
Ultrasound in Med. & Biol., Vol. 32, No. 11, pp. 1639–1648, 2006
Copyright © 2006 World Federation for Ultrasound in Medicine & Biology

Printed in the USA. All rights reserved
0301-5629/06/$–see front matter
doi:10.1016/j.ultrasmedbio.2006.05.006

● Original Contribution

EXAMINATION OF CANCER IN MOUSE MODELS USING HIGH-
FREQUENCY QUANTITATIVE ULTRASOUND

MICHAEL L. OELZE,*‡ and JAMES F. ZACHARY
†‡

*Bioacoustics Research Laboratory, Department of Electrical and Computer Engineering; †Department of
Pathobiology; and ‡Department of Bioengineering, University of Illinois, Urbana, IL, USA

(Received 21 November 2005; revised 27 April 2006; in final form 4 May 2006)

Abstract—Two mouse models of mammary cancer (a carcinoma and sarcoma) were examined using quantitative
ultrasound (QUS). Scatterer property estimates, i.e., the average scatterer diameter (ASD) and average acoustic
concentration (AAC), were estimated from regions-of-interest (ROIs) inside the tumors. Initially, the spherical
Gaussian model was used over an analysis bandwidth of 10 to 25 MHz to obtain ASD and AAC estimates. ASD
estimates were 31.7 � 9.36 �m and 31.0 � 7.20 �m for the carcinomas and sarcomas, respectively. AAC
estimates were 6.77 � 8.75 dB[mm–3] and 9.87 � 9.24 dB[mm–3], respectively. The initial ASD and AAC
estimates did not yield statistically significant differences between the two kinds of tumors (p � 0.83, 0.86 for the
ASD and AAC estimates, respectively). However, optical photomicrographs revealed distinct morphologic
differences between the tumors. F-tests on the average power spectra from the tumors revealed statistically
significant differences between the spectra over the range of 16 to 25 MHz. ASD and AAC estimates using the
spherical Gaussian model were then obtained over the new analysis bandwidth of 16 to 25 MHz. The new ASD
estimates were 42.1 � 4.01 �m and 32.1 � 3.81 �m for the carcinomas and sarcomas, respectively. The new AAC
estimates were 16.4 � 17.1 dB[mm–3] and 36.4 � 11.9 dB[mm–3], respectively. Statistically significant differences
were observed for both the ASD and AAC estimates when using the new analysis bandwidth. Structural
differences between the tumors were revealed by both QUS and optical photomicrographs. (E-mail:
oelze@uiuc.edu) © 2006 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Qualitative ultrasound (QUS) has been used successfully
to diagnose and monitor disease, such as cancer. Further-
more, QUS approaches have been used to differentiate
different kinds of tissues (Insana et al. 1991; Lizzi et al.
1983, 1987; Miller et al. 1983; Oelze et al. 2002). QUS
images, images enhanced by scatterer parameters like the
average scatterer diameter (ASD) and average acoustic
concentration (AAC), have been constructed for test
phantoms (Insana and Hall 1990) and tissues (Feleppa et
al. 1986, 1988, 1999; Insana and Brown 1993; Lizzi et al.
1997a; Silverman et al. 1995). The AAC is defined as the
number of scatterers per unit volume multiplied by the
squared difference in acoustic impedance between the
scatterers and surrounding medium (Feleppa et al. 1988).
In clinical settings, QUS has been used to successfully
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diagnose prostate cancer, ocular tumors and cardiac ab-
normalities (Feleppa et al. 1997; Lizzi et al. 1997a;
Miller et al. 1983). QUS backscattering techniques have
also been used to characterize different aspects of tissue
microstructures (Lizzi et al. 1997b). Noteworthy are the
pioneering works of Lizzi et al. (1983, 1987) that dem-
onstrated theoretically and experimentally the ability to
ultrasonically quantify ocular, liver and prostate tissues.

Feleppa et al. (1986) found that the effective scat-
terer size (ASD) in ocular tumors was a strong indicator
of malignant cancer. Larger ASDs were observed in
malignant tumors as opposed to surrounding normal tis-
sues. The AAC was less sensitive for cancer detection
than the scatterer size but was helpful for diagnostically
distinguishing between ambiguous cases (Lizzi et al.
1987). Feleppa et al. (1996) and Balaji et al. (2002) also
demonstrated that QUS provided greater diagnostic ac-
curacy in prostate-cancer detection and lesion localiza-
tion than all other noninvasive techniques combined.

Although initial studies by Feleppa et al. (1986) sug-
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gested that the AAC was less sensitive for detecting
ocular tumors than the scatterer size (Silverman et al.
1997), later studies (Feleppa et al. 1997) suggested that
there were large differences in both ASD and AAC
between malignant and nonmalignant regions, emphasiz-
ing a potentially important role for the latter.

Anisotropy measurements of scattering in the kid-
ney revealed that changes in the effective scattering
strength (same as the AAC defined in this study) were
responsible for the anisotropy of backscatter and not
changes in scatterer size (Insana et al. 1991). In that
work, the glomeruli (�200 �m) and afferent and efferent
arterioles (�50 �m) were identified as the principal
structures responsible for scattering at diagnostic ultra-
sound frequencies (1 to 15 MHz). These studies led to
investigations into using QUS images of the scatterer
properties to detect changes in renal microanatomy
(Garra et al. 1994; Hall et al. 1996; Insana et al. 1992,
1995). QUS imaging techniques were capable of differ-
entiating among conditions that caused increased cortical
echogenicity and structural changes like glomerular hy-
pertrophy. Furthermore, ASD estimates agreed well with
measurements of those structures made using biopsy
samples.

In a previous study, Oelze et al. (2004) were able to
distinguish between benign fibroadenomas and mam-
mary carcinomas in rodent models of breast cancer using
QUS techniques. Furthermore, the estimated scatterer
properties were related to actual tissue morphology by
comparisons with optical photomicrographs of stained
tissue sections. Success in using ultrasound to diagnose
breast cancer in humans has been limited. System-de-
pendent techniques for evaluating echogenic features of
B-mode images have had limited success in detecting
and classifying breast cancer. Several studies in the lit-
erature describe improved means of diagnosing breast
abnormalities, specifically distinguishing cystic from
solid tumors and differentiating among solid breast tu-
mors, in an effort to improve diagnostic accuracy. One
well-known study is by Stavros et al. (1995), who de-
scribed a set of criteria, e.g., relative “echogenicity,”
shadowing, speculation, lobulation features, etc., for di-
agnosing breast lesions. This work was followed by an
effort to encode many of the criteria into an automated
algorithm (Drukker et al. 2002). The limited success of
system-dependent techniques for detecting and classify-
ing breast cancer could be improved by augmentation
with QUS analysis.

The successes of QUS in earlier studies of ocular
tumors, renal tissues, prostate cancer, and breast lesions
suggested that variance in scatterer property estimates
from tissues was manageable and did not destroy the
effectiveness of the techniques. On the basis of those

previous successes, two malignant cases of mammary
cancer in mouse models were studied using QUS tech-
niques: a carcinoma and a sarcoma.

MATERIALS AND METHODS

Animal use
The experimental protocol was approved by the

Institutional Animal Care and Use Committee of the
University of Illinois and satisfied all campus and Na-
tional Institutes of Health rules for the humane use of
laboratory animals.

Mouse carcinomas
A mouse mammary tumor cell line (4T1 [CRL-

2539]) was purchased from American Type Culture Col-
lection (ATCC, Manassas, VA, USA). This cell line was
chosen because of its homogeneous cytologic character-
istics and because the tumors are models for stage IV
human breast cancer in growth patterns (Aslakson and
Miller 1992; Pulaski and Ostrand-Rosenberg 1998; Pu-
laski et al. 2000). For example, the 4T1 mouse mammary
tumor spontaneously metastasizes while the primary tu-
mor is in place, analogous to human tumors (Pulaski et
al. 1998) Further, the locations of these metastases are
common between the mouse and human malignancies.

The 4T1 cells have relatively uniform morphology:
they are oval to polygonal in shape with large prominent
nuclei. Extracellular matrix was minimal to nonapparent.
We used these cells as an in vivo model for uniform
scattering statistics in tissues. In the context of QUS
imaging, the tumors from this cell line mimic the appear-
ance of ductal carcinoma in situ (DCIS) in humans. Cells
related to DCIS in humans appear to be monomorphic in
nature (unless surrounded by Paget cells that are pleo-
morphic with abundant cytoplasm) and can consist of
sheets of carcinoma cells (Cotran et al. 1999). Similarly,
the 4T1 mouse mammary tumors contain sheets of car-
cinoma cells that appear to be monomorphic in nature.

The 4T1 cells were stored at –70°C, thawed at 37°C
in a water bath, grown in Roswell Park Memorial Insti-
tute (RPMI) 1640 medium with 10% fetal bovine serum
(FBS) and antibiotic/antifungal supplements (ATCC),
and incubated at 37°C at 100% humidity and 5% CO2.
Cells were grown in 75-cm2 tissue culture flasks (T-75,
Corning Incorporated, Corning, NY, USA). When cells
were 80% confluent (i.e., adherent cell line), they were
rinsed with RPMI 1640 medium lacking FBS or supple-
ments and then covered with 2.0 mL of Trypsin-EDTA
(ATCC) to detach the cells from the flask. The cells were
gently and repetitively drawn through a 10-mL pipette to
individualize the cells. The number of cells present in an
80% confluent flask was determined to be approximately
107 cells/mL. The approximate number was calculated

by counting the number of cells in a small area of the
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flask and extrapolating to estimate the total number of
cells contained in the entire flask.

Detached cells were washed two times with 10 mL
of RPMI 1640 medium lacking FBS or supplements and
resuspended in RPMI 1640 medium lacking FBS or
supplements to concentration of 105 cells/mL. The ab-
dominal mammary fat pad of anesthetized 8- to 16-week-
old female BALB/c mice (Harlan, Indianapolis, IN,
USA) was injected with 0.1 mL of suspended 4T1 cells
(approximately 104 cells). The injected cells initiated
visible tumor growth in 100% of mice within 8 to 10
days postinjection (Pulaski and Ostrand-Rosenberg
1998). Tumors in the mice were allowed to grow until
they had reached 1 cm in diameter (typically three to four
weeks post injection). Mice were then anesthetized and
humanely killed under anesthesia by cervical dislocation.
The tumors were ultrasonically imaged in situ by record-
ing the backscattered RF signals (see Ultrasound scan-
ning procedures). The scanning system consisted of me-
chanically translating a single-element transducer across
the tumor. The animals were euthanized before scanning
because tumor motion due to breathing in live animals
during scans caused distortion in the subsequent ultra-
sound images (humans can compliantly hold their breath
for several seconds). The trade-off for scanning eutha-
nized animals is that the effects of blood flow on ultra-
sound backscatter could not be characterized.

Ten 4T1 tumor-bearing mice were analyzed using
QUS. For each mouse, the tumor and surrounding area
were shaved with electric clippers and depilated (Nair®).
Each euthanized mouse was placed in a holder in a tank
of degassed water at 37°C for scanning with an ultra-
sonic transducer. After scanning, tumors were excised,
fixed in 10% neutral-buffered formalin, processed and
embedded in paraffin, sectioned at 5 �m, and stained
with hematoxylin and eosin (H&E) for routine histologic
evaluation by light microscopy. The tumors were diag-
nosed as mouse mammary carcinomas following his-
topathologic evaluation.

Mouse sarcomas
A mouse sarcoma tumor cell line (Englebreth-

Holm-Swarm, EHS [CRL-2539]) was purchased from
American Type Culture Collection (Manassas, VA,
USA). This cell line was chosen because it produced
abundant extracellular materials and basement-mem-
brane components (laminin, collagen IV, entactin, and
heparan sulfate proteoglycan) (Kleinman et al. 1986;
Timpl et al. 1979). Like the carcinoma cell line, the cells
were relatively uniform in morphology: they were oval
to polygonal in shape with large prominent nuclei and
arranged in groups usually containing less than 20 cells
per group. Groups of cells were distributed at random in

the abundant extracellular matrix, thus, in many areas
such groups of cells were widely separated, which re-
sulted in identifiable structural differences when com-
pared with the carcinomas. We used these cells as an in
vivo model for uniform scattering statistics in tissues and
to examine the role of extracellular matrix in ultrasonic
scattering.

Mice were weighed and then anesthetized with ket-
amine hydrochloride (87.0 mg/kg) and xylazine (13.0
mg/kg) administered intraperitoneally before injection
with EHS cells. Initially the EHS cells were stored at
–70°C. Culturing procedures consisted of thawing the
cells at 37°C in a water bath and injecting them into three
C57BL/6 mice. The cells were cultured in vivo. The mice
would develop visible tumors after 14 to 21 days post
inoculation. When the tumors were about 1 cm in diam-
eter, the tumors were harvested from the mice, minced
and injected intramuscularly (over the hind limb) into
C57BL/6 mice. The number of mice injected depended
on the tumor yield from the three mice. Some of the
newly injected mice were then used to continue the
culturing process and some were used in the QUS
analysis.

The mice to be analyzed with QUS were examined
daily for tumor progression. When tumors reached a
diameter of 1.0 cm (usually about 14 to 21 days after
inoculation), mice were anesthetized and humanely eu-
thanized under anesthesia by cervical dislocation. The
tumors of the mice were scanned in situ ultrasonically
and analyzed using QUS.

Ten EHS tumor-bearing mice were used in the
study. For each mouse, the tumor and surrounding area
were immediately shaved with electric clippers and dep-
ilated (Nair®). The mouse was then placed on a holder in
a tank of degassed water at 37°C for scanning with an
ultrasonic transducer. After scanning, the EHS-cell tu-
mors were excised, processed, and evaluated as previ-
ously described for 4T1-cell tumors.

Ultrasound scanning procedures
A single-element, weakly focused transducer was

used to scan the mice. The transducer had a measured
center frequency of 20 MHz at the focus and a 75%
–6-dB pulse/echo bandwidth that extended from 10 to 25
MHz. The aperture diameter of the 20-MHz transducer
was 6 mm with a focus measured at 22 mm.

This transducer was interfaced with a Panametrics
5900 pulser/receiver. The received radiofrequency (RF)
signals were acquired using a digital oscilloscope (Lec-
roy 9354TM, Chestnut Ridge, NY, USA) and down-
loaded to a PC computer for postprocessing. The oscil-
loscope digitized using 8-bit samples at a sampling rate
of 200 MS/s. The transducers were moved laterally
across the tumor by a micropositioning system with a

distance of 50 �m between adjacent scan lines. The
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attenuation for both kinds of tumors was 0.4 dB MHz–1

cm–1 based on insertion loss measurements made using
sliced carcinoma and sarcoma tumor tissues.

Estimation routines
Acoustic-scattering theories for biologic tissues as-

sume that the tissues can be modeled as inhomogeneous
fluids (Insana and Brown 1993). Scattering occurs when
an acoustic wave interacts with a region that has different
acoustic impedance relative to the surrounding tissue or
fluid. Acoustic signals backscattered from biologic tis-
sues contain information about the size, shape, number
and relative acoustic impedance of the scattering regions
within the tissues. Analysis of the frequency content of
backscattered signals (the normalized backscattered
power spectrum) from tissues allows the estimation of
certain average scatterer properties. These estimates rep-
resent ensemble averages of scatterer properties from
specified ROIs.

Estimates of the average scatterer properties are
found by comparing the normalized backscattered power
spectrum of the RF signal gated from each ROI to a
theoretical backscattered power spectrum. The backscat-
tered power spectrum is the squared magnitude of the
Fourier transform of the range gated RF signal. The
theoretical backscattered power spectrum has been mod-
eled from a three-dimensional (3-D) spatial autocorrela-
tion function (SAF) describing the shape and distribution
of scatterers in the medium (Insana et al. 1991; Insana
and Brown 1993; Lizzi et al. 1987, 1997a; Oelze et al.
2002). The SAF models assume plane wave incidence,
the Born approximation (Ishimaru 1978), single scatter-
ing, and the absence of shear waves (Insana et al. 1990;
Morse and Ingard 1968).

An SAF model that has been used commonly to
describe soft tissue scattering is the spherical Gaussian
model. The spherical Gaussian model has been used for
many years and for many applications to obtain estimates
of scatter properties (Lizzi et al. 1997a; Nassiri and Hill
1986; Nicholas 1982). The spherical Gaussian model has
been used because at low frequency the shape of the
normalized backscattered power spectrum appeared to fit
many tissue scattering measurements. Furthermore, the
properties of the spherical Gaussian model allowed rapid
classification schemes because it could be linearized in
log space (Oelze et al. 2002).

A theoretical power spectrum has been constructed
that incorporated range gating effects using a Hanning
window and lateral beam pattern effects by Lizzi et al.
for the spherical Gaussian scatterers (Lizzi et al. 1983,

1987, 1997a; Feleppa et al. 1986),
Wtheor�f� �
185Lq2aef f

6 nz f 4

�1 � 2.66f(qaef f)
2�e�12.3 f 2aef f

2

, (1)

where f is the frequency (MHz), aeff, is the effective
scatterer radius (mm), nz, the AAC of scatterers (mm–3),
L is the axial length of the range gated region (Hanning
window) and q is the ratio of the aperture radius to
distance from the ROI. The effective scatterer radius
represents the correlation length associated with a spatial
impedance profile described by a Gaussian function. The
ASD was estimated by doubling the effective scatterer
radius. Equation (1) describes the scattering from an ROI
located spatially within the depth of field of a weakly
focused transducer where the wavefront can be assumed
to be planar. The AAC is defined as the number density
of scatterers times the square of the impedance mis-

match, i.e.,
Zscat�Zback

Zback
, between scatterer and back-

ground.
The measured backscattered power spectrum for an

ROI was constructed by averaging the backscattered
power spectra measured from the echo signals of the set
of scan lines within the ROI. The measured backscat-
tered power spectrum is given by (Insana and Hall 1990),

Wcomp�f� �
1

N
A�f, L��

n�1

N

�FT�pn�t���2

Wref�f� , (2)

where FT�pn�t�� represents the Fourier transform of the
gated RF signal of the nth scan line, N is the number of
gated scan lines contained within an ROI, A(f,L) is a
frequency-dependent attenuation-compensation function
(Oelze and O’Brien 2002) and Wref�f� is a reference
power spectrum. The reference power spectrum was
obtained by recording RF signals from reflections off a
smooth planar surface of known reflectivity normal to
the transducer beam axis. The planar reflector was trans-
lated from location at the front of the depth of field of the
transducer to the back of the depth of field with a
distance of 75 �m (the wavelength at 20 MHz) between
steps. At each point the RF signal reflected from the
smooth planar surface was recorded. The reference
power spectrum for an ROI was calculated by averaging
the squared magnitude of the Fourier transform of each
reflected RF signal corresponding to the axial location of
the ROI. The effects of the equipment on the power
spectrum measurement were factored out by dividing by
the reference power spectrum (Insana and Hall 1990;
Lizzi et al. 1983; Oelze et al. 2002). Dividing by the
reference power spectrum normalized the measured
backscattered power spectrum. The measured backscat-
tered power spectrum was compensated for attenuation

losses according to the frequency-dependent attenuation-
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compensation function, A(f,L), derived for echo signals
gated with Hanning windows (Oelze and O’Brien 2002).

Estimates of the scatterer properties were made
using the technique of Oelze et al. (2002) by comparing
the logarithm of the measured backscattered power spec-
trum, eqn (2), with the logarithm of the theoretical power
spectrum, eqn (1) (Oelze et al. 2002),

10log10Wcomp�f� � 10log10 f 4 � m�aef f, q�f 2

� b�nz, aef f, L, q�. (3)

Subtracting 10log10 f 4 from both sides of eqn (3) and
letting x � f2 yields

y � 10log10Wcomp�	x� � 10log10 x2 � m�aef f, q�x

� b�nz, aef f, q, L�. (4)

Equation (4) describes a straight line vs. x where the
slope, m, is a function of aeff and q, and the intercept, b,
is a function of aeff, nz, q, and L. The quantity q is
determined by the characteristics of the operating trans-
ducer and L is known. To obtain the scatterer estimates,
least-squares analysis was used to find the best-fit slope
and intercept from the log of the averaged backscattered
power spectrum of eqn (4) (Oelze et al. 2002). Once the
average effective scatterer radius (ASD) was estimated
from the slope of eqn (4), the AAC was estimated from
the intercept and estimate of the ASD. Typically, AAC
values span a large dynamic range. Therefore, estimates
of AAC were expressed in a decibel scale,

nzdB
� 10lognz, (5)

referenced to an acoustic concentration, nz, equal to
unity.

Construction of quantitative ultrasound images
Before QUS images were constructed, B-mode im-

ages were generated from the RF data acquired in the
mouse scans. From the B-mode images, ROIs were se-
lected inside the tumors where the B-mode images ap-
peared to be homogeneous (no interfaces or large ech-
oes). The axial length of an ROI corresponded to the
range-gated RF echo with length of 1.5 mm. The lateral
length of an ROI was also held at 1.5 mm (corresponding
to 30 scan lines separated by 50 �m). Estimates of
scatterer properties were made for each ROI from the RF
signals using QUS analysis and eqn (4). ROIs were
chosen within the tumor so that axially and laterally an
overlap of 66% existed from one ROI to the next.

Images revealing the spatial mapping of the scat-
terer-property estimates within the tumor were created
by depicting the scatterer-property estimate at a particu-
lar location with a specific pixel color. Each pixel rep-

resented the average scatterer-property estimates from
three or more overlapping ROIs. The colored pixels were
then superimposed on the original grey-scale B-mode
image of the tumor to form the enhanced QUS image.

RESULTS

Enhanced QUS images of the carcinomas and sar-
comas utilizing the estimates of the ASDs are displayed
in Fig. 1. Initial estimates were obtained using the spher-
ical Gaussian model with an analysis bandwidth of 10 to
25 MHz. The colorbar in Fig. 1 corresponds to scatterer
diameter estimates ranging from 0.0 to 160.0 �m. The
large range of ASD values was used because previous
QUS studies of benign mammary fibroadenomas in ro-
dent models revealed estimated ASDs of as much as
160.0 �m (Oelze et al. 2004) Examination of the QUS
images does not allow distinguishing of carcinomas from
the sarcomas. The ASD estimates for both tumors are
given in the histogram of Fig. 2a. The average estimated
ASDs for both tumors were 31.7 � 9.36 �m and 31.0 �
7.20 �m for the carcinomas and sarcomas, respectively.
Analysis of variance (ANOVA) was used to determine
statistically significant differences between the ASD es-
timates from the carcinomas and sarcomas. A statisti-
cally significant difference was not observed between the
carcinomas and sarcomas from the ASD estimates (p �
0.83).

Enhanced QUS images of the carcinomas and sar-
comas utilizing the estimates of the AAC are displayed
in Fig. 3. The large range of AAC denoted by the

Fig. 1. Representative ASD images of mouse carcinomas (left
panel) and mouse sarcomas (right panel).
colorbar was chosen based on previous QUS studies of
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benign mammary fibroadenomas in rodent models
(Oelze et al. 2004). Examination of these images does
not allow the distinguishing of the carcinomas from the
sarcomas. The actual AAC values for both tumors are
given in the histogram of Fig. 2b. The estimated AAC
values for both tumors were 6.77 � 8.75 dB (mm–3) and
9.87 � 9.24 dB (mm–3) for the carcinomas and sarco-
mas, respectively. A statistically significant difference
was not observed between the carcinomas and sarcomas
from the AAC estimates (p � 0.86).

A feature analysis plot (Fig. 4) of the AAC vs. the
ASD indicates that the carcinomas and sarcomas are not
separable based on the scatterer property estimates ob-
tained by using the spherical Gaussian model for ultra-
sound backscatter with the initial analysis bandwidth.

Fig. 2. Histograms representing the (a) ASD and (b) the
sarcomas. The error bars r

Fig. 3. AAC images of mouse carcinomas (left panel) and

mouse sarcomas (right panel).
The points representing the two different kinds of tumors
fall on top of each other and no line can be drawn in Fig.
4 separating one kind of tumor from the other. Further-
more, examination of Fig. 4 reveals that larger ASD
estimates correlate to smaller AAC estimates.

Examination of optical photomicrographs of the
two kinds of tumors did reveal significant structural
differences between the carcinomas and sarcomas. Fig-
ure 5a and b are optical photomicrographs of the carci-
nomas and sarcomas. The carcinomas had relatively uni-
form morphology (i.e., homogenous scatterer environ-
ment) and minimal extracellular matrix. The cells were
oval to polygonal in shape with prominent nuclei and a
cytoplasmic volume 50% to 200% greater than the nu-
clear volume. The ratio of cytoplasmic area relative to
nuclear area was made by visually estimating the nuclear
area from the two-dimensional (2-D) optical photomi-
crographs of the tumors and the total area of the pho-
tomicrograph slide. The average nuclear diameter was
calculated to be 13 �m, and details of this analysis can be
found in Oelze et al. (2004). If the average nuclear

estimated from the 10 mouse carcinomas and 10 mouse
nt one standard deviation.

Fig. 4. Feature analysis plot of the AAC vs. the ASD for the 10
mouse carcinomas, Œ, and 10 mouse sarcomas, □, using the
AAC
analysis bandwidth of 10 to 25 MHz.
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diameter was 13 �m and total cell volume was 50% to
200% larger than the nuclear volume, then the total cell
diameter ranged between 20 and 39 �m. Comparison of
the cell sizes estimated from the optical photomicro-
graphs and ultrasound ASD estimates suggested the cells
could be a significant source of backscatter.

To test the importance of cells to scattering, carci-
noma cells grown in culture were examined using the
ultrasound system and QUS technique. The carcinoma
cells were grown in culture, harvested, and gently cen-
trifuged at 900 rpm for 10 min into a pellet. The pellet
was placed in a tube of 1-cm diameter and covered with
Saran® wrap to act as a scanning window. Figure 6 is an
ASD image of the cell pellet. The ASD estimated from
the carcinoma cell pellet was 28.0 � 9.00 �m. No
statistically significant differences existed between the
ASD estimates of the cell pellets and carcinoma tumors.
No comparisons were made between the sarcoma tumors
and cell pellets of the sarcoma cells because the sarcoma

Fig. 5. Optical photomicrographs of (a)
Fig. 6. Grey-scale B-mode image of a carcinoma cell pe
cells were cultured in vivo and therefore not amenable to
pelleting.

The sarcomas (Fig. 5b) were similar to the carcino-
mas (Fig. 5a) in that the average nuclear size appeared to
be approximately the same for both. However, instead of
a uniform distribution of cells within the tumor, the cells
in the sarcomas were arranged in groups that ranged
from one cell diameter in size to almost 100 �m in
diameter. The clumped structures were surrounded by an
extracellular matrix consisting of collagen IV, entactin,
and heparan sulfate proteoglycan (essentially a gel-like
material [matrigel]) (Kleinman et al. 1986; Timpl et al.
1979).

While the technique is system-independent and cor-
relation appeared to exist between ASD estimates and
average cell sizes, the technique was unable to distin-
guish between the two kinds of tumors interrogated. The
biologic variance between the carcinoma and sarcoma
microstructure observed in the optical photomicrographs

se carcinoma and (b) a mouse sarcoma.
llet and ASD image of the carcinoma cell pellet.
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did not translate into statistically significant differences
between the estimates of the scatterer properties of the
carcinomas and sarcomas using the current QUS analy-
sis. One hypothesis explaining the failure of the current
QUS analysis to distinguish between the carcinoma and
sarcoma is that the model being used for scattering
estimates was not sensitive to these differences observed
microscopically. Because the spherical Gaussian model
is a predictor of the backscattered power spectrum, to test
the hypothesis, F-tests using two-way ANOVA were
conducted on the averaged power spectra from the car-
cinomas and sarcomas.

The F-test can be used to determine if one curve
does not fit another curve by comparing the variance
between each sampled point between the curves. An
F-test on two curves indicates whether there exist statis-
tically significant differences between the two curves
being compared. Figure 7 is a graph of the averaged
power spectra from the carcinomas and sarcomas. F-tests
conducted on the averaged power spectra from the car-
cinomas and sarcomas did not indicate statistically sig-
nificant differences (p � 1.0) over the analysis band-
width (10 to 25 MHz). However, posttests on different
frequency bands indicated that the largest bandwidth
over which statistically significant differences between
the two curves existed was over the frequency range of
16 to 25 MHz (p � 0.05). The F-tests indicated that
statistically significant differences existed between the
backscattered power spectra from the carcinomas and
sarcomas over the frequency ranges 16 to 25 MHz that
were not revealed by the spherical Gaussian model over
the initial analysis bandwidth (10 to 25 MHz).

Based on the results of the F-tests, ASD and AAC
estimates were obtained by means of the spherical
Gaussian model using a new analysis bandwidth of 16 to
25 MHz. The estimated ASD values were 42.0 � 4.01

Fig. 7. Images of the averaged power spectra from the carci-
nomas, �, and sarcomas, ‘ Error bars represent the standard

error of the average spectra for the 10 animals.
�m and 32.1 � 3.81 �m for the carcinomas and sarco-
mas, respectively. The estimated AAC values were 16.4
� 17.1 dB (mm–3) and 36.4 � 11.9 dB (mm–3) for the
carcinomas and sarcomas, respectively. Statistically sig-
nificant differences were observed using both the ASD
and AAC estimates between the carcinomas and sarco-
mas with the new analysis bandwidth. The feature anal-
ysis plot (Fig. 8) using the new analysis bandwidth
reveals a separation between the carcinoma and sarcoma
estimates.

DISCUSSION

Two animal models for cancer were examined using
QUS and optical microscopy. The QUS analysis was
based on the spherical Gaussian model to parameterize
the backscattered power spectra from tumors and esti-
mate scatterer properties. The goals of this QUS analysis
were to: (1) develop a system-independent technique for
quantifying tissue, (2) relate the scatterer property esti-
mates to underlying tissue microstructure, and (3) distin-
guish between different kinds of tumors based on the
quantified information (scatterer properties). Because of
the procedures for normalizing the backscattered power
spectra, the QUS technique can be considered system-
independent.

Examination of the optical photomicrographs of the
tumors suggested that the cells were the structures inside
the tumors most likely responsible for the measured
backscatter. In the case of the carcinomas, the cells were
uniform in size and shape and distributed as solid sheets
of cells throughout the tumor. In the case of the sarco-
mas, the cells were uniform in size and shape but ar-
ranged in groups of cells distributed at random in the
extracellular matrix throughout the tumor. The differ-
ences in the way the cells were distributed in the two
tumors suggest that the AAC should be an important
parameter for revealing these differences. However, no

Fig. 8. Feature analysis plot of the AAC vs. the ASD for the 10
mouse carcinomas, Œ, and 10 mouse sarcomas, □, using the
analysis bandwidth of 16 to 25 MHz.
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statistically significant differences were observed using
QUS with the initial analysis bandwidth of 10 to 25 MHz
and the spherical Gaussian model. We hypothesize that
the failure to detect differences using the initial analysis
bandwidth was due to the spherical Gaussian model not
being sensitive to features of the backscattered power
spectra that could identify these differences.

Further evidence supporting the hypothesis that
cells were responsible for scattering came from exami-
nation of pellets of the carcinoma cells grown in culture.
No statistically significant differences were observed be-
tween ASD estimates from the tumors and cell pellets.
The similarity between ASD estimates suggests that cells
were responsible for backscatter from the cell pellets and
from the carcinoma tumor.

In the analysis of both tumors, a correlation be-
tween the ASD and the AAC existed. Examination of
Fig. 4 revealed that larger ASD estimates correlated to
smaller AAC estimates. Two possibilities may explain
this correlation. First, if larger scatterers exist in a
tissue, then fewer of these scatterers can be contained
within a unit volume. Therefore, larger scatterers lead
to smaller estimates of AAC (number density is
smaller). Second, if the ASD is overestimated, then
estimates of AAC will be underestimated because the
AAC is estimated from the slope parameter of eqn (4),
which is a function of the ASD.

The QUS analysis was not successful at distinguish-
ing between the carcinomas and sarcomas using the
spherical Gaussian model over the analysis bandwidth of
10 to 25 MHz. Scatterer property estimates were not
significantly different between the carcinomas and sar-
comas. The two kinds of tumors could be distinguished
from the optical photomicrographs but could not be
distinguished from the scatterer property estimates using
the spherical Gaussian model over the 10 to 25 MHz
analysis bandwidth.

Although QUS is capable of differentiating between
benign and malignant cancers (Oelze et al. 2004), the
variance of scatterer property estimates was not small
enough to differentiate between different kinds of ma-
lignant cancer (the carcinomas and sarcomas) using the
spherical Gaussian model over the initial analysis band-
width (10 to 25 MHz). However, F-tests revealed that
significant differences existed between the average back-
scattered power spectra of the carcinomas and sarcomas
over the bandwidth 16 MHz to 25 MHz. The differences
suggest that better scattering models are needed to dis-
criminate between the carcinomas and sarcomas over a
large bandwidth or that appropriate frequency ranges for
analysis need to be used with current models.

New ASD and AAC estimates were obtained by
using the spherical Gaussian model over the portion of

the bandwidth of the averaged backscattered power spec-
tra, 16 to 25 MHz, where F-tests revealed statistical
differences existed between the sarcomas and carcino-
mas. Several important results occurred from using the
analysis bandwidth of 16 to 25 MHz over the initial
analysis bandwidth. First, statistically significant differ-
ences between the carcinomas and sarcomas were ob-
served. The separation between the estimates from the
carcinomas and sarcomas can be observed in the feature
analysis plot of Fig. 8. Second, the standard deviation of
ASD estimates was reduced by almost half using the 16
to 25 MHz analysis bandwidth. If ASD estimates are
more precise, then ASD estimates will be a better pa-
rameter for classifying tissues. Third, the analysis re-
vealed that the spherical Gaussian model was adequate to
detect the differences from the two kinds of tumors given
that the appropriate frequency ranges were used. The
results suggest that care should be taken in choosing an
appropriate analysis bandwidth when using a model like
the spherical Gaussian model.

Comparing QUS estimates with the underlying
morphology did not reveal a one-to-one relationship of
ASDs with actual structures. If the hypothesis that cells
were the dominant source of scatter was correct, than
ASD estimates should have been nearly identical be-
tween the carcinomas and sarcomas. Second, because of
the abundant extracellular matrix in the sarcomas (lower
cell number density), the AAC estimates for sarcomas
should have been less than the AAC estimates for the
carcinomas. The results using the 16 to 25 MHz analysis
bandwidth revealed statistically significant differences in
ASD estimates and yielded AAC estimates for the sar-
comas that were much larger than AAC estimates for the
carcinomas. Therefore, either the hypothesis that cells
are the dominant source of scattering is wrong or other
effects not accounted for in the theory exist. The ASD
estimates from the cell pellets support the hypothesis that
cells are a dominant source of backscatter in the tumors;
therefore, other possible effects not taken into account by
the theory should be examined. Some researchers have
suggested that in tumors with a tightly packed, uniform
distribution of cells, the assumption of a random scatter-
ing medium may be violated (Hunt et al. 2002; Tunis et
al. 2005). Periodic structures in the tumors, if not taken
into account, will affect the ASD and AAC estimates.
More study needs to be conducted to determine the
effects on scatterer property estimates of periodicities in
the scattering medium.

Because F-tests indicated statistical differences over
the frequency ranges of 16 MHz to 25 MHz, the appli-
cation of the QUS techniques in clinical situations may
be limited to superficial cancer detection and classifica-
tion. To observe microstructural changes at the level of
the cells and cell growth patterns, high ultrasonic fre-

quencies must be used (�16 MHz in the two cases
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examined). For example, the most precise scatterer size
estimates can be made when ka �1.0 (Insana et al.
1990). At 20 MHz in tissue (speed of sound �1540 m/s),
QUS is most sensitive to ASD estimates of 24.5 �m
(about the size of the cancer cells examined). Due to
tissue attenuation, examination of deep-seeded tumors
with high-frequency ultrasound (�16 MHz) may not be
possible. However, for superficial cancers (e.g., ocular,
thyroid, cervical, prostate, skin and superficial breast
tumors) interrogating with higher frequency ultrasound
and QUS techniques is possible.
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