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Abstract—Many quantitative ultrasound (QUS) techniques are based on estimates of the radio-frequency (RF)
echo signal power spectrum. Historically, reliable spectral estimates required spatial averaging over large
regions-of-interest (ROIs). Spatial compounding techniques have been used to obtain robust spectral estimates
for data acquired over small regions of interest. A new technique referred to as ‘‘deformation compounding’’ is
another method for providing robust spectral estimates over smaller regions of interest. Motion tracking software
is used to follow an ROI while the tissue is deformed (typically by pressing with the transducer). The deformation
spatially reorganizes the scatterers so that the resulting echo signal is decorrelated. The RF echo signal power spec-
trum for the ROI is then averaged over several frames of RF echo data as the tissue is deformed, thus, undergoing
deformation compounding. More specifically, averaging spectral estimates among the uncorrelated RF data
acquired following small deformations allows reduction in the variance of the power spectral density estimates
and, thereby, improves accuracy of spectrum-based tissue property estimation. The viability of deformation com-
pounding has been studied using phantoms with known attenuation and backscatter coefficients. Data from these
phantoms demonstrates that a deformation of about 2% frame-to-frame average strain is sufficient to obtain
statistically-independent echo signals (with correlations of less than 0.2). Averaging five such frames, where local
scatterer reorganization has taken place due to mechanical deformations, reduces the average percent standard
deviation among power spectra by 26% and averaging 10 frames reduces the average percent standard deviation
by 49%. Deformation compounding is used in this study to improve measurements of backscatter coefficients.
These tests show deformation compounding is a promising method to improve the accuracy of spectrum-based
quantitative ultrasound for tissue characterization. (E-mail: tjhall@wisc.edu) � 2011 World Federation for
Ultrasound in Medicine & Biology.
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INTRODUCTION

Quantitative ultrasound can provide substantially more
information than that contained in traditional B-mode
images, which display only the amplitudes of envelope
detected and log-compressed echo signals. Different
tissues exhibit different ultrasonic wave propagation
phenomena and these can be characterized by ultrasound
attenuation and by properties of the scatterers such as
shape, size and number density. Information related to
the sources of scattering in tissue can be derived from
the echo-signal spectrum as shown by Lizzi et al.
(1983, 1997b, 2006) and Insana et al. (1990, 1991). The
measured frequency dependence of scattering has been

used to estimate the effective scatterer diameter
(Wagner et al. 1987; Insana et al. 1990; Lizzi et al.
1997a; Lu et al. 1999; Oelze and O’Brien 2002; Romijn
et al. 1989a), scatterer spacing (Fellingham and
Sommer 1984; Wear et al. 1993; Varghese and
Donohue 1993, 1994) and scatterer number density
(Wagner et al. 1983; Sleefe and Lele 1988). In many
cases, these scattering properties have been useful for
monitoring and diagnosing disease. For example, it has
been demonstrated that estimates of effective scatterer
diameter can track changes in the size of glomeruli and
afferent and efferent arterioles (Insana et al. 1991,
1992, 1995) and can potentially be used to detect
kidney disease (Garra et al. 1994; Hall et al. 1996).
Another study (Oelze et al. 2002, 2004) observed
significant differences in the effective scatterer diameter
found from echo data from a breast-tumor model
compared with sizes from nonmalignant breast tissues.
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Similarly, other studies suggest that the effective scatterer
diameters in liver hemangiomas are somewhat larger than
scatterer sizes in the surrounding liver parenchyma (Liu
2007). Effective scatterer diameter estimation can also
be applied to cancellous bone (Padilla et al. 2006). Other
studies have also used backscatter estimation in tumor
diagnosis in animals (Romijn et al. 1989b).

A common difficulty encountered in imaging an
effective scatter diameter, or other parameters derived
from spectral data, is the large variance caused by statis-
tical fluctuations in echo signals from random media.
Elevational and angular compounding (Gerig et al.
2004b) have been shown to improve signal to noise ratios
and to reduce spectral variance in effective scatter diameter
imaging but this approach is most applicable in isotropic
media. Here we introduce a new method to reduce statis-
tical uncertainties when determining tissue properties.
This method is called ‘‘deformation compounding’’
because multiple statistically-independent realizations of
the local RF echo signals and, thereby, the average local
power spectra from these echo signals, are achieved by
applying varying degrees of applied tissue deformations.
Deformation compounding can be combined with other
methods of compounding but is of particular interest for
small regions-of-interest (ROIs) that are isolated from
a heterogeneous background or otherwise can not support
other methods of spatial compounding.

METHODS AND MATERIALS

Deformation compounding is a method to reduce the
variance in power spectral density (PSD) estimates. Often,
PSD estimates are then used in the process of estimating
another parameter. As an example, PSD estimates are
applied in this article to measurements of the ultrasonic
backscatter coefficient of samples.However, the deforma-
tion compounding approach is applicable for many quan-
titative ultrasound measurements using pulse-echo data
where power spectral estimation is needed.

Overview of deformation compounding
The echo signals in this study are assumed to arise

from ultrasonic scattering due to a large number of small
(relative to the insonification wavelength) inhomogenei-
ties within a resolution cell. The specific realization of
a (noise free) echo signal depends on the spatial distribu-
tion of these scatterers and their individual scattering
amplitudes.

Wemodel the echo signal, rðtÞ, as a component, ~rðtÞ,
that depends on a specific realization of scatterers and
their spatial locations plus additive electronic noise nðtÞ:

rðtÞ5 ~rðtÞ1nðtÞ (1)

where

~rðtÞ5 hðtÞ � zðx; tÞ (2)

is the noise-free echo signal, hðtÞ is the system impulse-
response function, zðx; tÞ is the spatial distribution of scat-
tering sources encompassed by the acoustic pulse at time
t, and * is the convolution operator. The electronic noise
is typically modeled as white (amplifier) noise with zero
mean. We assume, for this analysis, that the electronic
signal to noise ratio (SNR) is reasonably high (e.g., above
20 dB) so that electronic noise is a relatively small
component of the total signal.

With any given medium, as the position, x, varies,
zðx; tÞ can be mathematically treated as a stochastic func-
tion to account for the randomness in the spatial distribu-
tion of scatterers and their individual scattering amplitudes.

One realization of the periodogram of rðtÞ for any
given angular frequency u can be written as follows:

jRðuÞj2 5 j ~RðuÞ1NðuÞj
2

5 jHðuÞZðx;uÞ1NðuÞj2 (3)

where j,j stands for the magnitude of a complex number,
and RðuÞ, ~RðuÞ, HðuÞ, Zðu; xÞ and NðuÞ are Fourier
transforms of rðtÞ, ~rðtÞ, hðtÞ, zðx; tÞ and nðtÞ at the angular
frequency u, respectively.

As eqn (3) shows, the spectral density provides
a measure of the frequency content of a single realization
of the RF echo signal. Any spectral-based analysis of the
echo signal properties, such as the acoustic backscatter
coefficient for the medium (Madsen et al. 1984), requires
averaging a large number of realizations of the spectral
density function to generate the expectation value of the
echo signal power spectral density (PSD) from the
medium. The statistical nature of the scatterer locations
results in the probability density function of the echo
amplitude following a Rayleigh distribution and the
PSD of the echo intensity following an exponential distri-
bution (Wagner et al. 1987; Lizzi et al. 1997b). It is
common to assume that, over a limited spatial extent,
the random scattering process is stationary and that
sampling the process (windowing the data) in time or in
space are equivalent. Therefore, a common approach to
improve the accuracy of PSD estimation is to average
periodogram estimates using several statistically
equivalent, but uncorrelated, echo signals. Although
Bartlett’s method or Welch’s method are commonly
used to obtain the average of several periodogram
estimates, these methods require spectral estimation
over larger regions of interest if the objective is to
maintain spectral resolution of the single periodogram.
Equation (3) shows that there are two random compo-
nents in the signal—the impedance distribution, zðx; tÞ,
and the electronic noise, nðtÞ. The random nature of the
scatterer positions and amplitudes results in fluctuations
in the power spectral density when interrogating the
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same medium at slightly different locations or from
different source-to-scatterer orientations. Thus, the PSD
can be estimated by obtaining several uncorrelated obser-
vations of the echo signal with new realizations of zðx; tÞ.

The methods proposed here are conceptually similar
to those used in the ultrasound spatial compounding liter-
ature (Trahey et al. 1986; O’Donnell and Silverstein
1988; Li and O’Donnell 1994; Gerig et al. 2004a)
where spatial translations or rotations of an object being
imaged have been used to change the scatterer
distribution, zðx; tÞ, as viewed by the interrogating
pulse, in an effort to sufficiently decorrelate the signal
allowing independent realizations of echo signal data to
be averaged. However, as an alternative approach in
this study, we attempted to slightly deform the tissue to
spatially redistribute these scatterers to obtain more
independent realizations of the echo signal from
a medium containing randomly positioned scatterers.
Besides redistribution of scatterers, when soft scatterers
deform, as their surrounding media are deformed,
changes may occur in the scattering function, as
implied by Insana et al. (Insana et al. 2001). We avoid
this by limiting deformations to less than 20%.

In this study, we used the correlation between two
time domain echo signals, r1 and r2, before and after
deformation of the sample to evaluate the degree of
change in the signal from a region. The correlation coef-
ficient is given by

rr1;r2 5

PM
i5 1

P[
j5 1

½r1ði; jÞr2ði; jÞ�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPM
i5 1

P[
j5 1

½r1ði; jÞ�2
s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPM

i5 1

P[
j5 1

½r2ði; jÞ�2
s (4)

where r is the normalized correlation coefficient and i and
j are indices for the two-dimensional (2-D) region of
windowed RF echo data (which includes M temporal
samples along a line of echo data and [ lines of data in
the windowed data). The correlation coefficient is a stan-
dardmetric to determine, for example, the degreeof change
in a speckle pattern to assess the effectiveness of spatial
compounding in B-mode ultrasound (Trahey et al. 1986;
O’Donnell and Silverstein 1988). More specifically, low
normalized correlation values (e.g., r , 0.2) are an
indicator for ‘‘significant’’ signal decorrelation from
changes in the underlying scatterer distribution. In this
study, a correlation value of 0.2 in the echo signal from
a deformed region was empirically chosen to determine
that sufficiently independent realizations of r1 and r2
have been achieved.

Once the power spectra of decorrelated echo data
from the same type of scatterer are averaged, there is
a reduction in the variance of the average power

spectrum. The larger the number of uncorrelated echo
signals used to estimate the power spectrum, the lower
the variance in the power spectral estimates (Bendat
and Piersol 2000; Liu and Zagzebski 2010).

Backscatter coefficient determinations
In this study, backscatter coefficients were measured

using a reference phantom method (Yao et al. 1990).
Ratios of the echo signal power spectrum from
a region-of-interest (ROI) in a sample to the power
spectrum acquired from the same depth in a well-
characterized reference phantom were used to account
for system dependencies of the echo data. The general
equation for backscatter coefficient estimations in
a sample when using the reference phantom method
was reported by (Yao et al. 1990):

RsðuÞ
Rref ðuÞ5

ssðuÞ
sref ðuÞ e

24dðasðuÞ2aref ðuÞÞ (5)

where RðuÞ is the echo signal power spectrum, s is the
backscatter coefficient, d is the depth at the ROI center,
a is the attenuation coefficient,u is the angular frequency,
and the subscripts s and ref refer to the sample and the
reference phantom, respectively. The speed of sound is
assumed to be the same in both the sample and the refer-
ence phantom.

Using the known values of backscatter and attenua-
tion in the reference phantom, depth dependent changes
in the power spectra ratio can be estimated to obtain the
sample’s attenuation coefficient. Then eqn (5) can be
solved directly for the backscatter coefficient of the
sample by using the ratio of the echo signal power spec-
trum within the ROI to that from the reference phantom.

Phantoms
Three phantoms (two ‘‘layered’’ phantoms

diagrammed in Figure 1 and a homogeneous phantom)
were used to test deformation compounding. All three
phantoms have glass bead scatterers and were made in
the University ofWisconsin phantom lab. Speed of sound,
attenuation and backscatter were measured using tech-
niques described by Madsen et al. (1986) and Chen et al.
(1990). The first layered phantom, the ‘‘constant back-
scatter phantom’’, contains a broad distribution of glass
bead diameters (5–30 mm) in gelatin and consists of three
layers with equivalent backscatter and speed of sound
(1552 m/s). The attenuation of the upper and lower layers
is 0.45 dB/cm/MHz. The inner layer has a higher attenua-
tion (0.67 dB/cm/MHz) than the outer layers. The second
layered phantom, the ‘‘constant attenuation phantom’’,
contains a narrower distribution of larger (45–53 mm)
glass beads in gelatin and consists of three layers with
equivalent attenuation (0.45 dB/cm/MHz) and speed of
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sound (1549 m/s). The inner layer has a backscatter level
6 dB higher than that of the outer layers. The backscatter
coefficients as a function of frequency are plotted in
Figure 2 for both phantoms. Each curve in this figure
represents the backscatter measurements for the specific
layers of the constant backscatter and constant attenuation
phantoms. The BSC was measured using a rigorous
method (Chen et al. 1990) that provides system-
independent backscatter measurements on an absolute
scale. The homogeneous phantom is an oil-in-gelatin
dispersion that has approximately 0.5 dB/cm/MHz atten-
uation and 1540 m/s speed of sound.

Data acquisition and processing
Data were acquired from tissue mimicking phan-

toms described above using a Siemens SONOLINE
Antares (SiemensMedical Solutions USA, Inc., Malvern,
PA, USA) clinical ultrasound system with two linear
array transducers pulsed at 6 MHz (Siemens VFX9-4)
and 9 MHz (Siemens VFX13-5), respectively. Frames
of RF echo data were acquired both in the Axius Direct
Ultrasound Research Interface (URI) mode and EI (elas-
ticity imaging; eSie Touch, Siemens Medical Solution
USA, Inc.) mode. Details of the URI and the Siemens
Antares system are given by Brunke et al. (2007). Varying
amounts of external strain were applied to the phantoms
for each data set by pressing with the transducer
(mounted in a mechanical stage).

For each set of data, an ROI was chosen for an initial
frame. The ROI was tracked between frames using
motion tracking software (Jiang and Hall 2007). As the
phantom (or tissue) is deformed the position of specific
scatterers changes from one frame to the next. This
change in position is the displacement of the scatterers
due to phantom (or tissue) deformation. ‘‘Motion
tracking’’ software can track where the scatterers move
to (estimating their displacement vector) from the
previous frame. The displacement estimates for the ROI
were not used to compensate for motion (warp the RF
echo data back to its original coordinates) but only to

determine where that ROI had moved for cross correla-
tion with the appropriate data. The correlation between
a ‘‘pre-deformation’’ RF echo signal and a sequence of
post-deformation RF echo signals in an ROI was calcu-
lated between data frames. When the correlation was
small (we chose r , 0.2) the power spectrum of the
echo signals from the post-deformation ROI was calcu-
lated. As discussed above, low correlation values merely
demonstrate that statistically-independent echo signals
were achieved due to scatterer reorganizations under
mechanical deformations. Then, that post-deformation
echo signal became the new ‘‘pre-deformation’’ signal
and the process was repeated through the entire sequence
of deformed RF echo signal data. When that process was
complete, the resulting power spectra were averaged.

In most cases, unless specifically stated otherwise,
the window size was 3.85 mm by 2.89 mm (containing
approximately 15 uncorrelated A-lines). Power spectra
were computed using a Hann window and the ‘‘periodo-
gram’’ function in MATLAB (The MathWorks, Inc.,
Natick, MA, USA).

RESULTS

Three experiments and their results are described in
this section to validate the proposed deformation
compounding method. The first test was to verify that
correlation coefficient values between the pre- and post-
deformation echo signals is indeed a good indicator of
local scatterer reorganizations due to mechanical defor-
mations. The second test aimed at comparing standard
deviations of PSD estimates before and after the deforma-
tion compounding method was being applied. The third
experiment compared the performance of the proposed
deformation compounding method with the well-
established reference phantom method (Yao et al. 1990)

Fig. 1. Diagram of the three-layer phantoms made in the
University of Wisconsin phantom lab.
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Fig. 2. Backscatter coefficients for the layered phantoms
sketched in Figure 1.
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for backscatterer coefficient (BSC) measurements. In all
three experiments, RF echo data from the tissue-
mimicking phantoms described above were used.

Strain induced decorrelation
The amount of strain needed for RF echo data in

a single ROI to decorrelate was tested using the Antares
VFX9-4 transducer (Siemens Medical Solutions USA,
Inc.). The transducer was attached to a vertical translation
stage and brought into contact with a soft homogeneous
phantom. Single frames of RF echo data were taken,
each after a vertical translation of 0.5 mm, for a total of
10 mm of deformation on an initially 70 mm tall
phantom. A window size of 3.85 mm by 2.89 mm
(approximately 15 uncorrelated A-lines) was chosen.
Motion tracking software was used to follow a single
ROI from one data frame to the following deformed
frames. The correlation between the RF echo signals
for a single ROI was calculated between an initial frame
and one of the following frames with increasing deforma-
tion using eqn (4). Figure 3 shows the correlation between
frames as a function of axial strain for a centrally located
ROI. The plot shows the results for initial ‘‘reference’’
frames at a variety of initial deformations. The percent
strain in the plot is that relative to the starting frame not
the total applied strain. Zero strain, in this case, is based
on the difference in strain between the chosen ‘‘refer-
ence’’ frame, which is not necessarily in an undeformed
state, and the more deformed (‘‘target’’) frame. The RF
echo signals are decorrelated (r , 0.2) when the axial
deformation exceeds about 2% strain.

Figure 4 shows correlation verses strain for a variety
of ROI sizes and positions. Figure 4a shows the RF echo
signal correlation as a function of deformation for
varying ROI sizes. The larger ROIs have lower correla-
tions even for small strains. The echo signal decorrelation
that occurs when scatterer positions are redistributed
depends on their change in position (dd) relative to the
wavelength (l) of the probing ultrasound pulse. Strain
in the medium is a measure of relative displacement.
Consider uniform strain (in the direction of the acoustic
beam) occurring in a medium represented by an echo
signal data segment selected with a rectangular
(temporal) window. For window length T corresponding
to a spatial length D, the strain is 35 2dd=D and the
maximum displacement within the window is ddmax. If
the gate duration is half as long, the strain remains the
same but the maximum displacement within the window
becomes ddmax=2 (fewer wavelengths or a smaller frac-
tion of a wavelength). Here the 7.9 mm 3 5.78 mm
ROI decorrelated to less than 0.1 when the strain was
less than 1%. For very small ROIs, the RF does not decor-
relate as rapidly.

Figure 4b shows the RF echo signal correlation as
a function of deformation for varying ROI depths. The
signal does not decorrelate rapidly close to the transducer
(within the first few millimeters). This is partially due to
the friction between the transducer and phantom surface
preventing the scatterers from rearranging as the phantom
is deformed. Aside from this, depth does not affect the
strain-echo signal correlation relationship.

Figure 4c shows the RF echo signal correlation as
a function of deformation for varying lateral position of
the ROI. For the linear array transducers used in this
work, the lateral position in the RF echo field does not
affect the rate of signal decorrelation. These data also
indicate that deformation compounding can be accom-
plished with relatively little applied strain. For a total
change in strain of 10% there are six frames with correla-
tions below 0.2. For these low correlations the data is
sufficiently decorrelated to improve the SNR in the power
spectrum estimates, as shown in Figure 5.

Deformation compounding can significantly reduce
the standard deviation of echo signal power spectrum
estimates for regions containing randomly positioned
scatterers. The reduction in standard deviation by aver-
aging multiple observations is proportional to the one
over the square root of the number, n, of statistically inde-
pendent measurements. In our results the reduction is less
than 1=

ffiffiffi
n

p
because the data frames are not completely

statistically independent. Although the frames from
which the data are averaged are nearly decorrelated
(i.e., correlation , 0.2), they still have some residual
correlation. (This residual correlation between frames is
essential for our motion tracking of the ROI between
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Fig. 3. A plot of the correlation coefficient between an initial
radio-frequency (RF) echo region-of-interest (ROI) and succes-
sive observations of the ROI having undergone deformation.
Note that the RF echo signals from the same ‘‘piece of
phantom’’ are cross correlated (the motion of the ROI during

deformation is tracked).
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frames.) Because there is some small correlation between
the frames in deformation compounding the reduction in
the standard deviation of the power spectrum estimates is
less than the ideal 1=

ffiffiffi
n

p
. The deviation from 1=

ffiffiffi
n

p
,

where n is the number of frames, depends on the level
of correlation between frames.

When averaging spectral data under large values of n
the residual correlation will not impact the result as much,
and improvement due to deformation compounding will
approach the ideal. As can be seen in Figure 6 when the
correlation between frames is larger (r .0:5), the devia-
tion from the ideal 1=

ffiffiffi
n

p
is greater. Both combinations of

data (with correlations .0.5 and ,0.2) have variance
reduction approaching 1=

ffiffiffi
n

p
as the number of frames

averaged becomes large (20). Despite the slower than
ideal rate of improvement in spectral estimation there is
still a significant reduction in the standard deviation of
power spectral estimates using deformation compound-
ing, dropping nearly a factor of four when comparing
data for a single frame to data from 20 averaged frames.

Backscatter measurements
Backscatter coefficient measurements were made on

the layer phantoms using the reference phantom method

and deformation compounding. For each phantom the
echo signal power spectrum was computed for an ROI
and data from a reference phantom were used to account
for system dependent factors (Yao et al. 1990). The
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Fig. 4. Correlation compared with percent strain for a variety of (a) window sizes, (b) window depth and (c) window
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reference phantom was not deformed, but elevational
compounding (with 20 uncorrelated frames) was used
to improve the signal to noise ratios in the reference
signal spectrum. The backscatter and attenuation for the
reference had been carefully measured previously
(Fig. 2) using independent measurements.

Measurements of the backscatter coefficients were
made for all layers of both the constant attenuation
and constant backscatter phantoms. These measurements
were made with a single ROI of 5 mm by 5 mm and
using deformation compounding over three, five, seven
and nine frames. Figure 7 shows the average percent
standard deviation of the backscatter coefficients for
each of these measurements. In all cases deformation
compounding reduces the noise in the backscatter
measurements. The deeper layers show a higher frac-
tional standard deviation in power spectral density esti-
mates since there is less signal with increasing depth
and electronic noise contributes more to the spectral esti-
mate uncertainty.

Figure 8 shows a graph of the backscatter coeffi-
cients obtained with deformation compounding (with
nine frames) compared with the independently measured
values (shown in Fig. 2). In Figure 8(a) BSC measure-
ments are compared for the middle layer of the constant
backscatter phantom. In Figure 8(b) the measurement
results of the outer layers of the constant backscatter
phantom are compared. The independent lab-based
measurement uses a sample of the mixture poured at
the same time as the phantom. Because the phantom
material for those two layers is the same, only one
measurement is made. With deformation compounding,

we scan the phantom with an imaging system and are
making measurements at those two distinct depths. In
Figure 8(c) the BSC of outer layers of the constant
attenuation phantom are shown. Here only the top layer
is measured with deformation compounding. Last, in
Figure 8(d) the BSC for the middle layer of the constant
attenuation phantom is shown.

DISCUSSION AND CONCLUSIONS

Deformation compounding is an effective method to
reduce variance in tissue property measurements derived
from echo signal data. It is particularly useful for esti-
mates of tissue properties in small areas where other
methods of spatial averaging are not viable. Measure-
ments using deformation compounding are accurate and
there is a marked reduction in estimate variance
compared with the case of no compounding. This
improvement is not proportional to the square root of
the number of frames averaged because of the residual
correlation between frames when using deformation
compounding. It is possible to see improvement in
parameter estimate statistics for relatively small strains
since power spectral estimates from individual frames
can be effectively averaged when there is only 2% frame
to frame strain.

When using deformation compounding, the power
spectra should be monitored as a function of strain to
assure there is no notable change in overall fre-
quency dependence of scattering, such as reported by
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Insana et al. (2001). This is more important when
a large (incremental) strain range is used. With large
strains the scatterers themselves may be deformed, in
addition to being rearranged, which would affect their
scattering properties and therefore some tissue prop-
erty estimates (Insana et al. 2001). For all of our
data, the power spectra were monitored and showed
negligible shape variation due to strain. For example,
correlations were calculated between the initial frame
and subsequent deformed frames for an ROI in the
uniform phantom. The mean correlation was 0.98 and
the standard deviation between correlations was 0.007.

Deformation compounding is a promising method of
averaging echo signal power spectra for small ROIs and
further tests on soft scatterers and clinical data are called
for. It is potentially an excellent tool to isolate small ROIs
for acoustic property estimation in heterogeneous tissue.

Acknowledgments—The authors are grateful to Dr. Timothy Bigelow for
suggesting the concept of deformation compounding. The authors are
also grateful to Prof. Ernie Madsen for manufacturing the phantoms
used in this study. They also gratefully acknowledge NIH support
from grants R01CA100373 and R01CA111289.

REFERENCES

Bendat JS, Piersol AG. Random data: Analysis and measurement proce-
dures. 3rd edition. Hoboken, NJ: Wiley-Interscience; 2000.

Brunke SS, Insana MF, Dahl JJ, Hansen C, Ashfaq M, Ermert H. An
ultrasound research interface for a clinical system. IEEE Trans
Ultrason Ferroelectr Freq Control 2007;54:198–210.

Chen J, Zagzebski JA, Madsen EL. Tests of backscatter coefficient
measurement using broadband pulses. IEEE Trans Ultrason Ferroe-
lecte Freq Control 1990;40:603.

Fellingham LL, Sommer FG. Ultrasonic characterization of tissue struc-
ture in the in vivo human liver and spleen. IEEE Trans Son Ultrason
1984;31:418–428.

Garra BS, Insana MF, Sesterhenn IA, Hall TJ, Wagner RF, Rotellar C,
Winchester J, Zeman RK. Quantitative ultrasonic detection of paren-
chymal structural change in diffuse renal disease. Invest Radiol
1994;29:134–140.

Gerig A, Chen Q, Zagzebski J, Varghese T. Correlation of ultrasonic
scatterer size estimates for the statistical analysis and optimization
of angular compounding. J Acoust Soc Am 2004a;116:1832–1841.

Gerig AL, Varghese T, Zagzebski JA. Improved parametric imaging of
scatterer size eastimates using angular compounding. IEEE Trans
Ultrason Ferroelectr Freq Control 2004b;51:708–715.

Hall TJ, Insana MF, Harrison LA, Cox GG. Describing small-scale
structure in random media using pulse-echo ultrasound. Ultrasound
Med Biol 1996;22:987–997.

Insana MF, Wagner R, Brown DG, Hall TJ. Describing small-scale
structure in random media using pulse-echo ultrasound. J Acoust
Soc Am 1990;87:179–192.

101

10
−4

10−3

10−2

Frequency (MHz)

B
SC

 (
cm

−1
 s

r−1
)

DC measurements middle layer
Lab measurements middle layer

101

10
−4

10−3

Frequency (MHz)

B
SC

 (
cm

−1
 s

r−1
)

DC measurements bottom layer
DC measurements top layer
Lab measurements outer layers

101

10
−3

10−2

Frequency (MHz)

B
SC

 (
cm

−1
 s

r−1
)

DC measurements outer layers
Lab measurements outer layers

101

10
−3

10
−2

Frequency (MHz)

B
SC

 (
cm

−1
 s

r−1
)

DC measurements middle layer
Lab measurements middle layer

a b

c d

Fig. 8. Comparison of backscatter measurements using deformation compounding to backscatter measurements using
laboratory methods (Chen et al. (1990)) for the: (a) middle layer of the ‘‘constant backscatter phantom,’’ (b) top and
bottom layers of the ‘‘constant backscatter phantom,’’ (c) middle layer of the ‘‘constant attenuation phantom’’ and (d)

top layer of the ‘‘constant attenuation phantom’’.

Improving quantitative ultrasound techniques d M.-T. HERD et al. 2073



Author's personal copy

Insana MF, Hall TJ, Chaturvedi P, Kargel C. Ultrasonic properties of
random media under uniaxial loading. J Acoust Soc Am 2001;110:
3243–3251.

InsanaMF, Hall TJ, Fishback JL. Identifying acoustic scattering sources
in normal renal parenchyma from the anisotropy in acoustic proper-
ties. Ultrasound Med Biol 1991;17:613–626.

Insana MF, Wood JG, Hall TJ. Identifying acoustic scattering sources in
normal renal parenchyma in vivo by varying arterial and ureteral
pressures. Ultrasound Med Biol 1992;18:587–599.

Insana MF, Wood JG, Hall TJ, Cox GG, Harrison LA. Effects of
endothelin-1 on renal microvasculature measured using quantitative
ultrasound. Ultrasound Med Biol 1995;21:1143–1151.

Jiang J, Hall TJ. A parallelizable real-time ultrasonic speckle tracking
algorithm with applications to ultrasonic strain imaging. Phys Med
Biol 2007;52:3773–3790.

Li PC, O’Donnell M. Elevational spatial compounding. Ultrason
Imaging 1994;16:176–189.

LiuW. Invivoultrasoundscatterer size imagingon liver tumorswith aclin-
ical scanner. Ph.D. thesis, University of Wisconsin Madison, 2007.

Liu W, Zagzebski JA. Trade-offs in data acquisition and processing
parameters for backscatter and scatterer size estimations. IEEE
Trans Ultrason Ferroelectr Freq Control 2010;57:340–352.

Lizzi FL, Alam SK, Feleppa EJ. On the statistics of ultrasonic spectral
parameters. Ultrasound Med Biol 2006;31:1671–1685.

Lizzi FL, Astor M, Feleppa EJ, ShaoM, Kalisz A. Statistical framework
for ultrasonic spectral parameter imaging. Ultrasound Med Biol
1997a;23:1371–1382.

Lizzi FL, Astor M, Liu T, Deng C, Coleman DJ, Silverman RH. Ultra-
sonic spectrum analysis for tissue assays and therapy evaluation. Int
J Imaging Syst Technol 1997b;8:3–10.

Lizzi FL, GreenebaumM, Feleppa EJ, ElbaumM, Coleman D. Theoret-
ical framework for spectrum analysis in ultrasonic tissue character-
ization. J Acoust Soc Am 1983;73:1366–1373.

Lu ZF, Zagzebski JA, Lee FT. Ultrasound backscatter and attenuation in
human liver with diffuse disease. Ultrasound Med Biol 1999;25:
1047–1054.

Madsen EL, F. IM, Zagzebski JA. Method of data reduction for accurate
determination of acoustic backscatter coefficients. J Acoust Soc Am
1984;76:913–923.

Madsen EL, Frank GR, Carson PL. Interlaboratory comparison of ultra-
sonic attenuation and speed measurements. J Ultrasound Med 1986;
5:569.

O’Donnell M, Silverstein SD. Optimum displacement for compound
image generation in medical ultrasound. IEEE Trans Ultrason Fer-
roelectr Freq Control 1988;35:470–476.

Oelze ML, O’Brien WD. Method of improved scatterer size estimation
and application to parametric imaging using ultrasound. J Acoust
Soc Am 2002;112:3053–3063.

Oelze ML, O’Brien WD, Blue JP, Zachary JF. Differentiation and char-
acterization of rat mammary fibroadenomas and 4t1 mouse carci-
nomas using quantitative ultrasound imaging. IEEE Trans Med
Imaging 2004;23:764–771.

Oelze ML, Zachary JF, O’Brien WD. Characterization of tissue micro-
structure using ultrasonic backscatter: Theory and technique for
optimization using a gaussian form factor. J Acoust Soc Am 2002;
112:1202–1211.

Padilla F, Jenson F, Laugier P. Influence of the precision of spectral
backscatter measurements on the estimation of scatterers size in
cancellous bone. Ultrasonics 2006;44:e57–e60.

Romijn R, Thijssen J, VanbeuningenG. Estimation of scatterer size from
backscattered ultrasound: A simulation study. IEEE Trans Ultrason
Ferroelectr Freq Control 1989a;36:593–606.

Romijn RL, Thijssen JM, Van Delft JL, de Wolff-Rouendaal D,
Van Best J, Oosterhuis JA. In vivo ultrasound backscattering estima-
tion for tumour diagnosis: An animal study. Ultrasound Med Biol
1989b;15:471–479.

Sleefe G, Lele P. On estimating the number density of random scatterers
from backscattered acoustic signals. Ultrasound Med Biol 1988;14:
709–727.

Trahey GE, Smith SW, von Ramm OT. Speckle pattern correlation with
lateral aperture translation: Experimental results and implications
for spatial compounding. IEEE Trans Ultrason Ferroelectr Freq
Control 1986;33:257–264.

Varghese T, Donohue KD. Characterization of tissue microstructure
scatterer distribution with spectral correlation. Ultrason Imaging
1993;15:238–254.

Varghese T, Donohue KD. Mean-scatterer spacing estimates with spec-
tral correlation. J Acoust Soc Am 1994;96:3504–3515.

Wagner RF, Insana MF, Brown DG. Statistical properties of radio-
frequency and envelope-detected signals with applications to
medical ultrasound. J Opt Soc Am 1987;4:910–922.

Wagner RF, Smith SW, Sandrik J, Lopez H. Statistics of speckle in
ultrasound b-scans. IEEE Trans Son Ultrason 1983;LvSU:
156–163.

Wear KA, Wagner RF, Insana MF, Hall TJ. Application of autoregres-
sive spectral analysis to cepstral estimation of mean scatterer
spacing. IEEE Trans Ultrason Ferroelectr Freq Control 1993;
UFFC-40:50–58.

Yao LX, Zagzebski JA, Madsen EL. Backscatter coefficient measure-
ments using a reference phantom to extract depth-dependent instru-
mentation factors. Ultrason Imaging 1990;12:58–70.

2074 Ultrasound in Medicine and Biology Volume 37, Number 12, 2011




