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Abstract—This paper describes imaging of breast phantoms
using a prototype phase-insensitive ultrasound computed tomog-
raphy (piUCT) system. The piUCT technique generates quanti-
tative maps of acoustic attenuation with potential application to
the detection of breast cancer. The effectiveness of the piUCT
technique has been previously demonstrated in the laboratory
through imaging of small, cylindrical, polyurethane phantoms.
This paper presents images generated by the new system, which
was designed to image breasts and breast phantoms up to 200 mm
in diameter at 3.2 MHz. piUCT images are compared with XCT
images and laboratory measurements of the attenuation of the
constituent materials of the phantom.

Index Terms—Computed tomography, Medical diagnostic
imaging, Ultrasonic imaging

I. INTRODUCTION

Ultrasound computed tomography (UCT) has been sug-
gested as a potential adjunct and perhaps eventual replacement
to X-ray mammography due to its non-ionising, low cost
and non-invasive nature [1]. The UCT technique was first
described in 1974 [2], and in 1977 it was first reported
that the speed of sound and acoustic attenuation of excised
malignant tumour tissue was significantly different to excised
healthy tissue, suggesting that quantitative imaging of the
material properties of the breast could be a highly useful
diagnostic tool. In recent years, the generation of accurate
and high resolution quantitative maps of the sound speed of
breast tissue has been achieved using UCT [3]. These systems
employ arrays of phase-sensitive detectors that surround the
breast and generate images using computationally-intensive
reconstruction techniques such as full wave imaging (FWI).
Reconstruction of high quality attenuation images, however,
has proved difficult - many more iterations are required than
for sound-speed imaging and the resulting images are prone
to artefacts and sensitive to noise.

It has been long established that two phenomena relating
to the size of the active area of a phase-sensitive detector
can cause errors in the measurement of attenuation: larger
transducers are more directional and suffer from phase can-
cellation. These phenomena are manifested strongly in atten-
uation measurement of breasts because the acoustic field is
heavily aberrated by the highly heterogeneous properties of
the tissue, resulting in ultrasound arriving at the transducer
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at oblique angles and with a highly structured wavefront.
It was suggested early on in the development of UCT that
the application of omnidirectional, phase-insensitive detectors
could improve attenuation imaging.

In a previous paper, we demonstrated that a novel phase-
insensitive pyroelectric sensor was capable of generating quan-
titative, near artefact-free images of the acoustic attenuation
of cylindrical phantoms without employing computational
intensive full-wave inversion [4]. This paper presents the first
results generated by a new phase-insensitive UCT (piUCT)
system designed to image anatomically sized breast phantoms.

II. MATERIALS AND METHODS
A. piUCT System

The piUCT system was designed to generate 2 dimensional
cross-sectional quantitative images of the acoustic attenuation
of breast phantoms. The system consists of: a rotating scanning
head positioned in the centre of a 1201 water tank; a chassis
housing the motion stages, into which the tank is mounted; a
patient couch with a breast aperture positioned directly over
the water tank and scanning head; and a cabinet containing
control, drive and acquisition electronics.

The scanning head consists of a 14 element linear array
of ultrasound transducers positioned opposite a single element
pyroelectric sensor that covers the entire width of the scan
area. The breast phantom is placed in a water bath between
the transducer array and sensor and scanned in a through-
transmission, parallel beam configuration. A schematic dia-
gram of the scanning head is presented in figure 1, and a
photograph is shown in figure 2. During a scan, the scanning
head rotates around the phantom taking projections of the
acoustic insertion loss at 61 discrete angles between 0° and
180°. Each projection is generated by translating the trans-
ducer array across the scan plane to 11 discrete positions each
separated by 1.375 mm and taking a pyroelectric measurement
of the insertion loss from each transducer at each position. A
scan is therefore made up of 9,394 pyroelectric measurements.

The transducer array elements are 10 mm crystal diam-
eter, 13.75mm outer diameter plane-pistons with a centre
frequency of 3.2 MHz. This frequency was chosen to provide
increased contrast in the resulting attenuation images and
extend the depth over which the ultrasound beams were colli-
mated. 3.2 MHz in particular was chosen due to the available
piezoelectric crystals and a compromise between increased
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Fig. 1: Top-down schematic of the piUCT scanning head,
with arrows demonstrating that the scanhead rotates around
the breast and the transducer array scans laterally within the
scan head.

Fig. 2: A photograph of the piUCT scanning head, showing
the ultrasound transducer array (left) and pyroelectric sensor
(right) either side of a CIRS breast phantom.

contrast and pyroelectric signal amplitude. The array size was
chosen so that a 200 mm area could be scanned.

The phase-insensitive sensor exploits the pyroelectric re-
sponse of a thin membrane of polyvinylidene fluoride (PVDF).
The PVDF membrane is laminated to a polyurethane back-
ing material which is heated due to absorption of incident
ultrasound, inducing a pyroelectric response in the PVDF
proportional to the incident acoustic power. Details of the
design and operation of the particular sensor employed in the
piUCT system and the processing methods used to extract
signal amplitudes can be found in [5]. The pyroelectric sensor
responds to both the switch-on and switch-off of the source
of incident ultrasound, resulting in a pyroelectric pulse with
an amplitude dependent on the time between the switch-on
and switch-off as described in [5]. Long acoustic signals are
required compared to traditional ultrasound imaging in order
to maximise the pyroelectric amplitude - typically between
1ms and 6 ms.

TABLE 1. Attenuation of the constituent materials of the
phantom.

Material | Attenuation at 3.2 MHz
“Bulk” 0.7£0.1dBcm1!
“Skin” 1.0+ 0.1dBcm™?

B. Phantom Imaging

The piUCT system was used to image a CIRS (Norfolk, VA,
USA) Multi-Modality Breast Biopsy and Sonographic Trainer
phantom (model 073). The phantom consisted of a ‘bulk’
material surrounded by a layer of ‘skin’ material. The acoustic
attenuations of the constituent materials of the phantom were
known from previous measurements described in [6] and are
shown in Table I. The phantom was imaged in a coronal plane
33.5mm from the nipple. This plane was chosen to provide
a primarily homogeneous attenuation distribution so that the
spatial variation of a the resulting attenuation map could be
assessed. The plane contained two small inclusions which were
identified from X-ray computed tomography (XCT) images of
the phantom to be small air pockets. This allowed assessment
of the morphological accuracy and resolution of the piUCT
technique through analysis of size and position of the air
pockets.

Two images of the phantom were generated in the same
plane, but with the phantom rotated by 180° between scans,
and translated to a different position within the water tank.
This allowed any systematic effects to be assessed: any fea-
tures common to both images could be attributed to the system
and not the phantom. The scanner was filled with room temper-
ature deionised water for the measurements. The system was
configured to generate 2 ms bursts of ultrasound, the start of
each burst being separated by 6 ms. The Mechanical Index of
the field generated was known from previous measurements to
be approximately 0.5, and the attenuated spatial-peak temporal
average intensity approximately 670 mW cm~2. The system
was powered on for one hour prior to the measurements, and
the sensor and transducers were soaked during this time to
remove any air adhered to their faces. Prior to the start of
each scan, a water reference projection was acquired without
the phantom in place. The phantom was then placed in the
scanner and the vertical position of the scanning head was
set. The phantom and scanning head were positioned as
shown in Figure 1. The scans were completed as described in
section II-A. For each projection, insertion loss was calculated
in decibels as:

Vi (2)
a(z) =10logg ——. 1
( ) g10 p( 13) ( )
where V,(x) are the pyroelectric voltages measured at each
transducer position x through the phantom at a particular
projection angle, and V,,(x) are the pyroelectric voltages of
the reference projection. Each set of projections was recon-
structed into an attenuation image in units of decibel per
centimetre using the simultaneous algebraic reconstruction
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TABLE II: Mean attenuation in piUCT image ROIs.

Scan | Attenuation at 3.2 MHz
1 0.9+ 0.2dBcm™ 1
2 0.94+0.1dBcm™?

technique (SART) algorithm provided by the Scikit-Image
Python software library (one iteration, 0 dB cm ™! minimum
attenuation). Ring artefacts were removed using a bespoke
correction algorithm described in [6].

C. Image Analysis

The mean and standard deviation of the pixel values in the
resulting images were assessed in a 25 mm X 25 mm region of
interest (ROI). The ROI was positioned at the centre of mass
of the images, and contained only pixels representing the bulk
material. The resulting values were compared to the known
true attenuation of the material.

The air pockets were segmented from the images by ap-
plying a threshold with a value two standard deviations above
the mean pixel value in the bulk material ROI. The apparent
diameter D of the air pockets was measured by calculating the
equivalent diameter of the pixels representing each air pocket:

Ax2N
™

D=2

2

where Az is the pixel size (1.375 mm) and N is the number
of segmented pixels representing the air pocket. The apparent
distance between the two air pockets was also measured.
The sizes and relative locations of the air pockets were then
compared to the diameters and positions of the pockets as
apparent in the XCT datasets.

III. RESULTS

Attenuation images reconstructed from the two sets of
piUCT scan data are shown in Figure 3. The XCT image in
the same plane is also shown. The region of interest within
which pixel values were assessed is shown. Although the two
piUCT images were generated with the phantom in different
orientations, the images have been oriented so that they can
be directly compared. The horizontal and vertical axes of the
plots indicate position relative to the centre of mass of the
images.

The means and standard deviations of the pixel values
within the ROIs are shown in Table II. The attenuations in
the piUCT images agree to the known attenuation of the
backing material shown in Table I to within 10 %. The standard
deviation of the attenuation in the ROISs is up to 22 % of the
mean value. This inhomogeneity is also apparent in the images
in Figure 3.

The apparent diameters of the air pockets in the piUCT
images are shown in Table IIl along with the apparent di-
ameters in the XCT image. The pockets appear larger in the
piUCT images than the XCT image. The smallest air pocket
has a diameter of 1.5 mm in the XCT image, but appears in
the piUCT images with a diameter of nearly 6 mm, giving

TABLE III: Air pocket parameters.

Parameter Scan 1 Scan 2 XCT

Pocket 1 D 56mm | 5.6mm | ~1.5mm

Pocket 2 D 3.5mm | 4.1mm ~2mm
Pocket separation | 46 mm 46 mm 46 mm

an indication of the point spread function of the system. The
separation between the air pockets in the three images is also
shown in Table III.

IV. DISCUSSION

The structure of the two piUCT images generated with the
phantom at different orientations and positions was qualita-
tively very similar. However, the shape of the lower air pocket
is visibly different between the two images. This is due to
the spatially varying point spread function of the system,
which can be derived from the shape of the ultrasound beam
and analysis of the image reconstruction process. The larger
appearance of the air pockets in the piUCT images compared
to the XCT data gives an indication of the size of the point
spread function, suggesting a spatial resolution of between
4mm and 6 mm.

The separation between the air pockets is consistent across
both piUCT images and matches with the separation seen in
the XCT image. This demonstrates that the morphological
information in the piUCT images is accurate, repeatable and
independent of the position of the phantom within the scanner.

Both piUCT images feature a low-attenuation ring between
the skin and bulk materials of the phantom that is not present
on the XCT image. This ring is thought to be present because
the sound-speed of the skin material is lower than both that of
the bulk material and the surrounding water, causing refraction
that directs sound arriving at high angles of incidence away
from the phantom, reducing its path through the attenuating
material and therefore causing an underestimate of the atten-
vation. The pixel values of the bulk material outside of this
dark artefact in the piUCT images are also slightly higher
than the known true values, indicating that for some paths
refraction causes more attenuation than would be expected
from a phantom with a homogeneous sound speed distribution.

The mean attenuation values in the piUCT image ROIs are
10 % lower than the known attenuation of the bulk material. It
is thought that this is due to the fact that the attenuation in the
piUCT images is calculate relative to a water path measure-
ment using a single-frequency assumption. In practice, non-
linear propagation that occurs during the water path reference
measurements will increase the amount of loss occurring due
to absorption in the water than would be expected from a
single-frequency measurement. During a scan, the presence
of the phantom reduces the amplitude of the acoustic signal
and therefore the generation of harmonics due to non-linear
propagation and therefore a lower attenuation is measured
relative to water than would be expected.

The standard deviation of the attenuation values within the
piUCT image ROIs is higher than would be expected from
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qualitative examination of the homogeneity of the XCT image
in the same region. This spatial variation is visible as patches
of high and low attenuation in the piUCT images. Information
provided by the phantom manufacture informed that the bulk
material was embedded with a fibrous material that is likely
scattering to ultrasound and therefore contributes to the spatial
variation seen. It is also likely that other inclusions present in
the phantom in planes above and below the one imaged may be
interfering with the measurements due to the finite ultrasound
beam width.

V. CONCLUSION

The piUCT system was able to generate quantitative images
of the attenuation of a breast phantom. The system underes-
timated the attenuation of the bulk material of the phantom
by 10% due to the effects of non-linear propagation. The
structure of the images agreed well with that of an XCT
image generated in the same plane of the phantom, although
a refraction artefact was present due to the particular sound-
speeds of the constituent materials of the phantom. The system
appeared to have a spatial resolution of approximately 4 mm.
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Fig. 3: piUCT images and corresponding XCT image of the
phantom. The images in (a) and (b) were acquired with the
phantom rotated by 180° relative to one another, and translated
to different positions within the water tank. The regions of
interest in (a) and (b) within which pixel values were assessed
are shown. The two air pockets are labelled ‘1’ and ‘2’ in the
XCT image in (c).
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