T) = 1/co(T)] and rearranging
state deformation patterns in stressed samples, often mo grms, we find
than material properties such as elastic modulus and Pois- ,
son’s ratio ». For these nearly incompressible media, " Ty— 2d(e")Co(T)
c(e',T) .
parallel-plate compressor geometry, full-slip boundary con- 2d(€")+co(T)Ap(e',T)
ditions, and quasistatic measurement conditions, sample vol-
ume is conserved. We treat samples under these conditions as Attenuation coefficients, a(f,e’,T), at frequency
Hookean elastic solids,so thate;,= €5,= — veas. f (MHz) were found from the ratio of peak-to-peak burst
Acoustic measurementdleasurements were made in amplitudes withfA=(={_;A;)/M] and without @) the
distilled/degassed water at room temperatimetween 18.8 sample in place and sample thicknekgia
and 20.4-1°C) with the apparatus diagrammed in Fig. 1.
The transducers had one circular PZT element, 19 mm in (f.e'T)= 10 o A(f,€',T)
diameter, that was focused at f/2(ideoscan immersion, AL d(e") Gi0 Ao(f,T) °
Panametric, Waltham, MA Two transducers with nominal
frequencies 3 and 10 MHz were used in this study. TesCastor oil was used as a standard sample to calibrate attenu-
samples were deformed by uniformly displacing the top suration estimate$® Large-amplitude sinusoids were transmit-
face of the sample downward a known amourt um. Ap-  ted, yet the amplitude was not so large as to violate linearity
plied forces were held several minutes before recordingind agreemeni+3%) with published values for attenuation
waveforms to minimize variability caused by viscous creepin castor oil: 0.834%3(dB/cm) at 20 °C®
With the possible exception of the mineral oil sample, each  Following measurements of sound speed and attenua-
test sample contained a sufficient number of scatterers peion, echo spectra were recorded. We digitized 1Qu24cho
resolution volume(>5-10 to be considered an incoherent time series generated by the backscatter of broadband pulses
scattering source. within a sample. The transmitted pulse duration was approxi-
A pulse-echo variation on the narrow-band-through-mately two cycles, producing a6-dB bandwidth of 60% of
transmission substitution technique described by Madsethe peak frequency for pulses reflected from a Lucite surface
et al'® was used to measure sound speed and attenuatioim water at 20 °C. A PanametricdValtham, MA pulser—
Sinusoidal pressure bursts were transmitted through theeceiver Model 5052UA was usedll was increased to 25
sample and reflected at normal incidence at the surface of waveforms, each digitized at 8 bits anck80’ samples/s to
5-cm-thick Lucite block. The sound-absorbi(8OAB) layer  give N=512 points per waveform. Adjusting the transducer—
shown in Fig. 1 was removed. The duration of the voltagesample distance, we placed the center of the time series at the
burst that excited the transducer was adjusted between ¥@dius of curvature of the transducer. A SOAB layer was
and 20 cycles to avoid reverberations. The transducerdsed as shown in Fig. 1 to reduce reverberations.
reflector distance remained unchanged during the experiment The magnitude of the discrete Fourier transfd@ifik]],
and was approximately equal to the radius of curvature of th®@<k<N/2—1, was computed using a fast Fourier transform
spherically focused transducers. The compressive force wasgorithm?® From the set of recorded time serigg,[n],
applied to the sample through a 1-mm thick Lexan layer thaD=n<N-1, at each strain valu€, we estimated the mean
was rigidly attached to the compressor assembly. This layefrequency spectrum,

2

()
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Soft oil scatterers

FIG. 2. An illustration of sample deformation. Stiff scatterers redistribute

but do not deform during uniaxial compression. Soft spherical scatterer

Assuming the attenuation estimates at different values of
are independent and that the variancgis independent of
€', then the uncertainty i is found by propagating errors
according t*
2 2
o
0

The error bars in Fig 4 are examples®f .

Centroid predictionslt is reasonable to assume that soft
scatterers in compressed samples will deform in the manner
of the surrounding gelatitFig. 2). Changes in the ultrasonic
echo spectrum may be predicted if we understand how the
backscatter spectrum from oblate spherical oil droplets varies
with eccentricity. Oils in type 1l samples are approximately
spherical with radiusy before compression. After deforma-
tion into oblate spheroids, the minor axis will be=(1
—€')ry for 0<€'<1. To conserve volume, the major axis
must therefore be,=ry/\(1—€'), so the eccentricity is
o/1—(r1/r)?=1—(1—€')°. Fortunately expressions that

1/2 o

N

Qg

B
Ja

2

Ty

2
R)

)

(Tﬁ_ o

redistribute and deform into oblate spheroids during deformation. Scatteredescribe scattering from an acoustically soft oblate spheroid

are not to scale.

1 M N—-1
IGdK]|=< 2 | 2 gmdnle 27kWN|. (4)
M m=1 | n=0

The summation oveM waveforms yields an approximation
to an ensemble averagk.

are available. See Appendix A for details.

We computed scatter fields from one oblate spheroid in-
sonated with many plane waves at frequencies in the trans-
ducer bandwidth. Assuming that only incident waves are
scattered(single-scatter Born approximatibnand that the
scatter field at the receiving aperture is entirely incoherent,
we integrated the exact numerical solution for the pressure

Echo spectra shown in Sec. Il below describe a shift infield at frequencyf, i.e., pi(x,t,e’) from Appendix A. The

the peak value dfG [ k]| with increasinge’. We summarized

integration is over the transducer aperture to find the net

changes in echo spectra by a scalar value obtained from effrce at the surfac& The net force was multiplied by a

timates of the normalized first moment or spectetroid??

C iy ag SkookIGIK]) 1 .
S AT TS ©

where T is the sampling interval, in this case 20 ns. The

centroid indicates any monotonic weighting of spectral val
ues, such as those expected for a change in the scatteri
function with €'.

Statistical analysisWe state our confidence that acous-
tic parameters vary as a function of engineering stréin
using the following analysis. The meanand variance?rf,
are sample moments of tHassumeg normally distributed
parametety, and are computed frorM uncorrelated mea-
surements. The expected valugjy}, will fall within the
intervaf®

_ oytmo1 oytm_1:
- YyM l’y/ZSE{y}swa yIM—1;y/2

™ W™

with 100(1— ) percent confidence. Setting=0.01, we find

(6)

the 99% confidence interval. Values found outside of this

Gaussian pulse-echo system respoh$ff,) (Appendix B,
computed for the same frequencies, and then integrated over
frequency to give the echo signal samplgpn]. Taking the
discrete Fourier transform and finding the magnitude, we ar-
rive at the predicted echo spectruf@ [k]|. Finally, the
predicted spectral centroidg(e'), was computed from Eq.
fR): where|G [ k]| replaced G [Kk]|.

Ill. RESULTS

Sound speedFigure 3 shows that the speed of sound
does not vary significantly over the ranges&<0.2 for
three oil-in-gel dispersion samples, all having scatterers
more compressible than the background gelatin. Invariance
was determined by finding that all the measurement points
for a given sample fall within the 99% confidence interval
(6.9 m/9 about the mean value for that sample. Including
data from type | media with stiff scattergirsot shown in Fig.

3), we determined the speeds of sound in each sample tested
were independent of the applied strain, id.¢’,T)=c(T).
Attenuation Figure 4 shows the relative change in the

interval are assumed to be from a different distribution. Wettenuation coefficient for samples wher<0.2. There is a

used look-up tablédand experimental parameters to find the
threshold valuety,_;.,,, that determines the probability
PI’(tM — l>tM _1;7/2) = fioM*l;y/ZP(t)dt: ’)//2 tM -1 is the stu-
dentt statistic;tg.q 0o5=3.250 and.o gos=4.604.

slight increase with compression, e.g., the linear regression
analysis gives B(€')=a(€e')/ag=0.76¢' +0.993 at 2.5
MHz and B(e')=0.25'+0.991 at 5.0 MHz. There is no
physical reason for assuming a linear dependence, so these

Intersample attenuation coefficients varied widely. Con-equations are just a convenience. One point at 2.5 MHz and

sequently, we normalizedv(e’) values relative to that at
€' =0to find B(e’')=a(€’)/ aq for studyinge’ dependences.

3246 J. Acoust. Soc. Am., Vol. 110, No. 6, December 2001
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stating that the expected value fBris one.
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FIG. 3. Speeds of sound are plotted as a function of percent compression f
oil-in-gel dispersions®, sample 30, sample 4; and], sample 5. Sample
numbers are listed in Tables | and Il. Error bars indicatene standard

deviation.

The apparent increasesfwith €' in Fig. 4 could result
from the changing geometry of the experiment rather tha

Oil-in-gelatin dispersions (5 MHz)

H ]
e corn #3
o motor #4
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Percent Compressive Strain (100¢”)
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Frequency (MHz)

FrIG. 5. Backscattered echo spectra via Ej.are plotted for sample 3 at
(L))% (solid), 10% (dotted, 20% (dashegl and 30%(dot—dashedcompres-
sion.

that sample Ais 2.5 cm thick while sample B is 2.0 cm thick
(80% of A). We also eliminated the thin Lexan compression

dayer from the measurement and replaced it with a 2.5-cm

material properties of the sample. Because sound speeds 4fick agar plate having a speed of sound matched to distilled

significantly higher in all samples (1556 n#¥s=< 1590 m/s)
than in the surrounding watéi483 m/3, it is possible that
compression varies the degree of sound wave refraction a

water at room temperature to avoid reverberation. The elastic
modulus of the agar was approximately 500 times that of the

felatin sample and therefore did not deform significantly

thus modifies the echo detected. We explored this possibilit§f!ufing sample compression.

by constructing samples A and B. Both are type | materials
and neither contained added scatterers. The only difference

Oil-in-gelatin dispersions (2.5 MHz)

1.3
A glass #1
12| [ ¢ glass #2
[[le comm #3-"TTTTTTTTETTOCS !
o peanut #5 é
11—
n =]
Joi .
1 A
0.9
0.8 0 5 10 15 20

13

Percent Compressive Strain (100¢")

Oil-in-gelatin dispersions (5 MHz)

A glass #1
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120 e corn #3|o oo __
@ peanut #5
11 A ref A
B ref B a
Jo; o 4
1 i A )
X v 7y
. 0
0.9
0.8 0 5 10 15 20

Percent Compressive Strain (100£")

The attenuation coefficients, E(B), for uncompressed
§§1mples A and B at 5 MHz are, (5 MHz, 0, 22°G=0.69
+0.12 dB/cm andyg (5 MHz, 0, 22 °G=0.64+0.16 dB/cm.
B(€') increases slightly withe’ for sample A, similar to the
type | samples with scatterefBig. 4(b)], reaching a maxi-
mum at 5(0.2)=1.043. The experimental conditions for
sample A compressed &@=0.2 and uncompressed sample B
are identical, so the 7% attenuation difference, if significant,
can only be due to the stress in sample A. The difference is
not significant, however, because the lack of scatterers re-
duces the attenuation value and hence increases the relative
uncertainty:Bg/a(0)= ag(0)/as(0)=0.928+0.262(s.d.).

We conclude(a) that it is the varying measurement ge-
ometry and/or an absorption process in the stressed gelatin
that produces a small increase in attenuation wdththe
former being most likely(b) Surface reverberations and the
magnitude of volumetric scattering do not aff@gct(c) There
is no significant difference iB for type | and Il samples.
Consequently, we sei(f,e’,T)=«a(f,T) for the purpose of
spectral estimation. This decision is discussed further in Sec.
IIl and Appendix B.

BackscatterFigure 5 suggests an obvious change in the
backscatter echo spectra with for the corn oil sample. As
this sample is compressed, the amplitudes of high-frequency
spectral components are increased more than those at lower
frequencies. This trend is more clearly visible in the mea-
sured centroid shifts plotted in Fig. &;f.=f.(e')—f(0),
where f.(0) is the average value for all six uncompressed
samples listed in Tables | and Il. Note thig{0) is deter-

FIG. 4. Attenuation coefficients in dB/cm, normalized by the values at 0%Mined primarily by the response of the ultrasound system for

compressionp(e’)=a(e')/ ay, are plotted versus percent compressiah.
2.5 MHz and(b) 5.0 MHz. A, sample 1;0, sample 2@, sample 3; and],
sample 5. Error bars indicate o . In (b), points labeled A and B refer to
measurements on samples A and B, as discussed in Sec. lll. The solid line

random scattering media, so it is not surprising that the cen-
troids measured for each undeformed sample are similar. For

(I)Sse’so.:%, the centroid shifts measured for the two glass-in-

B(¢)=1 and the dashed lines define the 99% confidence interval that thg€el samples were essentially zero. That is expected for stiff
expected value is unity.

J. Acoust. Soc. Am., Vol. 110, No. 6, December 2001
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0.02 mm nation, and those measurements have not been made. Given

Aprm these observations, it is not surprising that the mean echo
spectrum in compressed dispersions can change without sig-
rMO nificantly affecting attenuation. We did not correct the spec-

tral estimates for the slight increase in attenuation veith
Had we applied the correction, the centroid shift, would
be slightly larger and the difference between type | and Il
scatterers in Fig. 6 would be greater. Also, correcting echo
spectra forB(e") would yield an in increasaf for type |
materials, which seems likely. These effects are examined
N— quantitatively in Appendix B.

0 5 10 15 20 25 30 35 40 .

Percent Compressive Strain (100¢’) The observed spectral variance suggests that echo wave-

forms from lipid-filled biological media, such as breast tis-

FIG. 6. Measured change in centroid values for stiff scattdrérssample 1 sue, can decorrelate when strained. Figure 6 showsAthat

andV, sample 2 and soft scatterer®, sample 3;+, sample 3, O, sample ; : ' . 0
5; andld, sample 6. Measured values obtained via E§) were subtracted IS proportlonal toe’ for compressions up to 10%. Greater

from the average value of all samples measured at 0% compression. Dat@an 10%, 'the magr?itUde O_f the centroid shift depends on
from the mineral oil sample is marked MO. Solid curves are predictedScatterer diameter, increasing faster for smaller Rayleigh

centroid shifts for oil-droplet spheroidal scatterers with uncompressed diamgcatterers than larger Mie scatterers. This source of wave-
eters of 20 and 40pum. form decorrelation, which has not been discussed in the lit-
) o erature previously, could pose fundamental limitations for
deformed—the scattering function is unchanged. The numg|asticity imaging of tissues with lipid-filled scattering sites.
ber density of scatterers remains constant witbecause the We anticipated the effects of simple scaling strains on
gelatin volume is conserved under deformation. Howeveripe frequency response of scattering from rangmint tar-
liquid oil scatterers, being softer than the gel, easily deforn\gets, and suggested a pulse-shaping method to mitigate
with the gelatin, which alters the scattering function. Sinceyaveform decorrelatioit Pulse shaping would be helpful
the centroid frequency increases, it appears that the changefgy strain estimation in the glass-in-gel samples. However,
oil drop shape results in increased scattering at higher frene deformation of finite-size scatterers, as described in this
quencies. - report, further decorrelates echo waveforms in a manner that
Measured values ok f, for oil-in-gel samples are plot-  cannot be anticipated or compensated in an individual spec-
ted as points along with predicted valuéd,., displayed as trum, e.g., that from a single time series. Scatterer deforma-
solid lines in Fig. 6. We see larger centroid shifts for Sma”ertion Changes the Scattering response and hence is an irrevers-
oil drops at higher compressions. We examined the surfacgle source of echo decorrelation. Strain imaging algorithms
of several oil-in-gel samples under an inspection microscopenat work well in simulation or using phantom data, usually
and found that the two corn oil and the peanut oil samplegerform at a reduced level in tissues, in the sense that decor-
had the smallest mean Oil-drop diameter, roughly;ﬂﬁ. relation noise is increaséa_
The average diameter of mineral oil drops was much larger,  Spectral variance poses problems for strain imaging but
roughly 400um. The oil-drop size appears to be determineda|so offers opportunities to identify the sources of scattering
by oil viscosity and mixing time. The agreement among meain biological media. Measurements Aff. in breast tissues,
sured and predicted values in Flg 6 leads us to conclude th%r example, may be used to distinguish the relative contri-
the deformation of scatterers softer than the background prayution of scattering from collagen-fillegtiff) versus lipid-
duces measurable and predictable changes imernecho  filled (soff) structures. IfAf.=0, we can assume any lipid
spectrum not observed with scatterers much stiffer than theomponent to the tissue acts as a matrix media that contains
background. scatterers but does not scatter sound significantly. Alterna-
Samples were found to fracture at €.8<0.4. There- tjvely, if the centroid increases linearly with compression,

fore ¢, @ measurements were limited ©€<0.2 to ensure then it is likely that soft, deformable scatterers play a signifi-
sample integrity for scattering measurements. Echo spectigant role in echo formation.

were acquired on each sample at 5% increments until frac-
tures became evident. V. CONCLUSIONS

The average sound speed, attenuation, and echo spec-
trum from random, tissue-like scattering media containing

Scattering in most soft biological tissues is believed tostiff spheres is unchanged by uniaxial compressions up to
be a small percentage of the total attenuation. Absorptiod0%. This finding verifies a fundamental assumption re-
mechanisms dominate propagational lo8&ased on more quired for strain imaging using these media. However, the
than a decade of experimentation with phantoms, our impresnean echo spectrum increases with compressive strain pref-
sions are that scattering equals or exceeds absorptive losse®ntially at high frequency and in a predictable manner for
in glass-in-gel samples with glass-sphere diameters greatemedia containing deformable scatterers. Consequently, the
than 20 um, and absorption dominates attenuation in theuse of ultrasonic echoes to track movement of lipid-filled
oil-in-gel dispersion samples. However, measurements of tascattering objects in the body will suffer additional wave-
tal scattering cross sections are needed to make that deternidrm decorrelation in proportion te’. These effects were

IV. DISCUSSION
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observed in phantoms but have yet to be examined in biothe wave equation in spheroidal coordinatgg.—ic’, 7) are
logical tissues. Our results suggest caution in designindound from expansions in associated Legendre functions of
strain imaging techniques and new opportunities for identithe first kind®® Similarly, Rgl)(—ic’,ig) are formed from

fying scattering sources in biological media. sums of weighed spherical Bessel functioNg(—ic’) are
functions of associated constants, including eigenvalues for
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APPENDIX A the coordinate systems used in tif8s&' and other refer-

In this appendix we briefly summarize the scatteringNces and a few typos, e.g., a missing minus sign in Eq.

equation for the oblate spheroid described by Senior ané&l'?) in Ref. 29. _ . .
Uslenghi?® which is applied in the last part of Sec. II. Tabulated values for functions and constants are given in

An oblate spheroid is formed by rotating an ellipse aboulseveral_ of the references C|teq above. The_se were used to
its minor axis. Plane sound waves at wavelengtind tem- determine the number of terms in the respective sums needed
for convergence. Convergence was established when the
poral frequency, i
computed values varied from the tabulated values less than
pi=exdi2m(xz/A—ft)], (Al)  0.01%.
are assumed to be incident on the spheroid. The minor spher-
oid axis, direction of wave propagation, and direction of the
applied deformation force are all oriented along(Fig. 1). APPENDIX B
TheT time-independenF form of the scatterec,i, pressure in the |1 this appendix we explore the magnitude of the effects
farfield of one acoustically soft spheroitsoft” means the ¢ itrasonic frequency-dependent attenuation on the spectral
pressure difference across the scatterer surface i$ Bero  -antroid and explains our model for echo formation.
* in RW(—iq,i&) Assume a linear, time-invariant imaging system that
pi= —22 N @ maps the acoustic impedance function for the object being
=0 Na(—10) Ry™(—ig,i€y) scannedz(x) into an echo samplg,, via the convolution
XRP(—~iq,i&y)Sa(—iq,—1)Sy(—iq,n). (A2) integral adapted from Maurice and Bertrafid,

f dx h

b JETDaA=7 Acoustic impedance and its second derivative,
X175 (£7+1)(1=7°) cosg, =g%zl9x?, are generally functions of three spatial dimen-

(A3) sions but for this purpose are simplified to one dimension
X :E (@10 (1- 7D sing, x =E§ Derivatives are taken along the direction of wave traug].
272 7 v TS is a noise sampleh(t) is the pulse-echo impulse response,
having carrier frequency, and pulse-length parametet,
>;hat we model for all time& assuming the Gaussian form,

(¢&,7m,¢) are spheroidal coordinates related to rectangular co-

/ ) +Np,.
ordinates &, ,X,,X3) via m

Im=

2X ,
tm_ ? z (X)

where Gs¢<w, —1<y=<1, and G=¢<2m. ¢ and » contours
form sets of confocal ellipses and hyperbolas, respectivel

that have been rotated about the minor axis, which is parallel 1
to x3. The surface£|=¢; (constant defines the scatterer h(t)= T exp( —t?/207)sin(2f o). (B1)
boundary with major axis length(£2+1)=r,/\J1— €’ and 2mo

minor axis lengthb| €| = (1—€’)ry. The last two expressions It is known that if you represent the object functipfx) as a
give the relationship between engineering strain and scattergpatially uncorrelated Gaussian random variable, the ex-
geometry in elliptical coordinatesy is the product of the pected frequency spectrum of the echo data is determined by
wave number, 2/\, and half the elliptical interfocal dis- the impulse response of the imaging systéurthermore,
tance,b/2. it has been shown that the echo amplitude from a Gaussian
The advantage of elliptical coordinates is that the wavepulse undergoing Rayleigh scattering and exponential attenu-
equation becomes separable in terms of radial and angulation remains Gaussian, although the peak frequency and
solutions. RV (—ic’,i&), j=1,2,3 are radial spheroidal spectral width vary(see Appendix C in Ref. 34 Conse-
wave functions of thgth kind, andS,(—ic’, n) are angular quently, it is reasonable to represent the magnitude of the
spheroidal wave functions, wheme is a positive integer. echo frequency response as
[Note that plane waves incident along the minor axis means 2
that the subscript integen found for these wave functions in [H()|=exi{ —2m*(f —fo)%07], =0 (B2)
(Ref. 28 is zero. For exampIERﬁrj])n —ic’,ié)|m=0= Rﬁ]j) whereH (f) is the Fourier transform di(t). From Eq.(5), it
(—ic’,i&).] These are the radial and angular “solutions” to can be shown that the centroid frequency [td(f)| is f,.
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Our concern is the change in spectral centroid from exare listed in Tables | and [lin dB). For a Gaussian pulse at
cess attenuation caused by sample compression. We modeb MHz center frequency having a full-width-at-half-
the effects of excess attenuation as a change in the frequenoyaximum value of two wavelengthsg,=1/y2 In 2f,

response of the measurement system,
[H(f,e")|=exd —2m?(f—fo)%07]
xXexd —A(f,e')], f=0.

The excess attenuationi(f,e'), is found from the ratio of

attenuation factors,

, _eXn:_Z(aL_aoLo)]
€)= exd = 2ag(L—Lo)]

exd — A(f,

=exg —2L(a—ao)],

wherea=a(f,e')=ag=«a(f,0), andLy, L are the sample
thicknesses before and after compression producing strain

Therefore

A(f,e")=2L(a—ag)=2agLo(1—€")(B—1),

where B=alag and € =(Ly—L)/L, were defined previ-

(B3)

(B4)

ously. If there is no excess attenuatiers oy and A(f,e’)

=0.

We modeled the attenuation coefficient in EB4) as a
quadratic function of frequencywo=0qoy+0;f+0,f?; see

Tables | and Il. Defining the constan@&=2Ly(1—€")(B

—1), C;=1+0q,C/27w%0?, and combining the exponent of
Eq. (B3) with Eqg. (B4) and the quadratic attenuation model,

we find

+q,f+0,f?
—2wzof(f2—2ff0+fS+CM)

2772012

2 Cq, f2
5 2 2 2_ S le _ 9
277 O'tle Cl(fo mz)f‘f‘cl
Cao
2m°0°C, |’

Adding and subtracting the term

1f Cq; \?
c?\ 0 47252

from Eq. (B5) allows us to complete the square and find

1 Cq,
_ 2 2 _ -
2 (rtcle Cl(fo 2 20}2)

N CZQ% ( foQ1C)
8maiCH °" ¢, |

The effect of excess attenuatiof(e’)>0 on the magnitude
of the backscattered spectrum is given by terms that depencf
on frequency, viz., the first term in EGB6). The spectral
width is modified by the facto€, and the centroid is down-

shifted fromf, by the amount

2 f(Z)
_C_i(l_cl)]

(B5)

(B6)

(B7)

Figure 4a) shows Bna.=1.17 ate'=0.2. In all cased g

=2.54cm. The coefficientg,, g,, andq, for the samples
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=0.34us. With these values and E(B7), the attenuation-
compensated centroid shifts measured for the oil-in-gel
samples would increase values in Fig. 6, at most, by 13 kHz
at € =0.2. Corresponding values dff for the glass-in-gel
samples would increase, at most, 6.5 kHz for sample 1 and
4.1 kHz for sample 2 if compensated for attenuation. Thus
compensating for attenuation effects on the backscatter spec-
tra would increase the relative differences between the mea-
surements for type | and Il samples shown in Fig. 6.
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