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Abstract— A method was developed to map tissue properties
of the entire breast including sound speed and attenuation using
fully 3D nonlinear inverse-scattering tomography. Clinical
measurements suggest that in breast tissue benign and
cancerous lesions may be identified in part by these inherent
acoustic parameters. Sound speed accuracy and linearity are
very high over a wide range (1325-1700 m/sec) with ~1.5 mm
resolution at 2 MHz in transmission mode. Attenuation
tomograms provide image contrast over a wide range (0-4
dB/cm/MHz) and assist classification of masses. High resolution
0.6 mm volumetric reflection tomograms are acquired with
bandwidth 2-8 MHz, are refraction-corrected with the
transmission tissue data and are precisely registered in 3D with
the transmission volumes. USCT promises an automated whole-
breast scan providing a global view of the entire breast in 3D,
facilitating comparison to prior exams in a reproducible
geometry. Scanner design, automated operation and results of
our trial with over 125 subjects with confirmed breast masses
will be presented with detailed comparison to conventional
sonography and MRI.

I. INTRODUCTION

Conventional breast sonography is the principal
adjunctive imaging modality to mammography, both for
secondary screening and for diagnostic workup of suspected
findings. However, it is a difficult exam to perform and the
quality is dependent on the skill of the operator as well as
technical features of the scanner. Conventional sonography
devices produce images of reflected and backscattered
ultrasound energy, or relative “echogenicity.” The major
strength of breast ultrasound and its most common use is
differentiation of cystic and solid lesions with nearly 100%
accuracy [1-3]. Nonetheless, numerous studies of
conventional breast ultrasound show substantial variance in
diagnostic accuracy due to variability in radiologists’ skill
levels [4] and technical features of the scanner [5]. Even with
the best imaging methods available today, up to 80% of
breast biopsies performed turn out to be benign [6].
Combined mammography and targeted breast ultrasound is
still the most effective approach for breast cancer screening
in women at normal risk [7,8]. Adding a single screening
ultrasound to mammography yields an additional 1.1 to 7.2
detected cancers per 1000 high risk women, but at a
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substantial increase in false positives [9,10]. Sonography is
not usually employed for screening due to procedural
complexity, additional skill required and cost. In order to
obtain the needed high resolution, the field of view in
sonography is very small, which greatly complicates
interpretation, localization of masses and comparison to
prior exams. These same drawbacks may limit shear wave
speed methods in elastography.

II. ULTRASOUND COMPUTED TOMOGRAPHY

Whole breast ultrasound computed tomography (USCT)
using transmission or reflection techniques has been
proposed for many years as a means to address these
shortcomings. Research has shown great potential for
accurate spatial registration, high spatial and contrast
resolution, minimal artifacts and quantitative tissue
measurements, particularly sound speed, attenuation and
morphometry. The research has also illustrated it is a
difficult, inherently non-linear and three-dimensional (3D)
problem. The historical approaches to USCT can be grouped
in three categories.

A. Ray-Based Backprojection

Early attempts to use time of flight (TOF) measurements
along rays combined with computed tomography
reconstruction were analogous to x-ray CT [11-15]. In this
case, back-projection of the integrated TOF and attenuation
data along straight, or in some cases curved rays, allowed
more accurate, quantitative tissue imaging. The method has
low spatial resolution due to lack of compensation for
diffraction. A further flaw is that true image inversion is a
nonlinear process, not easily amenable to linear
approximations.

B. Diffraction Tomography

In general, due to limitations of instrumentation and
algorithms, the second stage in development of ultrasound
transmission imaging was to use two-dimensional
linearization techniques to solve wave equations, rather than
geometrical ray models. This approach usually fails for
breasts because it is based on first-order perturbation (Born
or Rytov) approximations [16-18] that are valid only for
small variations in sound speed and attenuation.

C. Inverse Scatter Tomography (IST)

The third stage of development is the introduction of true
wave equation based methods (not linear perturbation
approximations) as models of ultrasound wave propagation
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[19,20]. The wave equation approach provides a non-linear
model of considerable accuracy, compensates for multiple
scattering and provides constant resolution throughout the
image volume. This model is inverted by an iterative
simultaneous determination of the breast tissue parameters
and internal total fields (Fig. 1). Until recently, the

mathematical and technical challenges for full-wave 3D IST
were so complex that practical results in humans were not
realized.

Figure 1. General inverse scatter algorithm
Rruelee) ap), ey PK (47 (x¥,2)
+ propagate

iy update

+

difference then
non linear c. g.

7 058.2)

¥ update
Py(ree) Mrodeled
source field yes
( pova) | > A
- e 0 ho Is v image
« | forward complete?
ultrasound source propagate A (Ap)n(re°)<5 = (A?’)n*' Tt

A practical scanner employing IST imaging was
developed by Techniscan Medical Systems (TMS, Salt Lake
City, UT) [21-24]. To achieve a solution of the inverse
scattering problem the algorithm implements a fast forward
solver and concomitant methods for large scale minimization
(~20 million unknowns), which is based on the Ribiere-Polak
version of nonlinear conjugate gradients. To solve the
numerically ill-conditioned problem of full-wave inversion,
increasing discrete frequency data are used and the number
of iterations can be reduced by preconditioning to a practical
level of 5-8 to achieve a 5% residual. The method does not
account for density variations but for scatter in the forward
direction this approximation has proven reasonable. Detailed
description of the IST algorithm is published elsewhere
[20,24,25].

D. Reflection Tomography (RT)

The scanner includes a set of three transceiver arrays that
are coincident with the transmission arrays to simultaneously
acquire conventional B-scan data. The arrays have a
bandwidth of ~2-8 MHz and are focused at different depths
to provide complete coverage of the breast. A high-
resolution RT algorithm was developed that utilizes the
sound speed image to correct for refraction and attenuation
images to adjust amplitude along the ray. The resulting
backprojected RT image is a 360° compound B-scan.

III. MATERIALS AND METHODS

A. Data Acquisition

The current TMS scanner that is the subject of this paper
is being examined at University of California, San Diego
(UCSD), Mayo Clinic, Rochester, MN, and University of
Freiburg, Germany to evaluate clinical feasibility of using
IST and RT to analyze and detect breast masses as well as
monitor changes due to therapies. All of the data presented
here is from UCSD.

The TMS scanner (Fig. 2) provides an automated,
standardized scan of the whole breast nearly independent of
operator expertise. The patient lies prone with her breast
pendant but docked to a retention rod in a controlled 31°C
water bath within the field of view of several transducer
arrays. The IST transmitter and receiver array rotate around
360° to collect 180 tomographic views of ultrasound wave
data (Fig. 3). The transmitter emits broad-band plane pulses
(0.3-2 MHz) while the receiver array, comprised of 1536
elements in 8 vertical rows, digitizes the time signal. Three
coincident RT arrays (SMHz center, 80% bandwidth) spaced
at 48° are angled upward at 12° to access the chest wall.
Scan time is ~10-20 sec per level, ~8 min for the average
breast. 3D transmission and aberration-corrected RT
reconstructions are accomplished in ~40 minutes employing
2 GPUs for a portion of the process.

Figure 2.

IST scanner with transducer arrays in water tank

Figure 3. Transducer arrangement
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B. Patient Study Population

Female patients recruited to the IRB-approved protocol
were referred for a diagnostic breast sonogram as the result
of prior findings on mammography, physical exam or
previous known conditions. The purpose of the study was to
measure a range of tissue properties in women with widely
varying breast sizes and mammographic densities, to assess
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reproducibility of findings and to examine depiction and
quantitative properties of masses confirmed by biopsy or
long-term benign follow-up. The statistical design was to
assess equivalence to sonography (93% power).

IV. RESULTS

A. Scanner Performance

All reported results are from the TMS scanner at UCSD.
2D reconstruction is completed in seconds, while the full 3D
reconstruction is accomplished in ~12 minutes using 2
GPUs. Image quality is excellent with resolution measured as
FWHM of LSF of 0.8 mm for RT and 1.5 mm for IST, sound
speed detectability is 7.5 m/sec and is highly linear from
1325-1700 m/sec. Sound speed is a function of tissue
stiffness, analogous to but not equal to elastography.
Attenuation tomograms are a function of tissue structure and
composition while provide image contrast over a wide range
(0-4 dB/cn/MHz) to assist in classification of masses.

B. Clinical Evaluation

Although more than 450 patients have been scanned with
versions of IST, under the current IST/RT protocol 125
patients with an age range of 19-78 years were scanned to
date. The distribution of lesions imaged is as follows: 29
simple cysts, 28 complicated cysts, 39 various solid benign,
17 cancers, 12 no findings. Mass sizes ranged from 2-39
mm. There was excellent size agreement Dbetween
sonography and IST and for 13 patients who also had
contrast enhanced MRI there was nearly perfect agreement
of size, shape and margins to sound speed images.

The general quantitative IST attributes of masses can be
summarized as follows:

¢ Simple cysts: low sound speed compared to water,
low attenuation

e  Complicated cysts: low to intermediate sound speed
compared to water, low attenuation

e Solid benign masses: higher sound speed and
attenuation

¢  Malignancies: highest sound speed and attenuation

The highest sound speed values that were measured in
any patient were all associated with malignant masses, never
with normal structures or benign masses. In addition, the
three sets of IST/RT images provide reproducible
information about mass shape, margins, volume,
architectural distortion, texture, relative echogenicity, etc.

C. Research Subject: Invasive Ductal Carcinoma

This case was of a 33 year old woman with no family
history of cancer seen for a lump or thickening of the breast.
Mammography (Fig. 4, left) showed a heterogeneously
dense, spiculated 2 cm mass with malignant-appearing
microcalcifications in the left breast in the middle outer
quadrant. Sonography (Fig. 4, right) shows at the 1:00
position in the breast, 2 cm from the nipple an irregular,

heterogeneous, highly suspicious mass with an abrupt
interface, 1.9x1.2 cm in diameter. Biopsy confirmed it was
invasive ductal carcinoma.

Figure 4. Mammogram (left), sonogram (right)

LEFT BREAST 1 :00 2 CMFN TRANS

The sound speed and RT images (Fig. 5) show the mass
at 1:00 in the coronal view, 2.2x1.1x1.6 cm. The mass has
very high sound speed (mean 1570 m/sec), bright compared
to water, high attenuation and appears hypoechoic with
spiculated margins and irregular shape on the RT with
architectural distortion similar to the mammogram. Precisely
as the IST/RT images, the coronal T1-weighted contrast-
enhanced MRI (Fig. 6) showed a mass in the same location
with dimensions 2.1x1.7x1.8 cm. The fluid-filled void from
the core biopsy is visible in both sound speed and MR
images.

Figure 5. Sound speed IST in upper row, RT lower row. Coronal (left),

cranio-caudal (middle), sagittal {right).
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Space limitations prohibit presenting a comprehensive
review of clinical findings.

V. CONCLUSION

The attributes of whole breast IST and RT present the
following potential clinical advantages: (1) operator
independence with automated scanning, (2) true anatomic
breast positioning, i.e., no breast compression or distortion,
(3) no ionizing radiation, (4) true quantitative 3D imaging
algorithms (not just stacked 2-D images), (5) accurately
registered 3D IST and RT images, (7) global views of both
breasts for detailed contralateral and serial comparisons, and
(8) ability to provide quantitative tissue characteristics that
have thus far, not been available. These characteristics
provide unique advantages in the clinical setting for
applications including, but not limited to, repeat breast
imaging that is safe and cost-effective, whole-breast
screening for high-risk women, young women or women
with dense breasts, accurate volumetric analysis for detailed
surgical planning, and monitoring over time of response to
surgery and therapy.
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