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Women with high mammographic breast density have a four- to fivefold increased risk of devel-
oping breast cancer compared to women with fatty breasts. Many preventative strategies have
attempted to correlate changes in breast density with response to interventions including drugs and
diet. The purpose of this work is to investigate the feasibility of assessing breast density with
acoustic velocity measurements with ultrasound tomography, and to compare the results with ex-
isting measures of mammographic breast density. An anthropomorphic breast tissue phantom was
first imaged with our computed ultrasound tomography clinical prototype. Strong positive correla-
tions were observed between sound speed and material density, and sound speed and computed
tomography number �Pearson correlation coefficients=0.87 and 0.91, respectively�. A cohort of 48
women was then imaged. Whole breast acoustic velocity was determined by creating image stacks
and evaluating the sound speed frequency distribution. The acoustic measures of breast density
were evaluated by comparing these results to two mammographic density measures: �1� qualitative
estimates determined by a certified radiologist using the BI-RADS Categorical Assessment based
on a 1 �fatty� to 4 �dense� scale, and �2� quantitative measurements via digitization and computer-
ized analysis of archival mammograms. A one-way analysis of variance showed that a significant
difference existed between the mean values of sound speed according to BI-RADS category, while
post hoc analyses using the Scheffé criterion for significance indicated that BI-RADS 4 �dense�
patients had a significantly higher sound speed than BI-RADS 1, 2, and 3 at an alpha level of 0.05.
Using quantitative measures of breast density, a direct correlation between the mean acoustic
velocity and calculated mammographic percent breast density was demonstrated with correlation
coefficients ranging from 0.75 to 0.89. The results presented here support the hypothesis that sound
speed can be used as an indicator of breast tissue density. Noninvasive, nonionizing monitoring of
dietary and chemoprevention interventions that affect breast density are now possible. © 2007
American Association of Physicists in Medicine. �DOI: 10.1118/1.2428408�
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I. INTRODUCTION

Every two minutes, a woman in the United States is diag-
nosed with breast cancer, making it the leading cancer
among American women. Identifying women who are at
high risk may better enable preventive measures that have
the potential to reduce the incidence of breast cancer. Mam-
mographically dense breast tissue is strongly associated with
an increased breast cancer risk, with a relative risk of up to
four to five times more for the densest breast category.1–4 In
addition, mammographic density, defined as the ratio of fib-
roglandular to total breast areas, has been shown to be more
prognostic of overall breast cancer risk than nearly all other
risk factors.5–7 Despite this compelling evidence, mammo-
graphic breast density remains a poorly recognized and not
well understood risk factor for a variety of reasons.

Current breast density estimation techniques typically in-
volve a radiologist’s visual assessment of the mammograms
using the four-category Breast Imaging Reporting and Data
System �BI-RADS� lexicon. This subjective density classifi-
cation is limited because of considerable intra- and inter-

8,9
reader variability. Furthermore, any intrinsic relationship
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between breast density and breast cancer risk is greatly ham-
pered by the marked decrease in cancer detection as breast
density increases.10 Another technique employed to measure
breast density involves computer-aided segmentation of digi-
tized mammograms. This approach has proven to be more
accurate, but is cumbersome and time consuming, thereby
making it impractical to carry out larger studies. Finally, a
mammogram is a two-dimensional �2D� projection which, by
definition, does not provide an accurate volumetric estimate
of the density due to the breast thickness not being taken into
account. Presumably, the risk of breast cancer would have a
stronger relationship to the volume of dense tissue as op-
posed to the projected area, which is the topic of a future
paper. Despite the shortcomings of using mammography for
breast density estimation, it remains the established standard
of care in breast cancer screening and diagnosis, and there-
fore is used to evaluate the clinical relevance of our tech-
nique. To address all of these limitations, the volumetric
measure that we are presenting involves a much different
approach by utilizing whole-breast acoustic velocity as an

overall indicator of breast density. Here, whole-breast acous-
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tic velocity is defined as a global sound speed measure ob-
tained through a sound speed histogram developed from ul-
trasound transmission tomograms, as described further in
Sec. II.

Under assumption that tissue is fluid-like, the speed of
sound �V� has the following relationship to the elastic con-
stant �c� and material density ��� of the material through
which it travels:

V =� c

�
. �1�

From this relationship, it is apparent that the average velocity
through human tissue would be related to the tissue density
and elasticity. Water, which has similar properties to tissue,
has a bulk elastic constant of 2.2�109 N/m2.11 In the case
of myocardial tissue, there is evidence to suggest that tissue
density correlates linearly with sound speed.12 If these results
extend to breast tissue, it will be possible to measure breast
density quickly and safely in large trials by virtue of ultra-
sound’s noninvasive, nonionizing nature. The feasibility of
making sound speed measurements in the breast has been
demonstrated historically as well as in recent scientific litera-
ture by our group, although the relationship between sound
speed and breast density has yet to be investigated.13–16

Mammographic estimates of breast density are typically
based on one mammographic view and represent a single-
valued measurement. In this paper, we describe an analogous
technique for obtaining a single-valued estimate of the aver-
age sound speed of the breast based on whole-breast imag-
ing. The technique is made possible by our working clinical
scanner that operates on the principles of ultrasound
tomography.16 A brief description of the scanner, a calibra-
tion of the technique with phantom measurements, and initial
in vivo data are presented.

II. METHODS AND MATERIALS

A. CURE device

The principles of CURE, or Computerized Ultrasound
Risk Evaluation, operation and image reconstruction were
described previously, although a brief overview is outlined
here.16 Figure 1 �left� depicts the patient setup for the ultra-
sound scan, which is markedly different than that for mam-
mography or conventional ultrasound. The patient is posi-
tioned prone with the breast situated through a hole in the
canvas bedding. This results in the breast being suspended in
the water tank. The water, with well-defined sound speed
properties, serves as both the coupling medium and matching
layer between the breast tissue and transducer. In addition, a
water-coupled method permits the breast to maintain its natu-
ral shape without deformation or tissue displacement typi-
cally encountered in traditional mammographic or ultrasonic
scanning. This unique imaging device produces coronal im-
aging similar to breast magnetic resonance, but without the
pendulant effect of gravity.

The 20-cm-diam ring transducer, with an operating fre-

quency of 1.5 MHz, encircles the breast and begins scanning
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near the patient’s chest wall. The ultrasound signal is sequen-
tially transmitted by each element and subsequently received
with all 256 elements situated around the ring. A motorized
gantry translates the ring along the breast, ranging from near
the chest wall through the nipple region, as shown in Fig. 1
�right�. One complete scan leads to approximately 45 tomog-
raphic slices of data per patient, taking about 1 min to image
the entire breast volume. The data are then transferred to the
PC workstation for reconstruction to yield sound speed
images.

B. Phantom construction and image analysis

An anthropomorphic breast phantom, constructed by Dr.
Ernest Madsen of the University of Wisconsin, provided
tissue-equivalent scanning characteristics of breast tissue.
Materials characteristic of fat and fibroglandular tissue con-
tained masses ranging in size from 6 to 14 mm with varying
mass densities. The phantom was scanned with the CURE
device, and image reconstructions of sound speed maps were
performed. For ease of image manipulation and analysis, all
of the sound speed images were exported from the CURE
program into the public domain software IMAGEJ, a package
developed with support from the National Institute of Health
�available at http://rsb.info.nih.gov/ij�.17 To preserve the
sound speed measurements and units �m/s�, the CURE native
files were converted into ASCII images using GRID CONVERT

�Geospatial Designs, Version 1.0� and subsequently imported
into IMAGEJ. The images were segmented using a semiauto-
matic segmentation routine written in the Java language and
integrated into IMAGEJ. Regions of interest �ROIs� for each
phantom component were selected by applying a k-means
clustering routine. This approach segments images via
grouping gray-level pixels according to their proximity to
randomly initialized centroid values.18 The only user input
required was to define the number of clusters used in seg-
mentation. While it is less advantageous to introduce user
input, most methods of mammographic density calculation
utilize interactive thresholding that requires the user to define
two different gray-level values: one associated with dense
tissue and one with the image background. Statistics from
the computer-defined sound speed ROIs were tabulated and
correlated with the manufacturer-stated density. A correlation
between the manufacturer-stated and measured CURE sound
speeds is discussed in another publication.19 In addition, a

FIG. 1. The patient setup and clinical prototype of the CURE device. Left:
Prone patient positioning for the CURE scan. Right: Close-up of the imag-
ing tank showing the transducer ring affixed to a mechanical arm that steps
the ring down while imaging the entire breast volume.
computed tomography �CT� scan taken during the construc-



746 Glide, Duric, and Littrup: Evaluating breast density utilizing ultrasound tomography 746
tion of our phantom at the University of Wisconsin was ana-
lyzed using the same segmentation procedures, and a corre-
lation was made between the sound speed and CT number
for each phantom component.

C. Patient dataset

All of the patients in this study were recruited from the
Walt Comprehensive Breast Center located at KCI and sub-
sequently imaged with our in-house clinical ultrasound to-
mography prototype. All imaging procedures were per-
formed under an institutional review board approved
protocol and in compliance with the Health Insurance Port-
ability and Accountability Act. The initial patient population
included 48 case sets and provided a variety of breast shapes,
patient ages, and breast densities.

D. Qualitative mammographic density estimates

To initially determine the feasibility of using the CURE
device for breast density assessment, a sample of 48 patient
mammograms was assessed according to the four BI-RADS
compositional categories of: �1� almost entirely fat ��25%
glandular�, �2� scattered fibroglandular �25%–50% glandu-
lar�, �3� heterogeneously dense �51%–75% glandular� and
�4� extremely dense ��75% glandular�. The American Col-

TABLE I. The BI-RADS compositional category distribution for our patient
population.

BI-RADS compositional category Patient sample

1: Fatty 6
2: Scattered 23
3: Heterogeneous 15
4: Dense 4

FIG. 2. �A� Craniocaudal mammogram with the breast edge defined by a mix
shown in �B�. �C� Total breast area with chest wall segmented using the k-me
remaining breast area using k-means clustering. The mammographic percent

breast area shown in �C�.
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lege of Radiology has established the BI-RADS categories as
the current standard of care to define breast density
composition.20 Therefore, a board-certified radiologist �P.L.�
with over ten years of advanced mammography experience
examined the mammograms corresponding closest to the
CURE exam date. Patients were assigned to a BI-RADS
breast density category and their distribution is shown in
Table I. The majority of the sample was distributed in the
two intermediate categories, which is consistent with the
findings from previous studies.21,22 The median patient age
was 48.0 years �range, 19–85�.

Previous work has demonstrated substantial intra- and
inter-observer variation in BI-RADS compositional category
estimates.8,9 The usage of this qualitative measure was only
preliminary for our study and served to substantiate the hy-
pothesis, thereby justifying the more involved quantitative
estimation of breast density described in the next section.
Further efforts were not made to evaluate the variability in
the BI-RADS descriptor, particularly because this work has
already been evaluated by other researchers as mentioned
previously. A more rigorous method was then applied to in-
dependently estimate breast density via quantitative mea-
surements.

E. Quantitative mammographic density measurements

Once a preliminary relationship was confirmed between
acoustic velocity and BI-RADS category, a more quantitative
technique was investigated to evaluate breast density. Mam-
mograms in the craniocaudal �CC� projection were selected
for 43 patients. Five patients were not included in this por-
tion of the analysis because either they did not have mam-
mograms available at the time of digitization, or the CURE
sound speed data were corrupted in a hard drive failure. The
median age for the reduced sample was 49 years �range: 28–

odeling technique, with separation between the breast area and background
luster segmentation routine. �D� Dense area �light gray� segmented from the
ty was calculated by dividing the dense area �light gray in �D�� by the entire
ture m
ans c
densi
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85�. The films were digitized using a Vidar VXR-16 Dosim-
etry Pro digitizer, a TWAIN interface �version 5.2.1�, and the
application of a logarithmic translation table. To ease data
handling and storage, a scanning resolution of 71 dpi and
8 bit depth were utilized. Because the calculation of mam-
mographic percent density has been shown to be a coarse
measure, high resolution images were not required.23 Previ-
ous research has shown that a representative measure of
mammographic breast density can be obtained using a single
CC projection of one breast due to strong left-right breast
symmetry.24 Therefore, for mammograms containing a lesion
that was expected to artificially contribute to the dense area
measurement, the contralateral breast CC films were used.

The goal of this study was not to develop automated soft-
ware for image segmentation, but rather to evaluate the fea-
sibility of using acoustic properties to evaluate breast
density. Therefore, an interactive computer-assisted segmen-
tation routine was implemented for two purposes: �1� to seg-
ment breast area from background and radiographic markers,
and �2� to segment dense from fatty portions of the breast. To
define the breast region, a mixture-modeling algorithm was
employed using IMAGEJ.17,25 This algorithm separated the
gray-level histogram of an image into two classes using
Gaussian modeling and calculated the image threshold as the
intersection of the Gaussians as shown in Fig. 2�B�. Once the
background and radiographic markers were eliminated, the
chest wall was segmented and deleted from the total breast
area using the k-mean clustering technique described previ-
ously, as illustrated in Fig. 2�C�. Furthermore, another itera-
tion of the same segmentation routine was applied to the
remaining breast area to segment out the dense parenchyma
as shown in Fig. 2�D�. Finally, the mammographic percent
density was calculated as the segmented dense breast pixel
area divided by the total breast pixel area �not including the
chest wall� and subsequently converting this ratio into a
percentage.

FIG. 4. �A� Shown is a CT scan of the CURE phantom. The dark areas corre
in the phantom. The scale shows the CT number of each component �unitless
with the CT scan shown in �A�. Scale demonstrates the sound speed measur

speed image to distinguish regions of interest for each component’s sound speed
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F. Acoustic velocity „sound speed… measurements
with CURE

The sound speed measurements, as described in our pre-
vious studies, are based on the signals transmitted through
the breast tissue and are used to generate maps of the sound
speed distribution.16 The sound speed images are calibrated
on an absolute scale in units of meters/second �m/s�. Abso-
lute calibration is possible because the arrival times of the
transmitted signal are compared to water, whose sound speed
is known at the time and temperature of the scan. The current
spatial resolution of our transmission measurements is ap-
proximately 4 mm and measurements of sound speed can be
measured to an accuracy of about ±5 m/s per voxel.16 In
addition, the thickness of each image slice is �10 mm, gen-
erating about 45 overlapping slices for each patient so that
the entire breast volume is imaged.

For ease of image manipulation and analysis, sound speed
tomograms for each patient slice were exported from the
CURE program into IMAGEJ. The radiologist consulted avail-
able mammograms, standard ultrasound, and CURE images

FIG. 3. Sound speed frequency distribution for a patient’s breast used to
determine the mean and standard deviation of volumetric sound speed.

d to fat inclusions and the light regions indicate dense inclusions embedded
� CURE sound speed tomogram of the CURE phantom. Note the correlation
m/s. �C� K-means cluster segmentation �five clusters� applied to the sound
spon
�. �B
ed in
measurement.
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to verify the location and extent of abnormalities �i.e., le-
sions� not considered part of the normal breast architecture.
These abnormal lesions were segmented from the sound
speed slices using the same k-means clustering routine de-
scribed for segmenting our mammograms. Image stacks
were created for each segmented patient breast, and sound
speed frequency histograms were developed for entire stacks,
as shown in Fig. 3. Because an image stack corresponds to
the entire breast volume, the histograms represent the statis-
tical distribution of all sound speed voxels within that breast.
The histogram was then analyzed to determine the overall
mean sound speed value for each breast imaged. The net
result is a single-valued estimate of the average sound speed
that is representative of the whole breast.

III. RESULTS

A. Phantom study

Figure 4 illustrates a CT scan, CURE sound speed tomo-
gram, and k-means cluster segmentation of the sound speed
tomogram for one slice of the anthropomorphic breast phan-
tom. The fat inclusions, subcutaneous fat layer, and tumor
inclusions were discernible from the surrounding fibroglan-
dular tissue in both the CT scan and CURE sound speed
tomogram. Figure 4�A� shows the CT cross section of the
phantom, with the fat inclusions and subcutaneous fat layer
appearing dark �low CT number� while the dense tumor-like
inclusions appear light �high CT number�. The k-means clus-

TABLE II. The manufacturer stated density, CURE m
anthropomorphic breast phantom.

Phantom component
Density
�g/cc�

Large fat sphere �6:00� 0.94
Subcutaneous fat 0.94
Small fat sphere �1:00� 0.94
Fibroglandular tissue 1.05
Irregular tumor �3:00� 1.07
High attenuating tumor �9:00� 1.12

FIG. 5. A comparison of the sound speed obtained with CURE images and th

Pearson correlation coefficient=0.87; �right� CT number, Pearson correlation coe
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tering routine segmented regions of interest for each phan-
tom component and the following table summarizes the re-
sults �see Table II�.

The sound speed correlation with breast density was
evaluated using a Pearson correlation coefficient for two con-
tinuous variables and is shown in Fig. 5 �left�. The results
demonstrate a strong positive association between sound
speed and material density �Pearson correlation coefficient
=0.87�. This same trend was observed between sound speed
and CT number �Pearson correlation coefficient=0.91�, also
shown in Fig. 5 �right�. As expected, there was a strong
correlation between the CT number and mass density, with a
Pearson correlation coefficient of 0.99 �not shown�. To better
illustrate the sound speed profile, a surface plot of the same
phantom sound speed slice is shown in Fig. 6. The sound
speed was elevated in the two different dense feature regions.
In the velocity profile, we also observe two distinct valleys in
sound speed values for the regions of fat inclusions. The
difference between the large fat inclusion and surrounding
fibroglandular tissue in the phantom was found to be ap-
proximately 30 m/s.

B. In vivo results

1. Qualitative breast density measurements

To demonstrate a relationship of our results with the cur-
rent standard of care for measuring mammographic breast
density, our volumetric sound speed measurements were ar-

ed sound speed, and CT numbers for the segmented

Mean sound speed
±StDev �m/s�

Mean CT number
±StDev �unitless�

1491±16 −60±6
1494±10 −68±27
1510±2 −58±7
1524±5 11±14
1551±18 59±14
1534±3 82±6

ss density and CT number of each phantom component. �Left� Mass density,
easur
e ma

fficient=0.91.
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ranged according to BI-RADS compositional category for all
48 patients. The resulting distribution is illustrated by the
boxplot in Fig. 7. One extreme value, defined as more than
three interquartile ranges from 25th to 75th sound speed per-
centiles, was detected in the BI-RADS 3 �heterogeneous�
category and eliminated from the subsequent analysis. In
general, an overall increase in mean sound speed was ob-
served with increasing BI-RADS category. A one-way analy-
Medical Physics, Vol. 34, No. 2, February 2007
sis of variance revealed that a significant difference existed
between the mean values of sound speed according to BI-
RADS category �p�0.01�. Post hoc analyses using the
Scheffé criterion for significance indicated that patients in
the dense breast category had a significantly higher mean
sound speed than patients with fatty and scattered breast den-
sities at an alpha level of 0.05. In addition, a statistically
significant difference between the mean sound speed of the

FIG. 6. The sound speed surface plot
of the phantom image. The z axis is
the sound speed in m/s, and the x and
y directions are the pixel locations.
The increased sound speeds in the re-
gions corresponding to the tumor-like
regions and the fat valleys correlating
with fat inclusions are also present.
The legend in the top right-hand cor-
ner indicates the sound speed in m/s.

FIG. 7. Box plot of mean sound speed value for 48
patients categorized by BI-RADS compositional cat-
egory. One extreme value shown was eliminated from
the statistical analysis. The differences between catego-
ries �Fatty, Dense�, �Scattered, Dense�, and �Scattered,
Heterogeneous� were all found to be significant using a
one-way analysis of variance and Scheffé post hoc
analysis.
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scattered and heterogeneous breast patients was detected ��
=0.05�. The mean difference between the fatty and dense
categories was approximately 92.3 m/s �standard error
=21.0 m/s�.

2. Quantitative breast density measurements

For the reduced sample of 43 patients, the mean mammo-
graphic percent density was 36.3±14.5% while the mean
sound speed was 1426.3±39.8 m/s. Figure 8 shows the
comparison between the mean sound speed and calculated
mammographic percent density with corresponding curve
fits. In general, sound speed increased with an increase in
mammographic percent density. To better understand the em-
pirical relationship between mammographic percent density
and sound speed, least-squares fits were applied to the data

FIG. 8. A comparison of the mean sound speed measurement and quantitativ
the reduced sample of 43 patients. �A� Observed data; �B� linear fit, correlati
correlation coefficient=0.89.
and are summarized in Table III.
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IV. DISCUSSION

We sought to demonstrate the feasibility of using sound
speed to evaluate mass density using an anthropomorphic
breast phantom. The phantom’s inclusions are clearly detect-
able and match closely in the CT scan �Fig. 4�A�� and sound
speed tomogram �Fig. 4�B��. The reconstruction of the sound
speed image is quantitative in terms of the size, location, and

cent density, obtained through digitizing and segmenting mammograms, for
efficient=0.75; �C� quadratic fit, correlation coefficient=0.89; �D� cubic fit,

TABLE III. An analysis of the relationship between mammographic percent
density �x� in patient mammograms and volumetric CURE sound speed �y�
obtained by least-squares fitting using different mathematical models.

Mathematical equation
Correlation
coefficient

Std error
of estimate

y=1350.93+2.07x 0.75 26.53
y=1449.59−3.553x+0.07x2 0.89 18.59
y=1410.84+0.10x−0.03x2+0.001x3 0.89 18.52
e per
on co
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sound speed of the abnormality. Furthermore, the k-means
clustering segmentation technique applied �Fig. 4�C�� was
more than adequate for differentiating each inclusion, spe-
cifically in the separation between the fatty and fibroglandu-
lar components. The irregular boundary at the fibroglandular
and subcutaneous fat interface was well defined, with the
former having approximately 30 m/s higher sound speed
than the latter. As expected, the denser phantom materials
yielded significantly higher sound speed measurements.
However, the current resolution of the prototype sound speed
images limits true characterization of masses below 10 mm.
As a result, partial averaging of the sound speed measure-
ments was observed between the smaller �6 mm� inclusions
and adjacent fibroglandular tissue. Therefore, effects of the
surrounding fibroglandular tissue reduced the sound speed
for the highly attenuating tumor while increasing the sound
speed for the small fat inclusion �1:00 position�. Despite this
limitation, this paper sought only to characterize the overall
tissue content of the breasts, which was well within resolu-
tion limitations.

Figure 5 �left� shows the strong positive correlation �Pear-
son correlation coefficient=0.87� between sound speed and
material density, which was consistent with the results pre-
viously obtained with myocardial tissue.12 A slightly stronger
correlation was observed between our measured sound speed
and CT number �Pearson correlation coefficient=0.91� as
shown in Fig. 5 �right�. The three-dimensional surface plot
shown in Fig. 6 best illustrates the magnitude of change in
sound speed for different phantom components, specifically
between the fibroglandular tissue and the fatty and tumor
inclusions. This demonstrates the ability of using CURE
sound speed tomograms to discriminate between fatty and
fibroglandular tissue, a characteristic essential for the evalu-
ation of breast density. The results presented here clearly
suggest that it is feasible to utilize sound speed measure-
ments to assess material density. These results lend support
to our hypothesis, and allowed us to further this investigation
in vivo.

Next, we obtained sound speed measurements for a
sample of 48 patients. Figure 7 presents the relationship be-
tween whole-breast sound speed and qualitative breast den-
sity measures �BI-RADS categories�. In general, the mean
sound speed of the breast increased with increasing
BI-RADS breast density category. Statistically significant
differences in mean sound speed were found between the
following breast density categories: �fatty, dense�, �scattered,
dense�, and �scattered, heterogeneous�. The mean difference
between the fatty and dense categories was approximately
90 m/s, revealing that detectable sound speed changes ac-
cording to BI-RADS category, the current standard of care,
were achieved. However, the relationship between BI-RADS
category and sound speed demonstrated limited clinical ap-
plicability because of the wide range of sound speed values
for each breast density category. This was particularly true
for BI-RADS Category 4 patients, where the standard devia-
tion of the sound speed measurements was �63 m/s. Wide

variations in measurement can be attributed to several fac-

Medical Physics, Vol. 34, No. 2, February 2007
tors, including the coarseness of BI-RADS categories, the
subjectivity involved in the radiologist’s visual assessment,
limited sample numbers, and the single measurement avail-
able for each patient. To further address this, we investigated
the direct comparison of sound speed with calculated mam-
mographic density, to distinguish if a continuous sound
speed measurement scale may be more informative than the
coarse scale currently used in the BI-RADS 4-category
lexicon.

Next, we compared our sound speed measurements to
mammographic percent density obtained by applying a semi-
automatic segmentation routine to digitized mammograms
for 43 patients. Figure 8 shows this comparison for the re-
duced sample size of 43 patients, and an increase in sound
speed was seen with an increase in mammographic percent
density. A linear fit was applied to the data points, yielding a
moderate positive correlation �Pearson Correlation
Coefficient=0.75�. However, this linear fit was not ideal be-
cause our data exhibited an asymptotic minimum threshold
representing a base line sound speed for fattier breasts.
Therefore, nonlinear fitting was applied, which exhibited
higher correlation coefficients �0.84, 0.89� and lower stan-
dard errors than for linear fitting. The asymptotic part of the
curves shown in Fig. 8 showed that breast sound speed
stayed relatively constant over the range of 0 to �40% breast
density. This result was consistent with the results demon-
strated in Fig. 7 that compared sound speed to BI-RADS
category. Here, the BI-RADS 1 and 2 category patients did
not have a statistically significant difference, much like we
observed in Fig. 8. However, breast sound speed appears to
be a sensitive predictor of mammographic density in women
with mammographic density greater than 40%, even with
this limited patient sample. This is an important result be-
cause our methods appear to be most sensitive at the higher
breast densities, where the associated breast cancer risk is
also the greatest. These results indicate that the relationship
between sound speed and mammographic breast density is
not simple, and detailed modeling of this relationship was
not warranted because of the limited number of data points
used for this preliminary study.

We are continuing to recruit patients, and additional data
will allow improved evaluation of the relationship between
sound speed and mammographic density. In addition, we
have begun the development of a model that will attempt to
estimate the contribution of potential confounding factors
such as breast stiffness. It is possible that breast stiffness
contributes to sound speed independently of density �Eq.
�1��, as may be the case for breast tissue affected by fibro-
cystic disease or local edema. We also attempt to model the
impact of additional factors such as the effect of comparing
volumetric measurements �sound speed� with area-based
measurements �percent mammographic density�. The results
of this ongoing study will be presented in a future paper.

Some shortcomings in our current study include the
coarse scale used in the BI-RADS category definition and
having only one radiologist assess this parameter. However,
the purpose of this study was not to reevaluate the BI-RADS

descriptor, but rather to compare our sound speed measure-
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ments to the current standard of care as a preliminary proof
of concept. A clear advantage of using sound speed to evalu-
ate breast density is having the potential to develop a con-
tinuous and quantitative measurement scale that would be far
superior to the coarse scale of the BI-RADS categories.

Another limitation is that we imaged only 48 women for
this analysis, with the majority of our sample in the interme-
diate breast density categories. However, this distribution is
consistent with the demographic of the female population as
a whole. Additional patient recruitment efforts are currently
being exercised to enroll patients with dense and fatty breasts
into our study. In addition, the correlation between breast
density and sound speed would be better determined in a
larger clinical trial that controlled for menstrual cycle in pre-
menopausal women and allowed repeated measurements to
determine intra-patient variability.

A potential shortcoming of using mammography to evalu-
ate breast density is that the projected area is used, and not
the entire breast volume. Tomosynthesis mammography de-
vices are becoming available that would allow multiple se-
quential area estimates26 and consideration has been given to
low-dose breast CT.27 However, ultrasound presents a dis-
tinct benefit by allowing repeated measurements without ion-
izing radiation concerns. Thereby, sequential measurements
from dietary and/or neo-adjuvant chemotherapeutic studies
cannot only measure impacts on tumor response, but also
detect changes in the surrounding breast composition.

The volumetric sound speed measurement obtained in this
study is representative of the entire breast, although further
studies are under way to evaluate the usefulness of segment-
ing fibroglandular regions from the sound speed images to
define an overall measurement of percent dense volume. In
addition, it has been suggested that utilizing a relative mea-
sure to assess mammographic percent density may mask the
extent of dense fibroglandular tissue due to the impact the
total breast area has on the ratio.28 To address this issue, a
comparison can be made directly between the segmented
dense mammographic area and the segmented high sound
speed volume, therefore eliminating the effects of the sur-
rounding nondense tissue. Using a volumetric measure of
sound speed has the potential to more accurately define
breast density than other methods currently allow, which
may contribute to the understanding of the relationship be-
tween breast density and breast cancer risk.

The results presented above suggest that, from a statistical
point of view, both x-ray and acoustic imaging lead to single-
valued measurements that provide comparable measurements
of breast density. However, our acoustic approach has poten-
tial advantages based on ultrasound’s nonionizing nature in
addition to the imaging device requiring minimal clinical
time. A typical exam with our prototype takes approximately
5 min for patient set up and 1 min to perform the scan. Fur-
thermore, there is no breast compression and little operator
dependence. These advantages may reduce the current barri-
ers to large-scale trials that are preventing a better under-

standing of the nature of the relationship between cancer risk
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and breast density, while providing new options for repeated
monitoring of therapeutic responses and/or chemopreven-
tion.

V. CONCLUSION

The purpose of this paper was to report on a study inves-
tigating the potential of using acoustic velocity to assess
breast density. This hypothesis was evaluated using both
phantom and in vivo data. The phantom results demonstrated
that sound speed measurements are well correlated with mass
density and CT number of the phantom material. Applying
the same methodology of sound speed analysis to in vivo
data yielded significant differences in the average sound
speed values between the lowest and highest BI-RADS com-
positional categories. This result suggests that our methods
of evaluating breast density are consistent with the current
standard of care. Furthermore, mammograms were digitized
and subsequently analyzed to evaluate the strong association
that exists between breast sound speed and mammographic
percent density.

While this patient sample size is limited, the preliminary
results obtained in this investigation support the hypothesis
that utilizing acoustical velocity, as a means to assess mam-
mographic breast density, is feasible. By accurately identify-
ing women who are at a higher breast cancer risk due in part
to increased breast density, our approach would enable pre-
ventive measures that have the potential to monitor a quan-
titative variable that may correspond to eventual reduction in
breast cancer incidence. Our approach to evaluating breast
density has the potential to provide a safer, nonionizing, and
more quantitative means of evaluating breast density, thus
better elucidating the relationship that exists between breast
density and breast cancer risk.
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