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Abstract—Ultrasound tomography (UST) is a breast imag-
ing modality that is radiation free, operator independent, and
does not involve breast compression. In the UST system under
consideration, the breast is surrounded by a transducer ring
that moves along the coronal axis from the chest wall to the
nipple region. The deployment of UST in a clinical setting is
technically challenging from three major standpoints: acquisition
speed, storage capability, and computational requirements. Data
acquisition must be fast to maximize patient throughput and min-
imize image registration artifacts. Unlike traditional ultrasound,
hundreds of gigabytes of data must be acquired, buffered, and
processed to image various characteristics of breast tissues such
as sound speed, attenuation, and reflectivity. The tomographic
image reconstruction methods are non-linear, iterative algorithms
with significant computational complexity. Moreover, the scanner
hosting the acquisition and reconstruction components must
satisfy stringent cost, power, and size requirements. For decades,
the above constraints have hindered the practicality of UST in
a clinical scenario. We describe the design of a UST system
that addresses the relevant clinical requirements as a means
to demonstrate the feasability of UST deployment in a clinical
setting.

I. INTRODUCTION

Ultrasound tomography (UST) is a technique that uses
computed tomography methods to solve an inverse problem
involving ultrasound signals. In the scenario of interest, the
breast to be imaged is surrounded by an ultrasound transducer
ring. Each transducer element emits, in turn, an ultrasound
pulse that propagates through the medium and gets recorded
by all the elements of the ring aperture. Acoustic properties of
the medium are inferred from the recorded ultrasound data
using image reconstruction algorithms. Unlike conventional
ultrasound, both the transmitted and reflected components of
the waveforms are used to characterize breast tissue. The
amount of data acquired by a UST scanner, and the computa-
tional complexity of the associated tomographic reconstruction
techniques, make it difficult to apply this technology clinically.

A number of investigators have developed scanners based
on UST principles. Examples include the work by Mar-
marelis et al. [1], Johnson et al. [2], and Ruiter et al. [3].
Our group at the Karmanos Cancer Institute (KCI) has also
focused on the development of a UST research prototype for
breast cancer detection [4]. The clinical feedback obtained
from the studies performed over the past decade at KCI’s
breast center has guided the continuous development of that
prototype, as well as its upgrade to SoftVue, the commercial
system developed by our start-up company, Delphinus Medical
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Technologies'. The upgrade is challenging from many stand-
points. The scanner must house a water conditioning system,
a powerful computing platform, and a tomographic acquisition
device, while satisfying stringent clinical requirement ranging
from size, and weight, to acquisition speed and computational
power. We explain the rationale behind these requirements
and describe a system architecture that addresses them. Our
discussion focuses on the acquisition and computing aspects
of the scanner, although many of the requirements we touch
upon have broader implications.

The outline of the paper is as follows. In Section II
we review the clinical requirements that motivate the design
of SoftVue. Section III describes the design in details, in
particular data acquisition, data pre-processing, networking,
and image reconstruction. Section IV concludes the discussion.

II. CLINICAL REQUIREMENTS

The design of a medical device for breast cancer detection
is driven by clinical requirements that touch upon a great
deal of aspects including cost, safety, patient throughput,
and imaging capability. We discuss a few of these aspects
and describe some of their implications pertaining to system
design.

A. Cost

One of the key objectives of UST is to combine the cost
effectiveness of mammography and conventional ultrasound,
with the superior imaging performance of magnetic resonance
imaging (MRI). Installation and maintenance costs can be kept
to a minimum by designing a system with a small footprint
which does not require a dedicated examination room that is
expensive to build and operate. This leads to size, weight,
and power requirements that further impose limitations on
the computing platform that can be hosted in the scanner
enclosure.

B. Safety

National cancer screening statistics indicate that only 51%
of eligible women undergo annual mammograms in the United
States [5]. That rate is even lower for African American women
and/or those of lower socioeconomic groups. Fear of radiation
and discomfort are some of the factors that contribute to the
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low participation rate. UST, by virtue of its compression and
radiation free imaging capability, addresses some of these
concerns, and offers the potential to increase participation rate
which would lead to cancer detection at an earlier stage leading
to a greater survival rate.

C. Patient Throughput

The ability to sustain a high patient throughput is important
to reduce the operating cost of the device in order to make it
a viable alternative to existing technologies (e.g., mammogra-
phy) for routine use. In a screening scenario, it is beneficial
to be able to quickly schedule a follow up exam in the case
of abnormal findings. In other words, we should minimize the
duration between the time the patient enters the examination
room, and the time a decision can be made by the radiologist.
Our system has been designed with the goal of sustaining a
throughput of four patients per hour (bilateral exams).

Sustaining such a throughput requires the scan of a single
breast to be done in less than a couple of minutes on average.
It also enforces stringent requirements on the time taken to
reconstruct and store the images for review. In this context,
the design of a scalable computing platform is of utmost
importance to be able to ride Moore’s law and benefit from
the latest advances in computing technology. Ease of use
(e.g., during patient positioning), comfort, and operator inde-
pendence allow for faster exam procedures, hence promoting
higher patient throughput. The image review process must also
be streamlined, for example using computer aided diagnosis
(CAD) tools, to help the radiologist with the analysis and
evaluation of the medical images. The development of CAD
for UST is a work in progress and is not addressed in this

paper.

D. Imaging Capability

Imaging plays an important role in the early detection of
breast cancer. Mammography, while having been shown to
greatly reduce the mortality rate of woman over the age of
50, is known to have poor imaging capability in dense breast
tissue. At the same time women with dense breast are at the
highest risk for developing breast cancer [6]. Consequently
many cancers are missed at their earliest stages when they are
the most treatable. MRI can significantly improve on these
limitations at the expense of long exam times and the use of
contrast agents.

UST has the potential to rival the imaging performance
of MRI at a fraction of the cost. To this end, the data
acquisition system and image reconstruction algorithms must
work in concert to produce images that are clinically relevant
for early beast cancer detection. Reconstruction algorithms
must be accurate enough for tissue characterization and lesion
detection, while being viable from a computational standpoint.
The UST system must also be capable of imaging the entire
breast from the chest wall to the nipple region.

III. SYSTEM DESIGN

A. Overview

The SoftVue scanner is shown in Figure 1. During a scan,
the patient is placed in the prone position on a flat table
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Fig. 1. The SoftVue scanner. (a) The SoftVue table. The breast is suspended
through a hole in the table in a water bath lying just below the table surface.
The system is operated through a touchscreen monitor. (b) The 2048 element
transducer ring that moves in the water bath along the coronal axis using a
motorized gantry.

with the breast suspended through a hole in the table in a
water bath lying just below the table surface. The water is
a requirement that ensures minimal distortion of the breast
while allowing strong coupling of acoustic waves to the tissue.
SoftVue hardware platform comprises three main building
blocks: acquisition, reconstruction, and control.

The acquisition engine acquires the raw ultrasound data
using a set of pre-defined acquisition parameters. At the end
of each slice acquisition, the raw data is transferred to the
reconstruction engine for image reconstruction.

The reconstruction engine is a blade server architecture
that can host up to ten blades. It is currently operated with
one master blade and four compute blades. The master blade
is directly connected to the acquisition engine, and is equipped
with two quad-core Intel Xeon E5620 CPUs, and 192 gigabytes
(GB) of random access memory (RAM). It preprocesses each
slice of raw data and transfers it to a compute blade selected
according to a minimum load scheduling strategy. A compute
blade has two quad-core Intel Xeon E5620 CPUs, two Nvidia
Tesla M2070 GPU devices, and 96 GB of RAM. Each pro-
cessor is capable of executing 8 threads by using the Intel
hyper-threading technology. Each compute blade reconstructs
the images using the raw data it receives. It then sends the
results to the master blade for image aggregation, stacking,
and storage in DICOM files.

The goal of SoftVue’s control engine is to coordinate
the data acquisition and image reconstruction process with
the rest of the operations of the scanner (e.g., water con-
ditioning, power switching, patient positioning). SoftVue is
operated through a graphical user interface (GUI) displayed on
a touchscreen monitor. The images produced by SoftVue are
transferred to an external PACS server. For research purposes,
the raw data acquired by SoftVue can be saved and transferred
to an external FTP server.

B. Data Acquisition

During data acquisition, the breast is surrounded by a solid
state ring transducer that can move along the coronal axis
with a 16 cm span using a motorized gantry. The diameter
of the ring is 22 cm. These numbers have been chosen
to accommodate about 40 of the US population, according
to the demographics reported in [7] as well as statistics
computed on patients of our own research study [4]. The
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TABLE 1. SIZE IN GIGABYTES OF A SLICE OF RAW DATA AS A
FUNCTION OF THE NUMBER OF ARRAY ELEMENTS AND THE SAMPLING
FREQUENCY.

Sampling frequency (MHz) Number of elements

256 512 1024
10 0.21 0.86 3.44
12 0.26 1.03 4.13
14 0.30 1.20 4.81

transducer ring comprises 2048 elements multiplexed on 512
acquisition channels to reduce the cost and complexity of the
acquisition hardware. Each acquisition channel is equipped
with variable time gain control, anti-aliasing filtering, and
A/D conversion (ADC) capability. The transducers operate
at a central frequency of 3 MHz with significant energy in
the 1 to 5 MHz band. The sampling rate is 12 MHz. The
recording length is set to 176 us to ensure that reflections
at the center of the ring are captured in scenarios where the
speed of sound is as low as 1.25 km/s. A fixed gain is applied
to all the waveforms to make use of the entire ADC range
while avoiding saturation. Samples are quantized on 14 bits,
and zero padded to 16 bits. Each slice is made of a number of
shots. In each shot, a transducer fires a broadband ultrasound
pulse which is recorded by the multiplexed receive elements.
The inter-shot time interval is chosen such that the residual
energy from the previous shot falls below the noise level. When
the acquisition is done, the data is transferred to the master
blade of the reconstruction engine. While the data are being
transferred, the transducer ring is moved by a configurable
distance, referred to as the inter-slice spacing.

The above parameters enable trade-offs between signal
coverage, signal-to-noise ratio (SNR), scan rate, size of the
acquired dataset, image reconstruction time, and image quality.
The size of a single slice of raw data for different acquisition
parameters is listed in Table I. Extensive simulation and
experimental tests have been performed to select operational
parameters that address the clinical requirements stated in
Section II (see [8] for details). In SoftVue, the slice is acquired
using 1024 emitters and receivers, a 800 us inter-shot time
interval, and a 3 mm inter-slice interval. With these parameters,
the size of a single slice of data is 4.125 GB. A slice is acquired
in 1.64 seconds, and transferred to the reconstruction engine
using a 16 lane PCI express link in about 0.66 second. It
should be noted that, while these parameters have been fixed,
SoftVue has been designed to be a fully scalable computing
platform. Operational parameters can be adjusted with only
minimal modifications.

C. Data Preprocessing

The raw data are acquired at a much higher rate than it can
be processed for image reconstruction. Typically, it takes about
2.3 seconds to acquire and transfer a slice of data, and a couple
of minutes to process it using a single CPU-GPU configuration
on a single compute blade. The data thus need to be buffered.
Note that with 4 compute blades, 8 such tasks can be run in
parallel to output a set of images every 20 seconds on average.
To maximize the number of slices that can be stored as well
as to put it in a form that is suitable for image reconstruction,
pre-processing is applied on the master blade before the data
can be sent to a compute blade for reconstruction.
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Firstly, the data are transposed such that the temporal
samples of a waveform are stored contiguously in memory.
The data samples are then converted from their original 14 bit
2’s complement format to the 16 bit 2’s complement format.
Saturated waveforms are detected and possibly discarded. The
waveforms corresponding to reciprocal emitter-receiver pairs
are averaged. Finally, the data pre-processing has the capability
to discard portions of the waveform that are not used by the
reconstruction algorithms; e.g., the portion of the received
waveform that is recorded before the first arrival (time-of-
flight). Reciprocal averaging and data cutting allows us to
reduce the size of a slice by a factor 4. Pre-processing is a
time critical operation since it may limit the sustainable scan
rate in the case of a large breast where hundreds of gigabytes
of data need to be acquired in a short time frame. SoftVue’s
pre-processing core is multi-threaded and heavily relies on SSE
instructions. It can sustain a processing rate of 3.17 GB/s.

D. Networking

In order to sustain a reasonable scan rate, the pre-processed
data needs to be quickly distributed from the master blade
to the compute blades. To this end, we have developed a
dedicated multi-threaded run-time communication service over
Infiniband (IB) network hardware and its remote direct mem-
ory access (RDMA) protocols. IB supports different message
transfer protocols of which the send/receive based channel
semantics and RDMA based read/write memory semantics
are relevant for this paper. The lowest level interface to
programming the IB is via a set of standard functions referred
to as verbs; it has low software overhead and offers the best
performance. One major advantage of RDMA over TCP/IP
protocols is that the operating system is not involved in
read and write operations, allowing high throughput and low-
latency networking. The blades of the reconstruction engine
are connected with a high speed IB network switch (Mellanox
InifiniScale IV). Each blade has a single port QDR Infiniband
adapter (Mellanox ConnectX) supporting a theoretical band-
width of 40 Gb/s per blade.

The raw data are disseminated among the compute blades
via the RDMA write/read protocols. The service also exposes
a well-defined application programming interface. The service
runs as a dedicated thread on the operating system, and takes
the role of a client (master blade) or server (compute blade)
based on the arguments given at start up. For the data a
push/pull protocol is implemented using the RDMA write/read
calls, respectively. With the verbs implementation, an average
throughput of 2.69 GB/s has been achieved on the raw data
transfers. Pre-processing is applied on the master node to
reduce the amount of data by a factor of 4 for further reduction
of transfer time.

With the chosen operating parameters, the scan rate that can
be sustained by SoftVue is limited by the acquisition chain to
0.43 slice per second. An average breast of length 7.19 cm (in
water) can thus be scanned in less than a minute using a 3 mm
inter-slice spacing. Further software and hardware optimization
is likely to improve upon these results.

E. Image Reconstruction and Storage

Image reconstruction is a key component of the processing
chain. Image reconstruction algorithms turn raw data into
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Fig. 2. Examples of reflection images produced by SoftVue (the images have
been cropped). The sound speed and attenuation images are used during the
synthetic aperture beam-forming process for delay and gain compensation.

images by solving an inverse problem. On each compute
blade, two reconstruction tasks run in parallel, each using the
resources of a single GPU card. The accuracy, robustness, and
computational complexity of the inverse problem are essen-
tially driven by the forward model under consideration. The
forward model is the model chosen to simulate the propagation
of ultrasound waveforms in the medium whose characteristics
need to be estimated. SoftVue can image three characteristics
of breast tissues: sound speed, attenuation, and reflectivity.
Examples of reflection images produced by SoftVue are shown
in Figure 2.

Sound speed images are computed using a non-linear itera-
tive reconstruction technique that alternates between estimating
the propagation paths (or rays) between a set of emitters
and receivers, and estimating the sound speed along these
rays. For each emitter, we select an aperture of receivers
centered around the receiver facing the emitter on the ring.
The size of the aperture is set to a fraction 3/4 of the ring.
The ray trajectories at a given iteration are computed by
solving the Eikonal equation using the current sound speed
model, and then finding the paths of minimum travel time
between every emitter-receiver pair. At each iteration, the
sound speed model is updated using a conjugate gradient
method that attempts to minimize residuals between observed
and measured travel times at the receiver locations. Travel
time information is extracted from the raw data using a travel
time picker based on a statistical information criterion. The
sound speed is updated from a coarse 4 mm pixel size grid
to a finer 1 mm pixel size grid using a fixed number of
iterations. This multi-resolution approach increases both the
robustness of the method to noise and the reconstruction speed.
To further increase reconstruction speed, many components
of the reconstruction chain (e.g., travel time picking, ray
tracing, conjugate gradient optimization) have been ported to
GPU using the CUDA programming framework introduced by
Nvidia. The use of a forward propagation model that does not
assume straight propagation paths increases the computational
complexity of the algorithm but provides better reconstruction
accuracy.

Using the rays computed by the sound speed reconstruction
algorithm described above, attenuation reconstruction is a lin-
ear inverse problem that minimizes residuals between observed
and measured power loss ratios. These power ratios are com-
puted by integrating the analytic magnitude of the transmitted
portion of the received waveforms in both a reference water
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propagation medium (obtained during a calibration phase), and
in the inhomogeneous medium of interest (breast). Most of
these computations are done on GPU.

The reflection images are produced using a synthetic aper-
ture beam-forming algorithm. For each pixel, the contribution
of a set of emitter-receiver pairs are summed up with ap-
propriate delay and gain compensation. The delay and gain
are computed by integrating the slowness (inverse of sound
speed) and attenuation, respectively, along the reflection path.
For each emitter, we select an aperture of receivers centered
around the emitter. The size of this aperture is set to a fraction
2/3 of the ring. A local spatial averaging filter is applied on the
absolute values of the pixels to obtain the final image. Most
of these computations are done on GPU.

The images reconstructed by the compute blades are sent
to the master blade for aggregation and stacking. The master
blade stores these stacks in DICOM files on the reconstruction
engine internal storage. Since no UST DICOM format is
currently available, the MRI DICOM object is used instead.
A number of private tags that describe the units of the images
produced by SofVue are also included. SoftVue’s control
engine is responsible for pushing the studies to an external
PACS server for review by the radiologist.

IV. CONCLUSION

We have described SoftVue, a UST scanner that allows for
fast, operator independent, compression-free, non-invasive, and
radiation-free imaging of the breast. The clinical requirements
taken into account for its design have been reviewed, and the
technical specifications of the modality have been detailed.
Further research and development efforts concentrate on op-
timizing the overall acquisition and reconstruction chain, as
well as developing CAD tools to assist with the image review
process.
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