
Chapter 15
Clinical Results with Ultrasound
Computed Tomography of the Breast

Michael André, James Wiskin and David Borup

Abstract Although the science and engineering of ultrasound computed tomog-
raphy (USCT) has been explored for over four decades, there have been relatively
few instances of a system being developed and applied to patients. Nonetheless,
there have been notable results from the clinical setting, especially recently, that
illustrate how a successful USCT scanner may provide significant advances to
women’s health. For practical anatomical reasons, this work has almost exclu-
sively addressed imaging of the female breast. Other quantitative ultrasound
techniques have been applied to characterizing the female breast, including
quantitative backscatter analysis, shear wave speed, computer-aided diagnosis,
etc., but USCT is the focus of this chapter. We highlight the evolution of scanner
design and image reconstruction by presenting key results from patient measure-
ments by the major researchers in the field. There has been steady progress in
electronics, parallel processors, reconstruction algorithms, understanding of the
physical properties of breast tissue and a resurgence of interest in the medical
community for dedicated breast ultrasound systems. It is understood today that
USCT may be able to contribute in many aspects of the medical management of
breast disease including detection, diagnosis and treatment of breast cancer.
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15.1 The Medical Problem

The American Cancer Society estimated in 2011 that the lifetime risk for breast
cancer is 12.15 % or 1 in 8 and the death rate is exceeded only by lung cancer in
women (American Cancer Society 2011). In addition, about 1 % of all breast
cancers occur in men. The National Cancer Institute estimated that in 2008
approximately 2.6 million women with a history of breast cancer were alive in the
U.S. (Howlader et al. 2011). Breast cancer originates in the glandular tissue, called
lobules, and in the ducts that connect them to the nipple. The remainder of the
breast is connective tissue and fat, the relative composition of which may change
with age and other factors. There are many known relative risk factors for breast
cancer but the dominant one is age; incidence and death rates increase with age
such that 97 % of breast cancer deaths occur in women 40 years of age and older.
The majority of masses that occur in the breast are benign, not threatening and
many may be identified with confidence on mammograms or sonograms. However,
a significant number of masses are either not seen on screening mammography or
the findings are not conclusive without further workup. Early detection of breast
cancer when the mass is small is very important to survival rate; 5 year survival
for women with cancer C20 mm is 80 % compared to 98 % for masses 10 mm
(American Cancer Society 2011).

15.1.1 Current Breast Cancer Imaging

Mammography is the primary screening tool for breast cancer together with
physical examination, while breast sonography is the principal adjunctive imaging
modality. As a general rule, a screening test is desired to have very high sensitivity
to disease with few or no false negative results. This often results in lower
specificity, leading to higher false positives that require further clinical evaluation.
A suspected finding in screening may advance the patient to a diagnostic exami-
nation. In this case the patient has additional specialized mammograms or very
commonly, a diagnostic breast sonogram is obtained possibly of only a portion of
one breast in the region where the finding is located. The handheld transducer used
in the diagnostic sonogram is also well suited to provide guidance for performing a
needle aspiration or core biopsy when a mass is identified that is suspicious for
cancer. In some instances the patient may undergo a magnetic resonance imaging
(MRI) breast examination that entails injection of a vascular contrast enhancing
material incorporating gadolinium, although it is impractical for use in general
screening. MRI has high sensitivity and is considered to provide the most accurate
depiction of the margins of a malignant mass so it is often used for surgical
planning and monitoring response to therapy. As a screening test applied to many
millions of patients, mammography is relatively inexpensive, sonography costs
approximately 2–3 times more, while breast MRI is up to 10 times more expensive
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than mammography. Representative mammograms, sonograms and MRI images
are compared later in the chapter.

15.1.2 Breast Sonography

Conventional sonography systems produce images of reflected and backscattered
ultrasound energy, or relative ‘‘echogenicity,’’ that occur at interfaces between the
different breast tissues. Image formation assumes straight-line propagation, 180�
backscatter and constant sound speed, usually 1,540 m/s, all of which are known to
be incorrect. Breast ultrasound is recognized to be a difficult exam to perform and
interpret while image quality is known to be dependent on the skill of the operator
as well as technical features of the scanner. A major strength of breast ultrasound
and its most common clinical use is differentiation of cystic and solid lesions with
nearly 100 % accuracy (Stavros et al. 1995, 2005; Hong et al. 2005; Brogoch et al.
2010). Nonetheless, numerous studies of conventional breast ultrasound show
substantial variance in diagnostic accuracy due to variability in radiologists’ skill
levels (Baker et al. 1999) and technical features of the scanner (Berg et al. 2006).

Work to improve the accuracy of diagnostic breast ultrasound led to the
development of a well-defined rule-based system for mass assessment based on
parameters describing the ultrasound appearance of breast lesions. Sonographic
features of a mass are described in accordance with the ACR Breast Imaging
Reporting and Data System

�
(BI-RADS

�
) (Mendelson et al. 2003). The BI-RADS

sonographic categories include size, shape, margin, relative echogenicity, lesion
boundary, orientation to the skin, posterior features (shadowing or enhancement
due to different attenuation), vascularity, and surrounding tissue. A final numerical
assessment is reported on an increasing scale of risk for cancer, 1–5, as well as 0
where more information is needed and 6 where the finding is a known cancer.
Precise application of the BI-RADS approach was shown to be helpful in differ-
entiating benign versus malignant solid masses, particularly when performed by
experts, although there is variability between readers (Brogoch et al. 2010; Baker
et al. 1999; Berg et al. 2006; Mendelson et al. 2003; Kwak et al. 2006; Kolb et al.
2002). Mass characterization with ultrasonography is highly dependent on technical
factors and settings of the scanner. Example images of three masses are shown in
Fig. 15.1. Posterior ‘‘enhancement’’ is evident for the fluid-filled simple cysts
(Fig. 15.1a), while posterior ‘‘shadowing’’ is seen for the malignant mass
(Fig. 15.1c). These effects are artifacts due to application of time-gain compen-
sation in regions where attenuation and reflection losses are not uniform with depth.

The American College of Radiology (ACR) published breast ultrasound prac-
tice guidelines to establish standards for indications of use, qualifications and
responsibilities of the practitioner, examination procedures, quality control, min-
imum equipment specifications and more (ACR 2011). Following these standards
breast ultrasound should be performed with linear array transducers of 10 MHz or
more and with variable focal zones. In order to obtain the needed high resolution,
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the field of view and range in sonography is small, which greatly complicates
interpretation, localization of masses and comparison to prior exams. The sono-
gram is performed with the patient supine in order to minimize the thickness of the
breast in accommodation of the high attenuation and small field of view at high
frequency. It can be difficult to precisely describe or record the location of a
finding in the breast since the tissue can be mobile. This complicates serial
monitoring of a mass over time and in some cases it is difficult to find a mass at the
time of biopsy that was seen in an earlier visit. BI-RADS uses a ‘‘face-of-the-
clock’’ scheme for sonography with the nipple at the center and the caudal
direction at 12:00, but of course the breast is three dimensional. These same issues
may complicate other quantitative enhancements to breast sonography including
shear wave speed (Berg et al. 2012) or elastography methods, and computer-aided
diagnosis (Andre et al. 2011).

15.1.3 Whole-Breast Ultrasound Imaging

Even with the best imaging methods available today, up to 80 % of breast biopsies
performed turn out to be benign (Silverstein et al. 2005; Kolb et al. 2002; Stavros
2004). Combined mammography and targeted breast ultrasound is still the most
effective approach for breast cancer screening in women at normal risk (Silverstein
et al. 2005; Stavros 2004). Adding a single screening ultrasound to mammography
yields an additional 1.1–7.2 detected cancers per 1000 in high risk women, but at
an increase in false positive findings (Silverstein et al. 2005; Shetty et al. 2003).

Despite the potential benefits, sonography is not usually employed for screening
due to several factors including procedural complexity, additional skill and
training required, a long procedure time, the requirement that a radiologist perform
it, the large number of images that need to be reviewed and cost. Nonetheless
sonography is being more widely employed particularly for younger women for
whom mammography may not be recommended and women with dense breasts

Fig. 15.1 Three sonograms of breast masses where the transducer is applied to the skin at the top
of the images. a Simple cystic mass with distinct margins. b Large complex cystic mass with
internal echoes and debris. c Spiculated solid malignant mass. The field of view and range for
these images is 4 cm

398 M. André et al.



where mammography is less sensitive. For women with particular risk factors,
breast sonography may be indicated as a secondary screening modality.

The American College of Radiology Imaging Network (ACRIN) Trial 6666
examined the role of whole-breast ultrasound (WBU) screening with conventional
scanners at multiple centers for several thousand patients with moderate risk
factors for cancer (Berg et al. 2008). In this procedure, a high frequency hand-held
transducer is slowly scanned across the entire breast in an overlapping raster
fashion while the patient lies supine. The ACRIN protocol for scanning both
breasts took 20–40 min and required that the procedure be performed and inter-
preted by a radiologist with special proficiency. A semi-automated system to
facilitate this procedure was developed by Sonocine (Reno, NV) that has received
approval from the U.S. Food and Drug Administration (Kelly et al. 2010). Any
suitable breast ultrasound transducer system is attached to a mechanically-driven
arm manipulated by the sonographer while the system records the position, angle
and tip of the linear array. Overlapping passes are made of the breast while the
sequence of up to 1,000 or more closely-spaced images of the breast is recorded.
The radiologist reviews the images while they are displayed in rapid sequence, at a
rate of a few per second, in two-dimensional (2D) mode as a cine loop. ACRIN
6666 and studies published by Sonocine show that there is a significant increase in
the number of cancers detected by WBU over mammography alone.

A particularly noteworthy substudy of ACRIN 6666 examined the effect of
supplementing annual mammography screening with annual ultrasound over a
three-year period in 2809 women at elevated risk due to radiographically dense
breast tissue and at least one additional risk factor such as personal and/or family
history of breast cancer (Berg et al. 2012). Adding ultrasound to mammography
each year significantly increased the chance of finding invasive cancer before it
spread to the lymph nodes. Of the 111 breast cancer diagnoses in this group,
mammography failed to see about half of the cancers present in women with dense
breasts although it did detect 33 cancers not seen on sonography. 32 cancers were
seen only by ultrasound of which 94 % were node-negative invasive. 26 were
detected on both mammograms and sonograms, while 9 were seen only by a single
MRI exam performed after three years of mammography and sonography. 11 were
not detected by any imaging screen during this period. Adding annual sonography
and a single MRI increased false positives by 5 % but they provided a significant
detection benefit for these women. Neither ultrasound or MRI are recommended as
a replacement for mammography, but it is important to emphasize that the vast
majority of additional cancers detected by supplemental sonography were early-
stage invasive cancers that had not spread to the lymph nodes. If a patient has an
MRI the ultrasound is probably not needed and possibly vice versa for reasons of
practicality.

In the U.S. 14 states have passed legislation requiring breast imaging centers to
inform patients if they have mammographically dense breast tissue. The legislation
is based on the proposition that breast density is a strong risk factor for breast
cancer. When the breast is comprised of less fat and more glandular tissue it
represents a challenge for mammography to detect masses. Categorizing breast
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tissue is a component of the mammographic BI-RADS protocol but it is highly
qualitative and variably applied. WBU has been shown to precisely differentiate
between fat and fibroglandular tissues while in addition USCT can provide
quantitative volumetric measurements of the tissues.

15.1.4 Opportunity for Ultrasound Computed Tomography

The discussion in the two previous sections describes many of the benefits and
limitations of conventional breast sonography. It also illustrates there is an
opportunity for new technology to play an important clinical role in breast cancer
detection, diagnosis and management. Whole breast USCT using transmission
and/or reflection techniques has been proposed for many years as a means to
address the shortcomings but also to provide entirely new ways to assess and
characterize masses and other findings in the breast.

The promise of USCT is based on several key attributes including:

• ability to provide global views of both breasts in a standard frame of reference
for detailed contralateral and serial comparisons

• operator independence
• uniform high resolution independent of range and location
• minimal refraction, spatial distortion or multiple scattering effects
• no speckle
• quantitative tissue properties of sound speed, attenuation and scatter
• ability to precisely locate findings to facilitate follow-up exams
• volumetric images to aid monitoring changes due to therapy
• anatomic breast positioning with no compression or distortion
• fast scans of the entire breast
• characterization of masses based on quantitative properties and accurate

morphometry
• accurately measures relative volumes of fat and glandular tissues
• significant improvements in both high speed data multi-channel acquisition

systems and powerful multi-processor computing.

The experimental basis for this promising opportunity is summarized in the
next section in which some of the notable clinical studies of USCT are reviewed.

15.2 Breast Ultrasound Computed Tomography

Research in a number of laboratories in the 1970s and 1980s showed potential for
USCT to provide accurate spatial registration, high spatial and contrast resolution,
few artifacts and quantitative tissue measurements, particularly of sound speed,
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attenuation and morphometry. However, with over four decades of research there
have been relatively few instances of practical systems being developed and
applied to patients. Instead the majority of the research work addressed theoretical
and computational developments. These early prototype scanners were mostly
very slow, with few data channels, sparse spatial sampling and long reconstruction
times limited by available technology. The U.S. medical community largely
concluded this work was premature or unnecessary given the success of high-
quality, fast, automated array technology that had multiple medical uses beyond
breast imaging (Carson and Fenster 2009). The research also illustrated USCT is a
highly complex, inherently non-linear problem that probably requires consider-
ation of the three-dimensional (3D) nature of sound propagation. With steady
scientific progress and new technology there is a revival of effort in this field and
the latest results are impressive. The developments described earlier that are
expanding the role for ultrasound in breast imaging have also enhanced the
opportunity for USCT to emerge from the laboratory.

Four approaches to USCT will be considered in three categories described in
Chap. 1: (a) ray-based backprojection, (b) diffraction tomography with an annular
array and (c) full-wave inverse-scatter tomography (IST) with reflection tomog-
raphy (RT). With the exception of recent work in IST, all of the approaches used
2D linear approximations to obtain sequential coronal planes through the breast.
Two USCT systems developed by the authors are explored in some detail; one
early diffraction tomography unit and the current full-wave inverse-scattering
tomography system.

15.3 Ray-Based Backprojection Tomography

The earliest attempts at USCT used transmission time of flight (TOF) and
amplitude measurements along straight rays combined with CT reconstruction
methods analogous to x-ray CT. Greenleaf et al. (1974, 1975, 1978) were probably
the first to describe results with ultrasound transmission tomography, while Glover
and Sharp (1977); Glover (1977) may have been the first to show results in
patients. Carson et al. (1981) was also actively imaging patients with a similar
system. Others worked with B-mode methods to produce reflection tomograms
(Carson et al. 1981; Mueller et al. 1979; Hiller and Ermert 1980).

In 1981, Greenleaf and Bahn (1981) published clinical results from approxi-
mately 150 patients, 30 of whom had biopsy-confirmed breast cancer. The scanner
employed 5 MHz single-element transmit-receive pairs, initially one pair and later
additional stacked in a vertical line that could acquire multiple planes of 2D data
with each rotation (Fig. 15.2). 2.4 9 104 transmission rays were acquired to
produce a 118 9 118 image matrix using filtered backprojection, examples of
which are shown in Fig. 15.3 for an adenocarcinoma. The patient lay supine with
one breast suspended in a water bath while the transducer pairs rotated 360�.
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The researchers carefully analyzed the calculated ultrasonic properties and
pathological findings of both normal breast tissues and masses for patients who
later had mastectomy. All solid lesions were found to have relatively higher sound
speed in association with varied patterns of attenuation. Figure 15.4 demonstrates

Fig. 15.2 Rotating transmit-receive pair of transducers obtained time-of-flight and signal
amplitude data for reconstruction by filtered backprojection. Adapted from Greenleaf et al. (1978)

TOF+
ATN

LEFT

ATN

RIGHT

Fig. 15.3 Sound speed
(TOF) is displayed in blue
and attenuation (ATN) in red
for right and left breast. The
two are superimposed in the
top row to emphasize the
location of the mass (arrow).
Adapted from Greenleaf et al.
(1978)
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the results of their analysis showing the relationship between sound speed
(velocity) and attenuation. Overall a broad distribution of values was found with
overlap of benign and malignant masses using only these two features. Several
different classification schemes were tested with resulting specificity of 80–90 %
(Greenleaf and Bahn 1981).

Carson et al., developed a system employing opposing 3.5 MHz transducers in
a 20 �C water tank that used a translate-rotate motion around the breast to acquire
90 views or linear profiles with filtered backprojection reconstruction (Carson
et al. 1981). Both transmission tomograms and compounded pulse-echo images
were produced, the latter formed on an analog scan converter. Figure 15.5 shows
images for a 41 year-old patient with a 1.8 cm infiltrating ductal carcinoma in the

Fig. 15.4 Relationship between sound speed and attenuation for normal tissues and masses.
Adapted from Greenleaf and Bahn (1981)

Fig. 15.5 Coronal images of compounded pulse echo (PE), attenuation (ATTEN) and speed of
sound (SOS) were obtained 9 cm from the nipple in a breast with infiltrating ductal carcinoma.
The mass is indicated by the arrows and readily seen in the SOS image as a bright white irregular
shape at 9:00 (Carson et al. personal communication)
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9:00 location (arrows). Image features include high sound speed (1,531 m/s)
surrounded by low speed fat (1,445 m/s). The mass is less echogenic than the
surrounding tissue in the pulse-echo image and it appears to have attenuating
borders (ATTEN). Not surprisingly, detection of malignancy was found to be more
difficult with smaller masses and in younger patients with denser breasts.

Analysis similar to that of Fig. 15.4 was performed of the ultrasonic properties
of 40 lesions. The speed of sound and attenuation relative to the surrounding
mammary tissue are plotted in Fig. 15.6 for normal tissues, unclassified benigns
and fibroadenomas (all solid dots), for cysts (open circles) and for cancers (5). In
this three-group analysis it is apparent that four benign lesions including one cyst
are classified with cancers. The overall sensitivity and specificity are quite good,
both greater than 90 % (Carson et al. 1983, Scherzinger et al. 1989).

A recent clinical prototype imaging system was developed that employs a ray-
based tomographic reconstruction but utilizes a stationary circular array without
rotation (Duric et al. 2005, 2007). It bears some resemblance to the design of a
previous diffraction tomography system (André et al. 1997) described in the next
section but has numerous improvements. The array consists of 256 elements
operating at 1.5 MHz, equally spaced on a diameter of 20 cm that is translated
vertically to acquire successive planes. There are 256 data acquisition channels
sampling at 6.25 MHz. This design affords very fast acquisition for a single slice
(*100 ms) with about 45 slices acquired per breast for a total exam time of 5 min.
Transmitted and reflected data are acquired to produce a reflection tomogram and

Fig. 15.6 Measured ultrasound characteristics of tissues and lesions. Adapted from Carson et al.
(1983)
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coincident images of sound speed and attenuation. Performance in phantoms met
expectations with in-plane resolution for the transmission images of 4 mm,
0.5 mm in the reflection mode (*k/2) and with effective slice thickness of 12 mm.
Spatial resolution is limited by the size and spacing of the elements plus the large
slice thickness (Fig. 15.7).

Sample images are shown in Fig. 15.8 from a patient whose subsequent biopsy
proved invasive ductal carcinoma. The mass shows higher sound speed and
attenuation compared to surrounding tissues (whiter) with apparent architectural
distortion evident in the higher resolution reflection image. In a small patient study
six features were found to be associated with malignancy: ratio of width to height
\1.4, irregular shape, irregular margins, architectural distortion, elevated sound
speed of 50–150 m/s relative to fat and elevated attenuation of 0.5 dB/cm relative
to fat at 1.5 MHz (Duric et al. 2006). In addition to characterizing masses, this
prototype scanner has shown potential value of the sound speed images for
monitoring response to neoadjuvant chemotherapy. Inability to account for out-of-
plane scattering and refraction limits accuracy of the attenuation measurements.
The group has designed a production level scanner with apparently 2,048 elements
that will be capable of much higher resolution and better in-plane focusing.

Although the results were very encouraging, these studies showed that the
breast contains considerable complexity with as much as ±8 % variation in sound
speed and 4 dB/cm/MHz attenuation. Given the long path length, variations in
refractive index are not negligible nor are refraction and multiple scattering.
Consequently, the straight-ray image inversion methods are likely to prove inad-
equate for most clinical use.

Fig. 15.7 Ring transducer array in the water tank that is positioned below the patient table for
scanning. From Duric et al. (2005)
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15.4 Diffraction Tomography

In ultrasound computed tomography, the wavelength of sound in tissue is on the
order of 1 mm and the effects of diffraction are not negligible. In general, due to
limitations of instrumentation and algorithms, the second stage in development of
ultrasound transmission imaging was to solve wave equations using two-dimen-
sional linearization techniques rather than geometrical ray models for recon-
struction. In its simpler forms this approach usually fails for breasts because it is
based on first-order perturbation approximations (Born or Rytov) that are valid
only for unrealistically small variations in sound speed and attenuation. Diffraction
tomography attempts to reconstruct an image from the scattered acoustic field with
consideration of diffraction effects by utilizing approximations to the wave
equation. Diffraction tomography received substantial theoretical treatment but
with only a few researchers exploring medical applications for its potential to
characterize tissue on the basis of physical properties. It is potentially able to
account for the inherent diffraction in sound propagation and is not limited by
assumptions of straight-line ray geometry. The method involves illuminating an
object with ultrasound and measuring a set of scattered wave data around the
object.

The approach described in this section used a wave-based diffraction tomog-
raphy (DT) technique in a clinical prototype system developed in 1994 that
addressed many of the shortcomings of previous work. It provided a large field of
view (20 cm diameter) with high resolution (*1 mm) at low acoustic intensities
(\10 mW cm2), it was not strongly dependent on operator expertise, it provided a
standardized sequential tomographic approach to surveying the entire breast, and it
provided quantitative tissue properties in vivo. The methods of image

Fig. 15.8 Images of a 10 mm invasive ductal carcinoma located inside the oval. a Reflection
image. b Sound speed. c Attenuation. d Sound speed fused with reflection. e Close up of edge
enhanced reflection image showing distortion. f Close up of (d). From Duric et al. (2006)
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reconstruction employed were similar to previous diffraction tomography work in
which the wave equation for the propagation of sound through a spatially variant
medium is solved approximately (Kaveh et al. 1980; Devaney 1982; Wolf 1969).
One significant difference is that this method acquired the 3608 2D scatter field
around the object in a very short time interval plus it employed much lower
frequencies (0.3–1.0 MHz) and continuous wave transmission. The researchers
developed several approaches to image reconstruction that are closely tied to the
annular array transducer configuration and data acquisition methods (André et al.
1995, 1996).

15.4.1 Clinical DT Prototype Design

This method of diffraction CT used steady-state sound to illuminate the medium
from which the amplitude and phase of the scattered sound waves emanating from
the medium and object were measured at the perimeter of the field. The system
used much lower frequencies than were attempted previously by most researchers.
By operating at 1 MHz and below, absorption and phase aberration are diminished
permitting simplifications in image reconstruction. Cylindrical geometry of the
transducer array allowed a compact design compared to plane-wave systems
(Fig. 15.9). The transducer elements emitted a concentric cylindrical beam pattern
that, together with the geometry of the receiver array, allowed transformation to a
plane wave basis for efficient reconstruction. The toroidal array was designed to
ensure adequate sampling of the entire 2D scattered field. The data acquisition
system was capable of recording, digitizing at 30 MHz (12 bits) and storing a large
amount of acoustic data quickly (\1 s at 0.5 MHz).

Fig. 15.9 Clinical DT prototype scanning system with annular array mounted on a vertical
translation stage below a modified breast biopsy table. From André et al. (1997)
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The patient scanning system is shown in Fig. 15.9 in which the cylindrical array
is mounted below a modified breast biopsy table. Two separate arrays with 20 cm
diameter were developed: 512 elements with center frequency at 0.5 MHz, and
1,024 elements with center frequency at 1.0 MHz. The entire measurement pro-
cedure is normally repeated at 10 discrete frequencies, xa (a = 1,2,…,A) where
A = 10, spaced at 62.5 kHz intervals from 687 to 1.250 MHz for the 1,024 array.
20 discrete frequencies were typically used with the 512 array, spaced at 31 kHz
from 300 to 600 kHz. The arrays had 60 % bandwidth and center frequencies of 1
and 0.4 MHz, respectively, in which the transducers were spaced evenly at slightly
less than k0/2 (0.5 mm transducer width with 0.75 mm spacing for the 1 MHz
array, 1.0 mm width and 1.5 mm spacing for the 0.5 MHz array). The elements
were 12 mm in height to encourage a dipole (cos h) pattern of wave propagation
and were on a locus of a circle of radius 102 mm in both arrays. The transducers
each act in turn as transmitter on a plane (r,h), while the remaining elements act as
receivers (Fig. 15.10). The z-direction is perpendicular to this plane. The full-
width half-maximum of the slice sensitivity profile was approximately 8 mm
across the field of view. The large 20 cm ring of transducers illuminated the tissue
via a heated coupling bath (Fig. 15.9). The acoustic properties and temperature of
the bath are adjusted to better match the acoustic properties of tissue and enhance
penetration through the skin.

The transmitter is operated in one of two modes: (1) a continuous-wave mode in
which single discrete frequencies (xa) were transmitted one at a time; (2) a
broadband mode in which a periodic signal was used that is timed to repeat in
concert with the receiver such that discrete frequency bands may be deconvolved
from the measurements. The second procedure provides a rapid way to acquire the
equivalent of many (usually 10 or more) discrete frequencies with a single
transmission. The desired single- frequency waves are combined in the arbitrary
waveform generator with varying phases between the different frequency cycles.
This wideband signal was developed experimentally to maximize the peak-to-peak

Fig. 15.10 Annular transducer array geometry (a) for a cylindrical wavefront emitted by
transducer k and received by transducer j. Water tank and array with cover removed (b)
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transmitted energy at each frequency. The Fourier transform of this wideband
signal is a comb-shaped pattern. The acquired information is in the form of an
N 9 N complex matrix, mjk(xa) (j, k = 1,… N), for data acquired at in sonifi-
cation frequency xa. A full set of receiver data for a complete transmit sequence is
obtained in approximately 1 s for the 512 array (64 MB) and \3 s for the 1,024
array (128 MB). Detailed description of the data acquisition procedures is given in
André et al. (1997).

15.4.2 DT Image Reconstruction

The complex amplitude, mjk(xa) (j, k = 1,… N), of the scattered acoustic wave
measured at transducer k due to transmission from transducer j acquired for the
medium may be described by the sound speed c(r, h) and attenuation coefficient
l(r, h) of the medium. The resulting image is based on the calculation of an
approximation of the complex scattering potential, Sa(r, h), at all locations (r, h)
throughout the slice of the medium (Fig. 15.10a). This algorithm has been
described in detail elsewhere (André et al. 1995, 1996) but will be summarized
here.

A solution to the wave equation due to single frequency illumination of the
medium can be expressed in terms of a two-dimensional integral equation
involving the complex scattering potential Sa(r, h), the position of the transducers
(r0, h), and the tabulated Hankel (H) and Bessel (J) functions (Devaney 1982),
where the radiation pattern of the transducers is approximated well by a linear
dipole such that

g r � r0; h� h0j jð Þ ¼ Hð1Þ
0

0 k q� q0j jð Þ ð15:1Þ

g r � r0; h� h00j jð Þ is the free-space Green’s function, which describes a source
transducer that acts as a dipole transmitter and receiver, q is density and k is the
wave number. This takes the form

mjk xað Þ ¼
XN

m;n

H0m k0r0ð ÞH0n k0r0ð Þe�imhj�inhk

Z

V

Jm k0rð ÞJn k0rð Þeih mþnð ÞSa r; hð Þrdrdh

ð15:2Þ

In the above equation, Hn
0 is the first derivative of the Hankel function of the

integer order n representing the antenna pattern of the transmitter j, and Hm
0

represents the antenna pattern of receiver k. Hn
0 can be shown by Gegenbauer’s

addition theorem (Abramowitz and Stegun 1965; Devaney 1982) to be indicative
of a dipole antenna pattern for both the transmitters and receivers. This antenna
pattern has a complex dipole amplitude with a cylindrically symmetric phase and a
magnitude in the imaging plane in the form of cos / where / is the angle from the
vector normal to each transducer face. Different transducer radiation patterns may
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be accommodated by substituting a weighted sum of monopole, dipole, etc.,
patterns or by using measured values. Jm(k0r) and Jn(k0r) are Bessel functions
determined for all values r within the plane (r, h). Equation 15.2 is derived in the
Born approximation, which assumes that the medium is a weak scatterer of
acoustic waves and induces small phase-shift variations in the incident wave front.
Attenuation and phase shift in tissue are proportional to frequency; attenuation for
breast tissue averages about 0.5 dB/cm/MHz while breast tissue exhibits fairly
small fluctuations (±8 %) in sound speed. The use of frequencies lower than
commonly employed in medical breast ultrasound, 0.5–1.5 MHz compared to
7–15 MHz, helps to constrain the breast properties to a range more appropriate for
inversion techniques within range of the Born approximation as illustrated in the
simple analysis of Fig. 15.11. The wave number, k0 = x/c0, was set to be the
wave vector of the coupling fluid.

Several methods have been described to invert Eq. 15.2 but one of the most
efficient methods is backpropagation that can be adapted to the specific geometry
of the DT system. This may be viewed as beam forming in which a sound beam is
formed in the medium by summing the set of N source transducers (j = 1,2,…,N),
such that the signals add coherently at the point (r, h).

The beam pattern of the transducer elements is removed by transforming the
cylindrical data set into a form analogous to plane wave transmitters and receivers:

Sa
pq ¼

1
H0m k0r0ð ÞH0n k0r0ð Þ

� �XN

j;k¼1

mjk xað Þe� iphj�iqhkð Þ ð15:3Þ

From reciprocity, we expect mjk and Spq to be symmetric matrices. At this point
it is possible to filter Spq to reduce the contribution from waves undergoing large
diffraction. There is no preferred measurement direction in the transducer array so
it can be shown that the convolution in the azimuthal domain is one dimensional
such that

Fig. 15.11 Range of validity
for the Born approximation at
0.5 and 1.0 MHz. At these
frequencies up to 10 %
variation in sound speed is
accommodated for objects
sizes up to the 20 cm
diameter of the arrays (red
arrow)
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Sa0
pq ¼

X

n

Spþn;q�nCn ð15:4Þ

where Cn are the filter coefficients in the azimuthal mode domain that simplify to

Cn ¼
4 k

p
1

1� 4n2
ð15:5Þ

The backpropagation reconstruction utilizes the filtered azimuthal mode data to
obtain the scattering potential or object function Sa(r, h) in terms of a large
azimuthally symmetric set of measured acoustic data mjk(xa), the known positions
of the transducers, and tabulated Hankel functions. This process is summarized as
follows. First compute the discrete two-dimensional Fourier transform of the fil-
tered data:

~Sa r; hð Þ ¼ 1

=2 J0 k0rð Þ½ �2
n o=2

XN=2

p;q¼�N=2
Jp k0rð ÞJq k0rð Þe�ih pþqð ÞSa0

pq

8
<

:

9
=

; ð15:6Þ

The discrete inverse two-dimensional Fourier transform of Eq. 15.6 recovers Sa,

Sa r; hð Þ ¼ =�1
2

~Saðr; hÞ
� �

ð15:7Þ

In Eq. 15.7,=2 represents the two-dimensional Fourier transform operation: g(j,
/) : =2{f(r, h)} : f(r, h)e-ijrcos(h-/)rdrdh, and =2

-1 represents the inverse
Fourier transform: f(r, h) : =2

-1{g(j, /)} : g(j, /)e-ijrcos(h-u)jdjd/. This
algorithm produces an image or map of Sa(r, h) with a spatial bandwidth of 2k0,
which is equivalent to a theoretical quantization limit of k/4 or approximately
0.4 mm at 1 MHz in water. The basic steps of the image reconstruction process are
shown in the flow chart of Fig. 15.12.

The reconstructed complex scattering potential Sa(r, h) given by Eq. 15.7 has a
real part with an inverse quadratic dependence on the sound speed, c(r, h), and an
imaginary part with a linear dependence on the attenuation coefficient, l(r, h).
However, for the range of sound speeds found in breast tissue, the real part of
Sa(r, h) can be linearized to reasonable accuracy. The linearized scattering
potential, I a(r, h), is given by:

Iaðr; hÞ ¼ �2x2
a

Dcðr; hÞ
c3

0

� �
� ixaDlðr; hÞ � qðr; hÞ1=2r2qðr; hÞ�1=2 ð15:8Þ

In Eq. 15.8, Dc(r, h) = c(r, h)-c0 and Dl(r, h) = l(r, h)-l0, which are spa-
tially dependent perturbations from the average sound speed, c0, and attenuation
coefficient, l0, of the entire medium including the object and coupling fluid. The
attenuation coefficient represents energy loss mechanisms including absorption
and scattering of acoustic energy out of the field of view of the transducers.

With this approach it was possible to define different ways of combining
multiple reconstructed images Sa(r, h) acquired at different discrete frequencies xa
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(a = 1,2,…,A). The researchers found that summing the complex images Sa(r, h)
or summing the magnitudes of these complex images reduces image artifacts due
to reflections of acoustic energy from the receiver transducer faces and from
multiple scattering events within the object being imaged.

As an extension to the above solution that is based in the Born approximation,
they developed a hybrid reconstruction scheme that performs phase aberration
correction to reduce distortion (André et al. 1997, 1996). This was accomplished
by synthesizing pulse data at each point in the image field from a multiple-
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frequency acquisition, summed as a Fourier series. These synthetic beams from all
transmitters sequentially focus at each point in the object and then propagate back
to all receivers. A time-of-flight map, s(r, h), is calculated to each point in the
object for each transmit–receive transducer pair and the attenuation of the pulse
peak value relative to the background water bath is determined. These maps are
essentially low-spatial frequency images of sound speed and attenuation. A phase
correction, e�jxsðr;hÞ, is applied to each single frequency backpropagation image,
which results in higher spatial frequency images. The corrected single-frequency
images were then summed to reduce aberration artifacts.

15.4.3 DT Results

Forty-five women, both symptomatic and asymptomatic, were successfully imaged
with the DT system in a small pilot study. Images for an asymptomatic 65 year old
patient with average density breasts were acquired at the same level with both
arrays (Fig. 15.13). The real (sound speed), imaginary (attenuation) and scatter
density components are displayed left to right. The images are frequency com-
pounded from 330 to 640 kHz for the 0.5 MHz data (top row) and from 630 to
1,200 kHz for the 1 MHz array (bottom row). Fibroglandular tissues appear with
bright signal while fat is dark.

A series of sequential tomographic slices for the left breast of a 42 year old
subject are shown in Fig. 15.14 acquired with the 1 MHz array. Images were
reconstructed from the nipple to maximum posterior level (bottom row to top) with
4 mm overlap at 10 mm intervals. The most posterior slices towards the chest wall
in the top row show increasing amounts of retroglandular fat with diminishing
bright signals from fibroglandular structures. Figure 15.15 shows polar plots of
angular scatter data for the same subject acquired at 0.5 MHz for transmission from
a single transducer at 08 acquired in the scan tank medium (a) and the medium plus
breast scanned at approximately the middle of the breast (b). The data from this
subject reveal high spatial frequency fluctuations that are believed to be acoustical
signals possibly due to diffraction effects, multiple scattering and reflections. These
data show significant attenuation and energy scattered at angles larger than those
subtended by the breast. This suggests that such large-angle scattering is due to
compressibility fluctuations, which gives rise to monopole terms. The patient had
dense breast tissue on mammography (BI-RADS Category 3) with regions of very
dense tissue, scattered microcalcifications but no abnormalities. The shape of
scatter amplitude distribution was found to be closely represented by the Rayleigh
distribution, suggesting a strong scattering condition. Other patient breasts with
higher fat-gland ratios (BI-RADS 1 and 2) were found to exhibit relatively weaker
scattering.

The advantages of summing data from multiple frequencies (10) is demon-
strated in Fig. 15.16 for a 15 cm uniform saline phantom with sound speed of
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Fig. 15.13 Images for a 65 yo patient with average density breasts acquired with both arrays.
Top row was acquired with 1 MHz array, bottom row with 0.5 MHz array at approximately the
same level in the breast

Fig. 15.14 Sequential series of images from a 42 yo subject with dense to very dense breast
tissue. 1 MHz array
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1,510 m/s. Non-uniformity is suppressed, the maximum effect of which occurs
with frequency separation Dx\ c0/D, where c0 is the average sound speed in the
medium + object, D is the diameter of the field of view, and the total frequency
range should be as large as possible. This image was acquired with the 0.5 MHz
array.

Tissue contrast (relative units) compared to the water bath medium for sound
speed images was measured in eight patients and is plotted in Fig. 15.17. Fat
presents low values, fibroglandular tissues that are high in collagen show inter-
mediate to higher sound speed values while the few cancerous masses all had very
high values. In phantoms, the minimum sound speed sensitivity was found to be
0.5 %, which provides excellent performance.

Fig. 15.15 Angular scatter distribution for the same subject with dense breast tissue (scattered
fibroglandular density, BI-RADS 3). 0.5 MHz array

Fig. 15.16 Images from the 0.5 MHz array for a 15 cm diameter saline-filled phantom showing
artifact reduction with 10-frequency averaging (right image)
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In general, the results of this work demonstrated a DT system sufficiently fast to
be practical for clinical research. Image quality was promising despite artifacts
inherent with coherent imaging methods and the low transmit power. The system
design allowed simplifications in the algorithms for more efficient computation
necessary with available computing resources and the researchers developed
iterative methods to reduce aberrations and extend the limits imposed by the Born
approximation. It was found to provide reproducible sound speed contrast but the
methods used to achieve this reduced the accuracy of the attenuation (imaginary)
component. It was concluded that the 2D geometric approximations in the algo-
rithms as well as the inability to acquire signals scattered out of plane were
significant limitations on performance.

15.5 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 (Berg et al. 2012; Carson and Fenster 2009). The wave equation
approach described in this section provides a non-linear model of considerable
accuracy, compensates for multiple scattering and provides uniform resolution
throughout the image plane. This model is inverted by an iterative simultaneous
determination of the breast tissue parameters and internal total fields (Fig. 15.18).
Until recently, the mathematical and technical challenges for full-wave 3D IST
were so complex that practical results in humans were not realized.

Fig. 15.17 Relative sound speed contrast for fat, fibroglandular (parenchyma) and confirmed
cancer masses measured in eight patients
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To achieve a solution of the inverse scattering problem the algorithm imple-
ments a fast forward solver and concomitant methods for large scale (*20 million
unknowns) minimization of a functional F. The minimization is based on the
Ribiere-Polak version of nonlinear conjugate gradients and therefore requires a
fast way to calculate the gradient of F and the step length. The inversion algorithm
is based on a type of approximate factorization of the Helmholtz wave equation
that leads to a form of the phase screen approach (U.S. Patent No. 6,636,584). 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 2D and 3D IST
algorithm is published elsewhere (Borup et al. 1992; Wiskin et al. 2007, 2011,
2012; Johnson et al. 2007).

15.5.1 IST Theory

The attainment of an inversion or imaging algorithm that utilizes the full wave-
form and the inherent nonlinearity of the inversion process in a potentially useful
time frame has been lacking. Furthermore, for medical application the inversion
should take place on a computational engine that can accompany the data
acquisition device, and be reasonably inexpensive, if the device is to be clinically
useful as a self-contained device.

The inverse scattering algorithm is based on the minimization of the functional
F, a function of the object function c xð Þ � 1=koð Þ k xð Þ þ ia xð Þð Þ where ko � x=co

and k xð Þ � x=c xð Þ are the wave-numbers in water and inhomogeneous tissue,
respectively, at frequency x ¼ 2pf and a is the attenuation coefficient in Np/mm.

Fig. 15.18 General principle of inverse scatter algorithm
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minFxjðc xð ÞÞ ¼ min
1
2

X

h¼1;...Nviews
l¼1;...;Nlevels

rl
xjh

cð Þrl
xjh cð Þ ð15:9Þ

at successive frequencies, xj; j ¼ 1; . . .Nfreq. We proceed from low frequencies to
high frequencies to avoid local minima. We image at 0.35, 0.4, 0.45, 0.5, 0.6, 0.7,
and 0.8 MHz successively for the 2D case, and 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2,
and 1.25 MHz successively for the 3D volume image. The vectors

rl
xh cð Þ � d̂

l
xh cð Þ � dl

xh

� �
2 CNR ð15:10Þ

represent the residual between the predicted field, d̂
l
xh cð Þ, and the measured field,

dl
xh, at each receiver position, for each transmitter position, h, level l, and at the

fixed frequency x. Note that this functional involves all views and all levels
simultaneously; that is, it is a true 3D algorithm.

The algorithm at the highest level is described in (Wiskin et al. 2007). It is a
series of updates to c. c nþ1ð Þ ¼ c nð Þ þ andn, where the descent direction
dn � �gn þ bndn�1, and where gn is the gradient, bn is the Ribiere-Polak coeffi-
cient (b0 = 0),

bn �
gn � gn�1ð ÞT gn

gn�1k k2 ð15:11Þ

and an is the step-length. The calculation of the step-length and the gradient are
detailed below.

15.5.1.1 Initial Estimates

Due to the minimization nature of the algorithm an initial estimate is required.
First a time of flight algorithm is used to create a series of initial distributions for
speed of sound and attenuation at each level. These initial estimates are used in a
series of 2D inverse scattering algorithms to create a series of 2D inverse scattering
images at each level, which are the distributions that minimize the functional for
one particular level, l. These 2D images are then concatenated together to form a
3D volume. The 3D volume is the starting estimate for the full 3D inverse scat-
tering algorithm. The 3D algorithm is required to account for energy that is
refracted or scattered out of plane; when ignoring these signals, the 2D-algorithm
gives an anomalously high result for the attenuation estimate.

15.5.1.2 Forward Problem

As mentioned above, a very fast solution of the forward problem is required. To
achieve this we rewrite the Helmholtz equation (15.44):
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o2p xð Þ
ox2

þ o2p xð Þ
oy2

þ o2p xð Þ
oz2

þ k xð Þ þ ia xð Þð Þ2p xð Þ ¼ 0 ð15:12Þ

as Aþ iBð Þ A� iBð Þ � i B;A½ �½ �p xð Þ ¼ 0 ð15:13Þ

where: A � o
ox, is a partial differential operator, and B �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o2

oy2 þ o2

oz2 þ k2 x; y; zð Þ
q

is
a pseudo-differential operator. B;A½ � is the commutator of these operators.

Under the assumption that this commutator can be ignored, we can approxi-
mately ‘factor’ the Helmholtz equation to yield (15.4):

o

ox
p x; r?ð Þ ¼ iH x; r?ð Þp x; r?ð Þ ð15:14Þ

a ‘Schroedinger’ equation in ‘time’ x, with the unusual ‘‘Hamiltonian’’,

Hðx; r?Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o2

oy2
þ o2

oz2
þ k2 x; y; zð Þ

s

ð15:15Þ

in transverse co-ordinates r? � ðy; zÞ; x (the direction of propagation) plays the
role of time.

A symbolic solution for the propagator from initial state (wave field) at xo to
final state (wave field) at x, is given as the phase-space path integral:

p x; r?ð Þ p xo; ro
?

	 
��� 
¼
Z

Dr? xð Þ
Z

Dp? xð ÞeiS r?;p?ð Þ ð15:16Þ

with ‘‘action’’, S r?;p?ð Þ �
R x

xo dx p?
dr?
dx �H x; r?; p?ð Þ

	 

.

Discretizing the ‘time’ from xo to x, x0\x1\ � � �\xN�1\xN\xNþ1 ¼ x, and
utilizing standard properties of the exponential gives for the propagator:

YN

j¼1

Z
dpje

irjþ1pj e�iH x;rj;pjð ÞDx
Z

drje
�irjpj ð15:17Þ

We approximate this with the following form of the propagator acting on the initial
field at xo: p xo; r

?
o

	 

, to give the total field at the receivers:

p xN ; r
?
N

	 

¼
YN

j¼1

t xj; r?
	 


� F�1P� Fp xo; r
?
o

	 

ð15:18Þ

The � indicates element-wise multiplication of two matrices: i.e. if Akl, Pkl are
components of 2D matrices, P� Að Þkl� PklAkl

	 

. F indicates Fourier Transform.

P is the 2D matrix with elements, Pkl � eie
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0� kDkð Þ2� lDkð Þ2
p

, e is step length in x,
Dk is step length in transform space: ky, kz, and

t xj; r?
	 


� tj y; zð Þ � eie k xj;y;zð Þ�k0ð Þ � eiek0 c xj;y;zð Þ�1ð Þ ð15:19Þ
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is the ‘‘phase mask’’ element-wise multiplication operator discussed in U.S. Patent
No. 6,636,584.

15.5.1.3 Gradient of the Functional F

The Polak-Ribiere version of the nonlinear conjugate gradient algorithm requires
the gradient of functional F:

o

oc
F cð Þ ¼

X
lh

o

oc
rlh

� �T

rlh � J
T
xr ð15:20Þ

where J � orlh
oc is the Jacobian operator. This is obtained in the following manner.

dcxh
j ¼ vj � f j

rxh
is the contribution to the gradient, from view angle h and x-coor-

dinate, xj. It is the point-wise product of two 2-dimensional arrays of size (Ny, Nz).

viz., vj � F�1P� Fp xj�1; r
?
j�1

� �
, the total field at propagation distance j-1,

propagated through water, to propagation distance j. f j
rxh

is the field at xj, resulting
from treating all receivers, at tomographic view angle h, as transmitters, at fre-
quency x. The strength of each ‘transmitter’ is: f N

rxh
� dfN , i.e., the difference

between the measured and predicted fields at the receivers, and we recursively
define f j

rxh
¼ F�1P� Ftjf jþ1

rxh
, for j = N - 1,…,0.

15.5.1.4 Step Length Calculation for Ribiere-Polak Conjugate
Gradients

Step length an � gT
n dn

Jndnk k2, dn is the RP descent direction. gn is the gradient of the

functional F, and J � orlh
oc is the associated Jacobian.

The action of the Jacobian on the descent direction is given by

Jndn ¼
orlh

oc

� �
d ¼ dpN ð15:21Þ

where: dpj ¼ Apj�1 � dtj þ t xj; r?
	 


� A dpj�1

	 

, j = 1,..,N, and where A �

F�1P� F propagates a field a distance e through water, and dtj r?
	 


�
iek0tj y; zð Þdc xj; y; z

	 

from the definition of the phase mask tj.

Having determined the step length and descent direction the update is given by

c nþ1ð Þ ¼ c nð Þ þ andn ð15:22Þ
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15.5.2 IST/RT Scanner

A practical scanner employing IST imaging was developed by Techniscan Medical
Systems (now by CVUS LLC, Salt Lake City, UT) (Greenleaf et al. 1974, 1975,
1978; Glover and Sharp 1977). The current scanner that is the subject of this
section was employed in clinical research at the 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 pre-
sented here are from UCSD where the majority of the work was done.

The TMS scanner (Fig. 15.19) 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. 15.20). The transmitter emits broad-band planar pulses
(0.3–2 MHz) while the receiver array, comprised of 1,536 elements in 8 vertical
rows, digitizes the time signal. Total scan time is *10–20 s per level, *8 min for
the average breast. 3D transmission and aberration-corrected RT reconstructions
are accomplished in *40 min employing 2 nVidia GPUs for a portion of the
process.

Fig. 15.19 IST/RT scanner with transducer arrays in water tank
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15.5.3 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 bandwidths of *2–8 MHz and are focused at depths of 2.5, 4.0 and
7.5 mm to provide complete depth of coverage of the breast. The three coincident
RT arrays (3.6 MHz center frequency, 80 % bandwidth) spaced at 48� are angled
upward at 12� to access the chest wall. 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� B-scan image compounded from 60 views. The speed of sound
and attenuation images resulting from the 3D inverse scattering algorithm are used
to correct for refraction effects in the reflection algorithm. The canonical ray-
tracing equations derived from the eikonal equation

d

ds
n

dr

ds

� �
¼ rn; n xð Þ ¼ co=c xð Þ ð15:23Þ

are solved to give the energy path corrected for refraction due to speed variation.
The attenuation images are used to adjust the displayed amplitude of the back-
scattered energy along the computed ray.

Fig. 15.20 IST/RT
transducers arrangement.
1, 2, 3 are the reflection
transceivers coincident with
the transmission arrays
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15.5.4 IST and RT Results

15.5.4.1 Scanner Performance

2D reconstruction is completed in seconds, while the full 3D reconstruction is
accomplished in *24 min for average size breast 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. As shown in Fig. 15.21 sound speed detectability is 7.5 m/s and is
highly linear from 1,325 to 1,700 m/s (R2 = 0.992). Sound speed is a function of
tissue stiffness, analogous to but not equal to bulk modulus. Attenuation tomo-
grams are a function of tissue structure and composition while providing image
contrast over a wide range (0–4 dB/cm/MHz) to assist in classification of masses.

Reflection tomography provides approximately twice the in-plane resolution as
the transmission IST images as expected from theory. Image artifacts from com-
pounding 60 views during 3608 rotation are greatly reduced by the refraction
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Fig. 15.21 Measured sound speed accuracy. Minimum detectability is *7.5 m/s

Fig. 15.22 Breast shaped urethane phantom scanned and reconstructed with RT algorithm. The
right image is with refraction correction using the IST sound speed map while the left image is
without
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correction as shown in Fig. 15.22 for a urethane phantom with a range of inclu-
sions (breast size and shape but not entirely tissue equivalent).

15.5.4.2 Patient Study Population

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

15.5.4.3 Clinical Evaluation

Although more than 450 patients have been scanned with versions of IST in the
past 5 years, under the current IST/RT protocol 172 patients with an age range of
19–78 years were scanned by the end of 2011, including thorough validation with
other clinical findings and long-term follow-up (André et al. 2008; Wiskin et al.
2011; Callahan et al. 2007). The distribution of lesions imaged is as follows: 21 %
simple cysts, 17 % complicated cysts, 36 % various solid benign, 26 % cancers,
12 no findings. By study design, this mix of cases very closely matched the three-
year average of cases in the UCSD diagnostic breast imaging clinic. Mass sizes
ranged from 2–39 mm and there was good agreement in size (R2 = 0.7) between
sonography and IST. Not surprisingly, the 3D representation of IST allowed a
more accurate representation of the maximum mass diameter where sonography
normally only reports radial and anti-radial dimensions. Even more importantly,
for 13 patients who also had contrast enhanced MRI there was nearly perfect
agreement of size, shape and margins to the IST sound speed images. This high
correlation to MRI, which presently serves as the standard for delineating the
margins and extent of cancerous breast masses, is a promising opportunity for IST
to impact patient care with a much less expensive, less invasive but equivalent
imaging modality.

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

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

attenuation
• Solid benign masses: higher sound speed and attenuation
• Malignancies: highest sound speed and attenuation
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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.

A sample of the range of findings found in patients is presented in the following
sections. Images are usually presented to the Radiologist in rows with sound speed
at the top in vertical columns of coronal, axial and sagittal views from left to right
as shown in Fig. 15.23.

15.5.4.4 Research Subject: Simple Cyst

The patient is a 57 year-old female with history significant for profound nipple
discharge of the left breast. The images in Fig. 15.23 above are of the right breast,
which had a negative biopsy five years prior to the IST scan. The patient com-
plained of a palpable abnormality on the right lasting for approximately one
month. A mass was detected in the retroareolar region on mammography and was
confirmed by sonogram to be cystic. USCT shows a large mass with distinct
margins readily seen just posterior to the nipple. The sound speed values of the
mass (upper row Fig. 15.23) are slightly higher (1,540 m/s) than that of water
(1,510) while the attenuation images show a black void representing low attenu-
ation values consistent with that of fluid (*0 dB/cm) (Fig. 15.23).

Water Bath

Attenuation

Coronal Axial Sagittal

Sound Speed

Fig. 15.23 Simple cyst in the right breast
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15.5.4.5 Research Subject: Benign Fibroadenoma

In this case a 40 year old subject had a persistent biopsy-confirmed fibroadenoma in
the left breast that was followed with a series of diagnostic sonograms. The mass
was 10 mm, it was hypoechoic on sonography with posterior shadowing, distinct
margins consistent with a solid mass, and it was found 5 cm from the nipple at the
3:00 position (Fig. 15.24). On IST/RT (Fig. 15.25) the mass is seen at 3:00,
8 9 9 9 6 mm diameter with intermediate sound speed (1,560 m/s), intermediate
attenuation (1.6 dB/cm/MHz), and hypoechoic with distinct margins on RT.

15.5.4.6 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. 15.26, left) showed a het-
erogeneously dense, spiculated 2 cm mass with malignant-appearing micro cal-
cifications in the left breast in the middle outer quadrant. The sonogram
(Fig. 15.26, right) shows at the 1:00 position in the breast, 2 cm from the nipple an
irregular, heterogeneous, highly suspicious mass with angular margins and abrupt
interface, 1.9 9 1.2 cm in diameter. Biopsy confirmed it was invasive ductal
carcinoma.

The IST sound speed and RT images (Fig. 15.27) show the mass at 1:00 in the
coronal view, 2.2 9 1.1 9 1.6 cm, corresponding well to the measurements by
sonogram. The mass has very high sound speed (mean 1,570 m/s), bright com-
pared to water, high attenuation (2.3 dB/cm/MHz) and appears hypoechoic with
spiculated margins and irregular shape on RT with architectural distortion similar

Fig. 15.24 Biopsy confirmed fibroadenoma, palpable mass at 3:00, 5 cm from nipple, 10 mm
solid
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to the mammogram. Precisely as the IST/RT images, the coronal T1-weighted
contrast-enhanced MRI (Fig. 15.28, right) showed a mass in the same location
with dimensions 2.1 9 1.7 9 1.8 cm. The fluid-filled void from the core biopsy is
visible in both sound speed and MR images.

Fig. 15.25 UST images with sound speed on the top row, attenuation on the middle row,
reflection tomography on the bottom row. The fibroadenoma is seen as a mass, marked by the red
cross hairs, with high sound speed at 3:00 on the coronal view, intermediate attenuation and
hypoechoic on the reflection tomogram

Fig. 15.26 Mammogram (left), sonogram (right)
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As shown in Fig. 15.29, normal tissues and masses may be characterized by
their acoustic properties. Fatty normal tissues (indicated by unfilled diamonds) are
consistently very low sound speed with lower attenuation, therefore, fatty tissues
appear dark on sound speed and attenuation images. Fibroglandular tissues (shown
by the clear triangles) have intermediate sound speed and attenuations values.
Simple cystic masses (shown by green circles) have consistently low attenuation
with intermediate sound speed close to that of water, while complex cystic masses
(shown by the blue circles) are higher in attenuation. Solid benign masses such as
fibroadenomas (shown by the purple triangles) are wide ranging in sound speed.

To date, cancers (shown by the red squares) have shown both high sound speed
(highest sound speed values ever measured were confirmed cancers) and high

Fig. 15.27 Sound speed IST in upper row, RT lower row. Coronal (left), cranio-caudal (middle),
sagittal (right)

Fig. 15.28 RT (left), sound speed (middle), T1 weighted MRI (right)
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attenuation. Clearly there is some overlap in the acoustic properties of masses, but
these data show promise that the quantitative WBU images may be helpful in
differentiating masses.

A 98 % agreement that a mass was present in the correct location was found
between IST/RT and sonography. It was determined from comparison to mam-
mography and physical exam that three masses were outside the field of view of
IST, either immediately at the chest wall or in the upper outer quadrant in the
axillary tail. No statistically significant differences were observed between the two
modalities in terms of sensitivity and specificity.

15.5.5 Summary

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 radi-
ation, (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 in medi-
cine. 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.

Fig. 15.29 Summary of
results for sound speed vs.
attenuation values for normal
tissues in 75 subjects. Data
for the three sample cases
above are indicated by the
red, blue and green boxes

15 Clinical Results with Ultrasound Computed Tomography 429



15.6 Conclusion

USCT has long history so it is a fair question to ask if the technology will soon be
ready for clinical use. The image quality, speed and performance of the IST/RT
scanner described in Sect. 2.5 appear to be suitable and practical enough to play a
role in breast cancer detection, diagnosis and management. Certainly in the very
near future it will be ready for thorough objective clinical testing and with clinical
success may come commercial viability. In addition, a new scanner is imminent
from Delphinus Medical Technologies (Detroit, MI) that encompasses many
design changes over the early prototype described in (Duric et al. 2005, 2006,
2007), which should lead to significant improvements in image quality. It is an
interesting and important time for USCT, with perhaps an opportunity to finally
advance from the laboratory to routine clinical use.
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